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ABSTRACT
FACULTY OF MEDICINE
MICROBIOLOGY

Master of pPhilosophy

STRUCTURAL AND BIOLOGICAL STUDIES ON THE SURFACE
ANTIGENS INVOLVED IN THE PATHOGENESIS OF CAMPYLOBACTER

GASTRO~ENTERITIS

by Harry Michael McBride

The outer membranes of C.jejuni and C.coli were isolated
by two methods, spheroplast formation and detergent
solubilization of the inner membrane. Membranes prepared
by either procedure were essentially similar. Two main
protein bands predominated 1in the outer membranes. A
variable molecular weight protein of M.wt 43-46,000
represented the major band in total protein profiles, it
was heat-modifiable and surface exposed. The second band
had a M.wt in the range 62~64,000 it was not
heat-modifiable and was identified as flagellin. An
acid-extract from the surface of the C.jejuni cells
contained 25K and 27K proteins. Staining of OM proteins
with Schiff's reagent revealed staining 1in the 27-30K
region and probably represented LPS. The techniques of
radio-immunoprecipitation and immunoblotting were used to
examine the antigenicity of C.jejuni proteins. Both the
43K Momp and the 63K flagellin proteins were immunogenic.

Different flagellins elicited antibodies that showed
either broad or limited cross-reactivites. The biological
role of flagella was investigated by the isolation of an
flagellate non-motile variant (SFl) and an aflagellate
variant (SF2) from C.jejuni 8l1l1e6. The amino-acid
compositions of the flagellins were essentially identical
to those of other known bacteria. Attachment studies to
erythrocytes of various species revealed differences in
the attachments of 81116 and the variants. It is proposed
that attachment to RBC is through a surface adhesin and
that active and to a 1lesser extent inactive flagellla
blocked this attachment. Adsorption isotherm data
supported this view. In contrast attachment to eukaryotic
cells was considerably lower compared to RBCs. However it
is possible that an adhesin resides on the flagella
producing a tenuous attachment to cell surfaces.
Specificity to a cell 1line of intestinal origin was
observed. The three strains were examined in vivo using
an infant mouse model for colonization. The possession of
flagella and not wmotility was the major factor in
successful colonization.
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CHAPTER 1

INTRODUCTION

The recognition at the beginning of this century of
unusual vibrio-like organisms associated with bovine and
ovine abortion led to a considerable interest within the
veterinary sciences that has been maintained to this day.
However, over sixty years were to pass before this same
group of organisms were to generate similar interest
within the field of human medicine, ultimately leading to

the formation of the entirely new genus Campylobacter.

During those sixty years a plethora of classification
schemes produced considerable confusion within the
scientific literature. An understanding of the history of
campylobacters therefore requires an understanding of the

development of this nomenclature.

l.1. Taxonomy.

Although campylobacters were first described by
McFaydean and Stockman in 1913 the vibrio-like organisms
were not named until 1919 when Smith and Taylor isolated
them from aborted bovine fetuses and therefore designated

them Vibrio fetus. The name Vibrio jejuni was given by

Jones et al., (1931) to an organism associated with
winter scours of cattle. These microaerophilic vibrios
were cultured from lesions of the small bowel mucosa, and
re-inoculation of healthy cattle with pure cultures of
the organism reproduced the disease. Interestingly,
however, winter scours is now considered to be due to a
viral agent and not campylobacter (Campbell and
Cookingham, 1978). A similar organism, isolated from

cases of swine dysentery, was named Vibrio coli by Doyle

in 1944, however as with Vibrio jejuni and winter scours,

swine dysentery is now believed not to be due to Vibrio
coli but to a spirochete Treponema hyodysenteriae (Glock
& Harris, 1972 ; Smibert, 1978). Between 1953 and 1971

various classification schemes were proposed for C.fetus

and these are shown in Table 1.1. 1In 1957 King, on
PAGEL



Table 1.1. Comparison of various classifications of Campylobacter

jejuni
Bryner Mohanty Florent Smibert Veron Berg
et al et al 1953 1974 &Chatelain 1971
1962 1962 1973
Biotype 1 1 venerealis fetus venerealis A-~1
Biotype subl 111 venerealis fetus venerealis A-sub 1
Biotype2 I intestinalis intestinalis fetus A-2
Biotype?2 I intestinalis intestinalis fetus B
jejuni C.jejuni C
jejuni C.coli c
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comparing microaerophilic vibrios isolated from various
sources, noted a group isolated from human blood
cultures, that appeared to have a higher optimum growth
temperature than similar vibrio-like organisms. The term
"related vibrios" was applied, by King, to organisms
exhibiting this characteristic. The formation of the new
genus Campylobacter (Greek: Campylo meaning curved and

Bacter meaning rod) was suggested by Sebald and vVeron in

1963 for the V.fetus group because of fundamental
differences when compared to the true vibrios, in

particular DNA base compositions and fermentive
abilities, C.fetus being proposed as the type species of
the genus. A reclassification of C.fetus was suggested by
Veron and Chatelain in 1973, one of the main changes
being the redesignation of the "related vibrio" species
of C.fetus as C.jejuni (from V.jejuni of Jones et al.,,
1931) and C.coli (from vV.coli of Doyle, 1944, 1948).
However, in the 1974 edition of Bergey's Manual the
"related vibrios" were classified by Smibert as C.fetus
subspecies jejuni. More recent evidence using biochemical
tests and the powerful tool of DNA hybridization has
proven that the separation of the "related vibrios" into
C.Jjejuni and C.coli was justified (Skirrow and Benjamin,
1980a, 1980b ; Owen and Leaper, 1981 ; Belland and
Trust, 1982). To clarify the considerable confusion that
the wvarious classification schemes had produced an
internationally approved nomenclature was agreed in 1989
(Skerman et al., Approved lists of bacterial names, 198¢)
and this system has been reproduced in Fig 1.1.

1.2. Biotyping and Serotyping.

A number of biotyping and serotyping schemes have been
published for the typing of veterinary and human isolates
of campylobacters. The following account concerns only
those schemes that have become generally accepted for the
typing of the thermophilic group of campylobacters.

The differentiation of the genus Campylobacter as a

whole depends on a large number of biochemical and
nutritional tests (Manual of Clinical Microbiology ; 3rd
PAGE3



Fig 1.1. Classification of Genus Campylobacter

Sub. venerealis Infertility in cattle
(sub,fetus')
C.fetus
25%C+;43%C-
Sporadic abortion in
Sub.fetus sheep and cattle;
(Sub. intestinalis’) Uncommon invasive
opportunist in man
CATALASE
+ve group
Intestinal commensal of birds
C.jejuni and other animals., Sporadic
biotype 1&2 abortion in sheep. Acute
Thermophilic enterocolitis in man
group C.coli and some animals
25%9C-;43%¢C+ N
NARTC Intestinal commensals of
seagulls and other animals
sub. sputorum Mouth commensal
CATALASE C.sputorum Fsub. bubulus Commensal of bovine
-ve group genital tract
sub. mucosalis® Intestinal adenomatosis
of pigs

Sub.= Subspecies

Nomenclature is that of Approved Lists of Bacterial Names with the
exception of:

(1) Smibert, 1974.

(2) Nalidixic acid-resistant "thermophilic campylobacters",
presumptive C.laridis. Skirrow and Benjamin (1980a).

(3) Lawson and Rowland (1974).

Adapted from Newell, D.G. (1982).
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edition, 198¢), however the biotyping of the thermophilic
group of campylobacters depends on only a limited number
of criteria which have been used together to form the
basis of the biotyping scheme shown 1in Table 1.2.
{(Skirrow and Benjamin, 198@a, 1980b). An extended
biotyping scheme for thermophilic campylobacters
utilising a test for DNAase activity has recently been
presented (Lior, 1983). The biotyping schemes separate
the thermophilic campylobacters only into a limited
number of groups which gives low discriminating power for
epidemiological studies. For this reason two serotyping
schemes have been developed for the investigation of
environmental and «c¢linical 1isolates. The first to be
described was developed by Penner and Hennessy (1980¢) and
involves the passive hemagglutination of sheep
erythrocytes sensitized with soluble, heat-stable
antigens from C.jejuni and C.coli. The sensitized
erythrocytes are reacted against a panel of typing
antisera prepared against formalised bacteria. To date
forty~-two antisera for C.jejuni and eighteen for C.coli
form the Penner serotyping scheme. A second serotyping
scheme (Lior et al., 1982) detects heat-labile antigens,
and involves the slide agglutination of bacterial
isolates with typing antisera prepared against formalised
whole organisms. The typing antisera were absorbed with
the homologous, heated bacterial suspensions to remove
antibodies directed against heat-stable antigens. At

oresent fifty-three serogroups have been identified. The
use of these serotyping schemes, sometimes in conjunction
with biotyping schemes has led to a wmuch better
understanding of the epidemiology of campylobacter

infections.

1.3. Physiology, Nutrition and Coproculture.

Although the microaerophilic nature of campylobacters
is now well recognised, the reasons for this oxygen
toxicity are not totally understood. In 1978 George et
al., found that sodium bisulphite and sodium pyruvate in
combination with ferrous sulphate (FBP) greatly enhanced

PAGES



Table 1.2. Identification chart for intestinal

campylobacters

C.fetus NARTC C.jejuni C.jejuni C.coli
biotypel Dbiotype2
Growth at:25°¢C + - - - -
43%¢ - + + + +
Nalidixic acid
(30pg disc) R R S S S
Hippurate
hydrolysis - - + + -

H, S production
(FBP) - + - +

+=growth; ~-=no growth; R=resistant (gmm);

S=sensitive ( >=6mm from edge of disc)

PAGE®6



the aerotolerance of C.fetus. This aspect of enhanced
aerotolerance was studied by Hoffman (1978) and Hoffman
et al., (1979) the authors finding no evidence for FBP
causing any physiological change in C.fetus that could
satisfactorily account for the improved oxygen tolerance.
It has been shown that FBP spontaneously decomposes
hydrogen peroxide and superoxide radicals, raising the
possibility that FBP supplement, at least in part,
increases aerotolerance by reducing levels of these
bactericidal agents (Hoffman, 1978).

The first identification of the energy sources used by
v.fetus was made in 1957 by Alexander, who found
tricarboxylic acid cycle intermediates, or such compounds
that could be easily introduced into the cycle were being
utilized, while sugars were found not to be suitable
energy sources . Chemically defined media have since been
developed that support the growth of the majority of
campylobacter strains (Fletcher and Plastridge, 1963 ;
Smibert, 1963 ; Tritz and Ogg, 1967), all the defined
media containing an array of amino acids and vitamins.
The respiratory physiology and energy conservation
efficiency of C.jejuni has recently been studied by
Hoffman and Goodman (1982) with hydrogen and formate
being found the most energy efficient substrates of those
examined.

A number of filtration techniques and selective media,
using antibiotics and dyes, for wuse in the veterinary
field were published between 1961 and 1976, and a review
of the development of these procedures has been presented
(Smibert, 1978). The first reported association of
microaerophilic vibrios with fhuman disease was made in
1946 by Levy, during a study of gastroenteritis affecting
a large institution in 1Illinous. Vibrio-like organisms
were seen in stained smears of faeces from 20% of the
patients but were not cultured from faecal specimens
although microaerophilic vibrios were recovered from
blood cultures of 13 out of 39 patients. In the following
twenty-five years further successful isolations of
campylobacters were made from "clean sites" such as blood

and synovial fluid (King, 1957 ; King and Bronsky, 1961 ;
PAGE7



Middelkamp and Wolf, 1961 ; wWheeler and Borchers, 1961;
Mandel and Ellison, 1963 ; Darrel, Farrel and Mulligan,
1967 ; wWhite, 1967 ; Fleurette, Flandrois and Diday,
1971). The first successful isolation of thermophilic
campylobacters from stool specimens was achieved in
Australia by Copper and Slee inl971 after they had
noticed selective resistance of campylobacters to
Cephalothin thereby allowing purification from other
enteric organisms. However, the authors did not continue
with this work and in 1972 Dekeyser et al., used
selective filtration through a f#.65pm Millipore membrane
filter to successfully isolate campylobacters from the
stools of two adults with diarrhoea. In 1973 Butzler and
colleaques isolated C.jejuni from diarrhoeal and
non-diarrhoeal stools of humans using a selective medium
containing antibiotics. 1In the following years a number
of selective media formulations were described to aid
isolation of campylobacters from human sources, notably
those of Skirrow (1977) and of Blaser et al., (1979). 1t
has been due to these developments in the culturing of
campylobacters that has led to a rapid increase in the
numbers of C.jejuni/coli being isolated from human

infections, this dramatic growth reflecting the
increasing numbers of laboratories now successfully

cultivating the organism (Fig 1l.1a.).

1.4. Diarrhoeal Diseases.

There can be little doubt that the acute diarrhoeal
diseases caused by bacteria are a major cause of
morbidity and mortality in developed and under-developed
countries. (Grady and Keusch, 1971). It has been estimated
that in any 24-hour period 2¢@-million people have
gastro-enteritis, most commonly diarrhoea and most likely

bacterial in origin (Gorbach, 1972).

l1.4.1. Diarrhoea and Morbidity.

The extent of the morbidity associated with diarrhoeal

diseases is difficult to analyse. In many under-developed
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Figqure 1l.la. Reproduced from Public Health Service

(England and Wales) CDSC Report, unpublised.
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countries '"normal bowel function" can mean two or three
watery or mushy stools per day, these populations seeking
medical advice only for symptoms of severe dehydration or
illness. In a recent study (Snyder and Merson, 1982) data
from 24 published studies were analysed in order to
estimate the annual morbidity and mortality from acute
diarrhoeal disease in the developing world. In Asia, Africa
and Latin America, for children under five years of age,
the total number of episodes of diarrhoeal illnesses was
found to be 744-100¢ million per year,

Within the developed world diarrhoeal illness is also an
important cause of morbidity, to such an extent that it has
been found that within a defined population of Cleveland
families, diarrhoeal disease was second only to the common
cold in causing time lost from work (Dingle et al., 1964).
In 1978 the estimated number of discharges from hospitals
in England and Wales of people who had been admitted with
an infection of the alimentary tract was 28,440 (D.H.S.S.
office of population censuses and surveys). The average
number of beds used daily was 562 with a mean duration of

stay of between six and eight days.

1.4.2. Diarrhoea and Mortality.

It is upon the children of the under-developed countries
that the diarrhoeal diseases can have the most tragic
consequences. A little over ten years ago, within some
developing countries, a c¢hild had only a 5¢% chance of
reaching its seventh year, the majority of these deaths
being due to gastro-enteritis (Kretchmer, 1969). With the
advent of primary health care programmes for developing
countries, whether implemented by the countries themselves
or by international agencies such as the World Health
Organisation, the fatalities due to diarrhoeal illnesses
have been reduced. However, the total number of deaths
attributable to bacterial gastro-enteritis within Asia,
Africa, and Latin America for children under the age of
five years, using 1989 population fiqures has been
estimated at around 4.6 million per year (Snyder and

Merson, 1982).
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Even within the industrialised countries enteritis has
been found amongst the ten leading causes of death of
children aged one to four years of age, in half the North
American, European and Oceanic countries studied (W.H.O.
statistics report 27, 563-568, 1974). To what extent do
infections caused by Campylobacter jejuni/coli contribute

to this overall picture?

1.4.3. C.jejuni/coli Infections and Morbidity.

Data on the morbidity associated with campylobacter
enteritis is difficult to obtain due to the few defined
populations that have been studied. A further
complication is the fact that although, in general,
asymptomatic excretion of campylobacters is unusual in
developed countries (Skirrow 1977; Pai et al., 1979) it
is variable in the developing countries (Butzler et al.,
1973 ; De Mol and Bosmans, 1978 ; Bokkenheuser et al.,
1979 ; Blaser et al., 1989 ; Ringertz et al., 198¢9).

A recent study has given some indications of the
morbidity associated with campylobacter infections in a
developed country (Kendall & Tanner, 1982). The authors
investigated a general practice population in Epsom,
England over a period of three years, in order to assess
the incidence and «clinical features of campylobacter
enteritis. Within their defined population the percentage
of enteritis cases specifically due to campylobacters was
found to be 20%, with an occurance of 14.9% in an
unselected population based on samples from patients with
diarrhoea in a similar catchment area, and sent to the
laboratory by other practitioners. a relatively high
infection rate was reported in children which is at
variance to the argument put forward by other
investigators who have suggested that the relatively high
isolation rates of campylobacters from children is due to
a disproportionate sampling of faeces from this age
group, and that when the percentage of positive faeces is
compared with age groups the highest incidence is within
the adult population (Butzler and Skirrow, 1979). It is
generally accepted now that the highest incidence is
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within the vyoung adult population, a population that
makes a major contribution to the economic resources of a
country. One estimate of the number of working days lost
due to campylobacter enteritis has been calculated as
approaching 600,000 cases of campylobacter enteritis per
year within England and Wwales (Skirrow, 1982). An
in-patient study gave a mean hospital stay of eleven days
(range 2-46 days) for campylobacter enteritis (Pentland,
1979) . Recognising the fact that most campylobacter
infections will be of a mild nature lasting no more than
one or two days and only a small minority will require
hospital admission, it is still apparent that
campylobacter infections place a significant drain on the

economic and health resources of a community.,

l.4.4. C.jejuni/coli Infections and Mortality.

In comparison with the morbidity associated with
campylobacter infections the mortality associated with
the organism is insignificant, with the few reported
cases usually involving old or compromised hosts. A 202
mortality associated with C.jejuni Dbacteremia has been
reported (Guerrant et al., 1978), however only ten cases
were studied 4¢% of which had some underlying disease. A
study from the War Mamorial Childrens Hospital, Cape Town
involving an investigation of ten children with C.fetus
infections included two cases of children with a poor
health status whom subsegently died. The authors stated
that in the world 1literature there was a significant
mortality of 10-20% associated with campylobacter
infections (Schewitz and Roux, 1978). However, at this
time only about 100 confirmed cases had been published
and these probably represented the more severe
manifestations of a massive underlying population of
campylobacter infections. Dehydration and vomiting are
not usually prominent in campylobacter enteritis but may
occasionally be severe enough to contribute to death
(Evans and Dadswell, 1967 ; ©Public Health Service
(England and wales) CDSC Report, unpublised, 1978/5¢9). A
review of campylobacter enteritis by Karmali and Fleming
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(1979%a) includes a number of references to deaths
associated with the infections in compromised patients,
and a second review has recently been presented in the
relationship between campylobacter infections and abortion
in humans (Coid and Fox, 1983).

1.5. The Evidence for Campylobacter Pathogenesis.

The preceding sections have assumed a pathogenic role
for campylobacters, the evidence for this assumption is
presented below, being based on a recent review (Karmali
and Fleming, 1979a).

(1) Examination of symptomatic and asymptomatic patients
has shown a high correlation between the presence of
Campylobacter jejuni/coli in the stools and 1illness
(Butzler et al,, 1973 ; Skirrow, 1977).

(2) The organism disappears from the stools during
convalescence (Karmali & Fleming, 1979b).

(3) C.jejuni/coli has been isolated from blood cultures of

patients with diarrhoea (Levy, 1946 ; King, 1957 ;
Middlekamp and Wolf, 1961 ; Wheeler and Borchers, 1961 ;
King, 1962 ; Mandel and Ellison, 1963 ; Darrell et al.,
1967 ; Evans and Dadswell, 1967 ; White, 1967 ; Dekeyser
et al., 1972).

(4) Significant antibody titres develop in patients with
campylobacter enteritis (Skirrow, 1977 ; Karmali and
Fleming, 1979b).

(5) Clustering of symptomatic cases occurs (Levy, 1946 ;
Cadranel et al., 1973 ; Hayek and Cruickshank, 1977 ;
P.H.L.S. CDSC Report, unpublised, 1978/47 ; Ibid., 1978/5¢
;7 Vanhoof et al., 1978 7 Commun Dis Scot wWkly Rep 4:,
1979).

(6) Human volunteer studies and accidental
self-inoculation with pure campylobacter cultures has

resulted in diarrhoea and abdominal pain (Prescott and
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Karmali, 1978 ; Robinson, 1981 ; Black et al., 1983)

(7) Treatment with erythromycin, to which the organism is
sensitive, results 1in rapid clearance of organisms from
the stools and resolution of the symptoms. It should be
noted however, that the diarrhoeal phase and excretion of

C.jejuni/coli can be variable even in the absence of

erythromycin (Karmali and Fleming, 1979b).

(8) Stools from patients with campylobacter enteritis
usually contain no other known pathogens (Karmali and
Fleming, 1979b) although cases of multiple infections
have been reported (Butzler and Skirrow, 1979 ; McGechie

et al., 1982).

(9) In developed countries isolation of C.jejuni/coli

from asymptomatic controls is wusually 1less than 2%
(Rettig, 1979) however it should be noted that in the
less well developed countries asymptomatic carriage may
be more common (De Mol, 1982 ; Glass et al., 1982 ; Rajan
and Mathan, 1982 ; Richardson et al., 1982)

1.5.1. Clinical Manifestations of Campylobacter

Infections in Humans.

The usual presentation of campylobacter enteritis is
an unpleasant but self-limiting attack of acute diarrhoea
of two or three days duration, with abdominal pain and
discomfort lasting up to a week or more. The description
presented here of "classical" campylobacter entefitis is
based on cases where the symptoms were severe enough to

be presented to a physician.

1.5.2. Incubation Period and Prodromal Symptoms.

Due to the difficulty in pinpointing the time and
source of campylobacter ingestion it is usually
impossible to establish the incubation period before the
organism produces clinical symptoms. From the analysis of

environmental data linked to outbreaks of enteritis
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(Brouwer et al., 1979 ; Itoh et al., 1980), and
experimental infections (Steele and McDermott, 1978 ;
Robinson, 1981 ; Black et al., 1983), an incubation
period of between two and ten days is possible, the
evidence suggesting three to five days as being the norm
(Butzler and Skirrow, 1979). Prodromal symptoms are often
encountered and may last between twenty-four and
ninty-six hours, the former being more common (Skirrow,
1977). Fever and malaise are the wusual features with
headache, backache, aching of limbs and colicky abdominal
pains also being reported in some <cases. A body
temperature of 49°¢C is often found and can ‘lead to
delirium and confusion. Nausea may be present but
vomiting 1is rare being found in less than 30% of
patients,  with dehydration also being unusual (Karmali
and Fleming, 1979a). The abdominal pain is periumbilical
and cramping, may occur Dbefore, during, and after the
diarrhoeal phase, and is often a more distressing feature

of the disease than the diarrhoeal episode itself.

1.5.3. Diarrhoeal phase.

The diarrhoeal stage may begin gradually or
explosively, but 1in all cases faeces become fluid,
foul-smelling and may contain bile, blood, mucus or
inflammatory cellular exudate. This acute stage may last
for 2 or 3 days with up to eight or more bowel movements
a day, at the end of which time the stools have normally
become watery in appearance. The frequency of bowel
movements slowly diminishes and the stools become
semi~formed, however the abdominal pain may persist for
one or two weeks and the taking of solid food too early
after the attack may precipitate a further episode.
Approximately 20% of patients may have a relapsing,

prolonged or severe illness (Blaser et al., 1979).

1.5.4. Complications.

Complications arising from the disease affect only a

small percentage of those with gastroenteritis, however
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the large number of cases reported each vyear means
complications occur to a significant number of patients.
The types of complications arising from C.jejuni and
C.coli infections are increasing every vyear as the
involvment of these organisms in disease processes other
than enteritis are recognised. The spectrum of these
complications is too wide to be descriped here and the
interested reader is referred to a recent review (Mandel,

De Mol and Butzler, 1984).

1.5.5. Disease and other Campylobacters,

Four other species of campylobacter-like organisms can
be isolated from humans, the first, C.sputorum sputorum,
is found as part of the normal flora of the oral cavity

and has not been associated with disease (Loesche et al.,
1965). The second C.fetus fetus is pathogenic for man.

This organism almost invariably attacks compromised
hosts, the most common symptom of this opportunistic
infection being bacteraemia without localized infection.
A review of 102 examples of septicaemia or other
non-enteric human infections revealed only sixteen cases
were there was no underlying medical condition or
environmental exposure (Rettig, 1979). In a study of
ninety-one cases of campylobacter bacteraemias in

compromised hosts, fifty were due to C.fetus fetus and

only ten were due to C.jejuni or C.coli (Guerrant et al.,
1978).
In general therefore, C.fetus fetus 1is an important

pathogen of compromised and/or elderly patients while
C.Jjejuni is a major pathogen causing disease in younyg and
previously healthy individuals. The other two
campylobacter-like organisms have only recently been
recognised and their roles as pathogens have yet to be
established. An organism has been 1isolated from the
gastric antrum of patients suffering from active chronic
gastritis (Warren and Marshal, 1983). Although by gram
stain and growth «conditions these organisms resemble
campylobacters, they do possess certain morphological
differences particularly with respect to their flagella.,

The other organisms are «classified, at present, as
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campylobacter-like organisms (CLO) and have been isolated
from rectal swabs taken from homosexual men with, and in
some cases without, gastro-intestinal illness. As with
the previous organisms CLO's have many similarities with
campylobacters but also differ in a number of respects
(Quinn et al., 1983 ; Fennell et al., 1984). It is
likely that a number of other campylobacter-like
organisms may be 1isolated in the future now that
culturing of the organisms has become a routine

procedure.

1.6, Animal Models of Campylobacter Infections.

A variety of animal species have been examined in
attempts to reproduce the disease experimentally, however
few of these have met with total success. Many of these
models have used animals that are unsuitable for use in
the smaller research laboratories i.e. rhesus monkeys,
calves etc. In general and with a few exceptions, when a
disease process was observed in these animals it was of a
mild nature with minor histological changes within the
gastrointestinal tract. Further details of these animal
models has been presented 1in a recent review article
(Newell, 1984).

Small mammals offer a much better proposition for the
development of in vivo models of campylobacter enteritis
within the smaller laboratory and a number of species
have been examined. Ferrets can be induced to produce
diarrhoea and undergo 1long term colonisation by oral
administration of C.jejuni (Ackerman et al, 1982).
Experimental infections of young mink also produces
diarrhoea and histopathological changes within the
colonic mucosa (Hunter and Prescott, 1983). Short term
colonisation of neonatal rats and rabbits is also
possible although evidence of enteritis is not seen
(Field et al., 1981).

Neonatal and adult mice have both been extensively
studied as models of campylobacter infections. Although
neonatal mice may be routinely colonized

withC.jejuni(Field et al., 1981 ; Newell and Ppearson,
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1984) the colonisation of normal adult mice has proven
more difficult to establish (Field et al., 1981).
However, alterations in the microflora of the intestinal
tract of adult mice by the use of tobramycin (Field et
al., 1984), gnotobiotic mice (Blaser and Duncan, 1983 ;
Fauchere, 1983), or direct inoculation into laparatomised
mice (Merrel et al., 1982) can produce consistent
colonisation. Neonatal mice (5-6 days old) become
colonized for wup to three weeks after intra-gastric
inoculation of C.jejuni (Field et al., 1981 ; Newell and
Pearson, 1984). The majority of organisms were recovered
from the caecum and large intestine with lower numbers in
the ileum and duodenum. The duration of colonisation and
the extent of the mortality in the mice has been found to
be dependent on the strain of organism used (Field et
al., 1981). Enteritis was not seen in colonized infant
mice although intestinal absorption of D-glucose and
D-galactose has been found to be reduced in these animals
(Madge, 198¢). Enteritis without mortality in six-day old
mice has been observed however after intra-gastric
inoculation of animal-passaged C.jejuni (Kazmi et al.,
1983). After intra-gastric inoculation of adult mice a
transient bacteraemia occurs within the first twenty-four
hours and organisms may be recovered from various sites
in the body (Blaser et al., 1983a ; Blaser and Duncan,
1983) . The organisms appear to invade the intestinal
mucosa, atre then endocytosed by enterocytes and grow
within the intestinal lymphoid tissues, without invasion
of the reticuloendothelial system (Fauchere et al., 1983
; Newell, 1984). Enteritis has been reported after
colonization of gnotobiotic and monoxenic adult mice
(Fauchere et al., 1983) although as yet this has not been
confirmed by other workers. A review of experimental
studies of campylobacter enteritis has recently been
presented (Newell, 1984). From the above description it
would appear that the wmouse models offer a useful and
convenient in vivo system in which to study campylobacter

virulence.

1.7. Pathogenic Mechanisms.
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The initiation of bacterial diarrhoea is due to an
interaction between the pathogen and host tissue,
resulting in a disturbance of the gastro-intestinal
tract. The mediators of this disturbance can be of a
number of types including enterotoxins, cytotoxins and
direct attachment to, and 1invasion of the mucosal

surface.

1.7.1 Toxins.

One of the most common causes of bacterial diarrhoea
is the elaboration of an enterotoxin or cytotoxin by the
pathogen. Enterotoxins are exotoxins produced by an
organism that affect biochemical pathways within the
enterocytes leading to fluid secretion into the lumen of
the intestinal tract. Cytotoxins are also exotoxins but
their mode of action causes cell death and tissue damage.,
All bacterial enterotoxins so far identified have been
shown to be proteins generally classified as either heat
stable (ST) or heat labile (LT), are usually resistant to
trypsin, inhibited at low pH and produce their effect on
the small bowel (Giannella, 1981). There have been a
number of laboratory tests developed for the
identification of enterotoxins, heat labile enterotoxins
are detected in tissue culture assays using mouse adrenal
cells (Y-1), Chinese Hamster Ovary (CHO) or Vero cells
(Donta et al., 1974 ; Guerrant et al., 1974 ; Speirs et
al., 1977), while the intradermal injection of rabbits
has been used to detect the vascular permeability factor

associated with the LT toxins of E.coli and V.cholerae,

Rabbit, pig and calf intestinal loops may be used for the
detection of both LT and ST toxins, the latter also being
active in the suckling mouse model (Dean et al., 1972).
One of the most studied enterotoxins is that produced by

V.cholerae, a heat labile protein of molecular weight

82,000-84,000 being composed of two subunits designated A

and B. The B subunit 1is composed of five polypeptide

chains and is responsible for the binding'of the toxin to

the ganglioside GM1 receptor on the surface of a

susceptible cell,. The A subunit consists of two
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polypeptide chains termed alpha and beta, the alpha chain
being the active component. The heat-labile enterotoxin
produced by some E.coli strains shares almost complete
identity with cholera toxin including its structure and
mode of action (Evans et al., 1972 ; Dorner and Mayer,
1975). A second, heat stable type of enterotoxin is
produced by some E.coli strains, this has a lower
molecular weight, (4,400-5,500), than the heat labile
toxin and produces fluid secretion via calcium uptake and
activation of particulate guanylate cyciase (Field et
al., 1978 ; Newsome et al., 1978).

EXxperimental evidence for the production of
enterotoxins by the following organisms has been found;
V.parahemolyticus, Bacillus cereus, Clostridia,

Yersina,Staphylococci, Salmonella, Shigella,

Enterocolitica, Streptococci, Klebsiellaand Pseudomonas

(Reviewed by Giannella, 1981).

A number of bacteria have been shown to produce
cytotoxins that are 1lethal to tissue culture cells,
included in this group of organisms are Shigella
dysenteriae (Keusch, 1973), Aeromones hydrophila (Donta
and Haddow, 1978), Clostridia (Keusch and Donta, 1975),
E.coli (Konowalchuk et al., 1977) and V.parahemolyticus

(Carruthers, 1975). Little is known of the mechanism of
these toxins although inhibition of protein synthesis may

be involved, at least in the case of Shigella dysenteriae

cytotoxin (Thompson et al., 1976).

1.7.2. Campylobacter Toxins.

The extent of toxin production in C.jejuni /coli is

still far from clear, although until recently the
evidence suggested that it was not a common occurance in
these organisms (Guerrant et al., 1978 ; Butzler, 1981,
1982 ; Firehammer and Myers, 1981 and Manninen et al.,
1982).

In opposition to the above findings a number of
positive enterotoxin activities have recently been
reported. In 1982 enterotoxin activity in the mouse
adrenal cell system by three C.fetus fetus and two
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C.jejuni isolates was reported (Gubina et al., 1982).
More recently evidence has accumulated that suggests some
clinical isolates of campylobacter do produce
enterotoxins and/or cytotoxins (Guerrant et al., 1978 ;
Johnson and Lior, 1983, 1984 ; McCardell et al., 1983b ;
Ruiz-Palacios et al., 1983 ; Yeen et al., 1983), with
both some evidence of immunological and pharmalogical
similarties to cholera toxin (McCardell et al., 1983b ;
Ruiz-Palacios et al., 1983) and some evidence against
(Olsvik et al., 1984). A net sodium secretory flux,
(plasma~lumen), and impaired glucose transport in adult
rat jejunal segments perfused with culture supernatants
of four C.jejuni strains has also been reported
(Ruiz-Palacios, 1982 ; Fernandez et al., 1983). Assuming
some strains of campylobacter are pathogenic by virtue of
enterotoxin(s) and/or cytotoxin (s) production, the
clinical presentation of some cases of campylobacterosis
strongly suggests that an invasive mechanisms is also

involved.

1.7.3. Mucosal Attachment and Invasion.

The mucosal surfaces of the human body can be an
inhospitable environment for a potential pathogen, with
mucin production, sloughing of cells, peristalsis and
antibody production all combining to prevent the organism
gaining access to the mucosal and sub-mucosal surfaces.
Despite these defences a number of organisms have been

shown to attach to epithelial cells in vivo and in vitro.

1.7.3.1. Attachment,

Examination of urethral exudates from cases of
gonorrhea reveal gonococci in close association with host
cells (Ward and wWatt, 1972) and this cell attachment has
been confirmed in vitro using human fallopian tube organ
cultures (wWard et al., 1974). Similar findings have been
found in the comparision of the adherence of bacteria to
epithelial cells in vitro and their virulence in vivo
i.e. Group A Streptococci (Ramirez-Ronda, 1978 ; Scheld
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et al., 1978), certain strains of E.coli (Jones and
Rutter, 1974), Salmonella (Duguid and 0ld, 198¢), Proteus
mirabilis (Silverblatt, 1974 ; Silverblatt and ofek,
1978), and Bordetella pertussis (Sato et al., 1979). A

number of reviews of bacterial attachment have also been

published which give further details of organisms showing
evidence of this property (Watt, 1980 ; Beachey, 1981 ;
Giannella, 1981 ; Sparling, Swanson and Puziss. Eds,
1983).

Certain bacterial cell surface structures have been
shown to assist in the attachment of an organism to
target cells. Common adhesins found on a large number of
gram-negative organisms are the fimbriae (pili) which
have been shown to function in the attachment of

N.gonorrhea, E.coli, V.cholerae, Klebsiella, Serratia,

Shigella, Enterobacter, Salmonella, Citrobacter, Proteus,

Bordetella pertussis and Pseudomonas aeroginosa (reviewed

by Beachey, 1981). The fimbriae from these organisms are
not only capable of penetrating the electrostatic barrier
around a cell (Heckels et al., 1976) but have also been
shown to be involved in specific binding to the host cell
surface via receptors on the eukaryotic cell (Jones and
Rutter, 1974b ; McNeish et al., 1975 ; Beachey and Ofek,
1976 ; Burrows et al., 1976 ; Jones and Freter, 1976 ;
Evans et al., 1978 ; Svanborg-Eden, 1978 ; Svanborg-Eden
and Hansson, 1978 ; Sato et al., 1979 ; pPearce and
Buchanan, 1980 ; Trust et al., 1980). . Other surface
components have also been associated with increased
attachment to target cells, such as surface proteins of

N.gonorrhea (Lambden et al., 1979 ; James and Heckels,

1980) ; Lipoteichoic acid-M protein of Streptococcus

pyogenes (Ellen and Gibbons, 1972 ; oOfek et al., 1975) ;

membrane protein(s) of Mycoplasma (Hu et al., 1977 ;

Banai et al., 1980 ; Krause et al., 1983), the glycocalyx
of certain bacteria (Costerton et al., 1978), and
possibly some flagella (Guentzel and Berry, 1975 ; Eshdat
et al., 1981 ; Attridge and Rowley, 1983).

Although the ability to attach to mucosal surfaces can
contribute to the virulence of an organism many commensal

organisms will also attach to cell surfaces without
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causing an infection indicating that attachment alone

will not produce disease.

1.7.3.2. Invasion.

A number of organisms are capable of initiating a
disease process by mechanisms which involve attachment
to, and in some cases invasion of the mucosal surface. In

the case of V. cholerae attachment +to the intestinal

tract surface allows more efficient presentation of
cholera toxin to the target cells, however, invasion does
not occur subsequent to this initial attachment. Other
organisas will invade the mucosal surface to proliferate
locally or systemically, included in this group of

pathogens are Shigellae, N.gonnorrhea, C.perifringes,

V.parahaemolytica, Salmonella, Yersinia and certain

strains of E. coli (reviewed by Giannella, 1981 ; McGee
et al., 1981) . Of these organisms, Shigellae and
Salmonella are the most studied pathogens and the

following description of invasion is based on work with

these organisms. In the initial stages Salmonellae

colonize the ileum and colon (Giannella, 1975 ; Formal et
al., 1975) while Shigella colonize the ileum only
transiently with a more stable population in the colon
(Rout, 1975). Proceeding invasion the glycocalyx of the
epithelial cells may be partially digested (Prizont,
1982), followed by degeneration of the brush border
(Takeuchi, 1971 ; Polotskii et al., 1974). The organisms
are then enfolded by an invagination of the cell membrane
so that they initially 1lie within vacuoles inside the
cytoplasm of the cell. Salmonella causing gastroenteritis

remain localised in the mucosa while those responsible
for a typhoid-like disease enter the lamina propria via
the basal cell membrane. The organisms are then
transported in the 1lyamaph and blood circulations to
colonize the reticuloendothelial system (Hornick et al.,
197¢). Shigella appear to digest the vacuole membrane so
that they lie free within the cytoplasm from where they
invade adjacent epithelial cells. The overt signs of the

disease process probably involves a number of factors. To
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cause disease the organism must be capable of multiplying
within the tissue (Formal et al., 1965), this may cause
an acute inflammatory reaction leading to ulceration of
the <colonic mucosa in shigellosis and less severe
ulceration of the ileum and colon with salmonella
infections. The more severe ulceration of shigellosis may
be due to a cytotoxin elaborated by the organism (Keusch
and Jacewicz, 1975 ; Brown et al., 198¢). In general it
should be remembered that the overall disease process in
these 1infections probably represents a combination of
invasion induced inflammation and elaboration of
cytotoxins and/or enterotoxins by the organisms (Sandefur
and Peterson, 1976, 1977 ; Peterson and Sandefur, 1979 ;
Eiklid and Olsnes, 1983). It is likely that viable
virulent organisms are required for invasion to occur
(Hale et al., 1979 ; Kihlstrom, 1980¢), and the fact that

enterotoxigenic bacteria such as E.coli and V.cholerae

and various nonpathogenic bacteria adhere to the mucosa
without invading the epithelium suggests specific
signal (s) may be required for internalisation. In order
to invade a number of other requirements may also have to

be fulfilled, in the case of S.flexneri a complete LPS

coat is required (Gemski et al., 1972 ; Formal and
Hornick, 1978), and it is likely that certain virulance
factors are plasmid mediated (Jones et al., 1982 ;
Sansonetti et al., 1982) in addition to those on the

bacterial chromosome (Formal et al., 1971).

l.7.4. Campylobacter Attachment and Invasion.

Colonization of the mucus layer of the intestine by
C.jejuni has been demonstrated recently by
electron-microscopic studies using animal models (Merrel
et al., 1982 ; Lee et al., 1983), and the in vivo
adhesion of the organisms to mucosal surfaces has also
been demonstrated (Fauchere et al., 1983 ; McCardell et
al., 1983a ; Newell and Pearson, 1984), as has in vitro
attachment to tissue culture cells (Newell and Pearson,
1984) and isolated brush borders (Taylor, 1982).

The clinical presentation of campylobacter enteritis
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is suggestive of an invasive process as blood and
leukocytes are frequently found in the stools (Karmali
and Fleming, 1979a, 1979b), bacteraemia may be a frequent

occurance (Guerrant et al., 1978), and histological
examination reveals mucosal oedema, polymorphonuclear
leukocyte dominated inflammatory infiltrates, crypt
deformation and surface erosion together with

haemorrhagic necrosis of the small intestine and numerous
hyperplastic mesentric lymph nodes (Reviewed by Mandel et
al., 1984). There are a number of systems available for
the study of invasion, one of the most common procedures
being the Sereny test. Live organisms are instilled into
the conjunctival sac of Guinea-pigs, a positive test
resulting in invasion of the corneal epithelial cells
producing a keratoconjunctivitis which may correlate with
intestinal invasion (La Brec et al., 1964). However, all

attempts to demonstrate invasion by C.jejuni/coli in the

Sereny test have so far proven negative (Guerrant et al.,
1978 ; Gubina et al., 1981 ; Manninen et al., 1982).
Invasion of primary in vitro cultures of ten day old
chick embryo cells has been demonstrated, together . with
invasion of the gastro-intestinal tract of eight day old
chicks (Butzler and Skirrow, 1979 ; Sanyal et al., 1983),
and the chorioallantoic membranes of chick embryos
(Davidson and Solomon, 198¢). A number of animal models
have also been used to demonstrate invasion in vivo
(Taylor, 1982 ; Fauchere et al., 1983 ; McCardell et al.,
1983a) . Extensive studies on the pathogenicity of
C.jejuni/coli (Manninen et al., 1982) included HeLa cell

association and HeLa cell invasion-immunofluorescence
studies. Attachment to and invasion of the HeLa cells was
seen, however although strain differences existed, in
general the attachment and invasion was lower than of
that seen with Listeria or Yersinia control organisms.
Invasion of HeLa and INT-407 cells has been demonstrated
in electron-microscopic studies (Newell and Pearson,
1984). The role of attachment and invasion in the
pathogenesis of campylobacters requires further study not
only as a disease process but also as a more efficient

way of presenting toxins to target cells.
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From the above description it can be seen that a
detailed study of the external surface of a pathogen can
prove to be of fundamental importance in determining the
virulence, pathogenic mechanisms and immunological
characteristics of the organism. The following section
therefore describes the general arrangement of the

gram-negative bacterial surface.

1.8. General Structure of Gram-Negative Bacteria.

The general organisation of the membrane components of
gram-negative bacteria is now fairly well understood. The
cytoplasm is limited on its external surface by a 758 wide
plasma membrane (inner membrane). This membrane has the
characteristic lipid bilayer structure and contains many
proteins and enzymes embedded within it which are involved
in active transportation, oxidative phosphorylation and
the synthesis of some macromolecules. Immediately external
to this inner membrane 1is a periplasmic region which
contains certain hydrolytic enzymes and bindin§ proteins,
The next major component of the cell wall is
peptidoglycan, an alternating backbone of N-acetylmuramic
acid and N-acetylglucosamine residues in b-1,4 linkage
substituted with a tetrapeptide of alternating L and D
amino residues. Cross-linking the tetrapepetides are
peptide bridges formed from the terminal carboxyl group
of one tetrapeptide to an available group (usually a free
NH, of diaminopimelate) of an adjacent tetrapeptide. This
interlinking structure provides wmuch of the relative
rigidity and stability of gram-negative cells.

The outer membrane is morphologically and biochemically
distinct from the inner membrane being a 753 wide lipid
bilayer with a relatively less complex structure compared
to the inner membrane, containing less phospholipid,
proteins and enzymes, but with an unique component
lipopolysaccharide. A number of procedures have been
developed to allow the separation of the inner and outer
meabranes of gram-negative bacteria. The initial step
involves the preparation of membrane material, the

subsequent step physically separating the inner and outer
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meambrane components. The first stage may be accomplished
in a number of ways, the more commonly used procedures
being ; (1) lysis of osmotically fragile cells produced
by the formation of spheroplasts (Miura and Mizushima,
1968), (2) lysis of intact cells by the use of a french
pressure cell (Schnaitman, 197¢), and (3) ultrasonic
disruption of intact cells (Churchward and Holland,
1976). the second stage may also be accomplished in a
number of ways including separation of membranes on a
sucrose gradient (Miura and Mizushima, 1968), separation
within a preparative particle electrophorograph (Heidrich
et al., 1976 ; Wwhite et al., 1972) or separation by
selective use of detergents (Schnaitman 1971 ; Filip et
al., 1973).

1.8.1. Outer Membrane Proteins.

The majority of the investigations into outer membrane
proteins have involved studies of E.coli and

S.typhimurium. From the data accumulated since the early

1970's a general picture of the arrangement of proteins
in the outer membrane of these organisms has emerged. Of
the major outer membrane protein components two can be
found complexed non-covalently to peptidoglycan after
whole cell membranes are solubilised in 2% SDS at 6¢° C
(Rosenbusch, 1974). oOne of these bound proteins was
identified as a lipoprotein (Braun and Rehn, 1969) and
will be discussed later, the second has been described as
matrix protein, Matrix proteins, although similar in
their characteristics, are considered not to be a single
protein species, some organisms having been shown to have
a number of separate matrix proteins such as the OompC and
the OmpF proteins of E.coli K12 (Bragg and Hou, 1972),
and the OmpC, OmpD and OmpF proteins of S.typhimurium

(Ames, 1974). A particular matrix protein) may be
isolated in the absence of the other (s) (Nakamura and
Mizushima, 1976 ; Schmitges and Henning, 1976) and each
has been shown to have a separate gene locus (reviewed by
Bachmann and Low, 1980). It is the names of these

structural genes that have ©been used to establish the
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standard nomenclature for these and other outer membrane
proteins (Lee et al., 1979 ; Reeves, 1979). The matrix
proteins of E.coli K12 have been shown to exist as
oligomeric forms in vivo (Palva and Randell, 1976 ;
Reithmeier and Braggs, 1977) and require to be heated
above 7G°C in SDS before monomeric forms can be isolated
(Nakamura and Mizushima, 1976).The examination of the
matrix protein-peptidoglycan complex by
electron-microscopy reveals a hexagonal lattice which
suggests three molecules of protein form one unit within
the lattice (Steven et al., 1977). The incorporation of
matrix protein into artificial LPS-phospholipid vesicles
enhances their permeability to sucrose but excluded
oligo~ and poly- saccharides of molecular weights 900 or
higher (Nakae and Nikaido, 1975 ; Nakae, 1976a, 1976b).
It is 1likely that the matrix proteins form passive
diffusion pores which allow the transfer of small
molecular weight, hydrophilic molecules through the
membrane and for this reason these proteins have been
termed "porins" (Nakae, 1976b). As well as their function
as porins the matrix proteins also contain receptors for
phages (Datta et al., 1977 ; Verhoef et al., 1977).

Upon heating E.coli. outer membranes, solubilised 1in
SDS, above 55% a protein is observed on PAGE the apparent
molecular weight of which increases over its molecular
welight at lower temperatures (Inouye and Yee, 1973).This
same protein 1is also susceptible to trypsin and pronase
cleavage even when embedded within the membrane (Bragg
and Hou, 1972 ; Inouye and Yee, 1972). The protein
exhibiting these characteristics 1is called the Omp A
protein and has a molecular weight of about 35,000 when
solubilised above SGOC in 8DS (Nakamura and Mizushima,
1976). The Omp A protein functions in F-pilus mediated
conjugation (Skurray et al., 1974) and as a receptor for
phages (Manning et al., 1976 ; Datta et al., 1977 ; Van
Alpen et al., 1977).

A low molecular weight (about 7,000) lipo-protein was
identified in E.coli outer membranes by Braun and Rehn in
1969. It consists of 58 amino acids, the e-amino group of

the c-terminal lysine being covalently linked to the
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carboxyl group of every tenth to twelfth
meso~diaminopimelic acid of peptidoglycan (Braun and
Sieglin, 197¢ ; Braun and Bosch, 1972a, 1972b ; Hantke
and Braun, 1973). A free form of the lipoprotein (unbound
to peptidoglycan) is also found within the outer membrane
(Inouye et al., 1972). The exact function of lipoprotein
is still wuncertain although roles as passive diffusion
pores and as an anchor between the peptidoglycan and the
outer membrane have been proposed (Inouye, 1974 ; Braun
et al., 1976).

In addition to these major components the outer
membrane may contain 1¢-20 minor proteins.Under certain
growth conditions some of these proteins may occur in
quantities approaching those of the major proteins. The
function of these minor proteins vary but include uptake
of nutritional substrates, DNA replication and cell
division and receptors for phage and colicins (Reviews:
Braun et al., 1976 ; Braun and Hantke, 1977 ; DiRienzo et
al., 1978).

1.8.2. Lipopolysaccharide.

Lipopolysaccharide is composed of a polysaccaride
chain of repeating sugar units 1linked to an acidic
oligosaccharide region (the core) which in turn is
covalently linked to lipid , (lipid A), embedded in the
outer membrane. The polysaccaride side chains vary
between bacterial species and strains (Luderitz et al.,
1966 ; Peterson and Quie, 1981) and are responsible for
the '0' antigen specificity of the LPS (Kauffmann et al.,
1969, ; Staub, 1960 ; Westphal, 1960 ; Luderitz, Staub,
and Westphal, 1966). The LPS of bacteria is toxic and may
be associated with some of the manifestations of
gram-negative infections, in particular the lipid A
portion having been shown to be responsible for shock,
pyrogenicity, leukopenia, hypotension and the local
Schwartzman reaction (Galanos et al., 1972, 1977). In
addition to its endotoxin function LPS stimulates
specific antibody production and non-specific B-cell and

T-cell activation (Turner and Rowe, 1964 ; Rossen et al.,
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1967 ; Coutinho et al., 1975 ; Oppenheim and
Rosenstreich, 1976). Finally external to the outer
membrane may be fimbriae, flagella and capsular
components (Fig 1.3.). A number of these structures can
play an important role in the pathogenesis and virulence

of an organism and will be discussed in further detail.

1.8.3. Fimbriae.

Fimbriae are filamentous protein appendages that can
be found in large numbers over the entire surface of some
organisms.They are of a relatively simple construction
being composed of a single protein arranged into a helix
to form a 1long, hollow filament of 3-3¢nm in width and
@.%Pm to a few micrometers in length (Brinton, 1966). It
is these pili that are responsible for the pilus mediated
attachment previously mentioned. Although pili have been
shown to play an important role in the attachment of
bacteria to wvarious target sites in vivo and in vitro
thay are not functionally or immunologically identical. A
number of bacterial species are capable of producing type
1 pili that mediate mannose sensitive haemagglutination
(Duguid et al., 1966) while a range of distinct pili have
been shown to initiate mannose resistant
haemagglutination of erthrocytes from various species
(Jones and Rutter, 1974a, 1974b ; Burrows et al., 1976 ;
Evans et al., 1977 ; oOrskov et al., 1977). Included in
the latter group are the human colonisation factor
antigens CFA/1 and CFA/l11 (Evans et al., 1975 ; Evans and
Evans, 1978), the K88 antigen of swine specific ETEC
(Jones and Rutter, 1974a, 1974b) and the K99 antigen of
calf and sheep specific ETEC (Orskov et al., 1975).

1.8.4. Flagella.

Plagella are proteinous filamentary structures
extending from the bacterial surface. They may occur at
the ends of the cell (polar flagella) or over the entire
cell surface (peritrichous flagella) and are responsible
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for bacterial motility. The bacterial flagella apparatus
is composed of the basal body, flagellar hook and
flagellar filament. The filament may be composed of a
single type of protein subunit as in Salmonellae and
E.coli ( pParish and Ada 1969 ; Silverman and Simon 1972),
from two polypeptides such as found in Caulobacter

~crescentus (Langenaur and Agabian, 1976) or surrounded by
a sheath as 1in v.cholera (Yang et al., 1977). The
molecular weight of the flagellin that forms the filament
varies considerably between species, from 33,000 in
Bacillus subtilus to 60,000 for E.coli (Iino, 1969 ;
McDonough ~and Smith, 1976). The filament may be up to
2@ um in length and 20nm in diameter (unsheathed) and

takes the form of a semi-rigid helix (DePamphilis and
Adler, 197la ; Doetsch and Sjoblad, 198¢). The hook
region is a short  (70-90nm) slightly curved structure
having a diameter in excess of that found in the
filament. The hook protein is different from flagellin
and has a molecular weight range from 33,000 in
B.subtilis (Dimmitt and Simon, 1971) to 42,000 in E.coli
(Kagawa et al., 1976). The function of the hook is

unknown but roles as a 'universal joint' (Silverman and
Simon, 1977) or in correct orientation of +the filament
(Macnab, 1978) have been suggested.

The Dbasal body is a complex structure consisting of a
number of rings embedded into the «cell wall of the
organism (DePamphilis and Adler, 1971b). These rings have
been named ; the 'L' ring associated with the LPS outer
wall ; the 'P' ring associated with the peptidoglycan ;
the 'S' ring lying in the periplasmic region and the 'M'
ring attached to the inner membrane.

The increased virulence associated with the possession
of flagella is now well recognised (Guentzel and Berry,
1975 ; Jones and Freter, 1976 ; Eubanks et al., 1977 ;
Yancy et al., 1979 ; McManus et al., 1980 ; Caven and
Montie, 1981) and is thought to be due to the ability to
penetrate mucus layers and exhibit chemotactic responses.

1.8.5. Capsules.
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These structures are usually composed of
polysaccharides and have been shown to protect some
pathogenic bacteria from phagocytosis (Smith, 1977 ;
Gotschlich et al., 1978 ; Peterson et al., 1978 ;  Van
Dijk, 1979 ; wilkinson et al., 1979a). The increased
virulence of encapsulated bacteria is thought to be due
to lack of opsonisation of this surface component and the
failure of PMLs to recognise 'hidden' opsonins such as
antibody and the complement component C3b (Wilkinson et
al., 1979b).

l1.9.Campylobacter Surface Components.

Although the surface composition of C.intestinalis has

been studied little information is available on the outer
membrane and associated structures of the C.jejuni and

C.coli group. Electron-microscopy of a cross-section
through C.intestinalis cells reveals a structural

organisation typical of gram-negative cells (Werner, 1963
; Ritchie et al., 1966). The peptidoglycan of intestinal

and venereal strains of C.intestinalis has been isolated

using hot SDS extraction. The disaccharide tetrapeptide
was reported as GLc NAc-MurNAc-L-Ala-D-Glu-mesoDpm-D-Ala
(Keeler et al., 1966 ; Winter et al., 1971). The outer

membrane of C.intestinalis has been extracted in Triton

X-18@¢ and EDTA and by SDS. The Triton -EDTA extracted
material contained four bands when examined by SDS-PAGE
with molecular weights of 100,000, 45,000, 38,000 and
31,000. A major band of 41,000 was noted if the material
was heated to 109°C before electrophoresis (McCoy et al.,
1976b) .

Detailed analysis of the C.jejuni/coli outer membrane

has only recently begun to be studied (Logan and Trust,
1982 ; Naess and Hofstad, 1982). In the study by Logan
and Trust (1982) outer membranes were isolated by sodium
lauryl sarcosinate extraction and the polypeptides and
LPS analysed by SDS-PAGE. As with other gram-negative
organisms the outer-membrane was shown to contain
relatively few proteins, a number of which were heat

modifiable. The absence of Brauns lipoprotein was noted

}
PAGE33



as it had previously been for C.fetus (Winter et al.,
1971) . Association of protein with the peptidoglycan
layer was only found for the major outer membrane protein
of both jejuni and coli strains. Surface exposure of the
proteins was determined by the use of
125I-lactoperoxidase with only three outer membrane

proteins being labelled.

1.9.1. Campylobacter Fimbriae.

Although a large number of campylobacter species have
been examined for the presence of fimbriae, there is no
documented evidence for the possession of these
structures (Dijs and Graaf, 1982). It would appear that
this relatively common adhesin found on other
gram-negative bacteria does not contribute to the

virulence of campylobacters.

1.9.2. Campylobacter Flagella.

Campylobacters possess a single flagellum at one or
both poles of the cell, the length of the flagellum being
up to three times the length of the cell (Smibert, 1978).
The only available detailed knowledge of campylobactex

flagella relates to studies on C.intestinalis. The mean

width of the flagellum varied between 18 to 21 nm
depending on the phase of growth and although this width
was unusually wide there was no evidence of a flagella
sheath (McCoy et al., 1975b). The amino acid composition
of C.intestinalis flagella has been determined with all

the common amino acids being found except cysteine,
whilst proline was present in trace amounts only
(Ullmann, 1976).

1.9.3. Campylobacter Capsules,

A microcapsule has been demonstrated at the periphery

of C.intestinalis cells. Unlike the polysaccharide

capsules of Group A streptococci, N.meningitidis and

E.coli the microcapsule of C.intestinalis is a
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glycoprotein and 1in this respect resembles Y.pestis
(Amies, 1951 ; Englesberg and Levy, 1954 ; Winter et al.,
1978). However, as with the polysaccharide capsules the

microcapsule of C.intestinalis has been shown to be

responsible for an antiphagocytic activity. The chemical
composition of the capsule has been analysed as
containing 4% carbohydrate (hexose, pentose and
methylpentose) and a protein component iow in basic,
aromatic and sulphur-containing amino acids. The capsular
glycoprotein has been isolated in a glycine-HCl acid
extract and found to have a molecular weight of 97K
(McCoy et al., 1975a ; Winter et al., 1978).

There is only limited evidence of a microcapsule on
C.jejuni or C.coli strains (Buck and Parshall, 1982 ;
Merrell et al., 1982).

1.9.4.Campylobacter Lipopolysaccharides.

Isolated C.fetus lipopolysaccharide has an endotoxin
activity producing temperature increase and generalised
Shwartzermen reaction (Dennis, 1959). The LPS of
C.jejuni and C.Coli strains has been isolated by the
aqueous phenol method (Naess and Hofstad, 1982) and the
following sugars found to be present ; glucose,
galactose, L-glycero-D-manno-~-heptose and glucosamine, one
strain also containing galactosamine. The LPS was also
found to contain 2-keto-3-deoxy-~octonate (KDO) and
phosphorus.

At the present time detailed knowledge on the surface
structures and antigens of C.jejuni and C.coli 1is
lacking. As the outer membrane surface 1is probably the
first component of an invading organism encountered by a
host, and the resulting immune response is often directed
against components of this membrane, and by analogy with
other pathogens were surface components are involved in
colonization, resistance to host defences and other
aspects of pathogenesis, the study of the surface
components of C.jejuni and C.coli organisms may shed some

light on their role as pathogens.
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CHAPTER 2

MATERIALS AND METHODS

Unless otherwise stated all general laboratory
chemicals were purchased from BDH (Poole, Dorset) or
Fisons (Loughborough, leicestershire), specialised
chemicals from Sigma (Poole, Dorset) and bacteriolgical

media from Oxoid Ltd (Basingstoke) .

2.1. Bacterial strains

The strains used during this investigation are
described in table 2.1. The human isolates, with the
exception of 81116 were isolated from sporadic cases of
campylobacter enteritis. Strain 81116 was isolated from a
patient investigated as part of an outbreak of
campylobacter enteritis at a school (Palmer et al.,
1983), while the NCTC C.coli was originally isolated from
a pig placenta.

2.1.1. Serotyping

Serotyping results are shown in table 2.1.

2.1.2. Biotyping

The biotyping of the organisms was achieved using the
procedures of Skirrow and Benjamin (1980¢) and the results
are shown in table 2.1. The test were performed as

follows:

2.1.2.1. Oxidase reaction

Reagent: 1% (w/v) N,N,dimethyl-p~-phenylenediamine
dihydrochloride.

Procedure: A piece of filter paper was placed in a petri

dish and 2 or 3 drops of reagent soaked on to it. The
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Table 2.1. Strains used in study.

Strain Source Biotype Serotype
Penner Lior
33817 HUMAN C.jejuni 2 U.T. N.T.
51180 HUMAN C.jejuni 1 30 N.T.
63923 HUMAN C.jejuni 1 2 N.T.
68879 HUMAN C.jejuni 1 U.T. N.T.
3571 HUMAN C.coli 3¢ N.T.
11353 N.C.T.C. C.coli 5,30 N.T.
S07 HUMAN N.T. N.T. 1
508 HUMAN N.T. 4 1
509 HUMAN N.T. N.T. 1
50149 HUMAN N.T. 4,50 1
S011 HUMAN N.T. 4,50 N.T.
S012 HUMAN N.T. ' 2 N.T.
S013 HUMAN N.T. 2 53
S014 HUMAN N.T. 1 1
S015 HUMAN N.T. 4 26
81116 HUMAN C.jejuni 2 6 6

(1) Serotyping performed by

(a) Penner serotypes: Dr. J.L.Penner, Department of
Microbiology, University of Toronto, Ontario, Canada; Dr.
D.M. Jones, P.H.L.S., Manchester, U.K.

(b) Lior serotypes: Dr. B. Rowe, Division of FEnteric
Pathogens, Central Public Health Laboratory, London, U.K.
(2) U.T.= Untypeable

(3) N.T.= Not Typed
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colony to be tested was smeared from FBP agar onto the
filter paper using a platinum wire, a positive result was
indicated by the production of a dark purple colour in
5-10 seconds and a weak positive result by colour

production within 10-60 seconds.

2.1.2.2. Catalase reaction

Reagent: 3%(w/v) hydrogen peroxide.
Procedure: A drop of reagent was placed on the bacterial
growth on FBP agar and a positive result recorded if

effervescence was noted.

2.1.2.3. Hippurate hydrolysis

Reagents: (1) 1%(w/v) sodium hippurate
(2) 3.5%(w/v) ninhydrine dissolved in an equal

mixture of acetone and butanol.

Procedure: A heavy inoculum of campylobécter was taken
from blood agar (BA) and mixed into the sodium hippurate
to give a milky suspension (approximately equal to an
optical density at 540nm of 1.9). This suspension was
incubated for two hours at 37¢ followed by the addition
to the suspension of ¢.2ml of the ninhydrin solution. The
suspension was re-~incubated at 2@% for two hours and a
positive result recorded if the formation of a deep

purple colour was observed.
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2.1.2.4. Hydrogen sulphide production.

Reagent: H,S (FPB) broth

grm/litre
(1) Nutrient broth base No2 25.0
(2) pavis agar 1.2
(3) Ferrous sulphate (Feso4.7H20) g.5
(4) Sodium metabisuphite #.5
(5) Sodium Pyruvate g.5

This broth was autoclaved (103.5kPa for 5min) and

aliquoted into sterial glass bijous.

Procedure: A loopful of growth from an 18h BA culture of
bacteria was inoculated intact into the center of the
semi~solid broth. The cap was replaced and the bijou
incubated at 2¢%c for 4h. A positive result was indicated

by blackening around the inoculum.

2.1.2.5. Nalidixic acid sensitivity

Reagent: Nalidixic acid disc containing 3@fg

Procedure: An FBP agar plate was inoculated with the test
organism in such a way as to give a lawn of growth. The
disc was placed in the center of the plate which was
incubated at 3%% under microaerophilic conditions., A
positive result was registered if a zone of no growth was

observed around the disc.

2.2 Media and growth conditions

2.2.1. Blood agar plates (BA)

Constituents:
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(1) Blood agar base No?2 40g/litre
(2) Defribrinated horse blood

(Lab M, London) 50ml/litre
(3) Davis agar 8g/litre

Procedure: The blood agar base and Davis agar were
dissolved into distilled water and autoclaved (193.5KPa
for 15min). The media was allowed to cool to about 55%
and placed into a water bath at the same temperature for
3¢min. The horse blood was then added and the complete
media mixed gently to avoid frothing, the blood agar

being finally poured into 9cm petri dishes.

Use: (1) Recovery of stored bacteria from liquid
nitrogen.
(2) Subculture of bacteria before inoculation of

other media.

2.2.2. BA-VPT plates (Skirrow's medium)

Constituents:

(1) Blood agar base No2 40g/litre
(2) Defribrinated lysed horse blood

(Lab M, London) 50ml/litre
(3) Vancomycin 10mg/litre
(4) pPolymixin B sulphate 25001.0./litre
(5) Trimethoprim lactate 5mg/litre

Procedure: As for BA plates, the antibiotics being added

at the same time as the blood.

Use: (1) Isolation of campylobacters from human faecal

material.

2.2.2.1. 2% BA-VPT plates

Constituents:
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As for BA-VPT except that agar concentration was

increased to 2% by the addition of Davis agar (8g/litre).

Procedure: As for BA-VPT plates.

Use: (1) Isolation and viable counting of campylobacters
in the intestinal segments and faecal material

of mice.

2.2.3. FBP agar

Constituents:

(1) Blood agar base No2 49g/litre
(2) FBP supplement

(a) Ferrous sulphite (FeSQ4.7H20) g.59/litre
(b) Sodium metabisulphate d.5g9/litre
(c) Sodium pyruvate #g.59/litre
(3) Davis agar 8.0g/litre

Procedure: Prepared as for BA plates the FBP supplement
being added instead of the horse blood.

Use: (1) For the growth of bacteria that are to be used
for outer membrane preparations.
(2) For the growth of bacteria prior to surface
labelling of the cells with Todinel2s.

(3) Growth of bacteria for immunisation of rabbits.
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2.2.4. Southampton Campylobacter Nutrient Broth (SCNB)

‘Constituents:

(1) Nutrient broth base No2 25g/litre
(2) Yeast extract

(Difco Laboratories, Surrey) 5g/litre
(3) L-cysteine hydrochloride g.1g/litre
(4) Potassium nitrate g.8g/litre
(5) FBP supplement (@xoid Ltd) l.0ml/litre
(6) Sodium bicarbonate (10% w/v) 20mls/litre

Procedure: The constituents were dissolved with the
exception of the FBP supplement and the sodium
bicarbonate. The solution was autoclaved (183.5KPa for
15min) and then allowed to cool before the supplement and

bicarbonate were added.

Use: (1) Growth of bacteria for spheroplast preparations.
(2) Growth of campylobacters for flagella
preparations.
(3) Growth of bacteria for acid extraction.

2.2.5. Microaerophilic atmosphere

Inoculated media with the exception of SCNB cultures
were incubated in anaerobic jars without catalyst. The
jars were evacuated to 6¢¢mm of mercury and refilled to
atmospheric pressure using a 10% CO,, 90% N, gas mixture
(BOC special gases, crawley).

SCNB cultures consisted of one litre of media in a two
litre flask, sealed by a non-absorbant cotton wool plug.
The flasks were sealed within polyethylene bags (#.6m by
g.88m), the air was removed and the bags filled with the

above gas mixture.
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2.2.6. Incubation temperatures.

Primary 1isolation of campylobacters from human faecal
material was carried out at 45&. Subsequent subculture,
resuscitation from liquid nitrogen storage and growth for

. (]
experimental procedures was carried out at 37C.

2.2.7. Subculture

Minimal subculturing from primary plates was carried
out before storage of the organisms in liquid nitrogen. A
single subculture from liquid nitrogen storage onto BA
was used before inoculation of the media used in the

experimental procedures.

2.2.8. Liquid nitrogen storage

Bacterial strains were stored as suspensions in
glycerol broth (10% v/v glycerol in 1% w/v proteose

peptone) .

2.3. Cell culture and collection

The human epithelial cell lines HelLa 229 (carcinoma of
cervix), HEp 2 (carcinoma of larynx), and 1Int 4¢7
{carcinoma of intestine; all obtained from Flow
Laboratories Ltd, Irvine) were grown as monolayers in
Eagles Minimal Essential Medium (MEM, Gibco Europe Ltd,
Paisley) containing foetal calf serum, (18%v/v), Benzyl
penicillin, (10¢ units /ml), and Gentamicin,(l@yg/ml).
The cells were cultured at 370 in a humidified incubator
in an atmosphere of 5%(v/v) carbon dioxide in air, The
cells were passsaged by washing the monolayers three
times in PBS followed by the addition of PBS containing
0.995%(w/v) trypsin (Gibco Ltd, Paisley). After exposure
to the trypsin for thirty seconds, excess trypsin was
removed and the cells re-incubated at 3%% until they had

been released from the flask surface. The cells were
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resuspended in tissue culture medium and flasks
inoculated at cell dilutions of 1:6 for HeLa and HEp 2
cells and 1:4 for Int 497 cells.

Prior to bacterial-epithelial cell attachment studies
the monolayers were removed from the flasks using the
above procedure and 24-well trays (LH Engineering Ltd,
Stoke Poges) were seeded at 4xl@5cells/well (HeLa and HEp
2 cells) or 5xl@5cells/well (Int 407 cells). These cells
were grown in antibiotic free medium for 18h at 37° ¢ to
give lightly confluent monolayers, using the same

atmospheric conditions described above.

2.3.1. Collection of Erythrocytes

Fresh blood was obtained from several animal species
and human volunteers into collection vials containing 10
I.U./ml of heparin. The erythrocytes were pelleted by
centrifugation at 800xg for 10min and washed three times
in a defined campylobacter growth medium (DCGM, 3.5.1.).
The cell pellet was finally resuspended in DCGM to give a

19% packed cell volume as measured in a haematocrit.

2.4.Assay and Analysis procedures.

2.4.1. Protein estimation

Protein was determined by the use of the
Folin-Ciocalteau phenol reagent as described by Lowry
(1951).

Reagents: (1) 1%(w/v) Copper sulphate (CuS0O; 5H, 0)
(2) 2%(w/v) Potassium tartrate
(3) 2%(w/v) Sodium carbonate in ¢.1M Sodium
nydroxide
(4) 1M Folin-Ciocalteau phenol reagent (BDH
Ltd, Poole)

Standards: Bovine serum albumin in water ; 9.1, 6.2, 0.3,
.4 and #.5 mg/ml
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Unknowns: Unknown protein solutions at approximately
Img/ml.

Procedure: Equal volumes of the copper sulphate and
potassium tartrate solutions were mixed and this mixture
diluted to 1:50 in the alkaline sodium carbonate to give
an alkaline copper reagent. To tubes containing @.1ml of
standard BSA solutions or @.1lml of the unknowns was added
Iml of the alkaline copper reagent solution and, after
mixing, the tubes incubated at Zd% for 15min. To each
tube @.1ml of the Folin-Ciocalteau phenol reagent was
added with immediate mixing and the tubes incubated at
Zd% for 3¢min. Samples were run in duplicate and were
read at 75¢0nm ( SP 1800 spectrophotometer, Pye Unicam,
Cambridge) against water blanks similarly treated. The
unknown protein concentrations were determined by
establishing a standard curve using the bovine serum
albumin results,
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2.4.2. Succinate dehydrogenase assay

Reagents:

VOLUME
(1) Potassium phosphate buffer
(3.1M pH 7.6) @.7ml
(2) Potassium cyanide
(0.1M pH 7.0 with HC1) J.05ml
(3) Sodium succinate (f#.2M) ?.95ml
(4) 2,6,dichlorophenol indophenol (1.2mM) 2.05ml
(5) Phenazine methosulphate (5mg/ml) @.95ml
(6) Sample (@.1lml of fractions
or ¢.05mg protein) g.1lml

Procedure: Reactants were maintained at 3%% and the
reaction started by the addition of the phenazine
methosulphate, the reduction in the 2,6, dichlorophenol
indophenol being followed at 69gnm using a SpP18¢g
spectrophotometer connected to a3 Unicam AR25 linear chart
recorder. Succinate dehydrogenase activity was expressed
as Pmoles 5,6, dichlorophenol indophenol reduced per
minute at 37C, using the following equation:

Total volume of

AE X 1 .. _reaction mixture x 1 = units per ml

. - -1 -
min 2.lxlqﬁmolecm 193 volume of sample

of sample

where AE/min = the average change in absorbance at 600 nm
per  minute and 2.1x 1¢72 ‘Pmole§1 cn' =  the molar
extinction co-efficient of dichlorophenol indophenol at
PH 7.6

2.4.3. Lipopolysaccaride assay
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Reagents:

(1) Carbocyanine dye:
(1—ethyl~2—(3—(ethylnaptho—(l,2d)—thiazolin—2~ylidene—2—
methylpropenyl)naptho (1,2d)thiazolium bromide:

Eastman Kodak) 10mg
(2) 1,4, dioxan 10ml
(3) Sodium acetate buffer (0.093M pH 4.05) 100ml
(4) Ascorbic acid (g.1M) g.2ml

Standards: E.coli serotype (127 b8 LPS in water ;
1,3,5,7,9,11,and 15pg9/@.5ml.

Unknowns: Protein from membrane pellets in water
lng/G.Sml.

~a

Procedure: The carbocyanine dye was dissolved in the
dioxan and an equal volume of sodium acetate buffer, the
total volume was then adjusted to 109ml by the further
addition of the same buffer. To 19ml of this solution
were added the ascorbic acid, 7ml of sodium acetate
buffer and 17ml of water (LPS reagent). The standards (in
duplicate) and the unknowns (in duplicate) were placed in
test tubes and @.5ml of LPS reagent was added to each
tube which were then incubated at 20t for ten minutes in
the dark. The samples were measured at 472nm in a Srl8gg
spectrophotometer and the unknown LPS concentrations
calculated from a standard curve using the E.coli LPS.

2.4.4. Amino acid analysis

Reagents:

(1) Salt free loading buffer pH 2.1:

Citric acid 21g
Methanol 190ml
Thiodiglycol (25% w/w in H,0) 2.5ml
Brij 35 (10% w/v) 3.5ml
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H, O to 1 Litre

(2) 2-mercaptoethane sulfonic acid (3N)
(3) Hydrochloric acid (6M)
(4) Nor-leucine (¢.1lmg/ml)
(5) Lysozyme , (1mg/ml)

Samples: Campylobacter flagellin (SQPQ)

Procedure: The campylobacter flagella samples were placed .
in acid washed glass ampoules together with 19.7Fl of the
Nor-leucine solution. Other ampoules contained SQpl of
the 1lysozyme solution and 19.?pl of Nor-leucine. All
samples were freeze dried for 18h in a Piran 3 freeze
drier (Edwards,BOC Ltd Crawley). For HCl hydrolysis 100pl
of 6M HCl was added to the appropriate tubes whilst 50pl
of mercaptoethane sulphonic acid was added to the other
tubes. All tubes were heat sealed under vacuum and heated
at 1@éh for 18h in the case of HCl hydrolysates or 24h in
the case of mercaptoethane sulphonic acid hydrolysates.
For HCl hydrolysates only, the tubes were broken open and
the samples evaporated to dryness in vacuo over KOH. A
drop of water was added to each sample which was then
re-evaporated and this procedure repeated untill the
hydrolysate had a neutral pH. For mercaptoethane
sulphonic acid hydrolysates the tubes were opened and 19N
NaOH added to neutralise the acid. In all cases the final
volume was adjusted to 15@pl by the addition of salt free
buffer. The amino acid analysis was kindly carried out by
Ms T. Smythe (Southampton University chemical pathology
department) using a Chromaspek amino acid analyser (Rank
Hilger). The areas of the amino acid peaks were
calculated and this raw data used together with the
development of a computer program (appendix 1) to
determine the number of residues of each amino acid

present in the proteins.

2.5. SDS-PAGE

A 10-25% linear gradient SDS-PAGE system was used to
examine the protein profiles of prepared material. The

PAGE48



SDS~PAGE system used has been described by Lambden et al
(1979) and wused the discontinuous buffer system of
Laemmli (1979).

Reagents:

(1) Acrylamide solution, 50%(w/v) acrylamide ; 1.33%(w/v)
bis-acrylamide, the solution being filtered after
dissolving.

(2) Sodium dodecyl sulphate, (2%w/v).

(3) Separating gel buffer, (14.5%(w/v) Tris, pH 8.8 with
HCLl). ‘

(4) stacking gel buffer, (3.03%(w/v) Tris pPH 6.8 with
HCl) ; 0.08%(v/v) TEMED.

(5) Running buffer, 0.393%(w/v) Tris ; 1.44% (w/v) glycine
;7 P.1%(w/v) SDS, pH 8.3.

(6) Ammonium persulphate solution, 19mg/ml.,

(7) Dissociating buffer, 3.03%(w/v) Tris ; 4% (w/v) SDS
20%(v/v) glycerol ; 10%(v/v) 2-mercaptoethanol
7.002% (w/v) Dbromophenol blue, pH 6.8 with HCL and

~e

stored in the dark.
(8) Glycerol, 50%(v/v).
(9) NNN'N'-tetramethylethylenediamine (TEMED) .

Procedure: A mould was formed from glass PAGE plates,
spacers (l.5mm or @.75mm thickness) and clips using
vaseline to seal the spacers and joints. The following

two solutions were then wmade;
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(1) 25% Acrylamide solution:

Acrylamide solution 10ml
3DS solution 1ml
Separating gel buffer 5ml
50% glycerol solution 4ml
TEMED l@Pl

(2) 10% acrylamide solution:

Acrylamide solution 5ml
SDS solution l1ml
Separating gel buffer 5ml
TEMED l@Pl
Hy O 9.6ml

Both solutions were degassed on a vacuum line before use.

The mould was placed into the water bath and held level
with clamps. To the 25% and 10% acrylamide solutions were
added ¢.2m1 and g.4ml of the ammonium persulphate
solution respectively. A 10%-25% linear gradient gel was
cast using a triple channal peristaltic pump (Pharmacia
P3) to give progressive dilution of the 25% solution by
the 19% acrylamide solution. The separating gel was over
layered with iso-butanol and allowed to set. The

following solution was wade;

Stacking gel:

Acrylamide solution g.6ml
SDS solution g.5ml
Stacking gel buffer 5.0ml
Hy O 3.0ml

If thin spacers were used the acrylamide solution was
increased to ¢.8ml. The solution was degassed before use.
The free liquid was removed frowm the separating gel which

was rinsed with stacking gel buffer and dryed. The
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stacking gel solution was activated by the addition of
lml of the ammonium persulphate solution and was then
poured in over the separating gel, a comb was inserted
and the gel allowed to set. the comb was removed and the
wells rinsed with running buffer. The gel was placed into
an electrophoresis tank and the lower reservoir filled
with running buffer. The wells were loaded with
derivatised samples (see 2.5.1) and the upper reservior
also filled with running buffer. Electrophoresis was
carried out for 2¢h in the case of protein separations
and 5h in the case of carbohydrate (LPS) separations.

2.5.1. Derivatisation of samples

Samples containing 5 to Zng of protein were re-suspended
in dissociating buffer and heated at l@d& for 5min or 3%%
for 2hr.

2.5.2. Staining of gels

2.5.2.1. Protein staining

Reagents:

(1) Stain:
Glacial acetic acid 50ml
Isopropanol 1¢0ml
PAGE blue 83 #.25g
Hy O 350ml1

The stain was filtered before use,

(2) Destain:

Glacial acetic acid 5¢ml
Isoproparnol 5¢0ml
Hy, O 400ml

(3) Storage solution:
Glacial acetic acid 199ml

Hzo 990ml
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Procedure: The gel was placed into the stain for 18hr
(thick gels) or 4hr (thin gels) and then transferred into
the destain for a corresponding time. Once sufficiently
destained the gels were maintained in storage solution.

2.5.2.2. Carbohydrate (LPS) staining

Reagents:
(1) Schiff's reagent:

(A) Pararosaniline hydrochloride solution colour index
42500 (Sigma)

(B) sodium metabisulphite solution:

Sodium metabisulphite .49
Glacial acetic acid 1¢ml
H, O 190ml

(2) Fixing solution

Ethanol 40ml
Glacial acetic acid 5ml
Hzo 55ml

(3) Oxidising solution:

Periodic acid 1.4g
Glacial acetic acid 10ml
H, O 190ml

(4) Destain:

Methanol 5¢ml
Glacial acetic acid 75ml
H, O 875ml

Procedure: The gel was placed in fixing solution for 18hr
and then transferred to the oxidising solution for 2hr.
Staining was achieved by placing the gel into the
metabisulphite solution for 2-3hr with one change of
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Table 3.5. The attachment of bacterial strains to tissue

culture cell monolayers

Cell line 81116 SF-1 SF-2
Int 407 3.23+ 0.006 1.60 +2.3 g.2 + 9.92
HEp 2 .21 09.92 .26 t0.02 g.le+x .93
Int 4¢7 3.33+* 0.03 1.05 +0.64 g.31+ 9.02
HelLa .30 0.04 g.45 £ 0.04 .02+ 0.92

(1) Sstandard deviation of the mean calculated from six

replicates
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Table 3.6. The inhibition of attachment of SF-1 to
Int 407 cell monolayers

Treament Concentration % attachment %Inhibition
(mM)
Control - 1.38%0.11 -
Mannose 3.1 1.19+0.06 14
Mannose 1.9 1.1210.06 19
Mannose 1.0 0.90+0.083 35
Mannose 50.0 g.65+0.02 53
Galactose 56.0 #.91+03.07 34
Glucose 50.9 ?.82+0.06 49
Fucose 50.9 1.0420.02 24
N-acetyl- 50.0 2.81x0.07 41
glucosamine
N-acetyl- 50.9 #.94+03.08 32
galactosamine
Glucitol g.1 1.19x0.07 14
Glucitol 1.0 1.06+0.11 23
Glucitol 10.90 1.02+0.08 26

(1) Standard deviation of the mean calculated from six

replicates

PAGEL122



separated from the dams for periods of 2h prior to and
after inoculation, however it was found that unseparated
mice gave similar results to the separated infants and
therefore later experiments utilised unseparated mice.
The inoculumn was 1x19%* - 1x19° cfu of the wild-type
strain or the variants. At specific times mice were
sacrificed by decapitation and segments of the intestinal
tract removed and homogenised in PBS using a stomacher
(Lab-blender 843, Seward Laboratory, London, U.K.).
Samples of the homogenate were diluted in PBS and plated
onto. 2% VPT plates for viable counting. The results were
expressed as the total numbers of organisms present
within that segment of intestine. For long term studies
(in excess of 14 days) the number of organisms present
were determined by total counts of faecal pellets
similarly treated to intestinal segments. The results
were expressed as the total number of bacteria per gram
of faecal material. Recovered organisms were monitored
for motility on nutrient gelatin agar (3.4.1) and for
flagella by transmission electron-microscopy. Preliminary
experiments using 81116 gave consistent results in terms
of the distribution of bacteria through-out the
intestinal tract and a typical response is shown in fig
3.32. Bacteria were reduced to low numbers or eliminated
from the stomach, duodenum, upper ileum and middle ileum
within three days post-inoculation. The lower ileum,
caecum and colon contained large numbers of organisms for
in excess of ten days. For comparative studies between
81116, SF1 and SF2 the total numbers of organisms in the
entire gastro~intestinal tract were used for the first
fourteen days and faecal pellet bacterial counts for
colonizations in excess of fourteen days. These
comparisons are shown in Fig 3.33. For the first fourteen
days each point represents the average bacterial count
for at least four and generally six mice while the Dbars
indicate the range of counts observed in those animals.
In excess of fourteen days each point represents the
bacterial count per gram of faecal material for
individual mice.

The wild-type strain colonized the gastro-intestinal
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tract with up to a ten-fold increase in the number of
organisms recovered compared to the inoculmn (Fig 3.333).
There were no indications of illness or diarrhoea in the
mice and the distribution of organisms within the
intestinal tract followed the same trend as shown in Fig
3.32. There were detectable organisms in faecal pellets
from these mice for up to thirty-one days
post-inoculation and colonization could be achieved with
as few as 3x19* cfu per mouse. In contrast the
aflagellate variant, SF2, was cleared from the intestinal
tract by day seven post-inoculation (Fig 3.33B). There
was never an increase above the inoculum of organisms
within the intestinal tract and in contrast to 81116 the
variant was only recovered from the caecum and lower
ileum of the infant mice.

The second, flagellate and non-motile, variant SF1
colonized the middle and lower ileum as well as the

caecum and colon although, in general, the colonization

lasted for shorter a period (up to fourteen days)
compared to 81116 (Fig 3.33C). However, approximately
half the mice showed evidence of a revival of

colonization between 18 and 22 days post-inoculation. In
contrast to 81116 the numbers of organisms recovered
varied considerably between mice although they were often
higher than that seen with 81116. At the most pronounced
state of colonization up to one-hundred fold more
organisms were present within the intestinal tract
compared with the initial inoculum. As with 81116 an
inoculum as 1low as 1x10% was capable of initiating
colonization.

In all cases the motilities (as discerned by growth on
motility agar) and flagellation of the recovered

organisms was identical to the initial inoculum.
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Figure 3.32. Colonization of the intestinal tract of

five~day old mice by C.,jejuni 81116.
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Figure 3.33, Colonization of the intestinal tract of

five~day old mice by 81116, SF-1 and S8F-2.
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CHAPTER 4

DISCUSSION

The outer membranes of C.jejuni and C.coli organisms
have been isolated and examined. Initial experiments were
aimed at identifying a reliable procedure for the
isolation of these membranes and to gain some insight
into the effect the isolation procedures had on their
protein composition. The development of a spheroplasting
procedure with campylobacter cells and the subsequent
isolation of the inner and outer membranes on a sucrose
gradient proved difficult to achieve with any acceptable
level of reproducability. This problem is not unique to
campylobacters, similar findings having been reported for

B.pertusis cells (Ezzell et al., 1981, Robinson and

Hawkins, 1983).

The Dbiochemical analysis of the membranes prepared by
spheroplast formation indicated a good separation of
inner and outer membranes when specific SDH activity was
used as the marker for purity. This degree of purity was
confirmed by the protein profiles of the various
fractions collected from the gradient. However,
considerable contamination of the cytoplasmic membrane by
LPS was observed. In addition to the problems associated
with interference of the LPS assay system already
described another possible explanation is suggested by
the observation that adhesion zones exist between the
inner and outer membranes of many gram-negative bacteria
which serve as sites for export of LPS, capsule
polysaccharides and major outer membrane proteins
(Reviewed by Bayer et al., 1982). Indeed the
identification of these adhesion zones has placed doubt
on the quantitative separation of these membranes by
sucrose density centrifugation. The cells of
campylobacter organisms can shed considerable amounts of
membrane vesicles from their surface during growth. The

extent of this shedding is similar to Neisseria organisms
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and it has been proposed that the lack of lipoprotein
within the membrane may account for this degree of
vesicle release (Devoe, 1982). The released membranes are

enriched in LPS while, in the case of Campylobacter

jejuni, there 1is evidence that the amount of the
presumptive matrix protein is reduced (Logan and Trust,
1982). It may be possible that a certain amount of the
adhesion zone membranes may contaminate the inner
membrane fraction on a sucrose gradiant and thereby
increase the amount of LPS detected within that fraction.

A recent analysis of sarkosyl soluble and insoluble
membrane material (Blaser et al, 1983) showed that while
all SDH activity was removed by solubilisation of the
inner membrane there existed considerable variations in
the enrichment of LPS (strictly KDO levels) in the
insoluble membranes isolated from different strains
(range 1.3 to 11 fold). This confirms the analysis
presented here where the enrichment of LPS in spheroplast
prepared outer membranes was 1.7 fold above the inner
membrane. Comparison between these spheroplast prepared
outer membranes and sarkosyl-insoluble membranes revealed
essentially identical membrane protein profiles, however
the absence of 84.1K, 82.2K, 42.2K and 28.8K bands in the
sarkosyl prepared outer membrane was noted. This loss of
outer membrane proteins during sarkosyl extraction has
recently been confirmed by other investigators (Blaser et
al, 1983., Mills and Bradbury, 1984), the latter authors
also comparing against spheroplast prepared membranes and
noting the loss of 80K, 56K, 53-54K, 40K and 34K protein
bands in the sarkosyl extracted outer membranes. It was
decided therefore that further comparisons of outer
membranes from campylobacter organisms could be made
using the more reliable procedure of sarkosyl
solubilisation of inner membranes.

In spheroplast and sarkosyl prepared membranes two
main bands predominate. The first had a variable
molecular weight between 1isolates within the range
43-46K, it was heat modifiable, surface exposed and
represented the major band in total protein profiles of
the organisms. These characteristics suggest it is the
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same as protein band e recently described by Logan and
Trust (1982), subsequently named Omp 1 by the  same
authors (1984b), and the 41-45K protein reported by
Blaser et al., (1983) and Mills and Bradbury (1984).
Differences were noted however in the degree of mobility
of this particular protein reported by the various
investigators. Logan and Trust, for instance, reported
three molecular weights for band e depending on the
solubilisation temperature chosen; an oligomeric form of
>92K, a globular form of 33K and a linear form of 45K.
When solubilised at 37°C all three forms where noted in
contrast to the data presented here were only the
globular form was observed. This difference is explained
by the different times of solubilisation used, Logan and
Trust solubilising for 3min while the present work
solubilised for 2h. The characteristics of this
particular protein, together with 1its peptidoglycan
association (Logan and Trust 1982), make it likely that
this represents the matrix or porin protein that is found
in other gram-negative organisms and therefore |is
important as a structural component of the outer membrane
and as a functional protein forming diffusion channels
through the membrane.

The second major protein band in the outer membranes
of C.jejuni and C.coli had a variable molecular weight in
the range of 62-64K. The purification of flagella from
campylobacter organisms indicated that this 62-64K
protein was flagellin. It was not heat-modifiable nor
surface labelled wusing the lactoperoxidase procedure.
Confirmation of a 63K flagellin protein present in
C.jejuni cells that did not label with 1251 using
lactoperoxidase has recently been presented, (Logan and
Trust, 1983). The proportion of flagellin within outer
membranes preparations varied considerably between
isolates indicating differences in the flagellation of
different isolates or differences in the susceptability
to detergent extraction. Although the molecular weight
for this flagellin was higher than reported for most
other bacteria the amino acid composition was not

significantly different from other known flagellins in
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terms of mole percentage of the individual residues
(Parish and Ada, 1969 ; Maruyama et al., 1978). Although
the overall amino acid compositions of the flagellins
from 81116 and its non-motile variant SF1 were similar
there were significant differences in the amounts of
serine and glycine detected. In the case of serine the
differences amounted to seven residues and for glycine
ten residues. These differences, when compared to the
total number of residues present, may be due to the
experimental variability inherent in the technic used,
however the existence of an actual difference between the
two flagellins can not be excluded. 1In terms of the
overall amino acid composition of the flagellins there
was a slightly higher content of polar residues (183-187)
compared to hydrophobic residues (157-164).

Although the amino acid analysis gives information on
the overall composition of the proteins a more important
consideration 1is the conformation of the polypeptide
chains. The presence of a high content of hydrophobic
residues at the surface of the flagella could allow more
efficient binding to the eukaryotic cell surface while,
conversely, a high content of acid residues could reduce
binding to the negatively charged eukaryotic surface.
There was no specific data obtained that would allow any
determination of the conformation of the flagellin of

Campylobacter jejuni, however the inability to

radio-label flagella using lactoperioxidase or iodogen
may indicate that the nine or ten tyrosine residues
present in the protein may be internalised in native
flagella filaments.

Although certain physical characteristics of the other
minor outer membrane proteins were determined it was not
possible to place any biological activity on these
proteins,. A 35K protein was present in the outer
membranes of C.jejuni and was apparently replaced by a
41K protein in C.coli strains. These proteins were heat
modifiable and surface exposed. These characteristics are
the same as the protein f reported recently by Logan and
Trust (1982) and the 30K band reported by Blaser et al.,
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(1983) . These authors did not report any observation of a
molecular weight difference between C.jejuni and C.coli
isolates. A possible explanation resides in the different
SDS-PAGE systems employed as Logan and Trust used 12.5%
linear gels while Blaser et al used 10% gels. This may
have reduced the resolution sufficiently to obscure these
differences. Although this may be the explanation one can
not exclude the possibility that there were no
differences in the C.jejuni and C.coli isolates examined
by these other authors and that the differences observed
would have been found not to be a consistent feature had
a greater number of isolates been examined. This question
as to whether the 35K and 42K proteins represent a means
of differentiation between C.jejuni and C.coli remains to
be answered.

The protein band observed in the 87-95K weight region
probably represents the 92K protein (protein a) as
recently reported by Logan and Trust (1982). However
whereas this protein was found to be heat modifiable in
the present study, this behaviour was not reported by the
latter authors. It should be noted however that at a
dissociation temperature of 37°C in the Logan and Trust
gels the complexes of protein e obscure the high
molecular weight region and it is possible that the heat
modifiability of protein a was not observed by the
authors for this reason. This 87-95K protein was not
surface exposed as has been noted for protein a. In the
present study a doublet band in the 72-75K molecular
weight region was clearly present 1in radio-labelled
surface proteins of C.jejuni isolates, these bands were
not visible in outer membranes prepared by sarkosyl
extraction, however a doublet was present in spheroplast
material (Fig 3.3). Recently doublet bands in the 75K
region of sarkosyl extracted membranes has been reported
(band b ; ©Logan and Trust, 1982 ; Mills and Bradbury,
1984). These authors also found these proteins to be
surface exposed. It seems likely therefore that these two
proteins may be only weakly associated with the outer
membrane and that the extraction procedure employed
during this study removed the proteins from the outer
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membranes. A number of minor outer membrane bands were
identified in the present study principally in the 56-60K
and 19-23K regions. These bands almost certainly have
there equivalents in the 55K protein d and 20K protein g
recently described (Logan and Trust, 1982) and in the
minor proteins identified by Mills and Bradbury (1984).
The differences in the number of minor bands reported by
the various authors probably represent differences in the
resolution of the various SDS-PAGE systems used.

Outer membrane material separated on PAGE gels and
stained with Schiffs reagent revealed intense staining in
the 27-30K molecular weight region. There was no evidence
of 'step-ladder’ staining characteristic of 'o!
polysaccharide side chains, although this may have
reflected a lack of sensitivity in the staining procedure
used. However in a recent study using silver staining it
was reported that C.jejuni LPS lacks '0O' side-chains and
that a step-ladder effect at high loading concentrations
was due to aggregation of LPS molecules (Logan and Trust
1984). The LPS was described as having a fast migrating
species of ca. 14K and a slow migrating species of ca.
20K. The quite significant differences in these molecular
weights compared to those found in the present study
reflects differences in the SDS-PAGE systems used which
influence the molecular weight values observed for LPS to
an even greater extent than of that seen with proteins.
The nature of the 130K band revealed by Schiffs staining
was not determined but may represent aggregates of LPS or
a high molecular weight glycoprotein.

Having identified the surface proteins of C.jejuni and
C.coli the antigenic properties of these proteins were
investigated wusing RIPA and immunoblotting procedures.
The MOMP band (43-46K) was immunogenic during human
infections as revealed by the RIPA procedure. However
there were low levels of antibodies directed to this or a
similar cross-reacting protein in human control sera.
This back-ground level of antibodies may be due to to a
low level of antibodies directed to the MOMP of
thermophilic campylobacters, not unexpected considering

the frequency of infections due to this organism, or due
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to cross-reacting antibodies formed against the MOMP of
other gram-negative Dbacteria, also not unexpected
considering the highly conserved nature of the amino acid
sequence of porins proteins (Hofstra and Dankert 1979 ;
Overbeeke et al 198@¢). This 1low level of antibodies
reacting to C.jejuni MOMP has also been recently reported
by other workers (Logan and Trust, 1983 ; Blaser et al
1984 ; Mills and Bradbury, 1984 ; Nachamkin and Hart,
1985 ; Wenman et al 1985). Similar RIPA reactions of the
MOMP with sera from homologously and heterologously
immunised rabbits and with human convalescent sera has
recently been reported (Blaser et al., 1984).

A number of workers have reported the detection of
C.jejuni MOMP using immunoblots with rabbit sera (Logan
and Trust, 1983 ; Blaser et al., 1984 ; Wenman et al.,
1985) and human acute and convalescent sera (Blaser et
al., 1984 ; Mills and Bradbury 1984 ; Nachamkin and Hart
1985 ; Wenman et al., 1985). This is in direct contrast
with the present work in which the MOMP was not detected
using the immunoblotting procedure. The most likely
explanation for reactions within RIPA's and not
immunoblots is that the epitope responsible for the
reaction is defined by the three~dimensional structure of
the folded molecule(s) and not by a primary amino acid
sequence on the polypeptide chain. However as these
separate investigators have reported the reaction of the
MOMP during immunoblotting there would appear to be some
other reason for this discrepancy. At present the
reason(s) are unknown. The results of these other
investigators suggest that the antibodies produced in
response to a campylobacter infection and directed at the
MOMP cross-react with the MOMP of thermophilic
campylobacters strains unrelated to the infecting strain.
Variations in patients responses to the MOMP have also

been reported (Nachamkin and Hart, 1985).

Antibodies were readily detected using
iodohydroxybenzimidate 1labelled flagella and human
convalescent sera. Human control sera weakly precipitated

the flagella band indicating 1low levels of specific or
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cross-reacting antibodies. All the human convalescent
sera from an outbreak precipitated the purified flagella
from the homologous isolate as did eight out of nine sera
from unrelated cases indicating substantial
cross-reactivities. There have been no previous reports
of the detection of C.jejuni flagella using the RIPA
procedure and human sera, principally due to the use of
ineffective 1labelling procedures by other investigators.
During the present study confirmation of the presence of
flagellin specific antibodies in a human convalescent
serum was achieved by immunoblotting against the
homologous strain and an aflagellate derivative. The
studies on the surface antigens of C.jejuni were extended
by immunoblotting nine matched isolates and sera from
cases of campylobacter enteritis. There was considerable
variation in the number of proteins to which antibodies
were produced. While one patients serum was capable of
reacting with a wide range of C.jejuni proteins other
sera cross-reacted only with flagellin. Whether these
different responses were host, disease process or
pathogen related remains to be answered but have recently
been confirmed by independent investigators (Nachamkin
and Hart, 1985). Clearly from the immunoblots various
flagellins are present within the isolates examined.

There was limited evidence that some isolates may
contain more than one species of flagellin, and that
these flagellins may be preferently recognised by the
cross-reactions of heterologous sera since the reactions
of serums S09 and S013 with 1isolate S01¢ produced
flagellin bands of slightly different molecular weights
(Fig 3.18). Because of the diffuse nature of the
flagellin band in SDS-PAGE and the immunoblots together
with the 1limited number of reactions examined it was
impossible to prove that a single isolate did contain
more than one flagellin , however the present development
of monoclonal antibodies to the flagellin molecule should
supply the necessary finese with which to answer this
question.

The present work does not supply sufficient data to

explain the reactions seen 1in the immunoblots. For
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example while most sera cross-reacted with most, if not
all the flagellins two sera (S08 and S012) reacted with
only half the isolates. One possible explanation however
is that campylobacter flagellin contains both distinct
common antigenic determinants and type specific
determinants. Most of the hosts produced antibodies to
the common and variable determinants while two produced
antibodies only to the 1latter. 1In this form the
hypothesis resembles that proposed to explain the

immunological structure of N.gonorrhéa pili (Heckels and

virji, 1984). 1t should be noted that competitive
immunoassays using monoclonal antibodies raised against
81116 flagellin indicates the presence of at least four
epitopes (Newell, 1983).

The antigenicity of C.jejuni flagellin using
hyper-immune rabbit sera and immunoblotting has recently
been presented (Logan and Trust, 1983 ; Blaser et al.,
1984 ; Wenman et al., 1985). In all cases the flagellin
was found to be both strongly immunogenic and antigenic
and the resulting antibodies cross-reacted with all fhe
other strains of thermophilic campylobacters examined
confirming the presence of conserved antigenic
determinants. A number of workers have also produced data
on the antigenicity of flagellin wusing human sera in
immunoblots. In one such study IgA, IgG and IgM antibody
responses were noted 1in patients recovering from
campylobacter enteritis. The antibodies produced
cross-reacted strongly with the flagellins of other
C.jejuni strains (Blaser et al., 1984). in an
investigation into the production of antibodies during
the course of a campylobacter infection a steady rise in
flagellin and outer membrane protein specific antibiodies
was reported (Mills and Bradbury, 1984). Once again
cross-reacting antibodies were detected reacting with the
flagellins of other thermophilic campylobacters. The
identification of flagellin as a major surface antigen
has been further confirmed by more recent work (Nachamkin
and Hart, 1985 ; Wenman et al., 1985). The former authors
also confirmed evidence presented here on the variability

of the flagellin molecular weights between isolates.
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To summarise: the evidence presented here and by other
investigators on the antigenicity of the MOMP and
flagellin of C.jejuni is as follows. The MOMP and
flagellin constitute the two major protein antigens
during campylobacter infections. Although both the MOMP
and flagellin are the major antigens, the flagellin tends
to induce greater antigen-antibody binding in immunoblots
and are more consistently found in immunoblots compared
to the MOMP. Normal human sera can react with the MOMP
and flagellin to a limited extent. Antibodies produced in
response to specific MOMP and flagellins can cross-react
with MOMP's and flagellins of C.jejuni and C.coli strains
unrelated to the infecting strain. These cross-reactions

are more often found between flagellins of C.jejuni/coli

than between the MOMP's, this 1is especially true when

comparisons are made between C.jejuni/coli and more

distantly related species such as C.fetus and C.laridis
(Wenman et al.,, 1985). Thus campylobacter flagellins are
stronger interspecies antigens than the MOMP suggesting
greater conservation of the amino acid structure.

The immunoblot of serum SO07 with the nine isolates
demonstrates the range of proteins that can be
immunogenic. In a RIPA of strains and serum from the same
outbreak (Fig 3.12) proteins of 49K and 27K were
precipitated by homologous and heterologous sera
respectively. A 27K protein was a major component of a
glycine-HC1 acid extract from C.jejuni. The
characteristics of this particular protein, acid
extractibility, surface exposure, lack of presence in
sarkosyl extracted outer membranes, immunogenicity with a
molecular weight of around 27K gives apparent identity
with proteins of 29-30K recently described (Logan and
Trust, 1983 ; Blaser et al., 1984 ; Mills and Bradbury,
1984 ; Wenman et al., 1985). Interestingly, a
hyper-immune rabbit antiserum raised against one specific
C.jejuni strain by the former authors detected a 31K
protein in all the C.jejuni and C.coli strains examined.
In the present study only one heterologous human

convalescent sera reacted with the 27K protein despite
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the fact that surface radiolabelling data suggests this
protein is common to all C.jejuni and C.coli strains.
This may reflect differences in the sensitivity of
hyper-immune rabbit antisera tests compared with
convalescent human sera or in the different immune
responses associated with different animal species and/or
antigen presentation. The detection of a 3¢K band in RIPA
using human convalescent sera has recently been presented
(Blaser et al., 1984). In the present study a 92K
protein was detected by one serum to its homologous
strain (Fig 3.19, serum S808). An outer membrane protein
of 92.5K has been recently reported as conferring
heat-label antigenic specificity when hyper-immune rabbit
antisera was used (Logan and Trust, 1983 ; Wenman et al.,
1985) . However Mills and Bradbury (1984) have reported a
92K OM protein in a strain which was detected using
unrelated serum, suggesting that this specificity may be
wider than at first thought.

The foregoing discussion has demonstrated the major
part played by flagella as a surface structure and
antigen on C.jejuni cells. Subsequent studies therefore
concentrated on the biological role of C.jejuni flagella.
Two variants were prepared from isolate 81116. All
available data confirmed that variant SFl1 possessed
paralysed flagella and SF2 was aflagellate. The nature of
the mutation in SF1 is not known but the production of
flagellin by SF2 despite the lack of flagella may suggest
a block at the insertion of the  flagellin into the
membrane or alteration of the flagellin molecule itself
making polymerization into flagella impossible. The lack
of the basal disc structure described by Curry et al
(1983) suggests the former as a likely mechanism. The 'M'
ring of Agquaspirillum serpens has regularly spaced

fibrils emanating from it (Coulton and Murry, 1978) and
it has been suggested these act as anchorage structures.
This radial spacing is reminiscent of the patterns seen
on the basal disc of C.jejuni. The basal disc has also
been suggested as an important requirement in the

assembly and function of flagella (reviewed by Doetsch
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and Sjoblad, 1989).

The attachment of radiolabelled 81116, SF1 and SF2 to
erythrocytes indicated that variations existed which were
dependent not only on the state of flagellation of the
isolates but also on the animal species from which the
erythrocytes were obtained. 1In this assay the bacteria
were mixed with the erythrocytes and it is proposed that
the general order of attachment of SF2>SF1>81116 can be
explained by hinderence of an outer membrane adhesin by
the flagella of SF1 and 81116. The active flagella of
81116 causing greater inhibition than the non-active
flagella of SF1. There were not only differences in
attachment when erythrocytes from different species were
used but also when erythrocytes from the same species but
different animals were used. This examplifies the
problems associated with biological assays of this sort.
The problem may be resolved by using fixed erythrocytes
which can be stored for longer periods. However careful
experimentation would be required to eliminate the
possibility of the fixation process changing the nature
of the attachment. The reasons for the differences in
attachment to erythrocytes from various animals is
unknown but may reside in variations of the sugar
moieties associated with the erythrocyte membrane. The
adsorption isotherm data suggested that the attachment of
SF2 and 81116 to rabbit erythrocytes was non-reversible.
However a note of caution 1is required. As previously
explained adsorption isotherm analysis depends on a
number of assumptions, and even the attachment of
streptococci to an inert support such as a
hydroxylapatite surface requires careful analysis to take
into account such variables as low affinity non specific
binding, high affinity specific binding and multiple
receptor binding (Staat and Peyton, 1984). However if it
is assumed that the results obtained did reflect the true
situation then the main difference between the binding of
81116 and SF2 does not reside in the intensity of
adsorption (R/K value) but in the adsorption capacity of
the surface (K') such that the erythrocyte surface was

able to accommodate three times as many SF2 bacteria
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compared to 81116 Dbacteria. As the erythrocyte surface
itself was constant this would suggest that as bacteria
were bound to the erythrocyte surface they altered that
surface. This would support the hypothesis that the
active flagella of 81116 cause inhibition of attachment
by blocking access of other bacteria to the binding
sites.

The attachment assays of 81116, SF1l and SF2 binding to
tissue culture cells of human origin, in contrast to the
binding to erythrocytes did not involve mixing of the two
cell populations and therefore contact between the
bacteria and cell surface depended on passive contact or
active motility. The procedure used to wash the cell
monolayer has been employed to study the high affinity

attachment of S.typhimuriumto HeLa cells (Jones et al.,

1981) and it is likely that bacteria remaining attached
to the cell surface after this procedure are held by
strong multi-focal binding. Although the relative order
of abilities of these three strains to attach to the
different eukaryotic cell surfaces were consistent the
percentage attachments were quite low. Nevertheless
similar levels of attachment have been recorded for the
attachment of S.typimurium to HeLa cells (Jones et al.,
1981) and of V.parahaemolyticus to INT-407 cells
(Gingras and Howard, 198¢). In both the latter cases the

attachments studyed were of high.affinity binding which
could not be disturbed by fluid shear across the cell
surface. A number of possibilities exist for low level
adherence : (1) All the bacteria within the population
exhibit weak, low affinity attachment (2) only a minority
of the bacteria within the population possess the
necessary adhesins and (3) the eukaryotic cell posses
only a limited number of receptors for the bacterial
adhesin. At present the reasons for this low attachment
are unknown, however the fact that these cells are
transformed may mean that the bacterial adhesin receptors
have been modified or reduced in numbers on these cells
and further experimentation would be required to show if
this, or some other reason, were responsible.

It 1is perhaps of interest to note the specificity
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exhibited in the attachment of SF1 to cells of intestinal
origin as compared to Hela and Hep-2 cells. The greate