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—Forty-two! yelled Loonquawl. Is that
all you've got to show for seven and a half
million years' work?

—1I chequed it very thoroughly, said the
computer, and that quite definitely is the
answer. [ think the problem, to be quite
honest with you, is that you've never
actually known what the question is.

—But it was The Great Question! The
Ultimate Question of Life, the Universe
and Everything, howled Loonquawl.

—Yes, said Deep Thought with the air of
one who suffers fools gladly, but what
actually is it?

Douglas Adams, 1979
(The Hitch Hiker's Guide to the Galaxy)
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ABSTRACT

This thesis focuses on the incidence of pertussis in Sweden and the study of serum
antibody responses after disease and after vaccination with a pertussis toxoid
(Ptxd) vaccine. IgG antibodies against pertussis toxin (PT), filamentous
hemagglutinin (FHA) and pertactin were measured using ELISA and toxin
neutralizing antibodies using the Chinese hamster ovary (CHO) cell assay.

Two hundred and twenty-six of 372 (61%) nonvaccinated, 10-year-old children had
a history of pertussis. PT antibodies were detected in 91% and 64% of children with
and without a history of pertussis, respectively. In all, 80% of the children had PT
antibodies. All had pertactin antibodies, and all but 3 had FHA antibodies.

In 89 children with clinical pertussis sera were obtained after 0, 1, 3 and 12
months duration of symptoms. I: Of 54 children with confirmed pertussis 83% had
increases in PT, 74% in FHA, but only 54% in pertactin antibodies. No child had an
increase in pertactin antibodies alone. Significant decreases were seen in 63%,
17% and 52% of the children, respectively. II: Of the remaining 35 children 17
(49%) had significant increases in PT and/or FHA, but only 6 (17%) of children in
pertactin antibodies.

Infants were vaccinated with Ptxd at 3, 5 and 12 (n=76) or 3, 5 and 7 (n=69) months
of age. No serious reactions occurred. Local reactions were mild and not more
frequent than from a diphtheria-tetanus vaccine given concomitantly. All 145
children had PT IgG and neutralizing antibodies after the second injection. All had
antibodies at 2 and 3 years of age. A retrospective controlled study at 3 years of age
indicated that the vaccine conferred significant protection.

The acquisition of FHA and pertactin antibodies in Ptxd vaccinated children with
no symptoms of pertussis were studied. I: Five consecutive sera obtained between 3
months and 3 years of age were available from 71 children. After a decline of
maternally derived antibodies there was a slight but significant increase in IgG
antibodies against both antigens. At 3 years of age all had FHA, and 78% had
pertactin antibodies. II: At 3 years of age the FHA IgG titers were significantly
higher in children with (n=12), than in children without (n=97), family exposure
to pertussis.

PT-IgG (ELISA) and neutralizing antibodies (CHO-cell assay) were compared in 796
sera. There was a linear correlation between assays (r=0.84, p<0.0001). Spearman's
Rho=0.82. Analysis of variance showed significant interaction.

In conclusion, 61% of 10-year-old children had a history of pertussis and 91% of
them had PT IgG antibodies. Clinical pertussis induced PT and FHA and less
frequently, pertactin antibody responses. A PT or FHA antibody decline can be
used as a diagnostic tool. FHA and pertactin serum antibodies develop in young
children without a history of pertussis and can be detected in almost all 10-year-
old children. A Ptxd vaccine is immunogenic and safe, and conferred substantial
protection. PT neutralizing antibodies correlate with PT serum IgG.

Key words: Pertussis, epidemiology, serological markers, pertussis toxin,
filamentous hemagglutinin, FHA, pertactin, pertussis toxoid vaccine, CHO-cell
assay, ELISA.
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PROLOGUE

Pertussis has puzzled physicians and scientists since the first
descriptions of the disease. The severe, sometimes fatal symptoms of
typical pertussis and the prolonged, recurring course of the disease,
which does not readily respond to any known remedy including
eradication of the causative organism, have frightened parents and
caused consternation in the medical profession. Vaccination with whole-
cell pertussis vaccine has substantially reduced the incidence of the
disease in most countries, but there has also been great concern about
severe neurological symptoms from this type of vaccine. The
contribution of different antigens to the induction of protection has not
been clarified. Owing to difficulties in standardisation, many vaccines
have been shown to be ineffective after widespread use. This resulted in
the resurgence of pertussis, as was the case in Sweden during the 1970s.

Both M. Pittman's hypothesis from 1979 that pertussis is a toxin
mediated disease and the purification of antigens of Bordetella pertussis
(the causative organism) have had profound effects, and an enormous
amount of pertussis research has been performed in recent years. In
Sweden there have been unique opportunities for studies of pertussis
and new pertussis vaccines thanks to the high incidence of pertussis
since the 1970s and the fact that there was no recommended
vaccination against pertussis from 1980 through 1995.

In this thesis, an experimental monocomponent pertussis toxoid vaccine
was evaluated to see if it was justified for use in a large scale double-
blind efficacy trial. Studies of the incidence of pertussis in unvaccinated
children of antibody responses against B. pertussis after disease, and of
the prevalence of antibodies against B. pertussis in healthy children
were performed to obtain and evaluate basic epidemiological and
serological data before the reintroduction of general vaccination against
pertussis in Sweden. Finally, two methods for antibody determination
were compared.



BACKGROUND

First descriptions of pertussis and
the causative organism

The Swedish Academy of Sciences Almanac from 1754 contains the first
known description of symptoms which can definitely be recognised as
typical pertussis. The author was the Swedish physician Nils Rosén von
Rosenstein. In 1764 he published this series of almanacs in slightly
revised form as a textbook of paediatrics, which was translated into
English in 1776 [1]. Von Rosenstein mentions that: "Its (pertussis) first
appearance in Sweden cannot be determined with any certainty; but in
France it began in the year 1414." and that "....it was a new disease to
our ancestors in Europe, and probably was conveyed to them either

from Africa or the East-Indies, where it was rooted before" [1].

The etiologic agent, then referred to as Bacillus pertussis, was first
described and cultured by Bordet and Gengou in 1906 [2]. It went on
being debated well into the 1930s whether a virus infection had a dual
relationship in causing the disease. It was then clearly shown in 1933
by the MacDonald spouses, physicians who inoculated their own four
children with the bacterium, that it could cause all the typical symptoms
of pertussis by itself, and that vaccination seemed to protect the two
children who were vaccinated [3].

Epidemiology of pertussis

In Sweden, national mortality statistics have been available since 1749
[1,4]. Morbidity statistics have been available since 1856, when a clinical
reporting system was initiated, in which cases of infectious diseases
such as pertussis were reported by county primary care physicians. This
system continued until 1989. Beginning in 1977 it was supplemented by
reports from all microbiological laboratories [4]. All departments of
infectious diseases and of paediatrics have been reporting hospitalised
patients with pertussis since 1981, and since 1982 a sample of child
health centers have reported the annual incidence of pertussis based on
.information from parents [4].

The first reported epidemic of severe pertussis occurred in Sweden in
11769 [1]. As in other countries epidemics tend to occur with 3 to 4 year
iintervals irrespective of vaccination status [4-12], An average of 2712
children died of pertussis each year from 1749 through 1764 in Sweden
and Finland, which was then one country with a total population of
about 2.3 million inhabitants [1].

As social conditions improved there was a sharp decline in mortality.
From 1911 to 1945 mortality from pertussis in children under 6 years
of age declined from approximately 740 to 70 deaths per year [13].
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Morbidity was still high, with 5000 to 20,000 reported cases annually in
a population of about 6.5 million inhabitants. Epidemiological studies in
the prevaccination era indicated that 30% to 40% of 4-year-old children
in Stockholm had a history of pertussis [14,15] as did 50% to 60% of
children at 12 to 13 years of age [15,16]. There was only an additional
0.6% to 1.4% of clinical cases up to the age 30 years [15].

General vaccination with a whole-cell vaccine was introduced in Sweden
from 1953 and resulted in a gradual decline in the number of reported
cases. By the late 1960s only around 1000 cases were reported annually
[4]. However, despite a continuing high vaccination rate of about 90% the
reported pertussis incidence gradually returned to prevaccination levels
during the late 1970s [5,17-19]. It has later been shown that the
Swedish vaccine had become ineffective owing to changes in the culture
and inactivation procedures made in the late 1960s [5].

In 1979 the general vaccination against pertussis was discontinued [4].
The number of positive cultures in recent years have been about 11,000
per year (122/100,000 inhabitants per year), [20] and active
epidemiological studies have shown a high incidence of clinical pertussis
in young children in different parts of the country [19,21].

Many other countries have reporting systems for pertussis similar to the
Swedish system. However, all systems have weaknesses and result in
underestimation of the true number of cases. Table 1 shows reported
incidence figures and case fatality figures from Sweden and some
comparable countries. The results of a surveillance study from rural
Kenya are included for comparison [22].

Pathogenesis and symptoms

B. pertussis is spread by droplets from coughing patients. Asymptomatic
carriers are very rare [23-25] but individuals, often partially or fully
vaccinated, with mild or no symptoms may transiently harbour the
bacteria or have serologic evidence of exposure [26-31]. The disease is
highly contagious with transmission rates in susceptible populations
ranging from 25-50% in schools to 70->90% in household contacts [32].

The bacterium attaches to the respiratory epithelium of the airways.
After an incubation period of 7 to 10 days the disease begins with a
catarrhal stage resembling a common cold. Symptoms continue with a
dry hacking cough which, after about seven days, changes to a
paroxysmal stage of increasing severity which culminates after about
one week. During the coughing attacks inspiration is usually impossible
and the patient may become cyanotic. At the end of the paroxysm, in
the typical case, a long drawn inspiration is accompanied by a whoop.
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Table 1. Incidence of pertussis, case fatality rates and vaccination coverage during
comparable time periods in different countries.

Country Years Incidence Case fatality Vaccination Reference
(per 100,000/year) (% of cases) coverage (%)
usa 80-89 1.2 0.4 80 [8]
92-94 2.0 0.2 80 [9]
DDR 80-86 1.2 0.07 90 [33]
Holland 80-86 4.6 0.02 97 [33]
Italy 80-87 28 0.05 11-22 [7]
Denmark 80-86 52.7 0.03 88 [383]
Sweden* 80-85 75 0.008 2-3** [4]
86-94 122 0.005 [20]
Kenya 74-76 1900 1.3 12 [22]

* 80-85; culture or serology confirmed cases, 86—94; culture confirmed cases.
** Vaccination coverage estimate from study |. No general vaccination since 1979.

The paroxysmal stage may last for only a few days up to several weeks.
Gradually symptoms become less severe, but may persist fore more
than 6 months. The symptoms are very variable, and in the
prevaccination era about 25% of patients had atypical or abortive
pertussis [34,35].

The disease often causes great distress to the child and its family and
markedly influences their social life [36-38]. Children under one year of
age are often hospitalised. In Sweden, (with endemic pertussis), 7% of all
culture verified cases, and 31% of culture verified cases of less than one
year of age were hospitalised in the period 1981-83 [4]. Similar figures
have been reported from Canada [10]. During an epidemic in Cincinnati
in 1993, 31% of all cases were hospitalised [39] and overall about 70% of
children under one year of age with pertussis are hospitalised in the
USA [9].

The symptoms in infants are usually more severe than in older children
and can be atypical with cyanosis, apnea and bradycardia without
whoops or severe coughing [40-44]. Some infants require intensive care
and mechanical ventilation [4,45-48]. Pertussis related deaths in infants
may be mistaken for cases of Sudden Infant Death Syndrome [49]. Still,
in Sweden, most infants less than 6 months of age with pertussis have
an uncomplicated course of disease [50].

There is an increased risk of concomitant bacterial infection, e.g.
pneumonia and otitis media, during a pertussis infection [26,51]. The
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high mortality in pertussis in developing countries is mainly
attributable to secondary infections [52-54].

Treatment

Eradication of the bacteria is most readily obtained by treatment with
erythromycin [55,56] although resistant strains have recently been
reported [57]. However, the eradication of bacteria does not influence
the course of the disease unless antibiotic treatment is started in the
catarrhal stage [58,59] or at least within 7 days of onset of cough [8].
There are indications that early treatment with erythromycin may
result in a lesser antibody response [60].

Treatment with hyperimmune serum (i.e. serum containing high levels
of antibodies against B. pertussis) was tried with apparent positive
effect in the 1930s and 1940s, but later studies showed little or no
effect [61]. Recently a controlled study using serum with a high
pertussis toxin IgG content has shown a reduction in the duration of
whoops in treated patients [62] and another study indicated a beneficial
effect of hyperimmune serum in severely ill patients [63].

The genus Bordetella

Seven species of the genus Bordetella are currently recognised. Genetic
studies indicate that the Bordetella species relatively recently evolved
from a common ancestor [64,65] which is consistent with the fact that
pertussis was not mentioned in ancient writings [66].

Bordetella pertussis

B. pertussis is a small, strictly aerobic, nutritionally fastidious Gram-
negative rod. Its only known host is man, although an outbreak of
pertussis in chimpanzees in close contact with humans has been
described [67]. Respiratory infections can be induced in primates,
rabbits, rats and mice [68-71]. The symptoms in animals other than
primates, however do not resemble those of pertussis in humans. In
humans the bacteria attach to cilia of the respiratory epithelial cells
where they multiply. They do not invade the alveoli or the underlying
tissue nor do they enter the cells. However, live bacteria have been
recovered from inside human macrophages [72]. B. pertussis has also
been described as entering cells in tissue cultures and the respiratory
tract in rats [71]. It is not known whether this ability to enter and
survive inside certain cells has any clinical implication, but it may be a
way of avoiding the humoral immune response of the host [72,73].

B. pertussis produces a number of toxins and other virulence factors,
discussed below [32,74,75].



Bordetella parapertussis

This species resembles B. pertussis but can be distinguished in terms of
its growth characteristics and biological properties. The organism was
first isolated in 1937 [76]. It is a pathogen in man but causes infection
also in sheep [77]. A recent genetic study indicates that B. parapertussis
in man and sheep are of different strains and thus comprise two distinct
populations [78]. B. parapertussis is sometimes recovered from patients
during pertussis epidemics although it has generally been regarded as a
rather uncommon cause of a mild pertussis-like disease [79]. It has
recently been shown that symptoms of a B. parapertussis infection may
resemble typical pertussis [80,81]. Occasionally patients with severe
symptoms have been reported [39,82]. A two-year active surveillance
study in Czechoslovakia found that 1.73% of 9983 children (77%
vaccinated with whole-cell vaccine) had positive B. parapertussis
cultures [83]. Of these children 94% had mild or no clinical symptoms
and 2/173 children had paroxysmal coughing. Surprisingly, only 4
children had positive B. pertussis cultures during the the time of the
study [83]. More recent studies where B. pertussis and B. parapertussis
cultures were obtained indicate that B. parapertussis may be a more
prevalent cause of cough in certain areas or time periods (9%-30% of
Bordetella isolates) [81,82,84-86] than in others (1.4%-6% of Bordetella
isolates) [39,79,80,87-89].

Bordetella bronchiseptica

The organism was first described in 1910. In mammals the organism
causes respiratory infections, e.g. atrophic rhinitis in piglets and acute
tracheobronchitis in dogs. The species is not a normal pathogen in man,
although sporadic cases may occur in susceptible individuals [90-92].

Similarities between B. pertussis, B parapertussis
and B. bronchiseptica

It is known that infections with B. parapertussis may occur
simultaneously with B. pertussis infection [86] and it was more common
for B. parapertussis infections to follow B. pertussis infections than the
reverse [79]. A recent experimental study indicates that B. pertussis
infections may facilitate B. parapertussis infections [93]. B. pertussis and
B. parapertussis have been cultured during disease from different
members of the same family [82].

It has been shown that B. parapertussis and B. bronchiseptica, like B.
pertussis, express the surface antigens FHA and pertactin [94,95]. The
virulence factors dermonecrotic toxin, tracheal cytotoxin and adenylate
cyclase-hemolysin are also produced by the three species. B.
parapertussis and B. bronchiseptica contain genes encoding for pertussis
toxin, but they are not expressed and thus no toxin is produced [64,96].

WV
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The organisms are immunologically distinct as shown by clinical reports
and animal studies. B. parapertussis infections are reported to occur in
individuals vaccinated with B. pertussis whole-cell vaccine or who have
a previous history of pertussis [79,83], and culture proven infection with
B. parapertussis does not protect against infection with B. pertussis
[88,97]. Animal studies of cross-protection with sera from whole-cell
vaccinated rabbits [98] and with pertussis toxin, FHA, pertactin and
adenylate cyclase-hemolysine antisera from B. pertussis and B.
parapertussis in a murine model show little or no cross-protection [99].

Other Bordetella species

Four new Bordetella species have been described in recent years. B.
avium was described in 1984 [100] and B. hinzii in 1995 [101]. Both
cause respiratory infections in poultry. B. hinzii has been isolated from
patients with AIDS [101,102]. The organism also chronically colonized a
patient with cystic fibrosis and was isolated from the respiratory tract
of a farmer [65]. B. holmesii was described in 1995 [103]. It differs from
previously described Bordetella species in that all 15 strains described
(the first were received in 1983) were isolated from human blood and
not the respiratory tract [103]. Many patients in the primary series and
in a later case report were immuno-compromised [104]. The most recent
member of the genus is B. trematum, described in October 1996 [65].
Ten isolates, mainly from the Culture Collection, Goteborg University,
obtained from leg and arm wounds in 1980 and 1983 and from 2
patients with chronic otitis media were characterised.

Virulence factors of B. pertussis

At least 49 different antigens have been described using
immunoelectrophoresis [105]. A number of these have been further
identified as virulence factors [32,74,75]. It has been shown that B.
pertussis undergoes changes, from phase I to phase IV, during growth in
vitro with the simultaneous loss of the expression of virulence factors
[75]. The expression of the virulence factors is regulated by the vir or
bvg locus which encodes a two-component transmembrane regulator
[106] that responds to environmental stimuli [107]. The vir locus is also
involved in the response to antibiotics by the control of phase transition
[108].

Pertussis toxin
Animal studies

Many physiological responses were noted when cultures or supernatants
of B. pertussis cultures were injected into experimental animals [109].
Similar responses were seen in animals with experimental respiratory B.
pertussis infection [110]. The causes of these effects were denoted as
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lymphocytosis-promoting factor, histamine-sensitising factor,
pertussigen, islet cell-activating protein and protective antigen
[32,75,105,111]. Recent animal studies indicate that the increased
susceptibility to bacteriological infection during pertussis may in part be
caused by pertussis toxin [112].

Patophysiological effects in humans

The Leukocytosis, particularly lymphocytosis, in children with pertussis
was described as early as 1897 [109]. It can be marked, but is an
inconsistent finding, particularly in early or atypical disease and in
infants under 6 months old [113]. The biochemical changes in humans
with pertussis have been little studied but some investigations have
shown hypoglycaemia, [114] and inhibition of the hyperglycaemic
response to epinephrine [115]. In a more recent controlled study of 24
patients with pertussis, slight hyperinsulinaemia but no hypoglycaemia
was seen [116]. Intravenous injection of "Islet activating protein" in 5
adult volunteers resulted in an enhanced insulin secretory response
which lasted 1-2 months [117]. A lymphocytosis promoting factor was
isolated in 1976 [118] and evidence was gathered indicating that the
lymphocytosis and other effects were mediated by a single antigen.

The concept of pertussis toxin

In 1979 Margaret Pittman proposed that the different effects were
mediated by an exotoxin and that this toxin, denoted pertussis toxin,
was the cause of the symptoms of pertussis and the mediator of
prolonged immunity, analogous, for example, with the diphtheria toxin
[74,105].

A few years later the structure of pertussis toxin was described [119]. It
is in conformity with the A-B model of protein exotoxins (cholera,
Shigella, pertussis and Escherichia coli heat-labile toxins) with a light "A"
subunit exhibiting the enzymatic (toxic) activity and a heavy "B" subunit
consisting of 5-7 components which attach to the receptors of the target
cells [120]. Pertussis toxin consists of six subunits: S1 being the
enzymatically active (A) subunit and S2-S4 and S3-S4 joined by S5
making up the binding (B) subunit [119]. One S1 chain (Al) contains
enzymatic activity and the other (A2) anchor the Al chain to S5 of the B
subunit [121-123]. The genes encoding the toxin subunits have been
cloned and sequenced [124,125] and mutants producing immunogenic
but enzymatically inactive pertussis toxin have been constructed [126].
Bordetella parapertussis and B. bronchiseptica contain transcriptionally
silent genes encoding pertussis toxin [64,96].
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Function of pertussis toxin

Some of the effects of pertussis toxin on the cell are mediated by ADP-
ribosylation of the inhibitory guanyl nucleotide-binding regulatory
protein (Gi) of the adenyl cyclase system, resulting in an increase in the
activity of the system and resistance to inhibitory regulation [120,127].
How this results in the different biological effects elicited by pertussis
toxin in experimental animal models and in the symptoms of pertussis is
incompletely understood. Some effects are probably mediated by
inhibition of stimulatory G proteins in some cells [128] or through other
mechanisms such as blocking of arachidonate release and calcium
mobilization by some mediators in some cells [75]. Patients with
pertussis have increased levels of tumor necrosis factor o and
interleukins, which may be involved in the disease process [129].
Pertussis toxin also seems to have adjuvant activity since pertussis toxin
deficient mutants are not able to bind to ciliary respiratory cells [130] or
initiate infection [131]. Pertussis toxoid is used alone in monocomponent
vaccines and included in all multicomponent acellular pertussis vaccines.

Filamentous hemagglutinin

FHA is a 220 kD surface protein not associated with fimbriae [132,133].
It is a major adhesin [134] and mutants deficient in FHA could not bind
to human ciliated respiratory cells in vitro [130]. In the experimental
setting antibodies directed against FHA block the adherence of B.
pertussis to different cells and the FHA mediated agglutination of
erythrocytes [135]. Other factors apart from FHA and pertussis toxin are
also needed for attachment, as indicated by some studies [130].
Antibodies directed against FHA, induced by mucosal immunization,
protect mice against sublethal and lethal respiratory challenge with B.
pertussis [70,136,137]. However, FHA serum antibodies do not protect
mice against intracerebral challenge [138]. FHA is included in all
multicomponent acellular pertussis vaccines.

Pertactin

Pertactin was previously called 69 kD outer membrane protein. It is a
nonfimbrial protein associated with the bacterial membrane [139]. A
Bordetella resistance to killing (brk) gene with sequence homology to
pertactin has been described [140]. Pertactin (like FHA and pertussis
toxin) is an important adhesin [141] and may be involved in the
invasion of macrophages and other cells. It has no apparent toxic effects.
Pertactin induces agglutinating antibodies in mice [139], which protect
them against respiratory challenge with B. pertussis [142,143]. It also
gives them an increased protection against intracerebral challenge when
injected intraperitoneally in combination with pertussis toxin and FHA
compared with the two last mentioned antigens alone, but only in high
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pertactin vaccine doses [142]. Pertactin is included in most
multicomponent acellular pertussis vaccines.

Agglutinogens and Fimbriae

The agglutinogens are protein surface antigens which have been used as
serologic markers. Seven agglutinogens have been attributed to B.
pertussis [32] but traditionally agglutinogens 1, 2 and 3 have been used
to define different strains or "serotypes". They are found in the
combinations 1-2, 1-3 and 1-2-3. Two antigenically distinct fimbriae are
produced by B. pertussis. It has been claimed that they correspond to
agglutinogens 2 and 3 [132,144]. Protection after vaccination with
whole-cell vaccines correlated with the antibody response against
agglutinogens [145]. Fimbriae, corresponding to agglutinogens 2 and 3
have been included in some experimental multicomponent acellular
pertussis vaccines [146] based on the experience of whole-cell vaccines
and reports that they induce protection in mice [147].

Adenylate cyclase-hemolysin

Adenylate cyclase-hemolysin is a protein exotoxin with the ability to
enter eucaryotic cells. The toxin has inherent adenylate cyclase activity
and is activated by calmodulin. The biological effect is mediated by an
increase in the conversion of endogenous ATP to cAMP [148,149]. It can
inhibit cellular immunfunctions, e.g. by inhibition of chemotaxis,
phagocytosis and natural killer cell lysis of target cells. It also causes
hemolysis. Both hemolytic and adenyl cyclase activity is required for B.
pertussis to initiate infection [131]. The toxin induces protection in the
mouse intracerebral and respiratory models [150]. Serum antibodies
against a second form of adenylate cyclase called adenylate cyclase
enzyme have been identified. It has only enzymatic activity and no
effect on eucaryotic cells [75].

Dermonecrotic toxin

Dermonecrotic (heat-labile) toxin is a very potent protein toxin [151]. It
is mainly located in the cytoplasm and is released when the cells are
disrupted. In experimental animals the toxin causes dermal lesions after
injection, atrophy of the spleen, vasoconstriction and death at high
doses. The biochemical mechanism of the toxin is unknown, but it can be
inhibited by corticosteroids.

Tracheal cytotoxin

Tracheal cytotoxin is a glycopeptide derived from the cell envelope and
released into the culture supernatant during growth. It inhibits DNA
production, causes ciliary stasis, and has a marked cytopathic effect
[152-154].
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Lipopolysaccharide

The lipopolysaccharide of B. pertussis elicits responses similar to
liopopolysaccharides of other Gram-negative bacteria when injected into
experimental animals, e.g. pyrogenicity and histamine sensitisation [75].
In man it may contribute to the initial slight fever and to local reactions,
but it does not cause an acute phase response (increased erythrocyte
sedimentation rate or C-reactive protein) in children with pertussis
[129].

Diagnosis of pertussis
Introduction

Pertussis can be diagnosed by: 1. clinical case definitions, [155] 2.
isolation of the bacteria, 3. identification of the bacteria by different
immunological methods, 4. identification of specific B. pertussis genome
by PCR, or 5. identification of an increase in antibodies directed against
B. pertussis antigens. No method is perfect and the criteria used for the
diagnosis of pertussis have to be specified. In epidemiological studies
and in vaccination studies the definition of pertussis is crucial since
different definitions yield different results. At a meeting sponsored by
WHO in 1991 the following primary case definition was recommended
[156].

A. 221 days of paroxysmal cough
and one or more of the following
B. 1. Positive culture for B. pertussis

2. Serological evidence of Bordetella-specific infection by a
significant rise in IgG or IgA antibodies against pertussis toxin,
FHA or agglutinogens 2 and 3.

3. Household contact with a B. pertussis confirmed case occurring
within 28 days before or after the onset of illness in the trial
child.

The study of pertactin and of differences in antibody responses in
infected and in vaccinated subjects were considered research priorities
[156].

Culture

Culture was long the only way to diagnose pertussis, except for the
clinical diagnosis in typical cases. B. pertussis is most readily obtained
from nasopharyngeal mucus obtained by a swab or a fine suction
catheter [157-159].
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The culture medium first used by Bordet and Gengou was a peptone free
glycerine-potato-blood agar which still is in use, [2] sometimes with
slight modifications [160]. Different media have been developed. They
have the advantage of longer shelf life, but none have definitely proved
better [160,161] although the charcoal horse blood ("Regan-Lowe") agar
[162] or a modified Steiner-Scholte medium [163] in some studies
seemed superior. The medium developed by Lacey has the advantage of
being highly selective for the cultivation of Bordetella and in that it can
be stored, but it is somewhat growth-inhibiting, especially as regards B.
parapertussis [160](Annex 1 by B W Lacey).

Enzyme linked immunosorbent assay

A new method for detection and quantification of specific antibodies,
ELISA, was described in the early 1970s [164,165]. The method was
simplified owing to the use of microtiter plates instead of antigen-coated
tubes [166] and further to the introduction of 96-well microtiterplates
and automatic photometers in the early 1980s. The separation and
purification of FHA and pertussis toxin [118,167] made it possible to
develop more specific and sensitive methods of detection of antibodies
against B. pertussis. During recent years ELISAs for the detection of
immunoglobulins to many different pertussis antigens have been
described [168].

The amount of antibodies in a sample can be expressed in different
ways. The most common are end-point titer or units/ml.

End-point titer

The end-point titer is defined as the highest serum dilution
corresponding to a pre-determined optical density (OD) (or “extinction™)
above the background value of a blank tested on the same microtiter
plate. A reference tested on the same microtiter plate will increase
reproducibility [169]. Without a reference serum the end-point titer
method has been shown to have less reproducibility than variations of
the parallel line method (see below) [170,171]. A computer can be
connected to the photometer and with the proper software
automatically calculate the end-point titer from the registered OD
values. Previously, as in study I of this thesis, the OD values were
manually plotted on a sheet and the end-point titer calculated
graphically.

Units/ml

Another way to estimate the antibody concentration is to compare the
regression line of the test serum with the corresponding line of a
reference serum., which has a known concentration of antibody. The
result is expressed in units/ml. Different relationships between the
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reference serum and the test serum have been used, but the most
common ones are variations of the parallel line assay [172]. In the line
assays, the slope of a line through the points formed by the logarithm of
absorbencies plotted against dilution steps in a specified interval for the
test serum and the reference serum are used in a calculation. In an
evaluation of the non-parallel, the parallel and the reference line
methods used in an ELISA for pertussis toxin, the reference line method
showed the highest reproducibility [170,171].

The results calculated by parallel or reference line methods can be
expressed in pg/ml, if the antibody concentration in the reference
serum is known, [173,174] in international units (IU)/ml, if such have
been defined [175,176] or in arbitrary units [177]. Immunoglobulins
against pertussis toxin, FHA and pertactin are expressed in arbitrary
units since no international standard has been defined [177].

Toxin neutralization assays

Serum antibodies against bacterial toxins can be estimated by different
neutralization assays [178]. In contrast to ELISA, these assays measure a
function of the antibodies: their ability to neutralize the toxic activity of
the antigen. The toxin neutralization tests take advantage of the effects
of the toxin exerted on different animal systems [175,179] or on cell
cultures in vitro [176,180]. The methods usually require serial dilution
of the test serum and the results are usually expressed in end-point
titers, which are defined as the highest serum dilution which inhibits
toxin activity by 50% or 100%. The titers can be recalculated into IU/ml
if the results of the test serum are compared with those of a reference
serum with a defined unitage tested in the same assay [175,176]. For PT
neutralizing antibodies no international unit is defined, but the tested
sera can be compared with a reference serum tested concomitantly.

Serological markers of disease

Previously used methods have employed either whole-cells or crude
extracts as the diagnostic antigen. Highly purified components of B.
pertussis have only been generally available during the last decade
[172]. Studies I, II and IV explore the prevalence and response of serum
antibodies directed against PT, FHA and pertactin. Previous studies have
shown a response of IgG, IgM and IgA antibodies directed against
pertussis toxin and FHA after clinical pertussis [181-191]. The IgG
response against pertussis toxin is mainly in the IgGl subclass and, to a
lesser extent, in the IgG3 subclass [192]. Studies of monoclonal
antibodies have indicated that the response is mainly directed against
the enzymatically active S1 subunit of pertussis toxin [182,193]. The
antibody response after vaccination with the pertussis toxoid vaccine
(IIT) is mainly in the IgGl and IgG4 subclass and only rarely in the IgG3
subclass [192]. The clinical significance of this difference is not known.
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It is indicated by earlier studies that IgG antibodies against pertactin
develop after disease [182,194]. The antibody responses against other B.
pertussis antigens are even less studied. There are conflicting results
concerning the response to outer membrane proteins other than
pertactin, [182,193,195] but there are indications that infection with B.
pertussis elicits an adenylate cyclase-hemolysin antibody response
[195,196] and a response against agglutinogens (fimbriae) 2 and 3 [183]
or crude fimbriae [197].

It is generally conceived that a pertussis infection usually confers
prolonged, but not always lifelong immunity [66,198-200]. The
longevity of specific antibody responses have not been much studied
and there are obvious methodological problems [184]. The antibody
titers recorded in adolescents and adults may be the result of boosters
from repeated exposure to B. pertussis present in society [184,200].

Vaccination
Whole-cell vaccines
Early experiences

Vaccination was considered a treatment of manifest pertussis already a
few years after the isolation of the bacterium by Bordet and Gengou. Dr
Graham in Philadelphia in 1912 described in detail 24 patients with
typical pertussis treated by him, with believed success in 71% of the
cases [201]. The first field studies of prophylactic vaccination were
performed in the Faroe islands in 1923 and 1929 [202]. A thorough
review of most of the whole-cell vaccine studies up to 1986 was
performed by Fine and Clarkson in 1987 [203]. The efficacy estimates
were very variable from close to 0 up to 90% [203].

Vaccination programmes

All developed countries have national vaccination programmes but
there is great diversity in the kinds of vaccines offered, the age at the
injections and the number of doses given [204,205]. Vaccination with a
whole-cell vaccine was introduced in most developed countries during
the 1950s and 1960s after large field studies in Great Britain and the
USA [34,145].

In Sweden a whole-cell pertussis vaccine was produced by the National
Bacteriological Laboratory and used for general vaccination between
1953 and 1979. Three doses were administered at 3, 4.5 and 6 months
of age. Owing to an ineffective Swedish vaccine during the 1970s
following changes in the vaccine production [5] and a wide spread
suspicion that whole-cell vaccines had serious rare neurological side
effects [16,206,207] the Swedish vaccine was withdrawn and the
general vaccination against pertussis discontinued in 1979 [4]. An



22 J TIsacson

imported plain whole-cell vaccine from Wellcome, and later Pasteur
Merieux has been available on temporary license [208]. A maximum of
6000 doses were distributed annually to a population of approximately
100,000 newborns per year during the 1980s (A-M Ahlbom, National
Bacteriological Laboratory, personal communication). Internationally the
vaccination rates have shown great variations with time and between
countries, but all vaccinating countries, with the exception of Japan who
changed to acellular vaccines in 1981, [209] have continued with whole-
cell vaccines for their primary vaccinations. Only since 1996 have
acellular vaccines been registered for primary vaccinations in some
countries, among them Sweden.

Standardisation of Whole-cell vaccines

Double blind randomised clinical trials were initiated by the British
Medical Research Council after the Second World War. A number of
studies showed that different vaccines could confer substantial
protection but varied considerably in their efficacy. Protection in
children correlated with the ability of the vaccine to protect mice
against intracerebral infection with B. pertussis ("potency"). There was
also a correlation with the agglutinin response in mice and, to a lesser
extent, in children but this was not a consistent finding [35,145,210].
The potency was shown to correlate with the number of bacteria in the
vaccine [211]. More recent studies have shown the potency test in mice
to correlate with IgG against pertussis toxin (r=0.95, p<0.001). A lesser
correlation was found with IgG against FHA (r=0.78) or adenylate
cyclase-hemolysin (r=0.68) [212].

In 1964, WHO established an international standard for pertussis whole-
cell vaccine based on the intracerebral potency test in mice and the
number of bacteria in the vaccine estimated using the opacity test [213].
In Sweden, however, this standard was not applied until 1979.

British studies indicated that the low effectiveness of the British vaccine
in the 1960s was associated with a change in B. pertussis serotype in the
society [214-217]. WHO updated its guidelines in 1979 to recommend
the inclusion of all three serotypes in the vaccine. A shift in the
predominant serotype was also seen in Sweden after the cessation of
vaccination from serotypes 1-2-3, predominant in the vaccination era, to
type 1-2 which accounted for 80% of isolates in 1995 [218]. Despite the
results from the original British studies, [210] from studies of pertussis
toxoid and FHA containing acellular pertussis vaccines [219], and the
positive experience with acellular vaccines in Japan not containing
agglutinogens [220], some few vaccinologists still advocate agglutinogens
as the main inducer of protection against disease [221].

It has previously been claimed that modern pertussis whole-cell
vaccines vary in quality, safety and efficacy, [222-224] in part due to
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production and standardisation difficulties, and recent studies have
shown differences in the antibody response and in the rate of adverse
reactions to different whole-cell vaccines used in the USA and Canada
[225-227].

Efficacy of whole-cell vaccines

The whole-cell vaccines have generally been regarded as effective and,
indeed, most studies have shown the vaccines to be efficacious
[34,35,145,228-230] and effective in reducing the numbers of reported
cases of pertussis [4,11,12,33,231-233]. However, the results of the
studies are often difficult to evaluate and reviewers have concluded that
the true efficacy of studied whole-cell vaccines is often impossible to
assess [203,234].

More recent studies of pertussis in vaccinated and unvaccinated patients
have indicated an efficacy between 60% and >80% [9,228,235-237]
Numerous reports of pertussis epidemics in vaccinated children and
adults have given reason to question the high efficacy estimates in some
studies of whole-cell vaccines [6,10,19,26,39,238-240].

It was early noted that efficacy decreased with time after vaccination
and in a study from Michigan there were no protection seen after 11
years [199]. Similar figures are reported from Denmark [33]. A study
from the United Kingdom showed a decline from 100% efficacy in 1-
year-old children to 46% in 7-year-olds [241]. Stewart, in a review in
1983, concluded that the British and US vaccines were insufficiently
effective [242]. It is now generally agreed that the protective effect of
the vaccine is rather short lived and that pertussis occurs epidemically
in vaccinating countries particularly among adolescents and adults
[30,31,243-246].

Adverse reactions to vaccination

The main concern about whole-cell vaccines has not been their degree of
efficacy but the suspicion that they could cause serious neurological side
effects and some times permanent brain damage and death
[206,207,247-249]

A large national British study, "the National Childhood Encephalopathy
Study", calculated the attributable risk of neurological sequele one year
after vaccination to be 1:310,000 injections [250-252]. The report
warned that the figure had to be interpreted with "extreme caution"
owing to "...the wide confidence intervals and the broad nature of the
underlying assumptions” [251].

A review of the data during a trial in court in London in 1988 under the
"Vaccine Damage Payment Act 1979" led to a revision of some of the
cases and inclusion of more cases and controls than in the original
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(interim) report [253,254]. Statistical calculations using the complete
and revised data did not indicate an increased risk of death or
permanent neurological damage [254,255] and the judge concluded that
" ...the plaintiffs had failed to satisfy him on the balance of probability
that pertussis vaccine can cause permanent brain damage in young
children, though it was still possible that it could" [253]. Scientific
reviewers have come to the same conclusion [256], and the US National
Academy of Sciences' Institute of Medicine also concluded that evidence
indicated a causal relation between febrile but not afebrile seizures and
Diphtheria-Tetanus-(whole-cell) Pertussis (DTP) vaccination [248].
Another large study of 38,000 vaccinated children did not show an
increased risk of neurological sequele [257]. A trace of doubt still lingers
among laymen and governments [258], but the risk, if any, of severe
sequelae has by all calculations been regarded as less than the risk of
severe complications from the disease itself [248,259-262].

Less serious reactions were studied in 15,752 children given US licensed
DTP vaccine and 784 children given diphtheria-tetanus (DT) vaccine
[261]. Of these children 195 DTP and 110 DT recipients were enrolled in
a double-blind DTP versus DT vaccine study. The frequency of local and
systemic reactions within 48 hours of vaccination in the double-blinded
group is shown in table 2.

Table 2. Adverse reactions to diphtheria-tetanus-(whole-cell)pertussis (DTP) and to
diphtheria-tetanus (DT) vaccines administered intramuscularly to children in a double-
blind study. Data from Cody et. al., 1981 [261].

Reaction DTP group (%) DT group (%)
n =195 n=110
Redness 31.3 6.4
Swelling 36.4 9.1
Pain 47.2 10.9
Fever 238°C 39.8 12.5
Drowsiness 29.7 13.6
Fretfulness 60.0 25.5
Vomiting 4.6 1.8
"Anorexia" 18.5 5.5
Persistent crying 8.7 4.6

The frequency of reactions was similar in the whole group of children
compared to the blinded group [261]. All differences between the DTP
and the DT groups were significant except for vomiting and high pitched
screaming. Nine convulsions, 9 hypotonic hyporesponsive episodes and
17 children with high-pitched unusual crying were reported in the
whole DTP group. A recent double-blind study of two US licensed whole-
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cell pertussis vaccines showed them to differ substantially both in
immunogenicity and reactogenicity [227]. The rates of adverse events
are not directly comparable but were probably lower than the rates
reported by Cody, (Table 2). The differences in reactogenicity of the
same vaccine in different studies may be attributable to differences in
study design and also to variations among vaccine lots or changes over
time in vaccine production techniques [227].

Acellular vaccines
Early experience

Acellular pertussis vaccine is not a new idea. One of the 7 vaccines
evaluated in the large British field trials in the 1950s was the Pillemer
antigenic fraction containing "only a small fraction of the whole bacillus"
in a complex with autoclaved human red cell stromata [145]. This
vaccine was highly potent in the mouse intracerebral protection test but
produced a lower agglutinin antibody response than the whole-cell
vaccines. However, it induced a high degree of immunity in children and
was more protective than a whole-cell vaccine [145]. Owing to a higher
frequency of local and systemic reactions (and the death of Professor
Pillemer ?) it was not further pursued. An extracted pertussis vaccine
from Eli Lilly Co. was marketed in the USA from 1962 until 1977 under
the name "TriSolgen". The vaccine was never well characterised or
evaluated [32,263].

The Japanese experience

In February 1975 pertussis vaccination was temporary discontinued in
Japan after two deaths of infants in temporal association with pertussis
whole-cell vaccination [264]. Vaccination was reintroduced at two years
of age in April the same year but the vaccination figures fell to 10% and
the pertussis incidence increased [264,265]. In the fall of 1981 acellular
vaccines containing FHA and pertussis toxin detoxified by formaldehyde
were introduced for mass vaccination from the age of 2 years [265,266].
From 1989 the acellular vaccines have been used for vaccination of
infants in Japan. However, in 1990 only about 10% of infants younger
than 12 months were vaccinated [267] Since the introduction of acellular
vaccines a steady decline in the incidence of pertussis has been reported
[266,267].

Acellular vaccines have been manufactured by six different companies
and although they differ in their antigen content they have been
regarded as equivalent by the Japanese government [268]. The vaccines
can be divided into two groups according to their antigen content: the
Takeda type contains a larger amount of FHA, a small amount of
pertussis toxin and substantial amounts of other substances such as
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agglutinogen; the Biken type contains a larger amount of pertussis toxin,
a smaller amount of FHA and no other substances [268].

Recent experiences

No large efficacy studies of the Japanese vaccines currently in use were
performed before the start of general vaccination [32]. Two acellular
pertussis vaccines developed by the National Institutes of Health, Japan
were evaluated in Sweden in the 1980s in a large double-blind placebo
controlled efficacy study. One vaccine contained 36pg pertussis toxoid
alone, the other 22.5ug of pertussis toxoid and FHA, respectively, in a
volume of 0.5 ml [219]. Two injections of 0.5 ml were given
subcutaneously at approximately 10 week intervals to 5 to 11 months
old children.

Efficacy of the PT and PT-FHA vaccines were 54% and 69%, respectively,
for any cough and positive B. pertussis culture and 79% and 80%,
respectively, for culture confirmed cases with cough for more than 30
days [219]. The efficacy estimated by passive follow up for 3 years after
unblinding were 71% and 81%, respectively, for parentally reported
cases and 79% and 92%, respectively, for culture confirmed cases with
>30 days of cough [269]. The efficacy for clinical disease after household
exposure was 82% for the PT vaccine and 58% for the PT-FHA vaccine
[270].

A number of studies of experimental acellular pertussis vaccines have
been performed since then [146,271-282]. In all studies the vaccines
have elicited a high serum antibody response and the side effects have
been mild. In studies comparing different acellular and whole-cell
vaccines the adverse reactions have, with few exceptions, been much
milder and less frequent and the antibody responses more prominent in
the recipients of the acellular vaccines and the acellular vaccines have
been more efficacious than the whole-cell vaccines [283,284].

Table 3 shows the frequency of adverse reactions for the US licensed
Lederle whole-cell vaccine and the mean of 13 different mono and
multicomponent acellular vaccines tested in a multicenter study
sponsored by the United States Department of Health and Human
Services [146].

Potency of acellular vaccines

It is recognized that even minute traces of active pertussis toxin in a
vaccine will result in a pronounced potentiation of the protective effect
of the vaccine as evaluated by the mouse intracerebral potency test
[285,286]. Comparisons or standardisation by this test of acellular
vaccines that may contain traces of active pertussis toxin if not
completely and irreversibly detoxified are, therefore, meaningless. The



2

use of rabbits, mice or rats in respiratory infection models or the use of
in vitro tests with different cell lines have been discussed. No model has
yet been deemed appropriate. Measurement of serum antibody titers
may not be a possible method since there are indications that antibody
titers may not correlate with protection [219,270,275].

Table 3. Frequency of adverse reactions to 13 acellular mono and multicomponent acellular
pertussis vaccines and a US licensed whole-cell vaccine. The vaccines were injected
intramuscularly together with DT vaccine. Data from the Nationwide Multicenter Acellular
Pertussis Vaccine Trial [287]. Differences are significant except for vomiting.

Reaction 13 acellular vaccines whole-cell vaccine
(mean %) (%)
Injection site pain moderate 6.5 25.9
severe 0.4 14.3
Injection site swelling >20mm 4.2 22.4
Injection site redness >20mm 3.3 16.4
Fussiness, moderate 12.4 29.1
Persistent crying 4.7 12.4
Use of antipyretic 55.9 83.3
Drowsy 42.7 62.0
"Anorexia" 21.7 35.0

Vomiting 12.6 13.7
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AIMS

The aims of this study were to:

Study the incidence of clinical pertussis in children in a
nonvaccinating, industrialised country.

Compare anamnestic information about clinical pertussis with the
presence of serum antibodies to three antigens of B. pertussis;
pertussis toxin, FHA and pertactin.

Characterise the response and decline of serum IgG antibodies
against pertussis toxin, FHA and pertactin in children with clinical
pertussis and evaluate the role of serology for the diagnosis of
pertussis.

Study the immunogenicity and safety of an experimental
monocomponent pertussis toxoid vaccine in infants.

Study the effect of the same vaccine against pertussis in a
nonrandomised trial to see whether a large-scale efficacy trial of
the vaccine would be justified.

Study the acquisition of IgG antibodies against two Bordetella
antigens, FHA and pertactin, in children with no symptoms of
pertussis.

Compare a functional assay (toxin neutralization) with an assay of
affinity and concentration (ELISA) for pertussis toxin antibodies.
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SUBJECTS

The five studies were performed in three study populations which
included healthy children (I), children with pertussis (II) and children
vaccinated with pertussis toxoid (III, IV, V).

1. Healthy children (I)

In 1984, 400 children from the 1980 birth cohort were selected using a
random number list from the computer-based birth register of Goteborg,
Sweden to be part of a pertussis incidence study [19]. The children
represent about 10% of the 1980 Goteborg birth cohort of 4384 children.
In 1989-1990 all children were traced and the parents of all but 13
children, who had left Sweden, could be contacted. The majority of the
children still lived in Goteborg. Ten families had unlisted telephone
numbers and did not answer a letter (plus reminder) explaining the
purpose of the study. Thus, the parents of 377 children could be
interviewed about the child's history of pertussis during 1990 after the
child's 10th birthday. Five children had been vaccinated against
pertussis. Of the 372 nonvaccinated children, 195 (52%) agreed to
donate a venous blood sample for determination of IgG antibodies
against pertussis toxin, FHA and pertactin. IgM and IgA antibodies
against pertussis toxin were determined in sera with undetectable 1gG
antibodies.

2. Children with pertussis (II)

Children with symptoms suggestive of pertussis who were brought for
medical attention from September 1987 to December 1990 at the
Department of Paediatrics, Goteborg and at two paediatric outpatient
clinics (Vistra Frolunda and Askim) were invited to participate. A first
serum sample was obtained from 165 children with possible pertussis.
After the first follow up a total of 121 children were considered to have
clinical pertussis with at least 3 weeks of paroxysmal cough and were
willing to participate in the study. Sera were obtained at the first visit
and 1, 3 and 12 months later from 71 children in Géteborg and 18
children at the outpatient clinics. These 89 children constitute the
patient population. The median (range) duration of coughs when a
serum was obtained were: Serum 1, 2 (0-8) weeks, Serum 2, 7 (4-17)
weeks, Serum 3, 17 (12-37) weeks and Serum 4, 56 (47-86) weeks. Four
sera were obtained from 52 (58%) children and 3 sera from 37 children.
The ‘median age was 18 months (range 1 month to 7 years). The serum
samples were analysed for IgG antibodies against pertussis toxin, FHA
and pertactin.
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3. Vaccinated children (III, IV, V)

Healthy, full term infants of Swedish speaking parents with a telephone
in their home were recruited consecutively from child health centres in
Goteborg (n=64), Vistra Frolunda (n=30), Modlndal (n=18) and Boras
(n=34), Sweden to the safety and immunogenicity study of a pertussis
toxoid vaccine (III). One hundred and forty-six children were recruited
but one child left the study after 2 vaccinations since the parents did
not want to submit the child to further blood samples. The remaining
145 children were vaccinated at 3, 5 and 12 months of age (n=76) or at
3, 5 and 7 months of age (n=69).

Serum samples were obtained from all children before the first and
third vaccinations and 1 month after the third vaccination. The parents
of 142/145 children (3 had moved from Sweden) were interviewed
concerning symptoms of pertussis when the children were 2 and 3 years
old and blood samples were obtained from 102 (70%) and 109 (75%)
children, respectively (in 82 cases from the same child). All sera were
analysed for IgG antibodies against pertussis toxin and for pertussis
toxin neutralizing antibodies. IgM and IgA antibodies were determined
in the first 3 sera from 20 randomly selected children from each group.

The study was not originally designed to contain an unvaccinated
control group, but a retrospective study of pertussis at 3 years of age
was performed, comparing the history of the 142 vaccinated children
with that of 284 unvaccinated age matched controls (2 controls per
vaccinated child) living in the same areas as the study children.

Sera obtained from the vaccinated children were analysed for IgG
antibodies against FHA and pertactin (IV). In part one of the study 5
consecutive samples obtained between 3 and 36 months of age from 71
children were available. In part 2 sera from 109 3-year old children
were available. The antibody titers from 12 children exposed to
pertussis in the family were compared to the titers of the 97 unexposed
children.

In the study comparing antibodies measured by a neutralization assay
and ELISA (V) all available sera from children participating in the
vaccine study (III) were used. Sera from 47 children participating in a
safety and immunogenicity study of the same Ptxd vaccine in
combination with tetanus and diphtheria toxoid vaccines were included
[288]. From the 192 children a total of 796 sera in which both ELISA
and neutralization assay were performed were available. No child
contributed less than 3 sera.
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METHODS

Interviews, work-sheets, questionnaires
I, II, III, Iv)

Paper 1

The study of the epidemiology of pertussis (I) was performed using a
structured questionnaire with different questions pertaining to
symptoms related to pertussis, diagnosis of pertussis, age at time of
symptoms or diagnosis, family structure, pertussis in the family and
vaccination against pertussis. The questions were asked over the
telephone by the author of this thesis or by a specially trained nurse.
The answers were registered on the work sheet during the interview. In
a few cases the interview or part of it had to be repeated owing to
inconsistencies or because the parent answering on the first occasion
(usually the father) was unfamiliar with the child's medical history.
Parents of children donating blood samples were asked at the time of
the sample if the child had had “whooping cough™ or symptoms
compatible with pertussis. No child had pertussis in the time period
between the telephone interview and the sampling and no parent gave a
different answer at the telephone interview and the sampling.

Paper II

A combined questionnaire and work sheet was used in the study of
antibody response and decline after pertussis (II). Children with
suspected pertussis were recruited to a first serum sample and
nasopharyngeal culture of B. pertussis. The physicians involved were
instructed to ask for and note relevant information about the disease in
the children's medical records. Three to 4 weeks later the parents were
interviewed by telephone concerning their child's symptoms (cough,
whooping attacks, vomiting) exposure to pertussis, concurrent disease,
medication and previous vaccination against pertussis. Information
about treatment with erythromycin or other antibiotics and
hospitalisation was obtained from the child's medical record.

Paper III and IV

Several questionnaires and work sheets were used in the vaccine study
(ITII). The parents were instructed to measure the child's temperature
with a rectal thermometer 6, 24 and 48 hours after each vaccination and
to inspect the injection sites daily. If the child's temperature rose they
were instructed to continue takeing the temperature twice daily until it
normalised. The parents were also instructed to measure any redness
and/or swelling and to record the results daily on a work sheet together
with any unusual reaction or symptom the child may have had. Three
and 7 days after each vaccination the parents were interviewed by
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telephone, using a structured questionnaire, about local reactions,
temperature, convulsions, unusual or persistent crying, hypotonic-
hyporesponsive episodes or any unusual reaction of the child.

The retrospective study of pertussis in vaccinated children and age-
matched controls (III) was performed using a structured questionnaire
concerning symptoms compatible with pertussis and exposure to
pertussis. If a child with a cough or suspected pertussis had been seen
by a physician, a letter was sent to the physician (with the parents'
permission) asking for laboratory results and details of the symptoms.
The information was also used in the study of acquisition of FHA and
pertactin antibodies after Ptxd vaccination (IV, part 2).

Vaccination procedure (III)

The infants were given 0.5 ml of the Ptxd vaccine administered as a
deep subcutaneous injection in the anterolateral part of the thigh
according to the vaccination procedure for DT and inactivated polio
vaccine in Sweden. DT vaccine was given in the other thigh on the same
occasions as the Ptxd vaccine to children vaccinated at 3, 5. and 12
months of age. Polio vaccine was not given earlier than 7 days after the
Ptxd vaccine at the child health center.

Culture of B. pertussis

Cultures were obtained with pernasal calciumalginate swabs. The
sample was immediately transferred to a tube containing modified
Stuart transport medium. The samples were transported to the
Department of Clinical Bacteriology in Goteborg who perform all B.
pertussis cultures from samples obtained in the Goteborg region. During
the course of this study Lacey's culture medium was used by the
laboratory.

ELISA for determination of serum antibodies
to pertussis toxin

A modification of a previously described method [186] for detection of
immunoglobulins to PT was used [169]. By precoating the microtiter
plates with fetuin (a glycoprotein obtained from fetal calf serum) the
sensitivity and the specificity of the ELISA was increased, since PT has a
high and probably unique affinity to fetuin, [289] specifically to
branched N-acetyl glucosamine residues [290]. The plates were
incubated overnight after the test sera had been added and the
conjugate was incubated for 4 hours. Pertussis toxin was obtained from
Amvax, Inc., Beltsville, MD, USA. Its purity and biological activity was
characterised wusing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), tricloacetic acid (TCA) precipitation, PT-
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ELISA, hemagglutination and histamine sensitising activity and
lymphocytosis-promoting activity in mice (Amvax Inc. data on file).

Sera in all studies were tested in duplicate in eight, 3-fold dilutions
starting with the dilution 1/10. Sera from the same individual in a study
were tested on the same microtiter plate. A blank and a reference
serum were tested concomitantly. The reference serum in all studies
was the United States Food and Drug Administration reference pertussis
antiserum lot 3. The end-point titer of the reference serum was 10,000
and the unitage 200/m]. The OD-values of the sera to be tested were
measured when the reference serum on the microtiter plate had
reached the OD corresponding to the assigned titer value of the
reference serum. The results were expressed in end-point titers and
(studies III and V) units/ml. The end-point titer was defined as the
highest serum dilution showing an OD of 0.2 above the OD of the blank.
Units were calculated using the reference line method [170,171].

The reproducibility of the methods was calculated (T. Lagergard, The
Gothenburg Pertussis Vaccine Study work manual for serological
methods). The intra-assay variation was 14% for units and 17% for end-
point titers and the inter-assay variation 26% and 28%, respectively. The
intra-individual variations of 20 paired sera were also calculated and 3
standard deviations of the difference between sera was 2.2-fold. A 3-
fold difference between acute and convalescent sera was considered
significant.

ELISA for determination of serum antibodies
to FHA

The method is very similar to the PT-ELISA but uses no precoating of
the plates. It is a modification of a previously described method
[189,291]. It was used with the same modification as the PT-ELISA
regarding the incubation time of tested sera and of conjugate. Sera were
tested in the same way as in the PT-ELISA. The purified FHA was
obtained from Institut Pasteur-Mérieux, Marcy 1'Etoile, France. Its
purity, specificity and absence of pertussis toxin was demonstrated by
SDS-PAGE, the CHO-cell assay, absence of lymphocytosis activity in mice
and cross-enzyme-linked immunosorbent assay with pertussis toxin (F.
Arminjon, Institut Pasteur-Mérieux, personal communication). The same
reference serum as in the PT-ELISA was used; the United States Food
and Drug Administration reference pertussis antiserum lot 3. The end-
point titer of the reference serum was 10,000 and the units 200/ml.
Results were expressed in end-point titers and units as described. The
intra-assay variation were 12% and 21%, respectively and the inter-
assay variation 29% and 27%, respectively. The intra-individual
variation was the same as for the PT-ELISA, and a 3-fold difference
between acute and convalescent sera was considered significant.
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ELISA for determination of serum antibodies
to pertactin

The pertactin ELISA has previously been described [194]. It is similar to
the PT and FHA ELISA. Unspecific binding of immunoglobulin was
blocked by incubation with 0.1% bovine serum albumin. Pertactin was
obtained from SmithKline Biologicals, Rixensart, Belgium. Its purity was
characterised using SDS-PAGE, Western blot and isoelectric focusing
analysis. Trace amounts of adenylate cyclase-hemolysin, pertussis toxin,
dermonecrotic toxin and endotoxins were looked for with specific assays
[142]. Sera in all studies were tested according to the same procedures
as in the PT and FHA-ELISA. The reference serum was the United States
Food and Drug Administration pertussis antiserum lot 4. It is assigned
90 units/ml of pertactin IgG antibodies and the end-point titer was 700.
The intra-assay and intra-individual variations were similar to those of
the PT and FHA-ELISA (data on file) and a 3-fold difference between
acute and convalescent sera was considered significant.

Pertussis toxin mneutralization assay

The pertussis toxin neutralization assay is based on the specific ability
of pertussis toxin to cause a clustering of Chinese hamster ovary-cells
(CHO-cells) which can be inhibited by pertussis toxin neutralizing
antibodies [180,292]. The method used has previously been described
[293]. Patient sera were tested in duplicate in eight, 2-fold dilutions
starting with the dilution 1/5 in 96-well tissue culture plates. CHO-cells
were cultivated according to standard procedures. A 95% or greater
viability of the cells was accepted for the assay. The working cell
suspension contained 1x105 cells/ml. Pertussis toxin was obtained by
Amvax Inc. (see PT-ELISA for details). It was used in a working dilution
of 5 ng/ml. The reference used was the same as in the PT and FHA-
ELISA; the United States Food and Drug Administration reference
pertussis antiserum lot 3. The reference serum had a neutralizing titer
of 1600 (starting with the dilution 1/50). However, it should be pointed
out that lot 3 is a control serum but not an official reference serum with
assigned unitage for the CHO-cell assay. After 2 hours incubation of CHO-
cells and patient sera the medium was changed. This makes it possible
to virtually avoid death of cells owing to unspecific factors in the patient
sera, a well known phenomenon [293]. The plates were then incubated
for 48 hours and the inhibition of the clustering induced by pertussis
toxin was determined by the same experienced laboratory assistant
using an inverted light microscope. The titer was defined as the
reciprocal of the highest serum dilution (i.e. the dilution before the
addition of the CHO-cells) giving 50% or more inhibition of the clustering
of the cells. On a separate control plate dilutions of the reference serum
and of pertussis toxin and cell growth controls were tested together with
each run of patient sera.
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Criteria for retesting of sera

Details for retesting of sera by ELISA or CHO-cell assay are specified in
the Gothenburg Pertussis Vaccine Study work manual for serological
methods. Basically, sera were retested if evident technical failure was
present or if references, controls, blanks or assayed sera were out of
range of stipulated values.

Pertussis toxoid vaccine

The pertussis toxoid vaccine was originally developed at the National
Institute of Child Health and Human Development (NICHD) at the
National Institutes of Health (NIH), Bethesda MD, USA. [294] The vaccine
was produced by Selcore Laboratories (now Amvax Inc., Beltsville, MD,
USA). The procedure was roughly as follows (Amvax Inc., data on file):
The organism, Bordetella pertussis strain CS (a Chinese production strain
for cellular pertussis vaccine), was cultivated in a 100 litre fermentor
for 40 to 48 hours. A sample was taken to determine the purity of the
culture by Gram stain and by culture on different media. The
supernatant was removed and the toxin adsorbed to Affi-Gel Blue. The
adsorbed toxin was removed by washing of the Affi-Gel Blue in a
column. Collected fractions were analysed for pertussis toxin, and the
toxin containing fractions were adsorbed to a column containing fetuin-
sepharose. The procedure of washing and collection of toxin containing
fractions was repeated several times until a pure fraction with a high
pertussis toxin concentration was obtained.

Homogeneity was characterised using SDS-PAGE, protein content,
hemagglutination activity, histamine sensitising activity and
lymphocytosis-promoting activity. The pertussis toxin was irreversibly
detoxified by exposure to hydrogen peroxide (H203). This treatment
results in a measurable irreversible oxidation of 3 amino acids of the
pertussis toxin protein; cystein, methionine and tyrosine. About 40% of
the antigenicity of the pertussis toxin is retained [294]. The vaccine
contained 25 pg of pertussis toxoid adsorbed to 0.5 mg aluminium
hydroxide (Al(OH)3) in a volume of 0.5 ml.
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Statistics

Statistical calculations were performed on a personal computer using the
program Statistical Analysing Systems (SAS) in the vaccine study (III)
and Stat View 4.02 or 4.5 (Abacus Concepts, Inc., Berkeley, CA) in the
other studies. Statistical expertise was consulted when needed.
Parametric and non-parametric tests were used as deemed appropriate.
Comparisons between groups were performed with the unpaired t-test
and/or Mann-Whitney U-test. Comparisons within groups were
performed with the paired t-test and/or Wilcoxon signed rank test.
Proportions were compared with the Chi-square test. Linear and
polynomial regression, Spearmans correlation and analysis of variance
were performed in the study of correlation between ELISA and
neutralization assay (V).

ETHICS

All parents of participating children consented to allowing their child to
participate in a study after having received oral information about the
study. Written information was also given before parents consented to
their child's participation in the study of antibody response after clinical
pertussis (II) and in the vaccine studies (III and reference [288]). All
studies were approved by the Ethics Committee of Goteborg University.
The vaccine studies were approved by the Swedish Medical Products
Agency, the National Institutes of Health, Bethesda, MD (protocol 86-CH-
93 and 91-CH-67) and the United States Food and Drug Administration
(BB-IND-2329 and 3853).
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RESULTS

Incidence of clinical pertussis (I)

The incidence per year and the cumulative incidence of clinical pertussis
in 10-year-old nonvaccinated children in Goteborg is presented in
Figure 1. Of the 372 children 226 (61%) had experienced whooping
cough by the time they were 10 years old according to their parents.
The median age at the time of disease was 4 years.
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Figure 1. Number of children with a history of pertussis in relation to approximate median
age at the time of disease (A) and cumulative incidence of clinical pertussis in relation to
approximate median age at time of disease (B).

All children with a history of pertussis had had symptoms compatible
with the diagnosis. The median time of paroxysmal coughing was 6
weeks (range 4 to 28 weeks). One hundred and eighty-seven children
(83%) had had whooping attacks and 150 children (67%) had had cough
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with vomiting. One hundred and sixty-six children (73%) had been seen
by a doctor during the disease and in 68 (30%) cases the disease had
been verified by culture. Five children (2%) had been hospitalised
during the disease, which was verified from the children's hospital
records. The median duration of hospitalisation was 2 days, range 1 to 5
days.

Many parents did not recollect the duration of the cough or the time of
the disease with great accuracy, but in 93 (41%) cases the parent was
quite sure of these facts, sometimes owing to coincidental social events.
The differences in median age at the time of disease, of duration of
symptoms and of geometric mean (GM) antibody titers for groups of
children with a certain and uncertain history of time and duration of
symptoms were small and nonsignificant.

The parents of 165 (73%) children with a history of pertussis stated that
the child had been exposed to a known case of pertussis before the
disease of the child. In 101 (45%) cases the child had a sibling with the
same disease before, at the same time as or soon after the study child.

Five (1.3%) of the 377 children whose parents were interviewed had
been vaccinated against whooping cough with a whole-cell vaccine and 3
of them were born and vaccinated in another country. Three of the
vaccinated children had a history of whooping cough. One of them had
whoops and prolonged coughs, two had no whoops and coughs of short
duration.

Presence of serum antibodies in relation to
history of pertussis (I)

Sera were donated by 195 of 372 children. Of these 157 (80%) had
antibodies against pertussis toxin. The proportion of children with
antibodies against pertussis toxin was higher among those with than
among those without a history of whooping cough (91% vs. 64%,
p<0.001). The GM pertussis toxin antibody titer was also higher among
the children with a history of disease (p<0.01). The age of the child at
the time of disease or the severity of the disease did not differ between
the children with and without detectable pertussis toxin IgG antibodies.
IgM and IgA antibodies against pertussis toxin were assayed for, but not
detected, in sera from all children with undetectable pertussis toxin IgG
antibodies.

Table 4 shows the prevalence and the GM IgG titers of antibodies
against the three B. pertussis antigens in the 195 children who donated
serum.

All 195 children had antibodies against pertactin and 192 (98%) against
FHA. The GM antibody titers against the two antigens were similar in
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children with and without a history of whooping cough and in children
with (n=157) and without (n=38) detectable antibodies against pertussis
toxin (GM FHA; 658 versus 296, pertactin; 151 versus 187, respectively).

Table 4. Serum IgG antibodies against pertussis toxin, FHA and pertactin in 195
nonvaccinated 10-year-old children.

History of clinical pertussis

Yes No Total
(n=119) (n=76) (n=195)
Prevalence of IgG antibodies
Pertussis toxin 108 (91)* @"" 49 (64) P 157 (80)
FHA 117 (98) 75 (99) 192 (98)
Pertactin 119 (100) 76 (100) 195 (100)

Geometric mean IgG
antibody titers

Pertussis toxin 539 ¢ g1d 269
FHA 723 577 662
Pertactin 174 198 181

* Numbers in parentheses, percent.
**avs. b, p<0.001; c vs. d, p<0.01

Serum antibodies
in children with clinical pertussis (II)

All 89 children fulfilled the WHO clinical pertussis criterion of at least
21 days of paroxysmal cough [156]. They are reported in two groups.

1. Children with culture confirmed pertussis (n=48)
or culture confirmed pertussis in a family member (n=6)

Antibody response

Of all 54 children with directly or indirectly culture confirmed pertussis
45 (83%) had significant increases in pertussis toxin antibodies and 40
(74%) in FHA antibodies, while only 29 (54%) had significant increases in
pertactin antibodies, (pertactin versus PT and FHA, p < 0.05). Table 5
shows the median and range of IgG antibody titers in relation to time
after onset of cough in 89 sera obtained within 8 weeks of onset in the
54 children. Of the 19 children from whom the first serum was obtained
within 14 days of symptoms, 9 (47%) had detectable pertussis toxin
antibodies and 13 (68%) had detectable FHA antibodies. All had
detectable pertactin antibodies.
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Table 5. Median serum pertussis toxin, FHA and pertactin IgG titers in 89 sera obtained
within 8 weeks after onset of cough from 54 children with culture-confirmed pertussis or
culture-verified family exposure in relation to disease duration (from 35 children two sera
are included).

Median (range) antibody titers
Disease duration <2 weeks 2-4 weeks 5-8 weeks
Number of sera 19 33 37

Pertussis toxin-IlgG 5 (<10-891)8° 1788 (<10-63,096)P 25,119(<10-100,000)¢
FHA-IgG 25 (<10-224)d 158 (<10-2818)® 1585 (71-14,125)f
Pertactin-IgG 112 (18-1259)9 200 (11-23,442)h 1413 (45-25,119)

*avs.b, p<0.005;bvs.c,dvs. e, evs. f,gvs.i hvs.i p<0.001; g vs. h=ns.

Significant increases in IgG antibodies against all three antigens were
seen in 25 (46%) of the children, in pertussis toxin and FHA IgG titers in
12 (22%), and in pertussis toxin or FHA IgG titers alone or in
combination with pertactin IgG titer in 11 (20%) of the children. No child
had a response in pertactin antibodies alone.

The median values of the highest antibody titers, all obtained within 6
months of onset of cough were as follows: pertussis toxin 22,387, FHA
1995 and pertactin 1318. Two children had maximum pertussis toxin
titers below 1000 (arbitrary cut-off) while 16 had FHA, and 25 had
pertactin IgG maximum titers below 1000.

Six children had antibodies against all three antigens but no significant
antibody response. The median value of the highest IgG pertussis toxin,
FHA and pertactin titers for these children were 4050, 3025 and 2925,
respectively.

In most children the peak antibody titers occurred 5 to 8 weeks after
onset of symptoms. There were, however, wide inter-individual
variations both in the interval between onset and the peak and in the
magnitude of the IgG antibody response to the three antigens.

Antibody decline.

Table 6 shows the median and range of the highest IgG antibody titers
measured during the first 12 weeks after onset, compared with sera
obtained after at least 50 weeks from the 39 children from whom such
sera were obtained. The antibody titers against all 3 antigens decreased
significantly. The decrease in median FHA IgG titer was less pronounced
(1.8-fold) than that in pertussis toxin and pertactin IgG titers (4-5-fold).
Thirty-four of 54 (63%) children had significant decreases in pertussis
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toxin IgG titers, 28 (52%) in pertactin IgG titers but only 9 (17%)
children in FHA IgG titers.

Table 6. Decrease in median IgG titers between sera obtained <12 and 250 weeks after
onset of cough in 39 children with culture-confirmed pertussis or culture-verified family
exposure. If two sera were available <12 weeks after onset of cough, the serum with the
higher titer was selected.

Median (range) antibody titer

in_relati r i
<12 weeks 250 weeks
Pertussis toxin-IgG 22,387 (<10-100,000)a" 4169 (224-25.704)b
FHA-IgG 1995 (71-14,125)C 1122 (28-12,589)d
Pertactin-igG 1259 (56-25,119)¢€ 282 (22-6607)'

*avs.b, evs. f, p<0.0001; c vs. d, p<0.01

The response and decline of pertussis toxin, FHA and pertactin IgG
antibody titers in relation to median time after onset of cough are
depicted in figure 2. It should be noted that the duration of symptoms
when a serum was obtained varied among children as presented in the
"Patients" section, and there was some overlapp in the duration of
symptoms between children donating the first and second serum and
the second and third serum.

10,000 -
8 4
% ] —O— Pertussis toxin
8 1000 A —O- FHA
& : ——  Pertactin
100

2 7 18 56
Median time after onset (weeks)

Figure 2. Geometric mean and 95% confidence interval (error bars) of serum 1gG
antibodies against pertussis toxin, FHA and pertactin in 54 children with culture-confirmed
pertussis or culture-confirmed family exposure in relation to median time after onset of
cough.
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Subgroup comparisons

There were no significant differences in the maximum pertussis toxin,
FHA or pertactin IgG titers or in the titers one year after onset of
disease related to age (<6 months or older), erythromycin treatment, sex
or hospitalisation.

2. Children with negative cultures (n=25)
or from whom cultures were not obtained (n=10)
and without culture confirmed family exposure to pertussis

Antibody response

Of the 35 children, 17 (49%) had significant increases in pertussis toxin
and/or FHA IgG antibodies and thus fulfilled the serological criteria for
the WHO definition of pertussis. Fourteen (40%) had significant increases
in pertussis toxin antibodies and 15 (43%) in FHA antibodies. Only 6
(17%) children had increases in pertactin IgG antibodies, all with
concomitant increases in pertussis toxin or FHA antibodies or both.

Antibody decline

Of the 18 children without significant increases in IgG antibodies
significant decreases in pertussis toxin, FHA or pertactin IgG titers were
seen in 11 (61%), 6 (33%), and 7 (39%) respectively. Five children had no
significant pertussis toxin or FHA antibody decrease. Four of them had
detectable pertussis toxin IgG antibodies (range <10-5012) or FHA IgG
antibodies (range 16-1000) or both in all or some of their sera. All 5 had
pertactin IgG antibodies (range 32-25,119).

Children vaccinated with pertussis toxoid (III)
Adverse reactions

No hypotonic hyporesponsive episodes, convulsions, high-pitched
screaming or other serious events occurred among the 145 vaccinated
children. A temperature >38°C within 48 hours after an injection was
recorded in 2 children after the first injection, in 2 after the second and
in 5 (3%) after the third. Between the third and seventh days after an
injection 1, 4 and 16 (11%) children had temperatures >38°C after the
first, second and third injection, respectively.

Persistent crying (more than 30 minutes) was reported for one child in
Group 1 after the third vaccination, when pertussis toxoid vaccine only
was administered, and for 3 children in Group 2 who received DT
vaccine in the other leg at the same time. A total of 2 and 5 children
cried for more than 30 minutes after the first and second vaccinations,
respectively. Unusual fretfulness during 1 to 3 days was reported for
15% to 30% of children after vaccinations. Other recorded side effects
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including crying, sleeping or vomiting more than usual, and eating less
than usual were recorded for 0% to 20% of children after vaccinations
(the higher frequency for "sleeping more than usual"). Most reported
events tended to occur more frequently after the second or third
vaccination.

Table 7 show the numbers of children with local reactions. The
frequencies of redness, swelling and pain were similar to those after a
DT vaccine given concomitantly in the other thigh in children vaccinated
at 3, 5 and 12 months of age.

Table 7. Numbers of children with local reactions of 145 children vaccinated with
pertussis toxoid (Ptxd) and diphtheria-tetanus toxoids (DT) in different legs.
(Group 1: n=69; Group 2: n=76).

Redness >2cm Swelling 22cm Tenderness,
1-3 days
Vaccine Ptxd o1 Ptxd DT Ptxd DT
After injection 1 (Group 1+2) 16 13 10 11 21 14
After injection 2 (Group 1+2) 25 56 19 35 19 28
After injection 3 (Group 1) 14 = 9 — 4 ="
After injection 3 (Group 2) 18 20 15 18 7 20

" The third injection of DT not given at the same time as pertussis toxoid in this group.

Antibody response

Figure 3 shows the pertussis toxin IgG antibodies in the two groups
vaccinated at 3, 5 and 7 (Group 1) or at 3, 5 and 12 (Group 2) months of
age. In 59 of 144 (41%) prevaccination sera antibodies in low titers (GM
93, range 10-2,512) probably of maternal origin, were detected. All
children had IgG and pertussis toxin neutralizing antibodies against
pertussis toxin in sera obtained at the time of the third injection, 2
months (Group 1) or 7 months (Group 2) after the second injection. After
the third injection a significant antibody response was seen in both
groups. One month after the injection (Serum 3) the GM IgG titers were
4611 (range 1259-17,783) in Group 1 and 7256 (range 794-316,228) in
group 2 (Group 1 vs. Group 2; p<0.001).

The GM neutralizing antibody titers were 175 (range 80->640) and 270
(range 80->640) in Group 1 and Group 2, respectively.

At three years of age (serum 5) the GM IgG antibody titers were 180
(range 12-2512) and 330 (13-2188) in Group 1 and Group 2,
respectively (Group 1 vs. Group 2; p <0.01).
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IgM antibodies were found in 33 of 40 samples after the third injection.
The highest IgM titer was 417. IgA antibodies were detected only after
the third injection in 9 of 40 samples. The highest IgA titer was 57.
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Fig 3. Geometric mean and 95% confidence intervals (error bars) of serum IgG antibodies
against pertussis toxin in 145 children vaccinated with a monocomponent pertussis toxoid
vaccine at 3, 5 and 7 months (Group 1) or at 3, 5 and 12 months (Group 2) of age. Symbols
indicate samples (serum 1—5) obtained from children in Group 1 at 3, 7, 8, 24 and 36 (®)
or from children in Group 2 at 3, 12, 13, 24 and 36 (O) months of age.

Retrospective comparison of pertussis in vaccinated
children and in control children matched for age
and area of residence

None of the vaccinated children had pertussis by 3 years of age
according to the clinical definition of at least 6 weeks of paroxysmal
cough with whooping attacks, vomiting or both. A 1-year-old child
coughed for 2 weeks and a 2-year-old child for 4 weeks without whoops
or vomiting. From one of them B. pertussis was cultured and the other
had significant increases in pertussis toxin and FHA antibodies in paired
sera. Sixteen vaccinated children had siblings with pertussis according to
the definition, in 6 cases culture verified. Two of the vaccinated, family-
exposed children developed verified pertussis as described above. The
other 14 developed no cough according to their parents.

Of the 284 control children 57 (20%) had experienced pertussis
according to our definition. The parents of 37 children claimed that a
diagnosis of pertussis had been made by a doctor, which was verified
from clinical records in 35 cases. In 22 cases cultures were taken, and B.
pertussis was isolated from 12 of them.
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Table 8 show the numbers of vaccinated children and controls with
pertussis according to our definition.

Table 8. Age distribution of children with pertussis® according to their parents among 284
nonvaccinated children and of mild but laboratory-verified Bordetella pertussis infection
among 142 children vaccinated with a monocomponent pertussis toxoid vaccine.

Age Nonvaccinated Vaccinated
(months) (n = 284) (n = 142)
3-11 6 0
12-23 28 1 (2 weeks cough)
24-35 23 1 (4 weeks cough)
Total 57, 2

* Defined as 26 weeks of cough with whooping attacks, vomiting or both.

Acquisition of FHA and pertactin antibodies (IV)
Part 1

The FHA and pertactin IgG antibody titers in 71 Ptxd vaccinated
children without evidence of B. pertussis infection from whom 5
consecutive sera were obtained between 3 and 36 to 39 months of age
are presented in figure 4.

All but one child had FHA antibodies, and 51 (72%) had pertactin
antibodies (probably of maternal origin) in the first serum sample. The
antibody titers declined initially, but from about 1 year of age there
were small but significant increases in GM antibody titers against both
antigens. The GM antibody titers (with ranges in parenthesis) for all 71
children at 2 and 3 years of age were 102 (11 to 7943) and 151 (14 to
6457), respectively, for FHA and 25 (<10 to 398) and 26 (<10 to 871),
respectively, for pertactin IgG antibodies. Four children had
undetectable pertactin antibodies in all 5 sera. None had undetectable
FHA antibodies in all 5 sera. At 3 years of age all children had
detectable FHA antibodies, whereas 58 of 71 (82%) children had
detectable pertactin antibodies.
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Figure 4. Geometric mean and 95% confidence intervals (error bars) of serum IgG
antibodies against FHA (A) and pertactin (B) in 71 children vaccinated with a
monocomponent pertussis toxoid vaccine and with no history of pertussis. Symbols indicate
samples from children vaccinated at 3, 5 and 7 (O) or 3, 5 and 12 (O) months of age. Note
the different scales of the y-axis in A and B.

Part 2

The GM IgG serum antibody titers at 3 years of age in 12 children
exposed to pertussis by siblings and in 97 children without family
exposure to pertussis is shown in table 9. The exposed children had
significantly higher GM FHA antibody titers than the unexposed children
(407 vs. 87, p<0.05). There were no significant differences in pertactin
or pertussis toxin antibody titers.

Seven (6%) children had undetectable FHA antibodies and 20 (18%) had
undetectable pertactin antibodies. These children were proportionally
distributed between the 2 groups. All children had detectable pertussis
toxin antibodies.
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Table 9. Serum pertussis toxin, FHA and pertactin IgG titers at 3 years of age in 109
asymptomatic children who had been vaccinated with a monocomponent pertussis toxoid
vaccine in relation to family exposure to pertussis.

G ) y
Antigen Family exposure No family exposure
to pertussis to pertussis
(n=12) (n=97)
Pertussis toxin 204 (102, 417)* 257 (200, 324)
FHA 407 @ (115, 1445) 87 b (58, 132)
Pertactin 23 (11, 47) 31 (23, 40)

* Numbers in parentheses, 95% confidence intervals.
avs. b, p<0.05

Comparison of a toxin neutralization assay and ELISA
for determination of pertussis toxin antibodies (V)

The pertussis toxin IgG end-point titers for the 796 sera ranged from
<10 to 65,610. The GM was 566 and the median 1000. The titers
expressed in units/ml ranged from <1 to 1540. The GM was 19 and the
median 18. The neutralizing antibody titers ranged from <5 to >640. The
GM was 44 and the median 40.

Comparison of end-point titer and units/ml

Figure 5 show that there was a high degree of linear correlation
between IgG antibodies expressed in end-point titer or units/ml
(r=0.97, p< 0.0001).

1000 ~

]
100 -

Units/ml
1

10 4

T 1 T 1 i = T ¥: T x T

10 100 1000 10,000 100,000
End-Point titer
Figure 5. Simple regression model of pertussis toxin IgG antibodies expressed in end-point

titer and units/ml in 796 sera from children vaccinated with a pertussis toxoid vaccine. A
circle may represent more than one identical value.
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Comparison of neutralizing antibodies and IgG antibodies

Comparisons of toxin neutralizing antibodies and IgG antibodies
expressed in end-point titer or units/ml yielded similar results. Only
comparisons with end-point titer are reported below. The optimum fit
was a polynomial regression of the second power using logl0
transformation of both variables (r=0.87), but it did not differ
substantially from a simple linear regression model with r=0.84
(p<0.0001). Spearman's Rho corrected for ties =0.82.

Sera with a neutralizing antibody titer of <5 could be predicted from an
end-point titer <10 in 78/90 (87%) cases. Sera with a neutralizing
antibody titer of >640 could be predicted from an end-point titer
>10,000 (arbitrary value) in 8/21 (38%) cases. The corresponding values
for predicting ELISA end-point titers from neutralizing antibody titers
were 45/93 (48%) and 8/40 (20%), respectively.

Analysis of variance showed a significant interaction between end-point
titer and neutralizing antibody titer (p<0.0001) presented in Figure 6.
Post hoc testing with Fischer's protected least significant difference test
showed a significant difference (p<0.05) between groups, except
between groups with a neutralizing antibody titer 2320 and between
the 2 groups with a neutralizing antibody titer of 160 and >640.
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Figure 6. Interaction box plot of pertussis toxin end-point titers measured using ELISA as
effect of the titer steps of the CHO-cell pertussis toxin neutralization assay. Boxes show
25th and 75th percentiles and the 95% confidence interval (notch) around the median.
Error bars show 10th and 90th percentiles. Values outside the percentile interval are
plotted separately. A circle may represent more than one identical value. Sera with a
neutralizing antibody titer <5 were assigned the value of the previous titer step and sera
with an antibody titer 5640 were assigned the value of the subsequent titer step.
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DISCUSSION

Pertussis epidemiology
Incidence of pertussis

It is shown in study I that 61% of 10-year-old, nonvaccinated children
had a history of pertussis and that their parents could describe
symptoms compatible with the disease. This cumulative incidence is
similar to the pre-vaccination figures of 64% and 51% reported by Strom
from Stockholm in 12-to-13-year-old children born 1939 and 1949.
[14,15] Similar figures have been reported from Italy, a country with a
low vaccination rate of about 8-12% [7,295,296]. The cumulative
incidence at approximately 4 years of age (about 30%) is very similar to
the figures reported in a previous Swedish retrospective interview
study of young children born in 1980 [21].

The cumulative incidence of clinical pertussis thus seems to be as high
as it was some 50 years ago, in the prevaccination era. If there was a
decline in the incidence of pertussis before the vaccination era, as has
been claimed by some [259,297] it does not seem to have continued
during the latter part of the century. Nor have improved socioeconomic
conditions had an influence, as was indicated in previous studies [15].
The histories of the children in study I indicate that most had an
uncomplicated, although sometimes protracted course of the disease
since only 5 (2%) (2 of them culture verified) of the children had been
hospitalised and the records showed that none of them had been
severely affected. This figure is less than the proportion of hospitalised
culture verified cases reported for the years 1981-83 (7%) [4] and in a
study from 1986 (5%) [38]. The frequency and duration of cough,
whoops and vomiting are similar to those reported in a longitudinal
study of 61 Swedish children with culture verified pertussis [38], and
the parents' information on the child's symptoms in the present study
thus seems fairly reliable.

Serologic evidence of pertussis

The parental information of a child's positive history of clinical pertussis
is reliable, as shown in this study, albeit in a nonvaccinating country
with endemic clinical pertussis. In 108/119 (91%) children with a
history of pertussis IgG antibodies against pertussis toxin was detected.
Previous studies from Sweden [21,298] and Italy [295,296] have shown
similar figures. Cross-reacting antibodies against pertussis toxin have
not been described, and although B. parapertussis may cause a
pertussis-like disease [80], the organism does not produce pertussis
toxin [64]. The prevalence of pertussis toxin antibodies in a
nonvaccinated individual is thus a reliable sign of infection with B.
pertussis. Children with a positive history of pertussis but undetectable
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pertussis toxin IgG may have had another respiratory disease mistaken
for pertussis. It is also possible that with time the antibodies may
decrease below the level of detection in some patients.

A majority of children with a negative history of pertussis, 49/76 (64%),
had pertussis toxin IgG antibodies. In some cases the parents may have
forgotten an uncomplicated whooping cough but it is unlikely that they
would forget if the child had typical disease, considering its impact on
families [38]. Probably these children had a mild or abortive form of
pertussis. Early studies indicated that about 27% of nonvaccinated
children had mild or subclinical pertussis [34], and similar figures have
been reported in nonvaccinated children in Italy [295,296] and Sweden
[21]. In the present study 49/195 (25%) children had serological
evidence of unrecognised pertussis. The data can also be interpreted to
mean that in 49/157 (31%) of children with serological evidence of B.
pertussis infection (detectable pertussis toxin IgG antibodies) the
exposure to the organism resulted in a mild or subclinical infection.

IgG antibodies against pertussis toxin were detected in a total ofl157
(80%) of the 195 10-year-old children donating blood samples. This
means that this proportion of children had had a B. perrussis infection.
It is interesting that the prevalence of pertussis toxin IgA antibodies (an
antibody class not induced by vaccination with pertussis vaccine
[183,299]) was detected in 67% and 63%, respectively, of whole-cell
vaccinated American and partly (approximately 40%) vaccinated
German young men [245]. That study, and other studies from England
and the USA, [6,243] indicate that pertussis infection is almost as
prevalent in pertussis whole-cell vaccinating countries as in Sweden.
The incidence of clinical infection, i.e. typical whooping cough, is much
lower in vaccinating countries as indicated by the morbidity statistics in
various countries. This is probably due to the fact that vaccination with
whole-cell vaccines and acellular vaccines modifies the disease and
results in less severe symptoms compared with nonvaccinated controls
[34,35,269,275]. This can also be interpreted to mean that the vaccines
protect more against disease than against infection [6].

Indications of the pertussis incidence after childhood

It is not possible to draw firm conclusions from study I about the
number of children who will have detectable antibodies or a history of
pertussis at adult age. The decreasing slope of the cumulative incidence
curve (Figure 1B) and the study by Strom in the prevaccinating era [15]
indicate that only a small additional proportion of children will have
clinical pertussis during adolescence or as adults. A study from Italy
also showed that few clinical cases were reported above 10 years of age,
but the seroprevalence of pertussis toxin IgG increased from 83% in 10-
to-11-year-old children to 95% in the 18-to-19-year-olds [295]. It is
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unknown whether the high seroprevalence but low reported incidence
of clinical pertussis reflects a milder form of disease in higher age
groups, as in previously vaccinated adults [31,244,246], or is a result of
underreporting in these age groups. Culture verified pertussis in
Swedish adults does not, however, have a mild course. Of 174 patients
82% had whooping attacks and 65% had to stay at home from work for 2
to 4 weeks [200].

Presence of antibodies against FHA and pertactin

It was an unexpected finding that all children had detectable pertactin
IgG antibodies and almost all (98%) had IgG antibodies against FHA.
Furthermore, there was no difference in the GM FHA and pertactin
antibody titers between children with or without a history of pertussis.
In a Swedish study from 1982 the seroprevalence of FHA IgG antibodies
in 350 healthy persons (a large proportion assumed to have been
vaccinated with whole-cell vaccine) aged 0 to >60 years were
investigated [94]. Only 25% of children had detectable FHA IgG at 2
years of age although 80-90% had received 3 doses of whole-cell
vaccine. A larger proportion of older children had FHA antibodies and
about 90% of teenagers had detectable FHA IgG. In another Swedish
study 36% of 175 nonvaccinated children 1-4 years old without a
history of pertussis had antibodies against FHA, and 14% had antibodies
against pertussis toxin [298].

Methodological impact on serological results

In ELISA studies of serum antibodies a cut-off point is arbitrarily
selected or is based on some statistical value. If a high cut-off point (i.e.
a high dilution of the sample) is used, sera with lower antibody
concentrations will be considered negative. In studies of serum antibody
responses against pertussis toxin and FHA using the same ELISAs as in
the present study, titers below the dilution 1:100 (the first dilution)
were arbitrarily considered negative [188,189]. Other initial dilutions
have been used, e.g. 1:36 [183] and in some incidence studies the sera
have been tested in single dilutions, e.g. 1:100 [295] or 1:1000 [94]. It
could be argued that a higher cut-off point should have been used in the
ELISAs in the studies of this thesis. However, since no correlation
between protection and serum antibody titers have been defined
[219,270,275], and since it is possible that antibody concentrations with
time decrease to undetectable levels, it was justifiable to analyse sera in
a first dilution of 1:10. Since highly purified antigens were used, a blank
was analysed in all assays and a cut-off point of 0.2 OD above the OD of
the blank was used, any unspecific binding was considered to be
minimal and not to interfere with the calculations of the titers in sera
with low antibody concentrations. In recent large vaccine studies a
minimal level of detection has been set at 1 or 2 units/ml [283,284,300].
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These levels correspond to an end-point titer of 3-5 according to the
present study of antibody correlations (V).

Hypothesis about antibody prevalence and protection

The study shows that virtually all 10-year-old, nonvaccinated children
in Sweden have acquired IgG antibodies against FHA and pertactin,
irrespective of history of pertussis. There was no difference in the
antibody titers of children with and without a history of pertussis. Since
most children with pertussis had the disease several years before the
time of the sampling, the antibody titers would be expected to be low.
However, children with a history of pertussis had significantly higher
pertussis toxin IgG titers than children without a history of pertussis.

This could be interpreted to mean that pertussis toxin, but not FHA or
pertactin IgG, is a major mediator of prolonged immunity against
disease. This is consistent with previous observations. In a Swedish
study of serum IgG antibody titers against pertussis toxin, FHA and
lipopolysaccharide, sera were obtained a median of 220 days before
culture verified pertussis in 94 female patients. [301] The authors
concluded: " that antibodies to different antigens all participate in
protection against disease but that antibodies to pertussis toxin play a
major role." The authors of another Swedish study of pertussis toxin and
FHA 1gG, IgM and/or IgA antibodies in 79 children whose parents were
interviewed 2 to 4 years later about their children's history of pertussis
reached the same conclusion [298]. It is possible that antibodies induced
by other antigens (e.g. fimbriae) of B. pertussis contribute at least to
short term protection, as indicated by vaccine studies [283].

Crossreacting antibodies

Since about 20% of children in study I had IgG antibodies against FHA
and pertactin but undetectable pertussis toxin IgG, IgA or IgM, it is
possible that the FHA and pertactin antibodies were induced by other
organisms than B. pertussis. This is discussed below.

Antibody titers after clinical pertussis
Antibody responses
Pertussis toxin and FHA

It has already been shown that antibodies against pertussis toxin and
FHA develop in most patients after a B. pertussis infection. However,
most studies have had a short follow-up or few included patients and
have usually not looked at the dynamics of the response and the decline
of antibodies. In many studies a majority of patients have previously
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been vaccinated with whole-cell vaccine. Only a few small studies have
looked at the pertactin antibody responses. The study of antibody
responses to pertactin was recently defined as a research priority by a
meeting organized by WHO [156].

Study II confirms that almost all nonvaccinated children (83%) with
culture confirmed infection or family exposure to pertussis have a
significant IgG antibody response against pertussis toxin. The proportion
of children with an IgG antibody response against FHA was somewhat
lower (74%). This indicates that the diagnostic sensitivity of pertussis
toxin IgG serology is somewhat higher than of FHA IgG serology. Almost
identical figures of pertussis toxin and FHA antibody responses have
been reported in other Swedish studies [188,189,191].

Pertactin

Only 54% of the children had an increase in pertactin antibodies and
none of them had an increase in pertactin IgG alone. Neither did any of
the remaining children with clinical pertussis not verified by culture or
family exposure according to the WHO case definitions [156] have an
increase in pertactin IgG alone. The conclusion is that pertactin
antibodies can be detected very shortly after onset of symptoms of
pertussis and that the addition of pertactin IgG serology to the case
definition would not have increased the number of positive pertussis
diagnoses.

The conclusions of this thesis about pertactin are supported by the
results of previous studies. In a study of 19 infants with pertussis only
1 had pertactin antibodies in the convalescent serum measured by
Western blot [302]. In a small study including 6 nonvaccinated children
none had pertussis toxin antibodies in the initial serum but all had
pertussis toxin antibodies in the convalescent sera detected by
immunoblotting. In contrast, very low levels of pertactin antibodies
were detected in almost all sera, irrespective of duration of symptoms
[182]. Another study also detected pertactin IgG in sera from all 206 1-
to-4-year-old children studied. However, in this study children with a
history of pertussis had higher GM pertactin IgG antibody titers than
children without a history of pertussis [194].

Subgroup comparison

There were no significant differences in the antibody responses of
children <6 months old or older indicating that maternal antibodies (if
present) did not interfere with the antibody responses. In study III,
41% of the 3-months-old children had maternally derived pertussis
toxin IgG antibodies. In study IV, 100% and 72% of children had FHA
and pertactin IgG serum antibodies, respectively, at 3 months of age.
Nor were there any differences in the antibody responses of children
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irrespective of whether they were treated with erythromycin. In a
previous study, children treated with erythromycin within 14 days of
onset of symptoms had somewhat lower pertussis toxin IgG antibody
titers than children not treated [60]. In that study the symptoms of the
children are not reported. In the present study all children had clinical
pertussis with at least 3 weeks of cough.

Influence of duration of symptoms

As could be expected, the possibility of detecting an increase in antibody
titer was dependent on the duration of disease when the first sample
was obtained. In most children the peak of antibody titers occurred 5 to
8 weeks after onset of cough. To diagnose an increase in antibody titers
the first serum has to be obtained some weeks before the peak. This is
not always possible in the clinical setting since the onset of disease is
often insidious and patients may not seek professional medical help
until the cough has persisted for some time or the patient has come to
the convulsive stage. It should also be observed that in vaccinated
children who have been primed against the antigen(s) in the vaccine,
there will be a much faster secondary antibody response.

Antibody decreases

We postulated that a significant decline in antibody titers could be used
as a diagnostic criterion in patients who come late for diagnosis. A
significant decline in pertussis toxin, FHA and pertactin IgG was seen in
63%, 17% and 52% of children with verified pertussis, respectively. In
most children without detectable antibody responses but with
significant antibody decreases the first serum was obtained around the
time of the peak. There was a more pronounced decline in pertussis
toxin and pertactin IgG titers (4-5-fold) than in FHA IgG titers (1.8-fold).
This decline was noted 1 to several months following the onset of
symptoms.

If significant pertussis toxin and FHA IgG decreases were included in the
diagnostic criteria the diagnosis would have been verified in 94%
(84/89) of children with the clinical diagnosis of pertussis instead of
80% using only increases in pertussis toxin and FHA IgG. Thus in a
patient coming for diagnosis 4 to 5 weeks after onset of cough it may be
possible to confirm the diagnosis by obtaining a convalescent serum at
least 4 weeks after the first serum.

Duration of antibodies

It is not possible to draw any firm conclusions about the decline of
antibodies during subsequent years. In a few children in study II
antibody titers declined after an initial response and then a second
response was detected against one or more antigens one year after the
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infection, without the children having had clinical or suspected
pertussis. This indicates that exposure to pertussis in society induced an
antibody response without causing clinical infection. The same was
indicated from the children in study IV who were vaccinated with a
pertussis toxoid vaccine and were later exposed to pertussis by siblings.
The group with family exposure had higher GM FHA IgG antibody titers
than the unexposed group. Since virtually all 10-year-old-children in
study I had detectable FHA and pertactin IgG antibodies and the
antibody levels were similar in children with and without a history of
pertussis it seems plausible that the FHA IgG antibodies of the children
with clinical pertussis (II) eventually declines to similar low levels and
that pertactin IgG remains low. The pertussis toxin antibodies probably
remain higher, despite the marked decline during the first year
compared with FHA IgG, as indicated by the higher pertussis toxin IgG
titers in the 10-year-olds with a history of pertussis (I).

Acquisition of FHA and pertactin antibodies
without evidence of pertussis

In a previous study, 40/150 (27%) of non-vaccinated children 1 to 4
years old without a history of pertussis and without detectable pertussis
toxin IgG antibodies had detectable FHA IgG antibodies [298]. The same
children (a total of 266) were included in another study and, as
mentioned above, all these children had detectable pertactin IgG
antibodies [194]. The finding that almost all 10-year-old children in
Study I also had FHA and pertactin IgG, irrespective of history of
pertussis, raised the question of whether the antibodies were induced
by exposure to B. pertussis or other crossreacting antigens.

Maternal antibodies

All but one of 71 children had FHA IgG antibodies in the initial sera
obtained at 3 months of age, which declined in the later sera (IV). The
same was observed in five infants in a previous study of FHA IgG
antibodies, [94] and is the usual finding regarding maternally derived
serum antibodies. About 70% of children had detectable pertactin IgG in
their initial sera. The vaccine study (III) showed that 41% of children
had maternally derived pertussis toxin antibodies.

Antibody increases

From about 1 year of age there were small but significant increases in
geometric mean FHA and pertactin IgG antibody titers. The group of
children exposed to pertussis in the family had a higher GM FHA IgG
antibody titer but similar GM pertussis toxin and pertactin antibody
titers. This indicates that exposure to B. pertussis results in exposure to
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adhesins and the exposure results in an antibody response against FHA.
Study II indicates that pertactin is less immunogenic than FHA and
results in a more transient response. Since the children were protected
by pertussis toxin IgG induced by vaccination and pertussis toxin seems
to be an important colonisation factor for B. pertussis [131], the
exposure to the organism may have been too transient to induce a
detectable response to pertactin and pertussis toxin.

Crossreacting antibodies

Some of the children without family exposure to pertussis may have
been exposed to pertussis in day-care centers or anywhere in society
since pertussis is prevalent as shown by study I. B. parapertussis and B.
bronchiseptica have pertactin and FHA, which induce cross-reacting
antibodies [94,95,133]. Some children may have been exposed to B.
parapertussis. This organism is, however, an uncommon cause of
whooping cough-like disease in the Goteborg area. B. parapertussis was
recovered in 1.4% of all Bordetella isolates at the Department of Clinical
Bacteriology in Géoteborg from September, 1991 to October, 1994 (G.
Zackrisson, personal communication). B. bronchiseptica is an extremely
rare cause of respiratory infection in Sweden as judged by 2421
samples, all negative for B. bronchiseptica by culture and/or PCR,
obtained from patients with possible pertussis [20].

It has been suggested that cross-reacting antibodies against FHA may be
induced by non-encapsulated Haemophilus influenzae. This organism
has surface antigens similar to FHA and antibodies to FHA of B. pertussis
recognise FHA of H. influenzae [303]. The organism is frequently found
in children with or without signs of infection [304-307]. However, in a
recent study of 16 patients aged 34 to 88 years with non-typable (non-
encapsulated) H. influenzae verified pneumonia none of the patients had
a significant increase in FHA IgG [308]. This indicates that infections
with H. influenzae may have little clinical relevance for the prevalence
of FHA IgG in the children in Studies I and IV, although studies of
children with verified non-encapsulated H. influenzae infection are
needed to rule out the possibility.

FHA has been shown to mimic the ligand for the leukocyte adhesion
molecule CR3 on vascular endothelial cells, which promotes leukocyte
transmigration into tissues. In an experiment, antibodies against FHA
interfered with leukocyte transmigration and increased blood-brain
barrier permeability [309]. The implications of this regarding the
disease and vaccination with FHA are not known. It is not known
whether crossreacting antibodies to CR3 can contribute to the high
prevalence of FHA antibodies, but this seems highly speculative.
Autoantibodies sometimes arise after vaccination due to sharing of
aminoacid sequences between "foreign" and self antigens [310]. The risk
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of inducing autoimmune FHA-CR3 antibodies with vaccines containing
FHA should be taken into consideration.

No cross-reacting organisms to pertactin of B. pertussis other than B.
parapertussis and B. bronchiseptica have been described. The high
prevalence of pertactin antibodies in children irrespective of history of
pertussis in this and other studies indicates that other organisms than
Bordetella may have pertactin or antigens similar to pertactin.

Vaccination with a pertussis toxoid vaccine
Adverse reactions
Systemic reactions

No serious reactions occurred and no children left the study owing to
adverse reactions. The proportion of children with a temperature >38°C
after an injection was similar to that of children vaccinated with DT
vaccine only [261] and of children vaccinated with 13 different acellular
vaccines [287]. Other systemic reactions: crying, drowsiness, anorexia
and vomiting, were infrequent. Fussiness and sleeping more than usual
were somewhat more common, but not more frequent than in children
vaccinated with a DT vaccine only [261,275].

The normal temperature of an infant varies during the day and night
and may reach temperatures close to 38°C during active periods [311].
After vaccination with whole-cell pertussis vaccine the rectal
temperature may be elevated during the night compared with the
child's normal temperature, although not evident as fever [312]. It is
possible that the activity of the child or the time of the day when the
temperature is taken could influence the results when a cut-off point of
38°C is used. An increase in temperature may also occur by chance, due
due to a common viral infection, etc. Some of the children in the vaccine
study (III) with an increase in temperature had signs of a common cold.

‘Behavioural changes noted after vaccination may also be part of normal
variations. In a large study of reactions after vaccination an unblinded
control group was included [313]. The control children received no
injections. Still, behavioural changes were noted in 15% of controls.
Irritability was noted in 15% of the control children and in 26% of
vaccinated children (p>0.1) [313]. In controlled, blinded studies this
normal variation is of little importance. Rare serious events, e.g. fatal

infections, may, however, cause concern about the investigated vaccine
[219].
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Local reactions

No serious local reactions occurred in the present study. The frequency
of local reactions was low (0%-11%) and similar to that of the DT vaccine
administered concomitantly in the other thigh (Table 8) and to the
frequencies reported for DT vaccines in other studies [261,275].

Direct comparison with other acellular pertussis vaccines is difficult
owing to differences in study design. Key parameters to be used in
acellular pertussis vaccine studies have recently been defined to
facilitate comparisons [314]. All studied acellular vaccines were
considerably less reactogenic than whole-cell vaccines, but there are
variations between acellular vaccines attributable to the different
antigens in the vaccine and to their immunogenicity, to the amount of
each antigen, and to other substances contained in the vaccine [287] The
method of inactivating pertussis toxin may also be of importance. Many
vaccines include formalin treated pertussis toxin, which may result in
incomplete inactivation of the toxin [111].

It is known that subcutaneous administration of vaccines tends to cause
more redness and swelling than intramuscular administration [315].
This must be considered when comparing results from clinical trials
with different methods of vaccine administration. In most studies the
pertussis vaccine was injected intramuscularly. In Sweden, all vaccines
in the general vaccination program for children before 1996 were
injected deep subcutaneously (BCG vaccine excepted). The vaccines of
the first Swedish efficacy trial of acellular pertussis vaccines were
administered subcutaneously [219] like the present pertussis toxoid
vaccine. An approximate comparison of local reactions after the second
vaccination with the vaccines in that trial and the present pertussis
toxoid vaccine study indicates that the present vaccine may be
somewhat more reactogenic.

Other components than pertussis toxoid may contribute to the adverse
reactions, as indicated by the significantly higher frequency of local
reactions to the PT-FHA vaccine in comparison with the PT vaccine in
the first Swedish trial, despite the higher pertussis toxoid content of the
monocomponent vaccine [219].

A comparison of local and systemic reactions after vaccination with the
pertussis toxoid vaccine (III) and 13 other mono and multicomponent
acellular vaccines combined with DT vaccine in a US trial is presented in
table 10.



39

Table 10. Reactions within 48 hours of the first, second or third subcutaneous (s.c.)
injection with the pertussis toxoid vaccine (Ptxd) (lll) or "by the third evening" of the
first, second or third intramuscular (i.m.) injection with one of 13 acellular vaccines in a
US multicenter acellular pertussis vaccine trial. Data from Decker, 1995 [287].

Reaction Ptxd 13 acellular vaccines
s.c. injections i.m. injections
(range, %) (range, %)

Redness or Swelling >2 cm 3-27 0-6
Tenderness/Pain 6-22 0-7
Fussiness 16-30 _ 2-10
Sleeping more/Drowsy 10-21 5-31
Vomiting 4-12 1-183
Temperature > 38°C 1.4-3.4 0-3.5

In general, local reactions tended to be reported more frequently with
the present vaccine, probably owing to the subcutaneous administration.
Systemic reactions were seen in similar frequencies. When the pertussis
toxoid vaccine combined with DT toxoids was administered
intramuscularly in US infants, a lower incidence of local reactions was
observed than when the same vaccine was administered subcutaneously
in Swedish infants (data on file, Amvax Inc., Beltsville, MD, USA).

Induction of antibodies

All children in the present study (IV) had an antibody response after
the two initial vaccinations. The vaccine induced a pronounced IgG
antibody response against pertussis toxin after the third vaccination and
although the antibodies declined with time, all children donating sera
had detectable IgG antibodies at 2 and 3 years of age. Similar to the
results from older children vaccinated with the vaccine, there was a
slight IgM response and virtually no IgA response [316]. Slight or no
IgM and IgA responses have previously been reported after vaccination
with whole-cell or acellular pertussis vaccines [172,181,245,317].

Maternally derived serum antibodies are known to interfere with the
antibody response of infants after some vaccinations, including acellular
pertussis vaccines [318,319]. In this study the 59 children with
detectable maternal antibodies in sera obtained at 3 months of age and
the 85 without (sera not available from 1 child) had similar antibody
responses and pertussis toxin antibody GM titer at 3 years of age (data
not shown). Many of the children with high initial pertussis toxin
antibody titers also had high antibody titers in sera at 3 years of age.
Since the youngest children are most at risk from pertussis, vaccination
at a young age is desirable.
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Booster doses of diphtheria and tetanus toxoid vaccines are
recommended for long lasting protection. In Sweden, a fourth dose of DT
is given at the age of 10. It seems probable that booster doses of
pertussis toxoid vaccine will also be needed. Booster doses of whole-cell
pertussis vaccines have not been given after the age of 7 years due to
the reactogenicity of such vaccines. But e.g. in the USA 5 doses are
recommended; 4 during the first 18 months of life and a fifth dose at 4-
6 years of age [320].

Pertussis in vaccinated and unvaccinated children

The diagnosis of pertussis at 2 and 3 years of age was based on the
retrospective parental information on symptoms. It is possible that
some of the control children with pertussis according to our clinical
definition had a pertussis-like cough due to some agent other than B.
pertussis. However, pertussis is a disease familiar to Swedish parents,
owing to the high incidence of disease (study I). As shown in study I
and a previous study of prevalence of pertussis toxin and FHA
antibodies in relation to history of pertussis [298], the parental
information is reliable. The incidence of pertussis in the control group
(20%) was similar to the incidence at the age of 3 years estimated from
study I and another Swedish study [21].

The difference in the proportion of children with typical pertussis with
>6 weeks of cough in unvaccinated and vaccinated children (20% vs. 0%)
indicated that this vaccine could confer substantial protection against
severe disease. It is known from previous studies that pertussis whole-
cell and acellular vaccines protect more against severe disease than
against mild disease or infection [203,321]. This should also be valid for
the present pertussis toxoid vaccine. It was found that among the
vaccinated children there were 2 cases of confirmed pertussis with a
shorter duration of cough, 2 and 4 weeks respectively. Thus, a different
clinical case definition, e.g. the WHO definition of 23 weeks of
paroxysmal cough [156] or inclusion of serology and cultures would
have resulted in other numbers of children in the respective groups.

Correlation of pertussis toxin neutralizing and
pertussis toxin IgG antibodies

Toxin neutralization assays measure antibody ability to neutralize the
effect of the toxin excerted in certain animal or cell-culture systems. For
many toxin-mediated bacterial infections neutralizing antibodies
correlate with protection against disease. ELISA measures antibody
concentration and antibody affinity [322]. In pertussis vaccine studies
both assays have usually been performed since neutralizing antibodies
are often assumed to have greater clinical relevance than ELISA. For
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diphtheria and tetanus toxin neutralizing antibodies minimum
protective levels have been defined [323,324]. Protective levels have
not been defined for pertussis toxin neutralizing or IgG antibodies,
[219,270,275] but there is evidence that serum antibodies against
pertussis toxin are protective [62,63,298,301]. The role of cell-mediated
immunity has not been much studied in children, but animal studies
indicate that CD4+ Th 1 cells are of importance [325,326].

Generally speaking, ELISA is less time-consuming, less labour-intensive,
less expensive and less subjective than neutralization assays. It would
be positive if ELISA alone contributed sufficient information about the
pertussis toxin antibody response.

The results of this study show that there is a significant correlation
between pertussis toxin neutralizing antibodies measured by the CHO-
cell assay and pertussis toxin IgG antibodies measured by ELISA (r =
0.84). However, it was not possible to predict the neutralizing antibody
titer from IgG antibody titers in an individual serum with great
accuracy. There was a better correlation at low and intermediate
antibody concentrations than at high antibody concentrations. One
explanation for this could be that at high antibody concentrations there
may not be a larger proportion of pertussis toxin IgG antibodies
involved in toxin neutralization, but they may still have sufficient
affinity for the solid phase of the ELISA.

IgA and IgM antibodies may be toxin neutralizing, but were not assayed
because the IgA and IgM antibody response after pertussis toxoid
vaccination is virtually negligible compared with the IgG response as

shown in the present vaccine study (III) and previous reports
[472,181,245,317].

In analogy with the findings in this study, a good correlation has been
shown between antibodies against tetanus and diphtheria toxin
measured using ELISA and toxin neutralizing antibodies measured using
animal or cell-culture assays [175,176,179,323,324]. The linear
correlation (r=0.84) is in the same range as reported between diphtheria
antibodies measured using a toxin neutralization assay and ELISA
(r=0.81) [176]. Similar correlations were also recently reported in a
study [327] of acellular and whole-cell pertussis vaccines: Spearman's
Rho=0.59 to 0.85 (Rho=0.82 in the present study).

A comparison of two methods (end-point titer and parallel line) of
calculating pertussis toxin antibody titers measured using ELISA was
also performed. In this_study there was a significant correlation (r=0.96)
between the two methods of calculaton. A low correlation between the
methods has previously been reported [170,171]. The high correlation in
this study can be explained by the use of a reference serum assayed
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concomitantly on each microtiter plate since this increases the
reproducibility of the assay [169].

Comparison of IgG antibodies to B. pertussis in healthy
children, and after disease and vaccination

Since the same ELISAs for pertussis toxin, FHA and pertactin antibodies
were used in all studies and performed at the same laboratory it can be
assumed that conditions were relatively constant, although the sera
from the different studies were assayed over a period of 3 years.
Comparison between the results of different studies is therefore
possible, although the comparison must be interpreted with some
caution.

The pertussis toxin, FHA and pertactin IgG antibodies were assayed in
195 10-year-old unvaccinated children with and without a history of
pertussis (I), in 89 children aged 1 month to 7 years with clinical
pertussis (II) and in 71 children vaccinated with a pertussis toxoid
vaccine at 3, 5 and 7, or 3, 5 and 12 months of age and who contributed
5 consecutive sera (III, part 1).

Figure 7 show the antibody titers for the different groups of children.
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Figure 7. Box plot of pertussis toxin (a), FHA (b) and pertactin (c) IgG antibody
titers in sera donated by 4 groups of children. Boxes show 25th and 75th
percentiles and the 95% confidence interval (notch) around the median. Error
bars show 10th and 90th percentiles. Outliers are presented individually. A circle
may represent more than one identical value.

A: Sera from 54 children with culture confirmed pertussis or culture confirmed
family exposure to pertussis obtained after a median of 17 weeks after onset
of cough, and

B: sera from the same children obtained after a median of 56 weeks after onset.

(64 Sera from 71 children, 8 or 13 months of age, obtained one month after the
third injection with a pertussis toxoid vaccine, and

D: sera from the same children at 3 years of age and without a history
of pertussis (III).

E:  Sera from 119 10-year old children with a history of pertussis (I).
F:  Sera from 76, 10-year old children without a history of pertussis (I).
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Pertussis toxin IgG antibody levels were similar in children with
pertussis and in children one month after the third vaccination with the
Ptxd vaccine. At 3 years of age the toxoid induced antibodies declined to
levels similar to those in 10-year-old-unvaccinated children with a
history of pertussis.

The maximum FHA IgG antibody levels after disease were higher than
in 10 year old children. After one year the antibodies declined to levels
approaching those of 10-year-old-children with a history of pertussis.
At 3 years of age the FHA IgG antibodies in children without a history of
pertussis increased and some children had FHA antibody levels in the
range of children with clinical pertussis or a history of pertussis.

Pertactin IgG antibody titers in children with clinical pertussis declined,
and one year after disease they were similar to those in children 10
years of age. The antibody titers in 3-year-old children without a
history of pertussis were lower than in the other groups of children.

SUMMARY AND CONCLUSIONS
Epidemiology

The study showed that 61% of 372 unvaccinated, 10-year-old Swedish
children had a history of clinical pertussis. This number is similar to the
proportion of children with pertussis reported in the prevaccination era
in Sweden, indicating that socioeconomic changes in society during the
last 50 years have not led to a decrease in the incidence of clinical
pertussis.

In 91% of cases, the history could be confirmed by the presence of
serum antibodies against pertussis toxin, a protein exotoxin produced by
Bordetella pertussis only. Of children without a history of pertussis, 64%
had pertussis toxin IgG antibodies, indicating that they had experienced
subclinical or mild disease. The antibody titers were higher in children
with, than in children without a history of pertussis. In all, 80% of the
10-year-old children had pertussis toxin antibodies as serological
evidence of a B. pertussis infection.

Virtually all 10-year-old children had antibodies against FHA and
pertactin, two surface located adhesins of B. pertussis. The antibody
titers were similar in children with or without a history of pertussis.
FHA and pertactin antibodies may have been induced by exposure to B.
pertussis but may also have been induced by B. parapertussis which in
Goteborg, is an uncommon cause of a generally mild, pertussis-like
disease. Other microorganisms with cross-reacting antigens may have
contributed to the high prevalence of FHA and pertactin 1gG antibodies.
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The clinical significance of cross-reacting antigens in children, e.g. FHA
of Haemophilus influenzae, remains to be investigated.

In conclusion, 61% of 10-year-old, unvaccinated children had a history
of pertussis. In 91% of them this could be confirmed by pertussis toxin
serum antibodies. Of children without a history of pertussis 25% had
pertussis toxin antibodies, indicating that they had had a mild form of
disease. FHA and pertactin antibodies could be detected in almost all
sera, irrespective of history of pertussis.

Antibodies after clinical pertussis

A significant pertussis toxin IgG antibody response was detected in 83%
of the 54 children with clinical, culture confirmed pertussis or culture
confirmed family exposure. A somewhat lower (74%) proportion of
children had a FHA IgG antibody response, indicating that the diagnostic
sensitivity of pertussis toxin IgG serology is somewhat higher than of
FHA IgG serology.

Only 54% of children had a pertactin IgG antibody response and no child
had an increase in pertactin IgG alone. Thus, the inclusion of pertactin
IgG increases in the diagnostic criteria does not increase the sensitivity
of serological diagnosis of pertussis.

A significant decline in pertussis toxin and FHA antibody titers were
seen in 63% and 17% of children, respectively. The inclusion of
significant decreases in pertussis toxin or FHA IgG antibody titers
increased the proportion of children diagnosed by serology from 80% to
94% of 89 children with a clinical diagnosis of pertussis. The significant
decline of pertussis toxin and FHA IgG antibodies after clinical pertussis
should be added to the serological criteria of pertussis in children
coming for a diagnosis 5-8 weeks after onset of symptoms, when the
antibody peak has generally been passed.

FHA and pertactin antibodies without pertussis

Of 71 children vaccinated with a pertussis toxoid vaccine and with no
symptoms of pertussis, all acquired serum IgG antibodies against FHA
and 58 (82%) against pertactin by 3 years of age. Most had maternally
derived antibodies in the first sera at 3 months of age, which then
declined. From about 1 year of age there were small but significant
increases in GM antibody titers, and in up to 30% of individual sera,
against both antigens. The mere presence of IgG serum antibodies
against FHA or pertactin is thus not a reliable indication of previous B.
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pertussis infection, and significant increases may be caused by other
organisms than B. pertussis.

The 12 children exposed to pertussis by siblings had significantly higher
FHA IgG antibody titers at 3 years of age than 97 children not exposed
to pertussis in the family. The pertussis toxin and pertactin antibody
titers were similar in exposed and unexposed children. This indicates
that exposure to B. pertussis can result in an FHA antibody increase
without causing signs of infection.

Pertussis toxoid vaccine

All 145 children vaccinated at 3, 5 and 7, or 3, 5 and 12 months of age
with a vaccine composed of pertussis toxin inactivated by hydrogen
peroxide had detectable pertussis toxin IgG antibodies after the second
vaccination. There was a significant response in sera obtained one
month after the third vaccination in both groups of children. Children
vaccinated at 3, 5 and 12 months of age had significantly higher GM
pertussis toxin IgG antibody titers than children vaccinated at 3, 5 and 7
months of age. There were no serious systemic reactions. Local reactions
were mild, and the frequency of local reactions was similar to the
frequency of local reactions to a DT vaccine injected concomitantly in the
other thigh at 3, 5 and 12 months of age.

An open, retrospective comparison of pertussis, defined as > 6 weeks of
cough with whooping attacks, vomiting or both, at 3 years of age in 142
vaccinated children and 284 age matched controls living in the same
areas as the study children were performed. Of controls, 57 (20%) had
experienced pertussis according to the definition. Sixteen vaccinated
children were exposed by siblings to pertussis according to the clinical
definition. Two of them had laboratory verified B. pertussis infection
and a cough of 2 and 4 weeks duration. None of the study children had
pertussis according to the clinical definition.

In conclusion, the results showed the vaccine to be safe, highly
immunogenic and to confer substantial protection against typical
pertussis. It was found to be justified to perform a large-scale double
blind efficacy trial of the vaccine [275].

Pertussis toxin IgG and neutralizing antibodies

From 192 children vaccinated with the pertussis toxoid vaccine (III)
796 sera assayed for pertussis toxin IgG antibodies by ELISA and
pertussis toxin neutralizing antibodies by CHO-cell assay were available
for statistical comparison. There was a significant linear correlation
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(r=0.84, p<0.0001) and analyses of variance showed significant
interaction between antibodies measured by the two methods. However,
an antibody titer obtained by one method could generally not be
accurately used to predict a titer for the other method in an individual
serum.

In conclusion, the study showed a significant correlation between
pertussis toxin neutralizing antibodies and pertussis toxin antibodies
measured using ELISA. In studies of antibody responses after
vaccination with pertussis toxoid PT IgG ELISA alone can be used for
pertussis toxin antibody determinations.

EPILOGUE

During 1995 and 1996 results of three double-blind placebo-controlled
acellular vaccine trials were published [275,283,284]. The
monocomponent pertussis toxoid vaccine, studied in the present thesis
(III), and four different vaccines with two to five components each were
tested in other parts of Sweden and in Italy. All acellular pertussis
vaccines contained pertussis toxoid, and the multicomponent vaccines
also contained one or more of the following antigens: FHA, pertactin and
fimbriae 2 and 3. In all studies the acellular pertussis vaccines were
combined with DT. All three studies included a control group of children
who received only DT. Two studies included the US licensed Connaught
whole-cell pertussis vaccine [283,284].

All studies showed that the acellular pertussis vaccines were
considerably less reactogenic than whole-cell pertussis vaccines but the
studies were too small to conclude with certainty that the acellular
vaccines are less likely than whole-cell vaccines to cause rare but
serious side effects, such as hypotonic hyporesponsive episodes and
"persistent crying".

All acellular vaccines induced significant protection against pertussis
with efficacy estimates (using the WHO definition of pertussis, page 18
[156] ) varying between 59% and 85%. Although there were many
similarities between the studies, it is not possible to draw any
conclusions about differences in efficacy between the different acellular
vaccines or as to whether the inclusion of other antigens in addition to
pertussis toxoid confer improved protection compared with pertussis
toxoid alone. Differences in study design, methods of sampling and
modifications of the WHO definition used in the different studies
exacerbate detailed comparison. Furthermore, the serological assays
used in all studies included antibody determinations against pertussis
toxin and FHA. Since all multicomponent vaccines included both
pertussis toxoid and FHA, studies using these vaccines could not
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determine antibodies against an antigen not included in the vaccines.
The Goteborg trial on the other hand, which studied the monocomponent
vaccine, could use a nonvaccine antigen, FHA, for serology.

One of the most unexpected findings was that the whole-cell pertussis
vaccine which was included in two of the studies had a very low
efficacy, 36-48%. Proponents of whole-cell vaccines now argue that the
particular whole-cell vaccine was probably not representative for other
whole-cell vaccines.

In June 1995 a mass vaccination project of the monocomponent
pertussis toxoid vaccine began in the Goteborg area (population more
than 600,000 inhabitants). The aim is to see wether the incidence of
pertussis can be substantially reduced in the study area. Infants are
vaccinated with the pertussis toxoid combined with DT toxoids at 3, 5
and 12 months of age. Children older than one year are offered the
pertussis toxoid alone at the same intervals as infants. In January 1997,
about 60% of children born betweenl990 and 1996 had received at
least one injection, and 30% had received three injections. There are
indications that the incidence of pertussis began to decrease during the
second quarter of 1996, i.e. when the project had been ongoing for 9
months. Further follow-up of the pertussis incidence will be made
during the coming years.

In Sweden, two different acellular pertussis vaccines combined with
diphtheria and tetanus toxoids were licenced during 1996, the
monocomponent pertussis toxoid vaccine discussed in this thesis and a
3-component vaccine (PT + FHA + pertactin). In Denmark, the
monocomponent pertussis vaccine combined with DT and an inactivated
polio vaccine has been used in the general vaccination program for
infants at 3, 5 and 12 months of age since the beginning of 1997.

Conclusion

Available data clearly demonstrate the complexity of pertussis
immunology and vaccination. Acellular pertussis vaccines are definitely
less reactogenic than whole-cell vaccines, but the issue of rare serious
adverse events has not yet been solved. Efficacy studies show that
acellular vaccines are at least as efficacious as whole-cell vaccines and,
even though there is no consensus about the antigen(s) to be included,
the acellular vaccines can and should replace the whole-cell vaccines.
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