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ABSTRACT 

This volume contains an introduction to the topic of  pertussis followed  by twelve 
papers on pertussis arising from  research conducted while I was a research fellow  at 
St. George's Hospital Medical School from  1985 to 1988. 

Paper 1 provides a qualitative description of  the serum antibody responses to several 
Bordetella  pertussis  antigens. It demonstrates that the serum antibody response to a 
specific  B. pertussis  antigen, following  either natural infection  or vaccination, is 
dependent both on the antigen and on the subject. Some B. pertussis  antigens appear to 
consistently evoke strong serum antibody responses following  either natural infection  or 
vaccination, while other B. pertussis  antigens appear to consistently fail  to evoke any 
significant  serum antibody response. Other B. pertussis  antigens induce an antibody 
response in a variable proportion of  subjects. 

Paper 2 describes the serum IgG, IgA and IgM responses to B. pertussis  antigens in 
patients with pertussis. These antibody responses are compared with those in the family 
contacts of  patients with pertussis and with those in infants  immunised with a whole 
cell pertussis vaccine. It demonstrates that both pertussis and pertussis vaccination 
produce marked serum antibody responses to three B. pertussis  antigens. In contrast, 
family  contacts who are exposed to a patient with pertussis, but who themselves fail  to 
develop disease, have a minor antibody response to the same antigens. Immunity to 
disease in these family  contacts is associated with high titres of  antibody to B. 
pertussis  antigens at the time of  exposure to infection. 

Paper 3 demonstrates the serum antibody responses to B. pertussis  antigens in two 
subjects immunised with new acellular pertussis vaccines. The antibody responses are 
compared with those in subjects who had been immunised with a whole cell pertussis 
vaccine, and with those in subjects who had suffered  natural infection.  The new 
acellular pertussis vaccines are shown to induce antibody responses solely to two 
purified  B. pertussis  antigens, and not to other potential contaminating antigens. 



Paper 4 demonstrates that the IgA antibody response in nasal mucus in patients with 
pertussis is less pronounced than the serum antibody responses. It also demonstrates that 
titres of  antibody in nasal mucus are not especially strongly correlated with immunity 
to pertussis in family  contacts. 

Paper 5 compares the serum antibody responses to B. pertussis  antigens in breast fed 
infants  with pertussis with those in bottle fed  infants  with pertussis. It also compares 
the levels of  IgA to B. pertussis  antigens in breast milk from  mothers of  infants  with 
pertussis with the levels in breast milk from  mothers of  healthy infants.  This paper 
provides further  evidence that B. pertussis  infection  does not produce an especially 
strong secretory immune response. 

Paper 6 provides evidence that B. pertussis  infection  does not produce a significant 
impairment of  immunoglobulin synthesis. 

Paper 7 compares the responses of  peripheral blood lymphocytes, from  patients with 
pertussis and two control groups, to in vitro  stimulation with B. pertussis  antigens.This 
study is the first  to show that B. pertussis  infection  induces cell mediated immune 
responses. 

Paper 8 describes the respiratory physiology of  six infants  with severe pertussis. It 
demonstrates that abrupt severe hypoxaemia may be due to prolonged apnoea or may 
occur despite continued breathing movements and respiratory airflow.  It postulates that 
these findings  are due to a ventilation perfusion  mismatch secondary to alveolar 
atalectasis caused by a defect  in lung surfactant  synthesis, secretion or function. 

Paper 9 describes the effects  of  B. pertussis  infection  on the ciliary function  and 
electron microscopic appearances of  human nasal epithelial cells. These findings  are 
extended by similiar investigations perfomed  on human nasal epithelial cells exposed 
to B. pertussis  toxins in vitro. 

Paper 10 attempts to explain the large-scale epidemiology of  pertussis by a simple 
mathematical formula.  This formula  is then used to derive an estimate of  the proportion 
of  the population susceptible to pertussis. Finally the relationship between the incidence 
of  pertussis and the level of  vaccine uptake is illustrated using data from  several 
countries during the last century. 
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Paper 11 describes the small-scale epidemiology of  pertussis and demonstrates that 
pertussis is usually transmitted by patients with clinical disease rather than by persons 
with either atypical disease or asymptomatic infection. 

Paper 12 briefly  discusses the use of  erythromycin and other antimicrobial agents in 
the treatment and prophylaxis of  pertussis. 
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RESEARCH AIMS 

1. To investigate the immune responses to purified  components of  B. pertussis 
following  natural infection  and to compare these responses with those produced by 
immunisation with the killed whole - cell pertussis vaccine. The B. pertussis  antigens 
selected for  study were those regarded as most important in conferring  immunity to 
pertussis and were those included in new acellular pertussis vaccines manufactured  by a 
variety of  pharmaceutical companies. 

2. To compare the immune responses to B. pertussis  antigens found  in patients with 
pertussis with those found  in family  contacts of  patients with pertussis in an attempt to 
identify  determinants of  immunity to disease. 

3. To investigate the value of  immune responses to component antigens as a diagnostic 
test for  B. pertussis  infection. 

4. To investigate the clinical and pathophysiological features  of  pertussis particularly 
with regard to the mechanisms responsible for  apnoea and hypoxaemia. 

5. To investigate the epidemiology of  pertussis particularly with regard to the frequency 
with which persons with asymptomatic infection  or atypical illness transmit the infection 
to susceptible children. 



INTRODUCTION 

Whooping cough or pertussis is an important disease of  childhood. It has a 
worldwide distribution and is estimated to be responsible for  500,000 to one million 
deaths globally each year (1). Most of  these deaths are in poorer countries where 
malnutrition and a high incidence of  other childhood illnesses exacerbate the effects  of 
pertussis. In more affluent  societies it is rarely fatal  but is responsible for  a prolonged 
debilitating illness which causes great anxiety and disruption of  family  life  (2). 

In susceptible persons the disease has a characteristic and easily recognised 
presentation. Following inhalation of  infected  droplets Bordetella  pertussis  multiplies on 
the ciliated respiratory epithelium. After  an incubation period of  approximately one week 
symptoms commonly start with rhinorrhea and an intermittent productive cough. This 
catarrhal phase is closely followed  by the onset of  episodes of  repetitive paroxysmal 
cough. The cough is generally nonproductive and worse at night and is frequently 
followed  by an inspiratory whoop or vomiting or episode of  apnoea which may 
progress to cyanosis and convulsions. The average duration of  cough is approximately 
six weeks but may be much longer and episodes of  viral upper respiratory tract 
infection  may precipitate brief  recurrences of  a typical paroxysmal cough in the months 
following  apparent recovery from  pertussis. 

While the prolonged and repeated episodes of  paroxysmal cough may be exhausting 
for  both the patient and his family,  it is the associated symptoms of  vomiting and 
apnoea which are responsible for  the major adverse effects  of  the illness. Failure to 
gain weight during the period of  severest symptoms is common in infants,  and some 
may require admission to hospital and a brief  period of  intravenous fluid  therapy for 
dehydration due to persistent vomiting. Apnoeic episodes also may be severe enough to 
warrant admission to hospital. In older patients apnoeic episodes usually follow  a 
paroxysm of  coughing and rarely cause cyanosis. However in infants  apnoeic episodes 
may occur either following  a paroxysm of  coughing or during normal breathing and 
may cause hypoxaemia severe enough to precipitate convulsions (3). Severe episodes are 
responsible for  many of  the deaths in infants  with pertussis and may be responsible 
for  permanent intellectual impairment in infants  who survive the illness (4). 



Despite the severe and occasionally life  threatening nature of  the symptoms in 
patients with pertussis there is usually little evidence of  systemic illness. Between 
paroxysms of  coughing patients usually appear well and this commonly leads to delays 
in diagnosis. Fever is rare and when it does occur is usually mild and brief. 
Bacteraemia does not occur, the erythrocyte sedimentation rate is normal (in the absence 
of  secondary infection),  and the serum biochemistry is usually normal (allowing for  the 
effects  of  vomiting if  present). A marked lymphocytosis (>10 X 10 9 /L) which is 
present in approximately 50% of  patients with pertussis (5) is the only systemic effect 
which has been repeatedly demonstrated. It is frequently  stated that secondary bacterial 
infections,  particularly bronchitis, pneumonia, and otitis media are common following  an 
episode of  pertussis but there is little published evidence to support this claim. At 
present there is no effective  treatment for  patients with pertussis. Erythromycin 
eradicates B. pertussis  infection  within three days of  the start of  treatment but has little 
(6,7) or no (8) effect  on the severity or duration of  symptoms. A variety of  other 
agents including corticosteroids, and salbutamol have been recommended but there is 
little evidence that they are beneficial  (9). Administration of  hyperimmune globulin 
containing high titres of  antibody to B. pertussis  virulence factors  reduces the duration 
of  whooping but has no effect  on the duration or severity of  coughing or vomiting or 
on the duration of  hospital admission in young children with pertussis (10). In the 
absence of  pharmacological remedies treatment relies on careful  continuous observation 
and prompt assistance to restore breathing and reverse hypoxaemia when apnoea 
occurs. 

Pertussis is a highly contagious disease and unless protected by vaccination most 
children will suffer  the disease before  the age of  ten years (11). The infection  is 
transmitted by inhalation of  droplets coughed out by a patient The organism adheres to 
the ciliated cells of  the respiratory epithelium and replicates there. In a susceptible host 
the average duration of  infection  is about four  weeks (12). Symptoms usually begin one 
week after  the acquisition of  infection  and persist for  an average of  three weeks after 
the resolution of  infection.  Patients are most infectious  during the first  week of 
symptoms when the diagnosis has not usually been considered (13). Despite the ability 
of  B. pertussis  to infect  the ciliated ependymal cells of  mice and the ciliated respiratory 
mucosa of  a number of  laboratory animals it does not appear to naturally infect  species 
other than man. 



14 

MICROBIOLOGY 

While pertussis has been recognised since at least the sixteenth century, it was not 
until 1906 that the responsible organism was recovered in the laboratory. Bordet and 
Gengou who had previously seen small gram negative bacilli in the sputum of  a 
patient with pertussis, then isolated B. pertussis  from  sputum using agar supplemented 
with potato starch infusion,  glycerol, and defibrinated  blood (14). This medium has 
subsequently been known as Bordet-Gengou or BG medium. B. pertussis  grows slowly 
on this, and other media and incubation for  three to four  days is commonly required 
before  the small raised glistening colonies are visible. The isolation of  B. pertussis 
from  clinical specimens may be improved by supplementing the medium with charcoal, 
starch, anion exchange resins, blood cells, albumin, or methyl-B-cyclodextrin. These 
agents adsorb unsaturated fatty  acids and other substances which may be present on 
laboratory glassware or be produced by B. pertussis  and which would otherwise inhibit 
its growth (15). A further  improvement in isolation of  B. pertussis  may be achieved by 
supplementing the medium with an antibacterial which will inhibit the growth of  other 
bacteria present in respiratory secretions and which might otherwise overgrow any B. 
pertussis  colonies. Cephalexin 40ug/ml is commonly used for  this purpose (16). Another 
refinement  of  culture technique has been the development of  the Stainer Scholte 
synthetic liquid medium which may be used to grow large amounts of  B. pertussis  for 
vaccine production etc. (17). 

The fastidious  requirements of  B. pertussis  make it a difficult  organism to isolate 
from  patients with disease and despite careful  handling of  specimens isolation rates are 
usually less than 40% (18,19). Early investigators incubated cough plates which had 
been held in front  of  the patient during a paroxysm, but it is now more usual to use 
a swab introduced into the nasopharynx to collect mucus which is then inoculated onto 
the isolation medium. Aspiration of  nasopharyngeal mucus using a soft  flexible  cannula 
is a less commonly used alternative to swabbing the nasopharynx with a calcium 
alginate tipped fexible  wire swab. While these two methods have not been compared in 
a single study, isolation rates appear to be higher for  aspirated mucus (approximately 
80%) (17), than for  swabbed mucus (approximately 30-40%) (18,19) possibly because a 
larger volume specimen is collected using a cannula. 

The low rate of  isolation of  B. pertussis  using conventional culture techniques has 
prompted attempts to identify  B. pertussis  in specimens using other techniques. A 



fluorescent  antibody technique to detect B. pertussis  in nasopharyngeal mucus has 
been found  to be less sensitive than culture (23-25). However because the result is 
rapidly available a positive fluorescent  antibody test may be useful  while awaiting the 
results of  culture. 

Improved knowledge of  the B. pertussis  genome has enabled the development of 
diagnostic tests based on the detection of  B. pertussis  DNA in nasopharyngeal mucus. 
The identification  of  a repeat sequence present in the B. pertussis  genome (26) was 
followed  by the development of  a gene probe for  this repeat sequence (27). Initial 
evaluation of  this diagnostic test suggested that it did not provide improved sensitivity 
when compared with routine culture techniques. Subsequently the polymerase chain 
reaction has been used to amplify  target B. pertussis  DNA in an attempt to improve 
diagnostic sensitivity (28).When nasopharyngeal aspirates from  children with suspected 
pertussis were tested a B. pertussis  specific  PCR product was detected in 19/25 culture 
positive and 5/50 culture negative samples in one study (29), and in 63/66 culture 
positive and 35/266 culture negative samples in another study (30).In both studies there 
was strong epidemiologic, clinical or serologic evidence of  B. pertussis  infection  in the 
patients from  whom the PCR positive but culture negative samples were obtained. 
These results suggest that, especially in the research setting, PCR detection of  B. 
pertussis  DNA may be a useful  addition to isolation of  the organism for  the 
confirmation  of  infection. 

Counterimmunoelectrophoresis has been used to detect B. pertussis  antigens in serum 
or urine from  patients with pertussis and was found  to be more sensitive (10/17 
patients positive) than culture (8/17 patients positive) (31). These results are surprising 
as B. pertussis  causes surface  infection  of  the respiratory epithelium without tissue 
invasion. A possible explanation is that the antiserum reacted with an antigen 
transported from  the surface  infection  into the patient's circulation. 

Two tests attempting to detect B. pertussis  proteins in nasopharyngeal specimens have 
been developed to diagnose B. pertussis  infection.  An enzyme-linked dot blot 
immunoassay which used a monoclonal antibody to pertussis toxin (see below) was 
tested on a small number of  nasopharyngeal aspirates and swabs from  patients with 
pertussis (32). While the test appeared to have similar sensitivity to culture it was 
marred by a significant  false  positive rate in healthy controls. B. pertussis  is almost 
unique among bacterial species in its ability to synthesise and secrete large amounts of 
adenylate cyclase (AC). An assay for  the presence of  this enzyme in nasopharyngeal 



secretions has been found  to be a useful  rapid test which correlates well with the 
results of  .B. pertussis  culture. In one study B. pertussis  was isolated from  23/28 
nasopharyngeal swabs with high levels of  AC (positive predictive value 82%) and was 
isolated from  only 11/92 swabs with low levels of  AC (negative predictive value 88%) 
(33). In a second study high levels of  AC were found  in 37/56 culture positive 
nasopharyngeal aspirates (sensitivity 66%), but were found  in only 8/145 culture 
negative nasopharyngeal aspirates, and in only 6/91 nasopharyngeal aspirates from 
patients with negative serology (specifity  93%) (34). 

PATHOGENESIS 

The pathogenesis of  pertussis is poorly understood. In 1912 Mallory and Hornor 
described the histological changes in the respiratory tracts of  children who had died 
from  pertussis (35). They observed masses of  bacteria between the cilia of  the epithelial 
cells, loss of  ciliated cells, and a cellular immune response to infection.  There was no 
evidence of  tissue invasion or necrosis. There are few  other reports of  the 
histopathology or of  the pathophysiology of  the respiratory tract in pertussis (13). This 
dearth of  information  about human pertussis is mirrored by the absence of  a good 
animal model of  disease. While a variety of  laboratory animals may be infected  with B. 
pertussis,  in none does the infection  induce a syndrome similiar to that in man. B. 
bronchiseptica,  a closely related species causes kennel cough in dogs and atrophic 
rhinitis in pigs (36), but neither of  these diseases has been widely used as an animal 
model of  human pertussis. 

The animal models most commonly used to investigate B. pertussis  infection  have 
been the mouse intracerebral infection  model, and the mouse respiratory tract infection 
model. The mouse intracerebral infection  model was developed to provide a convenient 
method of  assessing the potency of  pertussis vaccines. In this assay mice are given an 
intracerebral injection of  a laboratory strain of  B. pertussis  and the mortality over the 
next fourteen  days determined. Protection of  mice against death by prior intraperitoneal 
immunisation with pertussis vaccine has been shown to correlate with the protective 
effect  of  the same vaccine in children (39). In the absence of  another reliable laboratory 
test for  vaccine efficacy,  this test has remained widely used. However efforts  to 
elucidate the pathogenesis of  human B. pertussis  infection  and the mediators of 
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immunity to disease have led to the development of  the mouse respiratory tract 
infection  model which more closely reflects  the disease in humans. In this model mice 
are inoculated with B. pertussis  either by nasal instillation of  a suspension of 
organisms or by exposure to an aerosol generated from  such a suspension. Depending 
on the age of  the mice and the size of  the inoculum, infected  mice suffer  a variety of 
effects  including an increase in lung weight and B. pertussis  bacterial density, 
lymphocytosis, splenomegaly, fall  in body temperature, weight loss, sensitisation to the 
effects  of  an intraperitoneal injection of  histamine, potentiation of  insulin secretion, and 
death (38,39). This model has been used to study the effects  of  infection  with mutant 
B. pertussis  strains deficient  in one or more virulence factors  (40), intraperitoneal 
immunisation with purified  B. pertussis  antigens (41,42), and infusion  of  antibodies to 
purified  B. pertussis  antigens 41-43). 

A variety of  features  of  pertussis infection  in humans and in the animal models 
suggest that pertussis is a toxin mediated disease. The prolonged duration of  symptoms 
following  resolution of  infection,  the recurrence of  typical symptoms upon acquisation 
of  a viral respiratory infection,  and the presence of  a marked lymphocytosis early in 
the illness have been regarded as evidence of  a circulating toxin in human pertussis. 
The recognition that many of  the features  of  B. pertussis  respiratory infection  in mice 
can be simulated by administration of  purified  B. pertussis  toxins (44) provides further 
support for  this conclusion. Table 1. summarises the available information  about those 
B. pertussis  toxins which have been most fully  investigated (45-49). 

Pertussis toxin (PT)[ synonyms : pertussigen, lymphocytosis promoting factor  (LPF), 
islet activating protein (IAP), histamine sensitising factor  (HSF)] is responsible for  a 
multitude of  effects  in-vitro and in animal models. Pittman has postulated that the 
harmful  effects  of  pertussis are caused almost entirely by this toxin (45,46). It is 
presumed that PT is responsible for  the striking lymphocytosis which is common in 
the early phase of  human pertussis, (see below.) An attenuated hypoglycaemic response 
to adrenaline has been reported in one series of  patients with pertussis (50) and may be 
another result of  PT action in human infection,  but apart from  these effects  there is 
litde direct evidence that PT is important in the pathogenesis of  human disease. 

Tracheal cytotoxin (TCT) is a muramyl peptide fragment  of  cell wall peptidoglycan 
which causes slowing of  ciliary motility and extrusion of  ciliated respiratory epithelial 
cells in hamster tracheal explants (51,52. These effects  are similar to those seen when 
B. pertussis  is incubated with hamster tracheal epithelial cells (53,54) and may be 
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important in the pathogenesis of  pertussis in man (55). It appears that TCT causes 
ciliated respiratory epithelial cells to produce, but not release, interleukin-1 which then 
is responsible for  inhibition of  replication and destruction of  these cells (56). Adenylate 
cyclase appears to cause apoptosis of  alveolar macrophages (57) and may contribute to 
the evasion of  host defences  by B. pertussis.The  importance of  the other identified 
toxins is even less certain. 

In order to produce disease B. pertussis  must first  adhere to host cells at the site of 
infection.  Adherence of  B. pertussis  to ciliated respiratory epithelium in experimental 
infection  prevents clearance of  the infecting  organism by the mucociliary stream (58). In 
vitro  evidence suggests that PT, filamentous  haemagglutinin (FHA), agglutinogens 2 
and 3 (Agg 2/3), and pertactin (69kD antigen) may be important in mediating adherence. 
Phase I B. pertussis  adheres to hamster (58) and human (59) ciliated epithelial cells 
whereas Phase III organisms do not. This difference  is presumably due to failure  of 
Phase III organisms to produce sufficient  adherence factors.  Phase III organisms do not 
produce PT, FHA, pertactin or fimbriae  (60). (Expression of  other toxins including 
adenylate cyclase, dermonecrotic toxin and haemolysin is also lost (49).) Mutants of  B. 
pertussis  deficient  in either PT or FHA have reduced adherence to human ciliated 
respiratory epithelial cells. This effect  is more pronounced in PT deficient  mutants than 
in FHA deficient  mutants (60). Furthermore anti-FHA raised in mice (61), goats (62), 
and rabbits (63), inhibits adherence of  B. pertussis  to HeLa, WiDr, and Vero cells 
respectively, and monoclonal antibodies to FHA, PT and Agg 2/3 inhibit adherence of 
B. pertussis  to Vero cells (64). PT and FHA appear to mediate adhesion of  B. 
pertussis  to ciliated respiratory epithelial cells via carbohydrate recognition domains 
which bind to ciliary lactosamines (65), and pertactin mediated adhesion appears to 
utilise a similar mechanism (66,67). Attachment to and invasion of  macrophages by B. 
pertussis  via FHA binding to the integrin CD lib/CD 18 (68) and or PT binding to cell 
surface  carbohydrates (69) may also play a role in the evasion of  host defences  and 
persistence of  infection.  Electron microscopy suggests that fimbriae  may be important in 
the adherence of  B. pertussis  to ciliated epithelial cells (59). Such fimbriae  appear to be 
composed of  agglutinogen 2(70-73) or agglutinogen 3(71,72). 

The production of  several B. pertussis  virulence factors,  including pertussis toxin, 
filamentous  haemagglutinin, adenylate cyclase-haemolysin, and pertactin is regulated by 
the products of  a separate genetic locus termed vir (74) (Figure 1). This locus codes for 
the production of  three gene products termed BvgA, BvgB and BvgC (75). BvgB and 
BvgC together comprise a transmembrane sensor protein which conveys a message to 
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the cytoplasmic regulator protein which binds to DNA and can positively or negatively 
regulate the expression of  multiple genes either directly (eg fha  and vir) or indirectly 
(eg ptlx  and ac-h) via a second activator protein (76). 

B. pertussis  may become avirulent with coordinate loss of  all the vir regulated proteins 
as a result of  a reversible frameshift  mutation in the vir gene (77). This change is 
called phase variation with virulent organisms termed phase I and avirulent organisms 
termed phase in. A similar change from  virulence to avirulence may be acheived in the 
laboratory by alteration in growth conditions (78). Thus a phase I virulent strain will 
repress production of  all vir regulated virulence factors  if  it is cultivated in the 
presence of  MgS04 (20mM) or nicotinic acid (5mM) or at reduced temperatures 
(22-27C). The mechanism of  this effect,  termed antigenic or phenotypic modulation, is 
by an action on the transmembrane BvgB-BvgC sensor protein which inhibits the 
transmission of  the phosphorylation message from  the sensor protein to the BvgA 
regulator protein (75,76,79). Virulent organisms grown in the absence of  these 
modulators are said to be in X mode while avirulent organisms grown in the presence 
of  these modulators are said to be in C mode. The significance  of  phase variation and 
phenotypic modulation on the growth of  B. pertussis  in the human respiratory tract is 
unknown. 

SEROLOGIC RESPONSES TO BORDETELLA PERTUSSIS 
IN ANIMAL MODELS 

Antibodies to FHA, PT and Agg 2/3 protect animals against the effects  of 
experimental infection  with B. pertussis.  Most studies have investigated the effects  of 
active or passive immunisation on B. pertussis  aerosol infection  of  7 - 10 day old mice. 
Such animals, if  unprotected, have a persistent infection,  develop a lymphocytosis, lose 
weight, and die 14 - 28 days after  infection.  The protection provided by active or 
passive immunisation results in enhanced clearance of  infection  from  the lungs, failure 
to develop a lymphocytosis, or to lose weight, and survival for  more than 28 days 
after  infection.  This protection may result from  immunity to the antigens responsible for 
adherence and/or from  immunity to the antigens responsible for  the toxic systemic 
effects.  Sato and co-workers found  that passive immunisation of  mice with rabbit (63), 
goat or mouse (80) anti-FHA IgG prevented the weight loss and mortality normally 
induced by aerosol B. pertussis  infection.  Active immunisation of  mice with FHA 
resulted in elevated anti-FHA IgG and IgM titres, reduced lung colonisation with B. 
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pertussis  and reduced mortality (81). However in a different  animal model Ashworth et 
al (82) found  that there was no correlation between the elimination of  nasopharyngeal 
B. pertussis  colonisation and serum antibodies to FHA, following  immunisation of 
rabbits with FHA. 

Passive immunisation of  mice with mouse polyclonal (80), goat polyclonal (80,81), or 
mouse monoclonal (83) anti-PT IgG prevented mortality from  aerosol B. pertussis 
infection.  Active immunisation with PT (81) resulted in elevated anti-PT IgG and IgM, 
reduced colonisation with B. pertussis  and reduced mortality. Elevated serum antibodies 
to PT following  active immunisation did not however protect rabbits against 
nasopharyngeal colonisation following  intranasal instillation (61). Passive immunisation of 
mice with goat or mouse anti- FHA plus anti- PT IgG resulted in increased survival 
(compared with either anti- FHA or anti- PT given alone) following  B. pertussis  aerosol 
infection  of  mice (80). When given alone anti- PT was more effective  than anti- FHA in 
protecting mice against aerosol infection  (80,81). Preston and his co-workers have 
studied the effect  of  varying the serotype of  B. pertussis  used for  active immunisation, 
and for  inducing respiratory infection  in experimental animals. They found  that 
immunisation of  marmosets or rabbits with a vaccine lacking agglutinogen 3 was 
associated with prolonged respiratory infection  when agglutinogen 3 containing serotypes 
were used as the infecting  organism (84,85). A general conclusion from  all these studies 
is that humoral immunity to FHA, PT, and Agg 2/3 is important in protecting animals 
from  the effects  of  B. pertussis  infection,  but that the relative importance of  antibodies 
to each virulence factor  is not apparent 

SEROLOGIC RESPONSES TO BORDETELLA PERTUSSIS 
IN HUMAN INFECTION 

Bordet and Gengou detected agglutinating and complement fixing  antibodies in 
convalescent sera from  patients with whooping cough in 1906 (14). Since then the 
humoral immune response and its relationship to resistance to infection  has been 
extensively investigated. Donald (86) studied 123 patients with culture positive pertussis 
and found  that the proportion of  patients with complement fixing  antibody increased 
from  25% in the third week of  illness to 89% in the eighth week of  illness. Antibody 
titres were highest in the eighth week of  illness. Evans and Maitland (87) detected 
agglutinating antibodies in sera from  23 patients with whooping cough. A titre of  1:160 



or greater was found  in 15/18 sera collected three or more weeks from  the onset of 
illness. All four  sera collected less than two weeks from  the onset of  illness had a titre 
of  less than 1:10. Table 2 shows the proportion of  patients with "positive" serology in 

relation to duration of  illness for  a number of  studies (86-90). In general agglutinating 
and complement fixing  antibodies could be detected in most patients by the third week 
of  illness. Infants  frequently  had lower titres of  antibody than older children 
(86,88,91,92), and in children of  all ages antibody titres declined within one to two 
years after  recovery from  the illness (88). Asymptomatic adults, including those in close 
contact with pertussis patients, rarely had detectable antibody (86,88,93). Following 
vaccination, complement fixing  (88,93) and agglutinating antibodies (94,95) could be 
detected in most individuals. The titre of  these antibodies remained elevated for  up to 
six years (94,95), and the titres of  antibodies in vaccinated older children were 
equivalent to those in vaccinated infants  (93). 

The presence in serum of  agglutinating antibodies following  vaccination is associated 
with protection against subsequent development of  clinical illness. Miller et al (96) 
followed  over 500 children for  up to five  years following  vaccination with 80 billion 
phase 1 B. pertussis  cells. Seventy-nine episodes of  exposure to whooping cough were 
recognised in 77 children during the post vaccination followup  period. Ten cases of 
whooping cough occurred, all but two following  a recognised exposure to whooping 
cough. All children who developed whooping cough had an agglutinin titre of  less than 
or equal to 1:160 before  exposure while 46/69 children exposed to whooping cough 
who did not develop disease had agglutinin titres of  at least 1:320 before  exposure. 
Sako (97) observed clinical whooping cough following  familial  exposure in 89.7% of 
438 unimmunised children, all of  whom had an agglutinin titre of  less than 1:10 before 
the onset of  clinical illness. In contrast none of  149 immunised children, with an 
agglutinin titre of  at least 1:320, and only 18.8% of  344 immunised children with an 
agglutinin titre of  less than 1:320, developed whooping cough following  familial 
exposure. The Medical Research Council (98) investigation also found  a strong 
correlation between the agglutinin titre following  vaccination and the degree of 
protection against home exposure to whooping cough. The development of  complement 
fixing  antibodies, in parallel with agglutinating antibodies, following  disease or 
vaccination suggests that they may also be correlated with protection against subsequent 
illness but this has not been prospectively studied. 

Immunity to pertussis following  disease or vaccination is associated with antibodies 
directed against a wide range of  B. pertussis  antigens (99). The antigen responsible for 
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complement fixing  antibody is a soluble antigen not thought to be exposed on the cell 
surface  (1.00). The antigens responsible for  agglutinating antibody are surface  antigens 
which vary between strains of  B. pertussis.  Agglutinogen 1 is common to all strains of 
B. pertussis  while agglutinogens 2 - 6 occur in various type specific  combinations 
(101,102). Antibody directed against agglutinogens 2 and 3 appears to be important in 
providing immunity to disease caused by strains expressing these antigens. Preston 
tested strains of  B. pertussis  isolated in Manchester before  1958 and found  they mostly 
contained agglutinogens 1 and 2 while those isolated in Leeds and elsewhere in 
England after  1959 mostly contained agglutinogens 1 and 3 (103). He suggested that the 
use of  vaccines which contained mostly agglutinogens 1 and 2 had resulted in 
inadequate protection against strains containing agglutinogens 1 and 3, and 
subsequently confirmed  that these strains comprised 85% of  clinical isolates (104). The 
15% of  strains which contained agglutinogens 1 and 2 were only isolated from 
unvaccinated subjects. These changes in the serotypes of  clinical isolates of  B. pertussis 
were associated with evidence that the efficacy  of  pertussis vaccination declined during 
this period but improved again when the vaccine was reformulated  to contain significant 
amounts of  both agglutinogens 2 and 3 (105). Further studies comparing clinical isolates 
of  B. pertussis from  children with pertussis in England in 1977-79 and 1981-83 have 
confirmed  the importance of  immunity to the agglutinogens in the prevention of 
pertussis (106).Similar evidence of  the importance of  the agglutinogens was obtained in 
Finland where the use of  a vaccine shown to be ineffective  in inducing antibodies to 
agglutinogen 2 was associated with outbreaks of  infection  almost exclusively due to 
strains containing agglutinogen 2. When the vaccine was reformulated  to stimulate 
antibodies to agglutinogen 2, as well as agglutinogen 3, the incidence of  pertussis 
declined dramatically (107). 

Further evidence that PT, FHA, and Agg 2/3 are important in the pathogenesis of 
human pertussis is provided by the results of  recent trials of  Japanese acellular 
vaccines (108-110). Immunisation of  Japanese children from  the age of  two years with 
three doses of  vaccines containing PT, FHA, and agglutinogens resulted in mean titres 
of  anti - PT and anti - FHA which were comparable to or exceeded those observed in 
convalescent sera, and a high degree of  protection against pertussis. While there is 
considerable evidence that these vaccines contain large amounts of  PT, FHA, and very 
small amounts of  lipopolysaccharide, there is no certainty that their protective effect  is 
not partially dependent on antibodies induced to "contaminating" antigens. A trial with 
highly purified  vaccines, shown not to induce an antibody response to other antigens, 
has demonstrated that immunisation with PT alone, or with PT plus FHA, provides 
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considerable, but not complete, protection against pertussis (111). A surprising, and at 
present unexplained, finding  from  this trial was that the titres of  antibodies to PT and 
FHA in the vaccinated children did not correlate with the degree of  protection against 
pertussis. 

If  antibodies to PT, FHA, and Agg 2/3, alone or in combination, provide immunity 
to pertussis by inhibition of  adherence and thus prevention of  infection,  or by 
neutralisation of  toxin action and thus prevention of  disease , it should be possible to 
detect elevated titres of  these antibodies in sera collected following  disease or 
vaccination. Granstrom et al (112) used an ELISA to detect serologic responses to FHA 
in 25 subjects with culture positive pertussis. A twofold  or greater increase in antibody 
titre was detected in 17 subjects and 7 subjects had significantly  elevated titres in the 
first  sample collected. In general, previously vaccinated children and adults had higher 
titres both at the outset of  illness and during convalescence than unvaccinated young 
children. 

Granstrom et al also reported the results of  an in vitro toxin neutralisation assay for 
anti-PT antibodies in 38 patients with culture positive pertussis (113). Titres of  anti-PT 
were initially low (except in some adults), but rose by the 4th week of  illness and 
remain elevated for  up to 2 years. Ashworth et al (114) found  that children immunised 
with adsorbed pertussis vaccine (Wellcome DTP vaccine) had elevated titres of  serum 
antibodies to FHA, PT and Agg 2/3 compared with a group of  unimmunised children 
with no history of  clinical illness. A small group of  children with no history of 
immunisation or pertussis had antibody titres similar to those found  in the immunised 
group and presumably had suffered  unrecognised B. pertussis  infection. 

SERUM CLASS ANTIBODY RESPONSES 

At birth infants  have titres of  IgG to FHA (115-118), antibody to PT(118), antibody 
to agglutinins (118), and serum IgG anti-adherence activity (120), similar to those in 
maternal serum. These titres decline to undetectable levels at about four  to six months 
of  age, and rise again following  vaccination or infection  (115,116,118,119). IgG to 
whole B. pertussis  (90,120,121), IgG to FHA (112,115,116,120,122), IgG to PT 
(116,120,122), and serum IgG anti-adherence activity (119), all rise in titre following 
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infection.  IgG to PT (116,120,122), and IgG to FHA (116,122), and serum IgG 
anti-adherence activity (98) also rise in titre following  vaccination, but the increases in 
these titres have been found  to be of  lesser magnitude than those induced by infection 
(119,120,122). The IgG response to infection  is potentiated by prior vaccination 
(112,123). 

Serum IgA to whole B. pertussis  (90,120,121), IgA to B. pertussis  supernatant 
(124), IgA to FHA (112,116,120,122), IgA to PT (116,120), and serum IgA 
anti-adherence activity (119), all rise in titre following  disease but in several studies 
were not found  to rise following  vaccination (116,119,120,124). Titres of  IgA to B. 
pertussis  antigens declined within six months of  onset of  disease in some studies 
(90,112,1212,122) but remained elevated for  up to one year after  the onset of  disease 
in other studies (116,124). Serum IgA to whole B. pertussis  (99),  IgA to B. pertussis 

supernatant (103), and serum IgA anti-adherence activity (119, could be detected in a 
high proportion of  adults with no recognised recent episode of  pertussis. 

Titres of  serum IgM to whole B. pertussis  (90,120,121), IgM to FHA 
(112,116,120,122), and IgM to PT (116,120,122), rise following  disease and 
vaccination, but decline within six months (90,112,116,121,122). 

LOCAL SECRETORY IgA ANTIBODY RESPONSES 

The above results confirm  that raised titres of  serum antibodies are common 
following  either disease or vaccination. However it is possible that locally secreted IgA 
on the surface  of  the respiratory epithelium is at least as important as circulating 

serum antibodies in immunity to pertussis. Such local immunity has been much less 
fully  investigated. 

Intranasal immunisation of  mice with pertussis vaccine (compared with intraperitoneal 
administration of  the same vaccine) is associated with a similar level of  antibody in 
the serum but with a greater degree of  protection against subsequent B. pertussis 
infection  (125). This suggests that intranasal immunisation stimulates local immunity and 
significantly  supplements serum immunity. This hypothesis is supported by the finding 
that high titres of  IgG and IgA to B. pertussis  are present in tracheobronchial 
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washings from  mice following  experimental B. pertussis  infection.  The development of 
these surface  antibodies is coincident with the clearance of  B. pertussis  from  the lungs 
(126). In rabbits enhanced clearance of  experimental nasopharyngeal B. pertussis 
infection  is associated with the presence of  IgA to FHA in nasal secretions (82). 

Immunity to pertussis in humans following  disease may be due in part to antibodies 
inhibiting B. pertussis  adherence to the respiratory epithelium. Tuomanen et al 
demonstated that IgG and IgA in the serum of  patients convalescing after  culture 
positive whooping cough inhibited adherence of  B. pertussis  to ciliated human tracheal 
epithelial cells in vitro (119). 

In adult human volunteers following  intranasal vaccination, titres of  serum antibody 
to B. pertussis  did not change, but titres of  antibody in respiratory secretions were 
elevated (127). In contrast intramuscular vaccination resulted in elevated titres of  serum 
antibody, but no change in the titres of  antibody in respiratory secretions. IgA to B. 
pertussis  becomes detectable in nasal secretions from  children with pertussis 
approximately three weeks after  the onset of  symptoms, coincident with the clearance 
of  nasopharyngeal infection,  and is present for  at least 12 weeks after  the onset of 
symptoms (128). 

CELLULAR RESPONSES TO BORDETELLA PERTUSSIS 

A variety of  effects  on the cells of  the immune system may be detected in humans 
with disease, in animal models of  infection,  and following  treatment of  animals or cell 
suspensions with B. pertussis  toxins. A marked lymphocytosis is common in the first 
few  weeks of  pertussis in humans and in experimental animal infection  (5,13,38,39). 
This lymphocytosis is due to an expansion of  the circulating T and B cell populations 
(129,130). Conflicting  reports have suggested that the T cell lymphocytosis is due to 
either an increase in both the CD4 and the CD8 subsets (131), or an increase in the 
CD4 subset alone (132). The lymphocytosis appears to result from  a PT induced 
inhibition of  lymphocyte migration out of  the peripheral blood into lymphatic tissue 
(133), rather than from  increased lymphocyte proliferation.  The inhibition of  lymphocyte 
migration occurs despite unimpaired binding of  lymphocytes to the high endothelial 
venule within the lymph node, the usual site of  lymphocyte egress from  the peripheral 
blood (133), and is mirrored by a PT induced impairment of  lymphocyte migration 
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between reticulo - endothelial cells in tissue culture (134). PT also inhibits macrophage 
random migration and chemotaxis in vitro (135) and in mice induces an increase in the 
numbers of  circulating mononuclear cells together with a reduction in mononuclear cell 
migration to sites of  inflammation  (136). The PT induced inhibition of  lymphocyte, 
macrophage and mononuclear cell migration is not associated with any effect  on 
lymphocyte (133) or macrophage (135) viability. 

As well as its effects  on lymphocyte migration, PT has several effects  on cellular 
immunity. It is a potent mitogen for  murine lymphocytes in vitro (137), and in vivo 
acts as an adjuvant, enhancing and prolonging T lymphocyte dependent inflammatory 
reactions in a variety of  animal models (138,139). PT enhances antibody production 
following  administration with a variety of  non-related antigens (140) and in some strains 
of  mice PT enhances IgE mediated fatal  anaphylaxis following  exposure to protein 
antigens (1141). 

PT enhances Y interferon  release by lymphoid cells (142,143) and stimulates 
production and release of  interleukin - 1 by human monocytes and murine macrophages, 
interleukin - 2 by human lymphocytes and rodent splenocytes, and interleukin - 3 by 
murine splenocytes (1144). 

PT also affects  neutrophil and macrophage function.  In vitro, PT inhibits chemotaxis 
(145), Fc receptor mediated phagocytosis (146), lysosomal enzyme release (147), and 
generation of  superoxide anion (148). These effects  are mediated by the inhibitory action 
of  a regulatory protein, following  its ADP ribosylation by the active protomer of  PT, 
(Figure 2) and are independent of  the actions of  the regulatory protein on intracellular 
adenylate cyclase synthesis (146,148). Similar inhibition of  chemotaxis, generation of 
superoxide anion, and bactericidal activity, may be induced in human neutrophils and 
alveolar macrophages (149, and human peripheral blood monocytes (150), by treatment 
with adenylate cyclase, another toxin produced in large amounts by B. pertussis. 
Adenylate cyclase and PT alone or in combination inhibit human natural killer cell 
cytotoxicity, apparently by different  mechanisms (151). 

The importance of  the various effects,  induced by PT, adenylate cyclase or other B. 
pertussis  toxins, on the cellular responses to B. pertussis  infection  in humans is 
unknown. A number of  authors have suggested that phagocyte impotence induced by 
these toxins is responsible for  a significant  impairment of  host defences,  thus enhancing 
survival and replication of  B. pertussis,  and contributing to an increased susceptibility 
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to secondary infections  (49,149,150). There are however very few  studies of  cellular 
immunity in B. pertussis  infection  which might support this suggestion. Hoidal et al 
found  that alveolar macrophages from  rabbits with natural B. bronchiseptica  infection 
failed  to increase their rates of  oxygen consumption, chemiluminescence, or glucose 
oxidation when stimulated with heat killed bacteria or the chemical agent phorbol 
myristate acetate (152). B. bronchiseptica  produces adenylate cyclase (153) but little or 
no pertussis toxin (15) and thus the effects  of  infection  with this organism on alveolar 
macrophages presumably was due to adenylate cyclase acting alone or in concert with 
some toxin other than PT. 

Gray and Cheers studied the sequence of  immunologic events leading to clearance of 
experimental murine B. pertussis  lung infection  (154-156). Logarithmic multiplication of 
bacteria "lying free  in bronchiolar mucus" occurred for  2 1/2 weeks after  inoculation. 
This was followed  by infiltration  of  the lung with polymorphs and macrophages and 
rapid killing of  99% of  the infecting  organisms. A steady state of  "immunological 
complaisance" then ensued with no change in the number of  infecting  organisms, 
which apparently survived within macrophages. Development of  bactericidal antibody at 
approximately six to eight weeks after  inoculation allowed complete resolution of  the 
infection.  Gray and Cheers suggested that cell mediated immunity, in the absence of 
specific  antibody during the "complaisant phase" was bactericidal only when the density 
of  infection  exceeded a threshold level. When this threshold was exceeded by 
superinfecting  with additional B. pertussis,  effective  phagocytosis and intracellular killing 
restored the equilibrium. Similarly a reduction in bacterial density below the threshold 
(after  treatment with chloramphenicol) was followed  by a prompt return to the threshold 
level. In vitro assessments of  mononuclear cell activity did not reveal any impairment of 
phagocytosis or intracellular digestion. It therefore  appeared that while a small 
proportion of  the infecting  organisms evaded intracellular killing, there was no gross 
impairment of  cellular defences.  Subsequent work has confirmed  that B. pertussis  can 
invade and survive, but not usually multiply, within macrophages (157), and the 
detection by immunofluorescence  staining of  B. pertussis  within pulmonary alveolar 
macrophages from  patients with HIV infection  (158) suggests that the organism may 
proliferate  in this site in some patients. 

Redhead and colleagues have recently presented evidence which suggests that a CD4 
Thl lymphocyte response is necessary for  elimination of  B. pertussis  infection  in the 
experimental mouse model of  respiratory tract infection  (159). They found  that nude 
mice or sublethally irradiated mice, deficient  in T cells, either failed  to clear or had 
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delayed clearance of  B. pertussis  infection.  In contrast, adoptive transfer  of  CD4 
positive lymphocytes from  convalescent mice into these T cell deficient  mice could 
mediate rapid clearance of  B. pertussis  respiratory infection  in the absence of  a 
detectable serum antibody response. Subsequent experiments demonstrated that clearance 
of  an experimemtal respiratory infection  correlated well with the magnitude of  the cell 
mediated immune response and correlated poorly with the serum IgG or lung IgA 
responses following  either previous infection  or vaccination (160). These results are 
consistent with an earlier report which demonstrated that clearance of  infection  from  the 
lungs of  experimentally infected  mice occurred simultaneously with the development of 
a vigorous proliferative  response to whole killed B. pertussis  in lymphocytes extracted 
from  tracheobronchial lymph nodes or from  the spleen, and well before  the 
development of  a serum antibody response to B. pertussis  antigens (161). 

There is very little information  about the effects  of  pertussis on cellular immunity in 
humans. Tsukimoto and Lampkin found  that lymphocytes from  children with pertussis 
respond normally to a variety of  mitogens in vitro (129). In contrast Pieroni et al found 
that children with pertussis and a history of  BCG vaccination had a lower prevalence 

of  positive tuberculin skin test responses than would be expected in the Yugloslav 
population (162). This finding  was confirmed  and extended by Hewlett et al who found 
that Mexican children with pertussis had impaired delayed hypersensitvity responses to 
tuberculin and six other skin test antigens when compared either with control children 
or with their own responses one to three months later (163). In one small study of 
adults who had never been vaccinated against pertussis the in vitro  peripheral blood 
mononuclear cell proliferative  responses to killed B. pertussis  were significantly  greater 
in nine subjects who had a memory of  pertussis as a child than they were in five 
subjects with no memory of  childhood pertussis (164). 

CONCLUSIONS 

In 1985 the authors of  a WHO review of  developments in pertussis vaccines stated 
that "the host - pathogen relationships in pertussis are still poorly understood. In 
particular, relatively little is known about the bacterial structures and extracellular 
products that are important in pathogenesis and in the establishment of  immunity" (165). 
Despite considerable scientific  effort  in the last few  years this statement remains largely 
true today. The general direction of  most investigations of  immunity to pertussis has 
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been influenced  by prevailing concepts of  microbial pathogenicity. Thus improved 
knowledge, of  the nature and mode of  action of  the antigens responsible either for 
bacterial adherence to the host cell, or for  toxic effects  in host tissues; and a 
widespread expectation that immunity to these antigens would provide effective 
protection against infection  and the symptoms of  disease and be safer  than the presendy 
used whole cell vaccines, have led to the formulation  of  new acellular component 
vaccines containing large amounts of  a very few  antigens. 

The suggestion that PTis the primary toxin of  B. pertussis  and is responsible for  the 
symptoms of  disease (45,46), and that a vaccine composed purely of  pertussis toxoid 
would be highly protective has been followed  by the development and trial of 
acellular vaccines composed of  PT alone or combined with FHA (111) and/or other 
antigens (166). It has been suggested that immunity to PT alone might prevent the 
symptoms of  disease but not inhibit colonisation and thus not prevent transmission of 
infection,  and that antigens thought to be important in adherence, such as FHA and 
Agg 2/3, should be included in a purified  component acellular vaccine (167-169). Only 
careful  comparison of  the protective efficacy  of  vaccines composed of  differing 
combinations of  these antigens will determine their relative importance in human 
immunity to B. pertussis  infection  and disease. 

The relative importance of  circulating humoral antibody compared with local secretory 
antibody, and of  circulating cellular immunity compared with local respiratory mucosal 
cellular immunity (eg. alveolar macrophages) is uncertain. It has been suggested that 
immunity to a local noninvasive infection  such as that caused by B. pertussis  is likely 
to be influenced  by local cellular immunity and secretory antibody (167,169). Local 
immunity in human B. pertussis  infection  has not been widely investigated due to the 
difficulty  of  obtaining respiratory secretions from  the site of  infection.  Avaible evidence 
does suggest that eradication of  infection  is associated with the appearance of  secretory 
IgA to B. pertussis  in nasopharyngeal secretions. The relative importance of  these 
antibodies in eradication of  infection,  and in protection against the local and systemic 
effects  of  infection  is however uncertain. 
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The papers included in this thesis do not define  the determinants of  immunity and 
thus cannot indicate which antigens are necessary and sufficient  components of  an 
accellular pertussis vaccine. They do, however, provide useful  information  on the 
serum and nasal antibody and circulating cellular responses to B. pertussis  infection 
and pertussis vaccination. They also contribute to understanding the epidemiology and 
pathophysiology of  pertussis. I humbly hope they wil be interesting and useful  to the 
reader who wishes to learn about pertussis. 
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Tgxin 
(synonyms) 

Pertussis Toxin 
(pertussigen, lymphocytosis 
promoting factor,  islet 
activating protein, histamine 
sensitising factor) 

Tracheal Cytotoxin 

Heat Labile Toxin 
(dermonecrotic toxin) 

Adenylate Cyclase 

TABLE 1 

Toxins of  Bordetella pertussis 

Molecular Mass 
(kD) 

117 

< 1.8 

140 

43 

Biological Effects 

lymphocytosis, 
potentiation of 
insulin secretion, 

increased susceptibility 
to histamine, 
adjuvant. 

ciliostasis, 
extrusion of  ciliated cells. 

dermonecrosis 
splenic atrophy 

inhibition of  granulocyte 
function 

Lipopolysaccharide pyrogenesis, adjuvant 



TABLE 2 

Serum agglutinin and complement fixing  antibodies 
in patients with pertussis 
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Antibody Response 

Reference 

No. Subjects 

Culture Positive * 

week 

0 - 1 

1 - 2 

2 - 3 

3 - 4 

4 - 5 

5 - 6 

6 - 7 

7 - 8 

8 - 9 

9 - 10 

1 0 - 1 1 

11 - 1 2 

12- 13 

Agglutinin 

87 90 

21 22 

NS NS 

Complement Fixation 

86 87 88 89 

123 21 75 112 

132/136 NS NS NS 

Proportion of  patients with antibody responses 
at varying durations of  illness 

0/1 

0/3 

6/6 

6/7 

3/3 

1/1 

2/2 

0/4 

4/10 

5/10 

0/2 0/1 1/5 

1/22 3/3 9/14 

12/43 6/6 21/25 

35/54 7/7 11/16 

44/57 3/3 2/4 

27/35 1/1 

32/40 

35/41 

20/24 2/2 

16/20 

13/19 

8/10 

5/6 

4/4 

5/6 

0/3 

2/8 

9/16 

20/29 

14/14 

13/13 

7/7 

11/11 

6/7 

4/5 

* NS = not stated 
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3vgC 
Cytoplasmic membrane sensor proteins 

DNA binding activator protein 

BvgA regulated upstream promoter 

Act regulated upstream promotor 

fha 

ptx 

vir gene expresses BvgA, BvgB, BvgC 

fha  gene expresses FHA 

] act gene expresses Act 
a c { (activator protein) 

J ptx gene expresses PT 

] ac-h gene expresses AC 
ac-h 
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Figure 2 
Pertussis Toxin: 

Structure and Effects 
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Human Serum Antibody Responses to Bordetella  pertussis  Infection  and 
Pertussis Vaccination 

Mark G. Thomas, Keith Redhead, and From  the Department  of  Communicable  Diseases, St. 
Harold P. Lambert George's  Hospital  Medical  School,  London;  and  the Division 

of  Bacteriology,  National  Institute  for  Biological  Standards 
and  Control,  South  Mimms,  Hertfordshire,  England 

We used an immunoblotting technique to compare the serum antibody responses to per-
tussis toxin (PT), filamentous  hemagglutinin (FHA), a 69-kilodalton (kDa) adenylate cy-
clase-associated protein (69 KD protein), and Bordetella  pertussis outer membrane pro-
teins (OMPs) following  either B. pertussis infection  or immunization with whole-cell 
pertussis vaccine. Infection  and vaccination induced nearly equally intense antibody re-
sponses to PT and to FHA, but vaccination induced stronger antibody responses to the 
69 KD protein and to many OMPs. The importance of  serum antibody responses to the 
69 KD protein and to B. pertussis OMPs other than PT and FHA in conferring  immunity 
to pertussis after  vaccination is unknown. Serum antibody responses to PT following  ei-
ther infection  or vaccination were almost exclusively to the 28-kDa enzymatic subunit 
(Sl) and only rarely and weakly to the lesser molecular weight binding subunits (S2-S5). 

Recent efforts  to produce a safe  and effective  acel-
lular pertussis vaccine have stimulated interest in the 
pathogenesis of  pertussis and in the determinants 
of  immunity after  disease or vaccination. Much at-
tention has focused  on the Bordetella  pertussis com-
ponents filamentous  HA (FHA), pertussis toxin 
(PT), and adenylate cyclase (AC). FHA is a large-
molecular-weight protein originally thought to be 
fimbrial  in origin. Recent work, however, has shown 
that FHA is not a fimbrial  component [1]. PT is an 
A-B type protein toxin composed of  four  binding 
subunits (S2-S5) and of  adenosine diphosphate-
ribosylase enzymic subunit (Sl) [2, 3]. AC, a pro-
tein with a molecular mass of  ~44 kilodaltons (kDa) 
[4] that is secreted in high concentration into the ex-
tracytoplasmic space, appears to be functionally 
related to a 69-kDa AC-associated protein (69 KD 
protein) that may function  as a binding protein for 
the AC enzyme. 

Received for  publication 2 May 1988 and in revised form 
22 August 1988. 

Informed  consent was obtained from  all subjects or their par-
ents, and the study was approved by the St. George's Hospital 
Medical Research Committee's Ethical Committee. 

This work was supported by grant SG 75/85 from  the British 
Department of  Health and Social Security (to M. G. T.). 

We thank Kerry Morgan for  donating sera collected from  chil-
dren after  pertussis vaccination, Pavel Novotny for  69-kDa ade-
nylate cyclase-associated protein, and Teresa Hill for  technical 
assistance. 

Please address requests for  reprints to Dr. Mark G. Thomas 
at his present address: Department of  Immunobiology, School 
of  Medicine, Auckland University, Auckland, New Zealand. 

There is good experimental evidence to suggest 
that FHA and, possibly, PT enhance the adherence 
of  B. pertussis to the ciliated epithelium at the site 
of  infection  [5, 6], PT and AC may inhibit host 
defenses  by impairing lymphocyte and/or phagocyte 
functions  [7-10]. PT causes a variety of  effects  in 
vitro and in vivo and has been postulated to be the 
toxin responsible for  most of  the systemic symptoms 
of  disease in patients with pertussis [11]. 

Serum antibodies to PT and FHA protect mice 
against intracerebral and aerosal infection  with 
B. pertussis [12, 13], and antibodies to PT and AC 
ameliorate the effects  of  B. pertussis respiratory in-
fections  in mice [14, 15]. There is little information, 
however, on the presence of  serum antibodies to these 
components in humans with B. pertussis infection. 
We used an immunoblotting system to study the an-
tibody responses to FHA, PT, outer membrane pro-
teins (OMPs), and the 69 KD protein in patients with 
pertussis, family  contacts of  patients with pertussis, 
and recipients of  whole-cell pertussis vaccine. 

Subjects and Methods 

Sera.  Serum samples were collected from  eight 
patients with pertussis and from  four  family  con-
tacts of  patients with pertussis during a pertussis epi-
demic between July 1985 and February 1987. All pa-
tients with pertussis had a prolonged paroxysmal 
cough associated with whoop and/or vomiting 
and/or apnea. Two family  contacts had a brief  non-
paroxysmal cough without whoop, vomiting, or ap-
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nea (atypical pertussis), and two family  contacts re-
mained asymptomatic. Sera were obtained at initial 
presentation and at follow-up  assessments and were 
stored at - 2 0 C until used. Consecutive sera from 
each patient were tested simultaneously. A postnasal 
swab cultured on charcoal agar supplemented with 
10% sheep blood and 40 ng of  cephalexin/mL was 
used to detect B. pertussis infection  at presentation 

[16]. Infants  and children with severe symptoms were 
treated with oral erythromycin for  10 d. 

Table 1 shows the clinical details of  the subjects 
and the duration of  symptoms (or duration of  ex-
posure to pertussis in family  contacts who remained 
asymptomatic) at serum collection. Six unvaccinated 
children (A-F; two months to seven years of  age) with 
culture-positive pertussis had a total of  17 serum 

Table 1. Clinical details of  subjects from  whom serum specimens were collected. 

Subject, age (y), B. pertussis Duration of 
vaccination history* Symptoms isolated Serum no. symptoms (d)t 

A, 0.97, 0 Pertussis Yes 1 - 1 0 4 
2 23 
3 67 
4 127 

B, 1.72, 0 Pertussis Yes 1 15 
2 26 
3 168 

C, 0.22, 0 Pertussis Yes 1 15 
2 23 
3 205 

D, 0.16, 0 Pertussis Yes 1 8 
2 21 
3 60 

E, 5.79, 0 Pertussis Yes 1 2 
2 87 

F, 7.41, 0 Pertussis Yes 1 9 
2 31 

G, 3.6, 3 Atypical pertussis ND 1 - 3 9 
2 33 
3 137 

H, 6.17, 3 Atypical pertussis Not 1 4 
2 17 
3 158 

I, 21.21, 3 Pertussis Yes 1 6 
2 13 
3 161 

J, 26.2, 3 Pertussis Not 1 14 
2 32 
3 61 
4 82 

K, 21.0, 3 Asymptomatic Not 1 5 
2 33 

L, 27.06, NK Asymptomatic Yes 1 17 
2 112 

M 3 Asymptomatic ND 
N, . . ., 3 Asymptomatic ND 
0 3 Asymptomatic ND 
P 3 Asymptomatic ND 

NOTE. ND = not done; NK = not known. 
* Number of  immunizations with whole-cell pertussis vaccine given in the first  year of  life. 
t Duration of  cough for  patients with pertussis or atypical pertussis, and duration of  exposure to pertussis for  asymptomatic 

family  contacts, 
t B. pertussis was isolated from  another family  member. 
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samples collected from  104 d before  the onset of 
cough to 205 d after  the onset of  cough. Two family 
contacts (G, H; three and six years of  age), who had 
received three pertussis vaccinations, with culture-
negative, atypical pertussis had a total of  six serum 
samples collected from  39 d before  the onset of 
cough to 158 d after  the onset of  cough. Eleven se-
rum samples were collected from  two adults with per-
tussis (I, J) and two asymptomatic adult family  con-
tacts (K, L). 

Sera were also collected from  four  children (M-P) 
three to nine months after  completing a course of 
vaccination with absorbed diphtheria, tetanus, per-
tussis vaccine that was given at three, five,  and nine 
months of  age. None of  these children had a history 
of  exposure to pertussis or had symptoms sugges-
tive of  pertussis. 

Preparation  of  antigens. B. pertussis strain W28 
was maintained in 5°7o glycerol and 1 % casamino 
acids in ampoules under liquid nitrogen. Cells from 
the ampoules were grown in 100 mL of  Stainer and 
Scholte medium [17] in 250-mL Erlenmeyer flasks 
at 36 C, either static for  five  days or agitated for  three 
days. Crude OMPs were prepared by sonic disrup-
tion of  B. pertussis cells, followed  by Triton X-100® 
(Sigma, St. Louis) extraction of  soluble cytoplasmic 
membrane proteins as described previously [18]. 

PT was purified  by affinity  chromatography from 
supernatants of  three-day agitated cultures of  B. per-
tussis [19], and FHA was obtained from  superna-
tants of  five-day  static cultures [20]. The 69 KD 
protein was isolated by monoclonal affinity  chro-
matography [21]. 

The protein concentrations of  all antigens were de-
termined by the method of  Schacterle and Pollack 
[22], 

Electrophoresis  of  antigens.  FHA, OMPs, the 
69 KD protein, and molecular weight standards 
(BDH Chemicals, Poole, England) were dissolved by 
heating to 60 C for  15 min in 0.0625 MTris-HCl (pH 
6.8) containing SDS (3%), glycerol (10%), bromo-
phenol blue (0.01%), and 2-mercaptoethanol (5%). 
PT was solubilized in a similar buffer,  without 2-mer-
captoethanol, that was heated to 37 C for  60 min. 
The solubilized antigens were subjected to SDS-
PAGE at a constant current of  50 mA, in slab gels 
(1.5 mm thick) containing 12.5% acrylamide and 
0.1% SDS, prepared as described by Laemmli [23]. 
Five micrograms of  FHA, PT, or OMP or 10 ug of 
69 KD protein was applied per lane of  gel. After  elec-
trophoresis, gels were either fixed  and subjected to 

silver staining of  proteins [24] or were used for  im-
munoblotting. 

Electrophoretic  immunoblotting.  Proteins were 
transferred  from  SDS-polyacrylamide gels to 
nitrocellulose sheets (0.45-um pore size; Schleider 
and Schueli, Dassel, West Germany) by using an elec-
troblot system (Bio-Rad Laboratories, Richmond, 
Calif)  at a constant current of  45 mA for  2 h in a 
cooled Tris-glycine-methanol buffer  [25]. The 
nitrocellulose sheets were agitated for  2 h at room 
temperature in PBS containing 3% bovine hemoglo-
bin and 0.02% azide and then incubated overnight 
at room temperature with 50 uL of  serum per anti-
gen lane diluted in 25 mL of  fresh  PBS hemoglobin 
solution. After  five  washes with PBS hemoglobin 
solution the nitrocellulose sheets were incubated 
overnight at room temperature with 125I-labeIed an-
tibody to human immunoglobulin (M06 cpm per an-

Figure 1. Protein profiles  of  the 69 KD protein, FHA, 
PT, and OMPs demonstrated by silver staining (lanes  a-d, 
respectively) and by immunoblotting (lanes  e-h, respec-
tively) with the second serum specimen from  subject B. 
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Figure 2. Antibody responses to FHA in serum specimens collected from  subjects A-P. Clinical details of  subjects 
are in table I. 

tigen lane) diluted in 25 mL of  PBS hemoglobin so-
lution. The blots were washed in PBS, air dried, and 
autoradiographed for  10 d at - 7 0 C with Hyperfilm-
MP® (Amersham, England) in Protex x-ray cassettes. 

Results 

Silver-stained SDS-poIyacrylamide gels of  B. per-
tussis antigens (figure  1) showed the gels were rela-
tively pure and that the protein profiles  of  the 69 KD 
protein, FHA, PT, and the OMP preparation were 
similar to those we and others have obtained previ-

ously [19, 20, 26, 27], The FHA preparation was 
resolved into four  components with molecular 
masses of  136 kDa, 114 kDa, 108 kDa, and 92 kDa. 
The PT preparation contained four  subunits with 
molecular masses of  28 kDa (Sl), 23 kDa (S2), 22 
kDa (S3), and <13 kDa (S4 and S5). 

Immunoblotting of  sera collected from  subjects 
after  pertussis infection  or vaccination clearly dem-
onstrated the presence of  antibodies to the 69 KD 
protein; to the 136-kDa, 114-kDa, and 108-kDa pro-
teins of  FHA; to the Sl subunit of  PT; and to sev-
eral proteins in the OMP preparation. Figure 1 shows 
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Figure 3. Antibody responses to PT in serum specimens collected from  subjects A-P. Clinical details of  subjects are 
in table 1. 
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Figure 4. Antibody responses to the 69 KD protein in serum specimens collected from  subjects A-P. Clinical details 
of  subjects are in table 1. 

typical immunoblot patterns produced using serum 
collected from  a vaccinated child with atypical per-
tussis 33 d after  onset of  the disease. 

Figures 2-5 show immunoblots of  sera obtained 
from  subjects A-P with FHA, PT, the 69 KD pro-
tein, and OMP antigen preparations, respectively. 
Antibodies to FHA and PT could not be detected 
in initial sera from  unvaccinated children with per-
tussis (A-F) but were present in initial sera from  vac-
cinated children with atypical pertussis (G, H) and 
in initial sera from  adults with typical pertussis (I, 
J) or asymptomatic infection  (K, L). Antibodies to 
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J 

14 
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PT were detected in sera collected more than four 
weeks after  the onset of  cough from  all unvaccinated 
children with pertussis. Also, antibodies to FHA were 
found  in sera collected more than four  weeks after 
the onset of  cough from  five  of  six unvaccinated pa-
tients with pertussis. Antibodies to FHA and PT 
were also detected in sera obtained from  three of  four 
children who received three pertussis vaccinations 
but were not exposed to B. pertussis infection  (M-P). 
When present, antibodies to FHA bind to the 136-, 
114-, and 108-kDa proteins but never to the 92-kDa 
protein. Antibodies to PT bind almost exclusively 
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Figure 5. Antibody responses to OMPs in serum specimens collected from  subjects A-P. Clinical details of  subjects 
are in table 1. 
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to the Sl subunit and only rarely to the S2 and S3 
subunits. None of  the sera contained detectable an-
tibodies to the S4 or S5 subunits of  PT. 

Antibodies reacting with the 69 KD antigen were 
detected in almost all sera tested. In sera from  un-
vaccinated subjects (A-F), including a serum speci-
men obtained from  subject A 104 d before  the onset 
of  pertussis symptoms, a very low level of  antibody 
specific  for  the 69 KD protein was found.  In con-
trast, sera from  vaccinated subjects (G-P) frequently 
had strong antibody responses to the major 69 KD 
protein as well as weaker responses to some of  the 
lower-molecular-weight proteins in the preparation. 

Antibodies to OMPs usually could not be detected 
in the initial sera collected from  unvaccinated chil-
dren with pertussis (A-F). Even in sera collected from 
these children more than four  weeks after  the onset 
of  cough, antibodies tended to react with few  of  the 
proteins in the OMPs, and then only weakly. In con-
trast both initial and late sera from  vaccinated indi-
viduals (G-P) frequently  reacted strongly with many 
proteins in the OMPs. 

Discussion 

Pertussis infection  is thought to produce a more com-
plete and longer lasting immunity than vaccination 
with whole-cell vaccine [28], Thus, it is important 
to establish the differences  between human immune 
response to disease and to vaccination, particularly 
with respect to the putative protective antigens of 
B. pertussis. 

Most previous studies of  human serum antibody 
responses to B. pertussis components after  disease 
or vaccination have used ELISAs. Such systems en-
able antibody responses to be quantified,  but their 
accuracy is dependent on the purity of  the antigens 
involved; when mixed preparations are used it is not 
possible to identify  the particular antigens to which 
the antibody response is directed. Similarly, if  a pu-
rified  material is composed of  subunits or aggregates, 
the response to all or to only some component parts 
cannot be distinguished. We used the more qualita-
tive method of  immunoblotting to examine human 
serum antibody responses to B. pertussis antigens. 
The antigens were chosen from  among those in-
cluded in acellular pertussis vaccines now under in-
vestigation. 

We found  that the immunoblotting technique 
readily demonstrated serum antibodies to FHA, PT, 
and OMPs after  pertussis infection  or vaccination. 

Thomas  et al. 

These results agree with those from  other studies, 
which used ELISAs to detect antibodies to FHA, 
PT, and OMPs in recipients of  whole-cell pertussis 
vaccine [29] and to detect antibodies to sonicated 
B. pertussis cells [30], FHA [31], PT [32], and the 
69 KD protein [33] in patients with pertussis. 

Recognition of  the roles of  FHA and PT in the 
pathogenesis of  pertussis and of  the protection 
against pertussis provided by antibodies to these 
components has led to interest in the use of  these 
proteins as the basis of  new acellular pertussis vac-
cines. The ability to isolate the gene sequences cod-
ing for  FHA [34] and PT [35] and to insert them 
in other bacteria [34, 36, 37] has given rise to sug-
gestions that pertussis vaccines might be manufac-
tured using recombinant DNA technology [38]. Such 
vaccines would be purer than those derived from 
B. pertussis cultures and could be designed to con-
tain parts of  the FHA and PT molecules thought 
most likely to be protective. 

The PT subunits responsible for  binding to cell 
surfaces,  the S2 to S5 polypeptides, have been pro-
posed as suitable candidates for  such a vaccine [39]. 
The absence of  the active Sl enzyme subunit would 
ensure that the vaccine was free  from  PT-induced 
toxicity. There is some evidence for  the feasibility 
of  a PT subunit vaccine. It has been found  that both 
active immunization with the binding subunits of 
PT [39] or the use of  a monoclonal antibody that 
reacts with the S2 and S3 subunits [40] will protect 
mice against the leukocytosis-promoting effects  of 
injected PT. Caution must, however, be used when 
extrapolating from  these results to protection against 
disease in humans. The present study and an earlier 
one [26] have shown that after  whole-cell vaccina-
tion or pertussis infection,  the human humoral re-
sponse to PT is directed almost exclusively to the Sl 
subunit. If  serum antibody responses to B. pertussis 
antigens accurately reflect  immunity to pertussis af-
ter infection  or vaccination, these results suggest that 
unless the binding subunits of  PT can be modified 
to increase their immunogenicity in humans they are 
unlikely to fulfill  their theoretical promise as com-
ponents of  a safe  acellular vaccine. 

We have also shown that following  B. pertussis in-
fection  or pertussis vaccination, serum antibodies 
only react with three of  the four  polypeptides that 
make up FHA [41]. This result suggests that the 
form  of  FHA used in an acellular vaccine may sig-
nificantly  affect  its efficacy.  As both of  the above 
findings  are only readily detectable using immuno-
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blotting, care must also be exercised in the choice 
of  methods used to assess the serum immune re-
sponses to acellular pertussis vaccines. 

Although acellular vaccines composed of  FHA 
and PT have been shown to protect against pertus-
sis respiratory infection  in mice [42], their efficacy 
in children [43] may not be as great as that of  cur-
rently used whole-cell pertussis vaccines. This sug-
gests that responses to antigens other than FHA and 
PT also contribute to immunity after  infection  or 
vaccination. Our study has shown that immuniza-
tion with whole-cell vaccine and, to a lesser extent, 
B. pertussis infection  induces antibody responses to 
B. pertussis components other than FHA and PT, 
notably the 69 KD protein and several OMPs. These 
antibody responses may contribute significantly  to 
immunity after  vaccination or infection  [21]. Al-
though vaccination induced stronger serum antibody 
responses to a wider range of  components than did 
infection,  other constituents of  the immune response 
may be stimulated more strongly by infection  than 
by vaccination. 
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Serum IgG, IgA, and IgM Responses to Pertussis Toxin, Filamentous 
Hemagglutinin, and Agglutinogens 2 and 3 after  Infection  with Bordetella 
pertussis  and Immunization with Whole-Cell Pertussis Vaccine 
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Class antibody responses to pertussis toxin (PT), filamentous  hemagglutinin (FHA), and 
agglutinogens 2 and 3 (Agg 2/3) were studied in 114 patients with pertussis, 49 family 
contacts of  patients with pertussis, and 139 infants  attending vaccination clinics. IgG re-
sponses to FHA and PT were similar in patients with pertussis and in infants  immunized 
three times with whole-cell pertussis vaccine. IgA responses to FHA and PT were greater 
in patients with pertussis than in vaccinees, and a serum Iog10 titer of  IgA to PT >1.9 
was a useful  discriminant of  Bordetella  pertussis infection.  When compared with patients 
with pertussis, vaccinees had a greater IgG response to Agg 2/3 and an equivalent IgA 
response to Agg 2/3. Serologic responses to FHA, PT, and Agg 2/3 were common in 
family  contacts but were smaller than the responses in patients with pertussis. Initial titers 
of  IgG to FHA and IgA to FHA were significantly  higher (P < .005 and P < .05, respec-
tively) in family  contacts aged 3-10 y than in patients with pertussis in an identical age group. 

In experimental models of  pertussis, antibody re-
sponses to pertussis toxin (PT) and filamentous 
hemagglutinin (FHA) are strongly correlated with 
protection against Bordetella  pertussis infection  and 
its effects  [1-3]. These findings  have led to the de-
velopment of  highly purified  and relatively simple 
acellular pertussis vaccines composed of  PT, FHA, 
and fimbrial  agglutinogens [4-7], Recent trials in Ja-
pan [8] and Sweden [9] showed that acellular per-
tussis vaccines confer  some protection against per-
tussis; however, they failed  to demonstrate that high 
titers of  serum antibodies to PT and FHA are suffi-
cient to confer  a high level of  immunity to pertussis 
[9]. 

Both R pertussis infection  and immunization with 
whole-cell pertussis vaccine confer  some degree of 
immunity to pertussis, but protection after  infection 
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appears to be more complete and of  longer dura-
tion [10], Enzyme-linked immunosorbent assay 
(ELISA) techniques have been used to measure an-
tibody responses to PT and FHA following  infec-
tion [11-19] and after  immunization with either 
whole-cell [14, 18-20] or acellular [4-7, 21] pertus-
sis vaccines. However, none of  these studies com-
pared class antibody responses to purified  B. per-
tussis antigens in large numbers of  patients with 
pertussis with those in vaccinees. Further, while 
raised titers of  serum agglutinins in infants  im-
munized with whole-cell pertussis vaccine have been 
correlated with protection against pertussis [22-24], 
there have been few  studies [7, 20] of  immune re-
sponses to the fimbrial  B. pertussis antigens respon-
sible for  inducing serum agglutinins. 

We used purified  PT, FHA, and the fimbrial  an-
tigens, agglutinogens 2 and 3 (Agg 2/3), to measure 
class-specific  antibody responses to these antigens 
in patients with pertussis and their close contacts 
during a pertussis epidemic and compared the results 
with those obtained from  healthy infants  after  im-
munization with whole-cell pertussis vaccine. 

Subjects and Methods 

Patients with pertussis were prospectively recruited 
between July 1985 and July 1987 from  patients ad-
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mitted to the pediatric wards of  two southwest Lon-
don hospitals and from  patients referred  by local 
general practitioners. All patients for  whom consent 
was available were included in the study. Where pos-
sible we also studied the family  contacts of  patients 
with pertussis (persons living in the same home as 
a patient with pertussis). Pertussis was diagnosed in 
patients with a paroxysmal cough lasting >2 w and 
associated with a typical whoop, vomiting, or ap-
neic episodes [25], Patients and/or their parents were 
interviewed by one investigator (M. G. T.) using a 
standard questionnaire. Vaccination history was con-
Firmed, if  possible, by reference  to the child's health 
record book or the general practitioner's records. 

A postnasal swab (Transwab; Medical Wire & 
Equipment, Corsham, UK) was collected at presen-
tation by a single investigator (M. G. T.) and was im-
mediately transported in charcoal transport medium 
at room temperature to the microbiology laboratory 
where it was subcultured onto charcoal agar sup-
plemented with 10% sheep blood and cephalexin, 
40 ng/ml. Plates were examined on alternate days 
for  10 d and were considered positive if  isolates with 
typical colonial and Gram's stain morphology, which 
agglutinated B. pertussis-specific  antisera (Central 
Public Health Laboratory), were identified.  Isolates 
were serotyped by N. W. Preston, WHO Pertussis 
Reference  Laboratory, Manchester University, UK. 

Blood samples were obtained by venipuncture, al-
lowed to clot at room temperature for  1 h and cen-
trifuged  at 2,000 g for  10 min, and the serum was 
collected and stored at -20°C. Serial serum sam-
ples from  patients and family  contacts were collected 
at intervals during the year after  initial assessment 
and were then assayed in parallel. Another venous 
blood sample was used to measure absolute lympho-
cyte count at presentation. 

Serum samples were also collected from  healthy 
infants  without history of  paroxysmal cough or ex-
posure to pertussis, who were seen at vaccination 
clinics in Hertfordshire,  England. Samples were col-
lected from  3-mo-old infants  before  their first  im-
munization with diphtheria, tetanus, whole-cell per-
tussis (DTP) vaccine (Wellcome Trivax, Beckenham, 
UK) and from  11-mo-old infants  6 w after  their third 
immunization. Serum samples were also collected 
from  the mothers of  these vaccinees. 

Serum antibodies to PT, FHA, and Agg 2/3 were 
assayed by an ELISA similar to that previously 
reported [20]. Antigens used in ELISA were puri-
fied  by techniques identical to those used to produce 

antigens for  an acellular pertussis vaccine [26]. Al-
though they were of  comparable purity to those in 
the acellular vaccine, they were not toxoided. 
Microplates (96-well Nunc Immunoplate 1; Gibco 
Bio-cult, Paisley, Scotland) were coated with the 
appropriate antigen at 2 |ig/ml. Horseradish per-
oxidase conjugates of  affinity-purified  goat IgG 
antibodies to human IgG, IgA, and IgM (North-
east Biomedical Laboratories, Uxbridge, UK) were 
used at concentrations determined by preliminary 
titration. 

Starting with a 36-fold  dilution, threefold  dilution 
series of  serum samples were tested. Titers were ex-
pressed as the reciprocal of  the dilution giving 50% 
maximum color development with tetramethylben-
zidine as substrate [27], Titers were standardized 
against a working standard assayed in duplicate on 
each plate. Differences  between population means 
were tested by Student's t test. 

Results 

During the study, 125 patients with pertussis and 67 
family  contacts were seen; however, 11 patients and 
18 family  contacts did not give consent to be inves-
tigated. Thus, 114 patients with pertussis were stud-
ied, ages 1 mo-49 y, as were 49 family  contacts, ages 
3-44 y. Of  114 patients with pertussis, 72 (63%) were 
hospitalized because of  the illness. 

Seventy-two (63%) of  the patients with pertussis 
had episodes of  whooping, 94 (82%) had vomiting, 
75 (66%) had apnea, and 33 (29%) had cyanosis in 
association with a prolonged paroxysmal cough. Of 
those with pertussis, 60 (52%) were female.  Twenty-
three family  contacts had a nonparoxysmal cough 
that started within 3 w of  the onset of  pertussis in 
another family  member, lasted <1 w, and was not 
associated with whoop, vomiting, or apnea. The 
other 26 family  contacts remained asymptomatic. In 
26 families  clinical information  was available for  all 
family  members [28]. In 25 of  26 families  the onset 
of  cough in the patient(s) with pertussis preceded 
the onset of  cough in the family  contacts. Figure 1 
shows the relationship between the age of  subjects 
and the pertussis vaccination status of  patients with 
pertussis and family  contacts. 

B. pertussis was isolated from  30 (33%) of  91 pa-
tients with pertussis who had a postnasal swab col-
lected <42 d after  the onset of  cough. B. pertussis 
was isolated from  26 (40%) of  65 patients with per-
tussis who were <4 y; 4 (15%) of  26 patients >4 y; 
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Figure 1. Number of  patients with pertussis (P) and fam-
ily contacts (C) who received 0, 1, 2, 3, or an unknown 
number of  pertussis vaccinations. 

and 2 (6%) of  31 family  contacts of  patients with 
pertussis. Twenty-two B. pertussis isolates from  pa-
tients with pertussis were serotyped: 15 were sero-
type 1-2, 4 were serotype 1-3, and 3 were serotype 
1-2-3. 

An absolute lymphocyte count of  >10 x lO'/l was 
found  in 26 (31%) of  84 patients with pertussis who 
had a count performed  <42 d after  the onset of 
cough. No family  contacts had an absolute lympho-
cyte count >5 x 109/1. 

Figure 2 shows mean log10 titers of  IgG, IgA, and 
IgM to FHA, PT, and Agg 2/3 in serum samples 
from  30 patients with culture-positive pertussis, 139 
healthy infants  before  their first  DTP vaccination, 
and 74 healthy infants  after  their third DTP vacci-
nation. Antibody responses in serum samples from 
the 84 patients who did not have B. pertussis iso-
lated (16 of  whom did not have a postnasal swab col-
lected) were nearly identical to those in serum from 

the 30 patients with culture-positive pertussis (data 
not shown). IgG to FHA, PT, and Agg 2/3 was de-
tected in serum from  all healthy infants  before  their 
first  DTP vaccination and was thought to represent 
transplacental^ acquired maternal IgG. In contrast, 
IgA to FHA, PT, and Agg 2/3 was detected in only 
5% of  healthy infants  before  their first  DTP vacci-
nation. IgA to FHA and Agg 2/3 was detected in 
~80% of  serum samples from  healthy infants  after 
their third vaccination, but IgA to PT was found  in 
only 20% of  the samples. 

Figure 3 shows mean log,0 titers of  IgG, IgA, and 
IgM to FHA, PT, and Agg 2/3 from  onset of  cough 
or exposure to pertussis for  family  contacts of  pa-
tients with pertussis and for  mothers of  vaccinees. 
While patients with pertussis had large rises in mean 
Iogio titers of  antibody, family  contacts had much 
smaller increases. Mean log I0 titers of  IgG and IgA 
to FHA, PT, and Agg 2/3 in serum from  family  con-
tacts were similar to those in serum from  mothers 
of  vaccinees. (Titers of  IgM were not measured in 
serum of  mothers of  vaccinees.) 

Twenty-two patients with pertussis (11 of  whom 
had B. pertussis isolated from  postnasal swabs) and 
14 family  contacts had one serum sample collected 
<15 d after  the onset of  cough or exposure to per-
tussis and another serum sample collected between 
28 and 84 d after  the onset of  cough or exposure to 
pertussis. The median fold  rise in antibody titer was 
greater in patients with pertussis than in family  con-
tacts for  each antibody tested except IgG to Agg 2/3 
(table 1). Nineteen of  22 patients with pertussis and 
11 of  14 family  contacts had a threefold  or greater 
rise in the titer of  antibody to at least one antigen, 
and 16 of  22 patients with pertussis and 5 of  14 fam-
ily contacts had a threefold  or greater rise in the titer 
of  antibody to at least two antigens. 

Titers of  antibodies in serum samples collected 
<15 d after  the onset of  cough or exposure to per-
tussis were lower in patients with pertussis than in 
family  contacts. This difference  was greatest for  titers 
of  IgG and IgA to FHA (figure  4). Fourteen patients 
with pertussis (ages 3-10 y) had significantly  lower 
titers of  IgG to FHA (P < .005) and IgA to FHA 
(P  < .05) than five  family  contacts 3-10 y old. 

A titer of  IgA to PT >log10 1.9 was found  in se-
rum samples collected 28-84 d after  the onset of 
cough from  17 (89%) of  19 patients with culture-
positive pertussis and 34 (69%) of  49 patients with 
culture-negative pertussis but in only 1 (1%) of  72 
vaccinees and 14 (17%) of  82 mothers of  vaccinees. 
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Figure 2. Mean log,,, titers (±1 SD) of  antibodies in serum collected from  30 patients with culture-positive pertussis, 
139 healthy infants  before  their first  diphtheria-tetanus-pertussis (DTP) vaccination, and 74 healthy infants  after  their 
third DTP vaccination. Solid lines show mean log,0 titers (±1 SD) in serum from  patients with pertussis collected at 
<8, 8-14, 15-21, 22-28, 29-42, 43-84, and >84 d after  the onset of  cough. Broken lines show mean log10 titers (±1 
SD) of  IgG to filamentous  hemagglutinin (FHA), pertussis toxin (PT), and agglutinogens 2 and 3 (Agg 2/3) in serum 
from  vaccinees before  their first  and after  their third DTP vaccination and mean log,0 titers (±1 SD) of  IgA to FHA, 
PT, and Agg 2/3 in serum from  vaccinees who had detectable specific  IgA after  their third DTP vaccination. 



Thomas  et a 

5 IgG to FH* 

I i 

number 22 11 5 13 15 
of specimens 

IgA to FHA 

II I I 

weeks from * o a c 
onset of 1 2 3 4 5 
exposure 
number 22 11 5 13 15 
of specimens 

5 IgM to FHA 

i I 

weeks from i 2 3 4 6 
onset of 1 2 3 4 b 
exposure 
number 22 11 5 13 15 
of specimens 

- I l l I weeks from 1 9 -> a  c .t „« 1
 *•  ** 0 

number 22 TI 5 13 15 17 
of specimens 

i h i 
I 1 i 

weeks from 1 3 1 4 r 
onset of 1 i J * 0 
exposure 

number 22 11 5 13 15 17 
of specimens 

! I ! 

weeks from 1 2 3 4 6 
onset of 
exposure 
number 22 11 5 13 15 
of specimens 

12 >12 

32 

5 IgG to Agg 2/3 

I! 

™--oV— W J , t 
exposure 
number 22 H 5 13 15 
of specimens 

12 »12 

32 139 

5 IgA to Agg 2/3 

2 3 4 6 
exposure 

number 22 H 5 13 15 
of specimens 

5 IgM to Agg 2/3 

i l i l 

onset of • * - -
exposure 
number 22 11 5 13 15 
of specimens 

i i 

Figure 3. Mean log10 titers (±1 SD) of  antibodies in serum of  family  contacts at <8, 8-14, 15-21, 22-28, 29-42, 
43-84, and >84 d after  exposure to pertussis (or after  onset of  cough for  family  contacts who developed a brief  non-
paroxysmal cough). Broken lines represent mean log,„ titers (±1 SD) of  IgG to filamentous  hemagglutinin (FHA), 
pertussis toxin (PT), and agglutinogens 2 and 3 (Agg 2/3) and mean log10 titers (±1 SD) of  IgA to FHA, PT, and 
Agg 2/3 in serum from  mothers of  vaccinees. 
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Table 1. Median fold  rises in antibody titers between serum 
collected <14 "d after  onset of  cough or exposure to pertus-
sis and 28-84 d after  onset of  cough or exposure to per-
tussis in patients with pertussis and family  contacts. 

Antigen, antibody 
Pertussis patients 

(« = 22) 
Family contacts 

{n = 14) 

Filamentous hemagglutinin 
IgG 9.1 3.0 
IgA 7.5 2.9 
IgM 3.4 1.1 

Pertussis toxin 
IgG 75.8 1.7 
IgA 29.1 1.4 
IgM 2.9 1.2 

Agglutinogens 2 and 3 
IgG 2.0 2.2 
IgA 5.6 1.7 
IgM 2.6 1.2 

NOTE. The median interval between samples was 37 d for 
patients with pertussis and 41 d for  family  contacts. 

Peak titers of  IgA to FHA and to Agg 2/3 in serum 
from  patients with pertussis were similar to titers of 
the antibodies in serum from  vaccinees or from 
mothers of  vaccinees. 

Discussion 

Previous studies of  the serum antibody responses to 
B. pertussis antigens documented significant  rises in 
serum antibodies to FHA or PT in patients with per-
tussis [11-19] or showed that titers of  antibodies to 
these antigens are greater than those present in se-
rum from  healthy control subjects [11, 13, 15,29, 30], 
Our results confirm  that, in patients with pertussis, 
mean titers of  serum IgG to FHA, PT, and Agg 2/3 
rise from  initially low levels during the first  week of 
cough to peak ~6 w later. 

It has been postulated that immune responses to 
asymptomatic infection  or atypical, and conse-
quently unrecognized, pertussis are responsible for 
maintaining immunity to the disease in older chil-
dren and adults [31]. Others studied contacts of  pa-
tients with pertussis and documented elevated titers 
or significant  rises in titer of  serum antibodies to 
B. pertussis [32-34], to PT [16], and to an antigen 
described as fimbrial  [16]. We found  that rises in an-
tibody titers were common in family  contacts of  pa-
tients with pertussis but such rises were much smaller 
than those found  in patients with pertussis. As ex-
pected the antibody rise in family  contacts was al-
most solely in the IgG and IgA classes (table 1). Peak 
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Figure 4. Log10 titers of  IgG to filamentous  hemagglu-
tinin (FHA) (A)  and IgA to FHA (B) in serum from  pa-
tients with pertussis (circles) and from  family  contacts of 
patients with pertussis (squares) <15 d after  onset of  cough 
or exposure to pertussis. 

titers of  IgG and IgA to FHA, PT, and Agg 2/3 in 
patients with pertussis were similar to those in 
mothers of  vaccinees (who had no history of  recent 
respiratory illness). A possible explanation of  this 
finding  is that asymptomatic infection  or atypical 
disease occurs frequently  in adults in England at 
present. 

Antibody titers were higher in serum collected 
from  family  contacts during the First 2 w of  exposure 
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to pertussis than in serum collected from  patients 
with pertussis during the first  2 w of  cough. Al-
though antibody titers in contacts generally showed 
modest increases, it is likely that the titers noted in 
early serum samples represented levels at the time 
of  contact since they were similar to those in mothers 
of  vaccinees. 

We have also considered the possibility that the 
differences  between patients with pertussis and fam-
ily contacts were due to their age differences.  A di-
rect comparison was not possible in patients <3 y 
because all family  members in this age group devel-
oped pertussis; few  family  members >10 y developed 
pertussis. In the group 3-10 y, a comparison was pos-
sible (figure  4), and the results suggested that low 
early titers of  antibodies were associated with sus-
ceptibility to pertussis. Our results do not indicate 
an exclusive association between one particular an-
tibody and protection against disease. 

Others have found  that titers of  IgG to FHA [13, 
14, 18] and PT [14, 18, 19] after  pertussis disease are 
similar to or greater than those found  after  vaccina-
tion. We found  that disease and vaccination induced 
similar rises in titers of  IgG to FHA but that disease 
induced a greater rise in titers of  IgG to PT and a 
lesser rise in titers of  IgG to Agg 2/3 than did vacci-
nation. The presence of  antibodies to B. pertussis 
agglutinogens including Agg 2/3 is strongly as-
sociated with immunity to pertussis after  vaccination 
[22-24], If  antibodies to Agg 2/3 are indeed protec-
tive, then whole-cell vaccines containing agglutino-
gens may be more effective  than disease in stimulat-
ing this component of  immunity. 

Others have reported large rises in titers of  serum 
IgA to B. pertussis [19, 23] and FHA [18] after  per-
tussis but little or no rise after  vaccination and have 
suggested that detection of  serum IgA to B. pertus-
sis is a useful  serologic test for  infection  [35], We 
previously reported that immunization with whole-
cell pertussis vaccine induces modest serum IgA re-
sponses to FHA, PT, and Agg 2/3 in some infants 
[36]. Conley and Delacroix [37] found  a serum IgA 
response to tetanus toxoid in infants  following  teta-
nus toxoid immunization, and serum IgA responses 
to vaccine antigens have been reported after  immu-
nization of  adults with acellular pertussis vaccines 
[21, 36], 

In the present study we found  that serum IgA re-
sponses to Agg 2/3 were nearly equivalent follow-
ing disease and vaccination, but that serum IgA re-
sponses to FHA and PT were more common and 

of  greater magnitude after  disease. No doubt the fre-
quency and the magnitude of  vaccine-induced hu-
moral IgA response is dependent on the vaccinee's 
prior exposure to the antigen, the nature of  the im-
munizing antigen, and the dosage used. 

In summary we showed that patients with pertus-
sis mount brisk humoral responses to a variety of 
components of  the organism including the type-
specific  agglutinogens. Immunity in family  contacts 
is associated with high initial antibody levels and 
modest antibody responses. No easy distinction can 
be made between the serologic responses to vacci-
nation and to disease, but the titers of  IgA to PT 
are significantly  higher in serum collected from  pa-
tients with pertussis 28-84 d after  the onset of  cough 
than in serum collected from  infants  6 w after  their 
third DTP immunization. This difference  in the se-
rum IgA response to PT may provide a useful  ad-
junct to culture in the confirmation  of  suspected per-
tussis, especially in recently vaccinated infants. 
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We have used an immunoblotting system to qualitatively compare the antibody 
responses in sera from  two children, one immunised with a vaccine (JNIH 6 acellular 
pertussis vaccine) containing filamentous  haemagglutinin (FHA) and toxoided pertussis 
toxin (PT), and one with a vaccine (JNIH 7 acellular pertussis vaccine) containing only 
toxoided PT, with the responses in four  children immunised with whole cell pertussis 
vaccine (Wellcome adsorbed DTP vaccine). Antibody responses in sera from  two patients 
with pertussis, both previously immunised with whole cell pertussis vaccine, were also 
examined. 

Both JNIH 6 and JNIH 7 vaccines induced strong serum antibody responses to PT, 
and JNIH 6 but not JNIH 7 vaccine induced strong serum antibody responses to FHA. 
Whole cell pertussis vaccine and Bordetella  pertussis infection  induced similar or lesser 
serum antibody responses to PT and FHA and also induced strong serum antibody 
responses to many outer membrane proteins (OMPs) and to a 69 kD adenylate cyclase 
associated protein (69kD protein). In contrast JNIH 6 and JNIH 7 vaccines induced only 
very weak antibody responses to very few  OMPs and no antibody response to the 69 
kD protein. These results suggest that JNIH 6 and JNIH 7 acellular pertussis vaccines 
do not induce significant  antibody responses to B. pertussis antigens other than PT, 
and in the case of  JNIH 6 vaccine FHA, and thus that the protection against pertussis 
conferred  by these vaccines is unlikely to be due to immunity to other antigens. 

INTRODUCTION 

New acellular pertussis vaccines containing varying amounts of  toxoided pertussis 
toxin (PT) and filamentous  haemagglutinin (FHA) have been shown to provide a 
significant  level of  protection against pertussis to children in Japan (1) and Sweden 
(2,3). Considerable experimental evidence (4-7) supports the central roles of  PT and 
FHA in the pathogenesis of  pertussis but evidence that antibody responses to these 
antigens alone are sufficient  for  immunity to pertussis is lacking. Indeed while both a 
vaccine containing PT (JNIH 7 acellular pertussis vaccine) and a vaccine containing PT 
and FHA (JNIH 6 acellular pertussis vaccine) provided some protection against pertussis 
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to Swedish infants,  titres of  IgG to PT and IgG to FHA in serum collected two to 
four  months after  the second vaccination did not correlate with the subsequent incidence 
of  disease (2). We have investigated the possibility that the vaccines used may have 
been contaminated with other antigens which induced a functionally  significant  immune 
response. We used an immunoblotting technique to detect antibodies to PT, FHA, outer 
membrane proteins (OMP), and a 69 kD adenylate cyclase associated protein (69 kD 
protein), in sera collected from  a recipient of  JNIH 6 vaccine, a recipient of  JNIH 7 
vaccine, and recipients of  whole cell pertussis vaccine (Wellcome adsorbed DTP), and 
in sera collected from  patients with pertussis. 

MATERIALS AND METHODS 

SERA 

Serum samples collected from  two Swedish infants  before  their first  immunisation and 
two to four  months after  their second immunisation with either JNIH 6 or JNIH 7 
vaccine, were kindly provided by Dr P. Olin. These two infants  had received their first 
pertussis vaccination when six to ten months old and their second pertussis vaccination 
two months later. These samples were selected for  testing because ELISA testing, 
performed  as a component of  the acellular pertussis vaccine trial, indicated that their 
antibody responses were typical of  the serum samples collected from  vaccinated children 
(personal communication: P Olin). Serum samples were also collected from  four  English 
children, less than two years old, between three and nine months after  their third 
immunisation with whole cell pertussis vaccine (given at three, five  and nine months of 
age). None of  the vaccinated children had a history of  symptoms suggestive of 
pertussis or of  recognised exposure to pertussis. A serum sample was also collected 
from  a three year old child, thirty-three days after  the onset of  pertussis, and from  a 21 
year old nurse thirteen days after  the onset of  pertussis. Both these subjects had a 
prolonged (> 2 weeks) paroxysmal cough associated with post-tussive whoop. B. 
pertussis was isolated from  a pernasal swab collected from  the nurse but the three year 
old child did not consent to have a swab collected. Both these subjects had received 
three immunisations with whole cell pertussis vaccine in infancy. 
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PREPARATION OF ANTIGENS 

B. pertussis strain Wellcome 28 was maintained in 5% (vol/vol) glycerol, 1% (wt/vol) 
Casamino acids, in ampoules under liquid nitrogen. Cells from  the ampoules were 
grown in 100 ml of  Stainer and Scholte medium (8), in 250 ml Erlenmeyer flasks  at 
36C, either static for  five  days or agitated for  three days. Crude OMPs were prepared 
by sonic disruption of  B. pertussis cells followed  by Triton X-100 (Sigma Chemical 
Co., St. Louis, Mo.) extraction of  soluble cytoplasmic proteins. PT was purified  from 
three day agitated cultures of  B. pertussis (9), and FHA from  supernatants of  five  day 
static cultures of  B. pertussis (10), by affinity  column chromatography. 69 kD protein 
isolated by monoclonal affinity  chromatography from  B. pertussis strain CN 2992 (11), 
was kindly provided by P. Novotny. The protein concentrations of  all antigens were 
determined by the method of  Schacterle and Pollack (12). 

SDS-PAGE 

OMPs, FHA, 69 kD protein, and molecular weight standards were solubilised in a 
buffer  containing 5% (vol/vol) B-mercaptoethanol, 10% (vol/vol) glycerol, 3% (wt/vol) 
SDS, 0.01% (wt/vol) bromphenol blue, and 0.0625 M Tris base (pH = 6.8) heated to 
60C for  15 minutes. PT was solubilised in a buffer  which did not contain 
B-mercaptoethanol (but which was otherwise identical), heated to 37C for  60 minutes. 
Fifty  ug PT, 50 ug of  FHA, 200 ug of  OMP or 200 ug of  69 kD protein was applied 
to the single well of  a polyacrylamide gel slab and electrophoresis of  the four  gels 
performed  in parallel. Vertical slab gel electrophoresis was performed  for  approximately 
2.5 hr at a constant current of  50 milliamperes using a 4.5% (wt/vol) acrylamide, 
0.1% (wt/vol) SDS, stacking gel, and a 12.5% (wt/vol) acrylamide, 0.1% (wt/vol) 
SDS running gel. Molecular weight standards used were cytochrome C (12,300), 
myoglobin (17,200), chymotrypsinogen A (25,700), ovalbumin (45,000), albumin 
(66,250), and ovotransferrin  (76,000 - 78,000) (BDH, Poole, England). The purity of 
the PT, FHA and 69 kD protein preparations, and the relationships of  these proteins to 
the protein components of  the OMPs, were determined by silver staining the SDS -
polyacrylamide gel (13). 
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IMMUNOBLOTTING 

Proteins were transferred  from  SDS - polyacrylamide gels to nitrocellulose sheets (0.45 
um pore size; Schleicher & Schuell, Inc.) by electrophoresis at a constant current of 
45 milliamperes for  2 hr (Bio Rad, Richmond, Ca.) in a cooled Tris - glycine - methanol 
buffer  (14). The nitrocellulose sheets were then cut into longitudinal strips approximately 
1 cm wide and the position and density of  transferred  proteins was checked by gold 
staining (Aurodye, Janssen, Beerse, Belgium) a single strip. The unstained nitrocellulose 
strips were agitated for  2 hr at room temperature in PBS containing 3% (wt/vol) 
bovine haemoglobin and 0.02% (wt/vol) azide and were then incubated overnight at 
room temperature with 50 uL of  sera per strip diluted in 25 ml of  fresh  PBS 
haemoglobin solution. The nitrocellulose strips were then washed five  times with fresh 
PBS haemoglobin solution and incubated overnight at room temperature with 
125Z 

-labelled anti-human immunoglobulin (ca. 10 " cpm per strip diluted in 25 ml of 
fresh  PBS haemoglobin solution). After  washing in PBS and airdrying, the strips were 
autoradiographed for  10 days at -70 C with Hyperfilm  - MP (Amersham, 
Buckinghamshire). 

RESULTS 

Silver staining of  SDS - polyacrylamide gels (results not shown) and gold staining of 
nitrocellulose strips (Figures 1-4) revealed protein profiles  for  PT, FHA, OMPs and 69 
kD protein similar to those obtained previously (9,10,15,16). No antibodies reacting with 
PT, FHA or OMPs were present in sera collected from  infants  before  immunisation 
with either acellular vaccine (Figures 1-3, lanes 2 and 4). However antibodies reacting 
weakly with the 69 kD protein were present in preimmunisation sera from  these two 
infants  (Figure 4, lanes 2 and 4). Antibodies reacting strongly with the 28 kD enzymatic 
monomer (Sl subunit) of  PT were present in sera from  infants  after  immunisation with 
either acellular vaccine (Figure 1, lanes 3 and 5). Antibodies to FHA were present in 
sera from  the infant  who had received JNIH 6 acellular pertussis vaccine (Figure 2, lane 
3) but not in sera from  the infant  who had received JNIH 7 acellular pertussis vaccine 
(Figure 2, lane 5). 

While antibodies to many proteins present in the OMP preparation were present in sera 
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from  children who had been immunised with the whole cell pertussis vaccine and in 
sera from  two patients with pertussis (Figure 3, lanes 6-11), sera from  infants  who had 
received either acellular pertussis vaccine were essentially devoid of  antibodies to 
proteins present in the OMP preparation (Figure 3, lanes 3 and 5). Antibodies to 69 kD 
protein were present in sera from  children who had received the whole cell pertussis 
vaccine and in sera from  patients with pertussis (Figure 4, lanes 6-11), but not in sera 
from  infants  who had received either acellular pertussis vaccine (Figure 4, lanes 3 and 
5). Furthermore antibodies to proteins contaminating the FHA preparation were present 
in sera from  children immunised with the whole cell pertussis vaccine and in sera 
from  two patients with pertussis (Figure 2, lanes 6-11), but apart from  antibodies to a 
28 kD protein (presumably the Sl subunit of  PT) no antibodies to proteins 
contaminating the FHA preparation were present in sera from  infants  immunised with 
either acellular vaccine (Figure 2, lanes 3 and 5). 

Antibody responses to PT in the infants  who had received acellular pertussis vaccines 
(and to FHA in the infant  who had received JNIH 7 vaccine) were at least as strong 
as those found  in either the children who had received whole cell pertussis vaccine or 
in the two patients with pertussis. Antibodies to the 22 kD (S2 subunit) and to the 23 
kD (S3 subunit) of  PT were present in sera from  one patient with pertussis (Figure 1, 
lane 11), and were also present, though in smaller amounts, in sera from  two 
vaccinated children (Figure 1, lanes 5 and 8). Antibodies reacting with the <13 kD (S4 
and S5 subunits) of  PT could not be detected in any serum specimen. 

DISCUSSION 

We found  that neither of  the two infants  immunised with an acellular pertussis 
vaccine developed major antibody responses to B. pertussis antigens other than PT or 
FHA (as determined by immunoblotting). If  these results are representative of  the 
antibody responses in other children immunised with these vaccines, they suggest that 
the lack of  correlation between the titres of  IgG to PT and of  IgG to FHA, and the 
subsequent incidence of  pertussis in immunised infants  was not due to the variable 
presence of  an antibody to another B. pertussis antigen. 

Data from  the Swedish clinical efficacy  trials of  JNIH 6 and JNIH 7 vaccines suggests 
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that the protection they confer  is no greater than and may be less than that provided 
by whole cell pertussis vaccine (2). We found  that the antibody responses to PT in the 
two children immunised with JNIH 6 or JNIH 7 vaccine, and to FHA in the child 
immunised with JNIH 6 vaccine, were at least as strong as those to PT and FHA 
either in children immunised with whole cell pertussis vaccine or in patients with 
pertussis. This implies that antibody responses to PT, with or without antibody 
responses to FHA, are not sufficient  to ensure complete immunity to pertussis. Instead 
complete immunity may depend on antibody responses to a number of  antigens. While 
immunisation with acellular pertussis vaccines may consistently induce an optimal 
serological response to PT (and to FHA for  JNIH 6 vaccine), if  antibodies to other 
antigens are necessary to confer  complete immunity to pertussis, then levels of  antibody 
to PT may not correlate with protection against disease. Thus failure  to induce antibody 
responses to an appropriate mix of  antigens rather than failure  to induce an adequate 
antibody response to a single (or two) antigen(s) may be the reason for  the incomplete 
immunity to pertussis provided by acellular pertussis vaccines. 

Immunisation with whole cell pertussis vaccine and B. pertussis infection  in 
unimmunised children induces serological responses to many other antigens as well as 
to PT and FHA but the nature of  these antigens, their roles in pathogenesis, and their 
importance in inducing protective immunity is largely uncertain. 69 kD protein is 
functionally  related to extracytoplasmic adenylate cyclase, a virulence factor  of  B. 
pertussis (17). While serological responses to 69 kD protein can be detected following 
immunisation with whole cell pertussis vaccine and following  B. pertussis infection 
(18), their importance in conferring  immunity to disease is uncertain. B. pertussis 
infection  and immunisation with whole cell pertussis vaccine induce an agglutinogen 
response which is directed against fimbrial  antigens and which is correlated with 
subsequent immunity to pertussis (19-21). The efficacy  of  acellular pertussis vaccines 
may be enhanced by supplementing PT and FHA with a significant  amount of 
agglutinogens. Correlation of  antibody responses with protective efficacy  for  acellular 
pertussis vaccines of  varying constitution will help to define  the requirements for 
effective  immunity to pertussis and thus guide the formulation  of  optimal vaccines. 



75 

REFERENCES 

1. Aoyama, T., Murase, Y., Gonda, T., & Iwata, T. (1988) Type-specific  efficacy  of 
acellular pertussis vaccine. Am J Dis Child 142, 40-42. 

2. Ad hoc group for  the study of  pertussis vaccines. (1988) Results of  a Swedish 
efficacy  trial of  acellular pertussis vaccines. Lancet i, 955-960. 

3. Blennow, M., Hedenskog, S., & Granstrom, M. (1988) Protective effect  of 
acellular pertussis vaccines. Eur J Clin Microbiol Infect  Dis 7,381-383. 

4. Tuomanen, E., & Weiss, A. (1985) Characterization of  two adhesins of  Bordetella 
pertussis for  human ciliated respiratory - epithelial cells. J Infect  Dis 152, 118- 125 

5. Pittman, M. (1979) Pertussis toxin: the cause of  the harmful  effects  and prolonged 
immunity of  whooping cough. A hypothesis. Rev Infect  Dis 1, 401 -412 

6. Sato, Y„ Izumiya, K„ Sato, H„ Cowell, J.L., & Manclark, C.R. (1981) Role of 
antibody to leukocytosis - promoting factor  hemagglutinin and to filamentous 
hemagglutinin in immunity to pertussis. Infect  Immun 31, 1223 - 1231 

7. Sato, H., & Sato, Y. (1984) Bordetella  pertussis infection  in mice: correlation of 
specific  antibodies against two antigens, pertussis toxin, and filamentous 
hemagglutinin with mouse protectivity in an intracerebral or aerosol challenge 
system. Infect  Immun 46, 415 -421 

8. Stainer, D.W., & Scholte, MJ. (1970) A simple chemically defined  medium for 
the production of  Phase 1 Bordetella  pertussis. J Gen Microbiol 63, 211 - 220 

9. Irons, L.I., & Maclennan, A.P. (1979) Isolation of  the lymphocytosis - promoting 
factor  - haemagglutinin of  Bordetella  pertussis by affinity  chromatography. Biochim 

Biophys Acta 580, 175 - 185 

10. Robinson, A., Hawkins, D.C., & Irons, L.I. (1981) The preparation of  distinct 
protective antigens from  Bordetella  pertussis. FEMS Microbiol Lett 10, 241 - 244 



11. Montaraz, I.A., Novotny, P., & Ivanyi, J. (1985) Identification  of  a 68-Kilodalton 
protective protein antigen from  Bordetella  bronchiseptica Infect  Immun 47, 744-751 

12. Schacterle, G.E., & Pollack, R.L. (1973) A simplified  method for  the quantitative 
assay of  small amounts of  protein in biological material. Anal Biochem 51, 654-
655 

13. Wray, W., Boulikas, T„ Wray, V.P., & Hancock, R. (1981) Silver staining of 
proteins in polyacrylamide gels. Anal Biochem 118, 197 - 203 

14. Towbin, H., Staehelin, T., & Gordon, J. (1979) Electrophoretic transfer  of 
proteins from  polyacrylamide gels to nitrocellulose sheets: procedure and some 
applications. Proc Natl Acad Sci 76, 4350 - 4354 

15. Redhead, K. (1984) Serum antibody responses to the outer membrane proteins of 
Bordetella  pertussis. Infect  Immun 44, 724 - 729 

16. Novotny, P., Chubb, A.P., Cownley, K., & Montaraz, J.A. (1985) Adenylate 
cyclase activity of  a 68,000 - molecular - weight protein isolated from  the outer 
membrane of  Bordetella  bronchiseptica. Infect  Immun 50, 199 - 206 

17. Confer,  D.L., & Eaton, J.W. (1982) Phagocyte impotence caused by an invasive 
bacterial adenylate cyclase. Science 217, 948 - 950. 

18. Seddon, P.C., Novotny, P., Hart, C.A., & Smith, C.S. (1987) Antibody 
responses to Bordetella  pertussis antigens. Abstract P39, British Paediatric Association 
Meeting April 1987. 

19. Miller, J.J., Silverberg, R.J., Saito, T.M., & Humber, J.B. (1943) An agglutiative 
reaction for  Hemophilus  pertussis. II. Its relation to clinical immunity. J Ped 22, 
644-651 

20. Sako, W. (1947) Studies on pertussis immunization. J Ped 30, 29 - 40 

21. Medical Research Council (1956) Vaccination against whooping-cough. Relation 
between protection in children and results of  laboratory tests. Brit Med J ii, 454 -
462. 



77 

— 

• 

28 kDa •*• m* 
23kDa •*• I | m I - - II 22k Da 

$ 13kDa • 

• 

1 2 3 4 5 6 7 8 9 10 11 

Figure 1. 
Protein profile  of  PT demonstrated by gold staining in lane 1, and by immunoblotting 
in lanes 2 to 11. Sera used for  immunoblotting were: 
lanes 2 and 4 = Swedish infants  before  immunisation; 
lane 3 = Swedish infant  between two and four  months after  the second immunisation 
with JNIH 6 acellular pertussis vaccine; 
lane 5 = Swedish infant  between two and four  months after  the second immunisation 
with JNIH 7 acellular pertussis vaccine; 
lanes 6-9 = English children aged less than two years old, between three and nine 
months after  their third immunisation with whole cell pertussis vaccine; 
lane 10 = three year old child 33 days after  the onset of  pertussis; 
lane 11 = 21 year old nurse 13 days after  the onset of  pertussis. 
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Figure 2. 
Protein profile  of  FHA demonstrated by gold staining in lane 1, and by 
immunoblotting in lanes 2 to 11. Sera used for  immunoblotting were as described in 
the legend to Figure 1. 
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Figure 3. 
Protein profile  of  OMPs demonstrated by gold staining in lane 1, and by 
immunoblotting in lanes 2 to 11. Sera used for  immunoblotting were as described in 
the legend to Figure 1. 
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Figure 4. 
Protein profile  of  69 kD protein demonstrated by gold staining in lane 1, and by 
immunoblotting in lanes 2 to 11. Sera used for  immunoblotting were as described in 
the legend to Figure 1. 
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Bordetella  pertussis is a noninvasive human pathogen 
which exclusively infects  ciliated respiratory epithelium 
(13). Adhesion by B. pertussis to the base of  cilia pre-
vents clearance by the mucociliary stream (9) and allows 
bacterial replication and release of  extracellular toxins at 
the site of  infection  (4). Pertussis toxin (PT), filamentous 
hemagglutinin (FHA), and agglutinogens 2 and 3 (Agg 
2/3) contribute to the adherence of  B. pertussis to ciliated 
respiratory epithelial cells (6, 11, 14, 15). It has been 
suggested that secretory immunoglobulin A (IgA) to 
these or other B. pertussis antigens is responsible for 
inhibiting or eradicating infection  of  the ciliated respira-
tory epithelium, whereas circulating humoral antibodies 
provide immunity to the toxins responsible for  the symp-
toms of  disease (10). 

In the present study, we have measured IgA to PT, 
FHA, and Agg 2/3 in nasal secretions from  patients with 
pertussis and from  healthy 11 -month-old infants  6 weeks 
after  iheir third DTP vaccination, to determine the mag-
nitude of  the secretory immune response to infection  and 
vaccination. We also auempted to determine whether the 
nasal secretory immune response might be used as a 
diagnostic marker of  recent B. pertussis infection. 

MATERIALS AND METHODS 
Patients with pertussis were recruited as previously 

described (12). Pertussis was diagnosed in the presence 
of  a paroxysmal cough lasting more than 2 weeks, asso-
ciated with a typical whoop, vomiting, or apneic episodes 
(2). Pemasal swabs cultured on charcoal agar supple-
mented with 10% sheep blood and 40 ng of  cephalexin 

* Presenting author. 

per ml were used to isolate B. pertussis from  patients with 
pertussis. 

Nasal mucus was collected from  patients with pertus-
sis by gendy rotating a calcium-alginate-tipped swab on 
a flexible  wire shaft  (Transwab Medical Wire & Equip-
ment Co.) against the nasal turbinates and septum ap-
proximately 1 to 2 cm proximal to the anterior nares. The 
nasal-mucus-bcaring tip of  the swab was then amputated 
into an airtight polyethylene tube containing 2 ml of 
transport medium and stored at4°C until assayed. Serial 
samples from  each subject were stored and assayed in 
parallel. 

Nasal mucus was collected by a similar technique from 
infants  attending vaccination clinics in Hertfordshire, 
England, who had no history of  either paroxysmal cough 
or exposure to pertussis. A cotton-tippcd swab was first 
moistened in sterile water and then rotated within the 
anterior nares. The tip of  the swab was broken off  into a 
tube containing transport medium, stored, and then as-
sayed in a manner identical to that used for  the swabs 
from  the patients with pertussis. Samples were collected 
from  10-month-old infants  6 weeks after  their third im-
munization with DTP vaccine (Wellcome Trivax, 
Beckenham, England). 

Total IgA and specific  IgA to FHA, PT, and Agg 2/3 in 
nasal mucus were determined by an enzyme-linked im-
munosorbent assay method as previously described (1). 
For nasal mucus samples with a total IgA concentration 
greater than 1 (ig/ml, titers of  specific  IgA were normal-
ized on the basis of  total IgA concentration to correct for 
differences  in the volume of  nasal mucus collected. Re-

3 3 0 
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TABLE 1. Mean log10 (SD) titers of IgA to FHA, PT, and Agg 2/3 in 
nasal mucus samples 

Days from onset of cough 

Antibody 8-14 days 43-84 days 
response (n  »13) (n.14) P 

IgA to FHA 2.36 (0.57) 3.26 (0.90) 0.037 

IgA to PT 2.10(0.58) 2.64 (0.70) 0.133 

IgA to Agg 2/3 2.00 (0.40) 3.19(1.04) 0.003 

Samples were collected from patients with culture-positive pertussis at the 
onset of symptoms and during convalescence. IgA titers were normalized 
based on total IgA concentration. 

suits from  samples with a total IgA concentration of  less 
than 1 |ig/ml were discarded. 

Differences  between population means were tested by 
Student t test. 

RESULTS 
Nasal mucus samples (/t = 258) were collected be-

tween July 1985 and July 1987 from  114 patients with 
pertussis; patient ages ranged between 1 month and 49 
years. The characteristics of  these subjects and their 
serum IgG, IgA, and IgM responses to FHA, PT, and Agg 
2/3 have been described previously (12). In brief,  epi-
sodes of  whooping, vomiting, apnea, and cyanosis oc-
curred in 63%, 82%, 66%, and 29% of  patients, 
respectively. Further, 63% of  the patients were admitted 
to the hospital because of  their illness. B. pertussis was 
isolated from  30/91 (33%) patients who had a postnasal 
swab collcctcd within 42 days of  the onset of  cough. B. 
pertussis was isolated from  7/23, 12/29,6/18,4/13,1/5, 
and 0/3 subjects who had a postnasal swab collected in 
weeks 1 to 6 of  illness, respectively. 

Mean titers of  IgA to FHA, PT, and Agg 2/3 in nasal 
secretions from  the 30 patients with culture-positive 
pertussis rose from  approximately logio2 at the onset of 
symptoms to peak at approximately logio3 between 6 
and 12 weeks later (Table 1). Overall mean liters of  IgA 
to FHA, PT, and Agg 2/3 in 84 patients from  whom B. 
pertussis was not isolated (16 of  whom did not have 
pcmasal swabs collected) were almost identical to those 
in patients with culture-positive pertussis. However, in 
samples collected between 8 and 14 days after  the onset 
of  cough, mean titers of  IgA to FHA, PT, and Agg 2/3 
were significantly  higher (P < 0.05, P < 0.05, P = 0.001, 
respectively) in 17 patients with culture-negative pertus-

sis than in 13 patients with culture-positive pertussis. 
There were no significant  differences  in mean titers of 
IgA to FHA, PT, and Agg 2/3 between culture-positive 
and culture-negative patients for  all other time intervals 
studied (0 to 7,15 to 21,22 to 28,29 to 42,43 to 84, and 
>84 days after  the onset of  cough). 

Because the differences  in titers of  IgA between cul-
ture-positive and culture-negative patients for  samples 
collected between 8 and 14 days after  the onset of  cough 
might have been due to differences  in subject ages in 
these two groups, the comparison was repeated for  sub-
jects aged less than 11 years. Although mean titers of 
IgA to FHA in 13 patients with culture-positive pertussis 
(mean age = 1.7 yr, SD = 2.1 yr) and 16 patients with 
culture-negative pertussis (mean age = 1.4 yr, SD = 2.0 
yr) were not significantly  different,  the mean titers of  IgA 
to PT and to Agg 2/3 were significantly  higher in the 
culture-negative patients (P < 0.05 and P < 0.01, respec-
tively). 

Titers of  IgA to FHA, PT, and Agg 2/3 in nasal mucus 
collected between 28 and 84 days after  the onset of  cough 
from  20 patients with pertussis, aged less than 1 year old, 
were significandy  higher (P < 0.0001) than those in nasal 
mucus collected from  42 healthy 11-month-old infants  6 
weeks after  their third DTP vaccination (Fig. 1). 

DISCUSSION 
Mean liters of  IgA antibodies to FHA, PT, and Agg 2/3 

in nasal secretions from  paiienis with pertussis were 
found  to increase over the period to 12 weeks after  the 
onset of  cough. By this time most subjects had detectable 
antibodies, although the level varied considerably be-
tween subjects. This is the first  study in which antibodies 
to the major fimbrial  antigens of  B. pertussis have been 
shown to be induced in the upper respiratory tract where 
they have the potential to inhibit fimbriae-mcdiatcd  ad-
herence. Although the nasal mucosal responses were 
modest, they were of  the same order, showed the same 
overall progression, and persisted as long as the scrum 
antibody responses (12). Other studies of  nasopharyn-
geal antibody responses to B. pertussis antigens have not 
shown large rises in antibody titers with duration of 
illness (7,8). The protective significance  of  these appar-
ently modest secretory responses to B. pertussis antigens 
is unknown. Also, they may not be typical of  the levels 
of  response at other significant  sites of  mucosal immun-
ity such as the trachea or bronchi. 

We found  that titers of  antibodies in nasal mucus 
collected during the second week of  cough were signifi-
candy lower in culture-positive patients than in culture-
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FIG. 1. Log,0 titers of IgA to FHA, PT, and Agg 2/3 in nasal mucus from 20 infants aged less than 1 year with pertussis (•), and from 42 
11-month-old healthy infants 6 weeks after their third DTP vaccination (O). 

negative patients, suggesting that secretory responses 
may contribute to the eradication of  B. pertussis infec-
tion. This finding  should be interpreted with caution as 
the rate of  isolation of  B. pertussis in the patients studied 
remained at about 30% throughout the first  4 weeks of 
cough. 

Other workers (3, 5, 7) have suggested that detection 
of  B. pertussis-spccific  IgA in respiratory secretions 
might be a useful  adjunct to culture in the diagnosis of 
pertussis. We found  that mean titers of  specific  IgA in 
nasal mucus from  infants  4 to 12 weeks after  the onset of 

cough were significantly  higher than those in vaccinated 
infants  with no history of  pertussis. Although tilers in 
these two groups of  patients demonstrated considerable 
overlap, the results suggest that the finding,  in an infant, 
of  a logio titer greater than 3.3 (for  IgA to FHA, PT, or 
Agg 2/3) is strong retrospective evidence in favor  of  a 
diagnosis of  pertussis. 
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INTRODUCTION 

Secretory IgA and other components of  human breast milk, such as complement, 
lysozyme, lactoferrin,  and lactoperoxidase inhibit the growth of  bacterial, viral and 
protozoal pathogens in the infant  gut and thus ameliorate infectious  gastrointestinal 
disease (1-4). These anri-infective  components of  human milk may also contribute to a 
reduction in the severity of  respiratory infections  in breast fed  infants  (5). We have 
compared titres of  IgA to three Bordetella  pertussis antigens: filamentous  haemagglutinin 
(FHA), pertussis toxin (PT), and agglutinogens 2 and 3 (Agg 2/3), in milk from 
mothers breast feeding  infants  with pertussis with those in milk from  mothers breast 
feeding  healthy infants.  We have also compared titres of  IgA to FHA, PT and Agg 2/3 
in sera and nasal secretions from  breast fed  infants  with pertussis with those in sera 
and nasal secretions from  bottle fed  infants  with pertussis. 

MATERIALS AND METHODS 

Breast milk specimens were donated by the mothers of  breast fed  infants  aged less 
than six months old admitted to hospital with pertussis. Pertussis in the infant  was 
diagnosed in the presence of  a prolonged paroxysmal cough asociated with whoop, 
vomiting, or apnoea (6). Breast milk specimens were also donated by the mothers of 
healthy breast fed  infants,  aged three months old, attending a vaccination clinic. Breast 
milk was expressed by hand or breast pump into sterile polystyrene containers and 
stored at -20 C until tested. 

Serum and nasal mucus specimens were collected from  infants  aged less than six 
months old admitted to hospital with pertussis, and from  healthy infants  attending a 
clinic for  their first  DTP vaccination. Serum samples collected by venepuncture and 
centrifugation  of  clotted blood were stored in polyethylene tubes at - 20 C until tested. 
Nasal mucus was collected by gently rotating a calcium alginate or cotton wool tipped 
swab against the nasal septum and the inferior  nasal turbinate approximately one 
centimetre proximal to the external nares. The swab tip was the amputated into a 
polyethylene tube containing 0.5 ml of  transport medium, and stored at 4 C until 
tested. Pernasal swabs for  isolation of  B. pertussis were collected from  infants  with 
pertussis and where possible from  their mothers. 
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Specific  IgA to FHA, PT, and Agg 2/3 in breast milk, nasal mucus, and sera, and 
total IgA in breast milk and nasal mucus were measured by an ELISA technique 
similar to that previously described (7). Antigens used in ELISA were purified  by 
techniques used to make antigens for  an acellular pertussis vaccine (8) and were of 
comparable purity to those in the acellular vaccine, but were not toxoided. Microplates 
(96-well Nunc Immunoplate 1) were coated with the appropriate antigen at 2 ug/ml. 
Horseradish peroxidase - conjugates of  affinity-purified  goat IgG antibodies to human 
IgG, IgA and IgM (Northeast Biomedical Labs. Ltd.) were used at concentrations 
determined by preliminary titration. Starting with a 36-fold  dilution (for  serum 
antibodies), and a 5-fold  dilution (for  nasal and breastmilk IgA antibodies), 3-fold 
dilution series of  sera and breastmilk, and 2-fold  dilution series of  nasal mucus, were 
tested and titres expressed as the reciprocal of  the dilution giving 50% maximum 
colour development with tetramethylbenzidene as substrate (9). Titres were standardised 
against a working standard assayed in duplicate on each plate. Titres of  specific  IgA in 
nasal mucus were divided by titres of  total IgA in nasal mucus to derive corrected 
figure  which compensated for  differences  in the volume of  nasal mucus collected. 

Differences  between population means were tested by Student's T-test. 

RESULTS 

Ten breast milk samples were donated by eight mothers breast feeding  infants  with 
pertussis (Table 1). The infants  were aged between one and five  months old, and had 
been coughing for  seven to fifty-nine  days at the time of  breast milk donation. B. 
pertussis was isolated from  the infant  and/or the mother in six of  eight families.  The 
mothers of  all eight infants  had a cough at the time of  their infant's  illness and/or a 
twofold  or greater rise in titre of  IgG to at least two B. pertussis antigens (FHA, PT, 
Agg 2/3) in serum samples collected at least fourteen  days apart (7). Sixty-nine breast 
milk samples were donated by the mothers of  sixty-nine healthy three month old 
infants  attending a vaccination clinic for  their first  DTP vaccination. 

Log jo titres of  total IgA and of  IgA to FHA,PT and Agg 2/3 in breast milk from 

mothers of  infants  with pertussis did not appear to be influenced  by the duration of 
cough in the infant  with pertussis (Figure 1). Mean titres of  total IgA and of  IgA to 



FHA and IgA to PT were not significantly  raised in breast milk from  mothers of 
infants  with pertussis, compared with breast milk from  mothers of  vaccinees. However 
the mean titre of  IgA to Agg 2/3 was significantly  raised in breast milk from  mothers 
of  infants  with pertussis, compared with breast milk from  mothers of  vaccinees 
(p=0.001). 

Serum and nasal mucus samples were collected from  35 infants  with pertussis aged 
less than six months old (Table 2). Infants  had been coughing for  two to fifty-seven 
days at the time of  collection of  first  specimens. B. pertussis was isolated from  13/31 
(42%) infants  who had pernasal swabs collected. Only four  infants  had received one or 
more pertussis vaccination. 

Titres of  IgA to FHA, PT and Agg 2/3 in sera from  infants  with pertussis rose 
from  low levels in the first  ten days after  the onset of  cough, to higher levels later in 
the illness (Figure 2). Mean titres of  IgG to PT and of  IgA to PT in sera collected 
less than 31 days after  the onset of  cough, were significantly  higher in breast fed 
infants  than in bottle fed  infants  regardless of  whether all infants  with pertussis or 
only infants  with culture positive pertussis were considered (Table 3). There were no 
significant  differences  in titres of  antibodies in sera collected more than thirty days after 
the onset of  cough. 

Titres of  IgA to FHA, PT and Agg 2/3 in nasal mucus from  infants  with pertussis 
showed a modest upward trend with increasing duration of  illness (Figure 3). There 
were no significant  differences  in mean titres of  specific  antibody or in mean titres of 
total IgA in nasal mucus, between breast fed  infants  and bottle fed  infants,  regardless 
of  whether all infants  or only infants  with culture positive pertussis were considered. 

DISCUSSION 

We found  that breast milk contains IgA to FHA, PT and Agg 2/3. These antigens 
are thought to be important in the pathogenesis of  pertussis and antibodies to them 
appear to be associated with immunity to disease. Breastfeeding  may enhance immunity 
to these antigens and hence to pertussis. When suckled by mice previously immunised 
with FHA and PT, infant  mice were protected against the effects  of  B. pertussis 



respiratory infection  (10). Oda et al found  that antibodies to FHA, PT and 
agglutinogens were commonly present in colostrum samples from  Indonesian mothers 
and that intraperitoneal administration of  these antibodies to suckling mice protected 
them from  the effects  of  B. pertussis respiratory infection  (11). Oda et al (11) and 
other authors (12) have suggested that colostrum inhaled during feeding  might localise 
in the respiratory tract and thereby protect the infant.  Our results, which show that 
titres of  IgA to FHA, PT and Agg 2/3 in nasal mucus are not significantly  higher in 
breast fed  infants  than in bottle fed  infants,  suggest that inhalation of  breast milk does 
not provide a major contribution to infant  immunity to pertussis. 

We found  that titres of  IgA to FHA and IgA to PT in breast milk from  mothers of 
infants  with pertussis were similar to titres of  the same antibodies in breast milk from 
mothers of  vaccinees. In contrast we found  that titres of  IgA to Agg 2/3 were 
significantly  higher in breast milk from  mothers of  infants  with pertussis. Evidence for 
a common mucosal immune system implies that the IgA response in breast milk is 
likely to be similar to that in the bronchial mucosa (13). Our results suggest that B. 
pertussis infection,  for  which there was strong clinical, microbiological, or serological 
evidence in all eight mothers of  infants  with pertussis, induces a modest secretory 
immune response to these B. pertussis antigens. This conclusion is consistent with our 
finding  (14) that the levels of  IgA to FHA, PT and Agg 2/3 in nasal mucus from 
infants  with pertussis are not greatly elevated above the levels found  in nasal mucus 
from  healthy infants. 

We have shown that titres of  IgA to PT and IgG to PT in serum collected in the 
first  thirty days after  the onset of  pertussis are significantly  higher in breastfed  infants 
than in bottle fed  infants  with pertussis. This is a surprising finding  and we are 
uncertain of  the mechanism(s) responsible. Ogra et al found  that IgA could be 
absorbed from  colostrum and be detected in infant  sera (13), and our findings  may 
provide a clinically important reflection  of  this process. However our findings  that 
serum immunoglobulins to FHA and Agg 2/3 were not significantly  raised in breastfed 
infants  with pertussis, and that titres of  serum immunoglobulins to FHA, PT and Agg 
2/3 were no higher in healthy breastfed  infants  (compared with healthy bottlefed 
infants)  at the time of  their first  DTP vaccination (data not shown) suggests that 
immunoglobulins are not readily absorbed from  breast milk into infant  sera. An 
alternative explanation for  the elevated titres of  IgA and IgG to PT in breastfed  infants 
with pertussis is that cytokines and/or lymphocytes are absorbed from  breast milk and 
stimulate antibody production in the infant.  This explanation is consistent with the 
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finding  that breast feeding  enhances the serum antibody response to conjugate 
Haemophilus  influenzae  type B vaccine (16). Another possible explanation for  our 
finding  is that maternal B. pertussis infection  allows PT to enter the circulation from 
where it is transported via breast milk to the infant  and then augments the infant's 
immune response to PT. FHA and Agg 2/3 are not thought to enter the circulation 
during B. pertussis infection,  while the lymphocytosis seen in patients with pertussis is 
strong evidence that PT is a systemically active toxin. Our results may provide evidence 
for  the immunisation of  breastfed  infants  by antigens derived from  maternal infection 
via ingested breast milk. 

Breastfeeding  obviously does not provide complete protection against pertussis. It 
may however reduce the frequency  of  disease or ameliorate disease when present. Such 
an effect  has been shown with infections  due to respiratory syncytial virus (RSV). 
Breast milk contains IgA to RSV and RSV neutralising activity (17-19), and 
breastfeeding  provides partial protection against severe RSV infection  (12,20). The 
mechanism of  this protection is unclear. It appears to be present even following 
cessation of  breast feeding  (20) and in some studies (21) was associated with elevated 
titres of  antibody to RSV in nasal mucus. Like RSV, B. pertussis is an important 
cause of  infant  respiratory morbidity and mortality. Current immunisation practice does 
not confer  protection against pertussis until approximately six months age and 
antibacterial agents are largely ineffective  in treatment of  the disease. Our results suggest 
that breastfeeding  may confer  a small contribution to immunity to pertussis and 
possibly ameliorate this disease in infants. 
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TABLE 1 

Clinical details of  the infants  of  mothers who donated breast milk samples. 

Infant  Age Infant  culture Mother culture Duration of  cough 
(mths) positive positive in infant  (days) 

1 2 yes yes 15 

2 1 no not tested 31 

59 

3 5 yes no 34 

4 1 yes no 12 

5 1 yes no 21 

6 3 no yes 17 

7 2 yes not tested 9 
23 

8 1 no no 7 
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TABLE 

Clinical details of  infants  aged less than six months old with pertussis. 

Breast fed  Bottle fed 

Number of  subjects 7 28 

Number who had received 1 3 
>1 pertussis vaccination 

Mean age (days) 76 - 90 

Mean duration of  cough 19 14 
at time of  first  specimen 
collection (days) 

Culture positive 5 / 7 8 /24 

Number of  serum 12 41 
collections 

Number of  nasal mucus 
collections 

13 46 
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TABLE 

Mean logjo titres of  antibodies to FHA, PT and Agg 2/3 in serum specimens, collected 

less than 31 days after  the onset of  cough, from  infants  less than six months old with 

pertussis. 

All infants 
with pertussis 

Infants  with 
culture-positive pertussis 

Breast-fed  Bottle-fed Breast-fed  Bottle-fed 

Number of  infants 25 

Mean age at onset 
of  pertussis (weeks) 13 

Mean duration of 
cough at time of 
serum collection (days) 15 

9 9 7 

12 14 12 

IgG to FHA 1,400 
IgA to FHA 118 
IgM to FHA 102 

886 1,730 635 
14 181 24 
78 115 70 

IgG to PT 8,467 
IgA to PT 445 
IgM to PT 654 

562* 8,654 177** 
11* 574 5** 

175 645 86 

IgG to Agg 2/3 
IgA to Agg 2/3 
IgM to Agg 2/3 

169 345 
21 6 
22 77 

149 187 
24 4 
26 74 

* p < 0.005 
** p < 0.001 



total IgA IgA to FHA 

days from  onset ol cough days from  onset of  cough 

IgA to PT IgA to Agg 2 / 3 

days from  onset of  cough days from  onset of  cough 

Figure 1. 

Log jo t l t r e s t o t a l IgA a n d of  IgA to FHA, PT and Agg 2/3 in breast milk from 

mothers of  infants  with pertussis, in relation to the duration of  cough in the infant. 

The broken line shows mean log jo t l t r e s (+/~ 1 SD) of  total IgA and of  IgA to 

FHA, PT and Agg 2/3 in 69 samples of  breast milk from  mothers of  healthy 3 month 
old infants  attending a vaccination clinic. 
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SUMMARY 

Concentrations of  IgG, IgA and IgM and titres of  IgG, IgA and IgM to Escherichia 
coli were measured in serum samples from  46 infants  with pertussis, aged less than 
one year old at the onset of  cough. There was no evidence of  a consistent suppression 
either of  immunoglobin concentrations or of  titres of  functional  antibodies following 
Bordetella  pertussis infection.  These results suggest that B lymphocyte function  is not 
significantly  impaired by B. pertussis infection. 

INTRODUCTION 

It has been suggested that infection  with Bordetella  pertussis results in a suppression 
of  immune responsiveness which may inhibit clearance of  infection  and predispose the 
patient to other infections  (1-3). Antigens postulated to contribute to this effect  include 
adenylate cyclase (AC), which has been shown to suppress chemotaxis, superoxide 
production, and bacterial killing by neutrophils in vitro (3), and pertussis toxin (PT), 
which has been shown to inhibit the function  of  a wide range of  immune effector  cells 
in vitro (1,2). Evidence that secondary infections  are more common in patients with 
pertussis is, however, largely anecdotal (4) and may reflect  local damage to the 
respiratory epithelium rather than a systemic effect  of  B. pertussis toxins on immune 
defenses.  We have measured the total concentrations of  IgG, IgA and IgM and the 
titres of  IgG, IgA and IgM to Escherichia coli in the serum of  children less than one 
year old with pertussis in an attempt to determine whether natural B. pertussis infection 
is a cause of  a significant  impairment in B lymphocyte function. 

SUBJECTS AND METHODS 

Patients with pertussis were prospectively recruited between July 1985 and July 1987 
from  patients admitted to the paediatric wards of  two South West London hospitals, 
and from  patients referred  by local general practitioners. All patients for  whom consent 
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was available were included in the study. Pertussis was diagnosed in the presence of 
a paroxysm-al cough lasting more than two weeks and associated with a typical whoop, 
vomiting or apnoeic episodes (5). A postnasal swab was collected at presentation and 
cultured on charcoal agar supplemented with 10% sheep blood and 40ug of  cephalexin 
per ml as previously described (6). Blood samples were obtained by venepuncture, 
allowed to clot at room temperature for  one hour, centrifuged  at 2,000 G for  ten 
minutes and the serum collected and stored at -20 C. All samples were assayed in 
parallel. Another venous blood sample was used to measure absolute lymphocyte count 
at presentation. 

Concentrations of  IgG, IgA and IgM were determined by immunoturbidimetry using a 
Cobas Bio centrifugal  analyser (Roche Diagnostics, Welwyn Garden City, Herts, UK). 
Samples with IgA and IgM levels below the detection limit for  turbidimetry were 
re-assayed by an ELISA technique using polyclonal goat anti-human IgA or IgM 
(Kallestad UK Ltd, Brill, Bucks, UK) as the capture antibody and alkaline phosphatase 
conjugated anti-human IgA and IgM (Sigma, Poole, Dorset, UK) as detection antibody. 
Functional antibodies were similarly measured by ELISA using an E. coli preparation 
as capture antigen. The antigen was prepared from  six random isolates from  normal 
stools. The isolates were grown agar slopes for  24 hours and solubilised in 0.25% 
(w/v) sodium dodecyl sulphate in phosphate-buffered  saline. Titres of  functional 
antibodies were compared with a gamma globulin preparation (Pentaglobin, Biotest 
Pharma GMBH, Frankfurt/Main,  W. Germany) which was arbitrarily assigned a value 
of  10,000 units for  each of  IgG, IgA and IgM. 

RESULTS 

Eighty-two serum samples were collected from  46 subjects (24 female,  22 male) aged 
between two weeks and 50 weeks at the onset of  cough. Subjects were recruited from 
a larger study of  serum immunoglobulin responses to B. pertussis antigens in patients 
with pertussis and their family  contacts (6). B. pertussis was isolated from  17/42 (40%) 
subjects who had a postnasal swab collected. 13/41 (32%) subjects had an absolute 
lymphocyte count greater than 10X10^/L. A single serum sample was collected from 
20 subjects, two serum samples were collected from  16 subjects, and three serum 
samples were collected from  10 subjects. Serum samples were collected between one 
and 244 days after  the onset of  cough. 
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Figure 1 shows concentrations of  IgG, IgA and IgM in sera in relation to time from 
onset of  cough. There was no evidence of  a consistent temporary suppression of 
concentrations of  IgG, IgA or IgM at any time after  the onset of  cough. Concentrations 
of  IgG and IgA were not significantly  correlated with time from  onset of  cough, but 
concentrations of  IgM were positively correlated with time from  onset of  cough 
(correlation coefficient  =.306, p<0.01). 

Figure 2 shows titres of  IgG, IgA and IgM to E. coli in sera in relation to time 
from  onset of  cough. There was no evidence of  a consistent temporary suppression of 
titres of  functional  antibodies at any time after  the onset of  cough. Titres of  IgG to E. 
coli were not significantly  correlated with time from  onset of  cough, but titres of  IgA 
and IgM to E. coli were positively correlated with time from  onset of  cough 
(correlation coefficient=.226,  p<0.5; correlation coefficient=.327,  p<0.005 respectively). 

DISCUSSION 

While several B. pertussis virulence factors  have been shown to have effects  on cells 
in culture and on experimental animals (2,7), the relative importance of  these virulence 
factors  in the pathogenesis of  pertussis in humans is unclear. Pertussis toxin produces a 
range of  effects  on lymphocytes including impaired migration (8), enhanced proliferation 
(9), enhanced gamma interferon  release (10), enhanced interleukin 2 release (11), 
inhibition of  B cell responses to bacterial lipopolysaccharide (12), and suppression of 
the IgM response of  mouse splenocytes to sheep erythrocytes (1). An increase in the 
numbers of  circulating lymphocytes is a common feature  of  B. pertussis infection  in 
humans (4) but there is no evidence that this or other abnormalities in lymphocyte 
function  cause any significant  impairment of  immune responsiveness. 

The finding  that PT suppresses in vitro IgM responses of  mouse splenocytes to sheep 
erythocytes (1), prompted us to study total and specific  immunoglobulin concentrations 
in humans with pertussis. We attempted to control for  the effects  of  age on 
immunoglobulin concentrations by studying only children less than one year old. We 
found  a significantly  raised lymphocyte count in 32% of  our subjects but did not find 
a reduction either in concentrations of  serum IgG, IgA or IgM, or in titres of  serum 
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antibodies to E. coli. We consider the significant  correlation between time of  onset of 
cough and - concentrations of  total IgM, specific  IgM and specific  IgA are almost 
certainly a result of  increasing immunologic maturity with age rather an effect  of  B. 
pertussis infection.  These results imply that the severity of  any immune suppression 
induced by B. pertussis infection  may be less than has previously been suggested. 
Further studies of  polymorphonuclear leukocyte, monocyte and T lymphocyte function 
in patients with pertussis should be done to determine whether B. pertussis infection 
causes a significant  impairment of  the function  of  these cell types. 
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Figure 1. Total concentrations of  IgG, IgA and IgM (g/L) in serum samples from 
subjects, less than one year old with pertussis, in relation to days from  the onset of 
cough. 
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1. SUMMARY 

We have compared the responses of  peripheral 
blood leucocytes from  three groups (i) patients 
suffering  from  pertussis (whooping cough), (ii) 
clinical staff  caring for  those patients and labora-
tory staff  working with Bordetella  pertussis, and 
(iii) staff  with no known recent contact with B. 
pertussis. In vitro stimulation with filamentous 
haemagglutinin (FHA) caused significant  in-
creases in proliferation  of  only the patient group's 
lymphocytes. In vitro stimulation with pertussis 
toxin (PT) caused a large increase in proliferation 
of  lymphocytes from  all three groups and in the 
patient group the increase in proliferation  was 
related to the dose of  PT. Interleukin 2 (IL-2) 
production by leucocytes from  all three groups 
was significantly  increased following  challenge 
with FHA or PT. The increases in IL-2 production 
were greatest in lymphocytes from  patients with 
pertussis. Challenge with toxoided pertussis toxin 
had no effect  on either proliferation  or IL-2 pro-
duction in any of  the groups. 

Correspondence  to: Dr. A. Gearing, NIBSC, Potters Bar, Hert-
fordshire  EN6 3QG, U.K. 

2. INTRODUCTION 

Information  on the immune response in man to 
B. pertussis has been limited to measurement of 
antibody levels in the serum of  infected  or vac-
cinated individuals. Specific  antibodies directed 
against several B. pertussis antigens including 
filamentous  haemagglutinin (FHA), pertussis toxin 
(PT), lipopolysaccharide (LPS) and various outer 
membrane proteins [1,2] can be assayed. Several 
of  these, particularly FHA and PT, have been 
selected as components of  acellular vaccines devel-
oped with the intention of  replacing the current 
whole cell vaccine [3] and have recently been 
tested in clinical trials in Sweden. We have previ-
ously demonstrated that rodents immunized with 
whole cell vaccine develop strong T cell immunity 
to B. pertussis antigens [4], T cells can release a 
range of  soluble mediators (lymphokines), includ-
ing interleukin 2 (IL-2), granulocyte macrophage 
colony stimulating factor  (GMCSF) and gamma-
interferon  (IFNy), which have been shown to 
stimulate anti-bacterial responses in vitro and in 
vivo [5-7]. It is therefore  of  importance to de-
termine whether or not T cell responses, which 
may be protective are generated in humans follow-
ing contact with B. pertussis. We have studied 
three groups: patients diagnosed as suffering  from 

0920-8534/89/S03.50 © 1989 Federation of  European Microbiological Societies 
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whooping cough, a contact group comprising 
clinical staff  who have contact with these patients 
or laboratory staff  working with B. pertussis cul-
tures, and a control group with no known recent 
contact. Serum antibody titres to purified  FHA 
and PT were measured. Proliferation  and IL-2 
production in cultures of  peripheral blood leuco-
cytes stimulated with a range of  B. pertussis anti-
gens were also determined. 

3. MATERIALS AND METHODS 

3.1. Patients 
All patients diagnosed as having pertussis had a 

prolonged paroxysmal cough with whoop, vomit-
ing or apnoea. Patients 1 and 2 were parents of  an 
infant  with culture positive pertussis. Patients 3 
and 4 were brothers aged 13 yrs and 15 yrs with 
pertussis. Patient 5 was the mother of  an infant 
with pertussis and was the only subject from  whom 
B. pertussis could be isolated from  nasopharyngeal 
swabs. Blood was collected 7, 10, 5, 4 and 1 weeks 
after  the onset of  cough in patients 1, 2, 3, 4 and 5 
respectively. 

The contact group comprised clinical staff  car-
ing for  patients with whooping cough and labora-
tory personnel working with the bacterium. The 
control group comprised clinical and laboratory 
staff  with no known recent exposure to B. pertus-
sis. The vaccination history of  these control and 
contact groups is not recorded. 

3.2. Antigens 
Bacterial  vaccine and  purified  components. The 

second British Reference  Preparation for  pertussis 
vaccine (NIBSC 66/84) reconstituted in phos-
phate buffered  saline (PBS) was used as the source 
of  killed whole B. pertussis cells. The material was 
washed once in PBS, before  use. 

Late exponential cultures of  B. bronchiseptica 
NCTC8344 grown in Stainer and Scholte medium 
[8] and E. coli 0111 strain J5 grown in brain-heart 
infusion  broth (Difco)  at 37 °C under agitated 
conditions were harvested by centrifugation,  re-
suspended in PBS and killed by heating to 56 °C 
for  30 min in a water bath. The cells were washed 
once in PBS before  use. 

Purified  active PT was isolated from  3-day 
suspension cultures of  B. pertussis strain Well-
come 28 (W28) by affinity  chromatography as 
described by Irons [9], Purified  PT was treated 
with glutaraldehyde as described by Munoz [10] to 
yield a PT toxoid (PTd). Purified  FHA was kindly 
supplied by Dr Y Sato (National Institute of 
Health, Japan). Purity of  PT and FHA was con-
firmed  by SDS polyacrylamide gel electrophoresis 
and silver staining. LPS was purified  from  B. 
pertussis W28 by the method of  Staub [11], An 
endotoxin reference  preparation (Mallinckrodt Inc, 
St. Louis, MO, U.S.A.) was used as a source of  E. 
coli LPS. 

When required the protein content of  the pre-
parations was determined by the method of 
Schacterle and Pollock [12] using bovine serum 
albumin as a reference. 

3.3. Preparation  of  peripheral  blood  leucocytes and 
serum 

Blood was collected by venepuncture into 
heparinized collecting vessels, and diluted with an 
equal volume of  RPMI 1640 culture medium. The 
leucocytes were separated from  erythrocytes on a 
Ficoll hypaque cushion as previously described 
[13]. A sample of  the diluted cell-free  plasma 
above the cell layer was collected for  antibody 
measurement. 

3.4. Antibody  measurement using ELISA 
The antibody levels in the sera were estimated 

by an enzyme-linked immunosorbent assay 
(ELISA) described by Melville-Smith [14]. Pertus-
sis toxin and FHA were used to coat the plates at 
concentrations of  2 jug/ml and 6 /xg/ml respec-
tively. Heparinised plasma samples were further 
diluted in saline prior to assay. A serum pool from 
uninfected  DTP-vaccinated children was used as a 
reference.  Antibodies were detected using alkaline 
phosphatase-conjugated anti-human polyvalent 
immunoglobulin (Sigma Chemical Company, 
Poole, Dorset). Antibody levels to each antigen 
preparation were estimated by assigning a nomi-
nal potency of  100 units/ml to the reference  serum 
pool. The absorbances were plotted against the 
log10 of  the concentration for  each serum and the 
antibody levels, expressed in units/ml of  undi-
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luted serum determined from  the reference  using a 
parallel line assay. 

3.5. Interleukin  2 production 
The capacity of  lymphoid cells to produce IL-2 

in vitro in response to the panel of  antigens de-
scribed above was studied by culturing 5 X 106 

cells/ml at 37 °C in the presence of  5% (v/v) 
C0 2 . After  36 h the cells were centrifuged  and the 
cell-free  supernatant frozen  at — 20 °C prior to 
assay of  IL-2. 

3.6. Interleukin  2-dependent  cell  line assay 
Interleukin 2 activity in culture supernatants 

was determined by its effect  on the proliferation 
of  an IL-2 dependent T cell line, CTLL. CTLL 
cells (5 X 103) were incubated in a total volume of 
100 /il of  RPMI 1640 containing 5% v/v foetal 
calf  serum and dilutions of  test supernatants. Pro-
liferation  was measured by the incorporation of 
[3H]thymidine (0.5 juCi, specific  activity 20 
juCi/mM Amersham) during the last 4 h of  a 24 h 
incubation period [15]. 

3.7. Cell  proliferation  assay 
Leucocytes were distributed into 96-well micro-

titre plates (Flow) at 5 X 104 cells/well in RPMI 
1640 containing 3% v/v foetal  calf  serum. Anti-
gens were added to wells at the concentrations 
indicated above. Each individual's cells were as-
sayed in duplicate. After  18 h in culture, 0.5 /xCi 
of  [3H]thymidine was added and the cells were 
harvested 4 h later on to fibreglass  filters  (What-
man). Incorporated radioactivity was determined 
by scintillation counting as described previously 
[4]-

4. RESULTS 

4.1. Antibody  titres 
Infection  with B. pertussis stimulated the pro-

duction of  antibodies directed against PT and 
FHA (Table 1). Antibody titres in the patient 
group were significantly  elevated above control 
group titres for  each antigen. Patient 5 had lower 
titres of  antibody to FHA and PT than the other 
four  patients. Her immune responses to B. pertus-

20 

sis were determined much earlier in the course of 
the illness than those of  the other four  patients 
and this may be responsible for  the lower titres, 
and also for  the less marked cellular activation 
(see below). Some individuals (subjects 14 and 15) 
in the contact group had high antibody titres, 
within the range of  the patient group, however 
most contacts had titres within the range of  the 
control group. By comparison, in a group of  20 
children, mean serum antibody levels of  77.7 
(±122.0) for  PT and 72.0 ( + 66.0) for  FHA were 

Table 1 

Antibody titres to B. pertussis antigens in serum of  patients 
with whooping cough, contact and control groups 

Antibody levels units/ml 

Subject PT FHA 

Disease group 1 379 180 
2 624 410 
3 1410 440 
4 239 185 
5 68 32 

mean 441.0 248.6 

Contact group 8 21 51 
9 115 86 

10 7 6 
11 11 21 
12 32 11 
13 42 50 
14 277 589 
15 85 230 
mean 73.8 130.5 

Control group 16 6 9 
17 ND ND 
18 4 16 
19 10 12 
20 67 67 
21 ND ND 
22 ND ND 
23 ND ND 
24 3 41 
25 84 113 
26 20 98 
27 10 28 
mean 25.5 48.0 

Antibody levels in serum were determined by ELISA using a 
serum pool from  DTP-vaccinated children as a standard of  100 
units/ml. Levels in the patient group were significantly  elevated 
above the other groups. P ~ 0.016 (FHA) and P - 0.038 (PT). 
ND = Not Done. 
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Table 2 

Proliferation  of  leucocytes following  antigenic challenge 

Subject Bp Bb FHA PT Subject Bp Bb 

12 
(ig/ml 

25 
fig/ml 

50 
fig/ml 

12 
/ig/ml 

25 
jig/ml 

50 
Mg/ml 

Disease 1 1.9 3.8 1.7 2.1 2.5 36.5 45.3 49.4 
Group 2 3.0 2.0 1.8 1.7 2.5 258.3 335.4 416.6 

3 6.0 8.8 4.3 4.7 5.1 74.4 93.0 158.1 
4 2.1 3.6 2.1 1.7 2.5 28.6 41.4 47.1 
5 3.3 4.2 1.4 2.3 1.9 56.7 67.7 84.4 

mean 3.3 4.3 2.3 2.5 2.9 90.9 116.6 151.1 

Contact 8 4.6 6.6 3.5 3.2 3.3 70.7 78.0 100.1 
Group 9 3.8 6.0 2.2 2.0 2.0 35.2 46.5 52.3 

10 7.5 6.3 2.0 2.1 1.9 61.5 64.0 82.0 
11 2.6 2.4 0.9 1.0 1.0 107.6 123.8 150.5 
12 4.5 3.4 0.8 0.9 0.9 75.8 97.5 109.8 
13 1.1 2.7 1.2 1.2 1.2 25.0 29.7 36.9 
14 3.5 3.2 1.4 0.9 1.1 95.5 104.4 156.7 
15 1.1 2.8 1.4 0.9 1.1 17.4 23.5 35.2 
mean 3.6 4.2 1.7 1.5 1.6 60.6 70.5 90.0 

Control 16 2.5 2.1 1.0 1.0 1.0 161.2 155.2 188.2 
Group 17 1.0 1.7 1.0 1.0 1.1 13.1 18.5 18.1 

18 2.1 3.8 0.8 0.8 1.0 55.5 73.8 52.0 
19 4.5 7.1 1.1 0.7 1.5 165.1 ND 182.9 
20 3.1 0.2 1.0 1.5 1.8 87.2 123.1 115.4 
21 1.6 2.2 0.9 0.8 0.7 86.3 72.6 58.9 
22 3.6 2.3 1.0 0.8 1.0 102.3 89.5 109.3 
23 1.3 1.2 1.2 1.2 1.4 9.1 11.0 12.0 
24 2.8 2.4 0.7 0.8 1.2 89.5 131.6 82.5 
25 5.4 5.7 1.6 2.2 2.3 162.8 185.7 157.4 
26 0.9 2.7 1.2 1.7 1.2 18.7 29.6 31.7 
27 4.5 5.3 1.4 1.5 1.3 18.5 18.5 15.8 
mean 2.8 3.5 1.1 1.1 1.3 87.0 82.0 85.0 

Leucocyte proliferation  expressed as a stimulation index: proliferation  in presence of  antigen proliferation  in culture medium. 
Proliferation  in the patient group was significantly  elevated above the other groups only following  challenge with FHA at 50 fig/ml, 
P — 0.016. Bp — Bordetella  pertussis, Bb — Bordetella  bronchiseptica. 

found  nine months after  finishing  a full  primary 
immunization course of  DTP vaccine (unpub-
lished observations). 

4.2. Proliferative  responses of  leucocytes 
The proliferative  responses of  leucocytes fol-

lowing in vitro challenge with a range of  antigens 
are shown in Table 2. Each value is a stimulation 
index (SI) expressed as cpm in wells containing 
antigen, divided by cpm in wells containing cul-
ture medium alone. Tritiated thymidine incorpora-
tion in control cultures ranged from  400-8000 
cpm. 

No increase in proliferation  was seen in re-
sponse to challenge with E. coli or PTd (results 
not shown). An increase in proliferation  was 
caused by LPS, B. pertussis and B. bronchiseptica, 
in all three subject groups. Responses to FHA at 
three doses were significantly  elevated in the pa-
tient group only. Subjects 8, 9 and 10 in the 
contact group and subject 25 in the control group 
showed elevated responses to FHA, however over-
all the contact and control groups were not signifi-
cantly different. 

Challenge with PT at three doses caused a large 
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Table 3 

IL-2 production by leucocytes following  antigen challenge 

Subject Bp Bb FHA PT Subject Bp Bb 

12 
fig/ml 

25 
H/ml 

50 
Mg/ml 

12 
ix g/ml 

25 
/i g/ml 

50 
M g/ml 

Disease 1 0.6 0.7 2.6 2.6 3.6 2.6 4.2 6.3 
Group 2 1.1 1.5 3.2 2.7 3.0 10.5 9.1 9.6 

3 18.3 8.3 35.0 37.0 45.0 2.0 3.0 22.0 
4 2.5 1.4 1.5 27.0 32.0 1.0 1.0 4.4 
5 0.5 0.8 1.0 2.0 13.0 0.1 0.2 0.3 

mean 4.6 2.5 8.7 14.3 19.3 3.2 3.5 8.5 

Contact 8 1.0 1.5 2.1 3.6 3.1 1.3 3.7 7.1 
Group 9 0.8 0.6 2.0 2.0 2.0 0.5 1.0 2.2 

10 1.0 1.6 2.7 2.5 2.8 2.2 4.2 5.4 
11 1.8 2.1 1.0 1.4 1.6 6.5 7.8 7.4 
12 2.1 2.4 2.1 2.4 2.2 4.8 5.2 6.8 
13 1.1 0.8 1.7 1.2 2.2 1.2 1.1 1.4 
14 0.4 1.2 1.1 1.2 1.5 0.7 0.7 2.5 
15 0.6 1.2 2.2 1.3 2.0 0.8 0.8 1.2 
mean 1.1 1.4 1.9 2.0 2.2 2.3 3.1 4.3 

Control 16 0.7 2.0 1.8 4.0 4.0 1.8 1.1 3.8 
Group 17 0.7 1.2 1.8 1.4 1.9 0.7 0.8 2.3 

18 0.8 1.4 0.9 0.8 1.3 0.7 1.6 2.8 
19 1.6 2.1 1.9 1.8 1.7 1.0 1.2 4.2 
20 0.6 0.6 1.4 2.1 1.9 1.6 3.0 2.1 
21 1.1 1.9 1.4 1.6 1.6 1.5 0.8 1.0 
22 1.2 1.9 1.1 1.6 2.1 6.4 6.4 7.4 
23 ND ND ND ND ND ND ND ND 
24 0.6 0.7 0.7 1.3 1.5 2.0 2.2 2.4 
25 0.5 2.0 3.5 2.0 4.0 0.2 1.0 3.5 
26 0.5 1.0 6.0 13.0 9.0 0.3 0.6 1.5 
27 0.5 0.9 0.6 1.2 1.2 0.7 1.5 4.8 
mean 0.8 1.4 1.9 2.8 2.8 1.5 1.8 3.2 

IL-2 production expressed as a stimulation index: proliferation  of  CTLL cells in antigen-induced supernatant proliferation  of 
CTLL cells in unstimulated supernatant. IL-2 production was significantly  increased in the patient group following  challenge with 
FHA at 50 /Ig/ml,  P — 0.058. If  patient 5 is excluded from  the patient group, then PT at 50 /ig/ml also causes a significant  increase 
in IL-2 production. P — 0.104. ND - not done. Bp = Bordetella  pertussis Bb =• Bordetella  bronchiseptica. 

increase in proliferation  in all three subject groups. 
In the contact and control group, proliferation  did 
not significantly  increase with an increase in PT 
dose. However, in the disease group, proliferation 
increased significantly  with an increase in PT dose. 

4.3. IL-2  production  by leucocytes 
IL-2 levels in the supernatant of  leucocytes 

cultured with different  antigens are given in Table 
3. Results are given as an SI expressed as cpm of 
CTLL cells cultured with supernatant from 

leucocytes incubated with antigen divided by cpm 
of  CTLL cells cultured with supernatant from 
leucocytes incubated in culture medium. Each su-
pernatant was assayed at 25% final  concentration 
in a single CTLL assay. 

Overall, no significant  increase in IL-2 levels 
were seen in cultures containing E. coli, PTd or 
LPS (results not shown). However, patient 3 did 
show marked IL-2 production in response to both 
B. pertussis and B. bronchiseptica. Patient 3 also 
gave the highest levels of  antibody to FHA and 
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PT. Stimulation with FHA and PT caused an 
elevation in IL-2 titres in control and contact 
groups, but a significantly  higher elevation in IL-2 
titres in the disease group, particularly if  subject 5 
is excluded from  the disease group. 

5. DISCUSSION 

We have demonstrated that following  infection 
with B. pertussis both systemic antibody produc-
tion and T cell immunity are induced. It is known 
that both infection  with B. pertussis and vaccina-
tion with whole-cell vaccine, which contains some 
active PT, cause the production of  antibodies di-
rected against a range of  B. pertussis antigens, 
including PT and FHA, and confer  a high degree 
of  immunity against further  episodes of  whooping 
cough [16,17], However, the Swedish field  trial of 
two acellular pertussis vaccines, comprising 
toxoided PT only and toxoided PT plus FHA, has 
shown levels of  efficacy  significantly  lower than 
the rates reported for  whole-cell vaccines [18]. 
This was in spite of  the acellular vaccines inducing 
antibody responses as high as those produced by 
whole-cell vaccines. One possible area of  dif-
ference  between these two types of  vaccine, which 
was not examined, was the cellular immune re-
sponses they engendered. 

The development of  cell mediated immunity 
following  disease or immunization with whole-cell 
pertussis vaccine has not been studied previously 
in man. We and others have shown that T cell 
responses are stimulated in rodents following  im-
munization with B. pertussis whole-cell vaccine, 
and some of  its component antigens [4,19], After 
immunization of  mouse footpads  with a whole-cell 
vaccine, cell mediated responses in the draining 
popliteal lymph nodes were measured. Strong pro-
liferative  responses were seen on secondary chal-
lenge with whole B. pertussis, and PT but not with 
PTd. Responses to FHA were less marked. IL-2 
production was elevated in response to the same 
antigens. In this study of  human responses to B. 
pertussis, leucocyte proliferation  and IL-2 produc-
tion while raised to PT and FHA were not signifi-
cantly elevated following  challenge with PTd or 
whole bacteria. 

This difference  in the pattern of  responses may 
reflect  the differing  methods of  presenting these 
antigens (injection of  killed B. pertussis into mouse 
footpads,  and natural infection  of  human respira-
tory epithelium with live B. pertussis) or the dif-
fering  origins of  the leucocyte populations in-
vestigated (mouse lymph nodes and human pe-
ripheral blood). 

The occurrence of  T cell responses to B. pertus-
sis antigens in vitro following  natural infection 
may be a reflection  of  similar responses in vivo. It 
is important to consider the role such T cells could 
play in combating whooping cough within the 
respiratory tract. B. pertussis is a non-invasive 
pathogen of  the ciliated respiratory epithelium 
[17]. While antibodies to FHA or to PT could 
inhibit the adherence of  B. pertussis to human 
ciliated respiratory epithelial cells [17], T cells 
normally cannot be detected on the surface  of 
lung epithelium, and are probably restricted to the 
interstitial tissues [20] and tracheobronchial lymph 
nodes [21]. T cell action is therefore  probably 
mediated by cytokines which can influence  the 
behaviour of  other more mobile cell types such as 
alveolar macrophages and neutrophils which can 
reach the epithelial surface.  IL-2 has recently been 
shown to activate macrophages directly in vitro 
[6], and to protect mice from  a lethal challenge 
with E. coli [22], Cheers and Gray [23] have 
shown that in mice given an aerosol challenge 
with B. pertussis, viable bacteria can be found 
inside alveolar macrophages, these bacteria remain 
until neutrophils are observed to infiltrate  the 
lung. It is not known whether this happens in the 
human respiratory tract, but obviously activation 
of  macrophages could contribute to clearing this 
source of  bacteria. 

Antibodies are thought to be important both in 
preventing attachment of  B. pertussis to cilia and 
hence in limiting the initial colonization phase of 
infection,  and also in preventing the systemic ef-
fects  of  PT and other toxins. T cell responses, 
particularly lymphokine production, should also 
be considered as potentially protective. It will 
therefore  be important to investigate the T cell 
immunity produced following  vaccination with 
either the currently used whole-cell vaccines, in 
which active PT is present, or with the new acellu-
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lar component vaccines containing PT only in the 
toxoided form. 

Toxoiding of  PT does not seem to affect  anti-
body production but the results of  this study 
suggest that it does affect  T cell stimulation. 
Therefore  failure  of  toxoided acellular pertussis 
vaccines to stimulate a sufficiently  strong cellular 
immune response could account for  their reduced 
efficacy  compared to whole-cell vaccines and 
infection  itself.  We are currently investigating these 
possibilities. 
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SUMMARY Overnight tape recordings of  breathing movements, airflow,  and arterial oxygen 
saturation from  six infants  aged 3 weeks to 7 months, who had cyanotic episodes associated with 
pertussis, were compared with recordings from  12 age matched healthy controls. In all patients 
clinically apparent apnoeic episodes were associated with the rapid onset and progression of 
central cyanosis. When overnight recordings were compared, patients with pertussis had a 
greater frequency  of  apnoeic pauses (particularly those >12-0 seconds duration) and a greater 
frequency  of  episodes of  hypoxaemia (oxygen saturation <80% for  >0-5 seconds) associated 
with apnoeic pauses. In addition to episodes of  hypoxaemia associated with a prolonged absence 
of  breathing movements, patients with pertussis had frequent  dips in oxygen saturation in 
association with continued breathing movements with and without continued inspiratory airflow. 
These episodes of  hypoxaemia during continued breathing movements were more common in 
patients with pertussis. 

These findings  suggest that episodes of  abnormal apnoea accompanied by evidence of  a 
mismatch between ventilation and perfusion  of  the lungs may produce the rapid onset of  severe 
hypoxaemia in infants  with pertussis. 

Apnoeic and cyanotic episodes often  occur during 
pertussis particularly when it occurs in early 
infancy.1  2 The underlying mechanisms responsible 
for  this dangerous complication are, however, un-
known. In this paper we describe the results of 
an investigation by non-invasive techniques of 
infants  with pertussis experiencing frequent  and 
severe cyanotic episodes and compare these results 
with those from  12 healthy, age matched infants. 

Patients and methods 

Details of  the six patients are given in the table. 
Pertussis was diagnosed by the presence of  charac-

Table Clinical  details  of  patients with pertussis 

Patient  Sex Gestation Birth Age at Known 
No  (weeks)  weight Ig)  onset of  exposure lo 

illness  pertussis 

1 F 40 3210 1 week _ 
2 F 25 680 6 months -

3 F 4<) 3030 3 months -

4 M 40 3660 7 weeks + 
5 M 40 3780 3 weeks + 
6 F 37 2000 4 months + 

teristic paroxysms of  repetitive coughing that per-
sisted for  longer than one week and were associated 
with retching, vomiting, cyanosis, or convulsions in 
an infant  who otherwise appeared to be in good 
health.3 Three patients had a history of  recent 
exposure to pertussis. Nasopharyngeal swabs 
(Transwab', Medical Wire and Equipment Co) 
from  all six patients were cultured on cephalexin 
supplemented charcoal agar and Bordetella  pertussis 
was isolated from  two patients. None of  the patients 
had suffered  episodes of  cyanosis before  the onset of 
the present illness. 

All patients had a paroxysmal cough and a history 
of  apnoea associated with the rapid onset of 

Results Presence of  symptoms Duration of 
of  culture  illness  at 
for  Bordetella  Whoop  Vomiting  Convulsions  investigation 
pertussis Iweeks) 

+ + 3 
+ - 4 
- — 2 
- + 3 
+ + 1 
+ + 2 

598 
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profound  cyanosis. These apnoeic cyanotic episodes 
began at least one week after  the onset of  cough in 
all patients except patient 1 who suffered  apnoeic 
episodes from  the outset of  the illness. In all patients 
the cyanotic episodes had a sudden unpredictable 
onset. They occurred when awake and when asleep 
and were often  not immediately preceded by cough. 
In many cases coughing followed  the onset of  the 
cyanosis (see below). Patients 1. 4. 5, and 6 had a 
history of  convulsions with loss of  consciousness 
during their cyanotic episodes. Patients 1 and 6 were 
cyanosed and convulsing at the time of  admission to 
hospital. (The twin sister of  patient 6. with an 
identical history of  pertussis, died during a cyanotic 
convulsion while the infants  were being brought to 
hospital.) Apart from  patient 2 who had a birth-
weight of  680 g at 25 weeks' gestation all the patients 
were delivered at term with birth weights of  at least 
2000 g. 

All patients were nursed under close continuous 
supervision and were treated by positioning, 
oropharyngeal suctioning, and administration of 
oxygen via a face  mask at the onset of  any clinically 
apparent episodes of  severe apnoea or cyanosis. 
Patients 1, 3. 5, 6 were treated with erythromycin, 
patients 1 and 3 were treated with phenobarbitone 
and salbutamol, and patients 4 and 5 were treated 
with aminophvlline before  and during investigation. 
Chest radiography showed normal results in all 
patients at the time of  investigation. The recordings 
described in this paper were measured by non-
invasive sensors, did not influence  the clinical care 
of  the patients, and were approved bv the St 
George's Hospital ethical committee. 

The case history of  patient 1 shows the clinical 
features  seen in these six infants.  This 3 week old 
girl was brought to hospital with a two week history 
of  paroxysmal cough and repeated episodes of 
apnoea with cyanosis, loss of  consciousness, and 
generalised convulsions. Cyanosis typically occurred 
within 10 seconds of  the onset of  apnoea and loss of 
consciousness and convulsions followed  within a 
further  20 seconds. On the day of  admission she had 
twice lost consciousness. On admission she was 
apnoeic, cyanotic, and convulsing but quickly re-
covered spontaneously. After  admission she had 
further  repeated episodes of  apnoea. cyanosis, and 
convulsions requiring resuscitation by nursing and 
medical staff. 

Healthy term infants  being studied as part of  a 
large survey of  normal breathing patterns were used 
as control subjects. Two age matched controls were 
randomly selected for  comparison with each patient 
with pertussis. 

Investigations centered around overnight tape 
recordings (Racal Store 4 FM with a 1 channel 
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multiplexer) of  beat to beat arterial oxygen satura-
tion (from  a probe placed on the big toe and a 
modified  Nellccr pulse oximeter Respox 2),4 airflow 
measured at the external nares by a thermistor (time 
constant 0-3 seconds. Yellow Springs Instrument 
Co) or by expired carbon dioxide and a scavenger 
tube (sampling at 100 ml/minute, with an electronic 
response time of  100 milliseconds, Engstrom Eliza), 
and breathing movements from  inductance plethys-
mography (Studley Data Systems) or a pressure 
capsule (Graseby Dynamics). In order to verify  the 
accuracy of  the oxygen saturation measurements the 
oximeter was used in a beat to beat mode and every 
plethysmography waveform  representing the arter-
iolar pulsation used to derive oxygen saturation was 
recorded onto the tape recordings along with the 
oxygen saturation signal. Only oxygen saturation 
measurements accompanied by pulse waveforms  of 
adequate quality were regarded as accurate.4 In 
three infants  (patients 1, 3, 5) oesophageal pressure 
was monitored by either a balloon catheter (PK 
Morgan with Furness controls pressure transducer) 
or a continuously infused  (3 ml/hour) naso-
oesophageal tube and pressure transducer (Gael-
tec). In patient 1 an electroencephalogram was 
recorded from  a centrotemporal configuration  dur-
ing cyanotic episodes. Tape recordings were printed 
onto an ink jet chart recorder (Siemens 34T) or an 
electrostatic chart recorder (Gould ES 1000). 

Parents of  patients and controls gave informed 
consent for  the investigations. 

Recordings were analysed by a technician who 
was unaware of  the clinical details of  each subject. 
Periods during which signals were uninterpretable 
owing to movement artefact  were documented and 
excluded from  analysis. Breathing patterns were 
classified  as regular or non-regular breathing 
according to previously published criteria.3 Regular 
breathing was defined  as episodes of  >1 minute 
where the breathing pattern was relatively regular in 
amplitude and rate, interrupted by sighs but without 
movement artefact.  Non-regular breathing was all 
the remainder of  the recording, and included 
intermittent brief  periods of  movement artefact.  All 
apnoeic pauses (absent inspiratory efforts  for  ^4-0 
seconds) were counted and their durations mea-
sured and the frequency  of  these pauses was 
determined by dividing the total number of  pauses 
by the total duration of  interpretable recording. All 
episodes of  hypoxaemia, defined  for  this study as a 
situation where oxygen saturation fell  to <80% for 
3=0-5 seconds were identified.  This measurement 
was chosen after  our experience of  analysing similar 
recordings from  large numbers of  healthy infants 
wherein a cut off  of  80% was helpful  in defining 
normality. The duration of  this hypoxaemia was 
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measured for  each episode and the breathing 
pattern during the preceding 12 seconds and during 
the period of  hypoxaemia recorded. Breathing 
movements or airflow,  or both, were regarded as 
absent if  there was complete cessation for  a period 
of  3:4-0 seconds. The frequency  of  episodes of 
hypoxaemia was determined by dividing the total 
number of  episodes of  hypoxaemia by the total 
duration of  interpretable recording. The duration of 
hypoxaemia was determined by totalling the lengths 
of  each episode and dividing this by the total 
duration of  interpretable recording. 

The frequency  of  apnoeic pauses of  different 
durations, and the frequency  of  episodes of  hypox-
aemia associated with apnoeic pauses of  different 
durations, in patients with pertussis and control 
subjects were compared by the Mann-Whitney U 
test. 

Results 

Clinical observations showed that although most of 
the overt cyanotic episodes began in association with 
coughing or crying, about one third, especially those 
occurring during sleep, began with an absence of 
inspiratory efforts  (apnoeic pause). In all the 

observed cyanotic episodes the onset of  cyanosis was 
rapid, usually occurring between four  and eight 
seconds after  the onset of  the cough, crying, or 
apnoeic pause. Recovery from  a cyanotic episode 
was frequently  associated with a large inspiratory 
effort  (a gasp). 

All subjects had at least 4-9 hours of  interpretable 
recordings (patients with pertussis 5-7-9-8 hours, 
normal subjects 4-9-12-5 hours.) Regular breathing 
and non-regular breathing alternated at intervals of 
about 20-100 minutes throughout the recordings. 
Both in the pertussis patients and in the normal 
subjects apnoeic pauses and episodes of  hypoxaemia 
occurred almost exclusively during the periods of 
non-regular breathing. 

Patients with pertussis had a greater mean fre-
quency of  apnoeic pauses than control subjects (fig 
1). This difference  was greatest for  apnoeic pauses 
with a duration of  512-0 seconds (p<0-005). The 
longest apnoeic pauses for  patients 1-6 were 15-0, 
28-5, 11-5, 15-0, 53-8, and 17-0 seconds, respec-
tively. The longest apnoeic pause in a control 
subject was 14-1 seconds. Thus five  of  the six 
patients had abnormally prolonged apnoeic pauses. 
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Fig 1 Frequency  of  apnoeic pauses (duration  40-7-9. 
8 0-11-9, 912-0 seconds)  for  patients with pertussis (solid 
circles), and  control  subjects (open  circles). Note 
logarithmic  scale on the vertical  axis. 
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Fig 2 Frequency  of  episodes  of  hypoxaemia associated 
with either continued  breathing  movements, or apnoeic 
pauses with durations  of  4-0-7-9. 8-0-11.9. and  912-0 
seconds,  for  patients with pertussis (solid  circles), and 
control  subjects (open  circles). Note  logarithmic  scale on the 
vertical  axis. 
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The frequency  of  episodes of  hypoxaemia related 
to the duration of  associated apnoeic pauses for 
patients with pertussis and control subjects is shown 
in fig  2. Patients with pertussis had a greater 
frequency  of  episodes of  hypoxaemia associated 
with apnoeic pauses with a duration of  4-0-7-9 
seconds (p<0-005), 8-0—11-9 (p<0-05), and >12-0 
seconds (p<0-05). The greatest difference  between 
patients with pertussis and control subjects, how-
ever, was in the frequency  of  episodes of  hypox-
aemia during continued breathing movements 
(pcO-OOl). 

An example of  a hypoxaemic episode associated 
with a prolonged absence of  breathing movements 
and airflow  is shown in fig  3. These episodes usually 
began at end expiration and were associated with a 
raised oesophageal pressure. Prolonged apnoeic 
pauses often  included a period of  breathing move-
ments without airflow  before  normal breathing was 

Severe  hypoxaemia in pertussis 601 

resumed ("mixed' apnoea) (fig  4). Some hypoxaemic 
episodes terminated with a period of  sharply posi-
tive oesophageal pressure excursions suggesting 
coughing (fig  4). Patients with pertussis also had 
episodes of  hypoxaemia associated with absent 
airflow  despite continued breathing movements (fig 
5). Patient 2 had prolonged periods of  hypoxaemia 
despite continued breathing movements and con-
tinued airflow  (fig  6) and patients 3-5 had similar 
but briefer  episodes. Electroencephalographic re-
cordings during prolonged pauses in inspiratory 
efforts  with hypoxaemia in patient 1 did not show a 
seizure preceding the apnoeic pauses. 

Discussion 

All six patients in this study presented under 6 
months of  age and had cyanotic episodes charac-
terised by the extremely rapid onset and progression 
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Fig 3 Recording  of  an episode  of  severe hypoxaemia Isaturated  oxygen <50%) associated  with a prolonged 
absence of  airflow  (A-B)  and  breathing  movements (C-D)  in patient 2. I:  Arterial  saturated  oxygen from  a pulse 
oximeter: scale is to the left  of  the signal (%).  Total  response time is about six seconds.  Ha:  Abdominal 
breathing  movements from  a pressure capsule transducer:  expansion is an upward  deflection.  Ill:  Arterial  pulse waveform: 
adequate  quality signals are present for  most of  the time during  the fall  in saturated  oxygen. A bradycardia 
is shown by increased  intervals  between the pulses. IVa:  Airflow  at the nose represented  by expired  carbon dioxide  signals: 
scale is to the left  of  the signal (vol  %). Total  response time is about two seconds. 
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5 

Fig 4 Recording  of  an episode  of  hypoxaemia associated  with 'mixed'  apnoea in patient 5. A prolonged  period  of  absent 
airflow  lA-Bl  is initially  associated  with absent inspiratory  efforts  hui a raised  oesophageal pressure IC).  Ineffective 
breathing  efforts  then occur (D).  Towards  the end  of  the episode  there are sharply positive excursions in oesophageal 
pressure (E),  suggestive  of  coughing. I:  Arterial  saturated  oxygen. III).  Oesophageal pressure from  a balloon catheter:  scale 
is to the left  of  the signal.  Positive pressure changes are represented  by upward  deflections.  UI:  Arterial  pulse waveform. 
IVb:  Airflow  ai the nose from  a thermistor:  inspiratory  flows  are represented  by upward  deflections. 
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Fig 5 Recording  of  an episode  of  hypoxaemia associated  with continued  breathing  movements but 
absent airflow  (A-B)  in patient 4. I:  Arterial  saturated  oxygen. I  la: Abdominal  breathing  movements from  a pressure 
capsule transducer:  expansion is an upward  deflection.  Ill:  Arterial  pulse waveform.  IVb:  Airflow  at the nose from 
a thermistor:  inspiratory  flows  are represented  by upward  deflections. 



120 

100-| 
80-
60-
40-
2 0 -

0-

B 

Severe  hypoxaemia in pertussis 603 

C D 

I 1 
0 6 
Seconds 

Fig 6 Recording  of  two episodes  of  hypoxaemia (A-B)  and  (C-D)  associated  with continued  breathing  movements 
and  continued  airflow  in patient 2. I:  Arterial  saturated  oxygen. Ila:  Abdominal  breathing  movements from  a 
pressure capsule: expansion is an upward  deflection.  Ill:  Arterial  pulse waveform.  IVa:  Airflows  al the 
nose represented  by expired  carbon dioxide  signals. 

of  severe hypoxaemia similar to that occurring 
during a condition previously termed prolonged 
expiratory apnoea6"9 and suggesting the acute onset 
of  a mismatch between ventilation and perfusion  of 
the lungs. Between clinically overt cyanotic events 
infants  with pertussis showed repeated abnormal 
dips in arterial oxygen saturation in association with 
four  breathing patterns: prolonged (>15 seconds) 
pauses in inspiratory efforts  (fig  3). an initial 
absence of  effort  and airflow  followed  by continued 
efforts  but absent airflow  (fig  4), continued brea-
thing efforts  but absent inspiratory airflow  (fig  5), 
and continued inspiratory efforts  and continued 
airflow  (fig  6). Hypoxaemia was not seen in associa-
tion with these patterns of  breathing in control 
subjects. As with the rapidity of  onset and severity 
of  the clinically apparent cyanotic episodes, the 
occurrence of  hypoxaemia during continued brea-
thing movements is also characteristic of  prolonged 
expiratory apnoea,6 7 and suggests that both mis-
match between ventilation and perfusion  of  the 
lungs, and apnoea (absent ventilation of  the lungs) 

contribute to the pathogenesis of  hypoxaemia in 
infants  with pertussis. 

We have previously suggested that alveolar 
atelectasis may be responsible for  these disturbances 
in ventilatory perfusion  relations and that the 
accompanying prolonged pauses in breathing move-
ments may result from  the effects  of  atelectasis on 
lung reflexes.7  * This hypothesis is supported by the 
recordings shown in fig  6. which shows that hypox-
aemia may develop despite continued airflow  into 
the lungs. If  alveolar atelectasis is the cause of  the 
hvpoxaemic episodes, a defect  in lung surfactant 
may represent the primary pathology.7"'' In infants 
with pertussis this may be due to a direct effect  of  B 
pertussis toxins on surfactant  synthesis, secretion or 
function. 

Although a proportion of  the cyanotic events 
began during coughing, some followed  crying, and 
others, especially during sleep, followed  a pause in 
inspiratory efforts.  In this last case the infant  would 
characteristically stop breathing, become cyanosed, 
arouse, and then begin coughing. 
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Cyanotic convulsions have been reported to pre-
cede death in pertussis.10 and changes suggesting 
anoxia are a consistent finding  in the histology of  the 
brains of  children dying of  pertussis complicated by 
convulsions." Our recordings suggest that the con-
vulsions are secondary to severe cerebral hypox-
aemia. 

The patterns of  breathing and hypoxaemia identi-
fied  above have been described in apnoea of 
prematurity suggesting that the pathogenesis of 
these two conditions might be similar.12 Moreover, 
similar cyanotic episodes, sometimes with evidence 
of  prolonged pauses in inspiratory efforts,  have been 
reported in other respiratory tract infections  during 
infancy.  In two retrospective studies respiratory 
syncytial virus infection  was associated with pro-
longed apnoea or cyanotic episodes in 10% and 20% 
of  cases respectively.'3 1 4 In the prospective study of 
infection  by respiratory syncytial virus reported by 
Anas et al, 25% of  infants  showed prolonged 
apnoeic episodes.15 These often  began early in the 
disease before  other symptoms of  infection  had 
developed and were more frequent  in infants  less 
than 3 months of  age and in previously preterm 
infants  especially those who had suffered  from 
apnoea of  prematurity. Yolken and Murphy de-
scribed cyanotic episodes in five  infants  with rota-
virus infection,  three of  whom were temporarily 
resuscitated but subsequently died."1 

Despite a distinctive clinical picture, doctors are 
often  slow to diagnose pertussis.17 and notifications 
greatly underestimate the true incidence of  the 
disease.1K Even when pertussis is diagnosed, how-
ever, clinical observation alone is likely to greatly 
underestimate the frequency  and severity of  hypox-
aemia as shown by our overnight recordings. 

Nicoll and Gardner19 and Cherry2" have sug-
gested, on the basis of  epidemiologic studies, that 
pertussis may be responsible for  some cases of 
sudden infant  death. Williams and Jones have 
produced evidence that the convulsions and apnoea 
complicating pertussis may be accompanied by 
subsequent intellectual impairment.21 These data 
and our findings  suggest that infants  with a history of 
cough with apnoea or cyanosis, even if  apparently 
well at initial examination, should be admitted to 
hospital for  a period of  meticulous observation. Our 
results also underline the need to prevent this 
serious and as yet untreatable infectious  disease and 
clearly this can be best achieved by a more complete 
programme of  immunisation. 

In conclusion episodes of  abnormal apnoea 
accompanied by evidence of  a mismatch between 
ventilation and perfusion  of  the lungs may cause 
severe arterial hypoxaemia in infants  with pertussis. 
This hypoxaemia may be life  threatening, may result 

in seizures, and may be one cause of  the brain 
damage reported in some infants  with pertussis. 
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Bordetella  pertussis infection  probably involves attachment to and destruction of  ciliated epithelial cells, but 
most previous studies have used animal tissue. During an epidemic, nasal epithelial biopsy specimens of  15 
children (aged 1 month to 3 1/2 years) with whooping cough were examined for  ciliary beat frequency,  percent 
ciliation of  the epithelium, and ciliary and epithelial cell ultrastructure. In addition, the in vitro effects  of 
filtrates  from  a 24-h broth culture and of  tracheal cytotoxin derived from  B. pertussis on human nasal tissue 
organ culture were measured. B. pertussis was cultured from  nasal swabs from  12 children. The mean ciliary 
beat frequency  of  their nasal biopsy specimens, U.3 Hz (range, 10.4 to 13.0 Hz) was similar to that found  in 
biopsy specimens from  10 normal children (mean, 12.5 Hz; range, 11.8 to 13.5 Hz). The abnormalities of  the 
epithelium observed in 14 of  15 patients were a reduction in the number of  ciliated cells, an increase in the 
number of  cells with sparse ciliation, an increase in the number of  dead cells, and extrusion of  cells from  the 
epithelial surface.  In vitro, neither culture filtrate  nor tracheal cytotoxin had any acute effect  on ciliary 
function,  but culture filtrate  and tracheal cytotoxin (1 and 5 jxM, respectively) caused extrusion of  cells from 
the epithelial surface  of  turbinate tissue, loss of  ciliated cells, an increased frequency  of  sparsely ciliated cells, 
and toxic changes in some cells. These changes were dose dependent and progressive, and between 36 and 90 
h ciliary beating ceased. The observations made with patient tissue confirm  that B. pertussis infection  damages 
ciliated epithelium, and the in vitro experiments suggest that tracheal cytotoxin may be responsible for  the 
abnormalities observed in vivo. 

Bordetella  pertussis is a bacterial respiratory tract patho-
gen and is the major cause of  whooping cough (pertussis) in 
children. Earlier this century whooping cough was common, 
but use of  the current inactivated whole-cell vaccine signif-
icantly reduced its incidence (5). More recently, in the 
United Kingdom, however, concern about adverse effects 
associated with the administration of  this vaccine led to loss 
of  public confidence  in it. and reduced use of  the vaccine was 
associated with several large epidemics. Although the clini-
cal features  of  pertussis are well recognized (paroxysmal 
coughing and choking often  culminating in vomiting or 
retching and cyanosis, apneic attacks, and long duration of 
illness), the pathogenesis of  the disease is ill understood. 

Almost 80 years ago. Mallory and Hornor (12) histologi-
cally characterised pertussis as a noninvasive bacterial col-
onization of  ciliated cells in the respiratory epithelium. B. 
pertussis has been shown to adhere to epithelial cells, and 
filamentous  hemagglutinin (a cell surface  protein) has been 
proposed as the bacterial adhesin (17, 23, 24). However, the 
precise interaction between B. pertussis and the respiratory 
mucosa has not been described. For example, how the 
bacterium interacts with mucus, beating cilia (26), and 
epithelial cells is poorly understood. Organ culture studies 
using animal tissue suggest that late in the infection  epithelial 
cell injury occurs, resulting in cessation of  ciliary beating (2, 
14, 15); at this stage the requirements for  bacterial coloniza-
tion may change (11). 

B. pertussis produces a number of  biologically diverse 

toxins, including pertussis toxin (also known as lymphocy-
tosis-promoting factor),  extracytoplasmic adenylate cyclase, 
and heat-labile toxin (25). Until recently, none of  the toxins 
described above produced the characteristic changes in-
duced by B. pertussis infection  in respiratory epithelium (2, 
12, 14, 15). Tracheal cytotoxin was first  characterized by 
Goldman and coworkers and is a 1,6-anhydromuramic acid-
containing monomeric disaccharide-tetrapeptide of  pepti-
doglycan (3, 6-9, 18) which can be purified  from  culture 
supernatants of  B. pertussis. It causes progressive cytotoxic 
changes in ciliated cells of  hamster tracheal organ cultures. 

The aims of  the present study were to examine the 
function  and ultrastructure of  respiratory epithelial tissue 
obtained from  the upper respiratory tract of  children with 
whooping cough and to investigate for  the first  time the 
effects  of  tracheal cytotoxin on normal human respiratory 
epithelial tissue in vitro. 

MATERIALS AND METHODS 

Patients. In 1985 and 1986, during a pertussis epidemic, 15 
children (nine boys and six girls aged 1 to 42 months) with 
whooping cough were investigated. All patients had a pro-
longed paroxysmal cough associated with whooping, vomit-
ing, and/or apnea. Pertussis was confirmed  by isolation of  B. 
pertussis from  a postnasal swab cultured on charcoal agar 
supplemented with 10% sheep blood and 40 p.g of  cephalexin 
per ml (16) and/or by an increase in antibody titers to 
pertussis antigens (22). Ten normal children without recent 
history of  respiratory infection  (five  boys and five  girls, aged 
1 to 28 months) acted as controls for  ciliary beat frequency * Corresponding author. 
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(CBF) studies, but sufficient  tissue was not available for 
electron microscopy. Ten nonsmoking normal adults with-
out recent history of  respiratory infection  acted as controls 
for  ultrastructural studies of  cilia and epithelium. Although 
these controls were not completely appropriate, we did not 
think it reasonable to repeat the biopsies of  normal children. 

Nasal epithelial biopsy. Upper respiratory tract epithelial 
tissue was obtained from  the inferior  turbinate of  a nostril 
with a cytology brush by a technique described previously 
(19, 21, 27, 28) without local anesthesia. Informed  written 
consent was obtained from  a parent of  each child, and this 
investigation was approved by the Ethical Committees of  the 
Brompton Hospital and St. George's Hospital. The inferior 
turbinate was viewed directly with an auroscope, and a 
cytology brush was moved backward and then forward  along 
the lateral or inferior  border. The procedure was well 
tolerated, although it did provoke whooping in some pa-
tients. The strips of  epithelium obtained were dislodged from 
the brush by brisk agitation in 2 ml of  medium 199 cell 
culture fluid  (Flow Laboratories. Irvine, Scotland). 

CBF. Some of  the epithelium (700 p.1) was transferred  to a 
sealed microscope coverslip-slide preparation with a pipette, 
and the preparation was placed on an electrically controlled 
warm stage at 37°C and allowed to equilibrate for  15 min. 
CBF was measured by a previously described photometric 
technique (10, 19, 21, 27, 28). A single recording of  CBF was 
made on between 10 and 20 strips of  epithelium depending 
on the quality of  the sample. Readings were not taken from 
small groups of  cells or single cells, as previous experience 
with biopsies from  normal persons has shown that such 
recordings are very variable. A mean CBF was calculated 
from  the readings obtained. 

Percentage of  epithelium ciliated. An estimate of  the extent 
of  ciliation of  the epithelium was obtained by a method 
developed to study the effect  of  viruses on the nasal epithe-
lium (27). At least 20 strips of  epithelium were identified,  and 
the number of  ciliated strips was counted and expressed as a 
percentage of  the total number of  strips identified.  No 
attempt was made to estimate the extent of  ciliation on each 
individual strip, as this was studied by electron microscopy 
later, but in this way an overall assessment was achieved. 

Transmission electron microscopy. The remaining tissue 
was fixed  in 2.5% cacodylate-buffered  glutaraldehyde and 
postfixed  in 1% osmium tetroxide. The nasal brushings were 
encapsulated in liquid agar (2%)  and processed as previously 
described (19). Nasal turbinate tissue (see below) was 
treated similarly but without embedding in agar. This 
method led to retention of  dead and single cells in nasal 
brushing examinations, but these were lost during nasal 
turbinate experiments, either during the experiments (into 
the petri dish) or during processing (no agar to retain 
unattached cells). The histological appearance of  the tissue 
available under transmission electron microscopy was 
scored by a morphometric technique similar to that used to 
assess in vitro experiments (see below). 

Broth culture filtrates.  A 30-h shaking Stainer-Scholte (20) 
broth culture of  a clinical isolate of  B. pertussis (BPH 54) 
was centrifuged  and filtered  through a 0.22-M-m-pore-size 
filter. 

Tracheal cytotoxin. Tracheal cytotoxin was purified  as 
previously described (3) and dissolved to the required con-
centration in either Ringer's solution (Na* [147 mmol/liter], 
Ca2"" (2 mmol/liter], CI" [156 mmol/liter]; Travenol. Thet-
ford,  United Kingdom) for  short experiments or minimal 
essential medium (MEM) (GIBCO. Uxbridge, United King-
dom) supplemented with penicillin (50 U/ml), streptomycin 

(50 |xg/ml), and gentamicin (50 jig/ml) (MEM-ATB) for 
longer experiments. 

Normal human respiratory epithelium. For shorter exper-
iments (4 h), strips of  nasal respiratory epithelium were 
obtained from  normal volunteers by the brushing technique 
described above. The tissue used in longer experiments (up 
to 90 h) was derived from  inferior  nasal turbinates. These 
were resected from  patients undergoing operations for  relief 
of  nonallelic nasal obstruction (by V. Lund). Tissue was 
transported to the laboratory in MEM-ATB. The turbinates 
were checked by light microscopy, and those that had a 
smooth, fully  ciliated surface  with normal ciliary beating 
were then transferred  to fresh  MEM-ATB and cut asepti-
cally into adjacent 3-mm-thick cross sections. 

Effect  of  broth culture filtrates  and tracheal cytotoxin on 
human respiratory epithelium in vitro. The effect  of  culture 
filtrates  (in a 1:1 mixture with medium 199 plus epithelium) 
was assayed on strips of  epithelium obtained by the brushing 
technique for  4 h. The effect  of  culture filtrates  (in a 1:1 
mixture with MEM-ATB plus turbinate tissue) was assayed 
with epithelium obtained from  nasal turbinates and incu-
bated for  60 h. The effect  of  tracheal cytotoxin (20 and 40 
>iM) in Ringer's solution plus epithelium from  nasal brushing 
was assayed for  4 h, and the effect  of  tracheal cytotoxin (1 
and 5 (J.M) in MEM-ATB plus epithelium from  nasal tubi-
nates was assayed for  90 and 36 h, respectively. CBF was 
measured at hourly intervals from  each of  10 strips of  nasal 
epithelium in a sealed microscope coverslip-slide prepara-
tion. CBF was measured from  turbinate tissue in a petri dish 
by using a graticule to select 10 evenly spaced points on the 
epithelial surface  which were returned to at each time point. 
A mean CBF was calculated at each time point, and any 
changes in the integrity of  the epithelium observed by light 
microscopy were recorded. Control preparations containing 
broth, medium, or both were included in each experiment. 
The preparations in each experiment were randomized so 
that the observer was unaware of  their content. 

Examination of  ultrastructure by transmission electron mi-
croscopy. The effect  of  culture filtrates  and tracheal cyto-
toxin on the ultrastructure of  epithelial cells and cilia of 
turbinate tissue was examined by transmission electron 
microscopy. An ultrathin section through the central portion 
of  each specimen was examined. Sections typically con-
sisted of  150 to 250 cells. Each epithelial cell w as scored by 
an observer unaware of  its treatment by using the following 
criteria: extrusion of  a cell from  the epithelial surface,  loss of 
cilia (only cells bearing cilia were scored, as it was not 
possible to determine whether a totally unciliated cell was 
originally unciliated or had become so during organ culture), 
numbers of  unciliated cells, presence of  cytoplasmic bleb-
bing from  the cell's luminal surface,  and mitochondrial 
damage. The last two features  were scored separately for 
ciliated and unciliated cells. 

Statistics. The unpaired Student t test was used to compare 
the CBF of  children with pertussis with the CBF of  normal 
children. By comparing the control mean CBF with the test 
mean CBF at each time point during an experiment, maxi-
mum ciliary slowing was detected. The 10 control readings 
of  CBF were compared with the 10 test readings at the time 
point of  maximum ciliary slowing by the unpaired Student t 
test. 

RESULTS 

Biopsy specimens were taken from  the nasal epithelia of 
15 children with pertussis infection  (Table 1). B. pertussis 
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TABLE 1. Examination of  nasal biopsy specimens taken from  15 
children with B. pertussis infection 

Patient Age 
(mo) 

Duration of 
cough (days) 

Culture 
result CBF (Hz) % Epithelium 

ciliated 

1 1 13 + 10.4 25 
2 21 14 + 10.7 30 
3 7 5 - 10.8 20 
4 42 9 + 10.8 75 
5 3 6 + 10.9 20 
6 40 6 + 11.1 80 
7 2 12 + 11.4 20 
8 1 11 + 11.9 85 
9 1 14 - 12.2 85 
10 2 22 + 13.0 20 

11 3 4 _ 0 0 
12 1 12 + 0 0 
13 7 17 + 0 0 
14 2 6 0 0 

15 3 10 + 11.0 95 

was isolated from  12 of  15 children, and significant  rises in 
antibody titers to two or more B. pertussis  antigens were 
present in all 15. All patients had nasal symptoms, including 
blockage, snuffles,  and anterior rhinorrhea. The nasal epi-
thelium was usually reddened, but in some patients it was 
pale and edematous. Excess tenacious mucoid secretions 
were always seen. Good samples of  strips of  nasal epithe-
lium were obtained from  11 of  the patients, but only cellular 
debris, mucus, and single epithelial cells were obtained from 
the other 4 patients. The failure  to obtain a good sample is 
unusual in our experience unless there is a abnormality of 
the epithelium, and the biopsy was not repeated because of 
the patients' condition. It is likely that these children had 
extensive damage to their epithelium in the area that was 
biopsied. The mean CBF on epithelial strips of  the children 
with pertussis was within the normal range (11.3 Hz: range. 
10.4 to 13.0 Hz; standard deviation. 0.78 Hz). Although it 

was a little lower, it did not differ  significantly  from  the mean 
CBF of  10 normal children used as controls (12.5 Hz; range, 
11.8 to 13.5 Hz; standard deviation, 0.58 Hz). In all 10 of  the 
normal children, >95% of  the epithelial strips were ciliated, 
but in 10 of  11 of  the children with pertussis the percentage 
of  strips of  epithelium that were ciliated was reduced, in 
some cases markedly so (Table 1). For one patient (patient 
15). the biopsy specimen obtained appeared completely 
normal by light microscopy. 

The results of  ultrastructural studies of  patients' nasal 
epithelial samples are shown in Table 2, and a representative 
example is shown in Fig. 1. Patient 15 was analyzed sepa-
rately, as a large sample of  epithelium was obtained, prob-
ably because the epithelium was relatively normal, which 
would otherwise bias the results. In the nine specimens 
examined in which sufficient  tissue was available for  electron 
microscopy, there was an increase in the percentage of  cells 
extruding from  the epithelial surface,  an increase in the 
number of  dead cells, and a decrease in the number of  cilia 
on ciliated cells. However, the most noticeable change was 
the increased frequency  of  cells with no cilia. The nasal 
epithelium of  patient 15 was also abnormal when examined 
by electron microscopy. There was an increased number of 
dead cells and an increased frequency  of  poorly ciliated 
cells, but the percentage of  cells with no cilia was similar to 
that of  control subjects. Examination of  the ultrastructure of 
cilia from  children infected  with pertussis (excluding patient 
15) showed no increase in abnormal forms,  either of  the 
dynein arms (patients, 304 cilia examined, 98% normal; 
controls. 560 cilia examined. 98.9% normal) or the microtu-
bular pattern (patients, 790 cilia examined, 97.8% normal; 
controls. 996 cilia examined. 92.6% normal). Bacteria were 
not seen associated with the epithelial biopsy specimens 
taken from  B. pertussis-infecled  children, except in one 
sample. In this sample, from  patient 4 (Table 1), rod forms 
were seen closely associated with cilia (Fig. 2). 

The effect  of  a Stainer-Scholte broth B. pertussis  culture 
filtrate  on human respiratory epithelial tissue in vitro was 
assessed by light microscopy measurement of  CBF and 
electron microscopy of  epithelial cell and ciliary ultrastruc-

TABLE 2. Results of  transmission electron microscopy of  nasal biopsy specimens taken from  children with B. pertussis infection" 

No. of: 

Patient Normal 
cells 

Cells extruding 
from  epithelial 

surface 
Single 
cells 

Dead 
cells 

Cells with 
normal complement 

of  cilia 

Cells 
showing 

loss of  cilia 

Cells showing 
gross loss 

of  cilia 
Cells with 

no cilia 

1 34 i 1 0 3 10 3 21 
2 88 13 8 3 0 7 4 101 
3 3 5 1 0 0 0 0 9 
4 43 5 3 0 19 6 0 26 
5 25 0 2 0 1 2 1 23 
6 32 5 0 0 0 5 3 29 
8 96 5 4 7 24 33 5 50 
9 15 2 14 8 10 19 1 9 

Total" 336 (79.2) 37 (8.7) 33 (7.8) 18 (4.2) 58 (13.6) 82 (19.3) 17 (4.0) 268 (63.1) 

15" 174 (81.3) 9 (4.2) 6 (2.8) 25 (11.7) 136 (63.6) 50 (23.4) 4 (1.9) 24 (11.2) 

Controls'" 197 (85.3) 10 (4.3) 22 (9.5) 2 (0.9) 165 (71.4) 29 (12.6) 0 (0) 37 (16.0) 

° Nine nasal biopsies of  patients provided sufficient  tissue for  examination by electron microscopy. The results for  patient 15 are shown separately because a 
large sample of  epithelium was obtained, probably because the epithelium was relatively normal. Nasal biopsies from  10 nonsmoking normal adults actcd as 
controls. 

" Values in parentheses are the percentages of  the total number of  cells examined that showed the indicated characteristics. The results are analyzed separately 
with respect to cell cytopathic effects  and the number of  cilia on the cell surface. 
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ture. The culture filtrate  had no effect  on CBF over 4 h. Two 
experiments were performed.  In the first,  the mean CBF of 
the control sample after  4 h was 14.0 Hz and that of  the test 
sample was 13.9 Hz; in the second, the mean CBFs were 
12.7 and 13.4 Hz, respectively, after  4 h. Similarly, the mean 
CBF measurements at each of  the hourly time points up to 4 
h were equal. However, over a longer period (Fig. 3), the 
mean CBF was affected  by the culture filtrate.  The mean 
CBF began to decrease after  22 h, and by 60 h there was no 
ciliary beating present in the organ culture. However, the 
effect  of  the culture filtrate  did not appear to be a direct effect 
on ciliary beating but rather a cytotoxic effect,  i.e.. disrup-
tion of  the epithelial surface.  For example, in an experiment 
done after  incubating samples with culture filtrate  for  36 h, 5 
of  10 CBF readings yielded values of  12.5, 12.1, 12.5, 10.9, 
and 11.3 Hz, and 5 other readings, taken from  areas where 
ciliary beating had previously occurred but had ceased, 
yielded values of  0 Hz. In addition, mucus and cell debris 
accumulated in the areas in which ciliary beating did not 
occur, making it difficult  to distinguish the surface  of  the 
organ culture. 

The effect  of  the B. pertussis  culture filtrate  on the 
ultrastructure of  respiratory epithelial tissue is shown in 
Table 3. In the presence of  culture filtrate  for  36 h, there was 
an increase in the number of  cells extruding from  the 
epithelial surface  and an increase in the frequency  of  poorly 
ciliated cells, and a greater proportion of  the epithelial cells 
became unciliated. An increased number of  the epithelial 
cells showed toxic changes, with increased cytoplasmic 
blebbing from  their luminal surface  and mitochondrial dam-
age. All of  these changes were more pronounced after  60 h. 
There seemed to be no difference  between ciliated and 
unciliated cells with respect to their susceptibility to the 
toxic effects  of  culture filtrate.  No changes were detected in 
the ultrastructure of  cilia after  60 h of  exposure to culture 
filtrate. 

The effects  of  tracheal cytotoxin were examined in a 
similar way, and the effects  of  culture filtrate  and tracheal 
cytotoxin on the ultrastructure of  epithelial tissue are shown 

in Fig. 4. Tracheal cytotoxin did not have an acute effect  on 
the CBF, even when large concentrations were used. After  4 
h in one experiment, the mean control CBF was 11.5 Hz and 
the mean CBF in the presence of  20 H-M tracheal cytotoxin 
was 12.3 Hz; after  4 h in another experiment, the mean 
control CBF was 12.1 Hz and the mean CBF in the presence 
of  40 (iM tracheal cytotoxin was 13.2 Hz. The experimental 
CBFs at the other time points were similarly not significantly 
different  from  the control CBFs. However, as with culture 
filtrate,  over a prolonged period tracheal cytotoxin caused 
loss of  ciliary beating (Fig. 3). Tracheal cytotoxin at a 1 p.M 
concentration caused a complete loss of  ciliary beating in the 
organ culture after  90 h, and at a 5 jiM concentration it 
caused a complete loss of  ciliary beating after  36 h. Again the 
effects  were predominantly cytotoxic, with disruption of  the 
epithelial surface  occurring after  36 h at 1 jxM and 22 h at 5 
(iM. but the CBF in those areas where cilia continued to beat 
was normal. 

The effects  of  tracheal cytotoxin on the ultrastructure of 
ciliated epithelial cells are shown in Table 4. The effects 
were very similar to those of  the culture filtrate,  with 
tracheal cytotoxin causing extrusion of  cells from  the epi-
thelial surface,  loss of  ciliated cells, an increased frequency 
of  sparsely ciliated cells, and toxic changes in some cells. 
The changes were dose dependent, and ciliated and uncili-
ated cells showed toxic changes with equal frequency.  No 
changes were detected in the ultrastructure of  cilia after  24 h 
of  exposure to tracheal cytotoxin (5 jiM). Although no effect 
of  tracheal cytotoxin on CBF was detected at 4 h. transmis-
sion electron microscopy did show abnormal changes in the 
epithelium even after  this short exposure to tracheal cyto-
toxin. 

DISCUSSION 

The characteristic pathological phenomenon which has 
been described as following  B. pertussis  infection  is specific 
colonization of  ciliated epithelial cells and destruction of 
ciliated cells (12). The appearances of  the nasal biopsy 
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FIG. 2. Nasal epithelial biopsy specimen from  patient 4 (magnification,  x 18.750). Rod-shaped bacterial forms  are shown closely 
associated with cilia. 

samples taken from  children with pertussis infection  during 
our study were in keeping with this description, in that there 
was a marked reduction in the number of  ciliated cells. The 
loss of  ciliated cells appeared to be due to extrusion of  cells 
from  the epithelial surface  and cell death and also due to loss 
of  cilia from  cells. However, the beat frequency  of  those cilia 
that remained was normal. 

Incubation of  respiratory epithelial tissue with B. pertussis 
culture filtrate  showed that bacterial products did not affect 
ciliary function  directly but that they did have cytotoxic 
effects  on the epithelial cells, producing mitochondrial swell-
ing and cell surface  cytoplasmic blebbing. Cells were seen to 
extrude from  the epithelium and were probably replaced by 
unciliated cells from  below the epithelial surface,  leading to 

a largely unciliated epithelium. In addition, the tight junc-
tions between epithelial cells were broken and poorly cili-
ated cells were seen, suggesting that cilia were lost. These 
changes would cause a profound  disturbance of  the muco-
ciliary clearance system. We previously determined that the 
concentration of  tracheal cytotoxin in a 30-h shaking culture 
of  B. pertussis  in Stainer-Scholte medium is approximately 
1.5 (j.M. Further experiments showed that the effects  of  the 
crude bacterial culture filtrate  were reproduced by similar 
concentrations of  purified  tracheal cytotoxin from  B. pertus-
sis. 

Tracheal cytotoxin is a single molecule produced by B. 
pertussis  and is a 1.6-anhydromuramic acid tetrapeptide of 
peptidoglycan containing monomelic disaccharide (3, 4). 
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Time (hours) 
FIG. 3. Effect  of  B. pertussis culture filtrate  and tracheal cyto-

toxin on CBF in vitro. Human nasal epithelial tissue was incubated 
with broth (Ol and B. pertussis culture filtrate  ( • ) in a 1:1 mixture 
with medium 199, with MEM alone (V) and MEM containing 5 (i.M 
tracheal cytotoxin ( • ) , and with MEM alone (Q) and MEM con-
taining 1 m-M tracheal cytotoxin ( • ) . », Time at which disruption of 
the integrity of  the epithelial surface  was first  observed. 

The production of  tracheal cytotoxin is preserved among 
other Bordetella  species (7), and the release of  a peptidogly-
can fragment  which is toxic for  ciliated epithelial tissue in 
Neisseria  gonorrhoeae  has also been described (13). The 
effects  of  tracheal cytotoxin have previously been studied 
with hamster respiratory epithelial cells (8, 9), but this is the 
first  time that its effects  on human epithelial cells have been 
described. 

B. pertussis  infection  of  animal organ culture causes 
ciliostasis due to extrusion of  ciliated cells (2, 14, 15). 
Tracheal cytotoxin alone causes loss of  ciliated cells and 
ciliostasis in hamster tracheal rings and cultured hamster 
tracheal cells, while adenylate cyclase, heat-labile toxin, and 
pertussis toxin have no effect  on respiratory epithelial cells 
(9). Tracheal cytotoxin (1 to 5 (iM) destroyed the ciliated cell 

population in 60 to 96 h, and nonciliated cells migrated to fill 
the gaps left  by extruded cells. In the presence of  tracheal 
cytotoxin, ciliated cells became more round, and loss of 
cilia, mitochondrial swelling, and loss of  intercellular junc-
tions occurred (8). 

The effects  of  tracheal cytotoxin on human tissue were 
very similar to the effects  on hamster tissue and had a similar 
time course. The effects  of  tracheal cytotoxin were seen 
earlier at a 5 jjlM concentration than at a 1 |xM concentration, 
but even at high concentrations (40 (iM) there was no 
immediate effect  of  tracheal cytotoxin on ciliary beating. 
Changes in human epithelial cell ultrastructure were, how-
ever, demonstrated after  4 h of  incubation with tracheal 
cytotoxin. 

The cytotoxic effect  of  tracheal cytotoxin on hamster 
tracheal epithelial cells was specific  for  ciliated cells, and the 
ultrastructure of  unciliated cells remained normal (9). How-
ever, in the experiments with human nasal tissue described 
in this paper, mitochondrial swelling and cytoplasmic bleb-
bing were seen equally in unciliated and ciliated cells. This 
most likely represents a species difference,  or possibly the 
nonciliated epithelial cells in the upper respiratory tract are 
more responsive to tracheal cytotoxin than are those from 
the trachea. However, there are two further  considerations. 
Firstly, we have shown that after  exposure to tracheal 
cytotoxin, epithelial cells with poor ciliation are seen. If  this 
process was complete, it would be impossible to assess 
whether an unciliated cell was originally unciliated or had 
become so during an experiment. Secondly, unciliated cells 
from  below the epithelial surface  probably replace the dam-
aged cells that are shed. We examined the effect  of  tracheal 
cytotoxin on epithelial cell ultrastructure after  24 h, i.e., 12 
h before  complete ciliostasis occurred, by light microscopy. 
If  the response of  the unciliated cells to tracheal cytotoxin 
had been examined later, then the effect  of  tracheal cyto-
toxin might have been underestimated because the unciliated 
cells appearing fresh  on the epithelial surface  from  below 
would have been exposed to tracheal cytotoxin for  less time. 

Since B. pertussis  infection  is believed to be limited to the 
ciliated epithelium of  the respiratory tract, an understanding 
of  bacterial interactions with the respiratory mucosa is 
crucial if  the pathogenesis of  whooping cough is to be 
explained. The production of  tracheal cytotoxin alone is not 

TABLE 3. Results of  transmission electron microscopy of  human respiratory tissue treated with B. pertussis culture filtrates 

% of  cells showing indicated degree of  given histological feature" 

Treatment 

Cells e.xtmding from 
epithelial surface Loss of  cilia Blebbing on: Mitochondrial damage in: 

Unciliated 
cells 

Ciliated 
cells 

Unciliated 
cells 

Ciliated 
cells 

Unciliated 
cells 

+ + Absent Present Absent Present 

Control (36 h; 88.9 11.1 0 0 60.9 14.8 0.8 23.5 76.5 0 0 21.0 2.2 0.3 75.7 0.8 22.6 0.8 
n = 371) 

Culture filtrate 72.4 25.7 2.0 0 33.9 17.1 2.6 46.4 53.0 0.7 0 42.8 2.6 0.9 50.3 3.3 44.4 2.0 
(36 h; n = 
304) 

Control (60 h; 70.5 29.5 0 0 33.3 15.5 1.4 49.8 49.3 1.0 0 47.3 1.9 0.5 49.3 1.0 48.8 1.0 
n = 207) 

Culture filtrate 57.3 29.8 10.5 2.3 12.3 17.5 13.5 56.7 26.9 8.8 7.6 53.2 2.9 0.6 32.7 10.5 46.8 9.9 
(60 h; n = 
171) 

" Each cell in a tissue section was examined for  extrusion from  the epithelial surface  I a score of  0 indicates normal positioning in the epithelium), the presence 
of  cilia (0 indicates a full  complement of  cilia on the cell surface),  cell blebbing (cytoplasmic projections from  luminal cell surfaces),  and mitochondrial damage. 
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FIG. 4. Nasal turbinate tissue (magnification,  x 3,000) incubated with Stainer-Scholte broth (in a 1:1 mixture with MEM) for  60 h (A), with 
B. pertussis culture filtrate  (in a 1:1 mixture with MEM) for  36 h (B) and 60 h (C), and with 5 p.M tracheal cytotoxin in MEM for  24 h (D). 
The following  features  are shown: normal epithelial tissue (A), a sparsely ciliated cell and an unciliated cell with mitochondrial damage and 
vacuolation (B), cytoplasmic blebbing of  the cell surface  (C), and cell extrusion and a damaged unciliated cell (D). 

sufficient  to permit colonization of  the respiratory tract. A B. 
pertussis  strain (Tohama 111) produced normal amounts of 
tracheal cytotoxin but had lost its ability to attach to ciliated 
cells. This strain was unable to colonize the respiratory tract 
(6). 

Filamentous hemagglutinin is a cell surface  protein with a 
rodlike structure which appears to be involved in the adher-
ence of  B. pertussis  to ciliated respiratory cells and uncili-
ated cells (17, 23, 24). However, it may not be the sole 
determinant of  adherence, as pertussis toxin may influence 
B. pertussis  attachment to rabbit ciliated respiratory cells 
(17). Immunization with filamentous  hemagglutinin causes a 
decrease in mouse pulmonary and tracheal colonization by 

B. pertussis  (11). Using a filamentous  hemagglutinin-nega-
tive strain of  B. pertussis,  Kimura et al. (11) showed that 
filamentous  hemagglutinin was important during coloniza-
tion of  the trachea early in the infective  process in the 
presence of  a normal mucociliary barrier, but later in infec-
tion, when the epithelium had been damaged, the filamen-
tous hemagglutinin-negative strain was able to colonize the 
trachea. These results suggest the B. pertussis  adherence is 
a critical event during colonization in the presence of  normal 
mucociliary clearance. 

Pertussis is a disease in which a wide variety of  toxic 
molecules act in concert. The initial event in the pathogenic 
process appears to be bacterial adherence to the epithelial 
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TABLE 4. Results of  transmission electron microscopy of  human respiratory tissue treated with TCT° 

% of  cells showing indicated degree of  given histological feature* 

Treatment 

Cells extruding from 
epithelial surface Blebbing on: Mitochondrial damage 

Unciliated 
cells 

Ciliated 
cells 

Unciliated 
cells 

Ciliated 
cells 

Unciliated 
cells 

0 + + + 0 + + + Absent Present Absent Present 

Control (4 h; n 81.8 18.2 0 0 79.1 10.7 0 10.2 86.2 3.6 0 9.3 0.9 0 84.4 5.3 9.3 0.9 
= 225) 

TCT (1 p.M;4 73.0 26.2 0.8 0 55.9 23.2 0.8 20.2 74.5 3.8 1.5 17.1 2.3 0.8 70.0 9.9 15.6 4.6 
h: n = 263) 

TCT (5 (iM: 4 52.7 46.7 0.6 0 63.0 17.0 0 20.0 67.9 11.5 0.6 15.8 4.2 0 60.0 20.0 18.2 1.8 
h: n = 165) 

Control (24 h; 63.5 33.9 1.3 1.3 57.5 17.2 0 25.3 72.5 1.3 0.9 24.0 0.9 0.4 70.0 4.7 21.0 4.3 
n = 233) 

TCT (1 M-M; 24 27.9 43.7 14.0 14.4 34.9 15.3 7.2 42.6 55.3 5.3 1.4 28.8 8.2 1.0 51.9 10.1 29.8 8.2 
h; n - 215) 

TCT (5 fiM;  24 51.4 46.8 1.8 0 42.7 17.9 2.8 36.7 57.8 4.6 0.9 29.8 6.9 0 37.6 25.7 25.2 11.5 
h;/t = 218) 

" TCT, Tracheal cytotoxin. 
b Each cell in a tissue section was examined for  extrusion from  the epithelial surface  (a score of  0 indicates normal positioning in the epithelium), the presence 

of  cilia (0 indicates a full  complement of  cilia on the cell surface),  cell blebbing (cytoplasmic projections from  luminal cell surfaces),  and mitochondrial damage. 

surface,  possibly by multiple mechanisms and/or adhesins 
(17). Tracheal cytotoxin probably does not have a role at this 
stage, as it does not directly atfect  ciliary beating, unlike the 
toxins of  some other bacterial species which colonize the 
human respiratory epithelium (21, 26, 28). Once the bacte-
rium has become attached, the production of  tracheal cyto-
toxin could facilitate  contiguous spread by damaging the 
epithelium and compromising mucociliary clearance. This 
would result in B. pertussis  proliferation  and a buildup of 
mucus which would depend upon coughing for  clearance. 
The local delivery of  other toxins may then contribute to the 
disease process. It seems that colonization of  the respiratory 
epithelium is critical to the development of  serious disease, 
because mice infected  intraperitoneally with chambers con-
taining B. pertussis  remained healthy despite developing 
antibody to pertussis toxin, which suggested that they had 
been exposed to bacterial toxins diffusing  out of  the cham-
bers (1). 

The precise interaction between B. pertussis  adhesins and 
respiratory mucosae remains to be determined. B. pertussis 
appears to adhere to cilia (23). This was also suggested by 
the sample from  patient 4 (Table 1; Fig. 2). although we 
cannot be sure that the bacteria seen were B. pertussis,  and 
it is possible that in the other specimens bacteria were 
dislodged during processing. However, the observation that 
pertussis cytopathic effects  occur in patient samples in 
which no bacteria are present suggests that toxic levels of 
tracheal cytotoxin can be reached outside the immediate B. 
pmMSJii-epithelial cell microenvironment. How adherence 
of  bacteria to cilia occurs in the presence of  mucus and 
normal ciliary beating is not understood. 

These observations made with patient tissue confirm  pre-
vious ones that B. pertussis  infection  damages human cili-
ated epithelial tissue (12), and the in vitro experiments with 
human tissue suggest that tracheal cytotoxin may be respon-
sible for  the histological abnormalities observed in vivo. The 
initial persistence of  the bacterium in the respiratory tract 
probably depends on adherence to respiratory epithelial 
tissue, which would permit local release of  tracheal cyto-
toxin. The damage that this toxin causes to the epithelial 
cells and the loss of  ciliary activity could in turn facilitate 

contiguous spread of  the bacterium, while the accumulation 
of  mucus is likely to contribute to the characteristic coughing 
episodes of  pertussis. 
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Epidemiology of  Pertussis 

Mark G. Thomas From  the Department  of  Communicable  Diseases, St. 
George's  Hospital  Medical  School,  London,  England 

The epidemiology of  pertussis may be approximately represented by an equation that 
relates the rate of  increase in incidence of  pertussis to the contagiousness of  pertussis, 
the number of  contacts per case, and the proportion of  the population susceptible. By 
use of  this equation it is possible to estimate the proportion of  the population that is 
susceptible to pertussis at any stage of  a pertussis epidemic. Data from  pertussis epidemics 
in England and Wales in the last 10 years suggest that the level of  immunity to pertussis 
has fluctuated  between 92% and 94% of  the total population. During this period pertus-
sis vaccine uptake in England and Wales has risen from  a low of  30% to the present level 
of  ~80%. Comparison with other countries suggests that a further  increase in vaccine 
uptake to levels above 90% would reduce pertussis incidence to less than one-tenth of 
its present level. These aspects of  pertussis epidemiology are likely to be of  relevance in 
the planning and interpretation of  future  pertussis vaccine trials, such as are expected 
to start in England shortly. 

Pertussis is an important childhood disease with a 
worldwide distribution. It causes a typical clinical 
syndrome that is followed  by a high degree of  im-
munity. An effective  vaccine is available, but in many 
countries the levels of  vaccine uptake have been in-
sufficient  to prevent regular epidemics. The epidemi-
ology of  pertussis is determined by the factors  that 
influence  the transmission of  the disease within the 
community. The most important of  these are the in-
fectivity  of  the organism, the number of  contacts ex-
posed to infected  individuals (and the degree of  ex-
posure), and the level of  immunity to pertussis in 
contacts exposed to the infection.  The relation among 
these factors  may be expressed by the equation 

Pertussis  2 = 
Pertussis 1 x Contacts  x Susceptible  x Infectivity,  (1) 

when Pertussis 2 represents the incidence of  pertus-
sis at time 2, Pertussis 1 represents the incidence of 
pertussis at time 1, Contacts  represents the number 
of  contacts per case, Susceptible  represents the 
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proportion of  contacts susceptible to infection,  and 
Infectivity  represents the contagiousness or ease of 
transmission of  pertussis infection.  The interval be-
tween time 1 and time 2 is the average time from  ac-
quisition of  infection  by one individual to transmis-
sion of  infection  to another susceptible individual 
(a slightly longer interval than the incubation 
period). This relation is illustrated by figure  1, which 
shows the spread of  disease to some of  the suscepti-
ble contacts of  a patient with pertussis and the sub-
sequent transmission from  these patients with sec-
ondary cases to some of  their susceptible contacts. 

The interval between acquisition of  infection  and 
subsequent transmission to another susceptible in-
dividual is usually thought to be between 1 and 4 
weeks [1-3]. Stocks [4] studied the time of  onset of 
symptoms in siblings of  patients with pertussis in 
a large-scale investigation of  the epidemiology of 
pertussis in families  living in London in the 1920s. 
He found  that symptoms most commonly started 
~7 days after  the onset of  symptoms in the first  fam-
ily member to become ill. Lawson [5] studied the 
transmission of  pertussis within families  in Boston 
during the same period. He found  that the period 
from  acquisition of  infection  to transmission to a 
sibling was ~14 days. These results, which suggest 
that patients with pertussis are most contagious dur-
ing the first  week of  illness (~l-2 weeks after  the 
acquisition of  infection),  are consistent with the find-
ing that recovery of  Bordetella  pertussis from  cough 
plates is highest during the first  week of  illness and 
rapidly declines during the second and third weeks 
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Figure 1. Schematic illustration of  pertussis transmis-
sion. A patient with pertussis (solid  circle, left)  exposes 
several contacts (open circles)  to infection.  Immune con-
tacts (I) do not develop disease, but some of  the suscepti-
ble contacts (5) do develop disease (solid  circles, center) 
and then transmit infection  to their susceptible contacts 
(solid  circles, right). 

[1-3, 5, 6]. It therefore  seems reasonable to estimate 
that the average interval from  acquisition of  infec-
tion to transmission to another individual is between 
1 and 2 weeks. 

Infection  with B. pertussis is highly contagious. 
The peak reported prevalence in England and Wales 
and in the United States before  the introduction of 
pertussis vaccination was in children 2-6 years of  age 
[7-9]. Approximately 50% of  children over 5 years 
of  age had had pertussis [8], and only 1% of  reported 
cases occurred in persons >15 years old [7-9]. It is 
thought that by the age of  15 years almost 100% of 
children had suffered  an episode of  pertussis but that 
~20% of  episodes went unrecognized [9]. In small 
isolated communities, such as Iceland and the Faeroe 
Islands, epidemics of  pertussis affected  almost 100% 
of  children born since the previous epidemic [3, 10]. 

There is considerable evidence that the transmis-
sion of  B. pertussis infection  is influenced  by the 
closeness of  contact with the index case. In London, 
before  the introduction of  vaccination, the relative 
risk of  pertussis for  children living in the same house 
as a child with pertussis was 36 times greater than 
that for  children living on a distant street. The rela-
tive risk for  children living in a house next door to 
a child with pertussis was five  times greater than that 
for  children living on a distant street and was two 
times greater than that for  children living between 
two and 10 houses away [4], In Wales, during a re-
cent pertussis epidemic, the prevalence of  pertussis 

among unvaccinated children <5 years of  age was 
64% with exposure to pertussis by a family  member 
but only 36% without such exposure [11]. 

It is possible to estimate the number of  second-
ary cases produced by an infectious  individual in a 
population where all individuals are susceptible [12]. 
This intrinsic reproductive rate (Ro)  is determined 
partly by the infectivity  or contagiousness of  per-
tussis and partly by the number of  contacts exposed 
to the index case during the course of  illness. While 
it is usually impossible to directly determine Ro, it 
may be estimated from  the equation 

Ro = \ + average life  expectancy 
average age at infection  (2) 

The intrinsic reproductive rate of  pertussis in Eng-
land and Wales and in the United States is estimated 
to be M5 (1 + 65/4.5) [12]. 

The relation between the incidence of  pertussis at 
time 1 (Pertussis 1) and the incidence of  pertussis 
at time 2 (Pertussis 2) may then be simplified  as 

Pertussis  2 = 
Pertussis  I  x Susceptible  x Ro. (3) 

The proportion of  the population susceptible to 
pertussis is determined by the birthrate, the uptake 
of  pertussis vaccine, the efficacy  of  the vaccine used, 
the incidence of  disease, the rate of  decline in im-
munity following  disease or vaccination, and the fre-
quency of  unsuspected infection  boosting immunity. 
Both natural disease and vaccination confer  immu-
nity to disease; however, natural disease provides al-
most absolute protection against pertussis during 
childhood, whereas the degree of  protection provided 
by vaccination is less complete, with an incidence of 
pertussis in fully  vaccinated children that is 
M0%-20% of  that in unvaccinated children [13,14]. 
The degree of  protection provided by vaccination is 
further  reduced in those children exposed to pertus-
sis within the home, where incidence rates in fully 
vaccinated children are ~50% of  those in unvacci-
nated children [11, 14, 15]. 

The immunity provided by vaccination declines 
with time. Lambert studied 89 families  during the 
course of  a pertussis epidemic in 1962 and found  that 
the incidence of  pertussis among vaccinated individ-
uals increased from  20% for  those vaccinated in the 
preceding 3 years to 95% for  those vaccinated >\2 



134 
Epidemiology  of  Pertussis  257 

years earlier [16]. A recent English study found  that 
pertussis vaccine efficacy  decreased from  100% in 
the first  year after  vaccination to 52% in the fifth 
year after  vaccination [17]. Neither does childhood 
pertussis provide lifelong  immunity to pertussis. 
Lambert reported pertussis in eight of  156 persons 
with a history of  previous pertussis [16]. Trollfors 
and Rabo [18] found  that 41 of  174 adults with 
culture-positive pertussis had had pertussis as chil-
dren, and Maclean [19] reported a similar finding 
in 19 of  80 adults with serologically confirmed  per-
tussis. When older children or adults with declining 
immunity are exposed to pertussis, they may develop 
typical pertussis or a brief  atypical illness, or they 
may remain asymptomatic. It is likely that brief  atyp-
ical illness and asymptomatic infection  in these in-
dividuals occur frequently  and are responsible for 
boosting immunity and preventing episodes of  typ-
ical disease. This suggestion is supported by the find-
ing that IgG and IgA antibodies to B. pertussis may 
be present in the sera of  adults with no recognized 
recent episode of  pertussis [20, 21]. 

The wide use of  pertussis vaccination has had a 
major effect  on the epidemiology of  pertussis. In Eng-
land and Wales and in the United States during the 
prevaccine era, pertussis was endemic, with an esti-
mated incidence of  >100 cases per 100,000 popula-
tion per year [22]. Since the introduction of  pertus-
sis vaccination in the 1950s, the endemic pattern of 
disease has been abolished, and a cyclic pattern of 
epidemics has been the dominant feature  of  pertus-
sis epidemiology. It has been suggested [23] that the 
recurrent pattern of  epidemic cycles is determined 
by the rate of  influx  of  susceptible individuals into 
the population (birthrate x proportion unvacci-
nated) and the intrinsic reproductive rate of  the dis-
ease. This hypothesis asserts that when the birthrate 
has raised the proportion of  susceptibles in the popu-
lation to the level where Susceptible  x Ro > 1, an 
epidemic will occur and continue until the propor-
tion of  susceptibles has been reduced to the level 
where Susceptible  x Ro < 1. This cycle will repeat 
itself  when the birthrate again replenishes the propor-
tion of  susceptibles within the population. While this 
formulation  may be appropriate for  the dynamics 
of  maintenance and termination of  a single epidemic, 
it does not appear to adequately explain the regular 
initiation of  pertussis epidemics at approximately 4-
yearly intervals in many countries during recent years. 

Figure 2 illustrates pertussis epidemiology for  sev-
eral countries between 1950 and 1986. In all of  these 
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Figure 2. Annual pertussis notifications  between 1950 
and 1986 for  the United States, Finland, England and 
Wales, Sweden, and Japan. The pattern is one of  epidemics 
with a cycle of  ~3-4 years in each country despite major 
changes in pertussis incidence [24-29]. 

countries [24-29] and in New Zealand [30, 31] and 
Kenya [32], epidemics have occurred at approxi-
mately 4-yearly intervals. Furthermore, pertussis epi-
demics occurred at approximately 3- to 4-yearly in-
tervals in England and Wales [22] and the United 
States [22] in the prevaccine era (despite continued 
endemic disease) and continued to occur in Finland 
[26], the United States [24, 25], and Fiji [33] at ap-
proximately the same frequency  despite a progres-
sive rise in vaccine uptake to levels that have almost 
abolished pertussis from  these countries. Reduction 
of  the influx  of  susceptibles into the population in 
these countries through an increase in the rate of  vac-
cine uptake has resulted in a reduction in epidemic 
size but has not significantly  altered the interval be-
tween epidemics. Similarly, different  rates of  vaccine 
uptake in different  regions of  England and Wales 
have affected  epidemic size, but not epidemic fre-
quency, in the last 10 years [34]. 

Fine and Clarkson [23] attempted to explain the 
constancy of  the interepidemic interval in England 
and Wales during a period of  significant  changes in 
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vaccine uptake. They suggested that changes in the 
rate of  vaccine uptake had not affected  the frequency 
of  pertussis epidemics because "pertussis vaccines 
are more effective  in protecting against disease than 
in protecting against infection."  They cited the in-
complete protection against disease afforded  by vac-
cination, the reduced severity of  pertussis in vacci-
nated individuals, and the occasional isolations of 
B. pertussis from  asymptomatic, fully  vaccinated 
contacts of  persons with pertussis as evidence in sup-
port of  their hypothesis. 

To explain the unchanged periodicity of  pertussis 
epidemics, this hypothesis requires not only that in-
fection  occur frequently  in vaccinated individuals but 
also that infection  in these individuals be frequently 
transmitted to others. There is little evidence that 
this is so. While serologic evidence suggests that 
B. pertussis infection  is common in the close con-
tacts of  patients with pertussis [35], B. pertussis is 
rarely isolated from  such contacts unless they have 
typical symptoms of  pertussis [35-40]. If  culture 
positivity is a reliable correlate of  infectivity,  it would 
seem that asymptomatic infection  or atypical dis-
ease, although perhaps common, is an unusual 
source of  infection  for  other susceptible individu-
als. A number of  reports have described the spread 
of  pertussis from  adults with unrecognized infection 
[41-43], but failure  to consider the diagnosis rather 
than absence of  symptoms was the common feature 
of  these cases. It therefore  seems unlikely that fail-
ure of  vaccination to protect against infection  and 
infectivity  is an adequate explanation for  the regu-
lar recurrence of  pertussis epidemics. 

While the initiation of  pertussis epidemics may 
be relatively insensitive to changes induced in the rate 
of  influx  of  susceptible individuals into the popula-
tion by changes in the level of  vaccine uptake, it is 
likely that equation 3 does approximately represent 
the dynamics of  pertussis spread within a commu-
nity during an epidemic. From this equation it is pos-
sible to estimate the level of  immunity to pertussis 
in a community at different  phases of  an epidemic. 
If  the proportion of  the population susceptible to 
pertussis at any point of  an epidemic is approximated 
by the equation 

Susceptible  = Pertussis  2 (4) 
Pertussis  1 x Ro 

of  immunity to pertussis at the outset of  the epi-
demic 

Figure 3 shows weekly pertussis notifications  in 
England and Wales for  the years 1977-1987. In the 
early stages of  each epidemic (A—B, C—D, and E — 
F), the rate of  increase in notifications  followed  an 
exponential curve of  approximately similar slope. 
Substitution of  pertussis notifications  from  two 
points separated by an interval of  1 Vi  weeks for  Per-
tussis 1 and Pertussis  2 in equation 4 suggests that 
the proportion of  the population susceptible to per-
tussis at the outset of  the 1978, 1982, and 1986 epi-
demics was 7.7%, 7.2%, and 7.5%, respectively. A 
further  assessment of  the level of  immunity to per-
tussis in the population may be made at the peak 
of  the epidemics when Pertussis 2 = Pertussis 1, and, 
therefore,  the proportion of  the population suscep-
tible to pertussis = 1 /Ro  = 1/15 = 7.1%. Finally, 
the level of  immunity to pertussis following  the epi-
demic peak may be estimated from  the curves P — 
Q, R —S, and T —U. Substitution in equation 4 of 
notifications  from  points separated by an interval 
of  1 Vi  weeks suggests that following  the peaks of 
the 1978, 1982, and 1986 epidemics, the proportion 
of  the population susceptible was 6.1%, 6.1%, and 
6.4%, respectively. These estimates of  the level of 
immunity to pertussis in England and Wales during 
the last 10 years are very similar to those obtained 
by Fine and Clarkson [44]; the latter authors used 
a similar theoretical consideration of  the transmis-
sion dynamics of  pertussis plus extrapolation from 
data in the prevaccine era and a detailed cohort anal-
ysis of  available notification  and vaccine data to ob-
tain their estimates. 

If  the level of  immunity to pertussis in England 
and Wales has not changed significantly  but has fluc-
tuated between 92% and 94% during the last 10 years 
then vaccination or natural disease must have in-
duced immunity in ~93% of  the annual birth co-
hort. The annual birthrate for  England and Wales 
in the last 10 years has approximated 600,000 live 
births [45]. If  one allows for  an average vaccine up-
take of  60% [34] and an overall vaccine efficacy  of 
80% [14], it is possible to estimate the average num-
ber of  children who acquire immunity to pertussis 
following  infection  in England and Wales each year 
from  the equation 

Immune  I  = Immune  T  - Immune  V, (5) 
then substitution of  the numbers of  notified  cases 
from  two points on the exponential growth phase 
of  the epidemic should allow estimation of  the level 

when Immune  I  represents the number of  children 
who acquire immunity to pertussis following  infec-
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tion each year, Immune  T  represents the total num-
ber of  children who acquire immunity to pertussis 
each year, and Immune  Vrepresents  the number of 
children who acquire immunity to pertussis follow-
ing vaccination each year. Thus, 

Immune  I  = 93% x 600,000 -
60% x 80% x 600,000 

= 558,000 - 288,000 
= 270,000. 

(6) 

This estimate of  the number of  children who ac-
quire immunity to pertussis following  infection  each 
year is likely to approximate the annual average in-
cidence of  pertussis, given that asymptomatic infec-
tion is unusual in children. Actual pertussis notifi-
cations for  the 4-year periods 1977-1980 and 
1981-1984 were 135,378 cases and 110,062 cases, 
respectively. Thus, the average notification  rate dur-
ing this period was ~31,000 cases per year. Compar-
ison of  this figure  with the estimated annual aver-
age incidence suggests that only 11% of  cases of 
pertussis are reported, an estimate similar to those 
of  5%-25% made by other workers [11, 46-481. 

While pertussis notifications  in England and 
Wales and in other countries [22, 29] greatly underes-
timate the true incidence of  the disease, estimates 
of  the effect  of  different  levels of  vaccine uptake on 
national pertussis incidence can be derived through 
comparison of  pertussis vaccine uptake and pertus-
sis incidence data. Figure 4 shows notified  pertussis 
incidence and rates of  pertussis vaccine uptake from 
several countries at different  times during this cen-
tury. These data are remarkably consistent despite 
differences  between countries in the level of  underno-
tification  of  pertussis and in the vaccination sched-
ules used. Thus, in England and Wales, Sweden, and 
Canada, vaccine uptake rates of  80%-90% reduced 
pertussis notifications  to a level approximately one-
tenth of  that before  pertussis vaccination was intro-
duced, whereas in Finland and the United States, 
vaccine uptake rates of  ~95% reduced pertussis 
notifications  to a level approximately one-hundredth 
of  that before  pertussis vaccination was introduced. 

These results suggest that progressive increments 
in pertussis vaccine uptake above a level of  80% bring 
about disproportionately greater reductions in per-
tussis incidence and that eradication of  pertussis 
might be possible with levels of  pertussis vaccine up-
take >95%. However, theroretical considerations 
[49-51] predict that a high (>90%) level of  vaccine 
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Figure 4. Notified  incidence of  pertussis (number of 
cases per 100,000 total population) and rates of  pertussis 
vaccine uptake (percentage of  eligible children vaccinated) 
for  several countries at different  times during this cen-
tury. 

uptake will not result in the eradication of  pertussis 
but will merely change the age-related incidence, and 
that although children and adolescents will be pro-
tected from  pertussis by vaccination in infancy, 
declining immunity with age will result in an increas-
ing number of  susceptible adults and an increased 
incidence in this group. An increase in the incidence 
of  pertussis in adults and in infants  too young to have 
been vaccinated has been reported in the United 
States [43-52], but it is difficult  to determine whether 
this trend represents a genuine increase in the inci-
dence of  disease in infants  and adults or only an in-
creased awareness and notification  of  disease in these 
patients. 

In some countries, notably England and Wales, 
public anxiety about a possible relation between 
whole-cell pertussis vaccination and subsequent se-
vere neurologic deficit  has been a major obstacle to 
achieving high levels of  vaccine uptake. This public 
concern has persisted despite considerable scientific 
doubt that whole-cell pertussis vaccine is a cause of 

* 
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severe adverse effects  [52], It has been hoped that 
acellular pertussis vaccines might acquire a public 
reputation for  safety  and be acceptable to a larger 
proportion of  the population and that inclusion of 
increased amounts of  purified  antigens in these vac-
cines would improve their protective efficacy.  While 
controlled trails will allow comparisons of  vaccine 
efficacy  and of  the rates of  common minor adverse 
effects,  comparison of  the rates of  severe adverse ef-
fects  following  vaccination with either whole-cell or 
acellular pertussis vaccine is almost impossible be-
cause of  the rarity of  these events. The results of  a 
recent Swedish trial comparing two acellular pertus-
sis vaccines with placebo [53] suggest that acellular 
pertussis vaccines are associated with a low rate of 
minor adverse effects  but are no more effective  in 
preventing pertussis than are whole-cell pertussis vac-
cines. Although trials comparing acellular and 
whole-cell pertussis vaccines are necessary to esti-
mate relative risks and benefits,  administrative 
changes that increase vaccine uptake are more likely 
to reduce the incidence of  pertussis than are changes 
in vaccine composition. 
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From whom do children catch pertussis? 
The importance of  asymptomatic infection  and atypical illness in the 
transmission of  pertussis is disputed. Fine and Clarkson suggested that such 
infection  in vaccinated children and adults is commonly transmitted to 
infants  and young children.1 We studied the transmission of  pertussis within 
26 families  during an epidemic to determine the incidence of  asymptomatic 
infection  and atypical illness in children and adults and how commonly such 
infection  is a source of  illness for  other family  members. 

Patients, methods, and results 

During a large survey of  serological responses to infection  with Bordetella 
pertussis in pauents with pertussis and their close contacts we recruited 26 families 
(42 parents and 48 children) in which we were able to obtain clinical data on all 
family  members. The families  were seen in hospital and general practice in south 
west London from  July 1985 to January 1987, and all of  them included at least one 
member with typical pertussis. Families were followed  up for  from  four  to 44 
weeks (mean 13 weeks) after  presentation. 

Forty three children and 11 parents had typical pertussis, defined  as prolonged 
paroxysmal cough with whoop, vomiting, or apnoea. Five children and 12 
parents had atypical pertussis, defined  as brief  non-paroxysmal cough without 
whoop, vomiting, or apnoea, which occurred within 20 days after  the onset of 
typical symptoms of  pertussis in another family  member (table). Four children 
with typical pertussis and three children with atypical pertussis had received at 
least two pertussis vaccinations. Nineteen parents but no children remained 
asymptomatic. 

In four  families  a parent was the first  member with symptoms and presumably 
responsible for  transmitting pertussis to the children. Of  these four  parents, three 
had typical and only one atypical pertussis. In the 22 other families  the first  family 
member with symptoms was a child with typical pertussis. Of  the subiects 
exposed to pertussis by a family  member, all children less than 4 years old 
developed typical pertussis; in contrast, five  of  10 older children and 11 of  38 
parents developed atypical pertussis. 

B pertussis was isolated from  14 of  39 children and from  three of  32 parents from 
whom nasopharyngeal swabs were taken. The table shows the numbers of  swabs 
that were positive on culture. Positive cultures were more common in unvaccinated 
children (12/29) than in children who had been vaccinated at least once (2/10). 

Comment 

In this study children were more commonly exposed to pertussis by a 
sibling (22/26) than a parent, and 25 of  the 26 children and adults responsible 
for  transmitting the infection  had typical disease. Atypical disease occurred 
in older children and parents but was almost exclusively associated with 
secondary rather than primary infection.  Furthermore, isolation of  B 
pertussis (which may reflect  a person's infectiousness)  was more common in 
those with typical pertussis (16 of  46 who had swabs taken) than in those who 
were asymptomatic or had atypical pertussis (one of  25 who had swabs 
taken). These results could not have been influenced  by erythromycin 
treatment as the only family  members treated in this way were children with 
typical pertussis (17/43). 

We suggest that pertussis is most commonly transmitted by subjects with 
typical disease and that atypical disease and asymptomatic infection  are not 
an important source of  pertussis in this community. Thus a greater uptake 
of  pertussis vaccination would probably affect  transmission of  the disease 
sufficiently  to reduce its incidence. 

We thank the doctors who referred  families  for  investigation; the hospital 
microbiology laboratory for  culturing the nasopharyngeal swabs; and Dr N 
Noah, consultant epidemiologist, Communicable Disease Surveillance Centre, 
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Department of  Health and Social Security. 
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Incidence  of  pertussis in 90 members of  26 families  in which al least  one child  had  typical pertussis, and  number from  whom Bordetella 
pertussis was isolated.  Numbers  in parentheses are those members who had  received  two or more pertussis vaccinations 

Children 

<4 years 4-tl years Parents Total 

B pertuiiu B pcrtuim B pertuiiu B pertussis 
Pertussis No isolated No isolated No isolated No isolated 

Tvpical 33(3) 14/30 10(1) 0/6 II 2/10 54 16/46 
Atypical 5(3) 0/3 12 0/10 17 0/13 
Asymptomatic 19 1/12 19 1/12 

Total 33(3) 14/30 15(4) 0/9 42 3/32 90 17/71 
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ANTIBIOTICS IN WHOOPING COUGH 

Although whooping cough no longer carries a high mortality, symptoms may 
persist for several months so that both the child and its family suffer weeks 
of anxiety and disturbed sleep.1 The prevalence and severity of the disease 
have declined since the turn of the century. Publicity about the adverse 
effects of whooping cough vaccination steeply reduced the uptake of immun-
isation in England and Wales - from 78% in 1971 to 37% in 1974-.2 The 
subsequent epidemics of whooping cough in 1977-79 and 1982-83 were the largest 
since vaccination began. The epidemic which started in September 1985 could 
well be of similar magnitude. The uptake of immunisation has now somewhat 
improved and is currently about 65% (information from Communicable Disease 
Surveillance Centre). This article discusses whether antibiotics can help in 
whooping cough, either in treatment of the illness or preventing its spread. 

Vaccination is the most effective prophylaxis. Genuine contraindications are 
few and children up to the age of 6 years can be vaccinated if they have missed 
earlier immunisation.3 

Natural history - A prodromal illness develops 7 to 10 days after infection of 
the respiratory tract with Bordetella pertussis. During the initial catarrhal 
stage, the cough is rarely paroxysmal but after 1 to 2 weeks the typical cough 
and inspiratory "whoop" appear. However, the "whoop" is often absent, partic-
ularly in young infants. Vomiting, cyanosis and apnoea may accompany bouts of 
coughing. The symptoms, which may be caused by bacterial toxins, persist much 
longer than the bacteria^ and can take many weeks to resolve. The typical 
syndrome may recur in subsequent months during any upper respiratory infection. 
The disease tends to be more severe and the mortality is highest in infants. 

Secondary spread - Patients with whooping cough are infectious during the 
prodromal and early paroxysmal stages. About 20% of vaccinated and 70% of 
unvaccinated family contacts develop the d i s e a s e . 2 » 5 , 6 T̂ e protection given 
by vaccination appears to decline gradually over 5 years,but illness in 
vaccinated individuals tends to be shorter and less severe.2»5,6 

Diagnosis - A cough lasting longer than one week, associated with cyanosis, 
vomiting or whoop is almost certainly whooping cough.9 The diagnosis may be 
confirmed by isolation of B. pertussis from nasopharyngeal swabs, but positive 
cultures are obtained only in about 30% of cases.5 The finding of an 
absolute lymphocytosis supports the diagnosis. A doctor who ignores the 
mother's account of the illness will miss the diagnosis.1 

DRUG TREATMENT - None of the antibacterial drugs evaluated in whooping cough 
has shown major clinical benefit. In an early placebo-controlled trial in 
young children chloramphenicol or chlortetracycline started within a week of 
onset of symptoms slightly reduced the frequency and severity of paroxysms.10 
These drugs are no longer recommended  for children. Erythromycin is now 
widely used because it is safer, more active in vitro against B.pertussis, and 
penetrates sputum well.11 In one series of 50 children with proven whooping 
cough, nasopharyngeal swabs took a mean of 12 days to become negative without 
treatment, but did so after 1 day on erythromycin.12 Swabs took 2U  days to 
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become negative on ampicillin in this study. Co-trimoxazole can also eradicate 
nasopharyngeal infection13 but none of these drugs alters the course of the 
established illness or alleviates symptoms.9,12,14 Small uncontrolled 
studies suggest that erythromycin may abort clinical illness in asymptomatic 
recently infected patients. 1 2» 1 5,1' 

Does chemotherapy reduce spread? - Many authorities recommend treatment of 
children with whooping cough to reduce i n f e c t i v i t y 1 2 » 1 3 » H , 1 o , 1 7 although 
this has not been shown to prevent spread of infection. Close contacts 
probably become infected before the index case is recognised and treatment 
started. Treatment for less than H days risks bacteriological relapse.1** 
Spread occurred in a paediatric ward after treatment of the index case with 
erythromycin for 7 d a y s . 1 9 

Prophylactic use - Two small placebo-controlled trials of erythromycin 
prophylaxis for family contacts have shown no benefit.5»20 Co-trimoxazole 
has also been suggested for prophylaxis,21 but no controlled trials exist. 

COMPLICATIONS - Secondary bacterial infection, most commonly otitis media or 
pneumonia, may require treatment with an appropriate antibiotic. 
CONCLUSION - Antimicrobial drugs appear to give no direct benefit in 
established whooping cough or in the prophylaxis of close contacts. 
Erythromycin may eradicate early nasopharyngeal infection and prevent 
progression to clinical disease, but the evidence is inconclusive. 

It seems reasonable (though of unproven benefit) to prescribe erythromycin for 
patients likely to expose young children to the disease, and to infants who are 
diagnosed in the prodromal phase as they may become severely ill. Erythromycin 
should be given for K days. Doctors should use the increased community aware-
ness of the disease during epidemics to encourage vaccination of susceptible 
children. 
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DISCUSSION 

The major component of  the research presented in this thesis was an investigation of 
the serological responses to B. pertussis  antigens in patients with pertussis, their family 
contacts and infants  immunised with whole cell pertussis vaccine.We demonstrated that: 

(i) pertussis produces a prompt serum IgG, IgA and IgM response to PT, FHA, 
Agg 2/3 and other B. pertussis  antigens 

(ii) the magnitude of  the class antibody responses to PT, FHA and Agg 2/3 is 
broadly similar for  patients with pertussis and vaccinated infants 
(iii) initial titres of  serum antibodies are lower in patients with pertussis than in their 

family  contacts who remain well 
(iv) serum antibody to PT is primarily to the enzymatic subunit and not to the 

binding subunits. 
However despite the results of  the research presented in this thesis, and similar 
investigations conducted by others(l,2), the serologic determinants of  immunity have 
not been clearly and consistently defined.  Similarly the large Swedish trial of 
immunisation with acellular pertussis vaccines containing PT or PT plus FHA also 
failed  to demonstrate that postvaccination titres of  antibodies to these two antigens were 
correlated with protection against disease(3). The results of  further  trials of  primary 
immunisation with acellular pertussis vaccines may help to resolve whether serologic 
responses to one or more B. pertussis  antigens can be used as determinants of 
immunity. It seems likely however that serologic determinants of  immunity will remain 
elusive and that investigation of  other components of  the immune response will be 
needed to determine what confers  immunity following  infection  or vaccination. 

Until recently it was thought that the secretory immune response was likely to be a 
major determinant of  immunity to pertussis. Our results however demonstrate that there 
is only a modest IgA response in nasal mucus following  either disease or 
vaccination.While this result is at odds with previous expectations, it is supported by 
our finding  of  minimal responses to B. pertussis  antigens in breast milk from  mothers 
of  infants  with pertussis. Zackrisson et al investigated the IgA response to PT and 
FHA in saliva from  patients with pertussis(4). They found  a fourfold  rise in titres (for 
samples collected at intervals of  2-5 weeks) occurred in only 19/62(31%) patients for 
IgA to FHA and in only 14/62 (23%) patients for  IgA to PT. Shahin et al found  that 
mucosal immunisation of  mice with FHA provided protection against B. pertussis 
infection  despite the fact  that such immunisation induced no detectable IgA response in 
nasal wash fluid  and only a modest IgA response in bronchoalveolar 
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lavage fluid(5).These  results indicate a weak secretory immune response to B. 
pertussis  infection  and imply that some other component of  the immune response may 
be more important in clearing infection  and confering  protection against future  disease. 

Our demonstration of  a cell mediated response in patients with pertussis provided the 
first  evidence that a T lymphocyte response to B. pertussis  antigens is present in 
humans. Subsequently investigations of  the T cell response to experimental B. pertussis 
respiratory tract infection  in the mouse have demonstrated that this response is crucial 
to the eradication of  infection  and the establishment of  immunity(6,7). Further results 
from  human studies are necessary to determine if  T cell responses are of  similar 
importance in man.If  such studies do indicate that T cell responses to one or more B. 
pertussis  antigens are strongly correlated with immunity to pertussis they may allow a 
more accurate identification  of  the determinants of  immunity to pertussis and a more 
informed  decision on the optimal composition of  an acellular pertussis vaccine. 

We found  that the serum titre of  IgA to PT was higher in patients with pertussis than 
in recendy vaccinated infants.  Other investigators have described similar serologic criteria 
for  the diagnosis of  B. pertussis  infection  but in general these criteria have been 
somewhat imprecise and have often  required consideration of  more than one assay for 
a useful  sensitivity and specificity(8-10).  If  acellular pertussis vaccines completely 
replace whole cell pertussis vaccines in the future  then detection of  a serological 
response to a B. pertussis  antigen not present in the acellular vaccine may prove to be 
a more simple and reliable test for  recent infection. 

Our results and those of  Goldman (11) suggest that tracheal cytotoxin (TCT) is 
important in the pathogenesis of  pertussis. Unfortunately  TCT does not stimulate 
antibody production even when conjugated to a variety of  protein carriers. Therefore 
unless TCT stimulates an effective  T cell response it may not be useful  as a 
component of  a vaccine against pertussis. If  agents which can inactivate TCT can be 
synthesised they may provide some benefit  in the treatment of  pertussis.However 
delayed diagnosis will commonly mean that treatment cannot be started early in the 
course of  the disease. Furthermore treatment may fail  if  the toxin binds irreversibly to 
its receptor, or if  brief  exposure to the toxin initiates a very prolonged effect 

The immediate purpose of  much of  the research described in this thesis was to 
provide information  to assist with the planning, execution and assessment of  a large 
clinical trial of  acellular pertussis vaccines anticipated to begin in England in 1990. It 
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was expected that determinations of  the serum and nasal antibody responses to 
purified  B. pertussis  antigens following  natural infection  would provide information 
which might assist with: 
(i) the selection of  the vaccines to be trialled 
(ii) the evaluation of  immune responses induced by the various vaccines 
(iii) the diagnosis of  B. pertussis  infection  in trial subjects. 
At the time the research was being performed  candidate vaccines were being evaluated 
for  inclusion in this trial. (Indeed the efforts  of  an English group to produce an 
acellular pertussis vaccine had provided the pure B. pertussis  antigens used in the 
ELISA tests described in Papers 2,4 and 5) The vaccines being considered contained 
PT, FHA and Agg 2/3 in varying proportions and were to have been compared with 
the killed whole - cell pertussis vaccine used in England. A major stimulus to the 
performance  of  this trial was the resurgence of  pertussis in England following  a 
reduction in pertussis vaccine uptake in the 1970's. A further  stimulus was the decision 
by Wellcome, the manufacturers  of  the whole - cell pertussis vaccine used in England, 
to cease vaccine production. The vaccine trial was expected to identify  vaccines with 
equal or greater efficacy  than the Wellcome whole - cell vaccine. Furthermore it was 
hoped that acellular pertussis vaccines would be found  to have a low incidence of 
adverse effects,  and hence be regarded more favorably  by the public and their doctors 
and consequently be administered to a higher proportion of  children. 

For a variety of  reasons an efficacy  trial of  acellular pertussis vaccines was not 
performed.  While the high cost of  the trial and delays in the availability of  a suitable 
English acellular vaccine contributed to the failure  to perform  this trial the most 
important reason was the decline in the incidence of  pertussis in England which 
followed  successful  efforts  to increase the uptake of  childhood vaccines (12). The 
declining incidence of  pertussis made the need for  new vaccines less pressing, and 
reduced the chances of  a trial conducted in England showing a significant  difference  in 
efficacy  between vaccines. 

The persistent recurrence of  epidemics of  pertussis, albeit of  a much lesser magnitude 
than in the past, has led to reviews of  the pertussis immunisation schedule in a 
number of  countries(13). A central issue of  these reviews has been consideration of 
whether booster doses of  pertussis vaccine are necessary for  effective  control of 
pertussis. While the need for  a primary immunising course of  three doses of  vaccine, 
given early in infancy,  is widely accepted, uncertainty persists about the need for 
further  booster doses given in the second year of  life,  at school entry, or in 
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adolescence or adulthood. In some countries (eg England and Wales, New Zealand) no 
further  doses of  pertussis vaccine are given after  the initial three doses in infancy, 
while in other countries (eg Australia) a single booster is recommended at 15 or 18 
months, and in the United States two boosters at 15 months and five  years are 
recommended. The advent of  new acellular pertussis vaccines which induce greater 
serological responses to B. pertussis  antigens and less severe local reactions in the 
vaccinated infant(14,15),  has led to the recommendation that they replace whole cell 
pertussis vaccine for  the two boosting doses (given at 15-18 months and 4-6 years of 
age) in the United States (16), and has prompted other nations to consider adding a 
further  booster dose to their current vaccine schedules. 

A commonly stated reason for  booster doses of  pertussis vaccine following  the primary 
immunising course is concern that the incidence of  pertussis in infants,  in whom it is 
most severe, may increase as a result of  transmission from  adolescents and adults with 
pertussis (17). The administration of  booster doses of  pertussis vaccine is intended to 
prevent the emergence of  a cohort of  young adults susceptible to pertussis because 
waning post-vaccination immunity has not been stimulated by natural infection  due to 
the success of  the primary vaccine programme in reducing the incidence of  disease. 

A number of  studies in the United States have suggested that unrecognised B. 
pertussis  infection  is common in adolescents and adults (17,18). However these studies 
have usually relied on serological criteria for  diagnosis of  infection  and have almost 
invariably failed  to isolate B. pertussis  from  nasopharyngeal samples. The 
epidemiological significance  of  these asymptomatic or mildly symptomatic infections 
therefore  remains uncertain. It seems unlikely that adults with minimal or no cough and 
negative nasopharyngeal cultures pose a significant  risk of  transmitting pertussis to 
others. Instead it seems likely that most adolescents and adults, having acquired 
infection  from  a person with typical pertussis, are briefly  colonised, with a prompt 
immune response ensuring rapid clearance of  infection,  prevention of  typical pertussis 
symptoms, and little or no transmission of  infection  to others. 

Typical culture positive pertussis does however occur in adults (19,20) and is evidence 
that immunity does wane following  either immunisation or disease. Vaccine induced 
immunity declines from  approximately !00% at one year after  immunisation to 
approximately 60% at five  years after  immunisation, and has been estimated to be 
virtually zero at twelve years after  immunisation (21-23). The duration and solidity of 
protection following  childhood pertussis cannot be estimated with similar accuracy but 
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is widely thought to be greater than that provided by vaccination. 

Nelson raised concern about transmission of  pertussis from  adults to infants  when he 
reported that a large proportion of  infants  aged less than three months admitted to 
hospital with pertussis in Dallas between 1966 and 1977 had acquired the infection 
from  their parents (24). Pertussis in the infant  was more commonly acquired from  a 
parent in the second six year period (12/22; 55%) than it was in the first  six year 
period (3/24; 13%) of  his study. While Nelson's study and other reports of  small series 
of  infants  with pertussis (25,26) might suggest that parent to infant  transmission of 
pertussis is common, larger family  studies have usually found  that the first  person to 
develop pertussis in most families  is a child rather than a parent (27-34) (Table 1). It 
therefore  seems unlikely that prevention of  pertussis in adults will prevent the entry of 
pertussis into most families. 

An increase in the incidence of  pertussis in adults in the United States in the 1980s 
has been cited as evidence of  waning immunity in adults and of  the need for  booster 
doses of  pertussis vaccine after  childhood (17,18,35). Approximately 12% of  reported 
pertussis in the United States is in persons aged at least 15 years and the incidence in 
this group appears to have increased approximately five-fold  during the 1980s (36). 
However the incidence of  reported pertussis in the United States during this period 
was approximately 0.5/10^ in adolescents and adults, approximately 5/10^ in children 
aged 1-4 years old, approximately 20/105 in children aged 3-12 months old, and 
approximately 60/10-5 in infants  aged less than 3 months old(36). 

A major increase in pertussis vaccine uptake in England and Wales in the last 20 years 
has been followed  by a dramatic decline in pertussis incidence to levels which 
approximate those in the United States. However these changes have not led to a 
significant  increase in the number of  notified  cases in infants,  and adults continue to 
comprise less than 5% of  all pertussis notifications  (37). These data from  England and 
Wales and the United States demonstrate that it is children rather than adults who 
remain the most significant  reservoir of  disease in the community. In consequence any 
intervention administered to adolescents and adults in an attempt to reduce disease 
incidence in this group (or as a secondary effect  in infants),  is likely to be less cost 
effective  than the same intervention administered to children who have a very much 
higher burden of  disease. 

In summary there is conflicting  evidence about the importance of  transmission of 
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pertussis from  adults to infants.  A combination of  organisational change, improved 
health education, and increased professional  committment to childhood immunisation is 
likely to increase childhood vaccine uptake significantly(12)  and may be expected to 
have a greater impact on the epidemiology of  pertussis than would the administration 
of  booster doses of  vaccine to children or adults. 
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TABLE 1. 

Source of  Bordetella pertussis infection  within families 

Reference  Number of  Number of  Total Number (%) of  primary 
(year families  family  number cases in children 
country) members of  cases (age cutoff) 

27 49 209 113 47 (96%) 
(1976-77 ("children") 
Finland) 
28 78 416 153 64 (82%) 
(1977 (<11 years) 
USA) 

29 21 97 55 18 (86%) 
(1979-81 (<16 years) 
Finland) 
30 89 NS NS 79 (89%) 
(1984-90 ("children") 
Japan) 

31 26 90 54 22 (85%) 
(1985-87 (<12 years) 
England) 
32 61 265 94 15 (20%) 
(1985 (<12 years) 

USA) 
33 37 184 66 29 (78%) 
(1988 (<15 years) 
USA) 

34 14 116 31 5 (24%) 
(1989 (<14 years) 

USA) 
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