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ABSTRACT

IgA Levels After Oral Vaccination of Mice with Salmonella

In an attempt ro determine the immune status of mice following
one oral feeding with various Salmonella strains, we have looked for
a correlation tGerween serum and/or intestinal IgA levels and
protection against s subsequent challenge with a virulent Salmonella
strain (S. typhim:ziuw C5).

The measuremsnt of sIgA presents significant problems due, for
example, to such intestinal contents as bile and proteolytic enzymes,

and to the rzlativelvy low levels of sIgA in samples due to the

constant movezsnt znd elimination of the gut fiuid as well as the
dilution rnecsssary in the collection of samples for experimental
use. Conswavertly, we examined the ELISA (enzyme-linked immuno-
absorbent aczayi, in which antibody can be assessed directly against

its appropriate anrtigen in the '"solid-phase’™ and where potentially
aberrating components czn be washed away. We showed that the ELISA
is comparzhle in sensitivity to the radio-immunoassay without the
latter's disadvantagses, such as short half-life of principal reagents
and hazard i use.

Our results show that those Salmonella strains which persisted
in the Fzver's patches of the small intestine of mice following oral
immunization aftforded excellent protection against a subsequent
challenge, and this protection correlated well with relative increases
in serum and intestinal sIgA levels.

However, such protection did not correlate with the 'O' somatic
antigens of the immunizing and challenging strains. Thus, it seems

that the IgA or sIgA level as such 1is not responsible for the
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protection observed, although these levels correlate very well with
protection and afford a very good index of the immune status of an
animal towards enteric infection.

Finally, this work implies that protection is effected at the
cellular level and is dependent upon the persistence of antigen in

the Peyer's posiches.
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CHAPTER 1

General Pathogenesis of Mouse Typhoid

1.1 Typhoid Fever: A Public Health Problem

Typhoid fever 1is among the most frequent causes of diarrhoeal
disease and constitutes a serious public health problem in many
regions of the world (see Table 1). In some countries the attack
rates are as high as 1 per 1000 population, and in some areas of Egypt
rates approaching 2.8% of the population have existed (Messih, 1961}
From Table 1, it seems that the disease mainly affects the developing
countries and its incidence usually decreases with increased
development. In some of the more industrialized countries of North
America and Europe and in Japan, typhoid fever has declinex
significantly and the disease occurs only among travellers returning
from the endemic areas. Nevertheless, in a few countries a high
incidence o¢f typhoid fever is observed which does not correlate with
advanced levels of development.

The factors that maintain the chain of infection derive from a
lack of sanitation, the presence of carriers in the population, and,
especially, the lack of an effective mechanism of prevention through
immunity (= effective vaccine).

That water played a principal role in the spread of typhoid fever
was first established by the observations of William Budd (1856, 1873)
and has been confirmed by experience in many parts of the world. For
example, over 400 cases occurred 1in a water-borne outbreak in
Switzerland in 1963 (Bermnard, 1965).

Thus, the incidence of typhoid fever can be decreased by (a) a

clean water supply, (b) chemotherapy. The antibiotic treatment gives



Table 1

Typhoid and Paratyphoid Fever, 1975.

; Country l Toral Reported Cases® | Cases/lO6 Population
E——
| Ausrralia I 17 1
| | |
| U.S.A. 375 1 |
I '. I
| v.k. - 281 | 6 I
| . | |
| Canada _ 176 | 7
| |
| France 1,045 | 21
I :
| Yugosiavia | 1,229 60
I E
| Thailand 5 3,601 105
| I |
I Hong Koug | 591 140
|
Ttaly { 12,403 I 225
I I
| Colcmbia | 7,600 345
i
Peru I 6,645 : 474
i
Chile I 6,011 601
|
I i

Statistics Report, 1976.



many advantages, such as reduction in fever, enhanced recovery from
the infectious syndrome, and the more rapid clearance of Salmonella
typhi from the blood and faeces, which can greatly reduce the death
rate (e.g., from 10-15% to 0.2-0.8%) in countries with a high
incidence of the disease (Salcedo et al., 1978). Despite these
advances, there are still some clinical compiications due to trans-—
missible drug resistant factors (Thorne and Férrar, 1973; Calderon,
1974) and the inability to cure persistent caviiars, so that the
morbidity rate, although reduced, remains toc high.

Thus, antibiotic treatment per se appears inadequate to break
the chain of infection. Consequently, iwmnunization programmes against
enteric fever seem to be very worthwhile and wzv prove important, not
only in countries with a high incider«: ~f typhrid fever, but also

in countries where the disease is apparently countrolled.

1.2 Typhoid Vaccines

Immunization programmes against enteric feve:, ro date, have not
had the same success as some other programmes, accavly those directed
against small-pox and poliomyelitis.

Numerous attempts have been made to promote resistance to enteric
infection by both oral and parenteral immunization techniques, but
until 1955 the accumulated evidégce feor the effectiveness of oral and
parenteral vaccines suffered from a lack of controlled experimental
techniques. At this time, a series of field trials to evaluate
parenteral typhoid wvaccines was 1initiated by the World Health
Organization (Cjetanovic et al., 1965). These trials were extended
over 12 years, using either acetone inactivated (K-type) or phenol-

inactivated (L-type) Salmonella  typhi, each administered by
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subcutaneous route.

The overall conclusions were that each wvaccine afforded some
protection, particularly in children (Yugoslav Typhoid Commission,
1964; Hejfec et al., 1966; Ashcroft et al., 1967). Even one dose of
the K- or L-type, given to children in Guyana, afforded protection
(Ashcroft et sl., 1967). Thus, parenteral vaccines have been shown
to afford significant protection, especially to persons living in
endemic areas (Pelish Typhoia Committee, 1965; U.K. Department of
Co-operarion, 1964%). Ashcroft et al. (1967) suggested that in such
areas, repeated 1ingestion of subinfective doses of typhoid bacilli
may result in an immunized population and that vaccines enhanced the
protection by boscier effect. However, the volunteer studies and
field triaisz sf the World Health Organization suggested that vaccine-
induced resicstance by the parenteral route would fail when heavily
contaminated food was ingested.

Prior «c¢ the interesting report by Wahdan et al. (1982), there
was already streoug evidence that direct antigenic stimulatiom of the
gastrointestinal traci <<ould provide resistance to typhoid fever
(Hornick et al., 1%co., 1€07; Woodward et al., 1970). The experiments
in volunteecs thus focussed on the oral route of immunization in order
to stimulzie resistance of intestinal antibodies or cellular factors
in the lamina propria.

Hornick and his colleagues (1970) used two types of oral vaccine
containing killed typhoid bacilli in keratinized tablets; one was an
acetone killed S. typhi strain Ty 2 (monovalent vaccine), the other

one was the heat and acetone killed S. typhi and S. paratyphi A and

B bacilli. These vaccines were given to volunteers orally. After

ingestion of the challenging dose of viable §S. typhi, orally
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immunized volunteers showed slightly less resistance to infection than
did those vaccinated by parenteral route. There were some trial
studies using live mutant strains of S. typhi as oral wvaccines
(Reitman, 1967; Gilman et al., 1977) which gave a degree of protection
and an increase in antibodies to H, 0, and Vi antigens after challeng-
ing. Moreover, the orally vaccinated group showed a significant
reduction in the number of positive sutools after challenging with
viable S. typhi as compared with the non-vaccinater proup.

Recently, the Ty 2la attenuated mutant sirsin used by Wahdan and
his group (1982) showed striking protective eifficacy in Alexandria,
Egypt. In this well conducted field trial, three doses of the Ty 21a
vaccine containing 1--8x106 live bacteria were given at two-day
intervals preceded by sodium bicarbonz"e tabietsz. No %armful side
effects were noted in persons receiving the +accine. Stool examin-
ation showed that those vaccinated did nci ewcrete the vaccine strain
for more than one or two days. Two, ©f many, comnents in a W.H.O.
sub—committee report on Live Oral Typhoid Vascinme Ty 21a (1982) were
that (1) "Simple, reliable tests are needed for the rapid diagnosis
of typhoid fever, particularly in field seztings. In addition, more
effective tools are needed for measuring the immune response in
patients, carriers and vaccinees'" and (2) the absence of a simple
laboratory or «clinical test for verifving the successful 'take"
following vaccination of an individual was nected.

The work reported in this thesis has aimed at contributing to
this end. We have attempted to measure serum and gut IgA levels by
a simple, unsophisticated test, mnamely, the Elisa, and then to
determine if such levels correlate (in mice) with protection from a

normally lethal dose of Salmonellae.
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1.3 Salmonellosis

In man, three clinically distinguishable forms of salmonellosis
occur: enteric fever, septicaemia and acute gastroenteritis. Typhoid
fever is the name generally used for enteric fever caused by S. typhi.
Enteric fever is in essence a septicaemia that is the end of the
disease process which starts with malaise, anorexia and headache,
followed by fever and then the colonizing of the gastrointestinal
tract, causing diacihcea. Some organisms enter the intestinal
iymphatics, from where they are disseminated throughout the body,

causing septicaemia.

1.3.1 A wmouse model for human typhoid

Salmerallae can be divided into three groups with respect to
their host prefurence. (1) Those which are more or less strictly
adapted to humans. (2) Others are adapted to non-human animal hosts,

e.g., swine are the primary hosts of S. cholerae-suis, but it occurs

in other animals as well as man. (3) A large number of types produce
disease equalliy in man and animals. The reasons for these varying

host-parasite intercciicns are unknown. For example, 3x109 S. typhi
Ty 2 strain represents a dose that will infect 95% of orally
challenger human vclunteers (Hornick et al., 1970). However, higher
doses of tha same strain, 3x1011 organisms, are required to infect
75% of oraily challenged chimpanzees (Edsall et al., 1960). The
disease in the animal was relatively mild and transient compared to
that observed in humans.

However, as with other infectious diseases of man, a proper

understanding ‘of their pathogenesis depends upon the development of

adequate experimental models in animals. To this end, the description



1.6

by Orskov et al. (1928) of a typhoid-like disease in mice, caused by

Salmonella typhimurium, which produced the salient features of enteric

fever in humans, was of extreme importance.

1.3.2 Host resistance to typhoid

The host-parasite relationship represents the overall interplay
between the factors controlling the changing virulence of an organism
and the immense variability of the host surveillance system. Many
factors influence the interaction of the host with Salmonellae, such
as the age, genetic predisposition and nutritional state of the host
and properties of the Salmonellae, such as the ability to adhere and/
or colonize, the ability to produce exotoxin, motility and other
invasive properties,

The host factors may be expressed by variations in defense
mechanisms, such as (1) natural non-specific immunity (e.g., phago-
cytosis, alternative complement pathway); (2) specifically acquired
immunity (antibody production, cell mediated immunity). Obviously
one reason for the peculiar susceptibility of some host species could
be due to their failure to provide a rapid effective immunity to
Salmonellae. This could be due to a relative immunological tolerance,
shown to exist in mice (Rowley and Jenkin, 1962), with regard to =

potentially protective antigen of S. typhimurium.

Further, most inbred mouse strains can be divided into two
groups, those extremely susceptible or those relatively resistant to
Salmonella infection. (However, this resistance or susceptibility
does not mnecessarily extend to other pathogenic organisms.)
Consequently, the resistance to Salmonella infection may involve only

one or a few dominant genes (Plant and Glynn, 1974), since mouse
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strains of intermediate resistance are rare and the progeny of crosses
between resistant and susceptible mice are generally resistant (Plant

and Glynn, 1974; Robson and Vas, 1972; Von Jeney et al., 1977).

1.3.3 The role of antibody production in Salmecnella infection

The role of antibody productioan in Zalmonella infection is
difficult to assess. For example, both resistant and susceptible mice
develop similar antibody responses to killed &seluonella wvaccines
(Robson and Vas, 1972), and although the Balb/C strain is less able

to produce antibody to the major 0-5 antigen of S. typhimurium than

is the Swiss strain (Auzins and Rowley, 1969), both are highly
susceptible to i.p. challenge. Further-, the antibody responses
towards enterobacterial common antiger {FEfA) do not correlate with

Salmonella resistance (Gorzynski et al., 1970).

1.3.4 Cell mediated immunity and Suimunella intection
The lack of correlation between antibody prodicrion and resist-

ance to Salmonella infection has led to the cow: thav cell mediated

Ty

immunity may be responsible for this resistance. or example, Plant
and Glynn (1976) have shown that Salmnnella-resisrant mouse strains
develop better delayed type hypersenzitivity {DTB} to Salmonella
antigens than do susceptible strains, although the 0OTH response to
other antigens (e.g., oxazolone) was the same in both susceptible and
resistant mice. Thus, cell mediated {immunity (CMI) may be all

important in resistance to Salmonella infection. Further, mice can

be protected against S. typhimurium challenge by previously feeding

a variety of Salmonella strains which do not need to be antigenically

related to the challenge strain in terms of their Kaufman-White O
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antigens (Moser et al., 1980).

As a consequence, it appears most likely that resistance to
Salmonella infection relies upon the non-specific activation of
macrophages, as a result of T-cell mediation, which was observed by
Mackeness (1969) to give protection against listeria infections. This
activation of lozal! macrophages in ways which enable them to kill the
invading pathogens 1is now known to occur through lymphokines which
are released from 7.:zells which have been previously sensitised to

some unidentified antigen of the challenge bacteria.

1.4 Pathozenesis of Salmonella Infection

Followivg ingestion of Salmonellae, initial foci of infection
s patches of the small 1intestine and in the
mesenteric lymph nodes; here they multiply and disseminate via the
efferent lymphatics, entering the blood stream by the thoracic duct.
They are chen largeiy removed from the blood stream by the liver and
spleen. Subseguent prcliferation in these tissues will produce a

systemic bacteraemia. fevsr and, if unchecked, death.

1.4.1 <Gastroinvestinal phase

The <arliest site of attack following oral administration of
Salmonellse to guinea pigs may be in the tonsils (Edsall et al.,
1960); this may lead to systemic infection (Gaines et al., 1968;
Carter et al., 1975) and infection of the upper respiratory tract
(Carter et al., 1975). In mice, temporary infection of the stomach
and intestinal tract is observed, with the caecum retaining the

greater number of the infecting bacteria for some hours (Carter and

Collins, 1974; Ozawa et al., 1973). After about 24 hours when the
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animal's gut is largely free from the infecting dose, foci of
infection appear in the Peyer's patches (Carter and Collins, 1974).
Gaines et al. (1968) have made similar observations in chimpanzees.
The Peyer's patches and their draining lymph nodes appear to be the
most severely infected intestinal tissues (Carter, 1975), although
Salmonella lodging in the caecum may give rise to systemic infecticn

(Ozawa et al., 1973).

1.4.2 Systemic spread from the intestine

Rapid proliferation of Salmonellae in the Peyer's patches is
followed by their appearance in the draining lymph nodes of the ileum
and caecum (Carter and Collins, 1974), where they continue to multiply
before entering the blood stream via the thoracic duct. As they
circulate, they are quickly trapped by the cells of thé reticulo-
endothelial system. Further multiplication in these cells results
in a de novo bacteraemia which can cause re-infection of the intestine
(Gaines et al., 1968), biliary infection (Edsall et al., 1960) or

infection of the upper respiratory tract (Carter et al., 1975).

1.5 Virulence Factors in Salmonellae

As in other organisms, several surface components such as the
Vi antigen or smooth LPS increase the virulence of this pathogen bty
hindering or preventing phagocytosis or complement mediated killing.
Further, the presence of pili or other appendages that enable the
organism to adhere to mucosal surfaces will promote colonization of

the intestinal tract and increase its virulence.
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1.6 Homeostatic Mechanisms of the Gut

The innate capacity of the gastrointestinal tract to eliminate
large numbers of pathogenic Salmonellae has been frequently demon-
strated (Knop and Rowley, 1975; Carter and Cecllins, 1974). Such

elimination is probably due to any or all of the following mechanisms.

1.6.1 Gastric acidity

Once bacteria have been swallowec they are subjected, in the
stomach and upper part of the duodenum, to the ac¢rion of gastric juice
with its high acidity. It has long been reccgnized that the low pH
of gastric secretions plays a major role in preveunting living bacteria
from reaching the intestine (Knop and Rowier, 1973; Arnold and Brody,
1962). The latter workers also showz¢ that a rich duodenal flora
could be induced in dogs if sufficient ai¥%ali =as administered prior
to oral feeding with organisms. An importaun: conciusion from such
investigations 1is that periods of starvation predispose an animal to
enteric infections (Knop and Rowley, 1975; Tanucck and Smith, 1972;
Tannock and Savage, 1974; Collins, 1972). Since starvation, even for
short periods, results in the rapid removal of watcr and food from
the stomach, via the pyloric sphincter, little zcid mediated killing

of ingested bacteria could be expected :. occur (Yossel, 1976).

1.6.2 1Intestinal motility

The rate of movement of intestinal contents must clearly affect
the chances of ingested bacteria to colonize the alimentary tract.
Indeed, complete inhibition of bowel motility abrogates the ability
of the small intestine to move its contents into the caecum. This

results in overgrowth in the small intestine of bacteria normally
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found only in the lower bowel (Donaldson, 1967). Further, the arrest
of peristalsis by dosing with atropine in mice (Knop and Rowley, 1975)
or with opiates in guinea pigs (Kent et al., 1966; Takeuchi, 1967)

markedly increases the susceptibility of the =zmall intestine to

invasion by Salmonellae. In addition, S. enteritidis and Shigellae

have been shown to multiply rapidly in the pharmacologically immobil-

ized small bowel (Miller and Bohnhoff, 1962; Formal et al., 1963).

1.6.3 Antibacterial mechanisms

Among the possible bactericidal substances present in the stomach
and intestiné, lysozyme may be of significance (Goldsworthy and
Florey, 1930). Apart from lysozyme, muc:uis itseli may provide an
efficient mechanical protective mechanism, 28 Flovoy (1933) found that
mucous formed a lace-like protective netwcrk over the miucosal surface.
Indeed, some enteric pathogens possess powerful micinases. A possible
role for specific slgA 1is that it forms & strongly hydrophilic coat
around the organisms and decreases the tikelihood of rheir adherence

to mucosal surfaces (Williams and Gibboms, 1%72).

1.6.4 ©Normal gut flora and enteric infection

A vast number of bacteria constitiicz the normal fiora of the gut
and these organisms play an important rele in maintaining the natural
resistance to enteric infections. Thus, erm-free mice are more
susceptible to typhoid than are mice with a conventional flora (Abrams
and Bishop, 1966; Collins and Carter, 1978; Tannock and Savage, 1974).

Indeed, the LD50 for S. enteritidis by oral challenge in normal mice

is about _5x106 organisms, but for germ-free mice only about 5

organisms constitute an LDgp.
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Also, mice show much greater susceptibility to oral infection
with Salmonellae following oral administration of antibiotics (Meynell
and Subbaiah, 1963; Collins, 1970). Freter (1955, 1956) used
streptomycin to remove the normal gut flora and thus made guinea pigs

susceptible to oral infection with Shigella flexneri and V. cholerae.

Their normal ‘ssusceptibility could be restored by feeding the animals
E. coli.

It therefore secis that the normal flora is required to maintain
the resistance of the gut and is able to reduce the chance of

invasion by Salmoneilae (1) by producing substances toxic for

Salmonellae, e.g., organic acids (Meynell, 1963; Bohnhoff et al.,
1964) or bac ericcins; (2) by stimulating bowel motility (Savage,
1972); (35) by dispcesessing the invaders of the niches in which, and
the cell suvcfaces to which, they can adhere so that their ability to
colonize is affected (Savage, 1969).

It therefore seems quite clear that the ultimate determinant of
Salmonella infecticn is the ability of the pathogen to grow in and
colonize the sma®l intescine.

The Dbarriers opsrscing against such intestinal infection in
normal anirmils are formidable. Consequently, the relatively high
levels c¢f enteric dissase apparent in many countries of the world

must refilect the degree of malnutrition and lack of hygiene and the

high bacterial antigenic load which exists in these areas.



CHAPTER 2

The Mucosal Immune System

The interface between the body and its environment may be divided
into two very different areas, the skin and Lhe mucosae. The former
is nearly impermeable to potential invaders from the outside; 1in
contrast, innumerable environmental agents gain access to the animal
host wvia the interface between the environment and the mucous
membranes of the gastrointestinal and respiratory tracts and, unlike
the skin, mucous membranes do not have the physical protection of a
keratin sheath,

The gastrointestinal tract, a single layer of epithelial cells
in direct contact with the external environment, must provide the
"first line of defense'" against penetration of a variety of poten-
tially noxious substances which reside in the intestinal lumen. These
intraluminal substances, such as microorganisms, dietary antigens,
toxins, enzymes, and intestinal breakdown products, may penetrate the
mucosal epithelial barrier under pathologic conditions and gain
access to the interstitial tissue space of the intestine or be taken
up into the systemic circulation. Penetration of the mucosal barrier
may, in turn, result in clinical disease manifested by infection,
allergy or autoimmune states.

In order to combat antigens which cross the mucosal barrier, the
animal host has created an elaborate system of defense mechanisms
within the intestinal -lumen and on the luminal mucosal surface which
act to control and maintain the epithelium as a barrier to the uptake
of macromolecular antigens.

In this chapter we will emphasize the immunological defenses of



2.2

the host in terms of the local immunologic system. We will outline
the structure and function of the gastrointestinal immune system and
discuss the nature and function of mucosal antibody. But, first, a
short acknowledgement of those who pioneered this field and whose

efforts have provided the foundations for our current knowledge and

direction.

2.1 Historical Perspective: The Demonstration of Mucosal Antibody

and its Nature

In 1927, Professor A. Besredka of the Pasteur Institute
published a monograph entitled '"Local Immunization'. Among the many
experiments repcrred, he discussed the protection of rabbits following
oral immunization when subsequently challenged i.v. with Shigell:x
bacilli. He also pioneered the concept of local immunity separate
from systemic immunity. However, as Tomasi (1969) observeg, even
Besredka's work was anticipated to a degree by the neurologict
Chvostek and by Shiga, both of whom carried out, in 1908-1909, very
similar protection experiments.

Although several workers, for example, Davies (1922), showed
certain antibodies to be present in various secretions, when none
could be detected in the serum, perhaps the first clear demonstration
of a possible role for local antibody was made by Burrows in the late
1940's (Burrows et al., 1947; Burrows and Havens, 1948). Again,
Burrows showed that copro antibody existed independently of serum
antibody. The role of local immunity in the respiratory tract was
subsequently pursued by Fazekas de St Groth and his colleagues in the
1950's (Fazekas de St Groth et al., 1951; Fazekas de St Groth, 1951).

Their studies on experimentally induced influenza virus infections
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in mice clearly showed the association of local antibody with the
mucosal cells of the respiratory tract and its stimulation by aerosol
deposition of antigen.

However, little atrention was, as yet, being given to the concept
of local immunity. Indeed, a full appreciation of the importance of
a local tissues .esistance could not have developed in the absence of
studies on the fundamental structure of antibodies. 1In this regard
the work of Heremans {1960), in which he described the IgA class of
antibodie: in the serum, proved of the greatest importance. Further
observations showed that IgA was the predominant immunoglobulin in
milk (Hanson, 1961), and it was also found to be the predominant
antibody in s-cretions bathing mucous surfaces (Tomasi and Zigelbaum,
1963; Cebra and Robbins, 1966; Heremans and Vaerman, 1971), although
it constituted only & minor fraction of the total serum immuno-
globulin.

Such observaticns led ultimately to the concept of a secretory
immune system, and immuncfluorescent techniques were subsequently used
to demonstrate the marked predominance of IgA producing cells locally
in secretory tissu=zs, first in parotid tissues .(Tomasi et al., 1965;
Gelzayd et ai., 1967; Rossen et al., 1967), and later in the tissues
of the resspiratory tract (Brandtzaeg et al., 1967; Rossen et al.,
1967) and gastrointestinal tract (Brandtzaeg et al., 1967; Jeffries
and Sleisenger, 1965; Crabbé and Heremans, 1966; Crabbé et al., 1965;
Rubin et al., 1965; Crabbé, 1967). In 1965, Tomasi et al. demon-
strated that the unique characteristics of IgA, which facilitated its
transfer through the epithelial barrier, were due to the presence of
a polypeptide which they called transport piece and now called

Secretory Component (SC). This secretory immunoglobulin (sIgA) was
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synthesized in the plasma cells of the local mucosa (Tomasi and
Bienenstock, 1968).

The sIgA molecule (Fig. 2.1) is grossly hydrophilic, unlike IgG,
and it appears that one of its major functions is to specifically coat
pathogens, allergens and other environmental ;ntigens, thus preventing
their association with epithelial cells and subsequent invasion of,

or insult to, the body of the host.

2.2 " The Histology and Ultrastructure of the Gastrointestinal Immur.e

System

The main function of the intestinal tract is the absorption of
nutrients. However, due to its continuity with the external environ-
ment, it is also required to exclude microorganisms, toxins and othet
deleterious envirounmental agents.

The intestinal surface is constituted of epithelial cells tightly
joined at their apices and covered by rigid, closely packed microvilli
forming a mechanical barrier to intestinal organisms (Owen, 1981).
It has been suggested that the mucosal immune system evolved as an
adjunct to this mechanical barrier and modulates and controls the
movement of molecules and particles through and from the lumen
(Waksman and Ozer, 1976).

Lymphoid tissue 1is organized along the intestinal tract into
structures which optimize the sampling of intestinal antigens (Owen
and Nemanie} 1978). Although discrete lymphoid nodules occur scattered
throughout the intestine, the most prominent of these lymphoid organs
are the tonsils, the Peyer's patches and the appendix.

During foetal development, gut associated lymphoid tissue (GALT)

is organized into follicles made up of macrophages and lymphocytes.



Figure 2.1

Development and carbohydrate location of the differeni immuno-
globulin classes. | Carbohydrate shown as solid balls, with the
exception of the hinge region of IgA and sIgA where, due to lack of
space, five points are drawn. The carbohydyate ¢f the SC has not been
localized precisely and is shown as a superficial line.

[From "Cell Adhesion and Motility" (eds. Curtis, A. S. G., and
Pitts, J. D.). The Third Symposium of the British Society for Cell

Biology, Cambridge University Press, 1980.]
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At birth, when these follicles are exposed to antigens, germinal
centres develop where replic;ting lymphocytes replenish migrating
cells which pass via the lymphatics to the circulation.

Owen and Nemanie (1978) state that the epithelium of all
follicles is modified to enhance the local upzake of luminal particles
and microorganisms. This consequent localized decrease in the
intestinal barrier 1is, in part, compensated by the containment of
particles and organisms by the macrophages, which, together with T
and B lymphocytes, populate the domes bcneath the follicle epithelium

and which participate in the initiation of the immune response.

2.3 Gut Lymphoid Tissue

2.3.1 Histology of Peyer's patches

The gastrointestinal tract 1is replete with itymphoid tissue
capable of mounting an immunologic response t<¢ prevent the penetration

of the epithelial barrier by antigens. Lymphocytes and macrophages

are present in abundance as aggregates iwn the Pever's patches of the
small intestine or as a diffuse populaticn of c¢eils in the lamina
propria of the small and large intestine, where ibhey co-exist with

immunoglobulin secreting plasma cells. The Peyer's patches which are
formed by groups of lymphoid follicles &re also distributed throughout
the ileum and appendix. Their distribution 1in humans increases
distally from a few follicles to more than %00 in the terminal ileum
(Cornes, 1965); there is a similar increase in bacterial concentration.
In mice or rats, patches of roughly uniform size occur throughout the
small intestine and usually consist of 3 to 9 follicles (Abe and Ito,
1977). 1In mice, Peyer's patches appear as white bulges on the serosal

surface. The active follicles form mounds, pushing aside the villi
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and projecting into the lumen (Fig. 2.2). In Balb/C mice, the
follicles are large and round with rapidly replicating lymphocytes.
Some mouse strains, such as C57, have smaller, flatter follicles with
a less active lymphceyte population.

Owen (1981) gives the following descrfbtion of Peyer's patches
in mice. The surface of the Peyer's patch follicle consists of
columnar cells, covered by closely knit microvilli and intervening
M cells whose surfuaces are r&ughened and irregular. The M cell
provides a reduced barrier to particles, and large molecules and the
membrane-1like atrenuation of M cell cytoplasm facilitates the approach
of wunderlying lymphocytes (mainly T-cells) and macrophages to the
intestinal lumen {Fig. 2.3).

Macroiclecules are transported by M cells from the lumen, by
vesicles, info che space between cells surrounding the migrating
lymphocytes {(Owen, 1977). Beneath the dome epithelium is an area
ﬁopulated largely by wmacrophages and lymphocytes (Waksman and Ozer,
1976) which seem to be ja constant transit in and out of the epithe-
lium and into the lympiiatics.

Beneath this traffic area lie the germinal centres consisting
largely of B cells and macrophages containing cellular and non-
cellular <¢bris (Owsn and Nemanie, 1978). Germinal centres lie deeper
in the patch tissues and these develop only when the surfaces of the

patches are exposed to luminal antigens (Owen, 1981).

2.3.2 Antigen uptake by GALT
Particulate antigens which enter Peyer's patches via the M cells
are degraded by macrophages; they then pass to the mesenteric nodes

via the lymphatics, or enter the portal circulation to be taken up



Figure 2.2

Diagram of Peyer's patches structure in the mouse. GC - germinal

centre; TDA — thynus-dependent area.

[From Parrott, D. M. V. (1976). The gut as a lymphoid organ.

~

Clin. Gastroenterclogy. 3{25, 211.]



intraepithelial

lomina proprio — g8/ 000~ 0 o

N

; — B cells

y/-//,_ — T cells

Ssst — T and B cells

0D



Figure 2.3

Darkly stained cytoplasm of a mouse M cell (M) stretched between
two microvillus—covered columnar cells (C) like a membrane separating
wandering lymphocytes (L) and a macrophage (Mac) from the lumen above.
Vesicles (arrows) are transporting exogenously administered horse-

radish peroxidase from lumen to enfolded lymphoid cells.

[From Report of the 81st Ross Conference on Pediatric Research,

published by Ross Laboratory, Columbus, Ohio, 1980.]






by Kupffer cells (Owen, 1977; Carter and Collins, 1974). Passage
through the specialized epithelium of lymphoid follicles, rather than
leakage into intracellular spaces, may determine whether a secretory
TgA response will result rather than an 1gG responsc.

Although normal antigen uptake from the lumen is concentrated
at areas above the lymphoid follicles, the effector areas of the
immune response are distributed throughout th'e intestine. Lympho-
cytes, after replication, distribute along the in:cstinal epithelium,
lodging between columnar cells and in the laminz propria (Ottaway and
Parrot, 1979). Some of these lymphocytes differentiate into plasma
cells beneath the basal lamina and others ampear tec migrate into the
intestinal lumen (McDermott et al., 1980). ::'j’l’?.j."-v»),

Macrophages are found both in organized muccsal lymphoid tissue
such as GALT and also in the lamina prepria (%ienenstock and Dolezel,
1971). Only very recently has the role of the wucosal macrophage
received attention (Lefevre et al., 1%79). Caragecnan in the diet
can cause mucosal wulceration and is found {in wmuccezl macrophages
(Abraham et al., 1974). The concentration of ecuvironmental noxious
agents 1in these cells is obviously of greac biclsgical importance.
It is possible that mucosal macrophages have a selective migration
pattern and traffic between mucosal tirf<ues. Further oxamination of
this aspect should help us understand how we balance our contact with
environmental agents.

In mice, the existence of T blasts in organized lymphoid tissue
may be of two types, one that is circulating and has a marked tendency
to home to the gut, and a second that does not home to the gut and
may be sessile (Guy-Grand et al., 1974). T lymphocytes, after

circulating, return to the lamina propria and the intra-epithelial
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cells of the intestine, may mature into mast cells in the intestinal
wall (Guy-Grand et al., 1978). Goblet cells have been considered
important in mucosal infection for many years (Ackert et al., 1939;
Wells, 1963). Miller and Nawa (1979a, b) have reporied goblet cell
hyperplasia following intestinal nematode infection in rats and shown
that this is a thymus-dependent phenomenon. Furthermore, the release
of mucous from goblet cells can be stimulared by immune complexes
(Walker et al., 1977) and by antigens given or-lly (Lake et al.,
1979). The possible 1importance of mucous secretion 1is further
suggested as it is promoted by the Igl¥-mediated intestinal anaphyl-
actic reaction (Lake et al.,'1980).

In response to certain antigens, polymorpnoauclear cells, i.e.,
mucosal mast cells, lymphocytes, macropheges and gobler cells, which
play a role in non-specific resistance mechénisms of mucosal immunity,
pass into the lumen via the tonsils, the intesiine and the appendix,
suggesting that a specific function is baing carried out and that such
migration is not just a means of elimina:ing seresceur cells (Bellamy
and Nielsen, 1974). These cells are sometimes :so numerous that they
appear as an exudate covering the surface of the Tumen. Owen (1981)
concludes that "Even though the lumen iias outside the body proper,
we must now revise our evaluation and recognise frhat it lies at

least within the sphere of influence c¢f the intestinal immune

system'.

2.4 Liver and the Secretory Immune System
Experiments in the rat have shown that sIgA is the major immuno-
globulin in bile and that ligation of the bile duct causes the prompt

and selective appearance of sIgA in serum (Lemaitre-Coelho et al.,
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1977, 1978a). Indeed, the liver actively transports circulating
polymeric IgA into the bile by a secretory component mediated
transport system (Jackson et al., 1978; Orlans et al., 1978; Mullock
et al., 1979; Birbeck et al., 1979; Fisher et al., 1979; Socken et
al., 1979). Further, 1IgA antibodies directed against antigens
introduced into the gut lumen or Peyer's patches appear in the bile
(Hall et al., 1979; Lemaitre-Coelho et al., 1978b). It therefore
seems likely that circulating IgA can be removed from serum and be
transferred as sIgA into the wupper gut wvia the bile. Thus, tle
surface of the intestine is coated not only with antibodies locally
synthesized and secreted, but also by those synthesized elsewhere and
secreted via bile into the intestine. The liver itself has been shown

to contain very few IgA-forming plasma cells (Brown et al., 1980).

2.5 Cellular Immunity

The existence of local cellular immunity associated with th=
mucosal surface has been recently recognized. Like humoral immunity,
it seems to function, at least partially, independently of systemic
cell-mediated immunity (Galindo and Myrvik, 1970). Most invest-
igations into local cell-mediated immunity have focussed on lung
tissue; Henney and Waldman (1970) have reported that splenic lympho-
cytes from animals immunized subcutaneously inhibited the migratiocn
of normal guinea pig macrophages in the presence of antigens, but
cells obtained from the bronchial washings of these animals exhibited
no inhibition of macrophage migration. On the other hand, the splenic
lymphocytes from animals immunized locally showed no inhibition of
macrophage migration, but bronchial lymphocytes strongly inhibited

macrophage migration in the presence of antigen. This study pecints
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to the existence of a respiratory tract (local) cell mediated immunity
which is stimulated to a greater extent by local immunization than
by parenteral immunization and may be independent of systemic cell
mediated immunity although the differences observed may be purely
qualitative. The independent existence of local cell-mediated

immunity in rthe respiratory tract against M. tuberculosis antigens

has been demonstrated in humans (Jurgenson et al., 1973). The work
of Yamamoto et al. ({i970) and Barclay et al. (1973) showed that this
local cell mediated immunity correlated with protection in vivo as

aerosol immunizetion gave protection against an M. tuberculosis

aerosol chzllernge, whereas parenteral immunization did not.

Although most investigations of local cell mediated immunity
have invcived lurg tissues, the studies reported by Miiller-Schoop and
Good (1975) indicate that lymphocytes committed to cell mediated
immunity were present in the Peyer's patches of the ileum and were
capable o¢i 7responding to antigens present within the intestinal
lumen.

It has also bzzn shown that some protein antigens immunize when
given parenterally nur tolerize when given orally, and this latter
effect is mediated by T cells (Richman et al., 1978). Such findings
suggest & divergence in systemic and local responses. Gowans and
Knight (196¢4) and Parrort and Fergusson (1974) have shown that the
gut mucosa=s are populated by T and B immunoblasts. All cells
entering the gut mucosae are in the form of these activated immuno-
blasts that pass from the mesenteric lymph node and proceed via the
thoracic duct to the circulation and then home to the gut (Fig. 2.4)
(Griscelli et al., 1969; Parrott et al., 1975; Hall et al., 1972;

Guy-Grand et al., 1974). These T lymphoblasts have been found



Figure 2.4

Scheme for the IgA cell cycle. Precursor cells in organized gut-
associated lymphoid tissue, such as Peyer's patches (PP), travel by
lymphatics to mesenteric lymph nodes (MN), where they divide and
differentiate. From the MN, cells proceed via the thoracic duct to
the blood, whence they preferentially lodge in mucous membranes,

principally in the intestine, to become IgA plasma cells.

[From Report of the 81lst Ross Conference on Pediatric Research,

published by Ross Laboratories, Columbus, Ohio, 1980.]
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selectively lodging between intra-epithelial cells and in the lamina
propria- (Guy-Grand et al., 1974), and some of them become mucosal mast
cells (Guy-Grand et al., 1978). While B blasts contain and secrete
antibody and differentiate into antibody-secreting plasma cells, T
blasts differentiate into cytotoxic killer cells, or revert to small
lymphocytes which exert effector funciions in cell-mediated immunity
by their effects upon other cell types including macrophages, momno-
cyte;, eosinophils, etc.

Oral immunization can lead to a sysitemic delayed hypersensitivity
reaction (Perrotto et al., 1974) or the gensration of cytotoxic T
lymphocytes -<in the Peyer's patches and extra-—intestinal sites
(Kagnoff, 1978). Nelson et al. (1976} al:s: have shown the cytotoxic
effector cell function in organized lywmpheid tissue ¢f the gut (GALT)
in guinea pig. Levin et al. (1976) studied :lhe sequence of develop-
ment of cell-mediated immunity in the Peyer's patches of rats after

local 1infection with Trichinella spiralis. Furthermore, it was

observed that the cell-mediated immunity in ths PVeyer's patches was
only transient.

In addition, administration of antigen to ire gzastrointestinal
tract or respiratory tract can lead to the appearance of cells capable
of releasing macrophage migration inhitition factor (¥MIF) (Frederick
and Bohl, 1976; Huntley et al., 1979; Heuney and Waldman, 1970; Nash
and Holle, 1973). Further mice fed oraily with Ealmqnellae developed
delayed type hypersensitivity (DTH) to Salmonella antigens which was
concomitant with the development of intestinal and serum antibodies

(Moser et al., 1980).
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2.6 The Chemical Structure of TIgA and sIgA and a Comparison with

Other Immunoglobulins

In 1963, Chodirker and Tomasi reported that IgA was the
predominant immunoglobulin in secretions. The majority of Iga
molecules in external secretions exist as dimers, composed of two 7s
IgA monomers, plus two other proteins, J chains (15,000 d) and a
secretory component (SC) of 70,000 d. This sIgA molecule is depicted
in Fig. 2.5, which shows the two IgA monomers, linked via disulphide
bridges between the heavy chains, plus two additional proteins. Tt
is mnot clear how the various peptide chains are linked together.
However, the:J chain is known to be the product of the plasma celis
which synthesize the IgA molecule and that it is added just before
secretion. It is also known that the J chain is attached to the
penultimate half-cystine of the a-chain (Mestecky et al., 1974) and
is shown in an internal location between the carboxyl terminal ends
of the two sets of chains.

In contrast to the J chain, the secretory component is not
synthesized by plasma cells but by mucosal epithelial cells of
exocrine glands. A secretory component is a single polypeptide chain
containing carbohydrate, approximately 9% (Tomasi and Bienenstock,
1968; Halpern and Koshland, 1970) which becomes covalently bonded te
a—-chain in the Fc region of 80% of sIgA molecules (Halpern and
Koshland, 1970). Strong non-covalent interactions also help to
stabilize the molecule (Tomasi and Bienenstock, 1968; Newcomb et al.,
1968). The secretory component is shown (Fig. 2.5) coiled about the
Fc ends of the two IgA monomers (Svehg and Bloth, 1970). The
molecular weight of sIgA is about 390,000 daltons and its sediment-

ation coefficient about 11s (Tomasi et al., 1965).



Figure 2.5

Schematic diagram of human secretory IgA showing the possible

arrangement of IgA monomers, secretory component, and J chain.

[From "Immunoc'r.emlis,try: An Advanced Textbook'" (eds. Glynn, L.

E., and Steward, M. W.). Wiley, 1977.]
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The secretory component is extremely rich in carbohydrate (22.8%)
according to Lindh (1975), and since the secretory component binding
requires protein-protein interaction with disulphide bridge formation
(Halpern and Koshland, 1970), this probably leads to a superficial
location of the carbohydrate moieties of the secretory component (SC}
creating a strongly hydrophilic molecule.

Differences among the various classes of immunoglobulins reside
in the primary structure of their heavy chains which are designated
vy (I1gG), o (IgA), u (IgM), & (IgD) and e (IgE), as shown diagrammatic-
ally in Fig. 2.1; two kappa or lambda light chains are found on a
certain percentage of the monomers of each class. Thus, anti-light
chain serum will croess react with all of these Ig species, but anti-
a serum will interact specifically with IgA, anti-y serum with Ig%5
and anti-py serum with IgM, etc. The gross chemical composition of
the different immunoglobulin classes shows the greatest differences
with respect to carbohydrate content; IgM, sIgA and IgE show concen-
trations of 11-15%, whereas IgG has only 3%, as shown in Table 2.1
(Heremans, 1974; Beale and Feinstein, 1976; Bennich and von Bahr-
Lindstrdm, 1974).

In IgM there are five carbohydrate moieties associated with each
¢ chain and most of these are located on the outside of the molecule.
Thus, sIgA and IgM could confer an hydrophilic character on particles
to which they bind. Further, since IgM can fix complement (C), it
also has the potential to produce an hydrophobic cecat due to the

bound, non-polar C3b component.

2.7 The Synthesis and Secretion of sIgA

sIgA is produced by plasma cells located in the lamina propria



Table 2.1

Prescn.e of carbohydrate in immunoglobulins.

Imnunogiobulin | Concentration | Location

Class ! (%) |

IgM i 12 i Surface (a)
inG i 3 ; Inside (a)

TgA i 7.5 | Mainly surface (a)
sTga ! 11-15 Surface (a)

|
IgE : 12 | Mainly surface (b)

{3) Beale and Feinstein (1976).

(b) Benniclt and von Bahr-Lindstrdm (1974).
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of the gastrointestinal tract (see IgA cell cycle, section 2.8)
(Tomasi and Bienenstock, 1968) as a dimer containing an additional
polypeptide J chain (Koshland, 1975) that has been shown to be
localized to those plasma cells, but the 5C is not; this is localized
i&f;ucosal epithelium, ié;gntracellular spaces of the mucosa and on
the surface of the epithelial cells lining the lumen of the secretory
glands (Brandtzaeg, 1974, 1978; Crago et al., 1978).

Biosynthetic, Thistologic and immunoflunrzestent studies by
several groups, notably Brandtzaeg (1¢74), Poger and Lamm (1974) and
Tourville et al. (1969), have differentjated btetween free and bound
SC and suggest the following sequence for the assembly of sIgA:

(1) The IgA dimer with the J chain is forwad ictracellularly in
plasma cells of the lamina propria and i: secreted into the intestinal
fluid via epithelial cells.

(2) Most of the dimeric IgA then moves tcwards the lumen through
the basement membranes and between the bLasement membranss, and through
the epithelial cells.

(3) The covalent and non-covalent 1intevaciion:s between these
dimeric IgA molecules and SC produced by muceszai ezithelial cells
occurs as the dimers pass between and through the epithelial cells.
This complex of sIgA 1is transported zzross the epittelial cell in
vesicles to be released at the apical surface inre the intestinal

lumen (Allen et al., 1973; Nagura et al., 1979},

2.8 The "IgA Cell Cycle"
In section 2.2 it was noted that the surface M cells of Peyer's
patches provide a reduced barrier to particulate antigens and macro-

molecules; this is also true of the follicles aggregated into the
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appendix and cecal patches.

Antigenic stimulation is initiated in these organized lymphoid
tissues with the production of Ilymphoblasts. These lymphoblasts
proceed «circuitously from the intestine via lymphatics to the
mesenteriz lymph nodes, and via the lymphatics to the thoracic duct,
and ther ‘'hoisz® to the gut-associated lymphoid tissues, including
the intestine (Gowans and Knight, 1964; Hall et al., 1972).

While studying the recirculation of lymphocytes, Gowans and
Knight (1954) observed that the large lymphocytes in the thoracic duct
lymph of rats behaved differently from the bulk of the small lympho-
cytes. The Tlarge cells would incorporate a pulse of H3—thymidine,
and instead =of ~ontinually recirculating to various peripheral
lymphoid ouvgans, they went to the gut in a particular anatomical
location; they went primarily and rapidly to the intestinal lymphoid
tissues, especially the lamina propria. Many developed into immuno-
élobulin secreting plasma cells (Hall et al., 1972). According to
the evidenze obtainad in many laboratories (Gowans and Knight, 1964;
Griscelli et al.. 196%; #all and Smith, 1970; Guy-Grand et al., 1974;
Parrott and Ferguson, 1974; McWilliams et al., 1975), it is now well
known that tlast cells derived from the mesenteric lymph node or
thoracic <uct have a predilection for the small intestine. These
workers have all studied the migration pathways of the cells obtained
from different lymphoid tissues by allowing these cells to incorporate
a radioactive label, injecting them intravenously and observing where
they went. The principal site of migration depends on the source of
the cells, When they are obtained from mesenteric lymph nodes or
thoracic duct lymph, they 'home' to gut-associated lymphoid tissue,

including mesenteric lymph nodes, Peyer's patches and lamina propria
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of the intestines. In contrast, cells from peripheral lymph nodes
tend to migrate to peripheral nodes.

Twenty-four hours after adoptive transfer these cells are
predominantly of the IgA isotype. To study the sources of precursors
of these IgA positive cells, Guy-Grand et al. (1974), Jones and Cebra
(1974), Jensenius and Williams (1974), and Williams and Gowans (1975)
have shown that the percentage of cells in the gut-associated lymphoid
tissue and thoracic duct lymph, which bear and ~cutain a chains, is
greater than in peripheral lymph nodes and lymph. The frequency of

blast cells is highest in Peyer's patches and lowest in thoracic duct

lymph. IgA *is the predominant surface immunoglobulin, especially
in the case of thoracic duct blasts, where it occcurs on about 85% of
those bearing immunoglobulin. Intraccellular IgA is infrequent iw

Peyer's patch blasts, whereas in mesenteric lyiph nodes, and even more
in thoracic duct blasts, it is relatively cemmeon. All blasts which
contain IgA have IgA on their surfaces, as chown by s double immuno-
fluorescent technique. Such blasts are found in mesenteric lymph
nodes and in thoracic duct lymph, but not in Peyer's patches. The
observations of Guy-Grand et al. (1974) in mice make it likely that
the 'homing' cells are precommitted tc¢ IgA oroduction, and the
Peyer's patch blast cells which lack :atracellular IgA, unlike the
mesenteric node blast cells and the thorecic duct lymph blast cells,
do not ‘'home'. The studies of Craig and t¢ebra (1971, 1975) and
Rudzik et al. (1975) in rabbits have shown that Peyer's patches and
appendix are fertile sources of the precursors of 1IgA plasma
cells.

It should perhaps be stressed that T as well as B blasts can

'home' to the gut-associated lymphoid tissues (Guy-Grand et al., 1974;
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McWilliams et al., 1975) and that there are likely to be multiple
mechanisms by which 'homing' can occur.

To summarize, evidence has been accumulating in the several
laboratories noted abiove suggesting that lymphoblasts in the thoracic
duct lymph include many cells already committed to IgA; these cells
have their crigins in the gut-associated lymphoid tissue, especially
the Peyer's patches, and have entered the thoracic duct via the
abdominal lymphaticz and mesenteric lymph nodes; from the thoracic
duct lymph they reach the lamina propria of the intestine via the
blood strz:am, and soon after they reach the intestine where they

mature int> IgA-secreting plasma cells. A scheme for the IgA cell

cycle is shewn in Fig. 2.6.

2.9 Route of Adsiinistration and Antibody Species

It now secms certrain that the oral route of administration of
antigens gives the hignest level of luminal sIgA. This was fore-
shadowed by the work of Crabbé et al. (1969). They used ferritin as
an antigen, adminiczersd subcutaneously or intraperitoneally into
germ-free adult mice. Plasma cells producing f.erritin antibody were
subsequently located in tymph nodes and spleen, but few were found
in the gvi lamina propria. The extra-intestinal plasma cells were
secretinz 1M after the .first stimulation and IgG after multiple
stimulatioun, The relatively few plasma cells found in the gut were
producing IgA. The circulating antibodies, after repeated immuniz-
ations, were essentially of the IgG class.

Alternatively, mice immunized orally had relatively large

numbers of plasma cells in the gut mucosa, less in the mesenteric

lymph nodes, and a few in the lymphoid tissues. Further, whatever
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their location, these cells all produced IgA and the circulating
antibody was found to be predominantly TIgA. Thus, this early
experiment highlights the role of the gut in IgA synthesis.

Later, Pievce and Gowans (1975), using cholera toxoid as antigen
in rats, found that the highest number of antitoxin-containing cells
was obtained in the lamina propria following intraperitoneal priming
and subsequent intraduodenal challenge.

Bloom and Rowley (1979a), using various immunization schedules
with V. crolerae in mice, found that they could obtain good primary
and secondary plaque forming cell (PFC) responses in the spleen
following diatravencus administration. However, the local response
for both TIgM and Igt clssses of antibody was negligible. 1Indeed, the
best local ve:ipomse was obtained by oral priming followed by intra-
venous boostiug.

Obviously, there are important factors associated with the nature
of the antigen which may be of crucial influence in determining the
magnitude of rhe local response. One such factor appears to be the
adherence of the antigen and its subsequent penetration into local
lymphoid tissue, including the Peyer's patches of the intestines
(Bloom and Rowlev, i979b), They also found that intravenous doses

of live V. choleras did not prime the gut lymphoid tissues but

stimulated a strong secondary response at this site. Also of

potential practical importance, V. cholerae antigens introduced

systemically must <cross the wvascular epithelium into the lamina
propria where they can provoke a secondary response; but they do not
appear capable of priming the local lymphocytes and this defect must
be presumed to lie in the method of presentation. The selective

intestinal binding of cholera exotoxin may explain its ability to
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prime the intestine after parenteral administration (Pierce and

Gowans, 1975).

2.10 The Physico-chemical Characteristics of sIgA

At least two physical characteristics of the sIgA molecule seem
admirably suited to its role as an antagonist of bacteria invading
mucosal surfaces: (1) 1t is ciearly relatively resistant to the
proteolytic enzymes that pervade the intestinal lumen and which would
destroy other immunoglobulin species (Wilson and Williams, 196¢:
Shuster, 1971; Horsfall et al., 1978). (2) As mentioned earlier, sIgh
has a high carbohydrate content, 11-15% (Heremans, 1974; Beale and
Feinstein, 1976). The location of carbohydrate in serum IgA is
similar tc that of IgG (Beale and Feinstein, 1976), but there are five
additional carbohydrate sites in the hinge region (Feinstein et al.,
1971; Beale and Feinstein, 1976). Moreover, the binding to dimeric
IgA of the secretory component, which is extremely rich in carbo-
hydrate (22.8%; Lindh, 1975), leads to superficial location of the
carbohydrate moieties of the secretory component, since the binding
requires protein-protein interaction with disulphide bridge formation.

In consequence, the molecule is intensely hydrophilic.

2.11 The Antibacterial Activity of sIgA

sIgA antibodies bind antigens efficiently and can neutralize
viruses and bacterial enterotoxins (Hanson and Brandtzaeg, 1980).
They agglutinate bacteria well, possibly aided by Fheiv 4-valencies.
These capacities probably explain the ability of sIgA to prevent
attachment of bacteria ¢to epithélial cells, which seems to be

important for «colonization by these mucosal infecting organisms
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(Williams and Gibbons, 1972; Fubara and Freter, 1973; Hanson et al.,
1978; Svenborg-Eden and Svennerholm, 1978).

However, whether IgA and sIgA antibodies can mediate any
secondary effector functions following the union of their combining

sites with antigen seems doubtful.

2.11.1 Virel neutralization
There is evicdecice that IgA antibodies have viral neutralizing
activity and that neutralization <can occur in the absence of

complement fixation (Hanson and Brandtzaeg, 1980).

2.,11.2 Compliement fixation

Native sIgh does not activate complement via the clgssical or
alternate patrhway (Adinolfi et al., 1966; Heremans et al., 1963;
Rawson and Abeiscn, 1964; Vaerman and Heremans, 1968), although
aggregated IzA does (Hanson and Brandtzaeg, 1980; Colten and
Bienenstock, 1874). However, in one series of experiments (Coltomn
and Bienenstock, 1J74), the combination of sIgA antibodies with
antigens on the suriara of red blood cells failed to activate the
alternative pathway. slgA antibodies have been reported to interact
with compiement and lysozyme together so as to bring about bacterio-
lysis (Adinclfi et al.. 1966; Hill and Porter, 1974). Further, Steele

et al. (1974) showed that IgA promoted negligible complement mediated

Vibriseieal activity.

2.11.3 Opsonization
Opsonization is a phenomenon that can be mediated directly by

the Fc portion of an antibody or indirectly via complement. In the
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case of IgA antibodies, the ability to opsonize is controversigl.

Although parotid secretions do promote the ingestion of streptococci
by leucocytes in vitro (Shklair et al., 1969), there is no good
evidence that this activity is due to the bacterial coating with

salivary IgA. From the study of Eddie et al. (1971), purified IgG

and IgA anti S. typhimurium anti 'O' antibodies were 1isolated from

rabbit intestinal fluid and colostrum and their specific activities
measured on a molar basis. Serum and exocrine [;G were essentially
identical in complement-dependent bactericidal opsonization, while
exocrine IgA had little or no activity in any of these assays. Steele
et al. (1974) observed a lack of opscaic activity with rabbit IgA
directed against V. cholerae. Indeed, ciudies in the mouse suggest
specific receptors on macrophages for the cytophilic attachment of
1gG, 1IgGy , IgGy and IgM, but not for Igi. These data would be
consistent with the lack of opsonization of IgA auntibody (Unanue et
al., 1971). Another possible biologicsa! funcrion ¢f the sIgA system
may be in limiting absorption and/or inactivating sntigen which are
inhaled or 1ingested. It has been demunstrated that deliberate
immunization of the intestinal tract can prevent the absorption of
foreign proteins and that antigen-antibody complexes are not absorbed
(Walker et al., 1972; Andx.ré et al., 1974},

It has also been demonstrated that sligA antibodies can prevent
bacteria from adhering to epithelial =cells (Willia}ms and Gibbons,
1972). Magnusson et al. (1979) have shown that binding of sIgA to
bacteria surfaces has hydrophilic (see 2.10) and anti-adhesive effect
which may serve to exclude antigen from mucosal surfaces.

That T lymphocytes have been demonstrated to bear Fc receptors

for IgA (Strober et al., 1978; Lum et al., 1979) would appear to be
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a significant development. Similarly, the existence of IgA receptors
on neutrophils is undoubtedly significant in the function of this cell
type (Van Epps and Williams, 1976; Van Epps et al., 1978).

Although the role for sIgA antibodies in resistance to viral
infections seems certain, 1its role in protecting against bacterial
infection is far less certain. It seems unlikely that the classical
defense mechanisms associated with IgG and IgM antibodies are
manifested by IgA or slIgA. Since IgA does not fix complement, ac
discussed above, and is also intensely hydrophilic, it can neithes
promote the serum bactericidal reaction nor phagocytosis.

However,' bacteria coated with sIgA may become sufficiently
hydrophilic to militate against their adherence to mucosal cells and
this, per se, presumably prevents colonization of the mucosal surface.
leading to some degree of protection of the host, although ultimate
protection is presumably manifested by cellular mechanisms
(Marneerushapisal and Rowley, 1981).

Although the role of IgA antibodies in the protection of the host
is in some doubt, the work reported in this thesis has aimed at
looking for a correlation between the IgA levels obtained in both
serum and intestinal secretions of mice, following oral priming with
various Salmonella strains and the level of protection afforded tc

a subsequent oral challenge with a smooth strain of S. typhimuriums,

the causative agent of mouse typhoid.
If such correlation can be shown to exist, the determination
of serum IgA levels may prove both a useful and rapid method for

estimating human resistance to various enteric infections.
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CHAPTER 3

The Enzyme-Linked Immunoabsorbent Assay ("ELISA"™)

3.1 Introduction

One reason for the exquisite sensitivity of assays which employ
enzyme, radio-isotope, fluorescent or chemiluminescent markers is that
they each measure the primary interaction between antigen and antibody
and are therefore quite independent of secondary reactions such as
agglutination or complement fixation.

In this chapter we will elaborate on the enzyme-linked immuno-
absorbent assay ("ELISA"). This system employs enzyme markers
conjugated either to antigens or antibcdias. YELISA" techniques
require antigens or antibodies to be i‘rked to an insoluble carrier
surface and these, in turn, are then int#racted with the appropriate
antibodies or antigens in the test system. The inscluble antigen-
antibody complexes are then detected a&:id estimated by means of an
enzyme-labelled antigen or antibody. Quantiiaticn is in terms of the
extinction value of some coloured degradaiion p:-oduct of a suitable
enzyme substrate.

Although enzyme/antibody conjugat=z: have ©een wused histo-
chemically to detect antigens 1in tissua sections {Avvameas, 1969),
the "ELISA" was developed independently by Engvall and Perlmann
(1971) and by Van Weemen and Schuurs (1971). “ELISA" techniques are
now widely used as an alternative or substitute for other immuno-
logically based assay as:

(1) The "ELISA" is simple and easy to perform.

(2) It can be adapted to simple field screening procedures.

(3) Many suitable enzymes are available and most are relatively
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inexpensive.

(4) The assays can be performed with very small amounts of
material in microtitration plastic plates manually or in automated
systems.

(5) The enzyme conjugates have a long shelf-life, often retaining
their activity for years.

(6) Health hazards during labelling and performing the test are
negligible.

(7) The assay is extremely sensitive and its class specificity
and applicability is similar to that of the radio-immunoassay
("RIA").

(8) 1ir overcomes the difficulties of measuring antibodies
associated with gastric juice (Horsfall and Rowley, 1979), as
interfering juice components are washed away and its high sensitivity
compensates or the unavoidable dilution when collecting juice
samples.

Thus, "ELIS&" becomes the method of choice for many assays
carried ocut in laloratcries with either sophisticated or limited
facilities.

Because of their cioce relationship, the advantages and disadvan-
tages of "EL1SA", "RIA" and "IF" (immunofluorescence test) are

compared in Tzble .1,

3.2 Methodology

The "ELISA" depends upon two important factors. Firstly, that
the antigen or antibody can be linked or adsorbed to the surface of
a solid carrier and retain activity; secondly, that an enzyme marker

can be coupled to an antibody or antigen with retention of both



Summary of advantages and disadvantages of ELISA and other indirect antiglobulin tests (RIA and IF).

Table 3.1

b
Reproduced from World Health Organization (1976).

Feasibility of performance
under field conditions

Relative cost per test
Shelf-life of reagents @

Health hazards farx
laboratory personnel @

Easy

Low

Long

None or minor

Nor easy

High

Short

Present

{ Criterion % ELISA 1 RIA IF =
l | 1 |
| Sensitivity | High | High Lower |
| i | |
| Specificity | Depends on Ag preparation | Depends on Ag preparation High |
! | | |
} Reproducibility } Acceptable | Acceptable Acceptable 1
| Reading | Objective Objective Subjective
l [
| Antigen preparation | Can be complicated | Can be complicated Easy

!

Intermediate

High

Long

None c¢r minor

a Should be regarded as critical factors.

b Bull. Wld Hlth Org., 54,

129.
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immunological and enzyme activity. In the next section, therefore,

the solid phase support and the choice of enzyme will be discussed.

3.2.1 Solid phase support

The solid phase can be beads, tubes, or plates. Leininger et
al. (1965} ound that most proteins could adsorb to a plastic polymer
surface., FPolystyrene forms a suitable surface; indeed, this was first
used by Cstt and Tvegear (1967) as the solid phase support 'coated
tube' in a radio-immunoassay of human placental lactogen and human
growth hormone. Engvail and Perlmann (1971, 1972) also used such
"coated tuires' in their studies, as did many other workers.

Polyscyr=one. i+ the form of microplares, was first used in the
"ELISA" ty Voller er al. (1974). They are suitable for use on a large
scale because they are cheap, simple to use and small quantities of
reagents can be emplovyed. There are many other polymers that have
been used 23 well as polystyrene, such as polyvinyl (Herrmann and
Collins, 1976: Zoilinger et al., 1976; Frankel and Gerhard, 1979),
polyallomer f{a <co-goiywar of ethylene and propylene), cellulose
nitrate (Herrmann anii Collins, 1976), nylon (thtonen and Viljanen,
1980), and polypropvylene {(Catt and Tregear, 1967).

Herr=asnn and (olline (1976) stated that polystyrene, polyvinyl
and polvallomer were able to adsorb protein (IgG) to approximately
the same degree (about 79% to 97% adsorbed protein of 1 pg/ml protein
after 18 hours incubation). However, cellulose nitrate adsorbed IgG
poorly.

Moreover, glycoprotein, such as carcino-embyronic antigen
(Hammarstrdm et al., 1975), bacterial lipopolysaccharide (Carlsson

et al., 1972, 1975, 1976), V. cholera enterotoxin (Holmgren and



Table 3.2

The binding of chicken anti-bovine serum albtumin

to cuvette surfaces.

| Protein concp in | Procein surface concp @

Support coupling solution | Mean f b
> 7 SlD
(ug/ml) TN O
Polystyrene € | 100 66 I 15
|
100 153 | 20
E
\
i !
Nylon I 10 % 150 1{ 11
100 | 2190 I 5.2
| ’. T
a Five parallel determinations.
b Standard deviationm.

[of

Two batches of cuvettes.
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Svennerholm, 1973), polysaccharides (Branefors-Helander and Dahlberg,
1975) and nucleic acids (Pesce et al., 1974) all bind to the plastic
surfaces. Thus, virtually all varieties of antigens can bind to the
plastic surfaces, as do immunoglobulins which bind strongly (Engvall
and Perlmann, 1971).

Antigens and antibodies are adsorbed to plastic polymer surfaces
by weak, mainly physical forces (Van Oss and Singer, 1966). At
present, it 1is not known what part of these molecules is prefer-
entially bound to the surfaces but the binding is almost certainiy
due to hydrophobic interactions. The extent of such binding will
clearly depend on the orientation of the molecules in the solution.

Consequently, the resultant surface coating will depend upon the
size of +rhe tubes, the volume, concentration, and the pH of the
coating solution, and the time and temperature of coating (Engvall
et al., 1971; Engvall and Perlmann, 1972; Carlsson et al., 1972;
Herrmann and Collins, 1976).

Another factor that should be borne in mind is that coating of
the solid surface seems to depend on the quality and the type of
plastic surfaces. Even in the same plastic product different batches
may give different binding of antigens or antibodies.

Although it would appear from the work of Herrmann and Collin~
(1976) that polystyrene, polyvinyl and polyallomer gave approximately
the same degree of adsorption of wvarious proteins, the work of
Lehtonen and Viljanen (1980) shows that considerable variation in
adsorption can occur depending upon the support used. Further, they
showed that different batches of polystyrene gave different surface
binding concentrations for chicken anti-bovine serum albumin, as

shown in Table 3.2.
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Although the enzyme immunoassay systems are facilitated by the
fact that plastic plates normally provide an adequate support surface,
little is known about the forces involved in this passive binding and
consequently no perfect system has, as yet, been produced. Thus,
desorption or 'leakage" from the surface may occur (Engvall et al.,
1971). This will obviously lower the precision and affect the
sensitivity of the assays to some extent. Such criticism, of course,

applies to any solid-phase immunoassay system.

3.2.2 Choice of enzymes and conjugation

The sensitivity of the enzyme immunoassay in general depends on
the preparation of enzyme-antigen or enzyme-antibody conjugates.
As mentioned in section 3.2.1, the enzymes used in these immunoassays
must, when attached to antibody or antigen, form a complex which
retains both enzymic and immunological activity. In addition, the
enzyme should be stable and be commercially available in a purified
form, have a high turnover number, and the hydrolysed substrate
product should have a high molar extinction coefficient that can be
measured by a simple spectrophotometric technique.

The most commonly used enzymes are alkaline phosphatase (from
calf intestine) and horseradish peroxidase (Engvall, 1977). Th:
determination using alkaline phosphatase 1is a very simple aud
sensitive assay; its substrate is stable and is hydrolysed to give
a stable coloured product, which can be measured by spectrophotometric
or visual reading. The peroxidase system is cheaper; however, it is
a multistep redox reaction and the substrate (HpOj) is relatively
unstable. Several other enzymes have been used, such as glucose

oxidase (Masseyeff et al., 1973; Maiolini and Masseyeff, 1975),
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B - D-galactosidase (Kato et al., 1975; Lauer and Erlanger, 1974),
lactate dehydrogenase (Casu and Avrameas, 1969) and lactoperoxidase
(Pesce et al., 1976).

Any of these enzymes can be coupled to antigens or antibodies
by a variety of cross-linking agents. The cross-linking agent reacts
via 1its active groups with the functional groups present in the
enzymes and immunoglobulins or protein antigens, so such cross-linking
must occur through a hifunctional reagent; glutaraldehyde is the most
commonly ecmployed coupling agent. Some advantages are that it reacts
rapidly and irreversibly in aqueous solution and that it 1is stable
over a widz range of pH conditions.

Avrameas (1969} has coupled enzymes to antibodies and to antigens
with glutaraldehyde for the sensitive detection of either antigens
or antibedies in cell preparations. The amplifying mechanism for
detection occurs via the enzymic activity. The conjugates were found
to retain wmove of their enzymatic and immunological activities when
cross—linked with g¢luraraldehyde than with other ©bifunctional
reagents. Glutaraldehyde coupling can be performed as a single-step
reaction where antigers or antibodies are mixed with enzyme and
glutaraldehyde te bz reacted at the same time (Avrameas and Ternynek,
1971). F.wever, a two-step reaction in which the enzyme or antigens
or antibodi=s are reactad with excess glutaraldehyde followed by
reaction with the other component after the removal of excess
glutaraldehyde (Avrameas, 1969; Avrameas et al., 1978; Avrameas and
Ternynck, 1971) is a clear advantage if one component of the conjugate
system is relatively sensitive to gluraraldehyde.

In the case of enzyme-antibody conjugates, little or no free

antibody was found to be present after glutaraldehyde coupling
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(Avrameas, 1969; Boorsma and Streefkerk, 1976; Pesce et al., 1976).
The enzymic activity after coupling was about 60-70% of the initial
activity (Boorsma and Streefkerk, 1976). However, Engvall's group
have shown that alkaline phosphatase conjugates prepared with the
single-step glutaraldehyde procedure were quite adequate. This
method for the preparation of conjugates was used exclusively in the

work reported in this thesis and was found to be most satisfactory.



CHAPTER 4

Materials and Methods

4.1 Bacterial Strains
4,1.1 Description of strains

These are summarized in Table 4.1.

4.1,2 Strain. maintenance

All these strains were from the stocks of this department and
were stored as lyophylized cultures at 4°,

The two ‘hybrid strains, F885 and Fi142, were originally received
from Dr G. Schmidt of the Max Planck Institure, Freiburg, Federal
Republic of Germany.

For routine use, all lyophylized culrures were grown on nutrient
agar plates, and a single colony was transfcrred and kept in semi-

solid agar stock bottles for 2-3 weeks at A

4.1.3 Strain propagation

Cultures were transferred from semi-solid agar stock bottles to
nutrient broth at 37° for 18 hours. Thess cultures were diluted 1:10
with fresh nutrient broth media and iazubared as a chaking culture
for 3 hours. The ultimate number of bzcteria in such cultures was
about 2x109/ml.

In some cases where such concentrations were adequate, bacterial
cultures were used without further processing or suitably diluted.
Where higher concentrations were required, the cultures were sedi-

mented by centrifugation and the bacterial pellets were resuspended

to the required concentration.
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Table 4.1

Bacterial strains. ©
| Strains Serotype
O-antigen | H-antigen(s)
| s. typhimurium 885" 8 | i
E. coli F1142 ° 4,5,12 | NM
lS. bonariensis 6,8 % ize
S. salford 16 ! isvig,n,x
| s. stanley 1,%4,5,12 | d:1,2
I S. strasbourg | 9,46 ! d:1,7
I S. kirkee 17 1 b:l,
S. enteritidis 11RX © | 1,9,12 ! g,m
S. budapest 1.4,12 g.t
S. typhimurium M206 S 1,4,5,12 ! i:1,2
S. fridenau I 13,22 ! d:1,6
S. chester 4,5,12 i e,hie,n,x
S. derby i 1,4,5,12 i £
} S. humber : 53 : zd
;| |
S. typhimurium C5 | 1,4,5,12 | i:1,2
I | l
Hybrid strains: SF1591 x E. coli Hfx459, Spacific

trary and does not necessarily reflect

Hybrid strains: S.
1972).

Ushiba et al. (1959).
Rowley and Whitby (1959).

NM = non-motile.

These serotypes were kindly rechecked

typhimurium Hfr K9

and Veterimary Science, Adelaide.

Kauffman (1966).

serotype.

name is arbi-

% BE. coli F492 his (Schmidt,

by the Institute of Medical
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4.1.4 Media

Nutrient broth, 16 grams per litre of Difco nutrient broth
(Detroit, Michigan) with the addition of 0.5% NaCl.

Semi-solid agar, 0.7% of nutrient agar (Difco, Detroit, Michigan)
in nutrient broth.

Nutrient agar plate (Difco, Detroit, Michigan).

4.2 Mice

Specific-pathogen-free LAC strain mice (Medical Research Counci:
Laboratory Animals Centre, Carshalton, Surrey, England) bred as a
closed coleny were used in this study.

Mice were used when 6-8 weeks of age.

4.3 LDg, Determination

The lethal dose of organisms is expressed as an LD5g value which
is calculated using the formulae described by Reed and Muench (1938).
Doses are usually graded by 1 log10 and each dose level is given

orally to 5-10 mice. The LDgg of S. typhimurium C5 when given orally

is 6,8x104 organisms.

4.4 Tmmunization

4.4.1 Oral immunization and oral infection

Following feeding with 0.2 ml of a 50% sodium bicarbonate in
saline, mice were orally immunized with the required dose of
organisms, 0.2 ml of suspension. At this strength of sodium bicarb-
onate, the stomach acid was neutralized (Horsfall, 1977). The oral
dose was administered to the mice by means of a syringe and blunt-

tipped hypodermic needle (19 g).
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4.5 Collection and Storage of Serum

Blood was obtained from the retro-orbital plexus of mice. The
blood was allowed to clot at room temperature for 1-2 hours and the
sera were separated after 15 minutes at 37°. The sera were dispensed
in small aliquots and then stored at -20° without adding any preserv-

ative.

4.6 Collection and Storage of Intestinal Fluid Wasiiings

Mice were killed by cervical dislocation and the iatestines, from
pylorus to the ileo-caecal junction, were immediately removed and
their exterior surface rinsed thoroughly in two ice-cold saline baths,
The intestines were flushed with 1 ml of ics-celd saline from the
distal end. The saline was introduced by wmeans of a syringe and
blunt-end hypodermic needle (19 g) and its passage facilitated by
gentle massage with the fingers. The washings from a group of
immunized mice (20-25 mice) and non-immunized mice were collected in
the 50 ml plastic centrifuge tubes on ice, aud then homogenized
(Ultraturrax, Jake and Kunkel KG, West Cerwmany! and clarified by
centrifugation (Sorval, 12,000 x g, 15 minutes, ho)e The supernatant

. . . . YO .
was then dispensed into 2 ml aliquots and stored at -20 . No tryptic

inhibitor was used.

4.7 Recovery and Enumeration of Bacteria from the Peyer's Patches

At specified times, groups containing 5-6 mice were killed by
cervical dislocation. The small intestines were removed, separated
and freed from the surrounding mesentery. Ten ml of saline was passed
through each intestine to get rid of the intestinal contents and

then rinsed with saline. The Peyer's patches from each intestine
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were then excised and placed in the 2 ml ice-cold saline. The
Peyer's patches from each intestine were homogenized with the Ultra-
turrax homogenizer (Janke and Kunkel, West Germany). Each sample of
homogenized patches was plated out on nutrient agar (Difco) and
incubated for 18 hours at 37°. The recovered colonies were counted,
and the number of organisms recovered from the homogenized patches

from each mouse was recorded and the group average obtained.

4.8 Protein Estimation

4.8.1 Extinction coefficients

Protein ‘estimations of mouse immuvoglobulin fractions were made
using a Hitachi double-beam spectrophctomecer. The extinction

coefficients used were those described for rabbit immunoglobulins

1%

by Eddie et al. (1971), viz., E280 om

of 13.6 for IgG, 13.5 for IgA

and 12.8 for IgM.

4.8.2 Quantitative Folin assay

For complex mixtures of proteins such as Liological fluids and
antigenic extracts, the sensitive Lowry aodificaiicn of the Folin-
Ciocalteu reaction was used (Lowry et ai., 1951). This was performed
as outlined in Williams and Chase (?268), Scandard dilutions of

bovine serum albumin were routinely included.

4.9 Determination of Protein Purity
4.9.1 Double radial immunodiffusion (Quchterlony)
The method used in this thesis was based on that of Ouchterlony

and Nilsson (1973).
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4.9.2 Radio-immunoprecipitation (RIP)

In addition, to provide a quantitative measure of anti- y€otype
activity, we used precipitation by 1125 labelled antigen as fﬁis is
far more sensitive than the immunodiffusion method. The method used
in this study was adopted from Leonore A. Herzenberg and Herzenberg
(1973).

Briefly, 50 ul of labelled 1gG|,IgG2a, IgG2b, IgM or IgA in 3%
BSA-tris (i.e., 0.72> ¥ tris buffer, final pH 7.6, containing 3%
bovine serum albumin [BSA]), diluted to contain approximately
2x105 cpm;/50 pl, was placed in a 6x50 mm culture tube. To this was
added, wicl rapid mixing, 50 ul of the rabbit anti-mouse Fab antiserum

o the goat santi-mouse a-chain antiserum serially diluted in S-dil
(i.e., 9 parts of 3% BSA plus 1 part normal rabbit serum). Before
incubation, 50 ul of 5-dil was added to every tube, including the

control (50 wul »of BSA-dil, 50 pl of S—-dil and 50 ul of labelled

ig(s)). Tha rtubss were incubated at 37° for 3 hours and followed by

w
4° overnight, then cenirifuged in the cold at 10,000 g for 10 minutes;
110 pl of the superuatant was carefully removed and placed in a
disposable counting cube- Samples were counted in a gamma counter.

4.10 Preparation and Purification of Antisera for Enzyme Conjugates
4.19.!) Rabbit anti-mouse Fab antiserum
This antiserum was kindly donated by Dr P. L. Ey of this
department. It was prepared by immunizing rabbits with mouse
(Fab')2 fragments of whole mouse IgG sub-classes. The resulting
hyperimmune serum was purified by passing through a (Fab')2 sepharose
4B affinity column. Fig. 4.1 shows an Ouchterlony double immuno-

diffusion gel of the rabbit anti-mouse Fab antiserum against mouse



Figure 4.1

Immunodiffusion reaction (Ouchterlony) of the rabbii =uti-mouse
Fab antiserum and mouse immunoglobulin classes.

1 Rabbit anti-mcuse Fab zntiserum.

I

2 = IgGl-

2 3
O O 3 = IgG2a.
7O O‘ O* 4 = IgGob.

5 = IgA.
; GO Os 6 = IgM.

7 = Normal mousc sarum.
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immunoglobulin sub-classes. Further, the mouse anti-allotype antibody
of the rabbit anti-mouse Fab was determined by radio-immunoprecipit-—

ation (RIP) using 1125 -1gG1, 1125 ~-1gG2a, 1125 -IgG2b, 1125 -IgM, and

1125 -IgA from the mouse. This rabbit anti-mouse Fab antiserum showed

degrees of precipitation with all classes of mouse immunoglobulins.

4.10.2 Goat anti-mouse a-chain antiserum

This was obtained by further purification of a goat anti-mouse
sIgA prepared originally by Dr D. J. Horsfall (1977) and kindly
donated for this work.

This antiserum was passed down the sepharose 4B columns, to which
were coupled mouse immunoglobulin sub-classes, IgGl, IgG2a, IgG2b and
IgM, respectively. These were originally prepared by Dr P. L. Ey.

The purified goat anti-mouse o-chain was obtained at a concen-
tration of 1.3 mg/ml. Examination of this preparation by Ouchterlony
showed only a single precipitation band directed against mouse IgA
(Fig. 4.2). Further RIP technique using 1125 ~labelled mouse IgGl,
IgG2a, 7IgG2b, IgM and IgA with this antiserum showed degrees of

precipitation only with 1125—IgA.

4.11 Method of Coupling Antibodies to Enzyme

The technique described by Engvall and Perlmann (1972) was
employed with some modification of the method of Avrameas (1969).
The enzyme used was alkaline phosphatase Sigma Type VII-S. Alkaline
phosphatase containing 1.5 mg protein was added to purified goat
anti-mouse a-chain containing 0.5 mg protein and mixed well. The
volume of the mixture was about 2.5 ml. Then the protein mixture

was subjected to dialysis against 2 L of PBS buffer containing



Figure 4.2

Immunodiffusion reaction (Ouchterlony) of the goat anti-mouse

a—-chain antiserum and mouse immunoglobulin classes.

1 = Goat anti-mouse a-chain antiserum.
' 2 = IegGl.
O ‘O g

3 = IgG2a.

7O O ; O4 4 = 1gG2b.
5 = IgA.

‘O O°
O 6 = IgM.

7 = Normal mouse serum.



Mg++ and Zn' " (PBS—Mg++—Zn++) overnight in the cold, with two changes

of buffer. After dialysis the dialysing bag was rinsed with 1 ml
saline. Five per cent. glutaraldehyde freshly prepared in phosphate
buffer pH 7.4 was addzd to the dialysed protein mixture solution while
it was stirred to give 0.2% final concentration of glutaraldehyde.
The coupling renction was allowed to proceed for 2 hours at room temp-
erature. After coupling 0.1 ml of 1 M lysine pH 7.0 was added to and
it was dialysed sgain against 2 L of PBS—Mg++—Zn++buffer overnight
in the coid, with two changes of buffer. It was centrifuged at 20,000
rpm for 30 minutes in an L-8 Beckman using a 60 Ti rotor. The
conjugate iu the supermatant was separated snd 0.1 volume of 20 mg/ml
BSA was addead, tfter dilution to 10 ml with enzyme diluent, 10 ml
of glycerct was sdded. The conjugate preparation was then dispensed
into 1 ml aliqucis and sfored at 4°. An analogous procedure was used

to coupling alkaline phosphatase to rabbit anti-mouse Fab antiserum.

4,12 Determinzticn cof the Conjugates Activities

After couplirg ihe nonjugates were tested for their activities
by using the direct ELISA method. It was done as follows:

(1) Mousze immunoglobulin (mouse IgGl for the rabbit anti-mouse
conjugate, wmouse IgA for the goat anti-mouse a-chain-alkaline phospha-
tase conjugate) was uscd to coat the polystyrene microtitre plates
(5 pg/ml, 200 yl). The plates were incubated for 3 hours at 370, then
washed 3 times with PBS-Tw.

(2) The serial dilutions of the conjugates diluted in eﬂzyme—
diluent (200 ul) were added to the wells (each determination was in

duplicate). The plates were incubated at 25° for 18 hours. The

plates were washed before adding the enzyme substrate.



Fig. 4.3 shows the activities of the rabbit anti-mouse Fab-
alkaline phosphatase conjugate and the goat anti-mouse a-chain-

alkaline phosphatase conjugate.

4.13 Preparations of Antigens

4.13.1 Lipopolysaccharides (LPS)

The lipopolysaccharides of the Salmonella strains used in this
thesis were extracted by the phenol-water methed originally described
by Westphal et al. (1952).

After the extraction the lipopolysaccharide containing some
protein was ‘dissolved in distilled water containing magnesium ions
and then treated with RNAase and DNAacs:. The <leaned lipopoly-
saccharide was then washed and pelleted by ultra-cencrifugation. The
pellet was resuspended in distilled water &nd preserved with 0.02%
sodium azide and stored at 4°.

Protein contamination was determiucd by Folin-Ciocalteu assay.

All prepared lipopolysaccharides contaired less thun 0.5% protein.

4.13.2 Outer membrane protein

The outer membrane protein of S. typhimurium C5 was prepared
following the method of Schnaitman (1374). Briefly, the bacterial
cells were broken and the envelope fraction obtained, after treatment
with RNAase, DNAase and lysozyme, by centrifugation at 78,000xg
for 60 minutes. The envelope fraction was then extracted twice with
2% Triton X-100 in 10 mM HEPES buffer at pH 7.4. The pellet obtained
by centrifugation at 78,000xg for 60 minutes was further treated with
lysozyme, and after further centrifugation the pellet was extracted

twice with 2% Triton X-100 in HEPES buffer (pH 7.4) containing 5 mM



Figure 4.3

The activities of conjugates.

The rabbit anti-mouse Fab-alkaline phosphatase conjugate (@=——®)
was tested against mcuse IgGl (MOPC-21) coated plates, and the goat
aiti-mouse a-chain-alkaline phosphatase conjugate (Q+-Q) was tested

against mouse IgA (S107) cnated plates,
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EDTA. The supernatants from these extractions were pooled, mixed
with twice their volume of ice-cold ethanol and allowed to stand
overnight in the cold. The precipitated outer-membrane protein was

obtained by centrifugation at 20,000xg.

4.14 Coupling of LPS to Methylated Bovine Se:um Albumin

The method of Vos et al. (1979) was used. Methylated bovine
serum albumin (Sigma) 0.05 ml, at a concentraliocn of 10 mg/ml in
distilled water, was added to 0.5 mg [F5 contained in 1 ml of sodium
carbonate buffer (0.1 M, pH 9.6) with continual stirring and the
mixture was left to stand at 25° for 20 wminutes.

To coat the polystyrene plates, 200 yl 5 methylated BSA-LPS
complex, at 5 pg/ml in sodium carborate buffer, was added to each
well. The plate was then incubated at 37° for 3 hours in a humid

chamber and finally left at 4° overnight kefore use.

4.15 Radio-iodination

The chloramine-T method used in this ctudy wsas modified from
that of Greenwood, Hunter and Glover (1963). A 0.5-1.0 mCi (5-10
ul) aliquot of Na 1251 solution was dispensed into a polystyrene tube
and 10 ul of 0.25 M phosphate buffer, ;:3 7.5, was added to buffer the
iodide solution. The following were added in rapid succession while
continuously agitating the reaction mixture with a small glass-covered
magnetic stirrer: (a) 10 pl (2-5 ug) of protein solution, (b) 10
ul (50 ug) of chloramine-T solution, (c) 100 pl (120 pg) of sodium
metabisulphite solution. The volume of the solution was made up to

1.0 ml with KI solution. The free iodide was separated by chromato-

graphy on sephadex G-25.
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4.16 Solid-phase Radio-immunoassay

This procedure was modified from the method described by Horsfall
and Rowley (1979). The Salmonella LPS complexed with methylated-BSA
was used as an antigen f{or coating the polystyrene plate. After
wa;hing tke plate with PBS-Tw, 200 ul of serial two-fold dilutions
of mouse anti-Saimonella serum was added to the sensitized plate.
After 6 hours incubation at 25° and washing, the 1125 —-anti-mouse
immunoglobulin (500C <pm) was added. After washing with PBS-Tw the
radioactivity was iweasured by a Packard Auto-gamma counter. The end-

point titre was the reciprocal of the highest Ab dilution which bound

more than 500 cpm (10% binding limit).

4.17 Microritre Flates
The polystyrene microtitre plates '"Cook Microtitre System' M24A
(Sterilin Product, U.K.) were used as the solid phase support in the

ELISA.

4.18 Enzyme-linked Immuncsorbent Assay (ELISA)
4.18.1 FElisa soiutiocus

1 Osatring bufier: 0.1 M sodium carbonate buffer pH 9.6
and 0.03%% sodium azide.

2 Washing buffer (PBS-Tw): PBS containing 0.05% Tween 20
and 0.02% sodium azide.

3 Sample diluting buffer (PBS-BSA-Tw): PBS containing 2%
BSA, 0.05% Tween 20 and 0.02% sodium azide.

4 Enzyme diluent (for diluting the conjugates):
8 gm NaCl in 800 ml water.

50 ml 0.25 M triethanolamine, pH 7.6%.
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o nfs
WA

10 ml 100xMg/Zn .
10 ml 20 mg/ml BSA.
10 ml 10% sodium azide.
Distilled water to 1000 ml,
*37.5 gtriethanolamine neutralized with 2.5 M HCL to pH 7.6.

*% 100 mM MgC12/0.25 mM ZnClz.
5 Substrate diluent: 10% diethanolamine buffer containing
1 mM MgCl,.

4.18.2 ELISA methods (Voller et al., 1976)

The ”Indi}ect ELISA" method was mainly used iw this thesis for
detecting antibodies in serum and intestina! £luid washings. The
steps of the assay are described in detail halow.

(1) Round bottomed polystyrene microtitre viares were coated with
a Salmonella LPS complex with methylated BSA (200 pl of 5 ug/ml) and
iﬁcubated for 3 hours at 370, followed by 18 hours at 4°. The plates
were then washed 3 times with PBS~Tw.

(2) Serum or intestinal £luid samples weve serially diluted,
2-fold, in PBS-BSA-Tw, and 200 pul were added to the cocresponding test
sample wells and to their corresponding caontrol wells. The plates
were incubated at 25° for 6 hours, and after the incubation the plates
were washed 3 times with PBS-Tw.

(3) The enzyme-anti-immunoglobulin conijugates were added (200
pl of a given working dilution) to the wells and incubated for 18

hours at 25°. In this study the rabbit anti-mouse Fab-alkaline

phosphatase conjugate 1:500 was used in order to assess total anti-
bodies in serum samples, and the goat anti-mouse a-chain-alkaline

phosphatase conjugate 1:1000 was used in order to assess IgA antibodies
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in serum samples and intestinal fluid washing samples. The conjugates
were added only to the test sample wells and not to the sample
controls.

(4) After overnight incubation the plates were washed 3. times,
and then the enzyme activity was measured va adding p-nitrophenyl
phosphate (200 ul of 1 mg/ml) to every well. All were then incubated
at 37° for 180 minutes prior to spectrophotometric analysis at 405
nm (Titertek Multiskas" MC).

(5) Substrate and conjugate controls were carried out in addition
to sample controls.

Sample control = LPS coated plate + test sample dilutions +

subst rate.

Conjugete control = LPS coated plate + conjugate + substrate.

Substratas control = LPS coated plate + substrate (= blank).

These controls were carried out wunder the same conditions as the

samples.

Sandwich Assay

This technique was wused for titrating the standard immuno-
globulins fecr the stsndard curves in this study. The details of the
technique was described in Chapter 5. It is mentioned briefly as
follows.

(1) The microtitre plates were coated with pure antibody (200
ul, 5 ug/ml) and incubated at 37° for 3 hours. The plates were washed
3 times with PBS-Tw.

(2) The samples containing antigen specific for coated antibody
were serially diluted out in 2-fold dilution with PBS-BSA-Tw, and 200

pl of these dilutions were added to their corresponding wells. The
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plates were incubated at 25° for 6 hours. After incubation the plates
were again washed 3 times with PBS-Tw (it was carried out in
duplicate).

(3) The enzyme-antibody (specific for test antigen) conjugate
was added to the wells and the plates were incubated for 18 hours

o 5.
at 25 . The plates were washed before addinyg the enzyme substrate.
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CHAPTER 5
The Indirect ELISA for Detecting Mouse Anti-Salmonella

Antibody in the Intestinal Fluid and Serum

5.1 Introduction

Serological methods are playing an increasingly important role
in the diagnosis of infectious diseases, in studies of the epidemi-
ology of diseases and in preventive medicine. The diagnosis of
infections diseaseas relies on the identification of the infectious
agents. However, the infecting organisms are often difficult to
characterize ‘directly and so an increase in the antibody titre of
various anims! finids, if unequivocally measured, is a most useful

diagnostic of a particular infection.

"3

Further, when the infecting bacterium has disappeared from the
blood, stoois or urine, the determinaticn of antibody level against
a particiilar microorzanism provides a most useful diagngstic tool.
A great variety of mechods have been used for the immunological
diagnosis of infecticus disease. These rely on either antigen or
antibody determinarion, as in, for example, simple tube agglutination,
passive haemagglutinarion, gel precipitation, complement fixation and
neutraliz=zcion. Such techniques depend upon the secondary manifest-
ation of anrigen-antibody reactions, such as precipitation, etc., and,
in consequecnca, relatively large amounts of antigen or antibody are
usually required by such tests.

Further, such techniques may utilize the characteristics of only
certain classes of immunoglobulins. For example, IgA does not

activate complement and sub-classes of IgG also vary in this respect.

Consequently, a sensitive technique which directly measures the



5.2

degree of antigen-antibody interaction, irrespective of immunoglobulin
class, has distinct advantages.

As previously discussed in Chapter 3, the ELISA appears to meet
these requirements as it measures the primary antigen-antibody
interaction with high specificity and sensitivity. This objective
assay 1is certainly preferable to the subjective immunofluorescent
method and is obviously less complicated, less hazardous and cheaper
than radioimmunocassay.

Historically, Nakane and Pierce (1967) demonstrated the feas-
ibility of an indirect immuno-enzyme assay (analagcus to the indirect
immunofluorescent assay), and subsequently Fngvall and his colleagues
(1971, 1972) developed the enzyme-immunvasszays by Llinking soluble
antigens or antibodies to an insoluhkle solid piisze so that the
reactivity of the immunological component was retained. Such was the
basis for the development of techniques kunown as EL1SA (Enzyme-Linked
Immunoabsorbent Assay).

The simple performance and easy determination of the ELISA permit
its use 1in the absence of sophisticated appavaiuw:s and demanding
conditions. Indeed, it can be readily adapted foy wse in the field

or at the patient's bedside.

5.2 Principle of the Indirect Method

The indirect ELISA is widely used to detect antibody in bio-
logical fluids such as serum, cerebrospinal £luid, synovial joint
fluid and intestinal fluid. The antibodies can be qualitated or
quantitated as follows. The homologous antigen (e.g., bacteria or
bacterial wall components) is coupled to a solid phase support and

the biological fluid thought to contain antibody is incubated with
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this system. Excess fluid containing the unreacted components are
washed away prior to the addition of an enzyme-labelled anti-immuno-
globulin conjugate. The amount‘of such conjugate which subsequently
attaches to the antibody bound to the carrier surface can then be
measured by the level of degradation of added enzyme substrate.

Thus, theitotal amount of all classes of specific antibody in
biological fluids can be determined using an enzyme-labelled anti-Fab
immunoglobulin and class-specific antibodies may be detected using

enzyme-labelled antisera to the heavy chains of IgG, IgM or IgA.

5.3 A Summary of the Steps of Quantitation of Antibodies

COATING OF CARRIER SURFACE

‘ | WITH ANTIGEN : WASH

INCUBATE COATED CARRIER SURFACE

‘ I WITH ANTISERUM : WASH

€ INCUBATE WITH ANTIIMMUNOGLOBULIN

& ENZYME CONJUGATE : WASH

BY ADDING SUBSTRATE

ESTIMATE BOUND ENZYME CCNJUGATE
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5.4 Investigation of Practical Aspects: Experiments and Results
5.4.1 Carrier surfaces
A great variety of macromolecules can be attached to the solid
plastic surfaces of tubes, beads or microtitre plates. In the work
reported here all assays have been carried out using microtitre

plates, as defined in Chapter 3.

5.4.2 Antigens used for coating plates

The ELISA was first used for the quantitation of antibodies
against Szlmonella O antigens by Carlsson et al. (1972). 1Infections
caused by gram-negative bacteria give rise to antibodies directed
mainly againrt outer membrane structures such as C and K antigens.
In Salmon>lla, the 0 antigenic specificity is found in the poly-
saccharide moiety of the lipopolysaccharide (LPS). Consequently, LPS
and outer membrane proteins were used as antigens for coating the

plates. Thes:

g
m
~
o

zhtained and purified, as discussed in Chapter

4, from 14 strairs of Salwmonella.

5.4.3 (i} Coupliing of LPS to the carrier surfaces

The concentration o¢f LPS, the pH and temperature, and the time
allowed fei coupling are &ll important factors (Carlsson and Lindberg,
1978). The nature and uniformity of the plastic carriers is also of
vital importance.

In general, LP5 has been found to couple easily and directly to
plastic surfaces (Carlsson et al., 1972; Holmgren and Svennerholm,
1973; Carlsson et al., 1976; Lamb et al., 1979; Keren, 1979).
However, with the microtitre plates available to us, we found that

Salmonella LPS, as such, coupled poorly (Fig. 5.1). 1In consequence,
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we were required to interact the LPS with methylated bovine serum
albumin (MBSA) (Vos et al., 1979) and this complex coupled well to
our brand of microtitre plates. These techniques are described in

Chapter 4.

5.4.3 (ii) Datermination of the optimal concentration of LPS
for roating the polystyrene plates
Two hundred uil <ach of varying concentrations of the complexed
LPS in carbonate buffer (0.1 M, pH 9.6) was added to the plate, which
was then incubated at 370 for 3 hours followed by 4° overnight. The
plate wasz then washed three times with PBS-Tw and tested with a
dilution of %“omologous antiserum. Maximum absorption of the complex
was obtaired at 5-10 yg/ml for the LPS from each of the 14 strains
investigated. Tyvpical results are shown in Figs. 5.1 and 5.2. LPS

per se was realacively poorly adsorbed to the plastic microtitre

plates; howsver, much better adsorption was obtained with the LPS-MBSA

complex.

In fuvture werlk it was decided to coat the plates using the LPS-

MBSA complex zt a crncentration of 5 pg/ml.

5.4.4 Sera and fluids
Pooled sera and intestinal fluids containing antibodies directed
against a rvarticular Salmonella strain were obtained from groups of

immunized mice as described in Chapter 4.



Figure 5.1
Determination of the optimal concentration of

LPS-MBSA for coating polystyrene plates.

Varying amounts of Salmonella LPS from S. bonariensis and the

hybrid strain S. typhimurium F885 were used tc coat the plates and

then tested with their homologous mouse anti-Saliscniella antiserum at
1:5000 dilution. Rabbit anti-mouse Fab-alkaline phosphatase coujugate
was used at 1:500 dilution. Substrate incubation time was 90 minutes.
O TF885 LPS alone.
® TF8385 (1,4,5,12) LPS-MBSA.

A S. bonariensis (6,8) LPS-MBSA.




EXTINCTION (405nm) 90 MINS.

FIGURE 5.1

01 01 10 10 100

LPS CONCENTRATION (pg/mi)



Figure 5.2

Determinatiuon of the optimal concentration of

LPS5-MBSA for coating polystyrene plates.

Varying amournits of LPSs from S. humber and hybrid strain E. coli
F1142 were used to’ woat the plates and then tested with their
homologous mouse anuiserun at 1:2000 dilution. Rabbit anti-mouse
Fab-alkaline phozphiatase was used at 1:500. dilution. Substrate
incubation time was 180 minutes,

B E. coli Fi142 (0,8) LPS-MBSA.

O S. humber (533) LPS-MBSA.
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5.4,5 The activities and working dilutions of rabbit anti-mouse
Fab and of goat anti-mouse a-chain alkaline phosphatase
conjugates

Rabbit anti-mouse Fab and goat anti-mouse o-chain were purified
by the methods described in Chapter &. These antisera were then
coupled to alkaline phosphatase as described in Chapter 4. The
activities and specificities of these conjugates were assessed by
reacting each with purified mouse myeloma IgA (S107) and purified
mouse myeloma IgGl (MOPC21), IgG2a (ID45), IgG2b (MPC11) and IgM
(E1-M) adsorbed to polystyrene plates. The mouse myelomas were kindly
donated by Dr‘P. L. Ey of this department.

The data presented in Fig. 5.3 and Fig. 5.4 demonstrate the
degrees of interaction of the anti-mouse Fab-alkaline phosphatase
complex and of the anti-mouse a-chain alkaline phosphatase complex,
respectively, with various immunoglobulin classes. Thus, polystyrene
plates were coated, in duplicate, with either 200 uL of IgGl, IgG2a,
IgG2b or IgA (all at 5 pg/ml) or with IgM (at 2 pg/ml). The plates
were then incubated for 3 hours at 37° before washing three times with
PBS~-Tween buffer. Suitable dilutions of conjugate were added to one
‘or other of the duplicately prepared plates and allowed to interact
at room temperature for 18 hours. Following washing the p-nitrophenol
substrate (200 uL at 1 mg/ml) was added to each well, and the
absorbance at 405 nm was read after standing at room temperature fer
3 hours. The anti-mouse Fab enzyme conjugate reacted with all classes
of immunoglobulin to about the same degree, whereas the anti-mouse
a-chain enzyme conjugate was specific only for IgA and exquisitely
sensitive.

The data presented in Fig. 5.5 and Fig. 5.6 summarize experiments



Figure 5.3

The activity of rabbit anti-mouse Fab enzyme conjugate.

Serial dilutions of the conjugate were added to polystyrene
plates previously sensitized with either IgGl, IgG2a, IgG2b or IgA
(200 uL at 5 pg/ml) or TgM {200 uL at 2 ug/ml). The plates were
incubated at 37c> for 2 hours, washed 3 times with PBS-Tween buffer
prior to the addition (200 L) of suitable dilutions of conjugate.
After 18 hours incuhation =2t room temperature the chromogenic
substrate was added to cach well of the washed plates. All assays
were carried out in duplicata.

® IgGl sensirnized wells.

A 1gG2a sensitized wells.

O TIgG2b seunsitized wells.

M IgM sensitized weltis.

IgA sensitised wells.

Conjugate vontrol.
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Figure 5.4

The activity of goat anti-mouse a-chain enzyme conjugate.

Serial dilutions of the conjugate were added to polystyrene
plates previously sensitized with either IgGl, IgG2a, IgG2b or IgA
{200 uL at 5 pg/ml) -or IgM (200 uL at 2 ug/ml). The plates were
incubated at 370 for 3 hours, washed 3 times with PBS-Tween buffer
prior to the addition (200 uL) of suitable dilutions of conjugate.
After 18 hours incubation at room temperature the chromogenic

/

substrate was added to each well of the washed plate. 1 assays

were carried out in duplicate.

O 1IgGl.

A T1gG2a.

O IgG2b.

B IgM.

@® IgA.

A Conjugate control.
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Figure 5.5
Determination of working strength of the

rabbit anti-mouse Fab enzyme conjugate.

An indirect microplate ELISA was employed (see 4.18.2) using 4
conjugate dilutions,, 1:500, 1:1000, 1:2000 and 1:4000, diluted in
enzyme diluent. Salmonella F885 LPS antigen was vsed for coating the
plates. A positive mouse anti-F885 antiserum and normal mouse serum
were tested with each series of dilutions. The closed symbols
represent the F885 serum and the open symbols :cpvesent the normal

mouse serum.

Conjugate diluted 1:500. ce
Conjugate diluted 1:1000. A A
Conjugate diluted 1:2000. oe
Conjugate diluted 1:4000. vy

-

Conjugate control (1:500).
Conjugate control (1:1000). @
Conjugate control (1:2000).

Conjugate control (1:4000).
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Tigure 5.6
Determinaticn of working strength of the goat

anti-mouse @-chain enzyme conjugate.

An indirect wmicroplate ELISA was employed (see 4.18.2) using 4
conjugate dilutions, 1:5¢0, 1:1000, 1:2000 and 1:4000, diluted in
enzyme diluent. Salmdnalla F8R5 LPS antigen was used for coating the
plates. A positive muuse anti-F885 antiserum and normal mouse serum
were tested with =2z2ch sevies of dilutions. The closed symbols
represent the positive FP225 sevwur: and the open symbols represent the

negative normal serum.

O @ Conjugate diiuted 1:500,

—

A A Conjugate diluoted 1:100C,

a
[

Conjugate diluted 1:2000.

<
<

Conjugate diluted 1!:4003.
Conjugate control (1:500).
Conjugate control (1:1800).

4

Conjugare control {1:200Q).

O®OO®

Jonjugate control (1:4000).



EXTINCTION ( 405nm) 60 MINS.

1.0

FIGURE 5.8

1/20

1/80 1/320

SERUM DILUTION.

a

1/1280

1/5120



w
.
~J

designed to determine the optimal concentrations of anti-Fab enzyme
conjugate and anti-a-chain enzyme conjugate, respectively, for use
in the assay systems. An indirect ELISA was performed using dilutions
of each of the two conjugates at 1:500, 1:1000, 1:2000 and 1:4000 in
enzyme diluent. Salmonella F885 LPS coated plates were incubated at
room temperature with serial dilutions of anti-Salmonella F885 mouse
serum, or with normal mouse serum, for 6 hours. The plates were then
washed and incubated with the various dilutions of either enzyme
conjugate, as shown above. After a further incubation of 18 hours
at room temperature the washed plates were then incubated with the
substrate to determine the activity of bound enzyme. Such experiments
showed that increases in conjugate concentration result in increased
sensitivity, i.e., antibodies can be detected at very low concer-
tration. It was decided to use the anti-Fab enzyme conjugate at
1:500 diluction and the anti-a-chain enzyme conjugate at 1:1000
dilution in further work, since these levels gave a high sensitivivy
with relatively 1low background due to non-specific binding of

conjugate.

5.4.6 Sensitivities and specificities of the conjugates

The specificity and sensitivity of the goat anti-mouse og-chai=n
alkaline phosphatase conjugate was assessed by a double antibody
technique or sandwich method described in detail in Chapter 4.
Briefly, plates were coated with rabbit anti-mouse Fab; varying
amounts of either IgGl, IgA or IgM were added to the wells, which were
then stood at room temperature for 6 hours. After washing, conjugate
was added to the plates which were incubated and then washed prior

to incubation with substrate. As shown in Fig. 5.7, the anti-mouse



Figure 5.7

Specificity of the enzyme anti-mouse a-chain conjugate.

The enzyme anti-mouse a- chain conjugate 1:1000 dilution was
tested with varying amounts of mouse myeloma IgGl, IgM and IgA
initially reacted with vabbit anti-mouse Fab adsorbed to the plate.

A TgA sensitized wells.

® IgGl sevsitized wells.
O 1IgM sensitized wells.
[

Conjugate control.
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a—chain preparation detected only IgA; there was negligible cross-
reaction with IgGl or IgM. Subsequent examination (Fig. 6.4a) showed
that this technique can detect IgA at a concentration of approximately
45 ng/ml at the limiting O.D. 405, 0.2. Similar procedures were used
to assess the specificity and sensitivity of the rabbit anti-mouse
Fab conjugate. The data in Fig. 5.8 shows that the conjugate could
readily detect all three major classes of immunoglobulins. Subsequent
examination (Fig. 6.4b, ¢, d) showed that about 30 ng/ml of IgGl,
IgG2a and IgG2b, 250 ng/ml of IgA and 50 ng/ml of IgM can be detected

by this system at the limiting O0.D. 405, 0.2.

5.4.7 Optimal temperatures and times for various incubations

The rate of interaction of the enzyme with its substrate 1is
clearly temperature and time dependent (in the presence of excess
substrate}. The time and temperature of such interaction will clearly
influence the sensitivity of the ELISA.

However, prior to these considerations, one needs to know the
conditions necessary for optimal binding of antibody to the antigen
initially adsorbed to the plate.

(a) The incubation of antibody with LPS-coated plates: The poly-
styrene plates were initially coated with Salmonella F885 LPS using
a concentration of 5 pg/ml; the LPS was allowed to adsorb for 3 hours
at 37°. After washing, the plates were incubated, at wvarious
temperatures, for different times with mouse anti-F885 serum at two
dilutions (1:1000 and 1:10,000). For the second stage antibody
conjugate a dilution of 1/500 was used.

The results (Fig. 5.9) show that the interaction of serum anti-

bodies with LPS was wvirtually complete after one hour at all



Figure 5.8

e

Specificity of the enzyme anti-mouse Fab conjugate.

1:500 dilution of the enzyme anti-mouse Fub conjugate was tested
with varying amounts of mouse myeloma IgGl, IgA and IgM initially

reacted with rabbit anti-mouse Fab adsorbed to the plate.

IgGl sensitized wells. @
IgM sensitized wells. o]
IgA sensitized wells. A

Conjugate control. [ ]
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Figure 5.9

Kinetics of binding of mouse antiserum.

The microtirre plates coated with F885 LPS, 5 ug/ml (3 hours at
370), were incubated with mouse anti-F885 diluted 1:10,000 (a) or
1:1000 (b) at 4°, 25% (room temperature) and 37° for different periods
of time. The antib>dy binding was estimated as bound enzyme rabbit
anti-mouse Fab conjugate after I8 hours incubation at 25°,

® Incubation at 3 .

O 1Incubation at 25 .

A Incubaticn at 37 .
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temperatures tested. However, the decrease which occurred at
37° was probably due to desorption of LPS from the plates, possibly
under the influence of antibody. Similar investigations were carried
out using higher concentrations of the intestinal juice (1 in 800
and 1 in 200) from Salmonella F885 immunized mice. The results,
shown in Fig. 5.10, show that incubation at 37° apparently results
in less binding. This may well be due to interference, at this
higher temperature, by the various proteolytic enzymes in the
intestinal fluids.

(b) Incubation with conjugates: Optimal conditions for the
interaction of conjugates with their homologous immunoglobulins
was determined as shown in Figs. 5.11 and 5.12. Either anti-mouse
Fab conjugate or anti-mouse a-chain conjugate, at fixed concen-
tration, were incubated for varying times with the homologous
antibodies contained in serum or intestinal fluid from immunized mice
which had previously been fixed to plates via adsorbed homologous
LPS. The maximum binding of either conjugate required about 2 hours
at 37° whether serum or intestinal fluid was used as the primary
antibody source. At lower temperatures, however, longer times may
be needed (up to 8 hours or more) to effect maximum binding.

(c) Kinetics of the substrate reaction: The interactior
of alkaline phosphatase with substrate, p-nitrophenyl phosphate,
liberates p-nitrophenol, which has an absorbance maximum at 405
nm. Temperature and time of reaction and conjugate concentration
will all clearly influence this hydrolytic event.

To 1investigate these aspects, the sandwich (double antibody

ELISA)was employed. Briefly, plates were coated with anti-mouse Fab



Figure 5.10
Kinetics of binding of mouse antibody-

positive intestinal fluids.

The microtitre plates coated with F885 LPS, 5 pg/ml (3 hours at
370), were incubated with mouse anti-F885 intestinal fluid diluted
1:800 (a) or 1:200 (b) at 40, 25° (room temperature) and 37° for
different periods of time. The antibody binding was estimated as
bound enzyme goat anti-mouse o —chain conjugate after 18 hours
incubation at 25°.

® Incubation at 4°.
O TIncubation at 25°.

A Incubation at 37°.
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Figure 5.11
Kinetics of the rabbit anti-mouse Fab-alkaline

phosphatase conjugate binding.

Microtitre plates were coated with F885 LPS, 5 pg/ml (3 hours
at 370) and then incubated with mouse anti-F885 :rerum at two dilutions,
1:10,0C0 (a) or 1:1000 (b), at 25° for 6 hours. After washing the
plates were incubated with the enzyme anti-mousc Fab conjugate diluted
1:500 at 40, 25° (room temperature) and 37° for different periods of
time. Bound conjugate was estimated as enzyme activicy after 90
minute substrate incubation.

® Incubation at 25°.
O Incubation at 4°.

A Incubation at 370.
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Figure 5.12
Kinetics of the goat anti-mouse a-—chain—alkaiine

phosphat.ise conjugate binding.

Microtitre plates were coated with F885 LPS, 5 ug/ml (3 hours
at 370) and then incubated with mouse anti-F885 intestinal fluids at
two dilutions, 1:805 (a} ov 1:200 (b), at 25° for 6 hours. After
washing the plates were incubated with the enzyme gecat anti-mouse
a—chain conjugate diluted 1:1000 at 40, 25° (room temperature) and

o g : 3 IS ] . '
for different pericds of time. Bound conjugate was estimated as

37
enzyme activity afier 90 minute substrate incubation.
@ Incubation at 25°,
O Incubation at 4°.

A Incubation at 37°.
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in the usual manner and these were then incubated with varying
concentrations of mouse IgGl for 6 hours at 250, washed and then
incubated with anti-mouse Fab-alkaline phosphatase conjugate.

Following 18 hours incubation at 250, the bound enzyme conjugate
was estimated by the degree of hydrolysis of the substrate occurring
after varying periods of incubation. The data shown in Fig. 5.13a
demonstrates, as expected, that shorter incubation times decrease
the sensitivity of the assay. At the limiting O.D. 405 reading of
0.2, incubation for 60 minutes detected about 80 ng/ml of IgGi.
Although incubation for 120 minutes detected about 20 ng/ml, the
longer incubation time gave twice the background control and militated
against performing the assay in a single day.

Fig. 5.13b demonstrates that the relationship between time of
incubation and substrate hydrolysed is linear over at 1least a 3C0
minute period at 37° when the system was such as to give about the

limiting 0.D. 405 reading of 0.2 at 60 minutes.

5.4.8 Non-specific binding

Since the ELISA depends upon the binding of molecules of large
molecular weight to plastic plates, there is clearly a tendency for
molecules to become non-specifically attached to areas unoccupiex
by the initially adsorbed antigen. This is particularly the case when
body fluids are investigated by the indirect ELISA. Aberrations
(i.e., false positives) can occur when alkaline phosphatase conjugates
are used to determine immunoglobulins in intestinal juice, as this
is a source of non-specifically adsorbing alkaline phosphatase. llow-
ever, such anomalies may be significantly reduced, if not eliminated,

by diluting test samples into a buffer of relatively high salt



Figure 5.13(a)
¥inetics of substrate reaction.
rabbit

Varying concentrations cf mouse IgGl were incubated With/i awti-
movse€ Fab coated plates (6 nours at 250). 1:500 rabbit anti-mouse Fab-
alkaline phosphatase conjiugate was added to each well. After 18 hours
incubation at 257 thz bound enzyme conjugate was estimated by the
addition of p-nitro-ihtonyl phosphate. After various incubation times

at 37° the optical density was measured at 405 um.

B 5 hours ircubation: ceonjugate control = 0.301 0.D.

A 180 minutes incubation; conjugate control = 0.171 0.D.
O 120 minuces incubation; conjugate contrel = 0.117 0.D.
A 90 minutes incubaticn; conjugate control = 0.085 0.D.
©® 60 minutes incubation; conjugate control = 0.051 0.D.

Figure 5.13(b)
At 0.08 ug/mi of IgGi used in the sandwich method, the time of

the substrate ircudation was piotted against its optical density.
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concentration (e.g., PBS) containing a mild, non-ionic detergent
such as Tween 20. The addition of protein (e.g., albumin) reduced
non-specific binding to an even greater extent. Fig. 5.14 shows the
relative effects of PBS + Tween and PBS + Tween + BSA20 on the ELISA;
this latter diluent appears to increase the sensitivity to a
significant extent. The results are in agreement with Labroy (1979),
who used a similar technique. Initial saturation of the plates with
various levels of albumin, as used by Ruitenberg et al. (1974),
appeared to greatly reduce the specific binding of antibody (Figs.

5.15 and 5.16).

5.4.9 Controls

In all of the experiments discussed above which use the indirect
ELISA for the estimation of antibody levels in serum or intestinal
fluids, the following controls were performed.

(a) Sample control: Consists only of incubating (6 hours a:z
25°) serum or intestinal fluid with LPS-coated plates and then
washing prior to addition of substrate. Such controls measure the
effect of non-specifically bound molecules (e.g., alkaline phospha-
tase) which contribute to the extinction value of the test sample.
The extinction value of the sample control, carried out at ever
dilution of sample used in the assay, was deducted from the extincticn
value obtained for each dilution of the test sample prior to plotting
(as in Figs. 5.18, 5.19, 5.20).

(b) Substrate control: Consists only of substrate added directly
to LPS-coated wells; such controls yield negligible extinction values

and are used as a blank, being deducted from every extinction value

obtained from a given plate.



Figure 5.14

The effect of the sample diluting buffer.

The serial dilutions of mouse anti-F885 intestinal fluids was
made in PBS-Tween or PBS-Tween-BSA20 (PBS-Tween containing 2% BSA)
were tested with F885 LPS coated plates. The anti-mouse o-chain-
alkaline phosphatase conjugate 1:1000 was added. After 18 hours
ircubation at room temperature the substrate was added. The enzyme
activity was measured after 180 minutes incubation.

o Dilut'ed in PBS-Tween~-BSA20.

O Diluted in PBS-Tween.
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Figure 5.15

Attempts to decrease non-specific binding.

F885 LPS cozted plates were incubated with 2% Bovine serum
albumin (BSA) or 4% BSA or 5% Human serum albumin (HSA) for 1 hour
at 37°. After the plates were washed, serial dilutions of mouse anti-
F885 serum was added to =zach plate. The enzywe anti-mouse Fab
conjugate 1:500 was added and incubated for 18 hours at 25°. The
substrate was then added and incubated at 37° for 180 minutes before
measuring the enzyme activiuy.

O Without BSa.
@® With 2% BSa.

A With 4% BSA.

A With 5% HSA.
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Figure 5.16

Attempts to decrease non-specific binding.

F885 LPS coated plates were incubated with 2% BSA or 4% BSA for
1 hour at 37°. After the plates were washed, serial dilutions of
mouse anti-F885 intestinal fluid were added to each plate. The
enzyme anti-mouse a-chain 1:1000 was added and incubated for 18 hours
at 25°. The substrate was added and incubated for 180 minutes before
measuring the. enzyme activity.

O Without BSA.

@® With 2% BSA.

A With 4% BSA.
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(c) Conjugate controls: These consist of LPS-coated wells plus
conjugate, and after incubation and washing substrate was added.
(d) Negative controls: Dilutions of conventionalized normal

mouse serum and normal intestinal fluid samples were used.

5.5 Summary and Conclusions

The dedicated work of Pesce et al. (1977; 1978) has shown that
antibody affinity for its antigen is the main factor which limits the
sensitivity of immunoassays whether enzymic cr isotopic. However,
other limiting factors include the possible denaturing effect of the
solid phase support on antibody or antigen as well as the volume of
the assay solution.

Variations in the physico-chemical propevties of plastic plates
occur which markedly affect the binding of antigene or antibodies.
Such variations may occur even between batchcs of the same product.
Consequently, each batch of plates used wust be tested with reference
positive and negative sera prior to use. In this work, round-bottom
polystyrene microtitre plates were used as described earlier. In
the indirect ELISA to determine antibody, antigecns were bound to the
wells either by direct adsorption in the case of protein antigens
or after complexing with methylated berwine serum albumin in the case
of LPS. With both antigen types the optimal concentration for
coating the plates was 5 pg/ml.

The glutaraldehyde coupled antibody-enzyme conjugates, prepared
from purified antibodies, were highly specific and gave great
sensitivity. The optimal working dilution of the goat anti-mouse
a--chain enzyme conjugate was 1 in 1000 and for the rabbit anti-mouse

Fab-enzyme conjugate 1 in 500. At these levels, extinction values
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for conjugate controls were low and sensitivity was high (Figs. 5.5
and 5.6). The relative lack of sensitivity when determining IgM is
thought to be due to the fact that the Fab fragments used to immunize
the rabbits were obtained from mouse IgGl. Absolute quantitation
of serum and intestinal antibodies is discussed in Chapter 6.

Incubation for 6 hours at room ﬁemperature was routinely used
to complete the binding of serum or intestinal antibody to its antigen;
this allowed low concentrations of antibody to become efficiently
bound. The degree of binding over this period was similar at 4° and
at room temperature, but a significant decrease was observed at 370;
this was thought to be due to detachment of antibody or antigen from
the plates. Further, at 370, the effect of intestinal enzymes on the
system would be most apparent; at 4° and at room temperature, the
binding system appeared to be totally unaffected by intestinal fluid
enzymes or contents such as bile salts.

On the other hand, it was found that, at 370, maximum binding of
enzyme conjugate to antibody occurred between 2 and 4 hours. At

25°

(or room temperature), maximum binding was attained over this
same time period with relatively high concentrations of antibody,
but 6 to 8 hours was needed with low concentrations. For practical
purposes, therefore, overnight incubation at room temperature was
routinely used for conjugate binding.

The degree of hydrolysis of the chromogenic substrate was
directly proportional to the incubation time. It was found that
incubation at 37° for 180 minutes gave low backgrounds and high
sensitivity and this was generally used. We have also compared the

sensitivities of immunoscrbent assay systems employing enzymic markers

and isotopic markers. Here, we measured rabbit serum antibody against
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Salmonella derby. The results of such comparison, using polystyrene

plates coated with homologous LPS using'I125 labelled and alkaline
phosphatase conjugated goat anti-mouse light chain, respectively, are
shown in Fig. 5.17. 1If end-points are compared equivalent to 10% of
the maximum binding for the solid phase RIA and an extinction value
of 0.2 for the ELISA, then these two assays give comparable serum

antibody titres.



Figure 5.17
Comparison of antibody quantitation using the ELISA

and the solid phase RIA (SRIA) techniques.

The polystyreme plates were coated with S. derby LP§: 5 pg/ml
for 3 hours at 370, follcwed by 18 hours at 4°. To these was added,
in 2-fold serial dilution, meyus€ anti-S§. derby serum**. After incub-
ation and washing, gos* anti-mouse immunoglobulin 1125 conjugate was
used for the SRIA. The bound 1'°° was measured in a gamma-counter;
the bound alkaline phosphatase was measured by incubating with the
enzyme substrate.

ELISA controls:

Conjugate zantrol = .00 0.D.
Sample control = 0.1 O0.5L.
SRIA control:

Antigen control = 31 cpm (LPS coated plate + Ilzsconjugate).

* The LPS was complexed with methylated BSA.
**% Four oral duses cf ix109 organisms twice weekly, followed by

1x106 i.p. boosting dose.
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Figure 5.18
Typical titration curve for the assay of serum antibody by the

indirect ELISA (using anti-mouse Fab-alkaline phosphatase conjugate).

The polystyrene plate was coated with F885 LPS, 5 pg/ml for 3

hours at 37°. Two-fold serial dilutions of hyperimmune mouse anti-

ke

F&85 serum were tested with the F885 LPS coated plate. After incub-

ation the enzyme anti-mouse Fab 1:500 was added. The bound conjugate

was measured after 18 hours incubation at room temperature by adding

the substrate.

Hyperimmune serum. o
Normal mouse serum. L
Conjugate control. A

Every extinction value plotted for each dilution of both serum
was the difference between the extinction value of a given dilution

cf test sample and its corresponding sample control.

* Three oral doses of 1x1O9 organisms at weekly intervals.
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Figure 5.19
Typical titration curve for the assay of serum antibody

by the indirect ELISA (using anti-mouse a-chain

alkaline phosphatase conjugcte).

The same procedure was adopted as describec¢ in Figure 5.18.
Mouse anti-F885 serum. O
Normal mouse serum. o
Conjugate control. A
Every extinction value plotted for each dilutican of beth serum
was the difference between the extinction value of a given dilution

of test sample and its corresponding sample control.
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Figure 5.20
Typical titration curve for the assay of intestinal
antibody tested by tlie indirect ELISA (using anti-mouse

u~chain alkaline phosphatase conjugate).

The polystyrene ‘plate was coated with F885 LPS, 5 pg/ml for 3
hours at 37°. Two-fc!d serial dilutions of mouse anti-F885 intestinal
fluid*washings waor incubated with the antigen coated plate. Enzyme
anti-mouse o-chain 1:1000 was then added. The bound enzyme activity
was determined after 12 hours incubation at room temperature by adding
the substrate.

Mouse anti-FS585 intestinal fluid. O
Normal mouse intestinal fluid. o
Conjugate control. &

Every extinction value plotted for each dilution of both
intestinal fluid washing was the difference between the extinction
value of a givern diluticn of test sample and its corresponding sample

control.

* Three oral doses of 1x109 organisms at weekly intervals.
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CHAPTER 6
The Correlation Between IgA Levels and
Resistance to Mouse Typhoid After Oral

Immunization with Various Salmqnellae

Introduction

As discussed in Chapter 2, the antibody levels in the serum do
not necessarily bear .any relationship to those levels found at
secretory surfaces such as the intestine. The independence of the
mucosal (local) immune response has been firmly established with the
concept of the secretory immune sysiem containing predominantly
secretory IgA (sIgA) that 1is synthesized ia local plasma cells
kTomasi et al., 1965; Tomasi and Bienenstock, 196&}. A specialized
sIgA molecule in secretions provided an excianation for the 1long-
standing observation that specific inwunological resistance to
mucosal infection could exist in the absence of demnonstrable serum
antibody, and there is much evidence for tlie local synthesis of
secretory IgA in various mucous membranes and glande. TIn such tissues
there are an abundance of plasma cells synthesiriug IgA and these
predominate over plasma cells produciag other c¢lasses of immuno-
globulin (Crabbé et al., 1965, 1970; Tomnasi et ai., 1965; Crabbé and
Heremans, 1966; Brandtzaeg et al., 196%; Tourville et al., 1969;
Nash et al., 1969; Franklin et al., 1973; Bienenstock et al.,
1973).

Besredka (1927) originally postulated the primary role of mucosal
(local) immune mechanisms in protection against enteric bacterial
infections over 50 years ago. Since then, however, in spite of many

studies, the mechanisms of mucosal immunity in the intestine following
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oral challenge have not been fully elucidated. Burrows et al. (1947,
1950) and Burrows and Havens (1948), studying experimental cholera,
clearly demonstrated that intestinal antibody, after local immuniz-
ation, is not merely a transudate of serum antibedy, as it appeared
sooner, declined earlier and correlated better with resistance to
intestinal infection. Studies in humans htave also suggested that
local antibodies are more important for protective immunity in
cholera than are serum antibodies (Freter et at., 31565). A correl-
ation was also found between the synthesis of specific intestinal IgA
and the protection of mice against experimentsl cholera (Svennerholm

et al., 1978), and Du Pont et al. (1972) showad that oral immunization

with live attenuated Shigellae gave man protccticn against bacillary

dysentery. Nevertheless, the protective wole of slgA antibody is
best documented in the case of viral disease. local immunity against
enteric and respiratory viruses has been reviewed respectively by Ogra

and Karzon (1971) and Rossen et al. (197i}.

6.1 Protection Against Salmonellosis

There have been many demonstrations that animals and man can be
effectively protected against some Salmouella infections by oral
immunization with live Salmonellae.

A recent example is provided by the trials in Egyptian children
vaccinated orally with the epimeraseless mutant, Ty 2la strain, of
S. typhi (Germanier and Firer, 1975) which afforded excellent
protection against typhoid (Wahdan et al., 1982). Similarly, mice

can be protected against S. typhimurium challenge by previous feeding

of a variety of Salmonella strains, none of which need to be anti-

genically related in terms of their O-antigens (Moser et al., 1980).
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The role of cellular and/or humoral factors in immunity to
Salmonellosis has long been debated. Since Salmonellae are ubiquitous
human pathogens, however, an understanding of events during the immune
response 1is of great importance in the development of truly effective
vaccines. Recent publications (Moser et al., 1980; Maneerashapisal
and Rowley, 1981) suggest that intestinal immunity is essentially
cellular in character, and in this kind of immunity the T cells of
the recipients must be sensitized to some unidentified bacterial
antigens so that a later contact with these antigens results in a
rapid liberation from these T cells of effective mediator substances
(e.g., lymphokines), which activate the local macrophages in ways
which enabie them toc kill the invading pathogens (Mackaness, 1969).
The Salmonella strains which are best at inducing resistance ars
those which colonize the animal for a prolonged period without
inducing disease. The early events which lead to such resistance
appear to take place in the Peyer's patches of the small intestine,
and "within a few days of oral wvaccination this lymphoid tissue
acquires a much larger population of macrophages which have the anti-
bacterial properties of activated cells (Maneerashapisal and Rowley,
1981, and in the press). This local cellular immunity can be rapidly
recalled many months later by oral challenge with live Salmonell:
vaccines.

Whilst accepting that induced resistance to enteric infection
is mainly due to local cellular factors, it is interesting that the
factors required to initiate this immunity and those required to
initiate IgA antibody formation both reside in the Peyer's patches
of the small intestine. Both require penetration of the organism

or antigen into this local lymphoid tissue. For example, delayed-type
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hypersensitivity (DTH) develops generally following oral adminis-
tration of Salmonella vaccines, and IgA antibody can be detected in
most secretory fluids and 1in serum following local intestinal
stimulation (Collins and Carter, 1974; Mcser et al., 1980). The
question then arises as to whether these twoc immuno-competent
pathways are usually or always activated tcgsther and whether a rise
in serum IgA can be used as an indication that lccal cellular immunity
has also been activated. At the moment, it is not possible to measure
cellular immunity in the intestine of man under normal conditions,
whereas it is possible to obtain secretory fiuids or serum for IgA
antibody measurement . The purpose of this study, therefore, is to
determine whether Salmonella strains which induce protection against

S. typhimurium infection in mice following oral immunization also

induce IgA antibodies against the lipopoiysarcharide of the various
strains and whether the levels of serum IgA or secretory IgA are

positively correlated with such protection.

6.2 Colonization of Various Strains of Salmorellse in the Peyer's
Patches of Mice After Oral Immunization

Following oral infection with S. enteritidis, Csllins and Carter

(1974) observed the primary focus of infection was in the Peyer's
patches of the ileum. The infection then spread quickiv to the liver
and spleen. Hohmann et al. (1978) found that only virulent strains
of Salmonellae can persist and colonize the Peyer's patches of the
small intestine after oral feeding. It would seem that a most
essential step in the pathogenesis of, or immunity to, typhoid fever
in mice or humans is the establishment of a systemic infection after

oral challenge (Hohmann et al., 1978). This systemic infection
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usually develops from foci established in the small 1intestinal
Peyer's patches. Thus, in order to study immunity to Salmonella
infection, one needs to compare the effects produced by strains which
do persist in the Peyer's patches of mice with those that do not.
We have, therefore, tested 14 strains of Salmonellae, each belonging
to different O-antigenic groups, for their ability to persist in and
to colonize the Peyer's patches of the small intestine.

These strains were administered once orally in a dose of
1x109 organisms to each member of groups of the LAC strain of mice.
At days 1, 2, 3, 4, and 7 or 8 or 9 after feeding, the Peyer's patches
were removad:from a group of 6 mice. The organisms that could be
recovered frnm the patches were determined by plating out on solid

media. Figs, bt.la, b and c show the results of such experiment-

i)

ation.

Table 5.1 summarizes the persistence of the immunizing strains
in the Fay~r's patches. The results confirm that there appears to
be no correlation betwesn O-antigen components and ability to colonize
the patches; this wao opreviously found by Hohmann et al. (1978).

For example, strains cf the same serotype (1, 4, 5 and 12), namely,

S. stanley, S. derby, 5. typhimurium M206 and E. coli F1142 show

different abilities in colonizing and persisting in the Peyer's

patches.

6.3 Serum and Intestinal Antibody Levels After One Oral Feeding with
Various Peyer's Patch Persistent and Non-persistent Salmonella

Strains
As seen in section 6.2, the strains of Salmonellae used in this

study fall basically into two groups: those which persist in Peyer's



Figure 6.1(a)

Persistence in the small intestinal Peyer's patches.

The number of Salmonella organisms and hybrid strains recovered
from the Peyer's patches of the small intestine at specified times
following feeding of 109 organisms to LAC mice. Each point represents
tite mean number of organisms recovered from 5 to 6 mice.

® S. typhimurium F885.

A S. salford.

S. bonariensis.

a

S. budapest.

E. coli F1142.

> O

S. humber.
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Figure 6.1(b)

Persistence in the small intestinal Peyer's patches.

The number <f Salmonella organisms recovered from the Peyer's
patches of the small intestine at specified times following feeding
of 109 organisms to LAC mice. Each point represents the mean number
of organisms recovered froem 5 to 6 mice.

@® S. derty.
A S. fridenau.
S. chester.

O S. enteritidis 11EX.
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Figure 6.1(c)

Persistence in the small intestinal Peyer's patches.

The number of Salmonella organisms recovered from the Peyer's
patches of the small intestine at specified times following feeding
9 N ] .
of 10" organisms to LAC mice. Each point represents the mean number
of organisms recovered from 5 to 6 mice.

® S. strasbourg.

A S, stanley.
S. kirkee.

O S. typhimurium M206.
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Table 6.1
Peirsistence of Salmonellae in the

Peyer's patches of the small intestine.

| Inmunizing | '0' somatic | Persistence in |
| strains antigens the Peyer's patches |
{s. cyphimuriuw #885 | E. coli '0' 8 + 2 i
j S. bonariencis 6, 8 +
S. salford | 16 +
| S. starley i, 4, 5, 12 +
S. strea-bourg (9), 46 +
!S. wiriee 17 t b
S. entericidis 11RX 1, 9, 12 B2
| S. budape:t { 1, 4, 12 x
}s. tyohimuriom X206 1, 4, 5, 12 .
{ S. fridenau | 13, 22 -
I S. derby | 1, 4, 5, 12 -
I S. chester 4, 5, 12 | -
IS. humber I 53 -
IE. zoli F11432 }Salmonella 0! | -
i i 1, 4, 5, 12 |

a = More than 103 organisms recovered at day 7 after oral
administration.
b = Approximately 102 organisms or less recovered at day 7.

¢ = Less than 102 organisms recovered at day 1, and the

number declined rapidly.
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patches and those which do not. We became interested to see whether
a local immune response, such as an increase in intestinal IgA
levels, was concomitant with persistence in Peyer's patches.

Thus, groups of 30 mice were immunized orally, each mouse
receiving 1x109 organisms, one of the 14 Salmonella strains being
used per group. Twenty-one days after immunization, 20 to 25 mice
were removed from each group, killed, and their serum and intestinal
juice were collecrcd, The serum antibodies and the 1intestinal
antibodies directed against their homologous antigens were assayed
by the indirect ELISA technique. Homologous lipopolysaccharide (LPS)
was used &s the antigen in each case. The resulrts (Fig. 6.2) show
that S. salf-rd (fig. 6.2a), a persistent strain, was able to induce
high serun levels of all immunoglobulin classes, including IgA, and
also of intestinal sIgA. ~ On the other hand, the non-persistent
strains, sucn as S. humber (Fig. 6.2b), developed only low serum
antibody c¢f auy immunoglobulin class and low intestinal sIgA. The
results from other strsins are shown in Table 6.2. These results
were obtained as specific antibody titres directed against homologous
LPS. There was no oross-reaction between the antibodies induced by
the wvarious strains, as shown by the data of Fig. 6.3, where the

serum and intestinal fluids collected from S. bonariensis immunized

mice (Fig. 6.3a) and 5. salford immunized mice (Fig. 6.3b) showed

no significant extinction value when tested against S. typhimurium

F885 LPS, with either anti-mouse Fab conjugate or anti-mouse a-chain
conjugate, Further, when an outer-membrane protein preparation

obtained from S. typhimurium C5 was used as the coating antigen in

this ELISA technique, negligible amounts of serum IgA or intestinal

IgA were found in the samples collected from mice immunized by any



Figure 6.2(a)

Anti-S. salford antibodies after one oral immunization.

1. ELISA Ab titration curves of total anti-S. salford antibodies
(@—®) and IgA anti-S. salford antibodies (A=-A) directzd azgainst
S. salford LPS recovered from serum of the mice immunized with live
S. salford. Anti-mouse Fab-alkaline phosphatase conjugate was used
for detecting total Ab in serum, while anti-mouse «-chain-aikaline
phosphatase conjugate was used for detecting IgA Ab.

Bm—8 Total anti-S. salford Ab recovered from normesl serum.
O--0 IgA anti-S. salford Ab recovered from normal serum.
A Anti-mouse oa-chain conjugate control.

O Anti-mouse Fab conjugate control.

2. ELISA Ab titration curves of sIgA anti-S. salferd astibodies
(@——@) directed against S. salford LPS recovered from the incestinal
fluid washings of the mice immunized with live S. salford.

O--0 Normal mouse intestinal fluid washing.

A Conjugate control.
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Figure 6.2(b)

Anti-S. humber antibody after one oral immunization.

1. ELISA Ab titration curves of total anti-S5. humber antibodies
(@—®) and IgA anti-S. humber antibodi.es (A~=-~=4) divevrod against
S. humber LPS recovered from serum of the mice immunized with live
S. humber.

W8l Total anti-S. humber Ab from normal serum.

O--0 IgA anti-S. humber Ab from normal serum.

A Anti-mouse a-chain conjugate control.

O Anti-mouse Fab conjugate control.

2. ELISA Ab titration curves of sIgA anti-5. humber antibodies
(@——®) directed against S. humber LPS recovered from the innzstinal
fluid washings of the mice immunized with live §. humbe:.

O--0 Normal mouse intestinal fluid washings.

A Anti-mouse a-chain conjugate control.
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Figure 6.3(a)

Cross-reactions among the anti-Salmonella antibodies.

Anti-S. bonariensis antibody serum was tested ifor antibody

activities directed against 5. typhimurium F885 LPS, using anti-mouse

Fab-alkaline phosphatase conjugate (©O=--0) and anti-mouse o-chain-
alkaline phosphatase conjugate (A###A), and agzinst its homologous

(S. bonariensis) LPS, wusing anti-mouse Fah-alkaline phosphatase

conjugate (@@ and anti-mouse a-chain-alkaline phosphatase conjugate

(A---A).

Figure 6.3(b)
Anti-S. salford antibody serum was tested for antibooy activities

directed against S. typhimurium F885 LPS, wusing anti-mouse Fab-

alkaline phosphatase conjugate (O--O) and anti-mouse o-chain-alkaline
phosphatase conjugate (A#+#A), and against its homologous (S. salford)
LPS, using anti-mouse Fab-alkaline phosphatase conjugate (@—@) and

anti-mouse a-chain-alkaline phosphatase conjugate (&= =--A}.



EXTINCTION (405nm) 180 MIN

FIGURE 6.3

a
g
1-8
1.4 i
?:Q =
1
\\
c.6 t
[
\
\
A
ol2 I‘ \\\, '.A..'l
. A A .,
Ew#¢&~awiff¢++¢%ﬁgt,* A
A A"‘_al i A & !‘ﬁl A

i__i/go 1/80 1/320 1/1,280 1/5,280

-

IR,

\

13»\ b

1/20 1/80 1/320 1/1,280 1/5,120

SERUM DILUTIONS



Table 6.2
Anti-Salmonella antibodies in serum and intestinal fluids

after one oral immunization using indirect ELISA™ technique.

I L Anti-Salmonella ELISA Ab Titre |
mﬂfnzélng Serum Intestinal fluid |
strains Total Ab D | Igs o sIgA b

S. typhimurium F885 | 1280 640 1280
| i
S. bonariensis | 640 | 1280 1280 |
| i
S. salford 640 I 640 | 640
i |
S. stanley 320 320 | 160
|
S. strasbourg 640 | 320 | 160
!
S. kirkee 160 180 | 160
|
S. enteritidis 11RX 320 40 | 40
|
S. budapest 320 <10 | 80
i
S. typhimurium M206 20 10 | <40
|
S. fridenau | 10 i 20 | <40
| |
| S. derby 320 20 | <40 |
| | 1 | |
| S. chester 160 | <10 | <40 |
| | |
. humber 0 0 <40
| S. humb 32 10 | 4
| ! | l |
E. coli F1142 [ 320 l 10 | <40 |
| | | | |
Normal sample E <10 i <10 E 40 %

= Using homologous LPS as the antigen.
= Greatest dilution of serum or intestinal fluid giving an

extinction of 0.2 after 180 minutes incubation with substrate.



Table 6.3
Anti-Salmonella antibodies directed against

S. typhimurium C5 outer-membrane proteins after one

. . ,  a . . .
oral immunization with various strains of Salmonellae.

| Immunizing ELISA Antibody Titres Against C5 OMP
strains Total serum Abs | Serum iga Intestinal IgA
S. typhimurium F885 160 | <1¢ <40 |
S. bonariensis 160 <20 <40 |
S. salford’ 160 , <10 <40
S. stanley 80 10 I <40
S. strasbourg 80 ! <i0 : <40
S. kirkee I 80 ! <10 : <40
S. enteritidis 11RX 80 | <16 i <40
S. budapest 40 | <10 i <40 i
S. typhimurium M206 } 80 ; <10 ; <40
| 55 derby } 40 I 10 i <40
| | |
} 40 ! <16 ; <40 |

I Normal mouse

a = 1x109 of live crganismz.



of the Salmonella strains.(Table 6.3).

6.3 (a) Standard Curves for the Determination of Immunoglobulin Class
Detected in the ELISA by Using the Anti-mouse a-Chain Enzyme
Conjugate
In order to measure the actual amount of antibody present in

samples, standard curves were obtained as follows using the sandwich

ELISA technique.

1. Standard curve for quantitating IgA antibody in serum and
intestinal fluids: The polystyrene plate was coated with goat anti-
mouse oa-chain, 5 pg/ml, 37° for 3 hours. After washing various
amounts of standard mouse IgA (kindly given by Dr P. L. Ey of this
department) were added to each well and the antigen-antibody reaction
was allowed to proceed for 6 hours at 25%. After washing 1:1000 goat
anti-mouse a-chain alkaline phosphatase conjugate was added to every
well and the plate was incubated at 25° overnight prior to washing.
The substrate, p-nitrophenyl phosphate, was then added to each well
and after 90 minutes at 250 the absorbance was measured at 405 nm.

The resultant curve was linear between 0.045 yug/ml and 0.75
pg/ml (Fig. 6.4a). The standard curve was determined by two separate
experiments; each gave similar values.

2. Standard curves for quantitating IgGl, IgG2a, IgG2b, IgM and
IgA in serum: Doubling dilutions of the purified mouse TIgGl, IgG2a,
I1gG2b, IgM and IgA (kindly given by Dr P. L. Ey of this department)
were employed in the ''sandwich" ELISA to produce standard curves,
using rabbit anti-mouse Fab (5 ug/ml) to coat the plates and 1 in 500
rabbit anti-mouse Fab alkaline phosphatase. The steps in these assays

were described above. The resultant curves are shown in Figs.



6.4b, 6.4c and 6.4d.

6.3 (b) Quantitation of Salmonella Antibodies in Mouse Serum and

Intestinal Fluid After One Oral Immunization

It is of interest to follow the development of both serum and
intestinal antibodies after giving one oral immunizing dose of
Salmonellae. Although it is generally accepted that serum antibodies
alone play a minor role in the defense against Zalmonella infection
(Hornick et al., 1970), it is known that antibodies against somatic
antigens enhance the antibacterial efficiency of cell-mediated
mechanisms (Davies and Kotlarski, 1973) and may be important in
defense for this reason. As mentioned ceavlier in rhis section, the
serum and intestinal fluid samples Ffrom each immunized group of
mice were examined by the indirect ELIZA for anti-Salmonella anti-
bodies. The goat anti-mouse a-chain alkarinephesphatuge conjugate was
used’ when IgA class antibody was examined in serum or intestinal
fluids and the rabbit anti-mouse Fab-alkaline phosphutase conjugate
was used when total antibody in serum was examined. Fig. 6.2 (a, b)
shows the types of positive and negative results obtained by plotting
the ELISA results (extinction wvalue at 405 nm) against serum or
intestinal fluid dilution. The conceruration of anti-Salmonella IgA
or other classes in each sample was quantitated by determining the
extinction coefficient at 405 nm at the end-point titre and by
reference to the standard curves. The end-point titre is the highest
dilution of serum or intestinal fluids which give an extinction value
of 0.2. Table 6.4 gives a summary of the amount of anti-Salmonella
antibodies found in serum and intestinal fluid washings after one oral

feeding. The data were obtained from the pooled serum or intestinal



Figure 6.4(a)
Standard curve for quantitating IgA using the

sanduicn ELISA technique.

Serial dilutions of standard IgA were incubated with anti-mouse
a-chain adsorbed to the plates. Anti-mouse a-~chain-alkaline phospha-
tase conjugate was then ardded, and after subsequent incubation the
enzyme activity was determined using the substrate. At the limiting
0.D. 405 of 0.2, rhis detected 45 ng/ml of Igfﬁ Since we had no

purified sIgA to use as a standard, we converted IgA values to slIgA

values in proporiiocn te their molecular weights.

a = Incubatiorn time with substrate was 90 minutes.
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Figure 6.4(b)

Standard curves for quantitating IgG using the

sandwich ELISA technique.

Serial dilutions of standard IgGl, IgG2a, IgG2b were incubated
with anti-mouse Fab ‘adsorbed to the plate. Anti-mouse Fab-alkaline
pliosphatase conjugate was then added, and after subsequent incubation
the enzyme activity was determined using its substrate. At the limit-
ing 0.D. 405 of 0.2, this detected approximately 30 ng/ml of each of

the IgG sub-classes”.

a = Incubation time with substrate was 90 minutes.
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Figure 6.4(c)
Standard curves for quantitating IgM using the

sandwich ELISA technique.

Serial dilutions of standard IgM were incubated with anti-mouse
Fab adsorbed to the plate. Anti-mouse Fab-alkaline phosphatase
conjugate was then added, and after subsequent incubation the enzyme
activity was determined using its substrate. At the limiting O.D.

405 of 0.2, this detected approximately 50 ng/ml of IgMa.

a =Incubation time with substrate was 90 minutes.
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Figure 6.4(d)
Standard curves for quantitating IgA using anti-mouse
Fab-alkaline phosphatase conjugate

in the sandwich technique.

Serial dilutions of standard IgA were incubated with anti-mouse
Fab adsorbed to the plate. Anti-mouse Fab-ailalins phosphatase
conjugate was then added, and after subsequen:t incubsticn the enzyme
activity was determined using its substrate. Ar the limiting 0.D.
405 of 0.2, this detected approximately 250 ng/ml of IgAa. {Clearly,
this system is much less sensitive for Iga than the anti-mouse
a—chain-alkaline phosphatase conjugate which detects 35 ng/mi at the

limiting 0.D.)

a =Incubation time with substrate was 90 minutes.
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Table 6.4

Anti-Salmonella antibodies in serum and intestinal fluids

. . !
after one oral immunization .

Concentration in ug/ml.

Immunizing Anti-Salmonella Ab Concentrat?on: ug/wl |
i Serum Intestinal fluid |
strains ToG TeA HET
S. typhimurium F885 16.5 | 15 75
S. bonariensis 4.5 30 75
S. salford 7.0 15 37.5
S. stanley 3.5 7.5 9.5
S. strasbourg 8.5 | 7.5 9.5
5. kirkee 2.0 3.5 9.5
| S. enteritidis 11RX | 5.0 1.0 2.5
S. budapest 5.0 <0.25 5.0
S. typhimurium M206 |  <1.0 |  <0.25 <2.5
|S. fridenau <1.0 } <0.25 <2.5
S. derby 5.0 I <0.25 <2.5
S. chester % 2.5 I <0.25 <2.5
S. humber 5.0 I <0.25 <2.5
E. coli F1142 | 5.0 } <0.25 <2.5

l
Normal sample 1.0 % <0.25 <2.5

a =

1x109 organisms fed orally.
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fluids obtained from groups of 20 to 25 mice 21 days after oral
feeding with 1x109 organisms. Serum antibodies were determined
either totally or specifically for IgA. Since, at 21 days, it may
be assumed that serum antibody is principally of IgG or IgA class,
the serum antibody is shown as either IgG or IgA calculated in terms
of the data shown in Figs. 6.4a, b, c and d.

All the persistent strains, such as 3. typhimurium F885,

S. salford and S. bonariensis, give relatively high amounts of IgA

anti-Salmonella antibodies in both serum and intestinal fluid
washings and high total serum antibodies. On the other hand, the

non-persistent’ strains, such as 3. derby, S. humber and E. coli F1142,

produce the Salmonella antibody levels in either serum or intestinal
fluid washings similar to those for normal mice. However, among the
non-persistent strains, some do give relatively high total serum
antibodies. These antibodies probably reflect a "spillover" from the

intestinal lumen of bacterial antigen.

6.4 Resistance to Salmonella typhimurium Infection After One Oral

Immunization with Various Strains of Salmonellae

(a) Immunization

Each 14 groups of mice were given one dose orally with 1x109 live
organisms of each 14 Salmonella strains (see Materials and Methods).
Each group contained 40-50 mice, and 21 days after the immunization
20-25 mice were killed and serum and intestinal fluids collected; the
other 20-25 mice were used in the protection test. The sera and
intestinal fluids were tested for antibodies directed against their

homologous antigens using the ELISA indirect technique.
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(b) Protection test

L)

Protection against S. typhimurium C5 infection (mouse typhoid)

was studied by challenging those groups of immunized mice with lethal

doses of S. typhimurium C5 organisms. On day 21 after oral immuniz-

ation, 20-25 mice from each group were fed orally with 1x16) S. typhi-
murium C5. The number of deaths were t=corded 30 days after the
challenge. The control mice received in the department on the same
day as the test mice were kept in the animal house znd given food and
drinking water for 21 days before challenge. Table 6.5 shows the
protective capabilities of orally administered live vaccines. Using
the per cent. survivors of the immunizing groups and their controls
(non-immunizing mice), probability values were ubtained for signifi-
cant protection using "Table for Testing Significance in a 2x2
Contingency Table", compiled by D. J. Finrev, R. Latscha, B. M.
Bennett and P. Hsu, published for the Biometrika Trustees by the
Cambridge University Press, 1963.

Values of <0.005 are considered to indicate highly significant

protection.

6.5 The Correlation Between the Serum lga and Intestinal IgA and the

Protection After One Oral Immunization

From the data shown in Table 6.5 it can be sesn that there is
a good correlation between both serum IgA and intestinal sIgA levels
and protection against the secondary oral challenge with S. typhi-
murium C5. Those strains which are able to induce large amounts of
both serum and intestinal IgA after oral administration are able to
afford protection in mice against challenge with a virulent Salmonella

strain (S. typhimurium C5). Consequently, S. typhimurium F885,




Table 6.5

Protection® from S. typhimurium C5 infection afforded by

one oral live Salmonella feeding.

| . . Protection: I
Immunization orally -
| : 9 Survivors/Total e . c |
with 1x10 : N . Significance

I livin 11 £ | after oral challenge % Survival | f test |

g ceris o with S, typhimurium C5 © s |
| yp
| S. typhimurium F885 18/20 (0/10)b 90 (0)b <0.005
I | ! |
| S. bonariensis ] 12/13  (1/10) 93 (10) <0.005 |
IS. salford I 18/20 (0/10) 90 (0) <0.005 |
| 8. stanley | 17/20 (0/10) 85 (0) | <0.005
{S. strasbourg i 18/20 (0/10) I 90 (0) I <0.005 I
| S. kirkee | 6/12 (2/10) | 50 (20) | >0.05
} S. enteritidis 11RX I 12/20 (3/20) I 60 (15) I 0.01 1
| &. budapest | 5/12  (2/13) | 42 (15) | >0.05
{S. typhymurium M206 | /i (1, 0) I 27 (10) ; »0.05

|
| 8. fridenau 5 1/10 0 (1/10) 110 10y | >0.05 |
{s. derby I 1/11  {1/10) L g (10) >0.05 }
i

| 8. chester ‘ a/20 (013 | 20 (0) >0.05 |
%S. humber | 0/20  (0/10) i 0 (o) >0.05 I
| E. coli F1142 | 2/20 (1/10) | 10 (10) >0.05 |
l l 1 |

Oral challenge with 109 living S. typhimurium C5 after orally immunizing
with various living cells of Salmonella strains. The survivors or the
death were observed within 30 days after challenge.

Control, non—-immunized mice.

Values of <0.005 indicate highly significant protection.
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S. bonariensis, S. salford, S. stanley and S. strasbourg that are able

to induce the high level of both serum and intestinal IgA after one

oral administration are able to protect mice from S. typhimurium C5

infection, while those strains that are not able to induce the high

level of serum and intestinal IgA, such as S. fridenau, S. derby,

S. humber, E. coli F1142, S. typhimurium M206, are not able to afford

the protection. S. kirkee, S. budapest and S. enteritidis 11RX, which

induce generally lower levels of these IgAs, are seen to afford some

slight protection (Table 6.5).

6.6 Conclusibn and Discussion

Conclusicn

The results reported in this chapter suggest that (1) there is
a significant correlation between both serum IgA and intestinal slIgA
directed against the immunizing strains and the resistance to mouse
typhoid. Conversely, the serum IgG appears to show only weak
correlation, if any; (2) the persistence of some immunizing Salmonella
strains in the Peyer's patches (which is claimed to be responsible
for local cellular immunity; Maneerashapisal and Rowley, 1981; in
press) correlates with a high level of both serum and intestinal sIgA,

while non-persistent strains do not produce high IgA levels.

Discussion
It is evident from these experiments that oral immunization with
various persistent strains of Salmonellae confers significant

protection against death from subsequent challenge with S. typhimurium

C5, the causative agent of mouse typhoid. IgA antibodies in both

serum and in the intestine correlate very well with this protection.



Table 6.6

Correlation between protection and serum IgA and

intestinal IgA anti-Salmonella antibody.

. o | Serum | Serum | Intestinal | Significance?
mrEuniz1ing | 1gG IgA | sIgA | of protection
strains i

~lup/ml | pg/ml | g /ml test
I |
S. typhimurium F885 | 16.5 15 | 75 <0.005
I |
S. bonariensis | 4.5 30 | 75 <0.005
| |
S. salford i 7.0 15 | 37.5 <0.005
: I | | |
S. stanley | 3.5 | 7.5 | 9.5 | <0.005
|
| s. strasbourg ! 8.5 7.5 3.5 <0.005
i I
S. kirkee | 2.0 3.5 9.5 >0.05
| i [ |
S. entericidis 1iRX | 5.0 1.0 2.5 | 0.01
I
| s. budapest | 5.0 |<0.25 5.0 >0.05
I i |
S. typhimurium M206 | <1.0 |<0.25 | <2.5 | >0.05
| | I
S. fridenau | <1.0 |<0.25 | <2.5 >0.05
I ! I | I
S. derby ' 5.0 |<0.25 | <2.5 >0.05
'- I I
| S. chester | 2.5 [<0.25 | <2.5 | >0.05
| I I
S. humber | 5.0 |<0.25 | <2.5 >0.05
I I I I I
E. coli F1142 | 5.0 |<0.25 | <2.5 >0.05
1 I I
I
| Normal mouse i 1.0 % <0.25 I <2.5 |

a = Values of <0.005 are considered to indicate

highly significant protection.
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Although the protective action of IgA, the predominant immunoglobulin
in external secretions, against viral infection in the intestinal
tract (Ogra et al., 1968) and elsewhere (Smith et al., 1966) has been
well established, itz action against bacteria is less evident and is
indeed most unlikely to have any direct bearing on the protection
observed in this work, since the induced IgA is generally non-specific
for the challenge strains. Further, a negligible amount of intestinal
IgA was found able tu interact with the outer membrane protein of the

challenge strain.



CHAPTER 7

Discussion

7.1 Reiteration of Aims

The aim of this work has been to determine whether a simple
technique which measures the levels of either serum IgA or sIgA can
be used as an index of protection against typhoid fever in mice.

As previously discussed in Chapters 3 and 5, the ELISA proves
to be at least as exquisitely sensitive and specific as radic--
immunoassay, and because it can be readily adapted to field use as
well as in the routine laboratory, it affords an ideal screening
technique. Consaquently, we have used the ELISA for such IghA deter-

minations.

7.2 ELISA Technique

As has been discussed in 3.2.1 and 5.4.1, we found that the
nature of the carrier surface (i.e., polystyrene microtitre plates)
had a very marked influence on the binding of lipopolysaccharides and
proteins. Consistently adequate binding was obtained by coating
plates with LPS which had been previously coupled to methylated bovine
serum albumin. Using a sandwich technique, we were able to detect
as little as 45 ng/ml of IgA, 30 ng/ml of IgG and 50 ng/ml of Ig

at the limiting O0.D. 405 of 0.2.

7.3 Local Immunological Defense Mechanisms
The defense mechanisms of the gastrointestinal tract have already
been discussed in some detail. The non-immunologic mechanisms 1in

Chapter 1 and the immunologic, such as the production of sIgA and
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cell-mediated immunity, in Chapter 2. This work has thrown some new
light on these local immune mechanisms. For example, it is clear that
those Salmonellae that afford protection against mouse typhoid after
one oral feeding of live organisms are able: (1) to persist in the
Peyer's patches of thé small intestine and thus presumably cause the
committal of T-lymphocytes to a cell-mediated immunity so that they
respond to antigen present within the intestinal lumen, as suggested
by Muller-Schoop 2id Good (1975) and by the work of Maneerushapisal
and Rowlev (1981); (2) to cause a marked increase in the titres of

both serum IgA and, more particularly, in the sIgA of the intestinal

juice.
The data presented in Table 6.5 clearly demonstrated a corre—
lation berween the levels of both serum IgA and intestinal sIgA and

protection o u subseguent challenge with 5. typhimurium C5. (In

general, the levels of serum IgG remain relatively unchanged after
administracion of the oral immunizing dose, presumably as a result
of suppressor T celis, as indicated by the work of Richman et al.
(1981) and Kawanishi et al. (1982). Also, negligible quantities of
IgG and IgM by ELIGA were found in the gastric juice.) Of those
strains which afford protection against mouse typhoid, only S. stanley
has O-sorztic antigens {4, 5, 12), in common with the challenge

strain. Indeed, when S. typhimurium C5 LPS was used to coat plates,

negligible quantities of serum IgA or sIgA were found in serum or
intestinal fluid samples of mice immunized with the various strains
of Salmonella, except from the mice orally immunized with S. stanley.
Therefore, it seems most unlikely that the high levels of slIgA
obtained by immunization with some organisms are, as such, responsible

for the protection observed, unless the sIgA is directed against some
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common antigen such as ECA. (Our results show that such a common
antigen is not in the outer membrane proteins of the challenge strain,

S. typhimurium C5.)

7.4 Concentration of Serum IgA or sIgA as an Indicator of Protection

Clearly, a single oral feeding of antigen can elicit a local
humoral response in the gut which results in fhe production of sIgA
locally. The concomitant increase in serum IgA is due presumably
to the presence of IgA secreting plasma cells in the peripheral blood
as they cycle back to the gut (see 2., 'IgA cell cycle') where the
SC is then added to produce sIgA. This increase in the levels of
serum IgA and inrestical sIgA correlates very well with protection
against acuse typhoid and can, therzfore, ba used as an easily
measured indicator of immune status.

However, it also seems clear that these induced immunoglobulins
ﬁlay litile, if any, pert in the protection process as such, which
is almost certainly due to cellular immunity. Maneerushapisal and
Rowley (in press) consider that the T-cells of recipients must be
sensitized to some unidentified bacterial antigens which, on secondary
challenge, !iberate Lymphokines which activate the local macrophages
in ways which enavle them to kill the invading pathogens. Those
Salmonellae which are best at inducing the resistance are those which
are able t5 colonize the Peyer's patches of the small intestine for
a relatively long period of time. This lymphoid tissue then acquires
a much larger population of macrophages which have the antibacterial
properties of activated cells (Maneerushapisal and Rowley, 1981).
Such mechanisms are almost certainly responsible for the successful

protection obtained by Wahdan et al. (1982) in the Egyptian trials
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iﬁvolving oral administration of live typhoid vaccine.

Since, at present, it is not easily possible to measure cellular
immunity and use it as an index of immunological defense, the
correlation between protection and IgA levels which follow the
persistence of living Salmonellae in the Peyer's patches of the small
intestine seems a simply measured and an appropriate indicator of
the immune status of an animal. 1In consequencé, such simple measure-
ments of IgA levels offer a very attractive alternative to the
mounting of expensive and extensive field trials of wvaccines.
Clearly, aberrations due to the incorrect or inadequate feed-back of

information in such trials are overcome.
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