UNIVERSITY OF SOUTHAMPTON

FACULTY OF MEDICINE

MICROBIOLOGY

THE EFFECTS OF GROWTH CONDITIONS ON THE EXPRESSION OF
VIRULENCE DETERMINANTS OF BORDETELLA PERTUSSIS

by Andrew Richard Gorringe

1988




ACKNOWLEDGEMENTS

I gratefully acknowledge the help of the following of
my colleagues at CAMR: Dr. L.I. Irons and Dr. L.A.E.
Ashworth for their advice and guidance during this
research, Mr. A.R. Blake and Mr. G.R.G. Moody for their
practical help in the laboratory. Special thanks are
due to Dr. A. Robinson for his constant help and
encouragement throughout the work presented here. Thanks
are also due to Dr. J.E. Heckels for his supervision from

the University of Southampton.



Work presented in this thesis has been included in the

following publications:

ROBINSON, A., GORRINGE, A.R., IRONS, L.I. & KEEVIL, C.W.

(1983). Antigenic modulation of Bordetella pertussis in
continuous culture. FEMS Microbiology Letters 19, 105-109.

ROBINSON, A., GORRINGE, A.R. & KEEVIL, C.W. (1983).

Expression of virulence determinants in Bordetella

pertussis and Neigsseria gonorrhoeae. In: Continuous
Culture 8 pp.22-37. Edited by A.C.R. Dean, D.C. Ellwood

and C.G.T. Evans. Chichester: Ellis Horwood.

GORRINGE, A.R., ASHWORTH, L.A.E., IRONS, L.I. & ROBINSON,
A. (1985). Effect of monoclonal antibodies on the

adherence of Bordetella pertussis to Vero cells. FEMS
Microbiology Letters 26, 5-9.

ROBINSON, A., ASHWORTH, L.A.E., GORRINGE, A.R. & IRONS,
L.I. (1985). Progress 1in the development of acellular

pertussis vaccines. In Bacterial protein toxins,
Proceedings of the Second Symposium on Bacterial Toxins,
Wepion, Belgium pp. 389-396. Edited by P. Falmagne.

Berlin: Fischer Verlag.

ASHWORTH, L.A.E., ROBINSON, A., IRONS, L.I., DOWSETT,
A.B., GORRINGE, A.R. & WILTON-SMITH, P. (1986). Fimbriae

of Bordetella pertussis. In: Protein-Carbohydrate

Interactions 1in Biological Svstems: The Molecular Biolog

of Microbial Pathogenicity pp.291-293. Edited by D.L.

Lark. FEMS Symposium No. 31. London: Academic Press.

ROBINSON, A., DUGGLEBY, C., GORRINGE, A.R. & LIVEY, 1I.
(1986). Antigenic variation in Bordetella pertussis. In:

Antigenic Variation in Infectious Diseases. Special

publication of the Society for General Microbiology Volume

19 pp. 147-161., Edited by T.H. Birkbeck and C.W. Penn.

ii



Oxford: IRL Press.

GORRINGE, A.R., IRONS, L.I. & ROBINSON, A. (1986). The
effect of Mﬁﬂcyclodextrin on the stability of Bordetella
pertussis filamentous haemaglutinin. Microbe '86. XIV

International Congress of Microbiology, Manchester.

GORRINGE, A.R., IRONS, L.I., ASHWORTH, L.A.E. & ROBINSON,
A. (1986). Bordetella pertussis: The disease and vaccine

prospects. In: Proceedings of Symposium, Trends in
Respiratory Infection, Beaumaris, Anglesey pp. 25-29.

Basingstoke: The Modern Medicine Group for VLilly

Industries Limited.

IRONS, L.I. & GORRINGE, A.R. (1988). Pertussis toxin:

Production, purification, molecular structure and assay.

In: Pathogenesis and Immunity in Pertussis pp. 95-120.
Edited by A.C. Wardlaw and R. Parton. Chichester: John

Wiley.

iiil



CONTENTS

PAGE
Acknowledgements. i
Publications that include work presented in this
thesis. ii
Contents. iv
List of figures. X
List of tables. xiii
Abbreviations. ' XV
ABSTRACT. Xvi
CHAPTER 1. INTRODUCTION. 1
1.1 Pertussis. 1
1.1.1 A short history. 1
1.1.2 The disease in man. 3
1.1.2.1 Disease characteristics. 3
1.1.2.2 Epidemiology 4
1.1.2.3 Pathogenesis. 5
(i) Adherence to the respiratory tract. 5
(ii) Growth and multiplication. 6
(iii) Local disease. 6
(iv) Systemic diease. 7
1.1.3 Components of B. pertussis: properties and
role in pathogenesis. 7
(a) Lymphocytosis promoting factor (LPF). 8
(b) Filamentous haemagglutinin (FHA). 11
(c) Agglutinogens. 13
{d) Outer memb}ane proteins (OMP). 15
(e) Heat labile toxin (HLT). 15
(f) Adenylate cyclase. 16
(2) Haemolysin. 17
(h) Lipopolysaccharide (LPS). 18
(i) Tracheal cytotoxin (TCT). 18
1.2 Vaccination against pertussis. 19
1.2.1 A history of vaccination against
pertussis. 19
1.2.2 Vaccine acceptance rates and the incidence
of pertussis in the U.K.. 20

1.2,.3 Adverse reactions to whole cell pertussis

iv



1.2.4
1.2.4.1

1.2.4.2

1.2.4.3

1.2.4.4
1.2.4.5

1.3
1.3.1

1.3.2

1.3.3
1.3.3.1

1.3'3'2

1.3.4

1.3.5
1.3.5.1

1.4

1.4.1
1.4.2

Chapter
2.1

2.1.1
2.1.2
2.1.3
2.1.3.1
2.1.3.2
2.1.3.3

vaccines.

Acellular pertussis vaccines.
Reasons for the development of
pertussis vaccines.

Components of B. pertussis for inclusion
in acellular pertussis vaccines.

Early acellular vaccines.

The Japanese acellular pertussis vaccine.
The CAMR acellular pertussis vaccine,

In vitro growth of B. pertussis.

The development of growth media.

(a) Solid medium.

(b) Liquid medium.

Growth requirements and effect of toxic
compounds.

(a) Growth requirements.

(b) Effect of toxic compounds.

Antigenic modulation.

Changes observed during antigenic

modulation.

Environmental conditions affecting

antigenic modulation.

Phase variation.

Growth in continuous culture.

Growth of B. pertussis 1in
culture.

continuous

Cyclodextrin.

Chemistry and properties.
Effect of cyclodextrins on B. pertussis.
2. MATERIALS AND METHODS.

Strains of B. pertussis and growth of the
organism.
Strains.

Media.

Growth of B. pertussis.
Agar plates.

Shake flasks.
Thompson bottles.

Vv

acellular

22
24

25

26
27
28
30
32
32
32
33

33
33
34
35

36

36
38
40

42
44

44
44
47

47
AT
47
A8
48
49
49



2.1.3.4 Continuous culture.

2.1.3.5 LH 500 ml fermenter.
2.1.3.6 LH 2000 series 8 1 fermenter

2.1.4
2.1.5
2.1.6
2.1.7

2.2
2.3
2.3.1
2¢3.2

2.3.3
2.4

2.5

2.6
2.7
2.8
2.9
2.10
2.11

2.12

CHAPTER 3. Effects of conditions of

Viable counts of B. pertussis.

Optical density measurement.

Culture purity.

Culture harvesting wusing the Millipore
Pellicon system.

Haemagglutination assay.

ELISA antigen assays.

LPF and FHA assays.

FHA competition assay.

AGG-2 assay.

In vivo assay of LPF.

observation of

Electron microscope

fimbriae.

Fluorescence assay of CD.
SDS-PAGE.

Assay of cAMP.

Cell surface hydrophobicity.
Vero cell adhesion assay.

Preparation of B. pertussis homogenate

extracts.

Preparation of Empigen BB extracts of B.

pertussis cell envelopes.
culture on

growth and expression of Virulence determinants of

B. pertussis.

3.1
3.1.1

3.1.2

Batch cultures.

Effects of different SS medium formulations

on growth of B. pertussis.
Effects of CD on growth and expression of

virulence determinants.
(a) Shake flask cultures.
(b) Shaken and static Thompson bottle
- cultures.
(c) Effect of CD on growth in SS and CL

medium with and without glutathione.

vi

49
50
50
51
51
51

51
53
53
54
54
06
56

o6
57
57
58
59
59

60

61

62
62

62

63
63

66

70



3.1.3

3.1.4

3.2

3.2.1

3e242

3.3

CHAPTER
1.1

4.2

4.2.1
4.2.2

4.2.3

4.3

4.3.1
4.3.2

4.4
CHAPTER

The concentration of CD in culture
supernatants.
Growth of B. pertussis in 500ml batch

fermenters.

(a) With increasing concentrations of CD.

(b) The effect of pH control and CD on the
expression of FHA,.

Growth of B. pertussis in continuous

cul ture.
Effects nutrient limited conditions on B.

pertussis.
(a) Cystine,

(b) Iron.

Effects of CD on growth of B. pertussis in
continuous culture.

Summary .

4, 81 scale growth of B. pertussis.

Effect of antifoaming agents on growth of

B. pertussis.
Growth of B. pertussis in the LH 2000

series fermenter.

Effect of CD on growth of B. pertussis.

Concentration of CD in fermenter culture

supernatants.

Effect of aeration on growth of B.

pertussis.
Culture harvesting using the Millipore

Pellicon.
Use for concentration of whole culture.

Use for concentration of culture
supernatant.

Summary.

5. The effects of antigenic modulation on

B. pertussis.

5.1

5.2

Effects of antigenic modulation on B.

pertussis.
Effect of antigenic modulation on adhesion

of B. pertussis to Vero cells.
vii

75

75
75

78

80

82

82
84

87
89
91

92

94
94

96

96

102
102

104
105

107

107

108



5.3

5.4

0.4.1
0.4,2
5.4.3
5.4.4

0.5
0.5.1

5.5.,2
5.6

CHAPTER 6. The effects of CD

Effect of antigenic modulation on cell

surface hydrophobicity.

The rate of antigenic modulation in
continuous culture.

The
The rate of NA-induced modulation.

rate of MgS0O4-induced modulation.

Low temperature-induced modulation.

Effect of a gradual, stepwise change in

medium;composition from X- to C-mode.
Effects of CD on antigenic modulation.
Effects of CD on NA-induced modulation.
Effects of CD on MgS0O4-induced modu;ation.

Summary.
on the stability of

filamentous haemagglutinin.

6.1
6.1.1

6.1.2

6.1.3

6.1.4

6.1.5

6.1.6

6.2
6.2.1

6.2.2

6.2.3

6.2.4

6.2.5

The effects of CD on the stability of FHA.
The effect of CD on the stability of FHA
incubated with and without shaking.

The effect of CD the
stability of FHA incubated with shaking.
The effect of pH on the stability of FHA

incubated with shaking.
The stability of FHA

shaking at 4°C.

The effect of the area of the air-liquid
interface on the stability of FHA
incubated with shaking.

FHA remaining in solution analysed by
SDS-PAGE.

Binding of CD to FHA.

Binding of CD to B. pertussis cells.
Effect of CD on antibody binding to FHA in
ELISA and immunoblotting.

Separation of a mixture of‘FHA+CD by

concentration on

incubated with

Sepharose G15 chromatography.
Binding of FHA and CD studied using Amicon

Centrifree filters.

Binding of CD to B. pertussis cells
viii

111

111
113
117
121
123

126
126

128
131

136
136

136

138

138

138

141

141

144
146

146

149

1562



determined using Centrifree filters. 153

6.3 Summary. 153
CHAPTER 7. Discussion. 157
7.1 Growth of B. pertussis. 157
7.2 Antigenic modulation. 165
7.3 Expression of LPF and FHA by B.

pertussis. 173
REFERENCES. 185

ix



10.

11.

12,

13.

14.

15.

16.

17.

LIST OF FIGURES.

Vaccine acceptance rates and the numbers of

notifications and deaths due to pertussis in
England and Wales.

The relationship between optical density
and dry weight of B. pertussis cultures.
Effect of CD on growth of B. pertussis in
shake flasks.

SDS-PAGE of homogenates of B. pertugsis

grown in different media with and without CD.

Growth of B. pertussis in 500ml fermenter in
CL medium with 0, 0.05, 0.5 and 2.0 g/1 CD.
Effect of concentration of CD on supernatant
LPF measured by ELISA in 500ml fermenter.
Effect of CD and pH control on supernatant
FHA measured by ELISA in 500ml fermenter.
SDS~-PAGE of B. pertussis cells grown under
iron limited conditions.

Effect of antifoaming agents on growth and
expression of LPF and FHA by B. pertussis.

Growth of B. pertussis in 81 LH fermenter
with CL medium containing 0, 1 and 2 g/1 CD.

Growth of B. pertussis in 81 LH fermenter
at 02 set points of 5, 20 and 50%.
Growth of B. pertussis in LH fermenter. Aj;

with top aeration only. B; with sparged
aeration and a constant, slow stirrer speed.

Growth of B. pertussis in LH fermenter with
aeration at 20% for first 36h, then the air
turned off and the stirrer speed reduced.
SDS-PAGE X- and C-mode B. pertussis cells
grown in continuous culture, D=0.05 h-1.

Cell surface hydrophobicity of B. pertussis
determined by adhesion to octane.
MgS0O¢-induced antigenic modulation of B.
pertussis in continuous culture, D = 0.1 h-1,
SDS-PAGE of B. pertussis cells during

MgS04 —induced antigenic modulation in

X

PAGE

21

02

65

72

(K|

79

81

86

93

95

98

100

101

110

112

114



18.

19.

20.

21.

22 .

23.

24.

25.

26.

27,

28.

29.

30.

31.

32.

continuous culture, D = 0.1 h-1,

MgS0O4 -induced antigenic modulation of B.
pertussis in continuous culture at D = 0.15
h-1 and 0.05 h-1,

Decline in cellular LPF during
MgS0; ~induced antigenic modulation at
different growth rates.

SDS-PAGE of B. pertussis cells during
NA-induced antigenic modulation in
continuous culture, D=0.1 h-1,

NA-induced antigenic modulation of B,
pertussis in continuous culture at D=0.1
h-1 and D=0.15 h-1,

NA-induced antigenic modulation of B.

pertussis in continuous culture, D=0.05 h-1,

Hydrophobicity of B. pertussis
modulation in

temperature antigenic

continuous culture.
Hydrophobicity of

growth in continuous

B. pertussis

culture

during low

during

with a

stepwise change from X- to C-mode medium.

Hydrophobicity

of B. pertussis
X-mode and NA C-mode medium with and without CD.

grown 1in

Effect of CD on MgS0Os antigenic modulation,

SDS-PAGE.
Hydrophobicity

of B. pertussis

media with a gradient of MgSO0,

with and without CD.
of FHA

C-mode,
HA titres

gsolutions

statically or with shaking in

and absence of CD.

grown in

from X- to

incubated

the presence

HA titres of solutions of FHA containing O,
1, 2 and 4 g/1 CD incubated with shaking.

HA titres of solutions of

FHA

incubated

with shaking at pH 7.0, 8.0, 9.0 and 10.0.

HA titres of solutions of

FHA

incubated

with shaking at 4°C with and without CD.
HA titres of solutions of FHA (20ml)

xi

115

116

118

119

120

122

124

125

129

132

133

137

139

140

142



33.

34.

35.

incubated with shaking in 25ml, 50ml, 100ml
and 250ml conical flasks.
FHA analysed by SDS-PAGE during loss on
incubation with shaking.

Use of FHA immunoblots to determine 1if CD

inhibits antibody binding to FHA.
Chromatography of CD and FHA+CD on Sephadex

Gl5.

xii

143

145

150

151



2.

3.

4.

5.

6.

7.

8.

9.

10. Concentration of CD in LH 81 fermenter (L+()
culture supernatants determingd by TNS Jluoftd'ance QJSay_

LIST OF TABLES.
Factors and attributes lost by B. pertussis
during antigenic modulation.
Growth of B. pertussis in SS medium containing
either cysteine or cystine and either high or
low levels of Tris.
Growth of B. pertussis in statically incubated
Thompson bottles.

Effects of CD on growth of B. pertussis in
Thompson bottles incubated with shaking.

Effect of different SS medium formulations +/-
CD on the growth of B. pertussis 1in shaken

flask cultures.

Concentration of CD in supernatant from SS+CD

Thompson bottle cultures.
Effect of cystine limited conditions on growth

of B. pertussis in continuous culture.
Effect of iron limitation on the growth of B.

pertussis in continuous culture.
Effects of CD on B. pertussis 1in continuous

cul ture.

11A.Pellicon concentration of whole culture.

11B.The effect of coating the Pellicon membrane

with bovine serum albumin.

12. Pellicon concentration of culture supernatant.

13. Comparison of X- and C-mode B. pertussis

grown in continuous culture, D = 0.05 h-1,

14. Effect of CD on nicotinic acid antigenic

15.

modulation of B. pertussis.
Effect of CD on MgS0O, modulation in a series

of flasks with a gradient from X- to C-mode

medium.

16. Binding of CD to B. pertussis cells grown in

Thompson bottles with static incubation.

17. Binding of CD to purified FHA determined

xiii

PAGE

37

64

67

69

74

76

83

85

88

97
103

103
103

109

127

130

147



using Centrifree filters. 154

18. Binding of CD to B. pertussis cells
determined using Centrifree filters. 155

xXiv



ABREVIATIONS.

AGG ~ Agglutinogen.

CA - Charcoal agar.

CAMR - Centre for Applied Microbiology and Research.
CD - 2, 6-0-dimethy1ﬂ cyclodextrin.

CL - Medium of Imaizumi et al. (1983b) without CD.
cAMP - Cyclic adenosine monophosphate.

DTP - Diptheria - tetanus - pertussis vaccine.

FHA ~ Filamentous haemagglutinin

HA - Haemagglutination.

HLT - Heat labile toxin.

HRP - Horse radish peroxidase.

i.c - Intracerebral.

LPF - Lymphocytosis promoting factor.

LPS - Lipopolysaccharide.

McAb - Monoclonal antibody.

MEM - Minimal essential mediun.

OD ~ Optical density at 550nm.

OMP - Outer membrane protein.

PBS - Phosphate buffered saline pH 7.2.

SDS-PAGE - Sodium dodecyl sulphate polyacrylamide ¢gel

electrophoresis.

SS - Medium of Stainer and Scholte (1971).
TCT - Tracheal cytotoxin.

Tris - Tris{hydroxymethyl )methylamine.

TSBA - Tryptone soya broth agar.

WHO - World Health Organisation.

XV



UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF MEDICINE

MICROBIOLOGY

Doctor of Philosophy

THE EFFECTS OF GROWTH CONDITIONS ON THE EXPRESSION OF
VIRULENCE DETERMINANTS OF BORDETELLA PERTUSSIS

by Andrew Richard Gorringe

The expression of virulence determinants by Bordetella
pertugssis was studied during growth in batch and
continuous culture. The addition of 2,6~-0-dimethyl
/chclodextrin (CD) reduced the lag phase of batch cultures,
increased the maximum culture density in shaken cultures
and increased production of lymphocytosis promoting factor
(LPF) and filamentous haemagglutinin (FHA). CD was not a
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lost activity on shaking. CD had a stabilising effect on

FHA incubated with shaking, suggesting that 1increased
yields of FHA could be due to this stabilising effect of

CD.
Virulent X-mode B. pertussis were maintained in
continuous culture. CD caused an increase 1in culture

density in continuous culture indicating that an
inhibition of growth was acting in its absence. Continuous
culture was not suitable for vaccine production as 1t did
not allow maximum expression of vaccine components and
there was a possibilty of selection of phase IV organisms.,
A fermentation process suitable for vaccine production was
developed using a stainless steel fermenter and medium
containing CD.

Antigenic modulation of B. pertussis produced C-mode
variants lacking LPF, FHA, fimbriae, X-mode specific outer

membrane proteins and adenylate cyclase. C-mode cells had
a reduced ability to adhere to Vero c¢ells and reduced
hydrophobicity. Antigenic modulation was reversible in
continuous culture and the rate of loss of X-mode

components was approximately equal to the theoretical
washout rate for a number of dilution rates, indicating a
common mechanism of control of expression. The addition of
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Chapter 1. Introduction.

1.1 Pertussis.
1.1.1 A short history.

The first written description of pertussis or
whooping cough disease appeared in 1578 when an epidemic
occurred in Paris (Olson, 1975). No previous descriptions
of this disease have been found and the next records date
from almost a century later when it appears that whooping
cough was endemic in Europe (Lapin, 1943). The term
pertussis was first wused by Sydenham in 1670 (per very
severe; tussis cough) and this designation is now prefered
by many to whooping cough since not all patients with the
disease whoop (Lapin, 1943, Olson, 1975).

Bordet is credited with first describing the bacteria
associated with the disease when, in 1900, he observed
numerous coccobacilli in respiratory secretion collected
from his infant daughter suffering from whooping cough.
The bacteria occured in such abundance and purity that
their association with the 1infection could hardly be
doubted (Olson, 1975). Bordet’s name remains associated
with the organism as a result of extensive studies
subsequently published together with Gengou. Bordet and
Gengou were able to culture the organism succesfully on
artificial media, using secretions from Bordet'’s son who
had the disease. In a series of articles they described
the medium, which is s8till in use, and characterised the
morphology, culture characteristics, virulence and
antigenicity of the organism (Lapin, 1943).

In 1908 and 1909, Klimenko (cited by Lapin, 1943)
reported that he had produced whooping cough in monkeys

and puppies by inoculation with Bordetella pertussis.
There are other reports of animal models of infection, but

it was Williams (1914) who isolated pure cultures of B.

pertussis from many cases of whooping cough and confirmed

the etiological significance of the B. pertussis. The
MacDonalds (MacDonald & MacDonald, 1933) provided direct

evidence for B. pertussis as the causative agent, in what
is to us an astounding manneg,by inoculating all four of

1



their children with the organism, two of them having been
immunised with killed organisms. Seven days after
challenge both unimmunised children developed typical
pertussis and B. pertussigs was isolated from each of them.

Bordetella parapertussis, 1isolated by Eldering &

Kendrick (1938) has been associated with the pertussis
syndrome and, when implicated, the infection usually takes
the form of a mild case of pertussis. Although apparently

quite rare in the U.K. and the U.S.A., B. parapertussis
contributes more significantly to pertussis outbreaks in

other parts of the world (Olson, 1975).

Bordetella bronchiseptica can cause the pertussis
syndrome but this is rare. B. bronchiseptica is, however,

the cause of respiratory tract infections in many animals
such as kennel cough 1in dogs and infectious atrophic
rhinitis in pigs (Goodnow, 1980).

There are still doubts that all cases of pertussis are
caused by one of the three Bordetella species. Other
agents, in particular adenoviruses, have been implicated
(Olson, 1975H).

The genus Bordetella was proposed by Lopez in 1952 to

include the three Bordetella species. Members of the genus
are minute coccobacilli (0.2-0.3 um by 0.5-1.0 pm)
arranged singly or in pairs or rarely in short chains. B.

bronchiseptica is motile ©possessing flagella, whilst B.

pertussis and B. parapertussis are not. They are
chemoorganotrophs with a respiratory metabolism and do not

ferment sugars. The optimal growth temperature is 35-37°C,
with no growth under anaerobic conditions (Pittman, 1974).
Kloos et al. (1981) showed, using DNA hybridisation

techniques, that the members of the genus had very close
DNA relatedness.They suggested reconsidering the
Bordetella species as representing different subspecies
belonging to a single species. Musser et al. (1986)
studied allelic variation in Bordetella 1in structural
genes encoding 15 enzymes by multilocus enzyme
electrophoresis. They also found that genetic diversity of

the factors studied was relatively limited compared with

2



many other pathogenic bacteria.

Antigenically deficient forms of B. pertussis can be
produced by two distinct mechanisms: (i) successive
subculture in vitro can cause a loss of virulence known as
phase variation (section 1.3.4) and (ii) changes in the
growth environment can cause a reversible transition known
as antigenic modulation (section 1.3.3). Virulent
organisms are known as phase 1 or X-mode and degraded
forms, which lack all the known virulence determinants of

the B. pertussis, phase IV or C-mode.
1.1.2 The disease in man.

1.1.2.1 Disease characteristics.

Whooping cough is a highly communicable, acute
infection of the respiratory tract. After an incubation
period of about 10 days, the catarrhal stage begins and
lasts for one to two weeks. This 1is followed by the
paroxysmal stage with the characteristic cough that can
lagst from one to six weeks. The convalescent or decline
period has a duration of one to six weeks before the child
returns to normal (Munoz & Bergman, 1977).

At the catarrhal stage the disease cannot be
clinically differentiated from other respiratory tract

infections and the paroxysmal coughing is not seen. With
the onset of the second stage the coughing typically

develops into paroxysms which are more severe at night.
The paroxysmal cough is characteristic, consisting of from
5§ to 20 forceful, hacking, successive coughs, allowing
little time for breathing. Saliva and mucus stream from
the nose and mouth. As the final cough appears to clear
of fending secretions or mucus from the upper airway, air
rushes into the lungs against a still narrowed glottis and
the patient can whoop. During these episodes vomitting is
frequent (Olson, 1975). In children with a history of
allergic disorders a more severe and protracted disease is

observed and frequently persistent bronchial asthma

follows an attack of whooping cough (Lapin, 1943),
3



It has long been known that the severity of pertussis
is age-related. This was shown by the data of Miller &
Fletcher (1976) from the 1974-75 outbreak in England and
Wales. They found that 60% of cases in infants under 5
months were hospitalised, 28% of the cases in the 6-11
month age group and only 9% of 1-2 year olds. Children of

5 years and over had only a 2% hospitalisation rate.

1.1.2.2 Epidemiology.
The World Health Organisation (WHO) estimates that the

number of cases of whooping cough in the world to be 60
million annually, with half & million to one million
deaths. Reliable statistics on numbers of cases do not
exist as in many countries whooping cough 1is not a
notifiable disease. Also, 1in third world countries the
great majority of cases are not likely to be reported,
either due to deficiences 1in the reporting system, or
because the patient does not come into contact with the
health services. Even in England and Wales it is estimated
that only 10-20 ¥ of all cases are reported (Clarkson &
Fine, 1985). In Europe annual incidence rates of reported
cases range between 0.2 to 62 per 100 000 population
(Muller & Leeuwenburg, 1985). However in the
prevaccination era it was regarded as an ubiquitious
disease (Pollock et al., 1984) and the WHO estimates that
in countries without a vaccination programme, 80% of
surviving children will acquire pertussis in the first
five years of life (Muller & Leeuwenburg, 1985).

Transmission of B. pertussis probably occurs by
droplet infection, through direct contact with organisms

coughed up by an infected person. The period of
infectiousness 1lasts from the beginning of the catarrhal
stage to 2-3 weeks after the onset of the paroxysmal stage
(Lapin, 1943). It 1is not known whether a carrier state
exists, which could act as a disease reservoir. B.

pertussis has been isolated from individuals with

respiratory disease but no charactistic cough and in other

instances, from asymptomatic subjects. Whether this
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represents a true carrier state or is a transient

infection in a partially immune host is not known (Broome

et al., 1981).
Reported case fatality rates for hospitalised cases

range from 0.5 per thousand in England and Wales to
nearly 14% in Uganda (Bwibo, 1971). Mortality is greater
in cases below the age of one year and greatest in the
first few months of life (Pollock et al., 1984)

In England and Wales whooping cough occurs in epidenic
waves every 3-4 years. This epidemic pattern has been
remarkably constant in spite of considerable fluctuations

in vaccine uptake. This is thought to be because the total
nunber of susceptibles has remained constant, the effect
of vaccination being to reduce the incidence of infection
and the disease (Fine & Clarkson, 1984). This pattern of

epidemics with a three year interval has also been seen in

a study in Kenya (Muller et al., 1984).

1.1.2.3 Pathogenesis.

The pathogenesis of pertussis can be considered as
having four principal stages; (i) adhesion of the organism
to the respiratory tract, (ii) growth and multiplication,

(iii) production of 1local disease effects, and (iv) the

production of systemic disease effects (Robinson et
al.,1985b). Once the Dbacteria are adhering to the
respiratory tract the other stages may overlap

considerably, with systemic effects continuing long after
initial growth and colonisation have terminated. These
stages in pathogenesis are discussed below. The possible
involvement of B. pertussis components is discussed in

section 1.1.3.
(i) Adhesion to the respiratory tract. B. pertussis is

a non-invasive organism which colonises the ciliated
mucosa of the upper respiratory tract where it must attach
to overcome muco-ciliary clearance. Affinity of the
organism for cilia has been inferred from several studies
involving human cells (Tuomanen & Hendley, 1983; Tuomanen
et al.,1983) and animal organ cultures (Muse et al.,1977;

5




Matsuyama; 1977 and Opremcak & Rheins, 1983). Adhesion is
probably a multifactoral process and several protein
antigens are thought to play a role. The role of

carbohydrates and the mechanisms by which B. pertussis

penetrates the mucus layer are not known. The initial
attachment of B. pertussis may be mediated by fimbriae
which would overcome the repulsive forces that occur when

the bacteria and receptor cell approach (Jones & Isaacson,

1983). After the organism has become attached other
bacterial components may reinforce attachment and ensure
close contact with host cells, thus providing an ideal
environment for growth.

(ii) Growth and multiplication. For this stage of the
infection the organism must resist the non-specific
clearance mechanisms such as mucociliary flow and
coughing. It is assumed that the supply of nutrients,
particularly amino acids, at the mucosal surface 1is
sufficient to allow growth. Local tissue damage, once
induced, may well augment this supply. The organism must
overcome any nutrient deficiences to maintain its X-mode

phenotype, since a change to the antigenically deficient
C-mode would cause a loss of adhesins (Burns & Freer,

1982).

(iii) Local disease. Pertussis 1is a localised
infection and septicaemia is not produced by the organism.
The infection can produce the same microscopic effects in

animals (Collier et al., 1977: Muse et a8l.,1977) as in man

(Mallory & Horner, 1812). These include attachment to

cilia, ciliostasis, reduction in size and the number of

cilia and extrusion of ciliated cells from the epithelium

to the lumen. Thus it appears that B. pertussisg causes

extrusion and loss of the very cells to which it attaches.

t

Bacteria are seen in phagocﬁéc cells but no B. pertussis

are found in or between the cells of the epithelium or the
submucosa (Manclark & Cowell, 1884).

Attempts to obtain an animal model of human pertussis
have failed to produce any reproducible tissue damage of

the nasal or tracheal epithelium despite prolonged
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colonisation of the upper respiratory tract (Preston et

al., 1980; Ashworth et al., 1982b).

(iv) Systemic disease. Although the organism produces
only a local infection, metabolites of B. pertussis escape
from the site of infection and produce systemic effects.
The major systemic effects of pertussis are largely
attributable to the lymphocytosis promoting factor (LPF,
see later) (Pittman, 1979). These include lymphocytosis,
effects on glucose homeostasis and possible neurotoxicity
and vascular permeability changes (Munoz & Bergman,1977).
The importance of endotoxin in these effects is not known
but it is presumed that fever 1is caused by endotoxin
(Manclark & Cowell, 1984). The paroxysmal cough is seen as
a complex response to the local tissue damage and to the
neurological effects of LPF. The brain damage associated
with pertusis infection may be triggered by hypoxic
episodes caused by coughing, disturbances 1in glucose
metabolism or the direct neurological effects of LPF
(Wardlaw & Parton, 1983b; Olson, 1975). A survey of
hospitalised cases of pertussis in Glasgow (Walker et al.,

1981) showed a high incidence of complications during the

disease. The percentage incidence of complications were:
chest complications, 26%; prolonged apnoea/collapse, 6%,
convulsions, 4%, otitis media, 6%, subconjunctival
haemorrhage. 3%; rectal prolapse or hernia. 0.3%. There

were 4 deaths in the survey in 647 cases.

1.1.3 Components of B. pertussis: properties and role in

pathogenesis.
There are many biologically active components of B.

pertusgsis that are involved with the stages of the
pathogenesis of the disease outlined in section 1,1.2.3.
The role(s) of these virulence factors 1in pathogenesis
have mostly involved the study of isolated purified
components which may be presented in a different manner
than in the intact organism. Thus the roles assigned to
the individual components are based on indirect rather

than direct evidence.
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(a) Lymphocytosis promoting factor (LPF).

This is one of the two haemagglutinins produced by B.
pertussis and it is probably the major toxin involved in
the pathogenesis of pertussis. It 1is also known as
pertussis toxin or pertussigen although these terms could
lead to confusion as other toxins are produced by B.

pertussis. In addition, LPF is also known as histamine
sensitising factor (HSF), islets activating protein (IAP)

and LPF-haemagglutinin, depending on which of its
biological activities are being measured. In this thesis
the term LPF will be employed. As implied by its many
names, LPF produces a wide range of biological effects
when nanogram doses are injected into laboratory animals.
These include an enhanced leukocytosis causing an
increased leukocyte count with a predominance of small
lymphocytes. It has been shown that the lymphocytosis was
not due to the multiplication of the 1lymphocytes but
rather to the prevention of the recirculation of these
cells through the lymphoid tissue, once released from
these organs. LPF produces enhanced (200-fold) senstivity
of mice to histamine and a number of other vasoactive
compounds. Mice vaccinated with LPF can have a 200-fold
increase in' sensitivity to histamine. It causes enhanced
insulin secretion and adjuvanticity, especially
stimulating IgE production. LPF causes laboratory animals

to have increased susceptibility to anaphylactic shock, it

is mitogenic for T-cells in vitro and causes enhanced
induction of experimental allergic encephalomyelitis and

other autoimmune diseases (Wardlaw & Parton, 1983a; Munoz

et al., 1981b; Munoz, 1985).
LPF can be isolated from either the cells or

supernatant of B. pertussis cultures. The precise cellular

location and the mechanism of release of LPF remainsg to be

elucidated and may depend on the growth conditions.

Imaizumi et al. (1983b) have shown that the addition of

2,6—0—dimethyl/@ cyclodextrin to the growth medium can

enhance the amount of LPF that can be detected in the

culture supernatant. LPF appears as spherical particles of
8



about 6 nm diameter when observed 1in the electron
microscope (Arai & Sato, 1976).

The affinity of LPF for sialoproteins has allowed its
purification on columns of haptoglobin-Sepharose (Irons &
MacLennan, 1979) and fetuin (Sekura et al., 1983). It has
also been purified from absorption and elution from

columns of Affigel blue (Sekura et al., 1983) and from

affinity columns made from anti-LPF antibodies (Arai &

Munoz, 1981).
The structure of LPF has been extensively studied. It

is a hexamer with a molecular weight of 117 000 composed
of five digssimilar units, which are named in order of
their molecular sizes: S1 (28 000), S2 (23 000), sS3
(22,000), S4 (11 700) and S5 (9 300) (Ui et _al., 1985). An
A-B subunit structure similar to some other bacterial
toxins has been proposed for LPF (Tamura et al., 1982).
The A (active) -protomer is composed of subunit S1 and the
B (binding) -oligomer composed of the other 5 subunits.
The subunits are assembled 80 that Sl is readily
dissociable from the residual pentamer which 1is an
association product of two dimers; S2 plus S4 (dimer 1,
D1) and S3 plus S4 (dimer 2, D2) linked by means of S5
(Tamura et al., 1982).

There have been many recent reports concerning the
mechanism of action of LPF on different cell systems at a

molecular level. Katada et al. (1982) observed that LPF

enhanced adenylate cyclase activity of rat C6 glioma

cells leading to 1increased cAMP levels. This was
subsequently found to be a result of the ADP-ribosylation
of a mammalian membrane protein which was distinct from
the protein ADP-ribosylated by cholera toxin (Katada &

Ui, 1982). It appears that cholera toxin acts on the the
stimulatory arm of adenylate cyclase regulation (Ns) and
LPF acts on the inhibitory arm (N;j) by transfering

ADP-ribose from NAD to Nj. Normally Ni suppresses the
adenylate cyclase, but when ADP-ribosylated, N; loses this
regulatory function, This leads to an enhanced

receptor-mediated activation of membrane adenylate cyclase
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and a receptor-mediated accumulation of ‘intracellular cAMP
(Tamura et al., 1983). Using cell-free membrane systems
from C6 cells the A-protomer was found to be the active
ADP-ribosylating unit of LPF (Katada et al., 1983). The

B-oligomer was responsible for binding to the cell surface

and allowing the A-protomer to reach its site of action
within the cell. It is also the B-oligomer that has

mitogenic activity for lymphocytes (Tamura et al., 1983).
Thus the biological activities of LPF may be accounted for

by the mitogenic action of the B-oligomer as well as the
ADP-ribosyltransferase activity of the A-protomer.

The properties of chemically modified LPF (Nogimori et
al., 1986a) and of hybrid toxins, prepared from modified
and unmodified monomers and dimers (Nogimori et al.,

1986b) have shown that dual mechanisms are involved in the

diverse biological activities of the toxin. The
stimulation of lymphocytes is due to firm (divalent)
binding of the B-oligomer to the cell surface. The free
amino groups in the lysine residues in D2 may be involved
in this type of binding (Nogimori et al., 1984). The other
mechanism 1is the ADP-ribosylation of the Ny by the
A-protomer. This is transported across the plasma membrane
to its target sites within the cells as a result of
binding by the B-oligomer. D1 appears to play a more
important role than D2 in this binding which was not

affected by chemical modification of the 1lysine amino

groups in the LPF molecule (Nogimori et al., 1986a&b).

The LPF gene has been cloned and sequenced (Nicosia

et al., 1986; Locht & Keith, 1986). It was found to occur
on a DNA fragment of 4.7 kilobases which contained the

genés coding for the 5 subunits (Nicosia et al., 1986).

The role of LPF in the pathogenesis of c¢linical
pertussis is not known but it is considered to be a major
toxin of the disease in the child (Wardlaw & Parton,
1983a). Some of the effects of injecting LPF into
laboratory animals are similar to the symptoms of clinical
pertussis, e.g. hypoglycaemia, lymphocytosis, enhanced
immune response and neurological changes (Munoz & Bergman,
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1977; Munoz et al., 1981b).

(b) Filamentous haemagglutinin (FHA). The other
haemagglutinin of B. pertussis is known as filamentous
haemagglutinin and it appears as fine filaments 2nm in
diameter and 40-100 nm in 1length when examined in the
electron microscope (Arai & Sato, 1976; Morse & Morse,
1976). FHA has been purified from static liquid culture
supernatants (Arai & Munoz, 1979; Ashworth et al., 1982a)

and from extracts of cells grown on agar medium (Askelof

et al., 1982; Irons et al., 1983). However, Imaizumi et

al. (1984) have shown that when 2,6 O-dimethyl-
ﬂcyclodextrin was added to the culture medium FHA could be
purified in greatly increased quantities from supernatants
of shake flask and stirred fermenter cultures. FHA can be
purified from culture supernatants by column
chromatogfaphy on spheroidal hydroxylapatite with elution
at pH 7.0 with increasing ionic strength. Passage through
haptoglobin-Sepharose or fetuin-Sepharose removes small
amounts of contaminating LPF and there 1is a final gel
filtration through Sepharose 6B to ensure that the
preparation 1is free of any LPF (Sato et al., 1983). FHA
can be distinguished from LPF by haemagglutination assays
performed in tubes (Irons & MacLennan, 1979).

The physicochemical properties of purified FHA have
not been as extensively studied as for LPF. The molecular

weight of FHA isolated from strain Tohama of B. pertussis
has been estimated to be 133 000 by sucrose density
gradient ultracentrifugation (Arai & Sato, 1976). FHA
purified from 1liquid supernatants has been found to be
"heterogeneous when examined by SDS-PAGE. It has been shown

to have major polypeptides of molecular weight 220 000,
127 000 and 95 000 (Irons & MacLennan, 1979, Robinson et
al., 1981) ,or 126 000 (Arai & Sato, 1976), and 160 000,
115 000 and 90 000 (Cowell et al., 1981). This
heterogeneity has been examined by electrophoretically
transferring the polypeptides separated by SDS-PAGE onto
nitrocellulose paper and reacting them with different
monoclonal antibodies to FHA (Irons et al., 1983). Various
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polypeptides of molecular weight between 220 000 and
58 000 carried the same epitope indicating that they are
probably derived from the highest molecular weight
polypeptide (220 000). The heterogeneity of FHA
preparations was found to be dependent on the strain of B.
pertussis and the growth conditions used.

It was originally thought that FHA was derived from
cell surface fimbriae (pili) and it was widely known as

fimbrial haemagglutinin or haemagglutinating pili (Sato et
al., 1974; Morse & Morse, 1976). The fimbrial origin of

FHA was seemingly confirmed by Sato et al. (1981) when
antibody that was supposedly specific for FHA was shown to
react with B. pertussis fimbriae. It was suggested that

this fimbrial haemagglutinin played an attachment role in

the pathogenesis of the disease (Sato et _al., 1981).
Ashworth et al. (1982a), however, concluded that FHA

was not fimbrial in origin. This conclusion was based on
studies that showed that there were differences between
the degree of fimbriation and the amount of FHA extracted
from cells produced in shaken and static cultures. They
showed that the dimensions of FHA and fimbriae differed in

the electron microscope. Fimbriae appear as long filaments

5 nm in diameter whilst FHA filaments appear 2 nm 1in

diameter. Also fimbriae wouldﬂ label with polyclonal

antibody to purified agglutinogen 2 but not with
monoclonal or polyclonal antibodies to FHA. Furthermore,

the molecular weight of FHA as determined by SDS-PAGE was
very much higher than the subunit molecular weights of

fimbriae of other organisms (about 20 000). Ashworth et
al. (1982a) suggest that the labelling of FHA antibodies
in previous work (Sato et al., 1981) may have been due to

the presence of contaminating serotype-specific

agglutinins in the antiserunm.

The morphology of B. pertussis cells, fimbriae and FHA
was studied by Blom et al. (1983) by electron microscopy.
They proposed a model for the subunit s8tructure of B.

pertussis fimbriae which states that the short filamentous
structures present in purified FHA originate from
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fimbriae. This 1is obviously in disagreement with the
findings of Ashworth et al. (1982a) which do not appear to
have been considered by Blom et al.. FHA has been shown by
immuno-electron microscopy to occur in aggregates on the
surface of formaldehyde~fixed B. pertussis cells (Ashworth
et al., 1986). FHA has also been s8shown to be a surface
protein by Parker et al. (1986) using radioiodination and
fluorescent labelling with monoclonal antibodies.

The probability that FHA is not fimbrial 1in origin
does not preclude it still being involved with mediating

attachment of B. pertussis to mammalian cells and FHA has
been shown to be important in adherence of B. pertussis to
human respiratory epithelial cells (Urisu et al., 1986).
(c) Agglutinogens. The agglutinogens of B. pertussis
can be defined as surface antigens that stimulate the
production of antibodies which cause bacterial cell
agglutination. These antibodies were used in the original
scheme for serotyping the genus Bordetella (Andersen,
1953). This scheme was later extended by Eldering et al.
(1957). Smooth strains of B. pertussis have a common heat
stable O antigen and one or more heat labile

agglutinogens. Agglutinogens 1 and 7 are found in all

strains of B. pertussis and agglutinogen 7 is common to
all species of the genus. Different strains of B,

pertussis may also possess agglutinogens 2 to 6 in various
combinations. Agglutinogens 2 and 4 tend to occur
together, as do agglutinogens 3 and 6, and it 1is now
generally believed that there are three major
agglutinogens (1, 2 and 3). It is not certain whether all
these agglutinogens exist as separate components and it is
thought that agglutinogens 4, 5 and 6, if they exist at
all are probably minor antigens (Robinson et _al., 1985b).

It has been observed that pure cultures of B.

pertussis can display heterogeneity in the serotypes of

the constituent organisms (Cameron, 1967; Stanbridge &

Preston, 1974b; Bronne-Shanbury & Dolby, 1976; Preston et

al., 1982). Starting with single colony 1isolates of

defined serotype, Standbridge and Preston (1974b) detected
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upon serial subculture, variants that had independently
either lost or gained agglutinogens 2 or3. Factor 1 was
always retained. There 1is evidence that this phenomenon

also occurs in vivo, both in experimental animal models of

infection (Standbridge and Preston, 1974a; Preston et al.,
1980) and in the child (Preston and Standbridge, 1972). It
remains to be determined whether the serotype of an
organism, as defined by possession of agglutinogens 2 and
3, is a stable characteristic or if it is subject to
variation, perhaps at a frequency as high as 10-3 or 10-¢
per generation (Standbridge & Preston, 1974b).

Agglutinogen 2 has been purified from a sonicate of

cell walls of a serotype 1,2 strain of B. pertussis by
DEAE cellulose and Sepharose 6B chromatography (Ashworth
et al., 1982a) and by mechanical shearing and by
successive precipitations (Zhang et al., 1986). The
purified protein in both studies gave a single band on
SDS-PAGE of molecular weight of about 22 000. A rabbit
antibody against this protein, when used in immune
electron microscopy, labelled fimbriae on serotype 1,2
organisms (Ashworth et al., 1982a). An extension of this
work (Ashworth et al., 1986) showed that purified
agglutinogen 3 had a slightly smaller subunit molecular
weight than agglutinogen 2. This was also noted by
Fredriksen et al. (1986). Purified agglutinogen 2 and 3
have been found to be fimbrial in appearance when examined
by electron microscopy and monoclonal antibodies to
agglutinogens 2 and 3 labelled fimbriae in a
serotype-specific fashion in immune electro:(' microscopy
(Ashworth et al., 1986). Lee et al. (1986) studied
fimbriae from B. bronchiseptica and B. pertussis. They
found that B. bronchiseptica fimbriae were similar to B.
pertussis fimbriae in morphology and in the molecular size
and antigenic structure of their subunits. However, the
intact fimbriae of B. bronchiseptica and B. pertussis
appeared to have weak serological cross-reactivity.

The nature of agglutinogen 1 is not known. It has been

gseparated from mouse protective antigen and histamine
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sensitising factor by starch block electrophoresis but
this has not been characterised by modern electrophoretic
methods (Ross & Munoz, 1971). The fimbrial nature of
agglutinogens 2 and 3 strengthens the case that they are
important in mediating attachment to the host in pertussis
disease as fimbriae of other bacteria have a known role in
attachment.

(d) Outer membrane proteins (OMP). Major OMP of a
number of Gram-negative bacteria have been recognised as
important in pathogenesis and the immune response of the
host has been shown to be directed against specific OMP
(Loeb & Smith, 1982; Zak et al., 1984). Parton & Wardlaw
(1975) showed that the SDS-PAGE profile of B. pertussis
was dependent on the phenotype mode of the organism.
X-mode, virulent, organisms were found to have two
proteing of a molecular weight of about 30 000 which were
not found in avirulent, C-mode cells. These observations
have subsequently been confirmed by other workers and
other high molecular weight proteins found (Robinson &
Manchee, 1979; Ezzell et al., 1981a; Robinson & Hawkins,

1983). Six polypeptides are now recognised as specific for

phase 1 B. pertussis with molecular weights of 90 000,
86 000, 82 000, 33 000, 31 000 and 30 000. There are also

differences in surface-exposed proteins of X- and C-mode

B. pertussis (Redhead, 1983). No specific functions have,

however, been ascribed to the X-mode specific proteins.
(e) Heat 1labile toxin (HLT). HLT, also known as
dermonecrotic toxin or leinotoxin, was first described in
1909 but still very little is known about its chemistry,
immunology and role in pathogenesis (Wardlaw & Parton,

1983a). The toxin is also produced by virulent strains of
B. bronchiseptica and B. parapertussigs. It 1is rapidly
inactivated by heating to 56°C or by treatment with a
number of chemicals including formaldehyde. The precise
location of the toxin is not known but it is thought to be
intracellular (Cowell et al., 1979).

HLT has been very difficult to purify (Livey &
Wardlaw, 1984), partly due to its lability, although there
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are several reports of the preparation of purified HLT
(Nakase et al., 1969; Sekiya et al., 1982; Nakase & Endoh,
1986). HLT is a protein and its molecular weight has been
determined by gel filtration to be 89 000 (Livey &
Wardlaw, 1984) and 102 000 (Nakase & Endoh, 1986). Nakase
& Endoh (1986) showed it to consist of two polypeptides of
30 000 and 24 000 molecular weight. The pure toxin or

crude cell lysates are lethal to mice and produce marked

dermonecrosis in guinea-pigs or infant mice and purified

toxin produces atrophy of the spleen in certain strains of
mice (Sekiya et al., 1982). Parton (1986) showed that the

corticosteroids prednisolone and meclofenamate inhibit the
dermonecrosis produced in mice. He suggested that these
may be of benefit in treatment of the disease effects of

HLT.
The mechanism by which HLT induces dermonecrosis and

splenic atrophy is largely unknown but Nakase & Endoh
(1986) have demonstrated that HLT inhibits an activity of
an Nat*-Kt*+ ATPase and this induces constriction on vascular
smooth muscle arising from a depolarisation of the muscle
fibre. They propose the atrophy of the spleen 1is the
result of the action of HLT on vascular smooth muscle of
the splenic arterioles. HLT has also been shown to

suppress the formation of antibody (Sekiya, 1983) and this
is considered to result from splenic insufficiency due to
'its reduced blood supply rather than direct action of HLT
on antibody forming cells.,

Although HLT is a potent toxin present in all virulent

strains of Bordetella its function in pathogenesis is

unknown.
(f) Adenylate cyclase. The adenylate cyclase produced

by B. pertussis has unusual properties which may indicate
it has a role in pathogenesis. A significant proportion of
the enzyme 1is extra-cytoplasmic (Hewlett & Wolff, 1976)
and the activity of the enzyme 1is markedly enhanced by
calmodulin, a protein unique to eukaryotic cell systems
(Wolff et al., 1980). There are two modes of calmodulin
action; a high affinity Cat!t*-dependent process and a low
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affinity Ca?t -independent process (Kilhoffer et al.,

1383). It was thought that B. pertussis adenylate cyclase
purified from culture supernatants was a single protein of
molecular weight 70 000 (Hewlett & Wolff, 1976). However,
Hewlett et al. (1986) purified adenylate cyclase from urea
extracts of cells and found that it consisted of a second,
high molecular weight component in addition to the 70 000
molecular weight protein. It was only the larger fraction
that demonstrated aden ylate cyclase toxin activity, that
is, the ability to increase cyclic AMP levels in S49
target cells. This two component structure for adenylate
cyclase was confirmed by Kessin & Franke (1986) who
partially purified the enzyme.

Confer & Eaton (1982) found that culture supernatants
or extracts of B. pertussis inhibit the activity of

macrophages. It has also been shown that B. pertussis
extracts possessing adenylate cyclase activity have the

ability to elicit increased cyclic AMP 1levels in target
cells (Slungaard et al., 1983; Hanski & Farfel, 1985).
They postulated that adenylate c¢yclase enters the target
mammalian cells causing unregulated cyclic AMP production
which impairs cellular functions. Shattuck & Storm (1985)
showed that it is not the cyclic AMP that is taken up by
the target cells but it is the bacterial enzyme that is
taken up and not the calmodulin-enzyme complex. This

unregulated cyclic AMP production is thought to contribute

to the impaired host defences seen in Bordetella
infections. Weiss et al. (1984) demonstrated that

transposon mutants of B. pertussis, deficient in adenylate
cyclase and haemolysin, were avirulent in an infant mouse

infection model.

(g) Haemolysin. B. pertusgsis, when grown on
Bordet-Gengou agar containing blobd, produces 2zones of
haemolysis around areas of growth. The study described
above using transposon mnutants deficient 1in adenylate
cyclase and haemolysin (Weiss et al., 1984) indicates that
haemolysin may have role in pathogenesis. Mutants

deficient in haemolysin only had reduced virulence in the
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infant mouse infection model but the reduction 1in

virulence was more pronounced in mutants that lacked both

adenylate cyclase and haemolysin.

(h) Lipopolysaccharide (LPS). The LPS of B. pertussis
has many properties in common with LPS from other Gram

negative bacteria 1in that it is heat stable, antigenic,
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