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SUMMARY



The object of this work was to define the role of surface

structures of Bordetella pertussis, particularly the fimbrial haemag-

glutinin (F-HA), in the virulence of the bacteria and in their ability
to adhere to the epithelium of mouse lung., Preparatory to this, it
was first necessary to investigate the production of F-HA ﬁy different
strains and under different cultural conditions,

In agreement with recently published work, it was shown

that B. pertussis produces two haemagglutinins (HA), one of which is

associated with the toxic factor pertussigen and the other with the
fimbriae. The F-HA is distinguished from pertussigen in that
haemagglutination (HA) caused by it is inhibited by cholesterol.

Cells grown in shaken liquid culture showed little evidence
of F-HA as determined by HA tests and electron microscopy of the
bacteria. ‘

In static cultures, both the cell-associated and cell-free
HA were cholesterol-sensitive,and were associated with fimbriae visible
in the electron microscope.

Highly purified F-HA was obtained by passing the supernate
of a 5 day static culture through CM-Sepharose CL6B;~concentrating the
eluted protein and adsorbing the F-HA specifically onto cholesterol-
containing liposomes. This liposome adsorbed protein (LAP) was used
as a vaccine in mouse protection tests, and to raise specific antiserum.
The fraction left after adsorbing the F-HA onto the liposomes had a high
histamine sensitising activity (HSF).

The purified F-HA (LAP) when given to mice intraperitoneally
(i.p.) two weeks before intracerebral (i.c.) challenge with approximately

200 LD of live B. pertussis strain 18323 showed protective properties.

50's
The fraction with high HSF activity also protected the mice. This HSF
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or pertussigen fraction was toxic at around 6ug/mouse. Antiserum
raised against the LAP (F-HA) was also found to protect mice passively
against i.c. and intranasal (i.n.) challenge.

An adhesion assay for measuring the ability of B. pertussis

to adhere to (or be retained in) the airways within mouse lungs was
developed. Adhesion was found to be rapid over the first few minutes
of. contact, followed by a slower rate and with a maximum level of
adhesion after 30 min, C mode, phase IV and large-colony variants of

B. pertussis, which were of low virulence, showed a low level of

adhesion to the lungs. There was also difference between strain
77/18319 which is i.n.-virulent but not i.c.-virulent, and strain 18323
which is i.c.-virulent but less virulent i.n., in each case there was

a parallelism between the adhesion levels and lung virulence. This
may indicate that F-HA and adhesion are ﬁore important in lung
infections than in brain infections of mice.

Although HA by fimbriae was inhibited by cholesterol,
adhesion and virulence were not inhibited, as judged by failure of
cholesterol in the bacterial suspension to influence the results of
these tests. Also cells from 48 h shake cultures were virulent, yet
were HA-negative. Therefore there does not appear to be a simple
direct relationship between the presence of fimbriae, as indicated by
HA, and adhesion and virulence.

In conclusion, it seems that fimbriae are involved in
adhesion, perhaps by rendering the cells more hydrophobic, although the
evidence is not fully conclusive. When used as an antigen, fimbriae
protected mice against both i.n, and i.c. infections, and may therefore

protect man. Pertussigen was found to be a very potent protective

I1I



factor against i.c. challenge, and a reliable method for detoxifying
it should be developed.

It is suggested that a possible improved pertussis vaccine
for human use might conéist of purified F-HA mixed with detoxified

pertussigen.
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INTRODUCTION




A, Introduction to pertussis

1) A short history

According to Olson (1975) the first written description of ~
what is now known as Partussis or whooping Cough appeared in 1578 when
an epidemic occurred in Paris (Olson, 1975), No further accounts
appeared for almost a century, by which time the disease had become
ejp¥.demic in Europe. The word pertussis, meaning a violent cough, was
first used by Sydenham in 1670, This term is now preferred by many to
whooping cough since not all patients with the disease whoop (Lapin,
19433 Olson, 1975).

Around 1900, Bordet and Gengou (1906) observed coccobacilli
in such abundance and purity from Bordet's infant daughter suffering,
from whooping cougﬁ that its association with the infection could hardly
be doubted. A few years later Bordet and Gengou (1906) described a
medium suitable for the cultivation of the pertussis bacillus and in a
series of articles the morphology, cultural characteristics, virulence
and antigenicity of the organisms and the serological reactions between
different isolates were described (Bordet & Gengou, 1906, 1907, 1909;
Bordet & Sleeswyck, 1910). In 1908 and 1909, Klimenko (cited by Lapin,
1943) reported that he had produced whooping cough in monkeys and

puppies by inoculation of Bordetella pertussis., There are other feports

of animal infections, but it was the findings of Williams (1914), who

isolated pure cultures of B, pertussis from many cases of whooping cough,

that confirmed the etiological significance of B, pertussis. The

MacDonalds (MacDonald & MacDonald, 1933) provided direct evidence for

B, pertussis as the causative agent by infecting their own children with

the organisms and observing the development of typical pertussis in two



of the children., The other two, who had been previously immunised
with killed bacteria, did not develop the disease.

B, parapertussis isolated 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 United Kingdom and the U.S.A.,

B, parapertussis contributes much more significantly to pertussis out-

breaks in other parts of the world (Olson, 1975).

B. bronchiseptica is capable of causing the pertussis

syndrome but very rarely does so. B, bronchiseptica is, however, the

cause of a natural respiratory tract infection of rodents and other
animals (Switzer, Mare & Hubbard, 1966).

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

As noted above, there are three organisms in the genus

Bordetella, B, pertussis described by Bordet & Gengou (1906) as the

cause of pertussis, B. parapertussis isolated by Eldering & Kendrick

(1938) also from cases of whooping cough and B. bronchiseptica isolated

by Ferry (1911) from respiratory tracts of dogs suffering from distemper,

B, pertussis and B, parapertussis were initially included in the genus

Haemophilus while B. bronchiseptictk. had been included in the genus

Brucella and Alcaligenes, It was Lopez in 1952 who proposed that they
be collected into a new genus, Bordetella,

Members of the genus Bordetella are small, rod-shaped
organisms. (0.5-1,0 by 0,3-0.5 um), arrangéd singly, in pairs or small

groups. B. bronchiseptica is flagellate and B, pertussis, when freshly

isolated, is capsulated. B. pertussis is not dependent on either V or

X factors, from blood, for growth although complex medium containing



blood is usually used for primary isclation, The optimal growth
temperature is 35% to 370C, with no growth anaerobically, The colonies
are smooth, dome-shaped, and glistening with an entire edge. The

development of the colonies may take 48 to 72 h, B, pertussis is

killed at 55°C during 30 min; it ferments no sugars, renders litmus
milk slightly alkaline, forms catalase but not indole and does not
reduce nitrates, Haemolysis is observed around the growth on B-G

medium,

2) Course of the disease in man

Infection occurs mainly by direct contact with patients
suffering from the disease. The organisms gain access to the body by
inhalation of material expelled in cough spray. The patient is most
infectious during the catarrhal stage (Lawson, 1933), There does mnot
seem to be any healéhy carrier, nor any animal host as far as is known.
Pertussis is a localised respiratory infection of humans with specific
manifestationé of paroxysmal coughing, lymphocytosis and neurological
symptoms (Pittman, 1970).

(i) Diagnosis, Diagnosis of the disease is often difficult as
the true mature may not be evident for a fortmnight or so, by which time
the organisms may have become very difficult to isolate from the naso-
pharynx, For rapid diagnosis, fluorescent antibody can be used and
according toldnnemann.gg al (1968), offers the same degree of sensitivity
as cultural techniques.

Cultural diagnosis can be carried out by three methods:

(a) Cough plates, Bordet-Gengou (B-G) medium is coughed onto,
incubated for 48 to 72 hours and examined for characteristic colonies,
(b) Postnasal or nasopharyngeal swab (Maclean, 1937) onto B-G plates

with penicillin added to reduce the growth of other organisms.



(c¢) Pernasal swab (Bradford & Slavin, 19AOJ

B, pertussis can be cultivated from such swabs in 60 to 80% of cases

during the catarrhal stage of the disease,

(ii) Disease, After an incubation period of 10 to 16 days
(Lapin, 1943; Gordon & Hood, }951; Court et al, 1953) there is the
catarrhal stage which lasts for 1 to 2 weeks and resembles an ordinary,
upper respiratory tract infection with occasional sneezing, mild cough
and slight fever. It is during this acute phase that the isolation
of bacteria is easiest. After the catarrhal stage, the paroxysmal
stage develops, which is the essence of pertussis, A coughing attack
consists of a series of forceful coughs, saliva and mucus streaming
from the nose and mouth. As the final cough appears to clear offending
secretions or mucus from the upper airway, air rushes into the lungs
against a still narrowed glottis and the patients can whoop, At the
end of the paroxysm, patients frequently vomit (Olson, 1975). The
paroxysmal stage lasts for 1 to 4 weeks but may be prolonged for aslong

as 5 to 6 months (Laurance, 1965),

(iii) Lung Pathology. It is difficult to determine the pathology
of the initial lesion as it is not until later stages, by which time
the lesions are often complicated by secondary infection, that cases

come to autopsy. B, pertussis is believed to multiply rapidly on the

mucus membrane of the respiratory tract causing initially a necrotising
inflammation of the bronchi, larynx and nasopharyngeal cavity, As
infection extends to deeper structures, a diffuse bronchopneumonia with
marked desquamation of the alveolar epithelium develops, A distinctive
feature is the localisation of the bacteria between the cilia of the
epithelial cells of the respiratory tract, As infection progresses,
the bacteria may appear in the alveoli (Pittman, 1970). Secondary

complications may occur during the paroxysmal stage which include



haemorrhagic events, pulmonary complications and, as pertussis broncho-
pneumonia may impair the normal defence mechanisms of the lung, the
patients (particularly infants) may be vulnerable to other bacterial
invaders (Strangert, 1970).

(iv) Neurological complications, Symptoms ususlly appear at the

peak of the paroxysmal cough, being found most often in children with
bronchopneumonia, Zellweger (1959) found that a third of the patients

showing neurological symptoms fully recover; one third show

s

varying
neurological sequelae and the other third remain incurable., All the
disorders found concern the brain exclusively and include comnvulsions,
coma, paralysis and later epilepsy, mental retardation and other
disturbances (Nelsomn, 1939), With the introduction of pertussis
vaccine, reports of pertussis encephalopathy have been superceded by

the rare reports of vaccine encephalopathy,

3) Vaccination

The Whooping Cough Immunisation Committee of the Medical
Research Council conducted controlled trials of different pertussis
vaccines which gave clear evidence of a substantial order of protection
(M.R.C, Reports, 1951, 1956). Immunisation with pertussis vaccine was
practiced nationally in the United Kingdom from 1957 onwards,

Whether the decline in whooping cough since 1957 can largely
be attributed to immunisation is disputed by some authorities (Dick,
1975; Bassili & Stewart, 1976) who consider the general improvement in
the environment and of the welfare of childremn during these years to
be more important factors than immunisation in leading to the decline of
whooping cough.

The vaccine used at present is prepared as whole bacterial

suspensions and is given in conjunction with diphtheria and tetanus



toxoids, The major difficulty in preparing an entirely satisfactory
pertussis vaccine is the inability to identify precisely the antigen or
antigens necessary for the protection of children, Some doctors have
advocated the withdrawal of pertussis vaccine (Barrie, 1977; Stewart,
1977), However the Joint Committee on Vaccination and Immunisation
(JoCoV,I., 1977) recommended otherwise, stressing the risk to children
from pertussis, particularly young infants, and stating that many of the
reported complications were not specific to the pertussis vaccine.
Therefore no reliable estimate of the incidence of neurological compli-
cations after pertussis can be made,but the J.C.V.I., evidence supporting
the continued use of the vaccine,is substantiated by recent data showing
an increased incidence of whooping cough as the numbers accepting the
vaccine falls mainly due to the fear of possible brain damage (Stuart-
Harris, 1979), Fig 1 shows the incre;se in the number of cases of
whooping cough in England and Wales particularly in children under 5
years of age since 1977, This increase in the number of cases of
whooping cough, probably due to decreased use of the vaccine, illustrates
the protective effect of the vaccine but also the necessity to produce

a safer vaccine more acceptable to parents of young children,

4) Mouse assays for virulence and protective activity

B. pertussis is not, so. far as is known, a matural pathogen

for any animal other than man, However there have been successful
infectionsof a number of species, including monkeys (Culotta et al, 1935;
Sprunt et al, 1935; North et al, 1940; Huang et al, 1962), dogs,
‘rabbits (Sprunt et al, 1938) and chicken embryos(Gallavan & Goodpasture,
1937; Shaffer & Shaffer, 1946). However the mouse has been used more
extensively than any other species, with three routes of infection being

adopted.



Fig 1: Pertussis quarterly notification rates for

England and Wales.

(Copied from Stuart-Harris, 1979)
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(i) 1Intraperitomeal (i.p.) - After infection by this route the bacteria

do not muitiply and are killed rapidly. Any lethal effects on the mouse
are due to toxaemia (Gray, 1946; Proom, 1947),

(ii) Intracerebral (i.c.) - This route was introduced by Kendrick et al

(1947).  After intracranial injection, the bacteria appear to lodge on
the ciliated ependymal cells in the ventricle of the brain, There they
multiply on the ventricle wall giving rise to choroiditis and meningitis
but there is no evidence of invasion of the bacteria into the substance
of the brain., The mouse usually dies within 10 days (Berenbaum et al,
1960; TIida et al, 1962, 1966). The localisation of organisms is very
similar to the localisation of bacteria among the bronchial and tracheal
ciliated epithelial cells in the hum;n infection, 1.c.

challenge was shown (M,R.,C. 1959) to provide values for mouse protective
potencies of vaccines which correlated fairly well with the human
efficacy of these vaccines, For this reason that third route is prescribed
for the potency assays of pertussis vaccines (W,H.0. 1964).

In ig., infections the virulence of organisms can be divided
into two groups, high virulence and low virulence (Adams, 1970), Low
virulence strains are much more common and produce only transient
infections even with initial inocula as large as 106 viable organisms.

The relatively rare high virulence strains are lethal in inocula of as

R . . . . .
few as 10~ viable organisms, The eradication of low virulence strains

of B, pertussis from the ventricles seems to be effected by local phago-
cytes (Adams & Hopewell, 1970), The cells involved in phagocytosis
“and subsequent intracellular bacterial destruction seemed to be the

ependymal cells and the underlying neuroglia (Hopewell et al, 1972),

Protection against highly virulent strains of B, pertussis

in passively or actively protected mice requires the breakdown of the

blood brain barrier and the 1eékage of specific gamma globulins into



the brain (Dolby & Standfast, 1961). The nature of the antigens
which protect mice against the lethal effect of intracerebrally virulent

B, pertussis is not known, The bactericidal antibody (anti LPS)

produced in the mouse after vaccination with heat killed bacteria
(Dolby, 1965; Dolby & Vincent, 1965) was found not to be responsible
for i.c:ﬁuxﬂ protection (Ackers & Dolby, 1972), The nature of the
i.gt . _protective antigen is discussed with reference to other

pertussis antigens in section .

(iii) Intranasal (i.n.) - Infection of mice by this route results in

infection of the lung producing a patchy or diffuse interstitial
pneumonia, leukocytic infiltration around vessels and bronchioles with
proliferation of the bronchiolar epithelium and mucous secretion in the
bronchioles containing masses of bacteridk (Burnet & Timmins, 1937;
Bradford, 1938). The histological picture resembles that of the lung
in human pertussis, Sublethal doses of bacteria increase in number

for 7 to l4 days (Cooper, 19525 Proom, 1947) and then gradually decline
but infection may last 3 to 4 weeks (Andersen, 1953; Pittman, 1951;
Standfast & Dolby, 1961), The duration of infection in the mouse is
similar to that in the child, and in addition there is 1eukocyto$is
(Cooper, 1952). Parallelism of duration of histamine sensitivity in
lung infected mice and of paroxysmal coughing in human infection was
observed (Pittman, 1951; Geller & Pittman,'l973)n The pathophysio-
logical reactions associated with the respiratory tract infection in
mice (leukocytosis, hypoglycemia hyperinsulinemia and histamine
sensitivity, Pittman et al, 1980) and those reported in human infections
(leukocytosis, Cooper, 1952, hypoglycemia, Regan & Tolstoouhov, 1936,
and the attenuation of epinephrine hyperglycemia, Badr-El-Din et al,
1976) suggest that there is an analogy between the moﬁse reactions to

respiratory infection and the clinical course of whooping cough in man,



Although there are close similarities in the mouse lung
infection and human infections, Standfast (1958) found during MRC trials
of different vaccines that the immunity response to a lethal in, challenge
in mice showed little correlation with the protective effect of a vaccine
in children; the i,c, challenge correlated fairly well, However
Andersen & Bentzon (1958) found that when using the same highly virulent

B, pertussis strain for both i.c. and sublethal i.n. challenge the orders

of vaccine potencies obtained by the two routes were similar, which was
not the case when a lethal i.n. - dose was used as the challenge,
A recent report (Sato et al, 1980) has shown that by
inoculating mice by aerosol inhalation a predictable and uniform
respiratory infection with colonization of the lower respiratory tract

can be accomplished,

B, In vitro growth of B, gertussis

1) Growth media

The organism that causes whooping cough was first grown on
artificial media by Bordet & Gengou{1906) This medium (B-G) contains
glycerinated potato extract and 50% blood, Until Hornibrook (1939)
described a liquid medium containing amino acids, cysteine and starch,
B-G medium was the only one suitable for the isolation and continued

cultivation of B, pertussis., With the introduction of Hornibrook's

and related media, the growth requirements of B, pertussis and its

metabolism have been investigated, and various inhibitors of its growth
identified, The development of solid and liquid media up to 1957 is
well reviewed by Rowatt (1957),

(i) Solid media, Workers attempting to develop a medium other
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than B-G for the cultivation of B, pertussis did not realise that cells

grown, for example, on nutrient agar (Rowatt, 1957) were antigenically
different from fresh isolates, In 1931, Leslie & Gardner showed that
freshly isolated strains were antigenically distinct from cells grown
on simplified media, these cells being phase IV or degemerate strains,
Several different media were devised (Barksdale & Simpson, 1934;
Cruickshank & Freeman, 1937; Silverthorne & Cameron, 1942; Dawson
et al, 1951), none of which were superior to B-G medium,

Pollock (1947) showed that blood in the medium could be
replaced by serum, serum albumin or charcoal and that isolates maintained

on such media retained phase I characteristics, He found that growth

of B. pertussis was inhibited by umnsaturated fatty acids, the inhibition

being overcome by the inclusion of albumin, charcoal or blood. Liquid
media solidified with agar were not satisfactory for growth of

B, pertussis unless blood was also added (Verway et al, 1949; Mazloum

& Rowley, 1955). More recently it has been shown that agar itself

may be inhibitory to the growth of B, peftussis and when a defined solid

medium was being developed based on the defined liquid medium described .
by Stainer & Scholte (1971), agarose was used as a solidifying agent
(Parker, 1976). Despite much time and effort being expended in

attempts to develop better solid media for the isolation and growth of

B. pertussis, the medium of choice for primary isolation is still B-G

medium, The solid defined medium of Parker (1976) was developed for

use mainly in genetic studies of B, pertussis,

(ii) Liquid media, The first liquid medium was that of Hormnibrook

(1939), containing hydrolysed casein, starch, salts, cysteine and yeast
extract, Most liquid media used subsequently have been based on

Hornibrook's,~ 1In a later modification Hornibrook (1940) replaced the
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yeast extract of the original medium with nicotinamide which is the only

essential growth factor of B, pertussis yet identified, Cohen & Wheeler

(1946) modified Hornibrook's medium by increasing the buffering capacity,
adding ferrous or copper sulphate and increasing the starch content,
Sutherland & Wilkinson (1961) and Morse & Bray (1969) have further
modified Cohen & Wheeler (1946) medium, All these liquid media contain
casein hydrolysate with various salts, growth factors and either starch,
charcoal or an anionic resin added. By studying the growth requirements

of B, pertussis several recipes for chemically defined media have been

" devised (Jebdb & Tomlins;n, 1955, 1957; Wilsom, 1963; Goldner et al,
1966), The semisynthetic medium used by Vajdic et al (1966) was
completely defined apart from a liver co-enzyme preparation but was very
complex, Stainmer & Scholte (1971) published a much simplified defined
medium giving improved growth yields containing L;proline, L-glutamic
acid, L-cysteine, salts, Tris:. buffer, ascorbic acid, niacin and gluta-
thione, ‘ ‘

As well as solid and liquid media necessary for isolation and
production of bacterial cultures for vaccination and experimental
infections an in vitro growth system which allows specific investigation

of the mechanisms involved in pathogenicity is useful, One such system

is that of organ culture,

2) Growth in organ culture

An in vitro model, used in studying the pathogenesis of

B, pertussis is that of infected tracheal organ culture, The technique

of organ culture permits the maintenance, in vitro,of fragments of organs
in a viable, organised,differentiated condition. Kendrick et al (1947)
successfully demonstrated the i.c. route of infection in mice

but the first reported use of an analogous culture system was that by

12



Felton et al (1954) where brain tissue was used. Small pieces of human
foetal brain or cat brain in a plasma clot were injected with whole
bacteria or heat killed bacteria after sufficient growth of the brain 7
fragment was observed, Immune serum or normal serum was added to some

cultures, More tissue damage was observed with live B, pertussis than

with heat killed organisms and specific antiserum markedly reduced this
damage whereas normal serum had no protective effect, Damage was
relatively tissue specific since none was observed in infected chick
embryo hearf muscle, leg muscle or skin and only minimal changes were
seen in 18 day old chick embryo brain, It has since been shown that

* the apparent tissue specificity resulted from a marked épecificity for
ciliated cells (Iida & Ajiki, 1974; Muse et al, 1977).

Carlton (1925) was the first to develop respiratory tract
organ cultures, but it was nmot until 1957 that these cultures were used
to study pathogenicity of microorganisms (Barski et al, 1957). Since
then organ cultures of respiratory tract have been used in studies of
virgd (Hoorn, 1966), mycoplasmal (Collier & Baseman, 1973) and other
bacterial infections (Denmny, 1974),

The respiratory tract is kept almost sterile by the

defence mechanisms of the host, but some organisms including B, pertussis

colonise the mucous membranes of the respiratory tract, Tracheal organ
cultures have been utilised by several workers to study the local

circumstances of B, pertussis infection,

Holt (1972) demonstrated adhesion of B, pertussis to monkey

tracheal organ cultures after spraying the organisms through tracheal
rings., He also showed that immune serum prevented attachment to trachea,
Chick tracheal organ culture in serum free medium supported

excellent growth of phase I B. pertussis while phase I bacteria would
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not grow in the serum free medium alone (Iida & Ajiki, 1974), Fluores-
cent antibody techniques were used to visualise the bacteria adhering to
the cilialed epithelium., The localisation of the bacteria was strikingly
similar to that seen in infected mouse brain or lung, Ciliary beating
ceased in the tracheal fragments when the viable count exceeded 108 in
the tracheal fragment and surroundiﬁg medium, They also noted that thé
efficiency of bacterial attachment was low with increasing numbers of
bacteria appearing in the medium, as organisms growing on the surface of

the tracheal fragment were released. Iida & Ajika (1974) concluded that

the growth of B, pertussis was mnot dependent on growth factors excreted
by the tissue fragments but required an unknown milieu intiﬁately
related to the tracheal fragment, In a later report Iida & Ajiki (1975)
showed that the oxidative phosphorylation uncoupler, 2,4~dinitrophenol,

at levels mon-toxic for B, pertussis or the ciliary motility of tracheal

epithelium, inhibited bacterial growth on the organ culture, They

postulated that the growth of B, pertussis om the tracheal organ culture

depended upon a high energy-reéuiring process in the tracheal. fragments
through which the physiological integrity of cells or fragments was
maintained.

In 1977 two other groups of Workers/reported using tracheal
organ cultures, rabbit trachea (Matsuyama, 1977)'or hamster trachea
(Collier et al, 1977; Muse et al, 1977). They found, as did Iida &
Ajika (1974), that phase I orgaﬁisms attached to the surface of the
ciliary epithelium, There are differences in the amount of damage

caused by B, pertussis which may be accounted for by differences in

methodology. The techniques used and results obtained in these

studies are summarised in Table 1,

35 Modulation of B, pertussis

Modulation is defined as'a change of phenotype occurring in
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TABLE 1 :

a comparison of methods and results

Collier et al (1977)

Tracheal organ cultures infected with B. pertussis:

Iida & Ajika et Matsuyama
(1974) Muse et al (1977) (1977)

Source of
organ culture Chicken Hamster Rabbit
Medium 199; Earles & Equal parts SSM + 1.5 to 2% Agar

Eagles MEM 2x concentrated MEM in L-15 medium
Antibiotics 100 ug/ml strep- Rings incubated with None

tomycin (strep.) 10 Upenicillin/ml

before use

B. pertussis phase 1: No 114. phase 1

Scholte medium;

0.D. - optical density

15

‘strains Tohama; 18323 Tohama; 35/2
or strep resistant 18323,
SM : 18323 phase III :
phase III : Tohama, Sabairi
Tohama & Sugata
Method of Suspension gigh B. pertussis grown Point inocu-
inoculation 101.3 tT 107° in SSM to give 0.D. lation with
0.1 ml™ " added of 0.03. Rings bacterial
to 1 ml of cul- immersed in 0.5 ml suspension
ture medium for 3 h at 37°cC, (600 cfu)
washed
At tachment Phase I ad- Phase I adhered to Phase I adhered
phenomena hered to the the ciliated to ciliated epi-
surface of the epithelial cells thelium and were
ciliafeed epi- ) resistant to
thelium clearance.
. Phase I1I were
cleared.
Cytopathic Disappearance Loss of ciliary None
effects of ciliary beating and gradual
beating when extrusion or
viable count destruction of
exceeded 108 in ciliated epithelial
each tracheal cells
fragment
culture
Abbreviations: MEM - Minimum essential medium; SSM - Stainer &



all or almost all members of a population as the expression of a

reversible and continuously environmentally dependent change in metabolism'
(Lacey, 1960), Modulation is quite different from the relatively

stable and almost certainly mutational phase variation described by

Leslie & Gardner (1931) and Lacey (1951, 1960), The three modes are
called X-, C~ and I-mode, I~mode will not be discussed here,
Envirnomental conditions determine the mode, high temperature (35O to 370C)
and ions (e.g. sodium, potassium and halides) favouring X-mode,‘ C-mode

is favoured by low temperatures (2500), magnesium sulphate and mono-

and dicarboxylic acids, The two modes are very different. C-mode
~cells, uniike X-mode, do not haemagglutinaté (HA), are not haemolytic

nor are they agglutinable by heavy metal salts, They lack the surface

antigen common to B, parapertussis and B, bronchiseptica. The change

from one mode to aﬁother occurs without mutation or selection and is
complete within 7 to 15 cell divisions (Lacey, 1966)0 As well as
modulation brought about by temperature and salts, X to C modulation can
be induced by high nicotinic acid concentrations (Pusytai & Joo, 1967),
and is accompanied by a fall in the levels of activity of protective
antigen (PA) ahd histamine sensitising factor (HSF), Holt & Spasojevic
(1968) showed that C-mode cultures had less protective activity than
X-mode cultures when assayed by the i;c, mouse protection test,

Parton & Wardlaw (1974) and Wardlaw et al (1976) showed that X- to C
modulation is accompanied by loss of two envelope peptides as well as
PA and HSF, Similarly, Parton & Durham (1978) showed loss of adenylate
cyclase and Wardlaw et al (1979) loss of IgE adjuvanticity. Livey et

al (1978) also reported the loss of heat-labile toxin in magnesium

sulphate induced modulation,

4) Colonial variation

Andersen (1952), in the course of serial passage of strains
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of B, pertussis intracerebrally through mice, noted that in primary

subcultures there were often marked differences in the size of colonies,
Smaller colony variants tended to be more virulent, more toxic and more
easily agglutinable than bacteria from large colonies, Colony size
differences were lost on further subculture, but differences in viru-
lence, toxicity and agglutinability were retained even after numerous
subcultures or freeze drying. Cameron (1976), after extensive studies
on the colony variants found many different types of colony present in
laboratory strains and in fresh isolates and noted variability in
haemolytic activity and agglutinogens, Different colony types

varied in the amounts of PA and HSF produced, and also in the ability to
induce weight loss in mice, He did not suggest that any particular
colonial or serological variant was associated with these properties
except that the serotype 1 variants appeared to produce relatively
little protective antigen and HSF. and were comsiderably less toxic.

He, however, noted the possibi}ities of clone selection for high

protective activity with low toxicity.

C, Pathophysiological properties

associated with B, pertussis

Bordet & Gengou (1907, 1909) and Bordet & Sleeswyck (1910)
showed that freshly isoclated strains were serologically similar but
that many laboratory strains failed to agglutinate in the presence of
antiserum prepared against freshly isolated strains, Bordet & Gengou

(1909) also found that B, pertussis cells contained a heat-labile

substance which, when given intraperitoneally or intravenously, killed
guinea pigs and rabbits but when given subcutaneously produced necrosis

of the skin, These early observations demomnstrated two biological
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properties of B, pertussis, the agglutinogen and the heat-labile toxin,

Since then many other biological activities have been described which
include many agglutinogen factors (Andersen, 1953; Eldering et al,

1957), a histamine-sensitising factor (Parfentjer & Goodline, 1948), a
heat-stable toxic lipopolysaccharide (Flosdorf & Kimball, 1940) and the haem-
agglutinating (HA) substance (Keogh et al, 1947), Also, as early as 1897,
Frohlich noted a lymphocytosis reaction in many cases of whooping cough

and work by Morse (1965) showed that this occurred when B, pertussis

was injected into mice, The HA property of B, pertussis will be

discussed in section E,

1) Heat-labile toxin (HLT)

The HLT is a cytoplasmic protein released upon cell lysis
and inactivated at 56°C within 15 min (Bordet & Gengou, 1909; Wood, 1940;

-

hmﬁozg£.§131959; Banerjea & Munoz, 1962), HLT causes a dermonecrotic
lesion when injected subcutanegusly andﬁi:thal for mice within 24 to
48 h by intravenous or i.b. injection, When introduced i.,n,, the
toxin is approximately 100 times less active than by the other routes
of injection (Anderson & North, 1943), Although the toxin is cytoplasmic
it may appear in the culture supernate during the early expomnential
phase (Lane, 1968), Lane (1968) proposed that the cell surface blebs
observed by electron microscopy (also reported by Morse & Morse, 1970)
may have been the mechanism by which cytoplasmic elements were being
released, Munoz & Bergman (1977) found HLT in the culture supernate of
stationary phase rather than exponential phase cultures,

The methods of obtaining HLT involve disruption of cells
under conditions which do not generate heat, Several groups of
investigators have attempted to purify HLT with varying degrees of

success (Robbins & Pillemer, 1950; Onoue et al, 1963; Nakase et al,
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1969; Iida & Okonogi, 1971), Although HLT content of B. pertussis

did not correlate with virulence (Standfast, 1951) it is suggested that
the HLT must play some role in the pathogenesis of whooping cough
(Munoz, 1971; Munoz & Bergman, 1977),‘since (i) in chick embryos the
toxin produces lesions in the epithelial cellslof the lungs (Gallavan &
Goodpasture, 1937), (ii) when given intracerebrally lesions are
observed in the meninges of guinea pigs (Munoz & Bergman, 1977).
Standfast (1958) suggested that HLT produces ciliostasis
which would represent a significant contribution to the overall patho-
genesis of the whooping cough syndrome since such an impairment of
the host defencé mechanisms would facilitate adhesion of the organisms
to the ciliated epithelium, Iida & Ajiki (1974), and Collier et al

(1977) when growing B, pertussis on organ cultures also noted ciliostasis.,

However in a later.papeg)(Muse et al, 19%9) the possible role
of a released pertussis toxin on host cell function was examined by
immersing uninfected rings in culture filtrates and no effect on ciliary
activity was noticed. They also reported that C mode cells induced
ciliostasis at times similar to that induced by normal phase I organisms,
Little if any HLT activity was detected in C-mode cells (Livey et al,
1978).

‘The reported absence of HLT antibodies in comnvalescent serum
(Anderson & North, 1943; Evans, 1947) argues against an active role for
HLT in the pertussis syndrome, Antitoxin is not protective against
i.ce infections in mice (Verwey & Thiele, 1949) although this does not
necessarily imply no protective role for antitoxin in i,n. infectioms,
However Standfast (1951) found no correlation between HLT production and

lethal i.n., virulence,
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2) Agglutinogens and serotypes of B, pertussis

The agglutinogens of B, pertussis are surface antigens which

are easily extracted from the cell (Munoz, 1963), Also when cells are
disrupted ultrasonically the agglutinogen is released almost entirely
(Flosdorf et al, 1939), The substances are known only functionally
and except for factor 1 which is protein (Onoue et al, 1961) little is
known about their chemical nature, Nevertheless they are useful in

classification and identification of B. pertussis strains.

Bordet & Sleeswyck(1910) described the agglutination of

cells by B, pertussis specific antiserum and found all freshly isolated

cultures agglutinated in the serum, For many years it was assumed that
agglutination reflected the presence ¢f a single agglutinogen, The
complexity of the agglutinogen was not fully realised until Andersen
(1953) and Eldering et al (1957) showed that smooth strains have a
common heat-stable 0 antigen and one or more thermolabile surface
antigens, Eight different agglutinogens have been reported for

B, pertussis (Eldering et al, 1962), Numbers 1 to 6 are species

specific and numbers 7 and 13 are shared by other species of Bordetella,

Agglutinogen 1 is common to all strains of B, pertussis whereas 2 to 6 are

found in varioug combinations as strain épecific antigens,

A relationship was found between antibodies to agglutinins
in children and their resistance to whooping cough (Medical Research
Council, 1959), but mice immunised with agglutinogen 1 were not
protected against i.c, challenge (Schuchardt Ef-il’ 1963). Strains of
different agglutinin types were found not to differ significantly in
immunising efficiency or in lethality for mice immunised with factor 1
strains. Using a passive transfer test, Eldering et al (1966) did not

find any association between serotypes and mouse protection,
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3) Endotoxin (LPS)

Little attention has been given to the structure and

’

function of B, pertussis endotoxin when compared to those of entero-

bacteria, Recent reports show the endotoxin extracted from B, pertussis
to poséess a structure different from that of the enterobacteria (Le Dur
et al, 1978; Chaby et al, 1979), The LPS is made up of two different
polysaccharides of low molecular weight and two different lipids

(Lipid X and Lipid A), The two polysaccharides are bound to lipid A,
polysaccharide 1 through a single molecule of nonphosphorylated KDO and
polysaccharide through a single molecule of phosphorylafea KDO, The
point of attachment of Lipid X is unknown, The LPS has all the usual
biological activities of enterobacterial endotoxins, Lipid X is

responsible for toxic, and pyrogenic properties caused by B. pertussis

LPS and for the 1oéal Shwartzman reaction.

4)  Pertussigen

The name “pertussigen" was proposed by Munoz (1976) to

describe a factor with numerous properties isolated from B, pertussis,

This reflected the inability to separaté the lymphocytosis promoting
factor (LPF) from the HSF and from other'properties associated with
these two activities, ~ These include Islets Activating Protein (1AP)
which causes hypoglycemia and an adjuvant activity for'various classes

of anfihody including IgE. Pertussigen as defined by Munoz (1976)
included the protective antigen (PA) which had not been separated from
the HSF or LPF activities, Following the reported separation of PA

and LPF activities (Arai & Sato, 1976), Pittman (1979) proposed the

name pertussis toxin to include pertussigen activities other than the PA,

‘Howaver in this review the term pertussigen is used when the LPF, HSF,
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IAP complex is discussed, As most of the previous work done on
pertussigen was described under the titles of LP¥, HSF or more recently
IAP activiti;s, the pathophysiological reactions which led to their
names will be described separately, The evidence for these different
activities seing caused by a single component and evidence for and

against it being a protective antigen will also be discussed.

(i) Lymphocytosis - B, pertussis stimulates lymphocytosis (a high

level of lymphocytes in the blood)- in most patients over 6 months of
age, The underlying mechanism was studied in detail by S.I. Morse and
his colleagues,

The cells are for the most part normal, mature, small
lymphocytes although a degree of polymorphonuclear leukocytosis may

also occur, This effect occurred in mice when B, pertussis cells

(Morse, 1965) or c;lture supernate (Morse & Bray, 1969)were inoculated
intraveno:sly, the lymphocytes reaching a maximum after 3 to 5 days and
declining to a base line level.in 2 to 3 wgeks° With autoradiography
Morse & Riester (1967) showed that the lymphocytosis was not caused by
an increase in production of lymphocytes’ but was primarily due to the
entry into the circulation of mature cells from tissue pools. The
accompanying polymorphonuclear leukocytosis was due to proliferation
of myeloid eleménts and entry of mature cells from tissue reserves,

An impairment of the normal recirculation of lymphocytes was suggested
as the feason for the maintained high level of lymphocytes in the blood,
Athanaséiades & Morse (1973) showed a pronounced decrease in the number
of cells crossing capillary venules through which cells traverse to
re-enter lymphoid tissue, Abmormality of lymphocytes exposed to LPF
was shown by Morse.& Baron (1970) who found that lymphocytes isolated

from pertussis-treated mice, subsequently labelled with tritiated
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‘uridine and transferred into normal mice, entered the lymph nodes at

a significantly lower level than did normal lymphocytes, Lymphocytes

incubated iEj!iEEE with B, pertussis supernate or purified LPF showed
the same effect (Iwasa et al, 1970; Taub et al, 1972), Emigration
is impaired probably by a change in the lymphocyte surface (Taub et al,
1972), LPF combines with the surface of different cells types,
including lymphocytes (Adler & Morse, 1973),

(ii) Histamine semsitization - This effect was first described by

Parfentjer & Goodline (1948) w%o demonstrated that pertussis vaccinated
mice became highly sensitive to the lethal effects of histamine where
previously they were resistant, It was later found that these mice
were more susceptible to serotonin, bradykinin, endotoxin and various
other shock treatments (Munoz, 1963). The mechanism involved is not
known but at the cellular level it is‘tﬁought that HSF may either
potentiate or imhibit the.activity of regulatory substances, Support
for this suggestion came from;work by Bergman & Munoz (1966, 1971) who
showed that adrenalin protects HSF-treated mice from lethal histamine
challenge, The results of Fishel and cd—workers(Fishel & Szentivanyi,
1963; >Fishe1 et al, 1962, 1968), strongly suggested an effect by

B, pertussis on adrenalin action, They also showed that B-adrenergic

blocking agenté'can produce histamine-sensitivity in mice and that HSF
blocks the hyperglycemic effect of adrenalin. However, Hewlett et al

(1978)'showed that B, pertussis does not cause B blockade and they

propose that B, pertussis has an effect on insulin secretion,

(iii) Islets activation - Rats, when given a single i.p.

injection of pertussis vaccine, show enhanced hyperinsulinemia in
response to insulin secretagogues such as glucose (Sumi & Ui, 1975),

The active principle, a protein, was purified from culture supernate
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and was termed islets activating protein (IAP) (Yajima et al, 1978).

Ui et El.(1979) proposed that IAP potentiated insulin secretion by inter-
acting direcﬁly but slowly with the pancreatic islet B cells causing
sustained activation of native calcium ionophores in the.cell membrane,
This in turn, results in enhanced secretion by making more calcium
available to the stimulus-secretion coupiing mechanism,

(iv) Interrelationship between biological activities - Many attempts have

been made to separate LPF and HSF activities (Lehrer et al, 1974, 1976;
Morse & Morse, 1976; Arai & Sato, 1976; Irons & MacLennman, 1979b) without
success, One rather diffuse band is obtained in polyacrylamide gel
electrophoresis (PAGE) of various 'pertussigen' preparations, when runm in
5% acrylamide at approximately pH 4.5 (Arai & Sato, 1976; Morse & Morse,
1976; 1Irons & Maciennan, 1979b; Ui et al, 1979). On boiling in sodium
dodecyl sulphate (SDS) for 5 min and running in a higher acrylamide con-
centration (approximately 10%) four bands were obtained, The molecular
weights of these bands are approximately 23,500, 19,300, 17,400 and

13,400 (Morse & Morse, 1976), The chemical nature of the 'pertussigen'’
preparations differs between workers, Morse & Morse (1976) found their
LPF preparation to be grotein as did Ui et al (1979) who showed only 1 to
1,5% carbohydrate and mo detectable lipid in their IAP preparation..
However Arai & Sato found their preparation of LPF was only 47,7% protein
with 25% carbohydrate and 23,9% lipid., Lehrer et al (1974) also found a
large pércentage of lipid in their HSF preparation, All the preparations.
described LPF, HSF or IAP had activities other than that for which they
were being purified, A HA activity was also associated with this complex
(Arai & Sato, 1976; Irons & MaclLennan, 1979%a). The HA activity of
pertussigen is distinct from the fimbrial haemagglutinin (F—Hk) as it is
not sensitive to papain (Arai & Sato, 1976) nor is it inhibited by cholesterol,

(v) Pertussigen as a protective antigen - Much controversy exists over

whether pertussigen is a protective antigen, Attempts to purify
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protective antigen resulted in fractions with pertussigen activities
(Munoz & Hestikin, 1963; Robinson & Manchee, 1978). By the i.c.
protection test, Sato et al (1979) showed that formalised pertussigen
(LPF) was not protectivé. Irons & Maclennan (1979a) showed that non-
formalised pertussigen was toxic at 4 pg per mouse when injected i.p. and
_non-protective at lower doses., More recently Sato et al (1981) protected
mice from aerosol challenge (Sato et al, 1980) by injecting antiserum

to pertussigen i.p. 30 min beforehand. In contrast to Sato et al
(1979), Munoz et al (1981) demonstrated that pertussigen, free of F—HA
and detoxified by gluteraldehyde treatment actively protected mice
against intracerebral challenge. Munoz et al (1981) also found that
antiserum to pertussigen, given intraperitoneally 2 h before

i.c; challenge, protected mice. 1f, as proposed by Pittman (1979),
pertussigen acts as.an exotoxin and is Qesponsible.for the pathogenic
effects of pertussis infection, then it would be expected thatan antibody
to it would be protective, The difference in the results obtained by
Sato et al (1979) and Munoz et al (1981) may be due to the method used

to detoxify pertussigen,

D, Role of attachment in microbial ecology

1) General Background

Bacteria in many environments have a predeliction for
colonising surfaces, As with colonisation of other surfaces, organisms
before they can colonise human and animal bodies must, first, become
firmly attached and,second, they must be able to proliferate under the
existing conditions. Specificity of attachment is proposed as a
mechanism whereby the bacteria only become located on a surface suitable

for proliferation and colonisation. The specificity of different
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bacteria for different surfaces in the nose and mouth were described
(Gibbons et al, 1976; Aly et al, 1977), who showed the adhesion to
different surfaces correlated with their natural site of infection,
| The importance of the initial colonisation of mucosal

surfaces is realised for a very varied selection of pathogenic microbes
as Table 2 (adapted from Mim»s, 1977) illustrates,

Mechanisms of attachment may involve production of extra-
cellular polysaccharide, as for adhesion of lactobacilli (Brooker &
Fuller, 1975) or filaments produced on the cell surface, Although

B, pertussis produces a capsule, there is no indication that this has

a role in adhesion, - Attachment may be mediated by fimbriae and for
this reason further discussion is restricted to organisms with fimbriae-
mediated adhesion,

The presence of fimbriae or filaments other than flagella
were first observed in 1949 and 1950 (Anderson, 1949; Houwink & van
Iterson,'l950), Anderson stated that the appendages he observed on the
‘E. coli cell surface in the eléctron microscope were artifacts but
Houwink proposed that they functioned as organs of attachment, Duguid
et al (1955) agreed with Hodyink & van Iterson that the filaments
existed as appendages on living bacteria, In support of the proposed
role in attachment, Duguid et al (1955) found that strains possessing

what he called fimbriae were distinguished by their ability to agglu-

tinate red blood cells,

2) Adhesion of pathogens to mucosal surfaces

(i) Enterobacteriaceae =~ Many of the Enterobacteriaceagproduce type 1

fimbriae as defined by Ottow (1975) but their role in adhesion has not
been clearly showmn, Duguid & Gillies (1957) and Duguid et al (1966)

failed to show any relationship between the production of type I
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TABLE 2 : Microorganisms whose attachment has a role in pathogenicity
(adapted from Mimms, 1977)
Microorganism Digsease Attachment Mechanism
site
Influenza virus Influenza Réspiratory H.A, reacts
’ epithelial with neura-
cells minic acid
receptor on
cell
Polio virus Poliomyelitis Suscéptible- Viral capsid
tissue cell protein reacts
(neurone) with specific
receptor on
cell
Chlamydia Conjunctivitis Conjunctival Unknown-sialic
epithelium acid receptor
on epithelial
cell
Mycoplasma Atypical Respiratory 'Foot' attaches
pneumonia pneumonia epithelial to neuraminic
cells acid receptor
' on cell
Neisseria Gonorrhoea Urethral Unknown
gonorrhoeae epithelium
Vibrio Cholera Intestinal Unknown
cholerae epithelium
Escherichia . Diarrhoea Intestinal Requires
coli -epithelium specific bact-
erial surface
component eg
K88
Streptococcus Dental caries Tooth Dextran 'glue'
mutans synthesised by
bacteria
B. pertussis Whooping cough Respiratory Unknown
epithelium
Plasmodium Malaria Erythrocyte of  Unknown

Sossmogrum
knowles1

susceptible
host sp.
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fimbriae and pathogenicity in the gut. However the role of other
fimbriae-like adhesins found on the surface of enteropathogenic E. coli
has been investigated.. These other filaments are distinguished from
type 1 fimbriae, which produce a mannose-sensitive HA by their mannose-
resistant HA, The fibrillar K antigen of E, coli,‘K88, was shown to

be produced in vivo and to be responsible for the colonisation of
pathogenic E, coli to the intestinal mucosa of neonatal piglets (Jones &
Rutter, 1972). Bacteria without the antigen failed to adhere to the
mucosa and hence failed to colonise and cause disease (Jones & Rutter,
1972), Also there is clear evidence that a similar mannose-resistant
adhesin, K99, promotes intestinal infection in calves and lambs (Orskov
et al, 1975; Burrows et al, 1976). Ninety-eight percent of entero-
toxigenic strains of E, coli from human adu1£s also have a mannose-resistant
HA either Colonization Factor 1 or 11, As the name suggests, these

are also involved in colonization of the small intestine (Evans & Evans,
1978; Evans et al, 1975