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INTRODUCTION.,




1.

INTRODUCTION,

| The genus Bordetella as defined by Lopez
kl952) consists of the three organisms Bordetella

ertussis, Bordetella parapertussis and Bordetella

bronchiseptica., These species were formerlw

classified in the genus Haemophilus, but their

inclusion in a new genus was suggested on the
crounds of cultural and antigenic differences from

other Haemophilus species.

Bord. pertussis was first isolated by Bordet

and Gengou (1906) from children suffering from the

disease known as whooping cough. Eldering and

Kendrick (1937) isolated a second organism, Bord. |

arapertussis, which was also a cause of whooping

cough, although the infection was generally of a
mild type. The third member of the genus, Bord.

bronchiseptica, has frequently been found in

respiratory-tract infections of rabbits, guinea
pigs, cats and dogs and has also been isolated from
a few cases of whooping cough (Brown, 1926; Medical
Research Council, 1951). The isolation of these
|species has never been easy, even using complex
media rendered selective by the addition of
penicillin, and few diagnostic laboratories obtain

high percentage isolations of Bordetella strains

from cases of whooping cough. Problems are also |
encountered in the laboratory culture of Bord.

pertussis. This organism is difificult to grow
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iand maintain in a virulent state, but the other
Itwo species are more easily grown and can be
jcultured on most,simple laboratory media. Culturgl
|problems are also reflected in vaccine production.
| Whooping cough in young children causes high
morbidity and since the discovery of the causal
lorganisms, attempts have been made to develop
:suitable prophylactic agents. Whole cell
|vaccines are céommonly used but possess many
idisadvantages, the most serious being the

loccasional oceurrence of encephalopathy following

ivaccination. Much research has been carried out

to obtain a satisfactory prophylactic material | i
without such disadvantages. i
The present work is an attempt to prepare a
medium giving optimal growth of virulent Bord.
pertussis, and, using this medium, to obtain a
better knowledge of the chemical and immunological

properties of Bord. pertussis antigens. An

attempt is also made to clarify some of the

antigenic relationships within the genus, using |
modern techniques of serological analysis such as
|gel diffusion and immunoelectrophoresis.

A historical introduction to the work is
presented, to show the difficulties which earlier
workers have encountered with this genus and to

give an outline of our present knowledge.




3.
GROWTH OF BORDETELLA SPECIES.

1) Virulent Bordetella pertussis.

a) Growth on solid media.

Media for the growth of Bord. pertussis have

been developed for two main purposes, laboratory
diagnosis and vaccine production. The species
was first isolated on a medium containing 50% (v/vi
rabbit or human blood, glycerol extract of potato
and agar (Bordet and Gengou, 1906). The Bordet-
Gengou media currently used for diagnostic purposes
contain 15 - 50% sheep or horse blood, peptone,
glycerol and potato extract solidified with agar.
Modifications have been the use of lysed blood and
Potato starch, while greater selectivity has been
|achieved by the addition of penicillin. Some

workers showed that glycerol concentrations greaten

than 1% (v/v) were inhibitory and that the

omission of glycerol from the medium did not cause
:a significant decrease in growth (Dawson, Farnworth,
McLeod and Nicholson, 1951). These workers |
Isuggested that potato extract vrovided optimal
concentrations of amino acids and peptides

required for the growth of the organism and that
the starch and protein were of minor importance.

In view of the peptides and amino acids present

in blood, this suggestion seems rather doubtful.
iWhile addition of aspamate or glutamate to |

Bordet-Gengou medium was beneficial, absence of

potato extract, or use of serum instead of whole
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blood gave poor growth of the organism. Moreover,

'some commercial peptones were found to have an

R |
llnhlbltory effect. Lacey (1954) suggested another

medium for isolating Bord. pertussis and the other

causal organisms of whooping cough. It contained
|a partially defined base of potato starch, salts,
:organic acids, glutamic and other amino acids.

‘Blood was added to this base together with

!penicillin and 4:4 diamidinophenylamine
!dihydrochloride (2 and B 9308). The penieillin and

|the amine rendered the medium selective for the

iBordetell& groupe.

The relatively slow growth on Bordet-Gengou
medium and absence of growth on simplet media led

to the belief that Bord. pertussis had very

complex nutritional requirements. It appeared

that these were only satisfied in media containing

\large amounts of blood. It was also found that
/in the few cases where growth did occur on

simpler media, the organism differed in some

respects from that initially isolated. Although
media containing blood are suitable for the '
laboratory diagnosis of Bordetella infections, }
they are too complex for use in growth studies or |
in work on the bacterial antigens. Bordet-Gengou:

medium is also very expensive due to its high

| content of blood.



With the development of simplified liquid

media by Hornibrook (1339) attempts were made to
‘introduce similar media solidified with agar or
'silica gel (Verwey, Thiele, Sage and Schuchardt, i
1949; Iazloum and Rowley, 1955). While a liquid |
medium containing casein hydrolysate, starch

and nicotinic acid supported growth, a similar

{medium solidified with agar failed to do so. The

conclusions drawn from many experiments of this

|
inature are that solidifying agents contain toxic

|
|components whose effects can be neutralised by thei
addition of whole blood or blood components.

growth of Neisseria meningitidis and caused greatl%

Charcoal has been added to media used for the

improved growth (Glass and Kennet, 1939). This

prompted its use in studies of Bord. pertussis.

Addition of charcoal to a solid medium based on

the semi-defined medium of Cohen and Wheeler
(1946) allowed satisfactory growth of the organism

|
iwith a retention of antigenic characteristics even

iafter 15 - 20 subcultures (Powell, Culbertson and

iEnsminger, 1951). Other adsorbents have also |

‘been tried but only a preparation known as

I"attaclay“ resulted in as good’growth as that }
‘obtained on charcoal-containing media (Ensminger, |
‘Gulbertson and Powell, 1953.) lazloum and Rowley!

' (1955) observed that a similar medium prepared
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with different charcoal required an inoculum of 10°

| e
cells to initiate growth. Growth was improved by

rhe addition of horse blood or by a cell-free .
|

extract obtained from Staphylococcus aureus strains

ithis could be replaced by the enzyme catalase.

FytoplaSmic material from certain catalase-

broducing bacteria had a less marked effect. The
growth-promoting effect of catalase was destroyed
by heating at 100° for 15 min. and could be

replaced by haematin and protoporphyrin IX

yet been given for the fact that catalase aids

(Brumfitt, 1959). No satisfactory explanation has

growth on solid media but has no such effect in
Iliq_uid media. It can only be postulated that the |
difference in growth requirements in solid and |
liguid media is due to particular requirements for
physicochemical conditions (e.g. oxidation-

reduction potential).

g It was claimed that Bord. pertussis would

grow from large inocula on charcoal-casein

hydrolysate agar media, but irregular results |

;were obtained from small inocula (Rowatt, 1957b).
:In all these media, the charcoal acts by |
adsorbing factors which inhibited growth of Bord.
[Uertussis and which were present in the agar or |
were formed during heat sterilisation of the mediun.

|
The differences in the results obtained by
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!different workers suggest that the type of charcoall
used may have a marked effect on the growth
obtained. Krasnopeutseva (1958) emphasised that
high quality charcoal was necessary, but pointed
Iout that different methods of preparation of the
icasein hydrolysate resulted in varying amounts of
igrowth on charcoal-casein hydrolysate agar media.
Billaudelle (personal communication) has claimed
that different casein hydrolysates may affect
growth in both solid and licuid media, and that |
laboratory-prepared acid hvdrolysates were |
superior to the commercial products. This is
probably because the hydrolysates prepared in the

laboratory are incorporated directly into the

medium and are not submitted to any drying

procedures as are the commercial products. The

drying processes must inevitably cause some de-

!gradation of the materials present, particularily
Ithe sulphur-containing amino acids cystine and
[cysteine. Sulphur and sulphides formed from these
amino acids may be present in commercial products
and may cause inhibition of growth. Brumfitt

(1959) used "defatted" agar to solidify a casein

|hydrolysate medium, but was still unable to obtain

satisfactory growth. He does not record how the

"defatted" agar was prepared nor the amount or !

|

| .

‘nature of the material removed from it. The
|result suggests that the inhibition might have
|



Table 1. Liquid culture medium of Hornibrook (1939).

Casein hydrolysate 7.0
NaCl 5.0
KC1 0.2
Ga.(312 0.2
MgCl,,6H,0 5 5 i
Na2003 0.5
Phosphate 025
Starch 1.0
Nicotinic acid 0.01
Sulphur source 001

The composition is expressed in
grams per litre.
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been due to degradation products from

[sterilisation rather than to substances present in

}the commercial agar.

‘b) Growth in liquid media.

| The first liquid medium giving satisfactory
|

\growth of virulent Bord. pertussis, was that

described by Hornibrook (1939). The contents of
‘this medium are shown in table 1. lany liguid
Imedia have been described since, with variations
in the salts and growth factors (Wilson, 1945;
Cohen and Wheeler, 1946; Verwey et al., 1949;
iUngar et al., 1950). Thus Verwey et al. (1949)

found that calcium chloride was unnecessary and an

increased phosphate content was provided to

inerease the buffering capacity. The medium which
!is in current use for vaccine production in severaﬂ

|
laboratories is that of Cohen and Wheeler (1946),

‘which contains yeast dialysate as a source of
growth factors. Using this medium Fisher (1948Db)
‘was able to obtain growth from an inoculum of 12
}viable cells/ml. He found that neither therate
iof multiplication nor the final yield was
influenced by the size of the inoculum. This
result is in contrast to those obtained by several
other workers. Verwey et al. (1949) observed
|that inoculum size, incubation time, surface:
|volume ratio and agitation all had a very marked

leffect on the growth rate and on the final yield




9.

of cultures. Billaudelle, Heden and Malwmgren
(1959) also found that inoculum size affected the

final yield. The results varied with the size

laeration employed, An inoculum of 16 x 107

i
|
|
of the culture vessel and with the conditions of ‘
|
|

iorganisms/ml. vielded fewer organisms in 1.5 1.
icultures than did larger inocula. The final .
yield from such cultures was 5 x 109 bacteria/ml., |
!but in 6 1. cultures the same inoculum yielded

136 x 109 cells/ml. ©No satisfactory explanation

has been offered for this result, but it is

!likely that differences may be due to the varying |

ientent of aerationaf their contents. |
! The requirement for starch in casein

hydrolysate media has been the subject of several
studies. Hornibrook (1939) emphasised that starch

was necessary but stated that it could be

replaced by o or § dextran, The starch could also

be replaced by amylose or by charcoal (James, 1949).
A decrease in the starch content of media was ‘

observed during the growth of virulent strains

although no @decrease was noticed during the

‘growth of avirulent strains. James also claimed

‘that suspensions of virulent Bord. pertussis

:caused breakdown of starch but this has never been‘
|

|confirmed by other workers. As the organism

|

ishows no fermentative ability for simple

‘carbohydrates, it seems unlikely that it would



‘break down a polysaccharide, the structural unit
;of which, the glucose molecule, is not utilised.
As the starch can be replaced by metabolically

inert materials (e.g. charcoal), the role of starch

is probably that of adsorbing toxic materials

present in the medium, as was suggested by

Growth of virulent Bord. pertussis has been

|
Pollock (1947). ‘
|
|

ireported in casein hydrolysate medium containing

the anion exchange resin, Amberlite IR4B, instead |
|of starch. (Kuwajima, liatsui and Asano, 1955).
[The resin was included in the medium at a
concentration of 0.1% (w/v) and the optimum resin
concentration varied for different strains.

Resin concentrations greater than 1% (w/v) were
usually inhibitory. Most anion exchange resins
tested were able to support growth in the medium. ]

The exceptions were those resins which were unable

to withstand the heating involved in

|sterilisation of the medium (Kuwajima, Matsui and |
IKishigani, 1957). The growth-supporting effect
was lost when the ion exchange capacity was
destroyed by treatment with hydrogen peroxide. In
an experiment with various forms of the resin Dowex
1, Browth-supporting ability was limited to the
more highly cross-linked types. Cation exchange |

resins were without effect. It is unfortunate
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|
!that no attempt was made to elute from the resins
and identify any toxic materials which may have
been adsorbed. It is possible that the resias
act by removing either toxic fatty acids or
sulphides from the medium,

Completely synthetic media were studied by
several workers (Jebb and Tomlinson, 1955, 1957;

Fukumi Sayama, Tomujawa and Uchida, 1953a), but in

ithese media growth was extremely slow. The media
iare expensive to prepare and although they are
hseful in the study of growth requirements, they
%ould be of little wvalue for the growth of large
guantities of bacteria.

Growth reguirements.
|

Virulent Bord. pertussis grew in a sythetic

medium containing 16 amino acids, growth factors,
ssalts and starch (Proom, 1955). Not all the
amino acids used were essential for growth, but
an organic "sulphur source”™ was necessary and
cystine was used in this case. Cystine could be

replaced by cysteine or glutathione, but not by

methionine, taurine or several other sulphur-
Icontaining compounds tested (Jebb and Tomlinson,
1957). The main amino acid metabolites were
glutamic acid, serine, alanine, proline and

leucine and in simple mixtures of amino acids, the

glutamic acid could be replaced by succinate or




o.-Ketoglutarate (Proom, 1955). lioreover, the

addition of glutamic acid to casein hydrolysate

media was shown by Rowatt (1957a) to result in
;increased yields of bacteria. Nicotinic acid
was the only known essential growth factor required
(Hornibrook, 194%0), although addition of guanine,
hypoxanthine, xanthine, biotin and haemin, either

singly or together, stimulated growth (Jebb and

ITomlinson, 1957) |
Very little information is available on the

|
growth requirements of Bord. pertussis and our

knowledge of its metabolic activities is
negligible. Cultivation of the virulent organism
in good yield, under completely reproducible con
conditions, is still difficult to achieve. It is

certainly fastidious in growth and is greatly

affected by toxic factors in the medium. As a

result, we tend to know more about factors which

inhibit growth than those which are essential.

2) Growth of avirulent Bord. pertussis. .

| These strains grew on meat digest agar or on

casein hydrolysate media without starch, but often |

|
slowly and irregularly (Rowatt, 1957b). Avirulent

'strains grew in some batches of casein hydrolysate
media which were unsuitable for virulent Bord.
pertussis. This was probably due to the greater

|
resistance of avirulent strains to inhibition by \
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colloidal sulphides, the most likely inhibitors \

present in batches of the casein hydrolysate which |

might have been overheated. |

3) Growth of Bord. parapertussis.

This species grew in media containing a
d ] "
}mlxture of seven amino acids and required

nicotinic acid as a growth factor; glutamic acid |

was essential for growth (Proom, 1955). The

growth rate was intermediate between the rapidly i

growing Bord. bronchiseptica and the slower

\growing Bord. pertussis, in casein hydrolysate

|
media. Rowatt (1955) showed that Bord.

parapertussis had no recuirement for starch.

}During growth, a brown water-soluble pigment was |
iformed. This only occurred in the later stages
of growth unless tyrosine was present in the medium
in large quantities (Ensminger, 1953). The brown
pigment was also formed by washed suspensions of
the bacteria when incubated with tyrosine and

glutamic acid and greater quantities were

produeed at pH 7.4 than at lower pk values
(Rowatt, 1955). The formation of the pigment
|

|is a useful method of cultural differentiation

between Bord. parapertussis and the other species.

The chemical nature of the pigment is unknown and
|

no attempted analysis has been recorded.

|4) Growth of Bord. bronchiseptica
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This species grew rapidly in casein |

|
|
‘hydrolysate media but also grew well in simpler
media. Glutamic acid was the main metabolite,
while nicotinic acid was an essential growth factor

(Ulrich and Needham, 1953; Rowatt, 1955). Amino

acids were not essential for growth of this

organism,. Citrate and lactate were satisfactory
carbon and energy sources in media containing

ammonium salts (Proom, 1955).

The three species have been shown to have

'some similarities in their growth requirements.

iThey all require nicotinic acid and glutamic acid
|

is essential for Bord. pertussis and Bord.

arapertussis. No carbohyvdrates are utilised.

Despite these findings, few attempts have been
made to discover common metabolic activities, the
knowledge of which might aid in comprehending the
activities of growth inhibitors. Although Bord.
pertussis was inhibited by colloidal sulphur and

peroxide, the other species were not (Rowatt,

I1957b]. It is difficult to understand why only
‘one species was inhibited by peroxide, as all three
organisms produced catalase (Bradford and Slavin,
1637; Rowatt, 1957b). Casein hydrolysate media
appear to be most suitable for growing large

|

lquantities of the organisms, as they are cheap and
|

easy to prepare, while supporting good growth of

virulent bacteria.
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ANTTIGENS OF THIi BORDETELLA SPECIES

Serological Investigations.

Ageglutination and aggzlutinin-adsorption tests
‘have been widely used in studies of the Bordetella
species. Among the first workers to find

differences in Bord. pertussis strains were

Krumweide, Mishulow and Oldenbusch (1923), who
demonstrated two serologically distinct groups.
Leslie and Gardner (1931) studied a number of
strains of the same species after growth on
lBordet-Gengou medium, The strains, which were

isolated at different times and underwent

varying numbers of subcultures, formed four groups

or phases, The two extreme forms were phases I
'and IV, while phases IT end IIT were intermediate

in their characteristics. The most recently

|
| isolated strains formed phases I and II but older |
[
strains were in the other two phases. Using cultgres

| from single phase I colonies, it was shown that

|on subculture the organism passed through all

|
| phases, the changes being partially reversible.

|H0wever, phase II did not occur regularly as an
|

| intermediate between phases I and III. Much of |

the work has been repeated by other workers

(e.g. Flosdorf, Dozois and Kimball, 1941) but the

existence of phase II has never been confirmed.

Using lyophilised cultures to ensure stability, f
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|
Flosdorf et al. (1941) observed phase changes in !

both directions, but found that they occurred most

frequently from phase I through phase III to phase
IV, Several workers suggested that freshly
isolated, virulent or phase I strains of Bord. |
pertussis formed a single, serologically |
homogeneous group (Standfast, 1951b; Ungar, |
fuggleton and Stevens, 1954). In contrast to thiSL

Andersen (1952, 1953) showed differences between

virulent strains. She used the term "K antigen

to denote material destroyed by heating at 1200 foﬂ
|
one hour. The agglutination of bacteria which had

been heated at 100° for one hour, was attributed

[to "O antigens®. Her results suggested that a

common O antigen existed in the three Bordetella
species. Several K antigens were found, some }
being type specific, while others were species

specific. Any one strain of any species contained

!one or more of these K antigens., The exact
‘nature and location of the O and K antigens of the
Bordetella species has not yet been determined.
Andersen (1953) showed that 0 agglutinating

material was completely covered with K material. l

'This is similar to results obtained in the

\Enterobacteriaceae, where the O and K nomenclature |

lwas initially used. In the genus Klebsiella,

‘the K antigens are capsular or slime materials but
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there is no evidenee that this is so in |
1

Bordetella species. In Bord. bronchiseptica,

which is motile and flazellate, the presence of ‘
ia capsular structure is unlikely and it is
\possible that the K antigens are surface structures
lof the type which Wilkinson (1958) termed
microcapsules, Eldering, Hornbeck and Baker (1957
confirmed the presence of a common, heat-stable

antigen which was also present in avirulent strains

of Bord. pertussis and of Bord. bronchiseptica.

Fourteen heat-labile antigens were described, somel
of which were species specific although others were
common to two or three species. No correlation !
between type specificity and protection was shown |

|

in Bord. pertussis (Andersen and Bentzon, 1958).

Homologous vaccines gave no superiority over
heterologous vaccines in mouse protection tests.
Phase changes are mainly gradual, occurring
over a number of subcultures, but Lacey (1953,
1960) described changes in the antigenic structure
of Bordetella species occurring in one or two
subcultures due to the influence of growth
conditions. The antigenic structure was
determined by the temperature of growth and by
the composition of the medium. He postulated the
existence of two extreme antigenic states or modes.

Usinz medium with sodium chloride as the main salt

component and incubation at 370, the X or xanthic

—
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mode was obtained. The main characteristics of

this were ochre-coloured growth, high

haemagglutination titre, agglutinability by heavy
%etal salts and the possession of a surface antigen
%common to the three species. Sodium, potassium,
halide and other ions favoured growth in the X model.
When the medium contained magnesiwa sulphate as the

principal salt, growth was pale greenish blue.

There was little haemagglutination and no

agzlutination with antisera prepared against other;

Bordetella species. This was called the C or

cyanic mode and was favoured by lower incubation
temperature, magnesium and sulphate ions. The
influence of the ions was a function of their

chemical nature and not of their concentration.

The concepts of Lacey are completely novel and

i |
await confirmaetion by other workers. They render

the antigenic patterns of the Bordetella species
even more complex. It is difficult to ascertain
what relationship may exist between Lacey's modes
and the phases or other antigenic states described
by earlier workers,

On the basis of agglutination tests, a form of
phase variation was postulated in Bord.

parapertussis (Kasuga, Ukishima and Nakase, 1958).

Three phases were thought to exist, possessing

different thermolabile and thermostable antigens.
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Using precipitation in agar gel, Maclennan
(1961) detected a large number of antigens which
were common to all species in the genus

Bordetella. Species specific antigens were also

present. Virulent Bord. bronchiseptica strains

possessed a thermostable antigen which was absent
from avirulent strains. The latter could be
differentiated into three groups each of which had
a distinect thermostable antigen.

' All these results indicate that the

Bordetella species undergo antigenic changes during
laboratory culture as do other Gram negative
|bacterial species which have been examined. In
this thesis, the term virulent is applied to

strains of Bord. pertussis which have been

isolated from cases of whooping cough and

preserved in the freeze-dried state. Those strains
which, through prolonged subculture, have been
enabled to grow on meat digest agar are termed

avirulent.
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\Physical and chemical extraction of Bordestella

species,

1) Preparation of cell wall and associated

materials.
llany attempts have been made to identify

‘particular biological activities of the bacterial
cell with one of its components. Cell walls, i
being relatively easily prepared, have been the
subject of many studies. The bacteria were
broken down by grinding in a ball mill, freezing
and thawing, and by ultrasonic treatment (Flosdorf
and Kimball, 1940a). Small glass beads
(ballotini) were used to disintegrate the bacteria
and release cell-wall material (Munoz, Ribi and
'Larson, 1959). The use of a press similar to
:that of Hughes (1951) also permitted disruption of
‘thecells and isolation of the cell walls
(Billaudelle et al., 1960). Of the various methods
of disintegrating the bacteria, almost all suffer
from the grave disadvantage that localised heatingl
may occur with its attendant protein denaturation
and destruction of biological activities. In
attempting to avoid this, Cruickshank and Freeman
(1939) digested the whole bacteria with trypsin
to leave an insoluble residue of cell-wall material.

'The long incubation period at 370, which was

required, necessitated the addition of suitable
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‘antibacterial agents to inhibit the growth of
.contaminants.,

When very drastic procedures were used, one
.component of the bacterial cell wall, the
lipopolysaccharide, was obtained in a soluble form
while the bacterial proteins were denatured and

precipitated. Bord. pertussis cells have been

extracted with dilute hydrochloric acid (Felton ef |
al., 1945; ZEldering, 1942) or with trichloracetic |
acid (Eldering, 1941). The extraction method of
‘Westphal, Luderitz and Bister (1952), using warm
‘aqueous phenol solutions, was also applied to the

?Bordetella species (Baeva, 1957; Iliaclennan, 1960).

Lipopolysaccharide in combination with some protein
'was obtained by extracting the bacteria with i
'pyridine: water mixtures or with a solution of ;
urea, thiourea and formamide (Akiya, Takahashi,
Kuriyama and Ogawa, 1951; liaitland and Guerault,
11958) .

2) Preparation of soluble antigens. |

IMany antigens can be obtained from Bordetella
cells by treating them with dilute aqueous
solutions of salts. In some instances (e.g. urea
'treatment) antigens from within the cell may be
‘released as a result of increased permeability of
the cell wall, while other antigens may be

|dissolved from the bacterial surface. !
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;Physiological saline (0.85% w/v NaCl) and 2.0 M
‘NaCl solutions have been used, as well as 1.0 I
'sodium acetate and 0.05 M calcium chloride
(Warburton and Fisher, 1951; Evans and Adams,
11952; Masry, 1952; Frappier and Guerault, 1954,
1955; Maitland and Guerault, 1958; Dolby, 1958).
The soluble antigens have been purified by
precipitation methods involving methanol and
ethanol and by isoelectric precipitation (e.g.
Pillemer, Burrel and Ross, 1947; Pennel and Thiele
1951; Robbins and Pillemer, 1950; Dolby 1958).
Preferential adsorption of some of the antigens
‘onto aluminium phosphate or red cell stroma has |
also been used (Pillemer, 1950; Warburton and
'Fisher, 1951). Other methods of purification have
5involved salting out, or decrease of the ionic
iconcentration, rmethods which have been used widely |
'in the isolation of proteins (Warburton and Fisher |
|l95l; Masry, 1952), but it is only recently that !

‘nucleic acids and proteins from Bord. pertussis

‘have been separated by electrophoresis i
(Hammersten, Palmstierna and leyer, 1959). |

Although these and similar methods have been |
used in preparing Bordetella antigens, few, if any,
|

‘pure antigens have been isolated,. This is due

|
'to the complexity of the bacterial cell which |

‘contains many components with similar physico- |

' chemical properties. The isolation of any singlei
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antigen free from other materials is very difficult
and in very few cases have the products been

tested for physical or immunological homogeneity.
Thus any biological activity associated with such
products need not be due to a single antigen.

iThis must be considered when regarding claims for
|the identity of antigens with different biologicali
activities. i

E}Jiological Activities of Antizens.

1) Haemagglutination.

Keogh, North and Warburton (1947) observed
\that erythrocytes of man, mouse, fowl and other
‘animals were agzlutinated by saline suspensions of
|
|

‘the three Bordetella species and by culture
|
I

|
‘were rich in haemagglutinin, the content fell on |

supernatants. Although freshly isolated strains |

subculture; no haemsgglutinating activity was

detected in avirulent strains. Standfast (1951b)

confirmed this for Bord. pertussis and showed that

the rate of fall of haemagglutinin titre with
subculture varied for different strains. About

25% of freshly isolated strains of Bord. pertussis

lacked haemagglutinin (Masry, 1952), but this might
have been due in some cases to cultural conditions

giving rise to the cyanic mode of growth described;
by Lacey (1960). In this mode, the cells possessed

|1ittle haemagglutinin. On solid media, the :



24 .

Ihaemagglutinin was associated with the bacterial
cell, as was also the case in the early stages of |
growth in liouid medium. Later, the ;
'haemagglutinin diffused into the medium.

Studies of the bacterial surface, using the
'electron microscope, have not revealed any
structure which might account for haemagslutination.

Thus the Bordetella species differ from various |

general of the Enterobacteriaceae in which

haemagglutinating activity was correlated with the
presence of surface appendages known as fimbriae
!(Duguid, Smith, Dempster and Edmunds, 1955; Duguid
iand Gillies, 1957). Collee (1961) described the i
'presence of cell-bound and cell-free haemagglutini%
|
|

‘in Clostridium welchii, This material was a

' product of strains subcultured in the laboratory

and was absent from freshly isolated strains. In|

lcontrast, the haemagglutinin of Bord. pertussis,

|although existing in similar forms, is related to
the freshly isolated wvirulent strains.

Unlike viral haemagglutinins, that of Bord.

|pertussis did not elute from the erythrocytes ‘

| (Fisher, 1948a; Fukumi, Shimizaki, Kobayashi and |
|
Uchida, 1956) and treatment of the red blood cellsi

with the receptor-destroying enzyme obtained from |

Vibrio cholerae did not render them inagglutinable,

tending rather to increase the haemagglutinin

[ titre. The titre was reduced however, when
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erythrocytes treated with potassium periodate
were used, suggesting that haemegglutinin receptors
on the cells were destroyed (Fisher, 1948b). Solely
;on the grounds of differing titres for human and
Ii‘owl erythrocytes, Thiele (1950) postulated the i
existence of two distinct haemagglutinins. Her
evidence was inconclusive and she did not appear |
to consider that the surfaces of the two |
erythrocyte species would differ considerably and
would in all probability require different amounts
‘of antigen to effect their agglutination. Hor was

|
ithere any investigation of the possible presence |

of inhibitory substances at the red cell surface.
Haemagglutinin has been found in most cell-free

extracts of Bordetella cells (e.z. lasry, 1952).

The material was active over the same pH and

temperature range required for stability of

erythrocytes (Warburton and Fisher, 1951). Although
‘370 was normally used for haemagglutination tests,
!some workers claimed that conditions were optimal
!at 42 - 46° (Ungar, 1949). Several workers
'showed that in the soluble form, the

heemagelutinin of Bord. pertussis lost its activity.

;Oﬂ heating to 56° for 30 min., although it retaine%
much of its antigenicity (Keogh and North, 1948; |
Masry, 1952). Ixtracts also lost their activity ‘
\during storage, even at -10° (masry, 1952). The
;rate of loss of activity was reduced by the additio%
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;of 50% (v/v) glycerol. The stability of the
|

:haemagglutinin could be increased by adsorpition
ionto aluminium phosphate, the activity then being
‘unaffected by formalin, vigorous shaking, or
:heating at 56°, all of which were shown to |
inactivate the soluble material (Xeogh and North,
I'19.11.8; Fisher, 1950; Warburton and Fisher, 1951). |
Heated haemagglutinin could be adsorbed onto |
erythrocytes, rendering them agglutinable by
antisera to the unheated antigen. During Seitz
filtration, the haemagglutinin was almost
completely adsorbed, but there was little loss of
activity following passage through membrane filters.
lMasry (1952) suggested methanol precipitation as a
method of purification but Fukumi and his co-
workers (1953b) claimed that this resulted in
‘complete loss of activity. Adsorption onto
%aluminium phosphate, followed by elution under |
different ionic conditions, was also sugzested as !
'a method of purification (Warburton and Fisher, |
11951) .

The activity of Bord. pertussis

|
|
haemagglutinin could be inhibited by immune sera oﬁ
|
by treatment of the erythrocytes with saline |

|

lextracts from Haemophilus influenzae (Keogh et al.,

51947). An inhibitor, removable by acetone

extraction, was present in some human sera (Ungar
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and James, 1949; Fisher and Keogh, 1950).

Fisher (1948a) showed that haemaggzlutination could
be inhibited by red cell stroma, the component
iresponsible being an acetone - soluble, heat-
stable lipid which could be crystallised as yellow |
|flakes. In a later paper, the same worker
(Fisher, 1949) purified the inhibitor and suggested
that it was a lipid containing cholesterol. An
femulsion of cholesterol in saline:did not exhibit
complete inhibition unless saponifiable, acetone- |
soluble lipids from the stroma were also present.
|These lipids could be replaced by lecithin or i
Eoleic acid. It seems that the haemagglutinin of |

| |
|Bord. pertussis is readily inhibited by lipids; |

this may indicate the nature of its receptor on

'the red cell surface. |
|

2) Coagulation of plasma.

The presence in some virulent strains of

gBord. pertussis of a factor causing coagulation ofi
‘oxalated or citrated rabbit and sheep plasma was !
‘reported by Billaudelle (1955a, 1955b). o |
coagulase was present in avirulent strains.

‘Bord. parapertussis strains also possessed a

coagulase, but Bord. bronchiseptica was not tested,

The coagulase was slow-acting, reguiring 4-12 hr.
|
incubation at 37° vefore the plasma was completely |
|
golidified. No attempt was made to isolatec the
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factor responsible or to determine its

|
relationship to other biological activities of
the Bordstella group.

'3) Histamine Sensitisation.
|

kiice are normally resistant to anaphylactic

shock and to the effects of histamine injected

|parenterally. Cells and certain fractions of

|
iBord. pertussis caused anaphylactic shoeck in mice é
iand also rendefed them very susceptible to injecte&
:histamine (Parfentjev, Goodline and Virion, 1947a
'and 1947b). The antigen responsible for these

effects was termed the histamine sensitising

| factor (H.S.F.) Mice could be sensitised

[following a single intra- abdominal dose of a
‘whole cell vaccine, Different strains of mice
' showed marked differences in their ability to

|become sensitive to anaphylaxis following injection

of Bord. pertussis cells (Pittman, 195la), some

strains becoming 100 - 200 times more susceptible ‘
to histamine. Female mice became more

' susceptible to histamine than did male mice. .
|

' Rabbits and guinea pigs could not be actively .

sensitised (Kind, 1958). Only virulent strains i

absent from Bord. parapertussis and Bord.

|

I

| o B = e .

| of Bord. pertussis possessed H.S.F., while it was
I

|

| bronchiseptica.

HE.S.F. was present in saline washings of the
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|
‘cells, in whole bacteria and in fractions obtained |
lby disintegration of the bacteria (laitland and
IGuerault, 1958). In cultures grown on Bordet -
\Gengou medium, bacteria grown on cellophane
écontained more H.S5.F. than those grown directly |
!on the medium. This suggests that the E.S.F. is
gan extracellular product which normally diffuses
'into the medium from the bacteria. Some workers
Iclaimed that the H.S.F. was destroyed when bacteria

‘'were shaken with glass beads or ground in the dried
|

state (liaitland, Kohn and Macdonald, 1955). In
contrast tothis, Munoz et al. (1959) found that

fractions from bacteria disintegrated with glass
ibeads were rich in H.S.F. Heating of bacterial
'vaceines to 60° for 60 min. did not significantly |
laffect the H.S.F. but it was destroyed when the |

cells were heated at 80° for 20 min. (Pittman,

1951b; Maitland et al., 1955). Heated bacteria

were still capable of killing mice which had been

sensitised previously with unheated bacteria.
!The effect of the H.S.F. was neutralised with

|
antihistaminie drugs including quercitin and also

with antibacterial sera (Thiele and Schuchardt,

!1952; Maitland and Guerault, 1958; Chedid and
Boyer, 1958).
As well as increasing sensitivity to

histamine, pertussis vaccines rendered mice more
|
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susceptible to the effects of vaccines or
lipopolysaccharide extracts prepared from Shigella

dysenteriae, Escherichia coli and other Gram

|
|
|
negative bacteria (Kind, 1958). They also became |

more susceptible to infection with saprophytic |

bacteria (Arch and Parfentjev, 1957). This led |

to the theory that sensitivity of mice following

'the injection of Bord. pertussis might be a non- ‘
specific hypersensitivity to a number of |

endotoxin-like materials.

|4) Labile toxins. ‘
| Bacteria-free filtrates from liquid cultures |

of virulent Bord. pertussis or saline washings of

bacteria grown on solid media, contained an

exotoxin (Katsmpes, Brooks and Bradford, 1942).

!The toxin was lethal for mice when given intravenously
'and was dermonecrotic in guinea pigs and rabbits
(Kind, 1956). Wood (1940) showed that the

toxicity of the bacilli could be reduced by

repeated washing with saline. The soluble toxin

was adsorbed during filtration through asbestos

Ior porcelain filters and was destroyed or
|
inactivated by heating the superanatants at 54°

for 10 min., by formalin and by storage at 0° for

several weeks (Wood, 1940; Frappier and Guerault,j

1954; Maitland and Guerault, 1958). The addition
i
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;of glucose (50% w/v) or sucrose had a stabilising
leffect on the toxin (Katsampes et al., 1942).
|The exXotoxin was poorly antigenic but adsorption
lonto aluminium phosphate increased its
lantigenicity (Katsampes et al., 1942; Andersen
I1953). Thermolabile exotoxins were also

demonstrated in Bord. parapertussis and Bord.

bronchiseptica. Neutralisation of the toxins

from all three species of Bordetella could be

Toxin has also been obtained from Bord.

the bacteria (Smolens and Favell, 1947). It was

with calecium chloride solutions (Robbins and
Pillemer, 1950). It was highly potent but

electrophoretically heterogeneous. Toxin was

on ion exchange cellulose (Billaudelle et al.,
f1960). Four different fractions with
‘dermonecrotic activity were obtained but only one
of these contained lethal toxin.

1 Toxins extracted from the bacteria resembled
sthe exotoxin, being lethal and dermonecrotic for

mice, guinea pigs, rabbits and rats (Efans and

liaitland, 19%7) Violle, 1948; Robbins and

pertussis cells by freezing and thawing (Evans and

extracted from disintegrated bacteria by treatment

separated from other components by electrophoresis

of ultrasonic extracts, followed by chromatography

obtained with homologous or heterologous antitoxin.

Maitland, 1937) or by ultrasonic disintegration of!
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|
}Pillemer, 1950). Both toxins were also
;thermolabile and were detoxified by formalin. The
[poor antigenicity of the toxins precluded complete
immunological proof of their identity. It was
|shown, however, that injection of either exotoxin

or extracted toxin into rabbits was followed by a

secondary antibody response when the other was
iinjected (Browm, 1949). This indicates that the
;exotoxin and a toxic component of the extracts
:are immunologically very similar and possibly
|identical,

|

5) Endotoxins.

In contrast to the exotoxins which are
thermolabile proteins, most Gram negative bacteria
possess thermostable lipopolysaccharide endotoxins,
They are also called somatic, O or surface antigen#
and are materials lying at or near the bacterial ‘

surface, where they play an important role in the \

agglutination of the bacteria by homologous

:antisera. The properties of somatic antigens
;were reviewed by Westphal (1960). The complete |
‘antigens were lipopolysaccharide-protein - lipid
icomplexes which were strongly antigenic, pyrogenic
lanc toxic. As well as causing the formation

of specific agzlutinins when injected into animals,

the somatic antigens caused increases in the non-

specific defence mechanisms of the body (Rowley, |
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|

|

1956; Landy and Pillemer, 1956). The complete
lantigen from a few bacteria was split into its
component parts and the properties of the
iindividual moeities examined. Removal of the
lipid attached to the protein (lipid B) did not

lalter the biological properties of the complex. '
!After mild hydrolysis to remove the protein, a
|toxic, pyrogenic but poorly antigenic
livopolysaccharide remained. The pyrogenic

and toxic activities were due to the lipid
conjugated to the polysaccharide (lipid A). When
an artifical protein - lipopolysaccharide complex
was formed, the polysaccharide could be removed

by hydrolysis, leaving a toxic and pyrogenic

lipoprotein (Luderitz, Westphal, Eichenberger and

Neter, 1958). |
Acié - extracted lipopolysaccharides from

\Bord. pertussis and Bord. parapertussis were

| |
|toxic for mice and gave limited protection against
|

‘experimental infection in these animals (Eldering,

|

11941, 1942). Lipopolysaccharide from Bord.

pertussis elicited resistance to challenge with |

Salmonella typhi in mice, but no details were give

of the method of preparation of the material or
of its chemical properties (Landy, 1956). It was

also reported that the lipopolysaccharide caused

lan increase in the properdin level of the

\experimental animals. Phenol extraction of Bord.
| :



Table 2. Composition of the lipopolysaccharides from

Bordetella species. (Maclennan, 1960).

Preparation. N h ] Nucleic| Aldo- Hexosamine .| Hexose,
acid. heptose.
bronchiseptical7.7| 2.1 0 18 16,6 5
pertussis 3.9 2.5 1.4 34 20.3 6
parapertussis |8.2 ] 2.6 0.6 18 16 .5 5

All values are expressed as percentages.
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pertussis cells yielded lipopol:saccharides which
comprised 3.4 - 5.2% of the dried bacteria (Baeva,
1957; laclennan, 1960). Similar materials were
obtained from the other Bordetella species, but
very little was extracted from avirulent strains

of Bord. pertussis and Bord. bronchiseptica

(liaclennan, 1960). The materials were all white
powders, were sparingly soluble in water, and gave
negative biuret and positive liolisch tests.
Chemical analysis gave the results shown in table
2 The lipopolysaccharides were very resistant
to acid hydrolysis and drastic conditions were
reqguired to obtain the constituent sugars for
analysis by paper chromatography. A1l three
preparations appeared to contaln a hexosamine and
an aldoheptose. The hexosamine was identified

as glucosamine while the heptose spots corresponded

in colour and position with D - glycero - L-
mannoheptose. Although heptoses have been

reported in other bacterial polysaccharides, mainly:

on the basis of chromatographic evidence (e.g.
|

|Davies, 1955), in only two species have they been

|
|isolated and characterised. Prom a strain of

|Escherichia coli, Weidel (1955) isolated L -

glycero - D - mannoheptose and D - glycero - D =

galactoheptose was isolated from Chromobacterium

violaceum and characterised by lMaclennan and
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Davies (1957).

The lipopolysaccharide from Bord. pertussis

|\was dermonecrotic in rabbits and lethal for mice
when given intravenously or intraperitoneally
(Baeva, 1957). In contrast, Maclennan (1960)
found that lipopolysaccharide prepared from this

organism was non - toxic although similar material

from the other two Bordetella species was toxic and
dermonecrotic. All three materials were pyrogenié
and were non - antigenic, although they were i
haptenic, forming precipitates with homologous |
antisera prepared against whole bacteria. ‘
Precipitation tests show:d that the |
|

lipopolysaccharides from each of the species were

'serologically distinct. . '
|

|6) Capsular Antigens.

Several attempts have been made to
demonstrate the presence of capsules in Bord.
pertussis cultures. A staining techinique using
Wright's stain was employed by Lawson (1940), who
claimed that it revealed the presence of capsules.
Using the same method, Evans and Adams (1952)
claimed that capsules were present in a large

number of strains isolated from clinical cases of

whooping cough. However, the proportion of

capsulate bacteria in each culture was not stated,
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‘although less capsular material was observed in

lolder strains. Ungar and Muggleton (1949), using
Lawson's method, found capsules in freshly isolated
strains and in laboratory strains which were no
longer agglutinable with antisera prepared aa:ainstI
virulent strains. On the other hand, other |
'staining methods were ﬁnsuccessful in demonstrating
capsular material. However, electron microscopy
revealed strucétures suggesting the presence of

capsules (Ungar, luggleton and Stevens, 1954).

These structures could be artefacts due to the

method of preparation of the specimens. There is |

no report of the India ink method of Duguid (1951)
|having been applied. Such a method reveals the
presence of capéules without introduction of
artefacts due to the physical and chemical
processes involved in other staining procedures.

Although the evidence for presence of capsules is

‘not conclusive, it seems possible that Bord.
:pertussis produces some material of the slime
ilayer or microcapsular type. This might explain
the X agzlutination of Andersen (1953).  Moreover,
solution of microcapsular material in liquid media
might be responsible for the increased viscosity
\in such media reported by Fisher (1948b), or the
i”mucin - like" substances of low nitrogenccontent

gprecipitated during attempts to purify the exotoxin
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(Burrel,Robbins and Fillemer, 1948)., Antisera
prepared against washings of cells grown on solid
media gave a visible modification of the outer
layer of unwashed bacilli, revealing a structure |
of indefinite shape, which was more characteristic
of a slime layer than of a true capsule (de

Repentigny and Frappier, 1956).

PROTECTIVE ANTIGENS

1) Methods of Assay.

[ Although no suitable method of in vitro

|
‘assay of the potency of Bord. pertussis vaccines |

exists, ©two methods of assay involviﬁg
experimental infection of mice have been used. i
The first method, developed by Burnett and Timmins
(19%7), employed intranasal challenge of
anaesthetised animals. Significant immunity could
be shown following the intraperitoneal
administration of formalin-treated vaccines. The |
infection was produced on the bronchial epithelium
and has the advantage that there is some
Isimilarity to human infection, The method was
studied by several workers (e.g. Miller and

Silverberg, 193%9; Standfast, 195la) and was shown

to lack qualitative reliability. For this reason|
'it was superseded by other techniques. An |

improvement on the intranasal method was the




!
‘intratracheal challenge advocated by Te Funga and

Preston (1958). The method produced a lethal
pulmonary infection and higher mortality was

obtained than by intranasal challenge. Specific

|

\
active and passive immunity against the challenge ‘
iwas demonstrated. The method had the 1
Idisadvantage that the mice were exposed twice to
anaesthetic, the initial exposure being required
to reduce their natural resistance and the second
being for the operative procedure. Even in the

hands of a skilled operator, some mice (1-2%) were

killed by the inoculation procedure,

J The method most commohly used for assay of

pertussis vaccines, is the active protection test |

in mice challenged with a lethal intracerebral dose

of a mouse - virulent strain of Bord. pertussis.

This method was introduced by Kendrick, Eldering,
Dixon and lMisner (1947), who obtained a suitable

bacterial strain, such that 50% of the mice were

'killed by a dose of approximately 300 organisms.
iWhen a large number of strains were tested for

virulence by the intracerebral route, all "phase ;
I" strains were virulent, although they could be
divided into groups differing in the number of

bacteria reauired to produce a lethal infection
(Kendrick, Updyke and Eldering, 1949). Only 2 |

out of 3% Bord. parapertussis strains were
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virulent, as were all the 4 Bord. bronchiseptica

strains tested. Rough strains of Bord, pertussis

were seldom virulent by this route.

Standfast (1958) showed that when vaccines i
were assayed in mice, intranasal and intracerebral|

challenge resulted in different estimates of their |

potencies and that the results of field trials

\corresponded very well with thdse obtained by the |

|mouse potency test using intracerebral challenge,
but not with intranasal challenge. He also found
|that vaccines heated to 100° for 1 hr. lost all
their protective potency azainst intracerebral

challenge, but showed little loss when assayed

intranasally. He suggested that two different

antigens were involved. Pasgive protection tests%
|

!using antisera prepared against whole bacteria andi
jvarious fractions, also led to the belief that
itwo separate antigens were involved (Dolby and
Standfast, 1958).

Active immunity in mice tested by
intracerebral challenge has the advantage of
reproducibility, especially when the same challenge
strain and mouse strain are used. There is always
some loss of mice due to post - operative deaths ;
and, as in other methods, the worker must be

experienced in the procedure if these deaths are

to be reduced to a minimum. The correlation of
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results of field trials and vaccine potency
assessed by intracerebral challenge in mice

(Medical Research Council, 1959) tends to make !
|

this the method of choice in laboratory evaluation
jof vaccine.

A further complication affecting vaccine
assay resulted from the finding of Evans and

Perkins (1954a, 1955a) who showed that killed

suspensions of Bord. pertussis gave two distinct

|immune responses following intraperitoneal
|injection in mice. The first was an interference!
| type, developing rapidly and of brief duration,
while the second was a slow antibody response
reaching a high level of immunity and persisting

for a long time. However, the effect of the

interference immunity can be minimised by

challenging the mice sufficiently long after

|
| vaccination. The period of fourteen days, usually

‘allowed between vaccination and challenge, is the |

minimum permissible if interference immunity is not

to influence the results significantly.
|

In a further method of assay, developed by
| Evans and Perking (1953, 1954b), the ability of

‘vaccines to produce specific agglutinating

antibody in mice was tested. This method was |

applied to vaccines used in field trials and some

|
' correlation was obtained between the protection
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|obtained in children and the agglutinin response
in mice, when whole bacterial vaccines were tested |

|
(Medical Research Council, 1959).

2 ) Vaccines, I
|

a ) Whole cell vaccines. i

Bacteria grown on solid or liquid medium have

been used in Bord. pertussis whole cell vaccines |

|for the immunisation of children against whooping
,
cough. The results of field trials showed that
vaccines grown in liquid medium did not differ

significantly from those prepared on solid medium

(liedical Research Couneil, 1959). Whole cell
vaccines are not entirely satisfactory because of
the occurrence of local and general reactions |
following their administration. These vaccines |
were found to deteriorate in potency during |
' storage and, on the basis of the mouse protection
test, it was estimated that they had a half - life

of 5 - 6 years when stored at 4° (Ungar and Basilﬁ

1957) . Because of the instability of fluid

'vaccines, Armitage and Perry (1957) recommended the

dextran to minimise the loss of antigenicity during

. - ., = “ct
use of a freeze - dried standard containing Of

|drying. A freeze - dried vaccine showed no

| -
deterioration after ten years storage (Kendrick,

Eldering, Hornbeck and Baker, 1955) .
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Several preservatives have been used in

pertussis vaccines including phenol, formalin and
cresol (North, Anderson and Graydon, 1941;
Pittman, 1952). These chemicals all caused a
fall in vaccine potency, as did heating or
prolonged ultraviolet irradiation. Merthiolate

was considered to be the most effective

capacity during storage for over a year (Pittman,
1952; Billaudelle, 1960).

Using cross - protection in mice, Kendrick,

Vadolski, Eldering and Baker (1953) showed that |
the best protection was obtained against challenge

by the homologous Bordetella species, although

|Bord. pertussis vaccines gave some protection

against Bord. bronchiseptica infection and vice

versa., The protective potency of Bord. pertussis

strains declined on subcul ture and vaccines prepare
from avirulent strains afforded little protection
I( North et al., 1941; Standfast, 1951b). The . |
variability of vaccines has been reduced now that
freeze - dried standards are available and strains
can be lyophilised until required for culture.
Reactions of varying severity following the
administration of whole cell vaccines to young
children have led to attempts to isolate a

"protective antigen”.

preservative, as it causes little loss in protective

ol
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b) Protective Fractions.

An early attempt to prepare cell - free
protective material involved tryptic digestion of

Bord, pertussis cells (Cruickshank and Freeman,

1937). The soluble material was precipitated with
ethanol and was found to confer immunity on mice
challenged by the intranasal route. The
undigested residme was also protective. Dolby
and Standfast (1958) were unable to confirm these
results, although some protection was obtained
Iagainst intracerebral infection in mice. Eldering
(1942) claimed that acid - extracted polysaccharides
from the three Bordetella species gave some |

protection against intraperitoneal challenge of

mice with Bord. pertussis, but as the method of

infection differed from that used by other workers,
it is not possible to assess the significance of
these results. Tt seems unlikely that the
polysaccharides would be sufficiently potent
antigens to induce a good antibody response and the

result could be due to the interference immunity

described by Evans and Perkins (1954a). FPhenol

lextracted lipopolysaccaride from Bord. pertussis

‘was not protective (Baeva, 1957).
The ease with which protective material could
be washed off the bacteria led to the belief that

it was at or near the bacterial surface (Frappier
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and Guerault, 1954, 1955; Maitland and Guerault,
1958) .  Although bacterial washinss contained
protective material, the washed cells still

retained their protective ability. Several worker

isolated cell waLLmaterial and found that it
iprotected against experimental infection |
|(Yoshida et al., 1955; Xunoz et al., 1955; |
Billaudelle et al., 1960). Some of the
preparations were not examined for the presence of
intact cells or cytoplasmic matter and it seems !
probable that much more than cell wall material '
was present. Electron microscopic examination of
the preparations of Munoz et al., (1959) clearly
showed the presence of cell membranes and

cytoplasm but these were absent from the cell walls

prepared by Billaudelle et al. (1960). The latter

lworkers removed extraneous material by exhaustive
&wéshings in a series of buffer solutions, sodium
\chloride solutions and distilled watsr. The

product, which corresponded to about 21% of the dry
weight of the bacteria, was a good immunising

agent, doses of 50 - 200 /tg. per mouse being

Iprotective. The immunising potency was destroyed
by pancreatic digestion or urea, was reduced by

‘ethanol, methanol or glycerol, but was unaffected
by freeze - drying. The material was only toxic

for mice in doses above 4 mg. and it had little
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pyrogenic activity, Chemical analysis revealed
10 - 15% polysaccharide, 20% lipid, protein and a
trace of nucleic acid. From these results, it
appears that the antigen or antigens responsibdle

for protection against intracerebral challenge in

mice is either part of the cell wall of Bord.

'pertussis or very closely associated with it. Tt

is possible that fractions of the cell wall have

no protective activity and that these could be |
removed without any loss of potency. T s i
unlikely, however, that protection is due to any
single molecular species but rather that it rGQuirés
the presence of a number of macromolecules wihich
are situated at or near the bacterial surface.
Protective material has been selectively
adsorbed from ultrasonic extracts of bacteria onto
red cell stromata (Pillemer, 1950). The producs

was termed stroma protective antigen (SPA.). The{

material contained haemagglutinin, but no toxin was
| .
ladsorbed. Although the protective power of

lextracts and of SPA was unaffected by heating at |

i56o for 1 hr., protective material could no longer;
|
|
'be adsorbed onto the stromata from heated extractsﬁ
I
Further work (Pillemer, Blum and Lepow, 1954)

using a strain of Bord. pertussis which produced

| w
ilittle or no haemagglutinin, showed that the SPA

‘could be produced on a large scale and was stable

lover long periods when stored at 1°, although it
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was inactivated by heating at 100°. Field
trials using SPA revealed that it induced a high
degree of immunity in children but caused a high
proportion of local reactions of varying severity
in the recipients (lMedical Research Council, 1959)1
The chemical nature of the material adsorbed onto
the stromata has not been determined as it comprise
a very small proportion of the total present.

Thus it has not been ascertained whether it is the
same protective antigen as that found in cell
washings and cell walls.

3) Relation to other Antigens.

The ©possible relationship of the protective
material to other biological activities has been
considered by many workers. It was shown that

virulent Bord. pertussis possessed several

characteristic properties which were absent from
‘the avirulent organisms (Ungar and lMuggleton,
1949; Standfast, 1951b). Thus virulent bacilli
produce an exotoxin, a haemagglutinin and an HSF.,
are soluble in 10% (w/v) bile salts and are

precipitated by aluminium or cadmium phosphate

suspensions, as well as being protective in mice.
These properties are lost on subculture. The
changes in some of these characteristics during

subculture have been studied by Stamdfast (1951b)

]

and fiegure 1. shows his achematic representation
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of their loss in a typical strain of Bord. pertussis.

Each of these characteristics varied independently

and the order of their loss varied with the strain.

ﬂ The protective material has for some time

'been thought to be associated with the antigens
involved in bacterial agglutination by immune sera,

as fractions having protective activity also

stimulated production of antisera capable of
agzlutinating the bacteria (e.g. Frappier and
Guerault, 1954). This was thought to have been
disproved when SPA was found to produce few
agzlutinins (Evans and Perkins, 1955b) but recently
Andersen (personal communication) has shown that
the strain used fdr the preparation of the SPA was
'antigenically different from most other virulent

strains and agglutinin production by the SPA could

lonly be detected using the homologous strain of

‘Bord. pertussis as antigen. In recent field trials

'there was also good agreement between agglutinin
iresponse and protection in children, the only
Ie‘:z}cceptj.on being the SPA,where it is possible that
a heterologous strain was used in tests for
agglutinins (Medical Research Council, 1959). It
seems that there is fairly good correlation between
the protective capacity of the material and its |

ability to stimulate agglutinin production. This

is not unexpected, as it has been suggested that
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the site of the protective material is at or near

the cell surface.

The haemagglutinin content of strains and
their antigenic potency in vaccines also showed
some correlation (Keogh et al., 1947; Xeogh and
North, 1948). Extracts with high haemagelutinatio
titres were found to be good immunising agents in
mice and were also used in babies; no details of
their protective value in children were given,
although there were no ractions following
injection as found with whole cell wvaccines or
other fractions (Warburton and Fisher, 1951 ;
Fisher, Warburton, Wettenhall and Williams, 1951).
Other antigens besides haemagglutinin were almost
certainly present in these extracts. This might
account for the contrasting results of lasry
(1952), who prepared haemgglutinating extracts
free from toxin and material stimulating antibody
production. The toxin - free haemagglutinin diad
!not induce active immunity in mice, The absence
'of haemagzlutinin from a bacterial strain giving
good protection (Pillemer et al., 1954) further
confirms the absence of any protective capacity in
the antigen causing haemaggzlutination. If the
haemagglutinin had a role in protection, it would
lalso be expected that the other Bordetella species,

all excellent haemagglutinin producers, would

n
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provide protection against Bord. pertussis. This

in fact, is not the case.

The exotoxin produced by Bord. pertussis has |

also been shown to have little effect in immunity.
As it is a poor antigen, this is to be expected
and, like the haemagglutinin, it is common to all
Bordetella species, The presence of exotoxin in
vaccines presents a problem, as it must be
inactivated without affecting the immunising
potency (e.g. Billaudelle, 1960). Preparation
of cell wel]l material free from toxin but possessing
excellent immunising ability also indicates that
these two antigens are not related.

The presence of an antigen unioue to virulent

Bord. pertussis might initially suggest that it

was related to the protectivelmaterial. This
applies to the HSF and some workers showed that
protective fractions also contained HSF. (Munoz
gt al., 1959). 1loreover histamine - sensitising
and protective properties of whole cell vaccines

showed close correlation. However Dolby (1958)

obtained a bacterial fraction which gave good
protection in mice challenged intracerabrally,
but contained little HSE.

Insufficient is yet known about some antigens

such as the coagulase discovered by Billaudelle

!(l955a), to determine whether they are related to




Table 3. The antigens of the Bordetella species.

Antigen Bordetella species:
pertussis parapertussis Dbronchiseptica

Protective _

antigen. + - -
Haemagglutinin, + + +
Labile toxin, + + +
HSF. + - %
Coagulase. + +
Pertussis

lipo- + - -

polysaccharide.
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the protective material. At present, it seems
that the only correlation is between protective
ability and agglutinin production. The
distribution of the various antigens among the

Bordetella species is shown in table 3.
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the protective material. At present, it seems
that the only correlation is between protective
ability and agglutinin production. The

distribution of the various antigens among the

Bordetella species is shown in table 3.
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MATERTALS AND METHODS

1. Organisms
The following bacteria were used :-

i) Virulent Bord.pertussis.

Strains H5, 31, 32,35,36,51 and 52 were obtained
from Dr. B.W. Lacey, Westminster Hospital, London.

Strains L85,191,G1/252,G1/291,G1/35% and
W 2000 were vaccine strains obtained from Dr. A.F.
B. Standfast, Lister Institute of Preventive
Medicine, Elstree, Hertfordshire.

Strain 134 used by Pillemer (1950), was
obtained from Dr. Standfast.

Strain 18/323, an intracerebral challenge strain
used by Kendrick et al,(1947), was also obtained
from Dr. Standfast.

Strain 4412 was obtained from Dr. H. Billaudelle,
Karolinska Institute, Stockholm.

Strain 4507 was isolated from a case of
whooping cough in the City Hospital, Edinburgh.

Strains NCTC/8085,8090,8189,8474 and 8631 were
obtained from the National Collection of Type
Cultures, Colindale, London.

ii) Avirulent Bord.pertussis.

; UN,

Strains L51,154,G1 146,G1 154 and NCTC 304 were &
obtained from Dr. Jean Dolby, Lister Institute, gé

Elstree. The NCTD 364 strain was the original N

"phase IV" strain of Leslie and Gardner (1931).
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Strains CN 1529 and 2216 were obtained from
Dr. H. Proom, Wellcome Research Laboratories,
Beckenham, Kent,
Strain 4507Av was obtained from the virulent
strain 4507 by repeated subculture.

iii) Bord. parapertussis.

The two strains used, NCTC 7385 and 8250, were
both obtained from the National Collection of Type
Culturese.

iv) Bord. bronchiseptica.

Strains NCTC 454%,8344,8761 and 8762 were

obtained from the National Collection of Type
Cultures.
Strain H 106 was obtained from Dr. B.W. Lacey.
v) Haemophilus species. All strains were
obtained from the National Collection of Type
Cultures. The strains were &=

Haemophilus influengzae type a 8466, type b 7279,

type ¢ 8469, type 4 8470, type e 8455 and type
f 7918.
Haemophilus aegyptius 8135, Haemophilus canis

8540, Haemophilus haemolyticus 8479, Haemophilus
parainfluenzae 7857, and Haemophilus suis 4557

land 740,

All strains were freeze-dried imnediately on
receipt. Strains obtained in the freeze-dried

state were cultured and sufficient ampoules




Table 3a. Composition of charcoal agar

Casamino acids (Difco technical)..... 10,0 g.
Nicotinamide, ..cus scses sanvnvss sawnnss 0.01 g.
KH, PO,..... el Grmnnr Bl i ehsapnis 05 B
MgCle,6H20............._.............. Ok g.
PoS8Ds s T O avivn s vosasspavemss eamsnsue 0.01 g.
OB Lo wocarsoiin & 0.1 g.
BRI o s v s o g e o wciose0s 0.001 g.
Soluble starch (BDH)es ssvses sowvows se p P
Charcoal (BDH activated)...eeeececess 2.0 g.
Agar™ (Davis New Zealand),...... b 10,0 &=
PIABL LNl Walel, vosse snwwmin ¢ pammmase 1.0 litre.

*

The agar in this and all other solid media was

defatted by extraction with chloroform,
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prepared to last throughout the work. When strains
were resuscitated from the freeze-dried state, the
contents of an ampoule were emulsified in 1% (w/v)
casamino acid solution and spread over two Petri

dishes of Bordet-Gengou medium. Haemophilus

species were grown on blood agar.

2. Media and Cultural Methods

a) Solid media.

i) Bordet-Gengou medium was prepared as

described by Cruickshank (1960). The medium
contained potato extract, glycerol, agar and 50%
(v/v) horse blood. Plates were not dried but
were stored in the refrigerator. They were used
within 2-3 days of preparation. When the medium
was used for recovery of organisms from
experimental animals, it was rendered selective by
the addition of peniecillin (0.5 units/ml.)

ii) Charcoal agar had the composition shown in
table 3a.

iii) Resin agar was a similar medium containing
yeast extract and anion exchange resin instead of
the nicotinamide and charcoal respectively
(see p 83.)

b) Liguid media

i) For Virulent Bord.pertussis.

a) In growth experiments, the basic medium and

the modification of it described in the text were
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used (see p 72.)

b) Growth of large quantities of bacterial cells
was carried out in the tris - resin medium
described in p. 80 of this thesis. TUnless
specified to the contrary, it contained CuSO4
( 0.001% w/v) and yeast extract (5% v/v) in

addition to the other components.

ii) Other Bordetella species,

All other Bordetella species were grown in the
basic medium described on p 72. of this thesis,
In addition to the components listed, it contained
CuSO4 (0.001% w/v) and yeast extradt (5% v/v). No
starch or resin was added.

Yeast extract was prepared by the method of Cohen

and Wheeler (1946).

Ton exchange resins were treated before use with

1N NaOH in the case of anion exchange resins or
with 1N ECl in the case of the cation exchange resin.

Sterilisation. All media were sterilised by

autoclaving at 15lbs./ in% for 15 min.

¢) Growth conditions.

In the growth experiments, virulent Bord.
pertussis was grown in 200 ml. amounts of medium
in Roux bottles. When the bacteria were grown for
antigenic studies, Roux bottle cultures were also
used, the bottles being incubated on their sides

for 56 days and turned daily. Avirulent
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Bord.pertussis and other Bordetella species were
grown in 250 ml. amounts of medium in 500 ml.
Ehrlenmeyer flasks. The flasks were incubated for
48 hr. with constaht agitation on a reciprocating
shaker rotating at approximately 100 r.p.m.
(Distillers Company Ltd., Epsom, Surrey). All
incubations of Bordetella species were carried out

at 350. Haemophilus species were grown on blood

agar at 370.

d) Harvesting of bacteria.

i) Solid medium

Cells were washed off the medium with saline
from a polythene wash-bottle and recovered by
centrifugation at approximately 5,000 G for 30 min.
using a bowl temperature of 62,

ii) Liguid medium.

Resin was removed from the resin medium by
passing the culture through a coarse sintered
glass filter. The filtrate or the medium in
other cases was then centrifuged under the same
conditions as were used for recovering the cells
from solid media.

Saline is used to denote 0.85% (w/v) sodiunm
chloride solution, buffered to pH 7.0 with 0.C02M
phosphate (KH2PO, - NagHPO4).

Thioglycollate saline. Sodium thioglycollate

(0.02% w/v) was added to saline. The solution was



prepared immediately prior to use. The sodium
thioglycollate was stored in a tightly-stoppered
container at -400.

Ringers' solution contained (g./100 ml. distilled

water) :  NaCl 0.9; KCl 0.046; CaCly, 0.037;
NapHPOy 0.29; HCl 0.4 ml. 1.0 N solution.

c) Measurements of growth.

i) Turbidities were measured by removing 2 ml,

aliquots from the Roux bottles, unless stated
otherwise.

ii) Total Counts were made on suitable

suspensions of bacteria using a phase contrast
microscope. A calibration curve relating total
count to turbidity was prepared and used for
routine estimation of total counts.

iii) Viable Counts were carried out on Bordet-

Gengou medium by the method of Miles and lMisra

(1938).

Values of pH were measured on a Pye electric pH

meter.

3. Immunological Methods

Experimental animals.

Rabbits. Cross-bred animals, bred in the
Bacteriology Department, University of Edinburgh,
were used.

Mice. Strain A2G white mice were bred in the

Bacteriology Department from stock animals obtained
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from the Laboratory Animals Centre, Carshalton,

Surrey.

a) Preparation of antisera.

Rabbits were inoculated subcutaneously with
twelve, weekly injections of 1 ml. of the antigen.
The first two injections always consisted of
formalised material. Thereafter, merthiolate
(0.01%) was the only preservative added. Antisera
for gel diffusion studies were prepared, using two
injections of formalin - killed bacteria containing
1010 cells/ml. Ten subsequent injections contained
the same amount of ultrasonically treated material
(see p.63 ) with merthiolate (0.01% w/v) as
preservative. Antisera for agglutination and
protection tests were prepared, using a similar
course of six injections, the first two comprising
bacteria killed with formalin.

b) Active protection tests.

Suitable groups of 4-5 weeks' old mice were
injected intraperitoneally with 0.2 ml. of the
protective agent. They were challenged 14 days
later with an estimated 50,000 organisms of the
mouse - virulent strain 18/323 (Kendrick et al,,
1947). The challenge dose, taken from a 24 hr.
culture on Bordet - Gengou medium, was emulsified
in 1% (w/v) casamino acid solution. It was
injected intracerebrally to the anaesthetised mice.

Deaths during the 48 hr. following challenge were
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ignored as being due to cerebral damage. There-
after, the mice were observed until 14 days after
challenge. All deaths were noted and the mouse

brains were cultured on Bordet - Gengou medium.

When Bord.pertussis was not isolated from the brain

of a dead mouse, that animal was excluded from the
experiment.,

¢) Passive protection tests.

Groups of 6-7 weeks' old mice were injected
intraperitoneally with antiserum (0.2 ml.),
diluted with saline when necessary. The mice were
challenged four hours later by the intracerebral
route, using the same dose and other conditions as
in active protection tests.

d) Toxicity tests.

These were performed using six weeks' old mice.
The animals were injected intraperitoneally with
0.2 ml. of a suspehsion of the material under
examination. All deaths occurring until 48 hr.
after the inoculation were regarded as being due
to the toxic agent.

e) Histami