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Summary

The m echanism s regu la ting  the induction o f system ic im m unological 

hyporesponsiveness to fed protein antigens (oral tolerance) have been studied in 

mice using ovalbumin (OVA) and bovine serum albumin (BSA).

Intestinal processing of OVA and BSA was studied in vivo by transfer of serum 

collected from OVA and BSA fed mice at specific timepoints and transfer of that 

serum into naive recipient mice. The nature of the "gut processed" OVA was subse

quently analysed in vitro using affinity chromatography, gel filtration chromatogra

phy, SDS-PAGE, immunoblotting techniques and enzyme linked immunosorbent 

assays for antigen detection in serum collected from OVA fed animals.

An earlier observation that immunoreactive OVA can be detected in serum 5 

minutes after a feed of OVA was confirmed. However, such serum was not 

tolerogenic in recipient mice and the tolerogenic effect did not appear until 30 

minutes after feeding with full tolerance in recipients observed only with serum 

collected 60 minutes after a feed.

In vitro pepsin and acid treatment of OVA and BSA was used to mimic the 

conditions in the murine stomach. Pepsin treatment of OVA did not render OVA 

tolerogenic in recipient mice whereas, pepsin treated BSA was able to induce full 

suppression of delayed type hypersensitivity (DTK) reactions in recipient mice. This 

suggests that different mechanisms may be responsible for generating tolerogenic 

material depending on the nature of the antigen used.

In order to investigate the role of the antigen specific immune system in the produc

tion of a transferable "tolerogen", Scid (severe combined immunodeficient i.e. no 

mature B and T cells) mice were used as donors in the serum transfer model of oral



tolerance. It was found that Scid mice were unable to render fed OVA tolerogenic in 

serum transfer to naive BALB/c recipient mice. However serum collected from BSA 

fed Scid mice did induce partial BSA tolerance in recipient mice. This data suggests 

that although a functioning immune system is essential for the production of an OVA 

tolerogen it is of less importance in the production of a BSA tolerogen.

The failure of Scid mice to render OVA tolerogenic was not due to their lack of gut 

flora since germ free mice generated tolerogenic OVA which was transferable to 

naive BALB/c recipients. However, limited histological analysis of small intestine 

from Scid, germ free BALB/c and conventionally reared BALB/c mice demonstrated 

that there is a difference in the cellular composition and physiology of the Scid 

mouse gut.

The transfer of spleen cells from mice 7 days after a feed of OVA or BSA induced 

antigen specific suppression of DTH in recipient mice but only in the presence of 

antigen administered immediately after the transfer of cells to recipients.

Investigations of serum collected from BALB/c mice 5 minutes and 60 minutes after 

feeding OVA and collected from Scid mice 60 minutes after an OVA feed permitted 

the identification of candidate tolerogenic fractions of OVA having molecular 

weights of approximately 21kDa and 24kDa.

These studies suggest that processing of fed protein antigens by the gut and associat

ed lymphoid tissues to produce a transferable OVA or BSA tolerogen plays an 

important role in the ontogeny of oral tolerance induction in mice.
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List of Abbreviations

a anti or alpha
15 beta
Ô delta
T gamma
t IFN gamma interferon
Mg microgram
Ml microlitre
Ab Antibody
APC Antigen presenting cell
APS Ammonium persulphate
AU Arbitary unit
Bcell Bone marrow derived lymphocyte
BCIP 5-bromo-4-chloro-3-indolyl phosphate
BSA Bovine serum albumin
CCPR Crypt cell production rate
CD Cluster of differentiation
CFA Complete Freunds adjuvant
CMI Cell mediated immunity
CNBr Cyanogen bromide
CTL Cytotoxic lymphocyte
CV Co-efficient of variation
DMSO Dimethylsulphoxide
DTH Delayed type hypersensitivity reaction
ECL Enhanced chemi-luminescence
ELISA Enzyme linked immunosorbent assay
FPLC Fast protein liquid chromatography
GvHR Graft versus host reaction
HA Heat aggregated
HCl Hydrochloric acid
HGG Human gamma globulin
hr hour
HRPO Horseradish peroxidase
i.d. intradermal
lEL Intra epithelial lymphocyte
Ig Immunoglobulin
IL-2 Interleulan 2
IL-4 Interleukin 4
i.p. intraperitoneal
ISCOM Immuno stimulating complex
kDa kilo Daltons (molecular weight)
EPS Lipopolysaccharide
M Molar
M cell Membranous cell
MHC Major histocompatibility complex
mg milligram
mig membrane immunoglobulin
ml millilitre
mm millimetre
mM milliMolar
MSA Mouse serum albumin
NBT Nitro blue tétrazolium
N/D Not detectable
ng nanogram
NGS Normal goat serum
nm nanometre
NMS Normal mouse serum



N° Number
NS Not significant
OD Optical density
OPD o-phenylene diamine
OVA Ovalbumin
p probability
PAGE Polyacrlyamide gel electrophoresis
PBS Phosphate buffered saline
PNPP p-nitrophenyl phosphate
ppt precipitate

Red blood cell 
Scid Severe combined immunodeficiency
SDS Sodium dodecyl sulphate
sRBC sheep red blood cell
T cell Thymus derived lymphocyte
TEMED N,N,N' ,N’ -tetramethylethylenediamine
Thl T helper 1 cells
Th2 T helper 2 cells
Tween20 Polyoxyethylene(20) sorbitan monolaurate
U/B Unbound
UV Ultraviolet
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1.1 Introduction

The gastrointestinal tract encounters large amounts of potentially harmful antigenic 

material every day in the form of food proteins, normal gut flora (predominantly 

gram negative bacilli) and invading pathogens comprising viruses, bacteria and 

multicellular parasites. Despite this constant antigenic bombardment the local and 

systemic immune systems maintain a state of immune unresponsiveness to all but 

actively pathogenic stimulation. The ability of the mucosal immune system to distin

guish "friend from foe" is not due to proteolytic destruction of the immunogenic 

properties of protein antigens in the gut by gastro-intestinal enzymes, since it has 

been demonstrated repeatedly that after a feed of the protein antigen OVA to mice, 

significant levels of the fed protein can be detected in the circulation (Halsey and 

Benjamin 1976, Swarbrick et al 1979, Bruce and Ferguson 1986b, Peng et at 1990). 

The absorbed protein has been shown to be of similar molecular weight to the intact 

protein and retains many of the native antibody epitopes (Bruce and Ferguson 

1986b). This suggests that potentially antigenic material is present but that the 

immune system is actively silenced (Hanson et at 1977, Swarbrick et al 1979, Bruce 

and Ferguson 1986a and b, Peng et al 1990).

These observations pose the tantalising question of why continuing systemic immune 

unresponsiveness is observed in the presence of c ircu la tin g , apparently  

immunocompetent, antigen when the same dose delivered parenterally results in 

significant priming of both the humoral and cellular limbs of the immune response 

(Golub and Weigel 1969).

It has been hypothesised that this powerful tolerising response, elicited by orally 

administered antigen, is present to prevent damaging local hypersensitivity reactions 

in the gut against frequently encountered "passive" antigens. Breakdown of this 

tolerance could result in a progressive destructive local immune response leading to 

serious disease (Ferguson et al 1983a and b).
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1.2 The Mucosal Immune System

The gastrointestinal tract in all mammals is composed of many different cell types 

which all contribute to the efficient functioning of the mucosal immune system 

(Brandtzaeg et al 1988). The alimentary tract acts as a physical barrier against invad

ing pathogens as well as an excellent sampling organ for exogenous antigens 

allowing subsequent presentation to the underlying immune organs of Peyer's patch 

and mesenteric lymphnodes. The epithelium maintains constant cell to cell contact 

with the intraepithélial lymphocytes and lymphoid cells of the lamina propria thereby 

enabling constant immune surveillance of the antigens encountered in the gut lumen. 

As a result of this close relationship between different cell types it is possible to 

regard the mucosal immune system as comprising two parts:

(i) the professional lymphoid tissues of Peyer's patch, lamina propria and intra 

epithelial lymphocytes (lEL) and (ii), the non professional gut epithelial cells or 

enterocytes.

1.2.1 Peyer's patches

These lymphoid nodules, first described by Peyer in 1667, are the main organised 

lymphoid tissue of the intestinal mucosa. They appear as lymphoid aggregates 

arrayed along the small intestine like a "string of pearls". Peyer's patches are similar 

to other peripheral lymphoid tissues such as the spleen and lymph nodes since they 

are arranged into T and B cell dependent areas (Henry et al 1970). Each Peyer's 

patch in mice and rats is composed of 3 to 5 follicles separated from one another by 

interfollicular areas (Owen and Jones 1974). The follicles are the B cell dependent 

areas (50% of which have surface IgA) with a sparse scattering of T helper cells. 

The interfollicular areas contain the majority of the T helper cells and a few 

Cytotoxic T lymphocytes (CTL) (Ermak and Owen 1986).

Cells enter the Peyer's patches via the Peyer's patch high endothelial venules, this 

tissue specific recirculation of cells to the mucosal lymphoid compartment appears to
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be mediated via complementary receptors on recirculating lymphocytes and on the 

organ's high endothelial venules. In the case of recirculation to the Peyer's patches in 

the mouse, the adhesion molecule LPAM-1 is expressed on lymphocytes destined for 

the Peyer's patches (in humans this may be regulated by VLA-4 on lymphocytes). 

The LPAM-1 may interact with an organ specific molecule expressed on Peyer's 

patch high endothelial venules thereby allowing selection of cells destined for the 

mucosa (Holzman et al 1989). Antigen enters the patch via specialised membranous 

(M) cells which overlay the follicles and face into the lumen of the gut. These M 

cells are scattered throughout a specialised epithelium, the dome epithelium, which 

covers the lymphoid aggregate and is composed of these special M cells arrayed 

between normal columnar absorptive epithelial cells, or enterocytes (Owen and Jones 

1974). Unlike the columnar epithelial cells of the small intestine which have multiple 

microvilli on their lumenal surface M cells are covered in microfolds which are 

capable of specialised endocytosis of bacterial and macromolecules via clathrin 

coated pits and vesicles (Owen 1977, Neutra et al 1987).

After antigen has entered the Peyer's patch through the M cells it first encounters 

large mononuclear la positive veiled cells, with dendritic cell characteristics (Wilders 

et al 1983, Mayrhofer et al 1983, Barr et al 1985) and macrophages (Owen et al 

1980, Hume et al 1987). These cells are probably responsible for antigen processing 

and presentation to the T cells situated in the interfollicular areas of the patch 

thereby initiating a specific immune response to intestinally derived antigen. It has 

been postulated that the Peyer's patch is the site of initiation and regulation of specif

ic immune responses in the intestine (Kiyono et al 1982, Mayrhofer et al 1983).

1.2.2 Lamina propria

The intestinal lamina propria is situated between the epithelium and the muscularis 

mucosae in both the small and large intestine of all mammals (Crabbé et al 1965). In 

humans and non human primates the lamina propria consists primarily of large
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numbers of IgA producing plasma cells (85%) which may originate from the Peyer's 

patches (Craig and Cebra 1971, Cebra et al 1977, Bienenstock et al 1974) or 

mesenteric lymph nodes (Guy-Grand et al 1974) or both (James et al 1990) the 

remainder of the B cells contained in the lamina propria are IgM (10%) and IgG 

(5%) positive (Ernst et al 1987).

Specific and non specific immune cells of all types including T cells, macrophages, 

mast cells, eosinophils and polymorphonuclear cells are found interspersed between 

the plasma cells (Bartnik et al 1980, Davies and Parrott 1981). The T cells observed 

are mostly of the T helper phenotype (CD44-) which may be involved in activation 

and control of the large numbers of B and plasma cells (Elson et al 1985). A much 

smaller proportion of cytotoxic lymphocytes (CD8+) are observed which may be 

involved in pathogen control (particularly enteric viruses) at the mucosal surfaces 

(Cerf-Bensussan et al 1983, James and Graeff 1987, Ruthlein and Heinze 1991).

The macrophages observed in the lamina propria are MHC class II positive with no 

dendritic or veiled cell characteristics. A large proportion are situated at the villus 

tip (Hume 1985) where their primary function appears to be phagocytosis of 

invading pathogens (Kujawa et al 1977, Muigai et al 1983).

1.2.3 Intestinal epithelium

The mucosal epithelium consists of large columnar epithelial cells (enterocytes), a 

major function of these cells is to transport food molecules from the gut lumen to 

underlying tissue for transport around the body. These cells have a specially adapted 

brush border of microvilli facing into the lumen of the gut, thereby dramatically 

increasing the absorptive capacity of each epithelial cell. These cells are derived 

from rapidly dividing precursors situated in the crypts of Lieberkiihn at the foot of 

the villus. The newly synthesised immature epithelial cells join the base of the villus 

and mature as they ascend towards the villus tip. The length of the villus is con

trolled by the rate of division of the precursors in the crypt and by the mechanical 

erosion of mature cells into the lumen of the gut from the tip of the villus, turn over
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time for these cells is normally 2-3 days (Bland and Warren 1986a). Careful control 

of epithelial cell turnover is necessary to maintain the integrity of the intestinal 

epithelial barrier, the rate of turnover can increase during certain immunological 

stimuli (Mason et al 1981, Barnard et al 1989). Interspersed between the epithelial 

cells are goblet cells which are also derived from the crypts; these cells provide the 

mucus which coats the brush border of the epithelial cells and acts as an additional 

barrier against pathogen penetration of underlying tissues.

It is obvious that the epithelial cells provide a physical barrier to pathogen invasion 

of the mucosae. However, recent research has provided evidence for a more direct 

role of these cells in the functioning and control of the mucosal immune system 

(Geppert and Lipsky 1985, Bland and Warren 1986b). These cells have been shown 

to express class II MHC in humans (Scott et al 1980, Mayer and Shlien 1987, 

Harvey et al 1990), rats (Bland and Warren 1986a), mice (Natalli et al 1981, Parr 

and MacKenzie 1979) and guinea pigs (Wiman et al 1979). In rats the top 2/3 of the 

intestinal villi are positive for class II MHC expression, this expression pattern may 

reflect maturation of these cells as they move up the villi (Bland 1988). Expression 

of class II MHC can be increased by various intestinal inflammatory responses and 

is now thought to be mediated in rats and humans by tIFN (Barclay and Mason 

1982, , Steiniger et al 1989, Heath et al 1991). The

importance of this expression for antigen presentation to, and control of, the under

lying mucosal immune system is not fully understood and will be discussed later.

1.2.4 Intra-epithelial lymphocytes

95-98% of intraepithélial lymphocytes (lEL) are located on the basolateral enterocyte 

membrane (Darlington and Rodgers 1966). They appear to be completely separated 

from the epithelial cells with no desmosome or adhesion structures observed between 

lEL and enterocyte (Ferguson 1977). The majority of lEL's are thymus dependent 

lymphocytes since reduced numbers have been observed in thymectomised, athymic
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and Scid mice (Ropke and Everett 1976, Fichtelius et al 1968, Croitoru et al 1990). 

The numbers of lEL in thymectomised and athymic mice can be increased, but not 

to normal levels, on the introduction of gut flora (Fichtelius et al 1968, Ropke and 

Everett 1976). Specific homing of lEL to the epithelium appears to occur from the 

mesenteric lymph nodes but not from other peripheral lymph nodes (Parrot and 

Ferguson 1974, Guy-Grand et al 1974, Ferguson 1977) probably by a mechanism 

similar to that described for Peyer's patch lymphoid cells (see section 1.2.1). 

Phenotypically lEL's are composed of T cells and up to 50% non specific granular 

nul cells (Mowat 1983). The T cell compartment has a reversed ratio of CD4+ to 

CD8-I- cells (Klein 1986) compared with the lamina propria and, depending on the 

species studied can have up to 70% of T cells with a granulated phenotype (Strobel 

1990). Also, depending on the age and species studied the proportion of aBTcR to 

tôTcR can vary dramatically (Bonneville et al 1988, Goodman and Lefrancois 1988, 

Lefrancois and Goodman 1989, Viney et al 1989, De Gens et al 1990, Viney et al 

1990, Guy-Grande et al 1991a). Murine lEL 's are 80-90% CD84- (the classic 

cytotoxic lymphocyte phenotype) and can be either CD8 oilot^ i.e. homodimeric or 

they express the more usual heterodimeric CD8 a/6''' molecule (Maloy et al 1991) 

while the remainder are CD4+ i.e. T helper cells or express natural killer cell 

markers. Only 50% of lEL are Thyl 4- (Klein 1986, Ernst et al 1985, Petit and 

Ernst 1985) and these appear to be primarily the a6 T cell receptor expressors, 

Thyl- lEL are predominately tÔ T cell receptor users (Viney and MacDonald 1992). 

Recent evidence suggests that the lEL compartment may be a major extrathymic site 

of T cell differentiation in mice (Mosley et al 1990, Viney and MacDonald 1990, 

Guy-Grand et al 1991a, Lefrancois 1991, Rocha et al 1991) and humans (Van 

Kerckhove et al 1992). The use of radiation chimeras in mice have demonstrated 

that T cells appear in the gut two weeks before they can be shown in the thymus and 

spleen (Mosley and Klein 1992). The first cells to appear in the gut are tÔ T cells, 

these are gradually replaced in time with «6 T cells (Guy-Grand et al 1991a, 

Yoshikai et al 1991). On examination of the V6 gene usage in «6 TcR-l- lELs it has 

been shown that these lEL have a very restricted V6 usage which is heavily skewed
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indicating oligoclonal T cell expansion in mice (Rocha et al 1991) and humans (Balk 

et at 1991, Van Kerckhove et al 1992). The restricted gene usage is probably due to 

the limited number of antigens available in the foetal gut therefore limited antigen 

dependent selection occurs. Furthermore these T cell appear not to have undergone 

negative selection (normally occurs in the thymus) for self reactivity and can be 

shown to express V13 genes which have been deleted in T cells of the periphery due 

to their reactivity to self antigens (Murosaki et al 1991, Nagler-Anderson et al 1992, 

Poussier et al 1992, Rocha et al 1992b) i.e. T cells which have undergone 

conventional thymic education (Kappler et al 1987).

Functionally mammalian lEL have been shown to respond to T cell mitogens (Dillon 

and MacDonald 1986, Dillon et al 1986, Wilson et al 1986, Mowat et al 1989, 

Viney and MacDonald 1992), anti CD2 antibodies (Ebert 1989), anti CD3 antibodies 

(Mosley et al 1991, Viney and MacDonald 1992), allogeneic cells (Mowat 1986b), 

enteric viruses (Godson et al 1992) and multicellular parasites (Ebert 1989) 

displaying limited antigen specific (perhaps only to super antigens) (Dillon et al 

1986, Godson et al 1992, Viney and MacDonald 1992) and antigen non specific 

cytotoxicity (Klein et al 1985, Klein and Kagnoff 1987, Lefrancois and Goodman 

1989, Guy-Grand et al 1991b). They produce a variety of lymphokines including IL- 

2, IL-3, IL-5, IL-6, interferon (IFN), mast cell growth factor (MCGF) and colony 

stimulating factor (CSF) (Inle and Keller 1983, Cerf-Bennsussan 1984, Dillon et al 

1986, Kiyono et al 1991, Taguchi et al 1991, Barrett et al 1992, Viney and 

MacDonald 1992). Their responses in vitro have shown dramatic differences de

pending on the population of lEL studied. Thymodependent lEL (ail T cell receptor, 

Thyl 4-) give very good responses in vitro whereas thymoindependent lEL (rô T cell 

receptor Thyl-) give very poor responses and appear to be inactive or anergic 

(Viney and Mac Donald 1992). They show good motility in vitro but appear unable 

to migrate in vivo since they do not express the homing receptor MEL-14 (L- 

selectin) (Bacca et al 1987), but they do express the activated T cell marker CT-1 

(Klein 1986) and can have an activated morphology in situ.
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Observations of the phenotype and functional properties of lELshave resulted in two 

opposing hypotheses on the activation state of lEL's in vivo. It has been proposed 

that these cells are either fully activated in a situation of constant antigenic 

stimulation, explaining why in vitro they are poor responders to stimulation (Klein et 

al 1985, Bacca et al 1987, Mowat et al 1989), or that they are anergic and help to 

maintain tolerance to non pathogenic antigenic material at mucosal surfaces 

(Goodman and Lefrancois 1989, Mosley et al 1991). However it now appears that 

lELs are a heterogeneous population of lymphocytes which may have many different 

roles in the mucosal immune system of both defence and immunoregulation.

1.3 Intestinal Permeability to Fed Antigens

Minute quantities of antigenic dietary proteins can be detected in the circulation of 

both animals and humans after feeding (Gardner 1984). The uptake of these antigens 

can be enhanced during intestinal immaturity and inflammation in mice (Hanson 

1981), guinea-pig (Telemo et al 1987) and man (Jakobsson et al 1986, Jakobsson 

1988). Transport of antigen from the lumen of the gut into the systemic circulation 

can occur by three main routes, (i) transport through the specialised M cells of the 

Peyer's patch (Owen 1977), (ii) active uptake and transport across columnar epithe

lial cells of the small intestine (Tagesson and Sjodahl 1984) and (iii) passive diffu

sion of molecules across the tight junctions (intracellular desmosomes) between the 

epithelial cells of the intestine (Gardner 1984). Experimental evidence is available 

for the utilisation of all these routes in animal models and some human studies.

1.3.1 Experimental evidence of gut permeability

Initial studies demonstrated that blood and urine collected from experimental animals 

after feeding BSA or egg proteins was able to induce anaphylaxis in previously 

sensitised animals (Schloss and Worthen 1916, Wilson and Walzer 1935), thereby 

suggesting that immunologically active forms of the antigens were present in the
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circulation after feeding.

The amount of each antigen which is detected in the circulation after feeding varies 

widely for each antigen e.g. rats fed BSA have been reported to have between 2% 

(Warshaw et al 1974) and 0.0001% (Peng 1989) of the total fed antigen in their 

circulation, similarly reported circulating OVA levels have ranged between 0.002% 

(Swarbrick et al 1979) and 0.000125% (Peng et al 1990) of the total fed antigen. 

This apparent discrepancy in values can be explained by the timepoint of collection 

after feeding since each antigen appears to have an optimum time for maximum 

absorption (Peng 1989) and also the method for detection of antigen can dramatically 

influence the concentration obtained.

The induction of intestinal anaphylaxis by administration of chemicals or parasitic 

infections to mice or rats results in an increase in the absorption of intact dietary 

protein (Reinhardt 1984). This increase in absorption of intact antigen is thought to 

be due to an increase in intestinal permeability caused by the inflammatory response, 

thereby allowing diffusion of high molecular weight molecules through the tight 

junctions between the epithelial cells. Further evidence for this has been supplied by 

the electron microscope studies of Rhodes and Kamovsky (1971) who reported that 

after surgical trauma to the small intestine of guinea pigs HRP could be observed 

diffusing intercellularly through the tight junctions but could not be demonstrated in 

epithelial cells. Kleinman et al (1981) reported that intestinal anaphylaxis can lead to 

increased uptake of non-specific "bystander" intestinal antigens which can evoke an 

IgG mediated reaction and therefore perpetuate intestinal inflammation leading to 

chronic disease. Furthermore it was reported by Lens et al (1984) that arthritis 

mice fed collagen experienced a "flare up" of their arthritic condition suggesting 

that immunoreactive collagen reached their arthritic joints after feeding. Recent 

indirect evidence for this mechanism of transport of intact antigen in normal gut was 

supplied by the observations of Peng (1989) who showed that intact OVA and BSA 

could be demonstrated in the circulation of mice just 5 minutes after feeding, since 5 

minutes would appear to be too short a time for active transport of large proteins. The
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immunological effect of rapidly diffusing intact dietary antigen on the local and 

systemic immune system is unclear.

Conventional antigen transport via absorptive epithelial cells and specialised M cells 

has been reported for many different antigens (Owen 1977, Ducroc et al 1983, 

Neutra et al 1982). However the efficiency of these cells to transport specific anti

gens appears to differ depending on the antigen measured. These differences may 

reflect the immunological outcome of antigen entering the Peyer's patch via M cells 

compared to antigen entering the lamina propria or intra-epithelial lymphocytes via 

columnar epithelial cells or may simply reflect the ease of breakdown of each anti

gen by the gastrointestinal enzymes.

1.4 Oral Tolerance

Oral tolerance is defined as specific systemic immunologic hyporesponsiveness after 

oral administration of that particular antigen and was first described by Dakin in 

1829. He observed that South American indians ate poison ivy leaves to prevent 

subsequent contact sensitivity reactions. This phenomenon appears to have been 

ignored by the scientific community until the beginning of the 20^ century. In 1909 

Bresredka described tolerance to milk protein on feeding to guinea pigs. Shortly 

afterwards in 1911 Wells demonstrated that zein, the major protein component of 

maize, when fed to guinea pigs prevented subsequent anaphylactic shock on parent

eral challenge. These observations were confirmed by Chase in 1946 using contact 

sensitising agents to first establish the immunological basis of the response which 

became known as the Sulzberger - Chase phenomenon.

In recent years the rise of interest in oral tolerance has been helped by the relative 

ease of induction and measurement of oral tolerance in almost any laboratory animal 

using a variety of antigens, particularly soluble protein antigens. This availability of 

material encourages the use of this system for the study of fundamental mechanisms 

in the immune response and immunoregulation and also for clinical application of 

oral vaccine development and treatment of autoimmune disease.
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1.4.1 Immunological responses to fed protein antigens

All antigens capable of inducing tolerance on oral administration are thymus 

dependent antigens (Titus and Chiller 1981a), thymus independent antigens given 

orally are likely to prime the immune system (Titus and Chiller 1981a). Tolerance 

induction has been demonstrated using a wide variety of thymus-dependent antigens 

with soluble proteins such as OVA and BSA being the antigens of preference since 

they are readily available in the laboratory and experimental animals are likely to be 

immunologically naive to them (Thomas and Parrott 1974 and reviewed in Mowat

1987). Other antigens used include heterologous RBC (André et al 1975, Kagnoff 

1978 a and b, Kiyono et al 1982), contact sensitising agents (Asherson 1979, Newby 

et al 1980, Gautam and Battisto 1985) and inactivated viruses and bacteria (Stokes et 

al 1979, Rubin et al 1981). This second group of antigens provides conflicting data 

which may help in elucidating the immunological basis of this phenomenon. When 

live allogeneic cells or viruses are fed they prime both the local and systemic 

immune systems mimicking the protective role of the local immune response on 

pathogenic challenge (Rubin et al 1981, Klein and Kagnoff 1984).

The dose and frequency of administration of antigen also appears to be important to 

the level of the tolerance induction. In mice and rats a single feed of a soluble 

protein antigen in milligram quantities induces tolerance whereas a single microgram 

dose of antigen is more likely to prime the animal (Jarrett and Haig 1976, Mowat 

1987, Lamont et al 1989, Peng et al 1989a). However if the smaller priming dose is 

fed repeatedly over a short period of time priming does not occur and a strong 

tolerogenic response is initiated (Peng et al 1989a). Furthermore it has been 

reported that with an increase in the frequency of oral exposure to antigen the 

resulting tolerance becomes more marked and longer lasting (David 1979 and Peng 

et al 1989a). This finding is also true for inhalation of antigen and the tolerance 

produced on exposure of the mucosal immune system of the respiratory tract (Holt

2 5



and Menamin 1989).

Oral tolerance to a soluble protein antigen affects all arms of the systemic immune 

response in mice and rats. Suppression of antigen specific IgG and IgE antibodies 

(Jarrett and Haig 1976, Vaz and Mara 1977, Ngan and Kind 1978, Rich man et al 

1978, Swarbrick et al 1979, Challacombe and Tomasi 1980, Titus and Chiller 

1981a, Mowat et al 1982) and marked tolerance of cell mediated immunity both in 

vitro, by cell proliferation assays, and measurement of in vivo delayed type hyper

sensitivity reactions (DTK) (Miller et al 1979, Challacombe and Tomasi 1980, Titus 

and Chiller 1981a and b, Mowat et al 1982) have all been demonstrated. Conflicting 

reports exist on responses against the administered antigen by the local immune 

system during tolerance induction. Early studies demonstrated induction of a specific 

local immune response together with systemic hyporesponsiveness of both an 

antibody and cellular nature (Challacombe and Tomasi 1980). However this system 

used inactivated bacteria as antigen, which is probably not an ideal model for dietary 

antigen and more closely resembles the presentation of a pathogenic antigen to the 

local immune system. In more recent studies using soluble protein antigens both the 

local and systemic immune responses were tolerised (Saklayen et al 1984).

The level and nature of the suppression achieved by oral administration of antigen is 

heavily dependent on the parameters assessed. When antibody responses are 

measured the IgE response appears to be the most sensitive to tolerance induction 

and often no antigen specific IgE response can be detected locally or systemically 

(Ngan and Kind 1978). Specific IgG responses can be detected but are significantly 

lower than in parenterally primed animals; this tolerance lasts up to 3 months after 

the initial feed (Strobel and Ferguson 1987). The cellular immune response assessed 

by in vivo DTH responses to specific antigen challenge is profoundly suppressed for 

up to 17 months after the initial antigen exposure (Strobel and Ferguson 1987).

The observation that the IgE and DTH responses are profoundly tolerised after oral 

administration of antigen when compared to IgG responses (Ngan and Kind 1978, 

Heppell and Kilshaw 1982, Mowat et al 1982, Jarrett and Hall 1984, Strobel and 

Ferguson 1987) and the greater long term stability of IgE and DTH suppression
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could suggests a possible function for oral tolerance. It would be advantageous for 

the efficient functioning of the intestinal epithelium that the mucosal immune system 

was not being continually activated by passive food antigens thereby causing local 

hypersensitivity reactions, of which IgE and DTH responses are the principle media

tors of disruption of the mucosal architecture.

1.4.2 Mechanisms of tolerance induction and maintenance

The phenotype of any immunologically tolerant state results from an interaction of 

many different immunoregulatory mechanisms and is therefore very difficult to 

dissect. The situation is further complicated in this system because the nature of the 

antigen used radically determines the immunological outcome on oral immunisation 

(Titus and Chiller 1981a). As a result of this difficulty the research discussed will be 

based on soluble protein antigens unless specifically stated.

To enable an antigen specific immune system to operate efficiently it is essential that 

the immune response distinguishes self from nonself antigens and reacts accordingly. 

The phenomenon of self tolerance is initiated when the immature T cell pool has 

migrated to the thymus (Kisielow et al 1988). Two mechanisms have been proposed 

and experimentally demonstrated

1. Clonal deletion i.e. death of self reactive clones (Kappler et al 1987, Sha et al

1988)

2. Clonal anergy i.e. induced unresponsiveness of specific clones (De Franco 1989, 

Goodnow et al 1989, Nossal 1989)

These processes and the experiments carried out to demonstrate self tolerance may 

also be applicable to peripheral tolerance.

Primary self tolerance has been shown to occur in the thymus by a process of 

negative selection. Immature T cells migrate from the bone marrow and /or foetal 

liver to the thymus where they are first positively selected for recognition of self 

MHC (all cells which are not selected die by programmed cell death (apoptosis)).
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The positively selected cells are then negatively selected on the basis of reactivity to 

self antigens i.e. all T cell clones which react to self antigens presented by self MHC 

are destroyed by apoptosis and therefore self tolerance is controlled initially by 

clonal deletion of self reactive clones. However it would be realistically impossible 

to imagine that tolerance to all self proteins, especially those with very restricted 

tissue distribution, could occur in the local environment of the thymus. One might 

envisage that incomplete tolerance to self proteins would lead to major autoimmune 

disease in a large proportion of individuals.

Autoimmunity in children and adults is uncommon therefore T cell tolerance induc

tion must occur in the mature peripheral T cell pool after exiting from the thymus. 

Naive T cells must be tolerised in the periphery to local self antigens with constant 

reinforcement of that tolerance throughout the life of that T cell population therefore 

memory T cells must continue to be actively suppressed or rendered anergic. Since 

self reactive clones can be induced in vivo and in vitro by various mechanisms, it 

would appear that peripheral tolerance may be controlled through clonal anergy or 

perhaps by active suppression. These observations reinforce the hypothesis that a 

mechanism or mechanisms exist whereby external antigen presented to the peripheral 

immune system, perhaps by "specialised" antigen presenting cells in a certain envi

ronment could allow tolerance rather than stimulation of the immune response 

(Nossal 1989).

The question of B cell tolerance can be side stepped due to the requirement of T cell 

help for a B cell response when most antigens are encountered (DeFranco 1987). 

This appears to be true of oral tolerance since T dependent antigens are the only 

effective tolerising antigens therefore T cell suppression would automatically prevent 

a conventional B cell response by preventing T cell help (Titus and Chiller 1981a). 

On oral administration of a hapten carrier conjugate the resulting tolerance is always 

specific to the carrier protein (Richman et al 1978), hapten specific antibodies are 

elicited only if the animal is challenged with a different carrier protein (Richman et 

al 1978, Vaz and Mara 1977). Also if an orally tolerised animal is treated with 

lipopolysaccharide (LPS) a specific B cell response can be detected following
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peripheral challenge with that antigen (Titus and Chiller 1981a). This is due to the 

LPS, a mitogenic stimulant for B cells, circumventing the T cell mediated 

suppression. Although both the cellular and humoral immune response are 

suppressed , oral to lerance appears to be m ediated by a state  o f T cell 

unresponsiveness with the B cell compartment remaining potentially reactive 

(discussed in section 1.4.4.). This observation is challenged by one report where 

both active B and T cell tolerance has been demonstrated, using deaggregated human 

gamma globulin (HGG) as the antigen (Vives et al 1980). This effect may be due to 

direct interaction of HGG with the Fc receptors on B cells. But recent observations 

in another peripheral tolerance model have demonstrated that mature peripheral B 

cells can become actively tolerised in the absence of specific T cells. This results in 

a reduction of mIgM while maintaining levels of mIgD characteristic of a typical B 

cell memory response (Goodman and Lefrancois 1988).

Mature naive helper T cells can become tolerised in the periphery as demonstrated 

by oral tolerance where the T cell mediated phenomenon of antigen specific DTH, 

IgG and IgE responses are suppressed. This tolerance decreases with time after 

exposure to antigen (Strobel and Ferguson 1987) and if splenocytes are stimulated in 

vitro with a T cell mitogen antigen specific T cell activity can be detected (Richman 

et al 1978, Miller and Hanson 1979). Therefore the mechanism of tolerance in this 

case is unlikely to be clonal deletion and specific clonal anergy is the more likely 

mechanism. Induced T cell unresponsiveness in other peripheral tolerance systems as 

well as oral tolerance seems to manifest itself in a T cell pool which is unable to 

proliferate in vitro (Miller and Hanson 1979) or secrete IL-2 (Rammensee et al

1989) in response to antigen but on cell transfer to naive recipients can actively 

recognise antigen and induce tolerance in the recipients (Miller and Hanson 1979). 

The proposed mechanism for the maintenance of peripheral T cell anergy is a two hit 

theory mediated by the antigen presenting cell (APC). T cells require two separate 

signals from the APC for activation to occur with the second signal being the 

prerequisite for activation (DeFranco 1989). When this second signal is absent a
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State of anergy is induced.

But what determines which signal the APC delivers? It has been suggested that this 

is perhaps mediated by so called " non professional" APCs (Nossal 1989) which can 

be induced to express class II Major Histocompatibility complex (MHC) and 

therefore present antigen to T helper cells, but are subsequently unable to provide 

the second signal for activation. The relevance of this observation to oral tolerance is 

important and will be discussed later.

In oral tolerance the immunological status of the antigen presenting cell pool has 

been shown to be influential in the induction of tolerance. Through modulation of 

APC by oestradiol, which was thought to induce APC to present antigens enabling 

activation of the specific T cell clones which were normally suppressed (Mowat and 

Parrott 1983). More importantly there appears to be an active antigen specific T cell 

compartment which can control tolerance induction and maintenance (Mowat 1986a, 

Lamont et al 1988a).

1.4.3 The role of the gut in oral tolerance induction

The gut handles large amounts of potentially immunogenic material before it reaches 

the peripheral immune system. The degradative and transport pathways of the 

gastrointestinal tract have been implicated in the induction of oral tolerance through 

utilisation of these processes by the local immune system.

Two mechanisms by which the gut could influence tolerance induction are:

1. Digestion of antigen in the lumen of the gut thereby permitting tolerogenic 

epitopes to become exposed and subsequently presented to the local immune system 

(Hanson and Morimoto 1980, Parks and Weigle 1980, Strobel et al 1983, Bruce 

and Ferguson 1986a and b).

2. Active antigen uptake, processing and presentation to the local immune system 

by columnar epithelial cells (Bland and Warren 1986a and b, Mayer and Shlien
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1987).

Evidence for hypothesis L

It has been demonstrated that transfer of tolerance can occur if serum from OVA fed 

mice is transferred into naive recipients one hour after a feed (Strobel et al 1983). 

This tolerance appears to correspond with the presence of OVA as demonstrated by 

Bruce and Ferguson (1986b) who showed, that when OVA was removed from 

"tolerogenic" serum by affinity chromatography the ability of the OVA depleted 

serum to induce oral tolerance was abrogated. Further support for this hypothesis is 

provided by the observation of Hanson et al (1979b) who injected mice with mouse 

anti-OVA antibodies during feeding with OVA. This resulted in an intermediate 

tolerant state suggesting some loss of tolerance induction following removal of OVA 

from the circulation of the immunised mice by immune complexing of antigen by 

injected antibody.

The suppression described above is not observed if serum is transferred 5 minutes 

after a feed even though measurable levels of OVA are present (Peng et al 1990). 

Furthermore if serum obtained 5 minutes after feeding is concentrated so that it 

contains an equivalent dose of antigen as serum obtained 60 minutes after feeding 

(i.e. tolerogenic serum) tolerance is still not transferred (Peng et al 1990). If the 

same dose of antigen is administeredparenterallyand allowed to circulate for one hour 

in the donor before transfer of serum to the recipients, there is no subsequent 

tolerance induction (Bruce and Ferguson 1986a). Therefore there appears to be a 

qualitative difference in the nature of the antigen present which enables it to act as a 

tolerogen rather than an immunogen, this qualitative difference in circulating antigen 

appears to be unique to antigen which has entered the circulation via the gut. The 

serum transfer model induces tolerance of DTH but not of antibody suggesting some 

divergence in the mechanisms and thresholds of tolerance induction for different 

limbs of the immune response (Strobel et al 1983 and Strobel and Ferguson 1986). 

Further evidence of gut involvement is provided by an unconfirmed report that prior
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treatment of mice with trasylol, a trypsin and chymotrypsin inhibitor, abolished the 

induction of oral tolerance (Hanson and Morimoto 1980). It was suggested that this 

may have been due to decreased production of an altered form of antigen or, that a 

swamping effect occurred in the local immune system due to increased uptake of 

intact protein from the gut (Hanson and Morimoto 1980). It has also been observed 

that direct injection of antigen into the lumen of the lower ileum was two fold less 

efficient at inducing tolerance than gastric or duodenal injection suggesting that 

enzymes present in the small intestine were essential for the production of an OVA 

tolerogen (Hanson and Morimoto 1980). However this finding is contested by the 

reports of Strobel (1984) and Nagatomi et al (1980) who both reported that antigen 

administered rectally could also induce a tolerant state indistinguishable to oral 

tolerance.

Another commonly used antigen in the induction of oral tolerance is BSA. It has 

been shown that proteolytic digestion of BSA leads to production of tolerogenic 

fragments (Muckerheide et al 1977, Dosa et al 1979, Ferguson et al 1983c) and that 

these fragments bind to specific T suppressor cells from orally tolerised mice (Zhang 

et al 1987). These results appear to indicate that digestion of protein by the gut may 

play a significant contributory role in the suppression of immune responses following 

oral administration of an antigen. However care should be taken not to extrapolate 

from the results obtained with one particular protein antigen to provide a general 

hypothesis since the effect of gastrointestinal modification of antigens may vary 

dramatically depending on which antigen is used.

Evidence for hypothesis 2.

One function of intestinal epithelial cells is to transport food antigens, after digestion 

in the lumen of the gut, from their luminal surfaces to the basal membrane and 

consequently into the circulation for distribution around the body. They could, 

therefore, be involved in selective antigen handling and presentation to the immune 

system. The observation that intestinal epithelial cells constitutively express class II 

MHC on their surface in mammals (Parr and MacKenzie 1979, Wiman et al 1979,
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Scott et al 1980, Mason et al 1981) suggested a role in antigen presentation (Geppert 

and Lipsky 1985) to the underlying lymphocytes of the lamina propria and lEL 

perhaps to specifically induce oral tolerance. There is some evidence of intracellular 

accumulation within the vesicular endosome compartment suggesting uptake of 

antigen (Mayrhofer et al 1983). Recycling of the receptor has not been observed but 

the restricted surface distribution would only allow release of the ligand in an 

endosome basolateral membrane direction (Bland 1988). All these observations 

would suggest that intestinal epithelial cells could be efficient antigen presenters and 

have been demonstrated to present soluble protein antigens in vitro to T cells and 

may selectively induce suppressor T cells (Bland and Warren 1986b, Bland and 

Whiting 1989).

The level of expression is increased in association with inflammatory responses in 

the mucosae (Mason et al 1981) probably as a result of rIFN production by lEL 

(Kiyono et al 1991, Taguchi et al 1991) or lamina propria lymphocytes (Barclay and 

Mason 1982) . Expression of Class II antigen is absent throughout fetal development 

in the rodent and becomes detectable at various times after birth depending on the 

species studied. The rat does not express class II on its enterocytes until weaning 

(Bland and Warren 1986a) whereas mice express such antigens after the first week 

of life (Natalli et al 1981).

There are many reasons why enterocytes could be involved in immune regulation in 

the mucosal immune system, e.g.;

(1) Their position at the interface between the outside environment and cells of 

mucosal immune system.

(2) Close spatial relationship with lEL and lamina propria lymphoid cells (Brandt- 

zaeg et al 1988).

(3) They harbour terminal peptidases in the microvilli of their luminal surface.

(4) Constitutive expression of class II MHC (reviewed by Bland 1988).
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It is unclear whether antigen undergoes processing while being transported across 

the enterocyte (Bland 1988). However such cells are able in vitro to present antigen 

to specific T cells (Bland and Warren 1986a) and this presentation can be blocked by 

anti I-A and I-E antibodies (Bland and Warren 1986a). Furthermore it has been 

reported that enterocytes selectively stimulate functional T suppressor cells (Bland 

and Warren 1986b). However for presentation to T cells most protein antigens 

require processing to small oligopeptides so that they can be accommodated in the 

peptide groove of the MHC molecule (Allen 1987). Therefore the antigens which 

enterocytes are transporting and presenting via class II must be small fragments, 

perhaps digested by the terminal peptidases present on their luminal surface. 

However, the serum transfer model of oral tolerance requires relatively large frag

ments of OVA, which still retain conformational epitopes recognisable by polyclonal 

anti-OVA antibodies (Strobel et al 1983). This would not correspond with the 

conventional I  oligopeptides: required for antigen presentation by Class II (Allen 

1987).

1.4.4 Cellular control of tolerance maintenance

Active immunological suppression was first established in 1946 by Chase using 

guinea pigs fed contact sensitising agents. Not until 1976 was it determined that T 

cells were responsible for this suppression, using adoptive transfer studies of 

splenocytes from bovine serum albumin (BSA) fed rats (Thomas and Ryan 1976). It 

was also observed that this tolerance could not be abolished on administration of 

naive spleen cells (Richman et al 1978). Subsequent research attempted to establish 

the phenotype of these cells. It was repeatedly shown that this adoptive transfer of 

suppression could be abolished by prior treatment of tolerised splenocytes in vitro 

with anti Thy-1.2 antibody and complement (Ngan and Kind 1978, Richman et al 

1978, M iller and Hanson 1979, Mowat 1985 and Kay and Ferguson 1989). 

Thymectomy was also shown to compromise the induction of oral tolerance 

(Gautam and Battisto 1985), whereas removal of B cells from splenocytes obtained
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from tolerant donors by prior passage over nylon wool had no effect on subsequent 

transfer of tolerance (Richman et al 1978). This verified the hypothesis that T cells 

were important in oral tolerance induction and maintenance. However, adoptive 

transfer of cells appeared only to transfer tolerance of cellular immunity when 

soluble protein antigens were used as tolerogens (Mowat 1985), a finding which 

corresponds with serum transfer of oral tolerance which also only transfers DTH 

tolerance into naive recipients (Strobel et at 1983).

It has been established that this tolerant state is acutely radiosensitive and tolerance 

is not maintained in irradiated animals when reconstituted with naive cells (Hanson 

et al 1979a). Similarly treatment with cyclophosphamide (CY) (Mowat and Ferguson 

1981, Mowat et al 1982, Mowat and Ferguson 1982, Strobel et al 1983) and 

2'deoxyguanosine (Mowat 1986a), proposed inhibitors of T cells with suppressor 

activity, have been shown to abolish oral tolerance of DTH but have very little effect 

on antibody tolerance. However, these results require careful interpretation since the 

gastrointestinal tract is very susceptible to damage by radiation and chemicals due to 

its high cell turnover (Mowat 1986a).

In 1982 Green et al demonstrated that complement lysis of CD8 positive cells in 

vitro abrogated transfer of oral tolerance, an effect which was attributed to the 

presence of classical T suppressor cells. Subsequent research attempted to establish 

an active suppressor cell network similar to that reported in other peripheral toler

ance models. Using sRBC as an antigen it was suggested that the presence of T 

contrasuppressor cells in the mucosal microenvironment permitted induction of the 

local immune response while Peyers patch T suppressor cells maintained systemic 

unresponsiveness (Gershon et al 1981, Green et al 1982, Taylor 1986). The apparent 

absence of T suppressor cells in the Peyers patch of mutant LPS unresponsive mice 

was proposed as an explanation of their failure to become orally tolerised using 

sRBC as the antigen (Wannemeulher et al 1986). However oral tolerance induced 

using soluble protein antigens e.g. OVA fed to LPS unresponsive mice produced 

systemic tolerance of both the humoral and cellular immune responses (Mowat
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1986c).

On the basis of this conflicting data it appears that particulate antigens such as sRBC 

are perhaps not suitable antigens for demonstrating typical oral tolerance to common 

food antigens. The mechanisms which maintain tolerance towards normal gut flora 

and multi-antigenic particulate antigens (e.g. sRBC) may be very different to the 

processes which maintain systemic tolerance to soluble protein antigens.

Hanson et al (1979b) demonstrated that splenectomy before the oral administration 

of antigen had no effect on the level of tolerance subsequently induced. However, 

splenocytes transfer specific tolerance of cellular immunity very efficiently (Parks 

and Weigle 1980, Miller and Hanson 1979, Richman et al 1978). These two 

observations can be explained by the migration of tolerising cells from the mucosal 

immune tissues to the spleen after oral administration of antigen. If this is the case it 

suggests that the induction of T suppressor cells occurs in the local environment of 

the gut and then migrate to the periphery. This hypothesis is confirmed by the 

observation that transfer of tolerance in mice by spleen cells is dependent on the time 

of transfer after feeding the donor animal. Spleen cells taken earlier than day 7 after 

feeding are unable to transfer tolerance although mesenteric lymph node cells can 

transfer tolerance only 3 days after a feed (Miller and Hanson 1979). From this data 

it would appear that these T suppressor cells are induced in the mucosal immune 

system and subsequently migrate to the periphery via the mesenteric lymph nodes 

into the spleen.

Although it has been repeatedly stated that T cells are a prerequisite for the induction 

of oral tolerance, other immune cells and their status may also play a contributing 

role in the level of tolerance induced and the length of time that tolerance is main

tained.

Treatment of mice with oestradiol abrogated oral tolerance induction with no 

demonstatable effect on T cells (Mowat and Parrott 1983). This was thought to be 

due to the activation of specialised antigen processing cells able to present an 

immunogenic epitope of the antigen rather than a tolerogenic epitope to T cells. This 

was also the suggested explanation for the observation that during a mild graft versus
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host reaction (GvHR) oral tolerance to ovalbumin could not be induced (Strobel et al 

1985). However, as previously mentioned, it is necessary to re-evaluate the effect of 

these treatments on the activation of APC and their antigen presentation efficiency in 

context with the changes of the mucosal architecture and integrity, after treatment 

with oestradiol and during GvHR (Strobel et at 1985).

An experimental split in tolerance induction is observed in many different models of 

oral tolerance with induction of DTH tolerance but no tolerance of the specific 

antibody response (Strobel et al 1983, Mowat 1985). This observation may parallel 

the role of subpopulations of the murine T helper cell population. Two major forms 

of T helper cell have been demonstrated in mice, primarily by their differential 

lymphokine production (Mossman and Coffman 1987). On antigenic stimulation T 

helper 1 (Thl) cells produce rIFN and IL-2, the principle cytokine mediators of 

DTH, whereas the T helper 2 (Th2) subset produce IL-4 one of the major mediators 

of T cell help for B cells responding to T-dependent antigens. These T helper subsets 

have been the focus of intensive research into T cell mediated phenomena but their 

role in oral tolerance has not been investigated. Other in vitro models of tolerance 

have established that both Thl and Th2 subsets can be tolerised but they exhibit 

distinct differences in their requirements for antigen and APC for tolerance induction 

(O’Hehir et al 1991).

1.4.5 Genetic basis of oral tolerance

Studies on the genetic control of oral tolerance have been limited. Nevertheless the 

results emphasise the efficiency of oral tolerance and provide evidence of both MHC 

and non MHC linked control of oral tolerance in mice.

A few early studies noted strain differences in the level of tolerance induction 

(Lafont et al 1982, Stokes et al 1983a, Tomasi et al 1983). More recently it has 

been demonstrated that H-2‘* haplotype mice display good oral tolerance irrespective 

of their genetic background. H-2*̂  mice, however, show marked variation of oral
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tolerance with heavy dependence on genetic background (Mowat et al 1987, Lamont 

et al 1988b). These results argue against simple immune response (Ir) gene control 

of tolerance but the mechanisms involved are unknown. The inability to become 

tolerised does not seem to be due to aberrant uptake of tolerogen from the gut or to 

differences in clearance of antigen from the periphery (Lamont et al 1988b, Stokes 

et al 1983a). Furthermore the differences observed between different strains may be 

more dependent on the antigen used since some strains appear to have difficulty 

recognising tolerogenic signals for particular antigens e.g. BALB.B mice, a MHC 

congeneic strain to BALB/c mice which show significant tolerance to OVA, cannot 

be tolerised to OVA but can produce tolerogenic serum 1 hour after feeding OVA 

which induces tolerance to DTH in BALB/c recipients (Mowat et al 1987). This 

result again emphasises caution before making generalisations on data using one 

antigen. There appears to be no connection between levels of DTH and antibody 

tolerance in allogeneic strains (Lamont et al 1988b), providing further evidence for 

at least two separate mechanisms of oral tolerance.

1.4.6 Consequences of breakdown of oral tolerance

The consequence of exposure to antigen via the oral route is a prolonged state of 

local and systemic immune hyporesponsiveness although local responses may not 

always be tolerised (Challacombe and Tomasi 1980). The apparent difficulty in 

experimentally breaking oral tolerance, and the ease of induction of this tolerance, 

suggests that oral tolerance is of considerable immunological importance. Failure to 

induce tolerance could result in a systemic immune response and a local destructive 

DTH reaction at the site of subsequent antigen challenge (Ferguson et al 1983a). 

Several clinical disorders have been shown to be compatible with this pattern, 

producing intestinal damage and malabsorption which starts in infancy (Buckley and 

Metcalf 1982). The commonest of these enteropathies is cow& milk allergy (Shiner et 

al 1975), which manifests itself at weaning, and coeliac disease (Howdle et al 1982),
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the antigenic stimuli in this case being wheat gluten. Coeliac disease appears to be 

MHC linked (Howell et al 1986) with defective activity of T suppressor cells 

(Ferguson et al 1983b) and the condition manifests itself on introduction of wheat 

into the diet.

Food sensitive enteropathies are difficult to study in the clinical situation and 

therefore various experimental models have been devised. Abrogation of oral 

tolerance has been produced using chemicals (Mowat and Ferguson 1981, Mowat et 

al 1982, Mowat and Parrott 1983, Mowat 1986a) and through induction of GvHR 

(Strobel and Ferguson 1986). These regimes result in active DTH responses in the 

intestinal mucosa and gut associated lymphoid tissue, in an antigen specific manner 

which mimics some of the features of food sensitive enteropathies (Strobel and 

Ferguson 1986). Antigen specific intestinal DTH reaction can also be induced in 

adult mice who first encountered the specific antigen in the first 2 days after birth 

(Strobel and Ferguson 1984, Peng et al 1989b).

A common problem in pig rearing is post weaning diarrhoea which manifests itself 

as a local intestinal inflammation and appears to be specific to proteins introduced at 

weaning. If piglets are exposed to large amounts of dietary antigen before weaning, 

this inflammatory response does not occur. Interestingly, in support of the findings 

in rodents, a small amount of antigen administered before weaning appears to prime 

the piglet, and leads to more severe intestinal inflammation (Miller et al 1984).

A failure to induce oral tolerance may be due to maturational abnormalities either in 

antigen handling or in immune induction of the specific tolerising response. It is 

important to understand the mechanisms of oral tolerance induction and failure, so 

that serious intestinal damage resulting in morbidity and mortality early in life can be 

more efficiently treated and eventually prevented.
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1.5 Aims of Thesis

The principle aim of this thesis is to further the understanding of the mechanisms 

involved in the mouse, to produce a state of systemic immune hyporesponsiveness 

by oral administration of soluble protein antigens through feeding OVA or BSA to 

BALB/c mice. I was particularly interested in the role of the specific immune cells 

of the mucosal immune system in the very early stages of tolerance induction and I 

also wished to determine the influence of the gastrointestinal proteolytic enzymes on 

the production of a tolerogenic moiety of OVA and BSA and to identify the 

tolerogen responsible for the induction of oral tolerance to OVA.

Research into the induction and maintenance of oral tolerance has been extensive but 

has yielded conflicting results. A major obstacle preventing the formulation of a 

universal hypothesis of the mechanisms involved in the induction and maintenance 

phases of oral tolerance has been the practice of most investigators to work with a 

single antigen. In the studies reported here an attempt to overcome this problem has 

been made by using two non homologous soluble protein antigens i.e. OVA and 

BSA.

Various approaches have been used in an attempt to outline the initial steps of oral 

tolerance induction and identify a possible mechanism or mechanisms for tolerance 

induction to orally administered soluble protein antigens. The main experimental 

approaches used to achieve the aims of this thesis are outlined below:

1. A comparison of the induction of oral tolerance in adult BALB/c mice using both 

OVA and BSA antigens (Chapter 4).

2. To determine the specificity of the tolerising signal during the later parts of the 

induction phase of tolerance (Chapter 4).

3. To further determine the time scale for the production of an OVA tolerogen after 

feeding OVA to BALB/c mice (Chapter 5).

4. To investigate the effect, if any, on tolerogen production by filtration of OVA and 

BSA through a biological membrane other than the gut (Chapter 5).
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5. To investigate the role of normal gastric conditions in the mouse on the produc

tion of a transferable OVA and BSA tolerogen (Chapter 6).

6. To determine the effect of prior stimulation of the mucosal immune system on the 

subsequent production of a transferable OVA tolerogen (Chapter 7).

7. To investigate the role of the specific immune system (T and B cells) in the very 

early stages of oral tolerance induction to OVA and BSA (Chapter 8).

8. To identify the tolerogenic factor in serum collected one hour after a single feed 

of OVA to adult BALB/c mice (Chapters 9 and 10).

9. To more closely define the conditions necessary for the transfer of oral tolerance 

to OVA by splenocytes and to determine if these conditions can also be used to 

transfer BSA tolerance (Chapter 11).
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2.1 Chemicals

Chemical Supplier Code
Acetic acid Merck lOOlSN
Acrylamide National diagnostics EC890
Ammonium persulphate Sigma A9164
5-bromo-4-chloro-3-indolyl phosphate 
(BCIP) Sigma B8503
Biotinamido caproate N-hydroxysuccinimide ester 
(BSE) Sigma B2643
Bromophenol blue Sigma B5525
Butan-l-ol BDH 10061
Calcium chloride BDH 10070
Citric acid Merck 10081
Colchicine Sigma C9754
Dimethylsulphoxide (DMSO) BDH 10323
Di-sodium hydrogen orthophosphate BDH 10249
Ethanol Hayman Ltd SIN 1170
Ethanolamine BDH 10325
Formaldehyde Sigma F1635
Glycine Merck 10119 6X
Hydrochloric acid Merck 10125 6J
Hydrogen peroxide Sigma H1009
Magnesium chloride BDH 10149
Methanol BDH 10158
2-mercaptoethanol Sigma M3148
Nitro blue tétrazolium (NBT) Sigma N6876
NN- dimethyl formamide (DMF) Sigma F7503
o-phenylene diamine(OPD) Sigma P1526
p-nitrophenyl phosphate(PNPP) Sigma N2640
Pepsin A (porcine) Sigma P6887
Potassium dihydrogen orthophosphate BDH 10203
Potassium chloride BDH 10198
Sodium acetate Sigma S2889
Sodium azide BDH 30111
Sodium carbonate BDH 30121
Sodium chloride Merck 10241
Sodium dodecyl sulphate (SDS) Merck 10807 3J
Sodium hydrogen carbonate BDH 10247
Sodium dihydrogen orthophosphate BDH 30132
Sodium hydroxide Sigma S5881
Streptavidin peroxidase Amersham 1231
Sucrose BDH 10274
Sulphuric acid
N, N, N ', N '-tetramethylethylenediamine 
(TEMED)

BDH 10276 6H

Sigma T8133
Trizma base Sigma T1503
Polyoxyethylene(20)sorbitan monolaurate 
(Tween 20) BDH 66368
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2.2 General Buffers All Buffers Made up  To 1 Litre In MILLIQ (resistivity 
less than 18 Ohms) Water

BLOCKING BUFFER
IM Ethanolamine

CITRATE BUFFER
0. IM Citric Acid

COATING BUFFER
35mM Sodium Hydrogen Carbonate 
ISmM Sodium Carbonate

ELUTION BUFFER 
0.2M Glycine 
0.2M Hydrochloric Acid 
Added to Glycine solution giving pH range-

IgG COUPLING BUFFER
0.2M Sodium Hydrogen Carbonate 
0.5M Sodium Chloride

0.01% v/v

(21g/l)

(2.93g/l)
(1.59g/l)

(5.01g/l)

(16.8g/l)
(29.22g/l)

o-Phenylene Diamine 
Citrate Buffer 
Phosphate Buffer 
30 % Hydrogen Peroxide

PNPP (ALK. PHOS. SUBSTRATE)
p-Nitro Phenyl Phosphate
Coating Buffer
0. ImM Magnesium Chloride

PHOSPHATE BUFFER
0.2M Sodium Hydrogen Orthophosphate

PHOSPHATE BUFFERED SALINE (PBS) 
140mM Sodium Chloride 
2.7mM Potassium Chloride 
S.OmM Sodium Hydrogen Orthophosphate 
1.5mM Potassium Dihydrogen Orthophosphate

PBS TWEEN
PBS (As above)
Tween 20

PBS AZIDE
PBS (As above)
0.01% Azide

PROTEIN COUPLING BUFFER
0. IM Sodium Hydrogen Carbonate 
0.5M Sodium Chloride

WALPOLE’S ACETATE BUFFER 
0.08M Glacial Acetic Acid 
0.02M Sodium Acetate 
0. lOM Sodium Chloride

(lOmg)
(10ml)
(10ml)
(10/il)

(lOmg)
(10ml)
(0.02g/l)

(28.5g/l)

(8.0g/l)
(0.2g/l)
(1.15g/l)
(0.2g/l)

0.05% v/v

(O.lg/1)

(8.4g/l)
(29.22g/l)

(4.7g/l)
(1.37g/l)
(29.22g/l)

pH 8.0 

pH 5.2

pH 9.6

pH 2.2-3.0 

pH 8.3

OPD (HORSERADISH PEROXIDASE (HRPO) ELISA SUBSTRATE)

pH 5.2

pH 9.6 

pH 5.2

pH 7.3

pH 7.3

pH 7.3

pH 8.3

pH 4.0
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2.3 Antibodies

SUPPLIER SPECIFICITY CONJUGATE CAT No

SOUTHERN BIOTECHNOLOGY LTD
Goat anti-mouse IgGl HRPO 1070-05

Goat anti-mouse IgG2a HRPO 1080-05

Goat anti-mouse IgG2b HRPO 1090-05

Goat anti-mouse IgG3 HRPO 1100-05

SIGMA CHEMICAL Co.
Goat anti-mouse IgG 
(Fc specific)

Alk.Phos. A-1418

Goat anti-rabbit IgG 
(whole molecule specific)

Alk.Phos. A-8025

AMERSHAM
Sheep F(ab')^ anti-mouse Ig 125j IM 1310

Donkey F(ab')^anti-rabbit Ig 125j IM 1320

DAKO IMMUNOGLOBULINS
Rabbit anti-cow albumin Z229

2.4 Antigens

Ovalbumin (OVA, Fraction V N°5503) and bovine serum albumin (BSA, Fraction V 

N°6793) were obtained from Sigma Chemical Co (Poole, Dorset).

2.5 Affinity Chromatography

The property of CNBr-activated Sepharose 4B beads (Pharmacia Ltd: Laboratory 

Separation Division, Uppsala, Sweden) to couple to any protein was exploited to 

produce highly purified proteins and antibodies from sera and supernatants, for use 

in ELISA and other immunochemical analyses. The general procedure was as 

follows.

4 6



2.5.1 Coupling procedure

CNBr-activated Sepharose 4B beads (Pharmacia Ltd, Sweden) were swollen and 

washed with ImM HCl, before suspending in protein coupling buffer pH 8.3. The 

appropriate ligand was dissolved in the coupling buffer at a concentration of 

lOmg/ml of beads, and was then added to the gel at a buffer to gel ratio of 2:1 (v/v). 

Coupling was carried out with constant rocking overnight at 4°C. After coupling the 

excess activated sites were blocked for 2 hours at room temperature in IM 

ethanolamine pH 8.0. The slurry was poured into a column and excess ligand was 

removed by alternate washes of high pH (protein coupling buffer) followed by low 

pH (Walpole's acetate buffer pH 4.0) 4-5 times. The column was then equilibrated 

in PBS pH 7.3 for storage at 4°C until use. Coupling of immunoglobulin to CNBr- 

activated Sepharose 4B beads (Pharmacia Ltd) differed from the method above in 

that the protein coupling buffer was replaced by IgG coupling buffer pH 8.3.

2.5.2 Use of affinity columns

The loading of ligand onto the appropriate affinity column was carried out using a 

continuous application of solution in a loop driven by a P-3 peristaltic pump 

(Pharmacia Ltd) overnight at 4°C. After loading, all unbound material was removed 

by continual elution with PBS pH 7.3 until the absorbance of the eluant at 280nm 

fell to zero on the UV monitor (Single path monitor UVl; Pharmacia Ltd). The 

bound material was eluted with glycine-HCl pH 2.2-3.0 and fractions were collected 

into tubes containing solid Trizma base (Sigma Chemical Co), which returned the 

pH of the eluants to approximately pH 7.0. These samples were aliquoted and stored 

at -70T.

4 7



2.6 Biotinylation of Antibodies

There is a high binding affinity between avidin and biotin (Ka=10‘^̂  M’̂ ) based on 

non-covalent interactions which can be dissociated under extreme conditions, e.g. 

pH 1.5. The binding properties of these two molecules can be utilised in any 

immunodetection method (ELISA or immunoblotting), since biotin succinimide ester 

(BSE) dissolved in dimethylsulphoxide (DMSO) binds to antibodies at pH 8.6. These 

biotinylated antibodies can be detected by adding streptavidin conjugated to an 

enzyme e.g. HRPO, thereby giving a colour readout in an ELISA or immunoblot. 

Antibody at a concentration of approximately Img/ml was dialysed against 0. IM 

sodium hydrogen carbonate pH 8.6 without azide or preservative (coupling is 

inhibited by extraneous amines. Tris or azide). Img of BSE was dissolved in 1ml of 

DMSO and 75^1 of this solution were added per mg of antibody solution. This 

solution was mixed and left at room temperature. After 4 hours the solution was 

dialysed against PBS pH 7.3 for 12 hours with 4-6 changes; the antibody solution 

was then aliquoted and stored at -70°C.

2.7 Animals

2.7.1 BALB/c mice

Inbred BALB/c (H-2‘*̂‘*) (Charles River) mice were bred on demand in the animal 

house of the Institute of Child Health. BALB/c mice were housed in standard animal 

cages, allowed tap water ad libitum and maintained on a 12 hour light-dark cycle.

2.7.2 Scid mice

Inbred Scid (H-2‘‘̂‘*) (initially provided by Dr Bancroft, London School of Hygiene 

and Tropical Medicine, London) mice were bred on demand in the animal house of
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the Institute of Child Health. All animals were housed in an isolator (Harlan Olac 

Ltd., Blackthorn, Bicester Oxon., U.K.), received irradiated water ad libitum and 

were maintained antibiotic free, on a 12 hour light-dark cycle.

2.7.3 Germ free BALB/c mice

Inbred germ free BALB/c (H-2^^^) mice were obtained from Professor S. 

Challacombe, Dept. Oral Medicine, Guys Hospital, London. These mice were used 

immediately on arrival at the Institute of Child Health.

All animals were maintained on a diet previously shown to be free of egg and milk 

proteins. Mice were fed a standard rodent diet (Labsure CRM: Labsure Ltd, Manea, 

Cambridgeshire, U.K.). Scid mice received irradiated food of identical composition. 

Studies using sensitive ELISA procedures (Peng 1989) demonstrated that there was 

no detectable OVA or BSA in this feed which has been used thoughout these 

experiments. All animals were used at 6-8 weeks of age.

2.8 Anaesthesia

Mice were anaesthetised with a halothane-nitrous oxide mixture. Anaesthesia was 

used for all the following procedures: footpad injection, measurement of footpad 

thickness and collection of blood by cardiac puncture.

2.9 Induction of Oral Tolerance

Adult mice were fed by gentle gavage using a 20 gauge, 30mm olive tipped cannula 

(Fine Science Tools Inc ., North Vancouver, B .C ., Canada). Mice in the 

experimental groups were fed OVA or BSA at a dose of Img/g body weight, 

dissolved in 0.2ml of 0 .15M saline for each animal, while mice in the control groups 

were fed saline only. Seven days after the initial feed of antigen the mice were
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immunised intradermally with lOO^g of OVA or BSA emulsified in 0.05ml of 

Complete Freund's Adjuvant (CFA) (Bacto H37Ra, Difco Ltd., West Molesey, 

Surrey), into the left hind footpad. Three weeks after immunisation the animals were 

challenged with an intradermal injection into the right hind footpad with 100fig of 

heat aggregated OVA or 100fig untreated BSA. The specific immune response was 

investigated 24 hours later by measuring; (1) the severity of a specific delayed type 

hypersensitivity (DTH) reaction by the increment in footpad thickness and (2) the 

concentration of specific antibody produced by ELISA.

2.10 Serum Transfer of Tolerance

Adult donor mice were fed by gavage, the appropriate dose of antigen or saline 

alone, using a 20 gauge, 30mm olive tipped cannula (Fine Science Tools, 

Canada). One hour after feeding OVA, or 90 minutes after a BSA feed the mice 

were bled by cardiac puncture, as were the saline fed controls. The blood was 

pooled for each group, allowed to clot and then centrifuged at 2500g for 10 

minutes at room temperature. The serum collected from each experimental 

group was injected intraperitoneally into the recipient mice at a dose of 40fil/g 

body weight. Seven days later the recipient mice received an intraderm al 

injection of lOOfig of OVA or BSA emulsified in 0.05ml of Complete Freund's 

Adjuvant (Bacto H37Ra, Difco Ltd.), into the left hind footpad. Three weeks 

after the footpad immunisation the recipients received an intradermal injection 

of lOO^g of heat aggregated OVA or untreated BSA in saline, into the right hind 

foo tpad . The im m une response was evaluated 24 hours la te r by the 

measurement of DTH reactions and specific antibody responses.

2.11 Production of Hyperimmune Sera

lOOjLcg of either OVA or BSA, emulsified in 0.05ml of Complete Freund's Adjuvant
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(Bacto H37Ra, Difco Ltd), were injected into the left hind footpad of BALB/c mice 

(n=30-60/group) in order to raise a systemic immune response. Three weeks after 

the initial immunisation the responses of the animals were boosted with 100/ig of 

OVA or BSA emulsified in 0.05ml of Incomplete Freund's Adjuvant (Difco Ltd). 

Seven days after boosting the mice were exsanguinated by cardiac puncture. Blood 

from the groups receiving the two proteins was pooled separately and allowed to clot 

at room tem perature for 2 hours. Thereafter the serum was separated by 

centrifugation at 2500g for 10 minutes at room temperature. The hyperimmune 

mouse sera were stored at -20°C until required.

2.12 Measurement of Delayed Type Hypersensitivity
The antigen specific cellular immune response in experimental animals was mea

sured by determining the degree of DTH reaction using the footpad swelling test, 

three weeks after systemic immunisation. Before use OVA was heat aggregated (in 

order to produce a greater DTH response (Stokes et al 1979)) by placing a 2% solu

tion of OVA in 0.15M saline in a 65°C water bath for 1 hour. BSA was dissolved in

0 .15M saline before injection. Prior to antigen challenge the right hind footpad 

thickness was measured four times using a dial gauge microcaliper (Mitutoyo,

N®7301, MFC Co., Tokyo, Japan). The mice then received an intradermal injection 

of 100/Ltg of heat aggregated OVA or untreated BSA in 0.05ml of 0 .15M saline into 

the right hind footpad using a 27 gauge needle (Fine Science Tools, Canada). The 

challenged footpad was remeasured 4 times, 24 hours after injection. The difference 

between the means of the two measurements gave an index of footpad swelling in 

millimetres which was used for group comparisons. In initial tolerance studies the 

DTH reaction was also tested at 48 hours, however no significant difference of the 

measurements was found between the two time points.

2.13 Gel Filtration Chromatography

Using the FPLC system (Pharmacia Ltd.), fast performance liquid gel filtration
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chromatography was performed at room temperature in a Superose 6 HR 10/30 

column (Pharmacia Ltd.), prepacked for separation according to molecular size. 

Samples were diluted 1:1 with PBS, pH 7.3. All samples were filtered through 

aseptic filters (pore size 0.2^m; Acrodisc, Gelman Science Inc., Ann Arbour, 

Michigan, USA) before loading onto the column. After loading, the column was 

eluted with de-gassed PBS, pH 7.3. The absorbance of the eluants was continuously 

monitored at 280nm (single path monitor UVl; Pharmacia Ltd.) and recorded (chart 

recorder; Pharmacia Ltd.). Fractions were collected using a FRAC 100 fraction 

collector (Pharmacia Ltd.).

2.14 SDS-Polyacrylamide Gel Electrophoresis (PAGE)

Fifteen percent polyacrylamide gels were prepared using the following stock 

solutions:

1. 30% acrylamide with 0.8% NN'methylene bisacrylamide

2. IMTris-HClpH 8.8

3. IMTris-HClpH 6.8

4. 10% w/v sodium dodecyl sulphate (SDS)

5. 1.5% ammonium persulphate

6. TEMED (N,N,N',N',-tetramethylethylene diamine)

1.0mm thick SDS-PAGE separating gels containing 15% acrylamide solution with 

0.1% SDS in Tris-HCl buffer pH 8.8 were cast in the "Biorad Protean II" apparatus 

(Biorad Laboratories Ltd, U.K.). Stacking gels, containing 5% acrylamide and 0.1% 

SDS in Tris-HCl buffer pH 6.8, were cast above the separating gel. The 15% 

separating gels were polymerised with 2.5% ammonium persulphate (APS) and 

0.1% TEMED while the stacking gels contained 5% APS and 0.5% TEMED. 

Protein samples (100^1) were boiled for 5 minutes with 100^1 of sample buffer 

which consisted of 4%w/v SDS, 20% w/v sucrose, 4% v/v 2-mercaptoethanol, 

0.001 % bromophenol blue and O.OIM Tris-HCL pH 6.8. A range of molecular
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weight standards (Sigma U.K) were run on each gel:

I II

(High molecular weight range) (Low molecular weight range)

BSA (66kDa) Myoglobin (16.95kDa)

OVA (46kDa) Myoglobin I,II (14.44kDa)

Glutaraldehyde-3-PO^-dehydrogenase (36kDa) Myoglobin I,III (10.6kDa)

Carbonic Anhydrase (29kDa) Myoglobin I (8. IkDa)

Trypsinogen (24kDa) Myoglobin II (6.2IkDa)

Trypsin inhibitor (20. IkDa) Glucagon (3.48kDa)

Alpha-lactalbumin (14.2kDa) Myoglobin III (2.5IkDa)

The above standards were also boiled for 5 minutes in sample buffer and were run 

on gels which were to be silver stained for calculation of the molecular weights of 

unknown polypeptides. A different set of molecular weight standards were used on 

gels which were to be blotted. In this case, prestained "Rainbow" markers 

(Amersham, U.K) were used. These contained OVA (46kDa), Carbonic anhydrase 

(30kDa), Trypsin inhibitor (21.5kDa), Lysozyme (14.3 kDa), Aprotinin (6.5kDa), 

Insulin (B) chain (3.4kDa) and Insulin (a) chain (2.35kDa).

The gels were run in the "Biorad Protean II" apparatus using a Tris-glycine 

electrode buffer containing 0.192M glycine/0.025M Tris/0.1% SDS pH 8.3. 

Following electrophoresis the gels were stained or blotted.

Silver staining was performed using the Biorad silver stain kit (Biorad, N°43798) 

according to the manufacturer's instructions.

2.15 Immunoblotting

2.15.1 Biorad wet blotting system

The SDS-PAGE gel, "Hybond C Extra" (Amersham) membranes, Whatman 3MM 

filter paper and scotchbrite pads were soaked in 0.192M glycine/ 0.025M Tris with
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20% methanol which had been cooled to 4°C. A "sandwich" was constructed from 

the cathodic side of the cassette. This consisted of two scotchbrite pads, 3 layers of 

filter paper, the gel, the nitrocellulose membrane, 3 more layers of filter paper and 

two more scotchbrite pads. The cassette was then closed and placed in the blotting 

tank containing the rest of the cold Tris-glycine buffer (4°C). The gel was blotted at 

0.35 mA for 1 hour with constant cooling by circulation of tap water through the 

tank.

2.15.2 Biorad semi dry blotting system

The SDS-PAGE gel was placed in blotting buffer (48mM Tris pH 9.2, 39mM 

glycine and 20% methanol) for 15 minutes to allow for any shrinkage of the gel in 

methanol. A "sandwich" was constructed on the platinum electrode consisting of 3 

pieces of filter paper, the nitrocellulose membrane, the gel and 3 more pieces of 

filter paper. All components of the "sandwich" were soaked in the blot buffer 

immediately before its construction. The tank was closed and the gel was blotted at 3 

mA per cm^ of the area of the gel for 40 minutes at room temperature.

2.16 Immunodetection of OVA and BSA

2.16.1 Alkaline phosphatase detection of OVA

Following the blotting step the membrane was marked to indicate the orientation of 

the wells and blocked with 3% skimmed milk (Marvel) in PBS for 12 hours at room 

temperature. After the blocking solution was discarded a 1/1000 dilution of affinity 

purified mouse anti-OVA IgG (stock at 60/ig/ml) was added in 3 % Marvel/PBS and 

the membrane was then rocked overnight at room temperature. The antibody 

solution was discarded and the membrane washed 5 times with 3% Marvel in PBS. 

Then a solution of alkaline phosphatase conjugated goat anti mouse IgG (Fc specific) 

antibody (Sigma, U.K.), at 1/3000 in 3% Marvel, PBS Tween 20 was added and
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incubated at room temperature for 3 hours. The membrane was then washed twice in 

3% Marvel/PBS and 3 times in PBS alone. Detection of the bound alkaline 

phosphatase labelled antibody was facilitated using the AP developing solution. This 

solution consisted of 25mM magnesium chloride, 2.5mM calcium chloride, 25mM 

Tris pH 9 .1 , 0.005%  w/v n itro  blue tétrazo lium  and 0.0025%  w/v 

5-bromo-4-chloro-3-indolyl phosphate in NN-dimethyl formamide. The blot was 

allowed to develop either at room temperature for up to 1 hour or overnight at 4°C. 

To stop the reaction, the blot was rinsed in distilled water and allowed to air dry.

2.16.2 detection

Following the blotting step the membrane was marked to indicate the orientation of 

the wells and blocked with 3% skimmed milk (Marvel) in PBS for 12 hours at room 

temperature. After the blocking solution was discarded a 1/1000 dilution of affinity 

purified mouse anti-OVA IgG or rabbit anti-OVA IgG was added in 3 % Marvel/PBS 

and the membrane was rocked for 5 hours at room temperature. The antibody 

solution was then discarded and the membrane washed 5 times with Marvel/PBS. 

After washing a 1/1000 dilution of ^̂ Î labelled sheep anti-mouse or donkey anti

rabbit immunoglobulin was added and the membrane rocked for 3 hours at room 

temperature. Once this second antibody was discarded the blot was washed 5 times 

in PBS and then dried on filter paper and enclosed in Saran wrap (Marathon Ltd, 

England). The blot was then autoradiographed at -70°C between fast intensifying 

screens (Cronex, Dupont) with Kodak XAR film for 2-14 days depending on the 

intensity of the signal.

2.16.3 Enhanced Chemi-luminescence (ECL) Detection

After blotting, the membrane was blocked with either 3% marvel/PBS for OVA 

detection or 1% OVA/PBS, for BSA detection, overnight at room temperature. Once
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the blocking solution was discarded a 1/1000 dilution of affinity purified biotinylated 

rabbit anti-OVA or mouse anti-BSA IgG was added in the appropriate blocking 

solution (see above) and rocked for 5 hours at room temperature. The antibody 

solution was then discarded and the membrane washed 5 times in the appropriate 

blocking solution. After washing, a 1/1000 dilution of streptavidin-HRPO 

(Amersham) in the appropriate blocking buffer was added and the membrane was 

rocked for 2 hours at room temperature. The membrane was then washed in PBS 

alone. The signal was detected with ECL reagents (Amersham) according to the 

manufacturers' instructions.

2.17 Intestinal Crypt Cell Production Rate (CCPR)

Mice were injected intraperitoneally with 7.5mg/kg colchicine (Sigma Chemical 

Co.) and then sacrificed at different intervals from 20-120 minutes after injection. 

Pieces of jejunum, 10cm beyond the pylorus, were removed and placed on cards, cut 

open and fixed in Clark's fixative (75% ethanol, 25% acetic acid), for a maximum 

of 24 hours. Thereafter the tissue was transferred to 75 % ethanol for storage. Before 

microdissection tissue samples were immersed in 50% ethanol for 10 minutes 

followed by tap water for 10 minutes and 7 minutes hydrolysis in l.OM HCl at 

60°C. The tissue was then rinsed 3 times with tap water and stained with Schiff's 

reagent (Difco Ltd.) for 20-30 minutes at room temperature. They were then stored 

in tap water for up to 48 hours before microdissection.

The lamina muscularis mucosa was removed under the dissecting microscope (x32, 

Zeiss stereomicroscope 4B) and a single villus or thin segments of mucosa 

containing a few villi and their crypts were then cut out of the non-traumatised 

mucosa by dissection with a cataract knife (Fine Science Tools, Canada). The 

mucosal fragments were placed on a slide in a drop of 45% acetic acid, covered with 

a coverslip and examined under a microscope with a previously calibrated eyepiece 

micrometer.

In each specimen, the lengths of 10-15 complete villi and crypts were measured and
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the means taken for group comparisons. The tissue under the coverslip was then 

gently squashed with a defibrinating stick and the number of arrested metaphases 

counted for at least 10-15 complete crypts.

The crypt cell production rate/hour was obtained by correlating the mean number of 

metaphases/crypt with the corresponding time interval after colchicine injection and 

submitting them to linear regression analysis. Having established linearity, the crypt 

cell production rate was calculated from the gradient of the line of best fit calculated 

by the method of least squares. Crypt cell production rates were evaluated per hour 

together with the correlation coefficient indicating the relationship between the two 

variables; where there was complete correlation the value was 1.0 and total absence 

of correlation was scored as 0.

2.18 Spleen Index

This measurement (Simonsen 1962) was used to assess gross immunological 

infiltration into the spleens of OVA fed mice. Mice were weighed shortly before 

sacrifice, the spleens were then removed, weighed and the relative spleen weight 

was expressed as mg spleen/lOg body weight. The spleen index was calculated using 

the following equation:

relative spleen weight in OVA fed mice = Spleen index 
relative spleen weight in saline fed mice

2.19 General Histological Techniques

Immediately after death pieces of duodenum were removed, placed on card cut open 

and immersed in fixative (10% buffered formalin), villus surfaces upwards, 

embedded in paraffin wax and sections (5 microns). The sections were then stained 

with haematoxyline and eosin. Specimens were examined under an Olympus B061 

microscope. Histological processing was carried out by the Histopathlogy 

department. Institute of Neurology, Queens Square, London.
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Intraepithélial lymphocyte counts were expressed as the number of IEL/100 villus 

epithelial cells (Ferguson and Murray 1971). Sections were examined under xlOOO 

(oil immersion) magnification, only well cut sections with a single epithelial cell 

layer were counted. Counts were obtained by enumerating epithelial and lymphoid 

cell nuclei lying unequivocally above the basement membrane and a total of 1000 

cells were counted in each specimen.

2.20 Statistical Comparisons

An unpaired two-tailed Student's t-test, computed on a Casio fx-180P scientific 

calculator as the t statistic for two means, was performed to determine the 

significance of the differences in means between experimental groups. A probability 

(p) value less than 0.05 was regarded as significant.

Antigen specific IgG antibodies were assessed by ELISA (see Chapter 3) and 

expressed as the mean concentration in ^g/ml plus 1 standard deviation (SD) as 

calculated by Mikrofit software, Mikrotek Laborsysteme GmbH. DTH was 

expressed as the mean increment in footpad thickness measured in millimetres (mm) 

plus ISD.
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3.1 ELISA for Detection of Mouse Anti-OVA IgG Antibodies

In order to measure the systemic humoral immune responses to OVA for the oral 

tolerance experiments in mice it was necessary to develop a reliable assay system to 

quantitate the concentrations of mouse anti-OVA IgG in mouse serum samples, 

thereby allowing comparison of antibody levels between control and tolerised 

groups.

3.1.1 Purification of mouse anti-OVA IgG antibodies

To enable standardisation of the ELISA system it was essential to purify mouse anti- 

OVA IgG for use as a standard to quantify the assay. The purification of mouse anti- 

OVA IgG was a two step procedure. (1) affinity chromatography of mouse 

antibodies specific for OVA and, (2) Protein G (Gammabind G) fractionation of the 

mouse IgG from the antibodies obtained by affinity chromatography.

(1) OVA was coupled to CNBr-activated Sepharose 4B (Pharmacia Ltd., Sweden) as 

described in Chapter 2. The resulting anti-OVA specific affinity column was used, 

as described in Chapter 2, to purify mouse anti-OVA antibodies from OVA 

hyperimmune mouse sera. Briefly, the serum was circulated through the OVA 

affinity column continuously overnight at 4°C. The unbound material was then 

washed out of the column with PBS pH 7.3 until the optical density at 280nm 

reached zero. The bound material was then eluted from the column with IM glycine- 

HCl pH 2.4. The eluant was collected directly into tubes containing solid Trizma 

base, thereby minimising the effect of the low pH eluant buffer on the integrity of 

the purified antibodies. The pooled eluant were then dialysed against the loading 

buffer necessary for the Gamma bind G column (O.OIM sodium phosphate, 0.15M 

sodium chloride, 0.005% thimerosal, pH 7.0).

(2) Gammabind G is an engineered recombinant form of streptococcal protein G 

which has been covalently immobilised on a Sepharose 4B matrix. This protein G
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ligand selectively separates IgG from a mixture of immunoglobulin and other non 

antibody proteins by binding to the Fc region of the antibody. Unlike Protein A, 

Protein G binds to all the subclasses of mouse IgG. The antibody mixture was run 

through the protein G column at room temperature, further loading buffer was added 

until the OD of the unbound material at 280nm was zero. The bound antibody was then 

eluted with 0.5M acetic acid pH 3.0. The eluted material was collected and the pH 

neutralised as before. The Gammabind G column was then stripped with IM acetic 

acid pH 2.4, to remove any remaining bound material and then washed through with 

loading buffer before use in another purification. The amount of IgG collected was 

then quantified by measuring its OD at 280nm and dividing the value by the 

extinction co-efficient for IgG. The purified antibodies were then aliquotted and 

stored at -70°C until required.

3.1.2 Development of an ELISA for mouse anti-OVA IgG antibody detection

The ELISA system specific for mouse anti-OVA IgG antibodies was designed as 

outlined by Nakamura et al (1986). The general principles of this ELISA are 

summarised in Table 3.1. Several variables in the assay system were carefully 

screened and finally optimised (Figure 3.1 A).

Linbro flat bottomed 96-well ELISA plates (Flow ICN Biochemicals Ltd, U.K.) 

were coated (lOOjul/well) with OVA dissolved in carbonate coating buffer 

(100/ig/ml) and left for 24 hours at 4°C. The plates were washed 3 times with PBS 

Tween 20 and blotted dry. The plates were then filled with a blocker composed of 

1 % normal goat serum in PBS Tween 20 (200/il/well) for 1 hour at 37°C. After 

washing the plates, aliquots of both the test sera and the standard curve were diluted 

in 1% normal goat serum (NGS), 0.01% normal mouse serum (NMS) in PBS Tween 

20 and were added to the plates (100/^1/well). The plates were incubated for 90 

minutes at 37°C, the samples discarded, and the plates were washed 3 times in PBS 

Tween 20 and blotted dry. Alkaline phosphatase conjugated goat anti-mouse IgG Fc 

specific antibody was diluted to 1/3000 in 1% NGS in PBS Tween 20. The wells
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were filled with lOO/zl of this solution and incubated for a further 90 minutes at 

37®C; the plates were then washed and dried as before. The wells were then filled 

with 100/̂ 1 of a solution containing Img/ml PNPP in a solution of carbonate coating 

buffer containing 0.1 mM magnesium chloride. The plates were incubated at 37°C 

and the colour reaction stopped after 40 minutes by the addition of 25^1 of 3M 

sodium hydroxide. Absorbance values were measured at 410nm using an ELISA 

reader (Titertek Multiscan, Flow). A range of dilutions of affinity purified antigen 

specific antibody (/xg-ng) was included in each plate to produce a standard curve (see 

Figure 3.1 A) . The results for unknown sera were interpolated from these standard 

curves.

The coefficients of variation (CVs) of the ELISA system for mouse anti-OVA IgG 

were determined at 600ng/ml and 60ng/ml. The inter-assay variation was calculated 

within one assay on different plates, the plate to plate variations were 3.1% and 

6.2% respectively (n=6); the interassay variation for day to day comparisons were 

4.4% and 6.7% respectively (n = 12).

3.1.3 Comment

Consistent with previous reports, the ELISA system for mouse anti-OVA IgG was 

easy to perform and very reproducible (Strobel 1984). The detection limit of this 

ELISA system was lOng/ml mouse anti-OVA IgG. The levels of mouse anti-OVA 

IgG antibodies in serum samples covered a wide range of concentrations (50- 

1000/xg/ml). In order to accurately calculate the concentration of anti-OVA IgG for 

each sample, the samples were tested at three dilutions 1/10, 1/100 and 1/1000 to 

determine the best dilution for interpolation from the standard curve to give the most 

accurate concentration.
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Table 3.1

ELISA procedure for measurement of total mouse anti-OVA IgG

Capture

W ish

Block

Coat OVA (100/xg/ml; 100/^1/well) on Flow ICN 
Linbro plates 
24 hours 4°C

PBS Tween 20 x3

1 % Normal Goat Serum in PBS Tween 20 
1 hour 37°C

Wish 

Test Sera

PBS Tween 20 x3

Standard curve /xg-ng (affinity purified specific 
antibody) mouse sera 1/10, 1/100, 1/1000 

90 minutes at 37°C

Wish

Conjugate

PBS Tween 20 x3

Goat anti-mouse IgG (Fc specific) Alkaline 
phosphatase

90 minutes at 37°C

Wish

Substrate

PBS Tween 20 x3

p-nitrophenyl phosphate (PNPP) 
30 minutes at 37°C

Stop

Absorbance

3M NaOH 

410nm
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3.2 ELISA for Detection of Mouse Anti-BSA IgG Antibodies

3.2.1 Purification of mouse anti-BSA IgG antibodies

The purification of mouse anti-BSA IgG comprised the following two steps: (1) 

affinity chromatography of mouse antibodies specific for BSA; (2) protein G 

fractionation of the IgG fraction obtained by affinity chromatography.

(1) The procedures used for the affinity purification of mouse anti-BSA antibodies 

were similar to the processes by which mouse anti-OVA antibodies were affinity 

purified (see section 3.1.1)

(2) The procedure for purifying anti-BSA IgG from the mixture of antibodies 

obtained from affinity purification by protein G affinity was similar to the method 

for purification of anti-OVA IgG. The purified mouse anti-BSA IgG was treated 

identically to the mouse anti-OVA IgG.

3.2.2 Development of an ELISA for mouse anti-BSA IgG antibody detection

The general principles of this ELISA are summarised in Thble 3.2 

Linbro flat bottomed 96-well ELISA plates (Flow ICN Biochemicals Ltd, U.K.) 

were coated (100^1/well) with BSA dissolved in carbonate coating buffer (100/ig/ml) 

and left for 24 hours at 4®C. The plates were washed 3 times with PBS Tween 20 

and blotted dry. The plates were then filled with 1 % OVA in PBS Tween 20 at 

(200/d/well) for 1 hour at 37°C. After washing, aliquots of both the test sera and the 

standard curve were diluted in 1% OVA, 0.01% normal mouse serum (NMS) and 

added to the plate (100/d/well). The plate was incubated for 90 minutes at 37°C, the 

samples discarded, and washed 3 times in PBS Tween 20 and blotted dry. Alkaline 

phosphatase conjugated goat anti-mouse IgG Fc specific antibody was diluted to 

1/3000 1% OVA/ PBS Tween 20 as before. The wells were filled with 100/xl of this 

solution and incubated for a further 90 minutes at 37°C; the plates were then washed 

and dried as described above. The wells were then filled with 100/d of a solution
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containing 1 mg/ml PNPP in a solution of carbonate coating buffer containing 

O.lmM magnesium chloride. The plates were incubated at 37®C and the colour 

reaction stopped after 40 minutes by the addition of 25fû of 3M sodium hydroxide. 

The absorbance was measured at 410nm using an ELISA reader (Titertek multiscan, 

Flow). A range of dilutions of affinity purified antigen specific antibody (jig-ng) was 

included in each plate to produce a standard curve (see Figure 3. IB). The results for 

unknown sera were interpolated from these standard curves.

The co-efficients of variation (CVs) of the ELISA system for mouse anti-BSA IgG 

were determined at two concentrations (800ng/ml and 80ng/ml). The inter-assay 

CVs were calculated for different plates within one run; for plate to plate variation 

and were 3.3% and 1.5% respectively (n=6), and for variation between different 

runs, day to day variations were calculated as 5.1% and 6.1% respectively (n=14).

3.2.3 Comment

This assay system behaved as consistently as the mouse anti-OVA IgG ELISA. The 

detection limit of this assay was lOng/ml mouse anti-BSA IgG. Since the levels of 

mouse anti-BSA IgG in serum samples covered a wide range of concentrations (15- 

2000/xg/ml), a range of dilutions of 1/100, 1/1000 and 1/10000 was used for each 

test sample to determine which was the best concentration of test serum for accurate 

interpolation with the standard curve.
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Table 3.2

ELISA for Measurement of total Anti-BSA IgG

Capture

Wish

Block

Wish 

Test Sera

Wish

Conjugate

Wish

Substrate

Stop

Absorbance

Coat BSA (100/^g/ml; 100^1/well) on Flow ICN 
Linbro plates 
24 hours 4®C

PBS Tween 20 x3

1% OVA in PBS Tween 20 
1 hour 37‘̂ C

PBS Tween 20 x3

Standard curve fig-ng (affinity purified specific 
antibody) mouse sera 1/100, 1/1000, 1/10000 

90 minutes at 3TC

PBS Tween 20 x3

Goat anti-mouse IgG (Fc specific) Alkaline 
phosphatase

90 minutes at 3TC

PBS Tween 20 x3

p-nitrophenyl phosphate (PNPP) 
30 minutes at 37°C

3M NaOH 

410nm
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3.3 ELISA for the Detection of OVA in Mouse Serum

Although the intestinal absorption of immunoreactive antigens such as OVA has been 

widely reported in mammals (Swarbrick et al 1979, Kilshaw and Cant 1984, Husby 

et al 1985, Bruce and Ferguson 1986b, Bruce et al 1987), the immunologcal and 

molecular features of this phenomenon remain poorly understood.

The detection limits of previously reported assays for the measurement of OVA have 

been 32 ng/ml in the sandwich ELISA system (Bruce and Ferguson 1986b, Bruce et 

al 1987), 0.3ng/ml in the biotin avidin amplified sandwich ELISA system (Husby et 

al 1985) and down to 0.05ng/ml in a radioimmunoassay (Swarbrick et al 1979). The 

levels of circulating OVA in mouse serum after feeding OVA have previously been 

shown to be 30-50ng/ml, 5 minutes after feeding the protein (Peng et al 1990) and 

therefore in the present studies the biotin-avidin sandwich ELISA system was 

developed. This assay was chosen since it would also give faster results and avoid 

the use of radioactive labels.

3.3.1 Purification of rabbit anti-OVA IgG antibodies

The sandwich OVA ELISA amplified with biotin avidin was modified from the 

method of Husby et al (1985). In this ELISA system, rabbit anti-OVA IgG 

antibodies were used as capture antibodies coated to the solid phase and biotinylated 

rabbit anti-OVA IgG antibodies were used as detector antibodies. Both capture and 

detector antibodies were affinity purified from rabbit anti-OVA hyperimmune sera. 

OVA specific antibodies were isolated from the hyperimmune rabbit sera using a 

similar procedure to that employed for the purification of mouse anti-OVA 

antibodies (see section 3.1.1.). First, OVA specific antibodies were isolated by 

affinity chromatography. The purified anti-OVA IgG antibodies were then selected 

from the antibody mixture by binding to protein G as previously described (3.1.1). 

The activity of the purified rabbit anti-OVA IgG was determined by a chequerboard 

ELISA. Briefly the plate was coated with OVA overnight at 4°C. Serial dilutions of
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antibody were then added and incubated for 90 minutes at 37°C. After washing, 100/xl 

aliquots of a 1/1000 dilution of sheep anti-rabbit IgG conjugated to HRPO were 

added and the plate incubated for 1 hour at 37 °C. After adding OPD (0.5mg/ml) the 

absorbance was read at 490nm.

2mg of the purified rabbit anti-OVA IgG antibodies was then biotinylated as 

described in Chapter 2 (section 2.6) and the resulting biotinylated antibody retained 

for use as the detection antibody in the ELISA. The activity of the biotinylated 

antibody was determined by a simple antigen capture ELISA. Briefly, the wells of a 

plate were coated with OVA (lOO^g/ml; 100^1/well) overnight at 4®C. After 

washing, serial dilutions of the biotinylated antibody were added and the plate 

incubated for 90 minutes at 37°C. HRPO conjugated streptavidin (Amersham Ltd., 

England) was added and the plate incubated for 1 hour at 37°C. After adding OPD 

(0.5mg/ml), the absorbance was read at 490nm.

3.3.2 Development of sandwich ELISA for OVA detection

To determine the optimum concentrations necessary for both the capture and detection of 

antibodies a chequerboard ELISA was set up using different concentrations of 

capture and detector antibodies (Figure 3.2 A, B and C). A general scheme for this 

ELISA is summarised in Table 3.3 and a typical standard curve is shown in Figure 

3.3.

Linbro flat bottomed ELISA plates (Flow ICN) were coated with a 1/1000 dilution 

of affinity purified rabbit anti-OVA IgG (stock concentration 1 mg/ml) in carbonate 

coating buffer (100/xl/well) and left for 48 hours at 4°C. The plates were washed 

(PBS/Tween 20) and then blotted dry. 1 % NGS dissolved in PBS Tween 20 was 

then added (200/Lcl/well) and left for 1 hour at 37°C. The plates were then washed as 

before and a range of dilutions of OVA (Fraction V, Sigma Chemical Co), in 1% 

NGS, 0.01% NMS/PBS Tween 20 (100/xl/well) were used in duplicate to give a 

standard curve over the range 10/xg-lng. The test sera were added in duplicate
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(100^1/well) neat, diluted 1/10 and 1/100 in 1% NGS, PBS Tween 20 solution and 

incubated at 37°C for 3 hours. The plates were then washed as before and a 1/1000 

dilution of a biotinylated rabbit anti-OVA was added (lOO/il/well) for 2 hours at 

37®C. After washing and drying, a 1/1000 dilution of streptavidin-HRPO was added 

(100/^1/well) and the plate incubated for 1 hour at 37°C. The plates were then 

washed 3 times before the addition of substrate solution (lOOftl/well) containing

0.5mg/ml of OPD in 0.05% H^O^/O.IM Citric Acid/ 0.2M Phosphate Buffer. The 

colour reaction was stopped after incubation at 37°C for 20 minutes by the addition 

of 25/lc1 of 4M H^SOywell. The optical density was measured at 490nm using an 

ELISA reader (Titertek multiscan. Flow). The concentrations of ovalbumin in the 

test sera were obtained by interpolation from the OVA standard curve (see Figure 

3.3).

The co-efficients of variation (CVs) of the sandwich ELISA for OVA were 

determined at concentrations of lOng/ml and lOOng/ml. The inter-assay CVs were 

calculated for plate to plate variation within a single run of the assay and were 6.2% 

and 7.9% respectively (n=4); the variations were also calculated for variation 

between runs on different days, the day to day CVs, and were 10.5% and 9.3% 

respectively (n = 8).

3.3.3 Comment

No cross reaction between rabbit anti-OVA IgG and mouse serum was found since 

the background of the sandwich ELISA for OVA in 100% or 10% mouse serum was 

very low. The detection limit of this ELISA system was 2ng/ml. For neat mouse 

serum samples this assay could detect concentrations of OVA as low as 3ng/ml. The 

maximum detection limit for this ELISA was lOOOng/ml. The range of OVA in 

mouse serum samples ranged from 10̂  to 10  ̂ of ng/ml and therefore 3 dilutions 

were used for each sample, neat, 1/10 and 1/100 in order to determine the dilution 

of test sample which landed within the working range of the standard curve.
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Table 3.3

Sandwich ELISA for measurement of ovalbumin

Capture Coat rabbit anti-OVA antibody on Linbro plates 1/1000 
48hours 4°C

Wish

Block

PBS Tween 20 x3

1 % Normal Goat Serum in PBS Tween 20 
Ihour 37°C

Wish PBS Tween 20 x3

Test sera Standard curve /ig-ng (ovalbumin, fraction V) 
or mouse sera neat, 1/10, 1/100 

3hours 37°C

Wish PBS Tween 20 x3

Conjugate Biotinylated Rabbit anti-OVA IgG 1/1000 
2hours 37°C

Wish PBS Tween 20

Enzyme

Wash

Streptavidin-Horseradish peroxidase 1/1000 
1 hour 37°C

PBS Tween 20 x3

Substrate OPD
20 minutes 37°C

Stop 

Absorbance

4M H^SO^

490nm
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3.4 ELISA for Detection of Anti-OVA IgG Subclasses

The measurement of anti-OVA specific IgG subclasses was proposed as a possible 

method for determining the different activation states of B and T cell responses in 

DTH tolerised animals which did not have suppressed total anti-OVA IgG responses

i.e. in the serum transfer model of oral tolerance. Whereas it was possible to 

develop a fully quantitative ELISA for total anti-OVA IgG levels the measurement of 

antigen specific IgG subclass levels could only be carried out comparatively between 

groups of animals in each experiment. A standard curve of arbitrary units was 

determined for each subclass using the total anti-OVA IgG purified in section 3.1.1 

(see Figure 3.4).

3.4.1 Development of an ELISA for mouse anti-OVA IgG subclass detection

A general scheme for this ELISA procedure is illustrated in Thble 3.4.

Linbro flat bottomed 96-well ELISA plates (Flow ICN Biochemicals Ltd. U.K.) 

were coated (100/il/w ell) with OVA dissolved in carbonate coating buffer 

(lOOjLtg/ml) and left for 24 hours at 4°C. The plates were washed 3 times with PBS 

Tween 20 and blotted dry. The wells were then filled with 1 % normal goat serum in 

PBS/Tween 20 (200jnl/well) for 1 hour at 37®C. After washing the plates, aliquots of 

both the test sera and the standard curve diluted in 1%NGS, 0.01% NMS were 

added to the plate at lOOjul/well. The plate was incubated for 90 minutes at 37°C, the 

samples discarded and the plate washed 3 times before blotting dry. HRPO 

conjugated goat anti-mouse IgG l, 2a, 2b or 3 were diluted to the appropriate 

concentration (see Table 3.4) in 1% NGS, PBS/Tween 20 as before. The wells 

were filled with lOOjitl of the conjugated antibody solution and incubated for a 

further 90 minutes at 2>TC\ the plates were then washed and dried as before. The 

wells were then filled with 100/xl of substrate solution containing 0.5mg/ml of OPD 

in 0.05% H^O^/O.IM citric acid/0.2M phosphate buffer. The colour reaction was 

stopped after 5-30 minutes (depending on the subclass being measured) by the
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addition of 25fi\ of 4M H^SO^well. Absorbance values were measured at 490nm 

using an ELISA reader (Titertek multiscan, Flow). The concentrations of antigen 

specific IgG subclasses was determined by interpolation from a standard curve of 

total affinity purified anti-OVA or anti-BSA IgG given arbitrary units (AU) for each 

antigen specific subclass. The concentration in AU for each sample was obtained by 

interpolation (as before) from the standard curve for each subclass (see Figure 3.4). 

The co-efficients of variation (CVs) for the inter-assay comparisons were measured 

for each subclasses either within a run using plate to plate comparisons and between 

different runs on different days i.e. day to day variations. In the anti-OVA IgGl 

assay the concentrations used were 75AU and 1000AU. For the anti-OVA IgG2a 

and 2b concentrations of antibody at 150AU and 1000AU were used. For the anti- 

OVA IgG3 ELISA concentrations of antibody at 75AU and 750AU were compared.

within run (plate to plate) day to day

Anti-OVA IgGl 2.4% 3.3% 3.0% 3.2%

Anti-OVA IgG2a 3.4% 3.6% 4.1% 5.2%

Anti-OVA IgG2b 2.5% 2.9% 3.8% 4.1%

Anti-OVA IgG3 5.0% 5.5% 6.1% 6.4%

3.4.2 Comment

This newly developed ELISA system for measuring anti-OVA IgG subclasses was 

easy to perform and very reproducible. The detection limit for each ELISA in 

arbitrary units was; < 10AU for anti-OVA IgGl, 50AU for anti-OVA IgG2a, 75AU 

for anti-OVA IgG2b and < 10AU for anti-OVA IgG3. The levels of anti-OVA 

subclasses ranged from 1000AU for the IgGl assay to < 10AU for the IgG3 assay, 

the samples were measured at a 1/100, 1/1000 and 1/10000 dilution to give an 

accurate concentration for each sample. Comparison between different experimental 

groups was only feasible for each subclass and no overall comparison could be made 

due to variation in total IgG production in each experiment.
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Table 3.4

ELISA for Measuring anti-OVA IgG Subclasses

Capture Coat OVA (100/ig/ml) on Linbro Flow ICN plates 
24 hours at 4°C

Wish 

Block 

Wish 

Test Sera

Wish

Conjugate

PBS Tween 20 x3

1% normal goat serum (NGS), PBS Tween 20

PBS Tween 20 x3

Standard curve 6000-12AU for anti-OVA IgG 
Mouse sera diluted 1/100, 1/1000, 1/10000 

90 minutes at 37°C

PBS Tween 20 x3

Goat anti-mouse IgGl HRPO 1/20000 
or Goat anti-mouse IgG2a HRPO 1/5000 
or Goat anti-mouse IgG2b HRPO 1/5000 
or Goat anti-mouse IgG3 HRPO 1/1000 

90 minutes at 37°C

Wish

Substrate

PBS Tween 20 x3

OPD
5-30 minutes at room temperature

Stop 

Absorbance

4M H^SO,

490nm
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3.5 ELISA for Detection of Anti-BSA IgG Subclasses

These ELISAs were carried out with the anti-BSA IgG purified for the total anti- 

BSA IgG assay in section 3.2.1.

3.5.1 Development of an ELISA for mouse anti-BSA IgG subclass detection

A general scheme for this ELISA procedure is illustrated in Thble 3.5.

Linbro flat bottomed 96-well ELISA plates (Flow ICN Biochemicals Ltd. U.K.) 

were coated (lOO/U/well) with the BSA dissolved in carbonate coating buffer 

(lOO^g/ml) and left for 24 hours at 4°C. The plates were washed 3 times with PBS 

Tween 20 and blotted dry. The wells were then filled with 1 % OVA in PBS Tween 

20 (200^1/well) for 1 hour at 37°C. After washing the plates, aliquots of both the test 

sera and the standard curve diluted in 1% OVA, 0.01% NMS were added to the 

plate at lOOptl/well. The plate was incubated for 90 minutes at 37°C, the samples 

were then discarded and the plate was washed 3 times and blotted dry. HRPO conju

gated goat anti-m ouse IgG l, 2a, 2b or 3 were diluted to the appropriate 

concentration (see Table 3.5) in 1% OVA as before. The wells were filled with 

100/xl of the conjugated antibody solution and incubated for a further 90 minutes at 

37°C; the plates were then washed and dried as before. The wells were then filled 

with 100/xl of substrate solution containing 0.5mg/ml of OPD in 0.05% H^O^/O.IM 

citric acid/0.2M phosphate buffer. The colour reaction was stopped after 5-30 

minutes (depending on the subclass being measured) by the addition of 25/xl of 4M 

H^SO^/well. Absorbance values were measured at 490nm using an ELISA reader 

(Titertek multiscan. Flow). The concentrations of antigen specific IgG subclasses 

was determined by interpolation from a standard curve of total affinity purified anti- 

BSA IgG given arbitrary units (AU) for each antigen specific subclass (see Figure 

3.5).

The co-efficients of variation (CVs) for the inter-assay comparisons were measured 

for each subclasses by determination of the variation within one run on different
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plates and between different runs of the assay on different days i.e. day to day 

variations. In the anti-BSA IgGl the concentrations used were 20AU and 800AU. 

For the anti-BSA Ig02a and 2b concentrations of antibody at 200AU and 2000AU 

were used. For the anti-BSA IgG3 ELISA concentrations of antibody at 20AU and 

200AU were compared.

within run(plate to plate) day to day

Anti-BSA IgGl 3.3% 3.5% 3.7% 4.1%

Anti-BSA IgG2a 4.5% 5.1% 6.2% 6.7%

Anti-BSA IgG2b 4.8% 5.2% 6.3% 7.2%

Anti-BSA IgG3 6.0% 5.9% 8.4% 8.6%

3.5.2 Comment

The mouse anti-BSA IgG subclass ELISA was as easy to perform and as reliable as 

the anti-OVA IgG subclass ELISA. The detection limit for each ELISA in arbitrary 

units was; < lOAU for the anti-BSA IgGl, 20AU for the anti-BSA IgG2ai , 50AU 

for the anti-BSA IgG2b and lOAU for the anti-BSA IgG3. The levels of anti-BSA 

subclasses ranged from 20000 AU for the IgGl assay to < lOAU for the IgG3 assay, 

the samples were measured at a 1/1000 and 1/10000 dilution to ensure that the 

calculation of concentration for each sample was performed on the working range of 

the standard curve.

7 9



Table 3.5 ELISA for Measuring BSA IgG Subclasses

Capture Coat BSA (lOOjLtg/ml) on Linbro Flow ICN plates 
24 hours at 4°C

W ish  

Block 

Wish 

Test Sera

Wish

Conjugate

PBS Tween 20 x3

1% OVA, PBS Tween 20

PBS Tween 20 x3

4000-8AU of anti-BSA IgG 
Mouse sera diluted 1/1000, 1/10000 

90 minutes at 37°C

PBS Tween 20 x3

Goat anti-mouse IgGl HRPO 1/20000 
or Goat anti-mouse IgG2a HRPO 1/5000 
or Goat anti-mouse IgG2b HRPO 1/5000 
or Goat anti-mouse IgG3 HRPO 1/1000 

90 minutes at 37°C

Wish

Substrate

Stop

Absorbance

PBS Tween 20 x3

OPD
5-30 minutes at room temperature

4M H^SO^

490nm
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4.1 Induction of Oral Tolerance

4.1.1 Induction of oral tolerance to OVA in BALB/c mice

Introduction OVA is the most widely studied antigen for the induction of oral 

tolerance (Hanson et al 1977, Vaz and Mara 1977, Rich man et al 1978, Ngan and 

Kind 1978, Swarbrick et al 1979, Mowat and Parrott 1983, Strobel et al 1983, 

Saklayen et al 1984, Lamont et al 1988a, Peng et al 1989a, Miller et al 1991). It has 

been shown by many groups that a single feed of OVA at a dose of Img/g body 

weight, or 20-25mg of OVA/mouse, readily induces tolerance of both systemic DTK 

and the antibody response (Hanson et al 1979b, Strobel et al 1983, Mowat 1985, 

Peng et al 1989a). However doses of under Img OVA/mouse may prime rather 

than tolerise the systemic immune system (Mowat 1987, Lamont et al 1989, Peng et 

al 1989a). This phenomenon has been demonstrated in many strains of mice giving 

different levels of tolerance (Lafont et al 1982, Stokes et al 1983a, Lamont et al 

1988b), and there is evidence for both MHC and non-MHC linked control of oral 

tolerance (Mowat 1987, Lamont et al 1988b). In these studies we have opted to use 

BALB/c mice which are readily made tolerant to OVA after oral administration 

(Lamont et al 1988b, Peng et al 1989a).

Aim To test the inhouse BALB/c mice for genetic drift in their reactivity to

OVA and thereby allow confirmation that a single feed of the protein antigen 

ovalbumin (OVA) can induce antigen specific suppression of the systemic DTH and 

antibody response after immunisation with OVA.

Protocol Adult BALB/c mice (n = 8/group) were fed either 0.2ml of saline or 

25mg of OVA in 0.2ml of saline. 7 days after the feed the mice were immunised 

with lOOjLtg of OVA in 0.05ml of CFA intradermally. The mice were challenged 3 

weeks post immunisation and their systemic DTH and antibody responses were 

assayed.
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Results BALB/c mice which received a 25mg OVA feed showed significant

suppression of their systemic DTH response compared to the group receiving a feed 

of saline alone (p < 0.0005; Figure 4.1). The antigen specific IgG antibody response 

was also significantly suppressed in the OVA fed group compared to the saline fed 

group (0 .05> p > 0.02; Figure 4.1). The specific IgG antibody response was 

normally distributed in both experimental groups.

Comment Both system ic DTH and antibody responses to OVA were

significantly suppressed after a single feed of the protein antigen OVA.

4.1.2 Induction of oral tolerance to BSA in BALB/c mice

Introduction Previous studies in rodents have shown that it is possible to 

systemically tolerise DTH, IgG and IgE responses in rats and mice by feeding 

milligram quantities of native BSA (Thomas and Parrott 1974, Thomas and Ryan 

1976, Peng 1989). BSA has no homology to OVA, but has a broadly similar molecu

lar weight (46kDa for OVA and 68kDa for BSA) and both proteins are readily solu

ble in aqueous solutions. Therefore BSA would appear to be a suitable alternative 

protein for comparative investigations of responses in mice following the feeding of 

protein antigen.

Aim To investigate whether a single feed of BSA can induce comparable

antigen specific systemic suppression of both the cellular and humoral immune 

responses under the experimental conditions outlined below.

Protocol Naive BALB/c mice (n = 8) were fed either 0.2ml of saline alone or 

25mg of BSA in 0.2ml of saline. 7 days later they were immunised with 100/xg of 

BSA in 0.05ml of CFA i .d . . Three weeks after immunisation the mice were 

challenged with lOOjug BSA in 0.05ml of saline. After 24 hours their systemic DTH 

and antibody responses against BSA were measured.
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Results BALB/c mice fed 25mg of BSA showed significant suppression of 

both their systemic DTH response ( p < 0.0005; Figure 4.2), and their antigen 

specific IgG antibody response (p < 0.0005; Figure 4.2) compared to saline fed 

control mice.

Comment These results confirm that feeding of the soluble protein antigen, 

BSA, does induce systemic suppression of both the cellular and humoral immune 

responses to BSA.

4.1.3 Conclusions

The induction of oral tolerance to both OVA and BSA has been confirmed for the 

DTH and antibody responses. Tolerance of the systemic IgG antibody response to 

BSA appears to be far greater than the suppression of the anti OVA IgG response 

(50% suppression for anti-OVA IgG responses compared to 85% suppression for 

anti-BSA IgG). This may be due to the structural differences between these two 

proteins or it may be due to a degree of homology between BSA and mouse serum 

albumin. These possibilities will be discussed later (see Chapter 12).

4.2 Antigen Specificity of Oral Tolerance

Introduction Previous studies into the antigen specificity of oral tolerance induction 

have used the oral tolerance model by initially feeding mice one protein e.g. OVA 

then immunising the fed animals with another unrelated protein e.g. sRBC and 

assessing the tolerant state of the animals to the immunised protein (Titus and Chiller 

1981a, Hanson and Miller 1979 and reviewed by Mowat 1987). These results 

demonstrated that cells/animals stimulated by feeding one protein antigen could not 

suppress immune responses to an unrelated protein administered parentally after 

feeding in this experimental system. The following experiments were designed to
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investigate whether mice fed a tolerising dose of a specific antigen could induce 

antigen non-specific suppression to an unrelated protein antigen. The general 

experimental approach was to immunise the mice with a mixture of the protein 

previously fed to the animal plus an unrelated protein and subsequently measure the 

immune response to the immunised but not fed protein. Specificity has been 

investigated for both OVA and BSA to permit comparison of the tolerising ability of 

each antigen.

4.2.1 Antigen specificity of oral tolerance to OVA

Aim To determine whether induction of oral tolerance to OVA has a non

specific suppressive effect on the systemic immune response to an unrelated protein 

antigen, BSA.

Protocol Adult (6-8 week old) BALB/c mice (n = 8/group) were fed either 

0.2ml of saline or 25mg of OVA in 0.2ml of saline. 7 days later the groups were 

immunised i.d. with either lOO^g OVA in 0.05ml CFA or lOO^g of OVA mixed 

with 100fig of BSA in 0.05ml of CFA (Table 4.2). 3 weeks after immunisation the 

groups were challenged with the appropriate antigen (Table 4.1) and specific IgG 

antibody and DTH responses were assayed.

Table 4.1 Description of experimental groups used in experiment 4.2.1

GROUP FEED IMMUNISE CUA

1 saline OVA/CFA OVA

2 saline 0VA4-BSA/CFA OVA

3 saline OVA+BSA/CFA BSA

4 OVA OVA/CFA OVA

5 OVA OVA+BSA/CFA BSA

Results The mice fed, immunised and challenged with OVA alone (group 4)
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showed a significant suppression of systemic DTH responses (p< 0.0005; Figure 4.3) 

compared to mice fed saline and then immunised and challenged with OVA (group 

1). Specific anti-OVA antibody responses did not differ significantly between these 

two groups (Figure 4.3). Group 2, fed saline and then immunised with OVA and 

BSA showed no significant suppression of DTH to OVA compared with group 1, 

which was saline fed, and OVA immunised (Figure 4.3). Interestingly, the OVA 

specific antibody response was significantly decreased in the saline fed group (2), 

which was immunised with the OVA/BSA mixture when compared to group 1 

which received a straight OVA immunisation (0.02< p < 0.01; Figure 4.3).

Mice in group 5, fed OVA and then immunised with a mixture of OVA and BSA 

and challenged with BSA, showed a significant suppression of systemic DTH re

sponses to BSA compared to group 3, which was fed saline and then immunised with 

the OVA/BSA mixture and then challenged with BSA (p < 0.0005; Figure 4.3). The 

BSA specific antibody responses of groups 3 and 5 were not significantly different 

(Figure 4.3).

Comment Immunisation with a mixture of the fed protein (OVA) plus an 

unrelated protein (BSA) was able to induce suppression of the systemic DTH re

sponse but not the antibody response to that unrelated protein in this antigen mixture, 

and is a novel finding in this system butthis antigenic competition has already been 

demonstrated using OVA and MBP to induce oral tolerance (Miller et al 1991). 

Immunisation with a mixture of two unrelated proteins results in a significant reduc

tion in the levels of specific antibody produced to either protein compared with the 

response to a single protein immunisation. In these experiments the orally tolerised 

control (group 4) showed no suppression of the anti-OVA IgG antibody response.

This lack of antibody tolerance is surprising, although it has been well documented 

that the DTH response is more readily tolerised than the IgG response (Strobel et al 

1983, Lamont et al 1989). In this particular experiment it seems that suppression of 

the antibody response to OVA is less complete.

Since it was not clear whether this antigen non-specific suppression would be
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universal for all fed soluble protein antigens experiments were next performed using 

BSA as the fed antigen and OVA as the unrelated immunising protein antigen.

4.2.2 Antigen specificity of oral tolerance to BSA

Aim To determine whether the induction mechanisms of oral tolerance to

BSA have any active non-specific suppressor elements which are capable of sup

pressing systemic immune responses to an unrelated immunising protein, OVA.

Protocol Naive BALB/c mice (n = 8/group) were fed either 0.2ml of saline or 

25mg of BSA in 0.2ml of saline. 7 days after the feed the mice were immunised i.d. 

with 100/xg of the appropriate protein in 0.05ml of CFA as follows

Table 4.2 Description of the experimental groups used in experiment 4.2.2

GROUP FEED IMMUNISE CHA

1 saline BSA/CFA BSA

2 saline OVA+BSA/CFA BSA

3 saline OVA+BSA/CFA OVA

4 BSA BSA/CFA BSA

5 BSA OVA+BSA/CFA OVA

Three weeks later the groups were challenged with 100/xg of the appropriate protein 

(Ikble 4.2) and their systemic DTH and antibody responses were assayed.

Results BALB/c mice fed, immunised and challenged with BSA (group 4) 

showed significant suppression of systemic DTH (p< 0.0005; Figure 4.4) and anti- 

BSA antibody responses (p< 0.0005; Figure 4.4) when compared to mice fed saline 

and immunised and challenged with BSA (group 1). Mice from group 2, fed saline 

and then immunised with OVA and BSA, showed no significant suppression of 

systemic DTH responses when compared to the group 1 mice (Figure 4.4). However
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mice in group 2 did demonstrate a significantly lower antibody response to BSA 

when compared to group 1, (p< 0.0005; Figure 4.4). The mice from group 5, which 

were fed BSA, then immunised with OVA and BSA and then challenged with OVA, 

showed only partial tolerance (55% suppression, p<0.1  i.e. not significant; Figure 

4.4) of their DTH and OVA specific antibody response when compared to group 3 

(saline fed, OVA/BSA immunised and OVA challenged) mice (Figure 4.4).

Comment These results suggest that a single feed of BSA does induce antigen 

specific suppression of systemic DTH and antibody responses in BALB/c mice. 

Immunisation with a mixture of BSA and the unrelated protein, OVA, results in a 

depressed IgG antibody response to both proteins. In contrast with the studies of the 

generation of oral tolerance to OVA where feeding of OVA then mixed immunisa

tion with OVA and BSA was sufficient to induce DTH tolerance to BSA in OVA fed 

mice (see section 4.2.1)^ I was able to demonstrate only partial tolerance where BSA 

is fed followed by immunisation with an OVA/BSA mixture. Therefore it would 

appear that an antigen non-specific suppressor mechanism is not of sufficient 

magnitude, or of differing mechanisms in the induction phase of BSA oral tolerance 

when using this antigen mixture.

4.2.3 Conclusions

The ability of a fed protein antigen to induce suppression of systemic DTH responses 

has been confirmed. However, the results of the OVA tolerance experiment (section 

4.2.1) suggests that the systemic DTH response is more readily tolerised than the 

specific antibody response. This finding suggests differing control mechanisms for 

induction of tolerance for the humoral and cellular limbs of the immune response 

(Mowat 1987, Lamont et al 1988a, Peng 1989).

Concomitant immunisation with the fed protein antigen, OVA, plus an unrelated 

protein, BSA, resulted in antigen non-specific suppression of DTH responses, but 

not of the antibody response, to the unrelated protein, BSA. This finding would
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suggest that during the induction phase of oral tolerance there is non-specific sup

pression of DTH responses but not of antibody responses. However in the converse 

experiment when BSA was the fed antigen and OVA the unrelated protein, there was 

no evidence for a non-specific suppressor element able to suppress systemic DTH 

responses to the unrelated protein (OVA). This failure in the induction phase of BSA 

oral tolerance to suppress the immune response in an antigen non-specific fashion, 

may be due to differences in the structure and composition of these two proteins (to 

be discussed later). However it could also be due to the nature of the tolerance 

induced by OVA and BSA, and the immunological history of these mice in relation 

to each antigen. Although it has been previously shown that these mice are immuno- 

logically naive to both OVA and BSA (Peng 1989), it is not known to what extent 

these proteins are homologous to the "self" proteins of the mouse. In particular, 

there may be close structural and sequential similarities between bovine serum 

albumin and mouse serum albumin (to be discussed later).

Concomitant immunisation with two unrelated proteins (OVA and BSA) significantly 

reduced the antibody response to both proteins when compared to controls immu

nised with either protein alone. This may have been due to some form of antigen 

competition (Gautam and Glynn 1990) in the double immunised animal and could be 

related to the immunological history of these animals with reference to each antigen 

and homologies between the injected antigen and mouse "self proteins.
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5.1 Ovalbumin

Introduction It has previously been reported that serum collected from BALB/c 

mice 1 hour after a feed of the protein antigen OVA can transfer antigen specific 

tolerance of systemic DTH into naive recipient mice (Strobel et al 1983, Bruce et al 

1986a, Peng et al 1990). Studies of oral tolerance to OVA and transfer of tolerance 

have demonstrated that the tolerogenic effect of feeding OVA could be removed if 

mice received an intravenous injection of anti-OVA antibodies immediately after 

feeding OVA (Hanson et al 1979a). Moreover the tolerogenic activity of serum 

collected from mice 1 hour after feeding OVA could be abolished if  the 

immunoreactive OVA detected in the serum was affinity adsorbed before injection 

into recipient mice (Bruce and Ferguson 1986b). Furthermore parenteral injection of 

OVA into donors did not induce tolerance on serum transfer into recipient mice 

(Bruce and Ferguson 1986a). These findings would suggest that during the 1 hour 

that the antigen is circulating in the donor mouse the OVA has in some way been 

modified either by gastrointestinal proteolytic enzymes, filtering through a biological 

membrane (the gut epithelium), or by active processing by gut epithelial cells or 

professional antigen processing cells of the mucosal or systemic immune system, 

thereby producing a transferable OVA "tolerogen".

The following series of experiments 1 have investigated the immunological effects in 

recipient mice following transfer of serum collected 1 hour after feeding OVA or 90 

minutes after feeding BSA. The end point measures used were systemic DTH, IgG 

antibody responses and IgG subclass responses to the administered antigen. The 

immunological properties of OVA and BSA after filtration through the peritoneal 

membrane havealso been assessed using the serum transfer model of tolerance. 

Furthermore 1 have determined the kinetics of OVA absorption at different 

time-points after feeding OVA to BALB/c mice and subsequently determined the 

tolerogenic properties of serum collected at 5, 30 and 60 minutes after feeding OVA 

following its injection into syngeneic recipients.
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5.1.1 Serum Transfer of Gut Processed OVA

Aim To investigate whether transfer of serum collected 1 hour after a feed

of OVA could induce antigen specific suppression of systemic DTH and/or antibody 

responses in naive syngeneic recipient mice.

Protocol BALB/c donor mice (n=24/group) were fed 0.2ml of saline or 25mg 

of OVA in 0.2ml of saline. 1 hour later they were bled by cardiac puncture and the 

serum collected from OVA fed donors and saline fed donors were pooled separately. 

Syngeneic naive recipient mice (n = 8/group) were injected intraperitoneally with 

40/il/g body weight of serum from saline fed donors, OVA fed donors or serum 

from saline fed donors to which a 400ng OVA spike was added in vitro. Recipient 

mice were immunised 7 days after serum transfer with lOOfig of OVA in 0.05ml 

CFA intradermally. 3 weeks later recipients were challenged intradermally with 

lOOjLig of OVA in 0.05ml of saline. After 24 hours they were assayed for antigen 

specific systemic DTH and antibody responses.

Results Serum from OVA fed BALB/c donor mice suppressed the systemic

DTH responses of syngeneic recipients compared to responses in recipients of serum 

from saline fed donors (p < 0.0005; Figure 5.1) and also compared to recipients of 

serum from saline fed donors spiked with 400ng of OVA (p < 0.0005; Figure 5.1). 

In contrast, there was no significant difference in the specific antibody response 

between the 3 recipient groups (Figure 5.1).

Anti-OVA IgG subclass levels were measured and recipients of serum from OVA 

fed syngeneic donors had significantly lower levels of antigen specific IgG2a 

(p < 0.001; Figure 5.2) and insignificantly increased levels of IgGl compared to 

mice receiving serum from saline fed donors (Figure 5.2) . The group which re

ceived OVA spiked serum also had sign ifican tly  low er levels of IgG2a 

(0.05 < p < 0.02; Figure 5.2) compared to the mice receiving serum from saline fed
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donor mice. In contrast IgG2b and IgG3 levels were not significantly different 

between any of the three groups (Figure 5.2).

Comment Serum collected 1 hour after an OVA feed could readily induced 

suppression of DTH in syngeneic recipients whereas OVA spiked serum did not 

induce tolerance in recipient mice. Antigen specific IgG subclass profiles for each 

group suggested that IgG2a levels were suppressed in the tolerised group. However 

the levels of IgG2a were also significantly reduced in the recipients of OVA spiked 

serum, although less markedly compared to the tolerised mice. This decrease in 

levels of antigen specific JgG2a in these two groups may be due to the number of 

times these mice have been exposed to this antigen i.e. once at serum transfer, once 

at immunisation and once at challenge, compared to the recipients of serum from 

saline fed donors which have only received antigen twice (at immunisation and at 

challenge). Also the route of administration of antigen may influence the nature of 

the subclass response since the two groups with depressed JgG2a responses both 

received OVA intraperitoneally.

5.1.2 Concentrations of circulating OVA in BALB/c serum after a single feed of 

that protein antigen.

Introduction The kinetics of intestinal adsorption of OVA have previously been 

extensively studied using a radioimmunoassay with a detection limit of 0.05ng/ml 

(Swarbrick et al 1979). It was shown that quantities of OVA in the serum of 7 C3H 

mice 45 minutes after feeding 50mg of OVA varied between 2-4000ng/ml, the 

higher values are probably due to contamination from the OVA solution used for 

feeding the animals. Using a sandwich ELISA system with a detection limit of 

31.8ng/ml Bruce and Ferguson (1986b) showed that the concentration of OVA in the 

serum  of B D Fl mice obtained 1 hour a fte r feeding 25mg o f OVA was 

63.7±50.2ng/ml. Later studies using a sandwich ELISA system recorded levels of 

OVA from 5 minutes to 4 hours after feeding with the peak at 1 hour post feeding of
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110±56ng/ml (Peng et al 1990). It was also shown that serum collected 5 minutes 

after a feed did not induce tolerance of systemic DTH on subsequent serum transfer 

to naive recipient mice (Peng et al 1990). This suggests that there is immediate 

diffusion of OVA through the tight junctions between intestinal epithelial cells. 

However, since suppression of systemic DTH responses was only observed in 

recipients of serum collected 1 hour after a feed of OVA (Peng et al 1990) it could 

be postulated that an active mechanism of transport or processing, or both, may be 

required to produce the OVA "tolerogen".

Aim To determine the kinetics of OVA absorption into the circulation of

BALB/c mice at different time points after feeding OVA.

Protocol Groups of adult BALB/c mice (5 animals/group) were exsanguinated

by cardiac puncture either before OVA feeding or 5, 15, 30, 60, 90 and 120 minutes 

after a feed of 25mg of OVA. Serum concentrations of OVA were measured using a 

sandwich ELISA.

Results OVA was detected in the serum of BALB/c mice within 5 minutes of 

feeding. The highest concentration of immunoreactive OVA was detected 1 hour 

after feeding and thereafter the concentration gradually declined. (Figure 5.3).

Comment Intracellular transport and processing of protein requires time and

energy from the cell. Therefore the appearance of immunoreactive OVA 5 minutes 

after a feed would suggest diffusion of native OVA through the tight junctions of the 

gastrointestinal epithelium. However the greatest concentration of circulating 

immunoreactive OVA occurs 1 hour after feeding and this suggests that some form 

of active transport and or processing is occurring. It is essential that collection of 

serum for measurement of OVA content is done in such a way as to minimise 

contamination of the serum with extraneous OVA which may be present on the
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hands of the experimentalist or on the fur of the animals. Contamination of the 

serum with such extraneous OVA could potentially have influenced the results 

dramatically since the ELISA system used was very sensitive (see Chapter 3).

5.1.3 Analysis of the biological activity of serum collected at different time 

points after feeding OVA to BALB/c donor mice.

Introduction Peng et al (1990) showed that serum collected 5 minutes after feeding 

OVA did not induce systemic tolerance on subsequent administration to syngeneic 

recipient mice. In the following experiment the tolerogenic activity of serum 

collected at 5, 30 and 60 minutes after feeding was assessed in order to determine 

whether the OVA measured at each timepoint is homogeneous or heterogeneous in 

its tolerogenic activity.

Aim To investigate the tolerogenic activity, in syngeneic recipients, of

serum collected 5 minutes, 30 minutes and 60 minutes after a single feed of OVA in 

BALB/c donor mice.

Protocol BALB/c donor mice (n=24/group) were fed 0.2ml of saline or 25mg 

OVA in 0.2ml of saline. The serum was collected from the OVA fed donors either 5 

minutes, 30 minutes or 60 minutes after feeding by cardiac puncture and pooled 

separately. Donor mice fed 0.2ml of saline were bled by cardiac puncture 1 hour 

after their feed and the serum was also pooled. Naive BALB/c recipient mice (n=8) 

were injected i.p. with 40/d/g body weight of the appropriate donor serum giving 4 

experimental groups. The recipients were immunised and challenged as described 

previously. The recipient mice were assayed for their systemic DTH and antibody 

responses against OVA.

1 0 3



Systemic DTH r e s p o n s e s
Donor t rea tm en t

m m

+ 0.1

1 ___  s a l i n e  f ed

g r o u p  2 5 min  OVA f ed

3 0  min  OVA fed  

6 0  min  OVA fed

g r o u p  3 

g r o u p  4

Q
00

+
c
o
0)

1000

* p < 0 . 0 1
* *  p < 0 . 0 2

IgG anti —OVA responses

8 0 0  -  T

6 0 0  -

40 0  -

200  -

0

Figure 5 .4  E f fe c t  of  t i m e  a f t e r  f e e d i n g  
OVA on  t o l e r o g e n i c  abi l i ty o f  d o n o r  s e r u m .

R e c i p i e n t s  (n =  8)  we re  i n j e c t e d  i .p.  with s e r u m  

f r o m  1) s a l i n e  f e d  B AL B /c  m i c e  o r  s e r u m  f r o m  

OVA f e d  d o n o r s  c o l l l e c t e d  2 )  5  m i n  a f t e r  f e e d i n g ,  

3 )  3 0 m i n  a f t e r  f e e d i n g  o r  4 ) ( j 0 m i n  a f t e r  f e e d i n g  
*p,  **p : c o m p a r i s o n s  with g r o u p  1

104



Results There was no significant difference in the specific antibody responses

of the 4 recipient groups (Figure 5.4). There was also no significant difference in the 

level of DTH response when the recipients of the serum obtained 5 minutes after a 

feed were compared with mice receiving serum from saline fed donors (Figure 5.4). 

In contrast the recipients of serum collected 60 minutes after a feed of OVA 

exhibited a significantly suppressed DTH response compared to recipients of serum 

from saline fed donors (0.01 < p < 0 .001; Figure 5.4), or in comparison with 

recipients of serum collected 5 minutes after an OVA feed (p < 0.001; Figure 5.4). 

The recipients of serum collected 30 minutes after an OVA feed also showed 

significant suppression of their systemic DTH response to OVA compared to 

recipients of serum from saline fed donors (0 .02<p< 0.01; Figure 5.4) although 

this was less than the suppression achieved with serum collected at 60 minutes after 

feeding OVA.

Comment Serum collected 60 minutes after a single feed of OVA has

previously been shown to suppress systemic DTH responses in syngeneic recipients 

and this effect was confirmed here. This experiment extends earlier work and 

demonstrates that serum collected 5 minutes after an OVA feed cannot induce 

suppression of systemic DTH in recipient mice. Serum collected 30 minutes after a 

feed of OVA was intermediate in its suppressive activity suggesting that the transport 

and processing of OVA is partially complete after only 30 minutes in the donor 

mouse.

5.1.4 Serum transfer of peritoneally filtered OVA

Introduction The ability to transfer oral tolerance by the injection of naive 

recipients with serum collected from mice one hour after a feed of OVA is well 

established (Strobel et al 1983, Bruce and Ferguson 1986b, Peng et at 1990, Chapter 

5).
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In contrast, other studies have failed to induce a specific tolerant state with a single 

dose of OVA administered;

1. Intravenously (Bruce and Ferguson 1986a)

2. Intraperitoneally with serum collected 5 minutes after feeding (Peng et al 1990)

3. After in vitro processing by splenocytes (Hanson et al 1977)

4. Spiked serum containing OVA injected i.p. (Chapter 5)

These negative results led to the hypothesis that the gut "processes" antigen, thereby 

permitting it to tolerise the systemic immune response. This hypothesis would be 

considerably enhanced if it could be shown that "filtration" through another 

biological membrane such as the peritoneum, does not alter the immunological 

properties of the antigen OVA.

Aim To assess whether antigen "filtered" through a biological membrane,

other than the gut, can produce a transferable OVA "tolerogen".

Protocol BALB/c donor mice (n=24/group) were fed 0.2ml of saline or 25mg 

of OVA in 0.2ml of saline or were injected intraperitoneally with 25mg of OVA in

0 .2 .l  of saline. The mice were bled 1 hour later by cardiac puncture and the serum 

collected from each donor group was pooled separately. Syngeneic naive recipient 

mice (n = 8/group) were injected intraperitoneally with 40/xl/g body weight of the 

appropriate donor serum as follows:-

1. serum from saline fed donors

2. serum from OVA fed donors

3. NMS spiked with 400ng OVA/recipient

4. serum from OVA i.p. injected donors

The recipients were immunised and challenged as previously described and their 

systemic DTH and antibody responses to OVA were assayed.

Results Serum from OVA fed donor mice suppressed the systemic DTH 

responses in syngeneic recipients when compared with responses by recipients of
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serum from saline fed donors (p < 0.0005; Figure 5.5). In contrast there was no 

d ifference  in the DTH response in groups receiv ing  serum  contain ing  

intraperitoneally filtered OVA or in recipients of serum from saline fed donors or 

mice receiving serum with an OVA spike (Figure 5.5). There was no significant 

difference in the specific antibody responses to OVA in the 4 groups (Figure 5.5). 

Comparison of the IgG subclass levels in the 4 groups showed no significant 

differences in the levels of IgGl, IgG2b or IgG3 (Figure 5.6). However, the levels 

of IgG2a were significantly suppressed in the group receiving serum from OVA fed 

donors compared to recipients of serum from saline fed mice (p< 0.001; Figure

5.6). Moreover recipients of serum containing a 400ng OVA spike had significantly 

lower levels of IgG2a compared to recipients of serum from saline fed donors 

(0.05 < p < 0.02; Figure 5.6). Recipients of peritoneally filtered OVA demonstrated 

no significant suppression of the anti-OVA IgG2a response (Figure 5.6).

Comment Suppression of systemic DTH, elicited in syngeneic recipients by 

serum collected from donor mice 1 hour after a feed of OVA, was again confirmed. 

In contrast, peritoneal filtering of OVA by donor mice resulted in no significant 

suppression of systemic DTH in syngeneic recipient mice. The significant 

suppression of IgG2a responses in tolerised mice and in the recipients of OVA 

spiked serum was not demonstrated in the recipients of peritoneally filtered OVA.

5.1.5 Conclusions

1. Serum transfer of antigen processed via the gut induced suppression of delayed 

type hypersensitivity but not the total IgG anti-OVA antibody response. In contrast, 

artificially spiked serum did not induce tolerance in adoptive transfer experiments. 

This finding would suggest that processing of OVA is facilitated by the oral route of 

antigen administration.

2. Significant suppression of anti-OVA IgG2a responses in the tolerised group
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suggests that there may be a difference in the activation of the immune response in 

the tolerised mice. However, the recipients of spiked serum also showed decreased 

levels of IgG2a. The reduction in antigen specific IgG2a may indicate that IgG 

subclass selection is mediated by the number of exposures to the antigen in recipient 

mice (3 times in JgG2a suppressed mice vs twice in other mice). This phenomenon 

has been observed in humans studied during vaccination regimens (Devey et al 

1989, Devey et al 1990).

3. Serum collected 5 minutes after a feed of OVA contained significant levels of 

immunoreactive OVA. However in vivo this serum did not induce tolerance in 

recipient mice.

4. In contrast, serum collected 30 minutes after a feed of OVA was able to partially 

tolerise recipient mice for DTH. Full DTH tolerance was not produced until serum 

collected 60 minutes after feeding was transferred into naive recipient mice. These 

findings would strongly suggest that some form of processing of OVA occurs to 

produce an OVA "tolerogen". There also appears to be a dose effect since only 

partial tolerance was achieved with 30 minute serum, indicating that some 

"processed" material may have been present. However, approximately 60 minutes of 

processing appears to be required for sufficient levels of the "tolerogen" to be 

present in the serum for full DTH tolerance to be induced in recipient mice.

5. Filtration of the antigen through the peritoneal membrane did not induce tolerance 

in these adoptive transfer experiments. This provides more evidence for the unique 

role of oral administration of soluble protein antigens for the immune response in fed 

animals. Recipients of peritoneally filtered serum did not demonstrate significantly 

suppressed IgG2a responses. This observation may indicate that the route of 

administration of the antigen has no effect on the IgG subclass produced (see 

comment 5 .1 .1). The difference in IgG subclass antibodies produced in the
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recipients of peritoneal versus intestinally filtered antigen may indicate that the 

immunological processes involved in the induction of DTH tolerance may partially 

contribute to the anti-OVA IgG subclass selected in those mice.

5.2 Bovine Serum Albumin

Introduction The serum transfer model has been extensively studied with the 

antigen OVA. However it may not be justifiable to extrapolate the results obtained 

with this antigen to other protein antigens. Therefore another protein, BSA, has been 

used in the serum transfer model of oral tolerance and the results obtained are 

discussed below. Previous studies by Peng (1989) established that the most suitable 

timepoint for the collection of tolerogenic material from BSA fed donor mice was at 

90 minutes post feeding. In the following experiments the transfer of systemic DTH 

tolerance by gut processed BSA is demonstrated. The effect of filtration through 

another biological membrane, the peritoneum, was also investigated utilising the 

serum transfer model (see section 5.2.2).

5.2.1 Serum transfer of oral tolerance to BSA in BALB/c mice

Aim To investigate whether serum transferred 90 minutes after a single

feed of BSA induces significant antigen specific suppression of systemic DTH in 

naive recipient mice.

Protocol BALB/c donor mice (n= 24/group) were fed either 0.2ml of saline or 

25mg of BSA in 0.2ml of saline. After 90 minutes the donor mice were bled by 

cardiac puncture and the serum collected was pooled separately for each group. 

Syngeneic naive recipient mice (n = 8/group) were injected i.p. with 40|xl/g body 

weight of either (i) serum from saline fed donors, (ii) serum from BSA fed donors 

or, (iii) serum from saline fed donors with 400ng of BSA added as an antigen spike. 

The recipient mice were immunised 7 days later with lOOfig of BSA in 0.05ml of
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CFA i.d.. Three weeks after immunisation recipient mice were assayed for their 

systemic DTH and antibody responses against BSA.

Results Serum from BSA fed donor mice significantly suppressed systemic 

DTH responses in syngeneic recipient mice compared to recipients of serum from 

saline fed donors (0.02< p < 0.01; Figure 5.7). There was no significant difference 

in the DTH responses of recipients of serum which had a BSA spike compared to 

recipients of serum from saline fed donors. However, there were 3 mice in the 

group receiving spiked serum which displayed full DTH tolerance to BSA, the 

ensuing variation was reflected by an inability to demonstrate a significant difference 

between this group and the group receiving serum from BSA fed donors (Figure

5.7). This phenomenon has been demonstrated 5 times with the tolerance observed 

being even more profound (see chapters 6 and 8).

The BSA specific systemic IgG antibody responses were not significantly different 

between the three experimental groups (Figure 5.8).

Antigen specific IgGl responses were significantly lower in mice receiving BSA 

spiked serum com pared to rec ip ien ts of serum from saline fed donors 

(0.05 < p < 0.02; Figure 5.8) and compared to recipients of serum from BSA fed 

donors (0.05 < p < 0.02; Figure 5.8). BSA specific IgG2a responses were 

significantly suppressed in both recipients of serum from BSA fed donors and in 

recipients of BSA spiked serum in comparison with mice receiving serum from 

saline fed donors (0.02 < p <0.01 for both; Figure 5.8). These findings were also 

true for the IgG2b responses with the recipients of serum from BSA fed donors and 

recipients of BSA spiked serum having significantly lower responses compared to 

mice receiving serum from saline fed mice (0.02< p <0.01 for both; Figure 5.8). In 

contrast IgG3 responses were only significantly lower in mice receiving BSA spiked 

serum when compared to the other two groups (0.02 < p <  0.01 for both 

comparisons; Figure 5.8).
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Comment The ability to transfer tolerance of systemic DTH to BSA in BALB/c 

mice has been confirmed. However the ability of BSA spiked serum to induce an 

intermediate level of DTH tolerance (approximately 65 % suppression compared to 

control mice) and also a significant suppression of IgGl and Ig03 antibody re

sponses, when compared to the effect of serum from BSA fed animals or serum from 

saline fed animals, suggests that i.p. injection of BSA may induce a systemic 

suppression of the antibody response to BSA. The significant suppression of the 

Ig02a response in the recipients of BSA spiked serum and in recipients of serum 

from BSA fed animals has also been demonstrated in the OVA serum transfer model 

(see 5.1.1). This observation may be due to the increased frequency of exposure to 

the antigen in these recipient animals i.e. three vs two occasions.

5.2.2 Serum transfer of peritoneally filtered BSA

Aim To establish whether BSA "filtered" through a biological membrane

other than the gut is subsequently tolerogenic in naive recipients.

Protocol BALB/c donor mice (n = 24/group) were fed 0.2ml of saline or 25mg 

of BSA in 0.2ml of saline, or they were injected intraperitoneally with 25mg of BSA 

in 0.2ml of saline. After 90 minutes the donor mice were bled by cardiac puncture 

and the serum was pooled separately for each group. Naive syngeneic recipient mice 

(n = 8/group) were injected i.p. with 40jnl/g body weight of the appropriate donor 

serum as follows:-

1. Serum from saline fed donors

2. Serum from BSA fed donors

3. Serum from saline fed donors with a 400ng BSA spike / recipient

4. Serum from mice injected i.p. with BSA

The recipients were immunised and challenged as before and their systemic DTH 

and specific antibody responses were assayed.
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Results Serum from BSA fed donors significantly suppressed the DTH 

responses in BALB/c recipient mice compared to recipients of serum from saline fed 

donor mice ( p < 0.001; Figure 5.9). Recipients of BSA spiked serum also 

demonstrated a significant suppression of systemic DTH compared to recipients of 

serum from saline fed donors (0 .0 K p < 0 .0 0 1 ; Figure 5.9). Intraperitoneally 

filtered BSA also induced a specific suppression of systemic DTH in naive recipients 

when compared to recipients of serum from saline fed donors (p<  0.001; Figure 

5.9). In contrast, the total IgG antibody response was not significantly suppressed in 

the group receiving serum from BSA fed donors when compared to recipients of 

serum from saline fed donors (Figure 5.9). However recipients of BSA spiked serum 

exhibited significantly suppressed anti-BSA IgG responses compared to the recipients 

of serum from saline fed donors ( p < 0.001; Figure 5.9) , or in comparison to 

recipients of serum from BSA fed donors (p < 0.001; Figure 5.9). Intraperitoneally 

filtered BSA also induced significant suppression of systemic anti-BSA IgG 

responses in naive recipient mice when compared to recipients of serum from saline 

fed donors (p < 0.001; Figure 5.9) or in comparison to recipients of serum from 

BSA fed donors (0.05 < p < 0.02; Figure 5.9).

Both recipients of serum from donors injected i.p. with BSA and recipients of BSA 

spiked serum had significantly lower levels of antigen specific IgGl, IgG2a and 

IgG2b when compared to recipients of serum from either saline fed donors or BSA 

fed donors (p < 0.0005 for all comparisons; Figure 5.10). Antigen specific IgG3 

levels were significantly primed in recipients of serum from saline fed donors when 

compared to levels in all other recipient groups (p < 0.005; Figure 5.10). Recipients 

of serum from BSA fed mice had insignificantly lower levels of IgGl and IgG2a 

(Figure 5.10), and significantly lower levels of IgG2b when compared to recipients 

of serum from saline fed donors (p < 0.001; Figure 5.10).

Comment Serum from BSA fed donor mice induced significant suppression of 

systemic DTH but not of antibody responses in naive recipient mice. In contrast.
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direct intraperitoneal injection of BSA or transfer of peritoneally filtered BSA into 

naive recipients induced significant suppression of both systemic DTH and antibody 

responses in recipient mice. Although there was a significant suppression of anti- 

BSA IgGl, XgG2a and XgG2b responses in recipients of BSA spiked serum or serum 

from mice injected i.p. with BSA it is difficult to interpret from this since the total 

anti-BSA XgG responses were also significantly lower in these two groups.

5.2.3 Conclusions

Transfer of tolerance of DTH by serum from BSA fed donors has been confirmed. 

However i.p. injection of untreated BSA also induced intermediate tolerance of DTH 

with significant suppression of the BSA specific antibody responses. This antibody 

suppression appeared to specifically affect the XgGl and XgG3 anti-BSA responses. 

Intraperitoneal filtering of BSA in donor mice followed by transfer into naive 

recipients induced tolerance of both the DTH and antibody responses.

These findings would suggest that the mammalian protein antigen BSA can induce 

systemic tolerance of both the cellular and humoral limbs of the immune response in 

naive BALB/c mice when administered by parenteral immunisation. However, the 

serum transfer protocol only induces DTH (cellular) tolerance in recipients. 

Therefore the suppression observed when BSA is injected i.p. is different from the 

suppression observed in serum transfer of oral tolerance. This suggests that possibly 

a different mechanism of tolerance induction may be involved following peritoneal 

injection of BSA. The differences observed in the in vivo responses of mice 

following the administration of BSA compared to the results obtained using OVA 

may be due to the structural homology of BSA to the murine protein, mouse serum 

albumin (MSA). This possibility is discussed fully in Chapter 12.
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6.1 Ovalbumin

Introduction It is unclear what effect exposure to acid/alkaline pH's and various 

proteolytic enzymes in the gastrointestinal tract may have on the subsequent function 

of that protein when it is presented to the systemic immune system. Several studies 

have shown that T cells recognise chemically denatured forms of antigen just as 

efficiently as native, globular protein (Ishizaka et al 1975, Chestnut et al 1980). 

However, this requires the action of fully competent APC (Shimonkevitz et al 1983) 

which would not be the case if enterocytes were presenting the antigen to the 

underlying immune system of the gut. In the case of enterocytes it is still unclear if 

they can process antigen themselves therefore the action of the denaturing conditions 

and proteolytic enzymes of the stomach may be important in the production of a 

tolerogenic moiety of OVA. It has previously been shown that modification of OVA 

by urea dénaturation induces suppression of systemic IgE antibody responses if the 

denatured protein is given in high dosesparenterally (Takatsu & Ishizaka 1975). 

However low doses of urea denatured OVA were unable to suppress either systemic 

antibody or CMl responses (Bruce and Ferguson 1986a). Deaggregation of OVA 

induces both suppression of the humoral and CMl responses unlike gut processed 

OVA which only induces CMl tolerance (Bruce and Ferguson 1986a). Therefore, 

although OVA apparently lacks peptide bonds susceptible to peptic cleavage it is 

possible that the combination of a low pH and pepsin in the murine stomach may 

induce some subtle change in the structure of OVA which could result in a 

tolerogenic fraction.

6.1.1 Biological activity of pepsin digested OVA in BALB/c mice

Aim To determine by in vitro experiments the possible role of proteolytic

digestion in BALB/c mice in the processing of OVA and the production of a 

tolerogen.
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Protocol Ig of OVA was dissolved in 10 ml of IM glycine-HCl pH2.8 to 

simulate the acid conditions in the stomach. 5ml of the solution were removed and to 

this 5mg of pepsin were added and the mixture incubated at 37°C. The remainder 

was also incubated at 37°C and acted as an "undigested control". After 30 minutes 

both tubes were cooled to room temperature and the pH brought to neutrality by the 

addition of solid Trizma base. Half of each sample was dialysed against PBS pH 7.0, 

through a dialysis membrane with a lOkDa cut off and SDS PAGE analysis was then 

carried out on the acid and pepsin treated OVA. The samples were run on a 15% 

reducing gel and were analysed by silver staining and immunoblotting with OVA 

specific detection using a rabbit anti-OVA antibody.

In vivo activity was determined by i.p. injection of BALB/c mice with 100/xg of 

either pepsin treated OVA, dialysed pepsin treated OVA, acid treated OVA or 

dialysed acid treated OVA. This dose was chosen since it was known to be below 

the tolerogenic dose for feeding OVA (Mowat 1987) and was expected to elicit an 

immune response to OVA in the recipient animal. Further control groups of mice 

received serum from saline fed BALB/c donors or serum from OVA fed BALB/c 

donors. All the recipient groups were immunised and challenged as before and their 

systemic DTH and antibody responses were assayed.

Results The acid treated OVA preparation contained a dense white precipitate 

compared to the OVA which had been pepsin treated. However silver staining and 

immunoblot analysis revealed no difference in the molecular weight profile of the 

pepsin treated OVA compared to the acid treated OVA or in comparison to untreated 

OVA (results not shown).

Serum from OVA fed donor mice suppressed the systemic DTH response in 

syngeneic recipients when compared with the response in recipients of serum from 

saline fed donors (p<0.001; Figure 6.1). Recipients of acid treated OVA also 

demonstrated a significant suppression of the systemic DTH response compared to
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mice receiving serum from saline fed donors (p< 0.001; Figure 6.1). Mice receiving 

dialysed or undialysed pepsin treated OVA showed no significant difference in the 

systemic DTH response compared to recipients of serum from saline fed donors 

(Figure 6.1).

Table 6.1 Statistical comparisons of DTH responses in recipients 

Donor treatment p values

saline fed vs OVA fed p < 0.001

saline fed vs acid treated OVA p < 0.(X)1

saline fed vs pepsin treated OVA p=NS

saline fed vs dialysed acid treated OVA 0.01 < p < 0.001

saline fed vs dialysed pepsin treated OVA p=NS

The IgG anti-OVA antibody response was significantly higher in the mice receiving 

dialysed or undialysed acid treated OVA compared to mice receiving serum from 

OVA fed donors (0.02< p < 0.01; Figure 6.1) or in comparison to mice receiving 

serum from saline fed donors (0.05 < p < 0.02; Figure 6.1) or mice receiving dia

lysed pepsin digested OVA (0.05 < p < 0.02; Figure 6.1). All the recipient groups 

had a normal distribution of anti-OVA antibody levels. However the recipients of 

dialysed or undialysed acid treated OVA demonstrated a greater spread of values 

around the mean (Figure 6.2).

Table 6.2 Statistical comparisons of systemic anti-OVA IgG responses in recipients 

Donor treatment p value

OVA fed vs acid treated OVA 0.02 < p < 0.01

OVA fed vs dialysed acid treated OVA 0.02 < p < 0.01

saline fed vs acid treated OVA 0.05 < p < 0.02

saline fed vs dialysed acid treated OVA 0.02 < p < 0.01

dialysed pepsin treated OVA vs

dialysed acid treated OVA 0.05 < p < 0 .02
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Comment Acid treatment of OVA caused aggregation of this protein. The 

addition of pepsin appeared to stop the aggregation of the OVA induced by the acid 

conditions. Since OVA has no pepsin cleavage site it was unlikely that any fragments 

of OVA would have been detected in the silver stain or immunoblot of the pepsin 

"digested" OVA.

Transfer of tolerance by serum from OVA fed donor mice into naive recipients was 

once again confirmed in this experiment. The ability of acid treated OVA to induce 

DTH tolerance may have been due to aggregation of the OVA. This was the only 

observed difference between the acid and pepsin treated samples. Dialysis of the acid 

treated OVA made no difference to its suppressive activity suggesting that the active 

suppressive agent was larger than lOkDa. It is unlikely that acid aggregation alone 

would render OVA tolerogenic since in the donor mouse, pepsin as well as acid 

conditions are present and pepsin plus acid apparently do not induce DTH tolerance 

to OVA in recipient mice. Moreover injection of OVA directly into the duodenum 

induces oral tolerance to OVA (Hanson and Morimoto 1980) with exposure to acid 

conditions unlikely in the duodenum. Acid aggregation of OVA appears to induce 

active suppression of systemic DTH and, concomitant priming of the antibody 

response. Although these responses resemble the tolerance induced in the serum 

transfer protocol of oral tolerance and are a novel finding, the presence of pepsin 

and acid together in the donor mouse and, the experimental evidence that by-passing 

the acid conditions of the stomach (by direct injection of OVA into the duodenum) 

can also induce tolerance to OVA, would suggest that it is unlikely that this is the 

method of rendering OVA tolerogenic in the oral tolerance model.

6.1.2 Biological activity of acid treated OVA

Aim To determine which fraction of acid treated OVA is responsible for

suppression of the DTH response and elevation of antibody responses in BALB/c 

recipient mice.
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Protocol Ig of OVA was dissolved in 10ml of IM glycine-HCl pH2.8 and 

incubated at 37°C. The solution was cooled to room temperature after 30 minutes 

and the pH neutralised with solid Trizma base. The solution was then divided into 

two equal portions and one half was injected intraperitoneally into BALB/c mice at 

lOOjug/mouse. The other half was centrifuged at 2500g for 20 minutes after which 

the soluble fraction was carefully removed from the precipitate. The two fractions 

were then injected intraperitoneally into two groups of naive BALB/c recipients. As 

in the previous experiment the control groups used were recipients of serum from 

saline fed donors and recipients of serum from OVA fed donor mice. All the recipi

ent groups were immunised and challenged as before and their systemic DTH and 

antibody responses were assayed.

Results Serum from OVA fed BALB/c mice suppressed the systemic DTH 

responses in syngeneic recipients when compared with the responses of recipients of 

serum from saline fed donors (p < 0.005; Figure 6.3). Mice receiving acid treated 

OVA also showed significantly suppressed systemic DTH responses compared to 

mice receiving serum from saline fed donor mice ( p < 0.005; Figure 6.3). The 

groups receiving the precipitated or soluble fraction of acid treated OVA showed no 

significant difference in their systemic DTH responses when compared to each other.

There was no significant difference in the total specific IgG responses between the 

recipient groups (Figure 6.3). However the group receiving the soluble fraction of 

acid treated OVA showed a reduction of approximately 50% in specific antibody 

compared to the group receiving the precipitated fraction of acid treated OVA 

(Figure 6.3).

Comment The ability of serum from OVA fed donor mice to suppress systemic 

DTH responses in syngeneic recipients was again demonstrated in this experiment 

and interestingly, acid treated OVA was also shown to induce similar suppression.
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However the separation of aggregated OVA from the soluble fraction did not 

abrogate the ability of the OVA to suppress systemic DTH responses. In contrast, 

the levels of OVA specific antibody demonstrated that the aggregated OVA fraction 

was far more active at priming the antibody response than was the soluble fraction of 

acid treated OVA.

6.1.3 Biological activity of heat aggregated OVA

Aim To determine whether heat aggregation of OVA induces suppression

of systemic DTH in naive recipient BALB/c mice.

Protocol OVA was heat aggregated by placing a 2 % solution of OVA in saline 

at 60°C for 1 hour. The solution was injected i.p. into recipient BALB/c mice 

(100/ig of OVA/mouse). Control mice were injected with lOOfig of untreated OVA 

in saline, or received serum from saline fed donor mice, or were recipients of serum 

from OVA fed donor mice. All the recipient mice were immunised and challenged 

as before and the recipient mice were then assayed for their systemic DTH and 

antibody responses to OVA.

Results Serum from OVA fed BALB/c mice suppressed the systemic DTH 

responses of syngeneic recipients when compared with the responses of recipients of 

serum from saline fed donors (p< 0.0005; Figure 6.4) or in comparison to recipients 

of heat aggregated OVA (p< 0.001; Figure 6.4) and also compared to recipients of 

untreated OVA (p< 0.001; Figure 6.4). There was no significant difference between 

the IgG antibody responses against OVA between the four experimental groups 

(Figure 6.4).

^ummeni n e a i aggregation or uva naa no eireci on me to lerogenic or 

immunogenic properties of the OVA compared to the responses in recipients of 

untreated OVA.
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6.1.4 Conclusions

Pepsin "digestion” of OVA appears not to be a contributing factor in the production 

of an OVA "tolerogen". However acid treatment of OVA appears to produce a 

tolerogenic fraction which is larger than lOkDa and on SDS-PAGE analysis 

resembles native OVA and is capable of inducing DTH tolerance and antibody 

priming. Induction of DTH tolerance and a corresponding increase in antibody 

responses is also the main feature of the tolerance induced on transfer of serum from 

OVA fed donor mice into naive syngeneic recipient mice. However it is unlikely that 

acid aggregation of OVA is the mechanism for oral tolerance induction, since 

injection of OVA directly into the duodenum has been shown to induce tolerance 

without any exposure of the antigen to acid conditions (Hanson and Morimoto 1980) 

and feeding of antigen dissolved in carbonate buffer which would partially neutralise 

acid conditions has no effect on the induction of oral tolerance to OVA (Bloch et al 

1979). Moreover the exposure of OVA to pepsin and acid does not subsequently 

induce tolerance in recipients and this would more accurately simulate conditions in 

the murine stomach. These findings suggest that although acid aggregation of OVA 

does render the protein capable of inducing DTH tolerance in recipient mice this is 

not the mechanism underlying natural production of the OVA tolerogen.

6.2 Bovine Serum Albumin

Introduction Peptic digestion of BSA is a well established procedure (Weber and 

Young 1964a & b, Peters and Hawn 1967). It has been reported that digestion of 

BSA for short periods of time yields large fragments which are antigenically similar 

to the native molecule (Dosa et al 1979). These peptides have been shown to be 

immunosuppressive for the antigen specific IgG and IgE responses in BDFj mice 

(Muckerheide et al 1977, Dosa et al 1979, Ferguson et al 1983c, Zhang et al 1987). 

In the following experiments the immunosuppressive activity of peptic digests of 

BSA have been determined in BALB/c mice, and the responses compared to the
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suppression seen in serum transfer of "gut processed" BSA.

6.2.1 Biological activity of pepsin digested BSA

Aim To determine whether peptic digestion of BSA produces a transferable

BSA tolerogen.

Protocol Peptic digestion of BSA was carried out exactly as described for

OVA. The effects of the different treatments of BSA were examined in a 15% 

reducing  SDS PAGE system  and were analysed by silver stain ing  and 

immunoblotting.

In vivo determination of the biological activity of the digested BSA was carried out 

in naive BALB/c mice. As controls, donor BALB/c mice were fed either 0.2ml of 

saline or 25mg of BSA in 0.2ml of saline. These donor mice were bled by cardiac 

puncture 90 minutes after feeding and the serum was pooled separately for each 

group. Naive BALB/c recipient mice were injected i.p. with 40/xl/g body weight of 

the appropriate donor serum or were injected i.p. with 100/xg of pepsin digested 

BSA or acid treated BSA or lOOfcg of untreated BSA in normal BALB/c serum. 

Recipients were immunised and challenged as before and their systemic DTH and 

antibody responses against BSA were assayed.

Results There were striking dissimilarities in the appearance of the differently

treated BSA preparations after 30 minutes at 37°C. The solution without added 

pepsin contained a dense white precipitate when compared to the pepsin treated 

sample which was clear with no precipitate. SDS PAGE analysis revealed that 

pepsin digestion for 30 minutes produced a fragment of BSA of approximately 

42kDa (results not shown) which was not present in the acid treated BSA or in 

untreated BSA. Immunoblotting of the digested material demonstrated that the pepsin
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digest fragment was recognised by a polyclonal rabbit anti-BSA antibody. An 

additional band at approximately 34kDa in the lanes containing the pepsin digested 

BSA was identified as pepsin (results not shown).

Recipients of serum from BSA fed donors showed significant suppression of antigen 

specific systemic DTH when compared to recipients of serum from saline fed donors 

(p< 0.0005; Figure 6.5). Recipients of pepsin digested BSA also showed significant 

suppression of systemic DTH when compared to recipients of acid treated BSA or in 

comparison to recipients of serum from saline fed donor mice (p< 0.001 for both 

comparisons; Figure 6.5). Recipients of serum spiked with BSA showed significant 

suppression of DTH when compared to recipients of serum from saline fed donors 

(p < 0.001; Figure 6.5).

There was no significant suppression of the specific antibody responses in the 

recipients of serum from BSA fed donors or in recipients of pepsin digested BSA 

when compared to recipients of serum from saline fed donors (Figure 6.5). In 

contrast, in recipients of acid treated BSA or recipients of serum containing a BSA 

spike, the antigen specific IgG response was significantly suppressed when compared 

to mice receiving serum from saline fed donors (0.02 < p  < 0 .0 1  for both 

comparisons; Figure 6.5).

Comment Under the conditions applied BSA is digested by pepsin into one large 

fragment of approximately 42kDa which was recognised by a polyclonal anti-BSA 

antibody. On transfer of this digested BSA mixture the specific DTH response in 

recipients was significantly suppressed. Acid treatment of BSA resulted in 

aggregation of the protein and following subsequent injection into naive recipients no 

suppression of systemic DTH was observed. Untreated BSA in serum induced sup

pression of both the systemic DTH and antibody responses in naive syngeneic 

recipient mice.
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6.2.2 Biological activity of heat aggregated BSA

Aim To determine whether heat aggregation of BSA prevents tolerance

induction in BALB/c mice.

Protocol BSA was heat aggregated by placing a 2% solution of BSA in saline 

at 60 °C for 1 hour. 0.2ml of this solution containing 100/xg of aggregated BSA was 

injected i.p. into naive BALB/c recipients. As in previous experiments we used 

recipients of serum from saline fed donors and recipients of serum from BSA fed 

donors as controls. An additional group of recipient mice were injected i.p. with 

lOO^g of BSA in 0.8ml of normal BALB/c mouse serum. The four experimental 

groups were immunised and challenged as before and the systemic DTH and 

antibody responses to BSA were assayed in the recipients.

Results Serum from BSA fed donors significantly suppressed the systemic 

DTH responses in naive recipient mice both compared to recipients of serum from 

saline fed donors (p< 0.0005; Figure 6.6), and compared with recipients of heat 

aggregated BSA ( p < 0.0005; Figure 6.6). The specific DTH response in mice 

injected with serum containing untreated BSA was significantly suppressed when 

compared to the response of recipients of serum from saline fed donor mice 

(0.05< p <0.02; Figure 6.6).

The specific antibody response was significantly suppressed in recipients of serum 

spiked with lOO^g of BSA in comparison with recipients of serum from saline fed 

donors (0.01 < p < 0.001; Figure 6.6).

Comment Intraperitoneal injection of untreated BSA induces tolerance of both 

the DTH and antibody responses to BSA. For both the systemic DTH and specific 

antibody responses heat aggregation of BSA appears to abrogate the induction of 

tolerance to BSA. Transfer of serum from BSA fed donor mice into syngeneic 

rec ip ien ts  induces to lerance o f the DTH response only.
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6.2.3 Conclusions

Serum transfer of DTH tolerance by serum from BSA fed donor mice was 

confirmed. Peptic digestion of BSA induced DTH tolerance but not antibody 

tolerance in naive recipients (see Tkble 6.3).

Table 6.3

Summary of in vivo activity following different treatments of OVA and BSA

Tolerance

Treatment OVA BSA

serum from Ag fed donors DTH only DTH only

i.p. "filtered" none DTH and IgG

spiked serum none DTH and IgG

pepsin treatment none DTH only

acid aggregation DTH only none

heat aggregation none none

Aggregation either by acid or heat, abrogated induction of DTH tolerance to BSA in 

recipient mice (see Thble 6.3). This finding would confirm the results found in rats 

by Thomas and Ryan (1976) who demonstrated that induction of peripheral tolerance 

to BSA could be abrogated by prior aggregation of the antigen. Untreated BSA 

injected intraperitoneally induces systemic tolerance of both the antibody and DTH 

responses in naive mice (see Thble 6.3). The ability of pepsin to digest BSA in a 

very short period of time and the subsequent biological activity of the digested 

material (see Table 6.3), indicates that this could be a possible mechanism for the 

production of a BSA "tolerogen".
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7.3 Conclusions 146
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Introduction ISCOMS (Immune stimulating complexes) are negatively charged 

cage like pentagonal dodecahedra, 30-40nm in size (Ozel et al 1989), composed of 

cholesterol and Quil A (saponin) (Morein et al 1987). They have been utilised as 

novel parenteral adjuvant vaccination packages to deliver specific protein antigens 

which have been chemically incorporated into their surface matrix (Morein et al 

1987). Recent studies have explored the possibility of using ISCOMS as an oral 

vaccination delivery system. It has been shown that they are chemically stable in 

high acid and bile salt conditions (Mowat 1991) and therefore intestinal digestion is 

not a problem. Their chemical stability (Mowat 1991), plus adjuvant properties 

(Morein et al 1987), and their ability to stimulate antigen specific Class I restricted 

cytotoxic T lymphocytes (CTL) in spleen and mesenteric lymph nodes (Mowat et al 

1991), as well as stimulate systemic (Mowat et al 1991) and local antibody responses 

(Mowat 1991) against the incorporated protein antigen after oral administration of 

the ISCOM/protein particle offers the possibility of a safe and efficient oral vaccine 

to any protein antigen. However it is not clear what effect the initial exposure of 

ISCOMS has on the mucosal immune system and epithelial cells. The adjuvant 

effects may alter antigen uptake of other bystander proteins present, and stimulation 

of the gut associated lymphoid tissue (GALT) could also affect the induction of oral 

tolerance to any bystander proteins present.

The following experiments were intended to investigate the immunological outcome 

of feeding ISCOMS, with incorporated OVA, on the subsequent uptake of OVA 

into the circulation of BALB/c mice. Mice fed the antigen alone were to act as the 

control group for comparative purposes.

Initially a timecourse study was carried out to determine a suitable time point for 

serum collection after consecutive feeding of ISCOMS followed by antigen alone. 

The serum collected at the determined optimum time after feeding donor mice was 

then be used to determine tolerogenic activity in vivo by utilising the serum transfer 

model of oral tolerance.
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7.1 Kinetics of Intestinal Adsorption of OVA after Feeding 
Soluble Antigen or an Equivalent Concentration of Antigen 
Inserted into ISCOMS in BALB/c Mice.

Aim To investigate the effect of feeding ISCOMS on the permeability of

the gut to the soluble protein antigen, OVA, and to determine a suitable time point 

for serum collection after consecutive feeding of ISCOMS followed by antigen 

alone.
Protocol Age matched groups (5 animals/group) of naive BALB/c mice were

fed lOO^g of OVA incorporated into ISCOMS (kindly provided by Dr Allan Mowat, 

Department of Immunology, University of Glasgow, Western Infirmary, Glasgow) 

or 0.2ml of saline, then all groups were fed immediatly after with Img/g body 

weight of OVA in 0.2ml of saline. The fed mice were bled by cardiac puncture 

either without feeding i.e. time 0, or at 15, 30, 60 and 120 minutes after feeding.

The serum samples obtained from each group were collected separately for each 

individual and used for measurements of the concentration of circulating OVA by 

sandwich ELISA.
Results OVA was detected in both groups 15 minutes after the feed (Figure

7.1). However the levels in the ISCOM fed animals was significantly higher at 15 

minutes (p < 0.005; Figure 7.1) compared to the levels in mice fed soluble OVA 

(590+/-250 compared to 110+/-50; Figure 7.1). The concentration of detectable 

OVA peaked at 30 minutes in the ISCOM fed mice whereas the mice fed soluble 

OVA showed the highest levels of OVA at 60 minutes. In both groups there was a 

decline in detectable OVA after 120 minutes.

Comment The kinetics of transport of protein across the intestinal epithelium

appears to be different when the protein is soluble compared to protein complexed to 

produce a particulate antigen as in the ISCOMS. The adjuvant properties of the 

ISCOMs may also influence the permeability of the intestinal epithelium thereby 

permitting rapid diffusion of protein across the epithelial membrane. The in vivo
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tolerogenic activity of this immunoreactive OVA detected after ISCOM treatment is 

unknown.

7.2 Serum Transfer of Gut Processed OVA After ISCOM 
Treatment of Donors.

Aim To determine the effect of prior stimulation of the mucosal immune

system by ISCOM particles on the subsequent production of a gut processed OVA 

tolerogen.

Protocol Donor BALB/c mice were fed either lOO^g OVA in 0.2ml of saline 

or 0.2ml of ISCOMS with lOO^g of OVA incorporated into their matrix. After 45 

minutes the donor mice were fed again with either 0.2ml of saline or 25mg of OVA 

in 0.2ml of saline. Serum from each group was collected 1 hour later by cardiac 

puncture and pooled separately. Naive syngeneic BALB/c recipient mice were 

injected i.p. with 40//l/g body weight of the appropriate donor serum. 7 days after 

the transfer all the recipient groups were immunised i.d. with lOO^g of OVA in

0.05ml of CFA. Their systemic DTH and antibody responses against OVA were 

assayed 3 weeks after immunisation.

Results Recipient BALB/c mice receiving serum from OVA fed donor mice

showed significant suppression of their systemic DTH response compared to 

recipients of serum from saline fed donors (p< 0.001; Figure 7.2), or to recipients 

of serum from donors fed ISCOMS followed by saline (p< 0.001; Figure 7.2) and 

also compared to recipients of serum from donors fed ISCOMS followed by OVA 

(0.05 < p < 0.02; Figure 7.2).

Recipients of serum from OVA fed donors also demonstrated significant suppression 

of the antigen specific IgG response compared to recipients of serum from saline fed 

donors (0.01 < p < 0 .001; Figure 7.2), or when compared to recipients of serum
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from donors fed ISCOMS followed by saline (0.01 < p < 0.001; Figure 7.2), and 

also compared to recipients of serum from donors fed ISCOMS followed by OVA 

(0.01 <p<0.001; Figure 7.2).

There was no significant difference in the OVA specific IgGl response between the 

four groups (Figure 7.3). In contrast, the levels of antigen specific IgG2a were 

significantly suppressed in the group receiving serum from OVA fed donors 

compared to recipients of serum from saline fed donors (O .O K p < 0.001; Figure 

7.3) and also compared to levels in recipients of serum from donors fed ISCOMS 

followed by saline (0.01 < p <0.001; Figure 7.3). The antigen specific IgG2b 

responses in recipients of serum from OVA fed donors were also significantly 

suppressed compared to recipients of serum from saline fed donors (0.05 < p < 0.02; 

Figure 7.3) and in comparison with recipients of serum from donors fed ISCOMS 

followed by saline (0.02< p <0.01; Figure 7.3). The antigen specific IgG3 response 

was significantly elevated in both groups receiving ISCOMS before either a saline or 

OVA feed compared to recipients of serum from OVA fed donors (0.02< p < 0.01 

and 0 .05< p < 0.02 respectively; Figure 7.3) and also compared to recipients of 

serum from saline fed donors (0.05 < p < 0.02 for both; Figure 7.3). IgG3 responses 

were also significantly suppressed in the mice receiving serum from OVA fed 

donors compared to recipients of serum from saline fed donors (0.02< p < 0.01; 

Figure 7.3).

Comment Previous exposure of the gut to ISCOM (immunostimulator) prevents 

the production of an OVA "tolerogen" when tested in an adoptive serum transfer 

model. ISCOM treatment of donor mice appears to stimulate the production of OVA 

specific IgG3 responses in naive recipient mice. ISCOM treatment of donor mice 

before OVA feeding abrogates the suppression of the antigen specific IgG2a 

responses in recipients.
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7.3 Conclusions

OVA incorporated into a particulate adjuvant structure alters the permeability or 

transport of OVA across the intestinal epithelium. This alteration in permeability of 

the epithelium could be due to the incorporated OVA inducing antigen specific 

uptake of subsequently introduced OVA, but, it is far more likely that the adjuvant 

properties of the ISCOM particle i.e. Quil A, could directly effect the permeability 

of the intestinal epithelium. Subsequent feeding of ISCOM fed mice with soluble 

OVA antigen prevented the induction of OVA DTH tolerance in recipient mice, 

probably due to the absence of an OVA tolerogenic molecule. Alternatively, but 

less likely, this might have been due to the transfer of some activating molecule 

produced during the mitogenic stimulation of the immune system in the donor, or to 

transfer of Quil A. The latter might directly stimulate the recipient's immune system 

and prevent the induction of tolerance, even in the presence of the tolerogen. These 

results suggest that oral exposure of donor mice to an immunostimulator may alter 

the immunological state of the mucosal immune system and prevent the generation of 

a transferable OVA "tolerogen".
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Introduction The Scid mouse was first described by Bosma et al in 1983. This 

strain is characterised by a complete lack of all the major serum immunoglobulin 

(Ig) classes and an absence of functioning mature T and B cells (Bosma et al 1983, 

Custer et al 1985) although pre B cells and pre T cells are present (Schuler and 

Carroll 1989, Fried et al 1989). Thus the mutation appears to affect T and B cell 

maturation with lymphoid tissue present but at 1/10* normal size and composed 

mainly of stromal cell elements (Bosma 1989). Peyer's patches are not normally 

observed (Bosma et al 1983) although there is some evidence that M cells are 

present (T. Savidge 1992 personal communication). Macrophage and natural killer 

cell function is normal or slightly elevated compared to BALB/c controls (Bancroft 

et al 1986, Bancroft et al 1987, Bancroft et al 1989) and Scid mice appear to have a 

normal tissue distribution of MHC Class II antigens compared to BALB/c controls 

(Bancroft et al 1986). The gene responsible for the Scid phenotype shows recessive 

inheritance and has been mapped to mouse chromosome 16 (Bosma 1989).

The Scid mouse is Ig heavy chain congeneic to BALB/c mice, and the Scid 

phenotype can be corrected by engraftment with bone marrow or fetal liver cells 

from normal BALB/c mice (Bosma et al 1983, Custer et al 1985). On reconstitution 

Scid mice repopulate their lymphoid tissue and Peyer's patches become apparent 

(Bosma et al 1983, Custer et al 1985).

The Scid mouse would appear to be a suitable donor in the serum transfer model of 

oral tolerance. Their use as serum donors permits investigations into the function of 

the specific immune system (T and B cells) during the short antigen exposure in the 

donor mouse (60 min for OVA and 90 min for BSA). In addition comparisons of 

specific immune function with the non-specific immune system (especially 

macrophages), intestinal epithelial cells and gastrointestinal proteolytic digestion of 

fed antigens are facilitated.
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8.1 Serum Transfer of Oral Tolerance to OVA Using Scid 
Mouse Donor Serum and BALB/c Recipients

Aim To determine whether, in the absence of a functioning mucosal and

systemic specific immune system, Scid mice are able to produce a transferable OVA 

"tolerogen” which is active in BALB/c recipients.

Protocol Isolator reared Scid mice were fed either 0.2ml of saline or 25mg of

OVA in 0.2ml of saline. BALB/c donor mice were fed 25mg of OVA in 0.2ml of 

saline. All fed mice were bled 1 hour later by cardiac puncture and the serum 

collected and pooled separately. Conventionally reared BALB/c recipient mice were 

injected i.p. with 40^1/g body weight of the appropriate donor serum as follows:-

1. serum from saline fed Scid mice

2. serum from OVA fed BALB/c mice

3. serum from saline fed Scid mice plus an OVA spike (400ng/animal)

4. serum from OVA fed Scid mice

Recipient mice were immunised 7 days after transfer with 100/ig of OVA in 0.05ml 

of CFA i.d.. Three weeks later the recipients were challenged with 100/xg of OVA 

antigen in 0.05ml of saline. 24 hours after challenge the antigen specific systemic 

DTH and antibody responses were assayed.

Results Serum from OVA fed BALB/c donor mice suppressed the systemic

DTH responses in syngeneic BALB/c recipients compared with recipients of serum 

from saline fed Scid mice (p < 0.0005; Figure 8.1). Serum from OVA fed Scid mice 

did not induce significant suppression of systemic DTH in BALB/c recipients 

compared to recipients of serum from saline fed Scid mice or compared to recipients 

of OVA spiked Scid serum (Figure 8.1). The systemic antibody response in 

recipients of serum from OVA fed BALB/c mice or in recipients of OVA fed Scid 

mice was significantly primed compared to recipients of OVA spiked Scid serum
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(0.01 < p < 0.001; Figure 8.1) or, compared to recipients of serum from saline fed 

Scid mice (p< 0.0005; Figure 8.1). On analysis of the IgG subclasses for each group 

there was no significant difference in the levels of antigen specific XgG2b and IgG3 

between the four recipient groups (Figure 8.2). There was a significant increase in 

the OVA specific IgG l response in the recipients of OVA spiked Scid serum 

compared to the recipients of serum from saline fed Scid mice (0.01 < p <0.001; 

Figure 8.2), or compared to recipients of serum from OVA fed BALB/c mice 

(0.02 < p < 0.01; Figure 8.2), and in comparison to recipients of serum from OVA 

fed Scid mice (p < 0.001; Figure 8.2). In contrast there was significant suppression 

of the IgG2a responses in recipients of serum from OVA fed BALB/c or OVA fed 

Scid mice in comparison to recipients of serum from saline fed Scid mice or, when 

compared to recipients of OVA spiked serum (O .O K p< 0.001 for all comparisons; 

Figure 8.2).

Comment Serum from OVA fed BALB/c mice induces suppression of systemic 

DTH but not of antibody responses. In contrast serum from OVA fed Scid mice was 

unable  to induce DTH tolerance in BALB/c recipients. The level of specific 

antibody obtained in the recipients of serum from saline fed Scid mice was in the 

normal range for immunised animals; therefore, both recipient groups that received 

serum from OVA fed animals were significantly primed for total specific IgG 

responses. However, both these groups also demonstrated a significant suppression 

of their anti-OVA IgG2a responses. This experiment was repeated 3 times with the 

same results for DTH responses but the priming of the antibody, though present, 

responses was not as dramatic.

8.1.1 Conclusions

These results strongly suggest a difference in the tolerogenic properties of serum 

from OVA fed Scid mice compared to serum from identically treated BALB/c mice. 

This difference manifests itself in the inability of serum from OVA fed Scid donors
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to transfer tolerance of DTH to BALB/c recipient mice. The difference in IgG 

subclass levels appears to have no relevance to the tolerant state of recipient animals 

since the recipients of tolerogenic BALB/c serum have similar IgG subclass levels to 

recipients of non tolerogenic Scid serum. Possible qualitative and/or quantitative 

differences in the OVA present in the different sera was addressed in the following 

experiments.

8.2 Kinetics of Intestinal Absorption of OVA in Scid Mice

It has already been demonstrated that BALB/c mice show rapid absorption of OVA 

across the intestinal epithelium (Peng et al 1990, and Chapter 5 of this thesis). 

However, tolerogenic material does not appear until 30 minutes after a feed of OVA 

(Chapter 5). Previous studies have shown that the amount of serum transferred is 

critical for successful serum transfer of DTH tolerance (Peng et al 1990). Therefore 

it is necessary to determine the kinetics of intestinal absorption of OVA in Scid 

mice. Any differences observed may help to explain the failure of Scid serum to 

transfer DTH tolerance to BALB/c recipients.

8.2.1 Concentration of circulating immunoreactive OVA after feeding in Scid 

and BALB/c mice.

Protocol Groups of adu lt, age m atched, BALB/c and Scid mice (5 

animals/group) were exsanguinated by cardiac puncture at 0, 5, 15, 30, 60 and 120 

minutes after a single feed of 25mg of OVA. Serum concentrations were measured 

using a sandwich ELISA.

Results OVA was detected in the serum of both groups of mice 5 minutes 

after feeding (Figure 8.3). The levels peaked at 1 hour for both groups although the 

Scid mice exhibited a reduction of approximately 50% in circulating OVA levels at
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60 minutes post feeding (Figure 8.3). The profile of circulating OVA was similar in 

both groups until 30 minutes after the feed when the levels in the Scid mice began to 

rise less steeply. In contrast, the BALB/c mice continued to show a rapid increase in 

circulating OVA levels (180+/-15ng/ml in Scid mice compared to 390+/-120ng/ml 

in BALB/c mice at 30 minutes post feeding; Figure 8.3). Both groups showed 

decreasing levels of circulating OVA 120 minutes after feeding.

Comment Although OVA fed BALB/c mice and Scid mice exhibited peak levels 

of immunoreactive OVA 60 minutes after feeding the overall time-course profile for 

the two mouse strains was different. The levels in the two strains of mice diverged 

approximately 30 minutes after feeding. In order to investigate whether the inability 

of Scid serum to transfer tolerance was due to the lower levels of immunoreactive 

OVA present, an experiment was performed using serum which was "dose adjusted" 

to give levels of immunoreactive OVA in Scid serum which corresponded to the 

levels obtained in BALB/c serum.

8.2.2 Dose adjustm ent of Scid serum for transfer of tolerance into BALB/c 

recipients

Aim To determine whether the inability of Scid serum to induce tolerance

on transfer to BALB/c mice is due to the lower levels of circulating OVA in Scid 

mice 1 hour after a single feed of OVA.

Protocol Donor Scid mice were fed either 0.2ml of saline or 25mg of OVA in

0.2ml of saline. Donor BALB/c mice were fed 25mg of OVA in 0.2ml of saline. 

After 1 hour the donor mice were bled by cardiac puncture and the collected serum 

was pooled separately for each group. BALB/c recipient mice were injected i.p.with 

40^1/g body weight of serum from saline fed Scid mice or serum from OVA fed 

BALB/c mice. The recipients of serum from OVA fed Scid mice were injected with 

sufficient (approximately double the normal transferred volume) donor serum to
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compensate for the lower levels of circulating OVA in the Scid serum. The recipient 

mice were immunised and challenged as before and their systemic DTH and antibody 

responses were assayed.

Results Serum from OVA fed BALB/c mice induced tolerance of DTH in 

syngeneic recipients compared to recipients of serum from saline fed Scid mice 

(0.02< p < 0.01; Figure 8.4). In contrast, even with dose adjustment of the Scid 

serum there was no demonstrable suppression of systemic DTH in BALB/c recipi

ents, compared to recipients of serum from saline fed Scid mice (Figure 8.4). There 

was no significant difference in the systemic antibody responses between the three 

experimental groups (Figure 8.4).

Comment This experiment demonstrated that serum from OVA fed BALB/c 

mice conferred tolerance of DTH but not of systemic antibody responses in naive 

syngeneic recipients. The large standard deviation in the recipient group was due to 

one mouse which was not tolerised. However, even with dose adjustment serum 

from Scid mice, which gave OVA levels equivalent to those of BALB/c controls, 

was unable to induce systemic DTH tolerance in BALB/c recipients.

8.2.3 Conclusions

There was a quantitative difference in the amount of circulating OVA detected in 

Scid mice after a single feed of OVA when compared to BALB/c controls. The 

major divergence in levels of circulating OVA occurred 30 minutes after feeding i.e. 

similar to the time that the "tolerogen" is first detected following a feed of OVA in 

BALB/c mice (see Chapter 5). Dose adjustment of Scid serum from OVA fed 

animals did not confer the tolerogenic properties associated with corresponding 

levels of immunoreactive OVA in the serum of OVA fed BALB/c mice. This 

suggests that there is a qualitative difference in the OVA present in the serum of
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OVA fed Scid mice.

Scid mice are reared in an isolator and require a germ free environment in order to 

survive with their immunodeficiency. It is therefore, important to establish whether 

this failure of Scid mice to produce tolerogenic OVA is due to their germ free status.

8.3 Serum Transfer of Tolerance with Serum from OVA Fed 
Germ Free BALB/c Mice

Introduction Previous studies have produced conflicting results on the ability of 

immunocompetent germ free animals to become tolerant via the oral route (Kiyono 

et al 1982, Michalek et al 1982, Wannemuehler et al 1982, Saklayen et al 1984, 

Mowat 1986c, Moreau et al 1988). However, the differing results obtained appear to 

be mainly due to the antigen used. On feeding sheep red blood cells (sRBC) to LPS 

unresponsive C3H/HeJ mice (Kiyono et al 1982) or to germ free BALB/c mice 

(Wannemuehler et al 1983) suppression of antibody responses to this antigen could 

not be detected. However on feeding OVA to LPS unresponsive C3H/HeJ mice 

(Saklayen et al 1984, Mowat et al 1986) or to germ free BALB/c mice (Moreau et al 

1988) full tolerance of the antibody and cellular responses could be demonstrated.

In the present studies in Scid mice it was necessary to demonstrate that the germ free 

status of the Scid mice used had no effect on their failure to produce a transferable 

OVA tolerogen. Therefore germ free immunocompetent BALB/c mice were used as 

serum donors in order to investigate whether germ free mice were able to produce a 

transferable OVA tolerogen.

Aim To determine whether the presence of "natural" gut flora influences

the production of a transferable OVA tolerogen.

Protocol Adult Germ free BALB/c mice were fed 0.2ml of saline or 25mg of 

OVA in 0.2ml of saline. Conventionally reared BALB/c donor mice were fed 25mg 

of OVA in 0.2ml of saline. After 1 hour the donor mice were bled by cardiac
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puncture and the serum was pooled separately for each group. Conventionally reared 

BALB/c recipient mice were injected i.p. with 40/il/g body weight of the appropriate 

donor serum as follows:-

1. serum from saline fed germ free BALB/c mice

2. serum from OVA fed conventionally reared BALB/c mice

3. serum from germ free BALB/c mice containing an OVA spike (400ng/animal)

4. serum from OVA fed germ free BALB/c mice

The recipients were immunised and challenged as before and their systemic DTH 

and antibody responses were assayed.

Results Serum from OVA fed, conventionally reared, BALB/c mice 

significantly suppressed the systemic DTH responses in syngeneic recipient mice 

when compared to (i) recipients of serum from saline fed germ free BALB/c mice or 

(ii) recipients of OVA spiked serum (p < 0.0005 for both comparisons; Figure 8.5). 

Serum from OVA fed germ free BALB/c donor mice also significantly suppressed 

the systemic DTH responses to OVA in recipient mice when compared to responses 

in recipients of serum from saline fed donors or in comparison to recipients of OVA 

spiked serum (p< 0.0005 for both; Figure 8.5). There was no significant difference 

in the systemic antibody responses against OVA between any of the 4 experimental 

groups (Figure 8.5).

Measurement of the IgG subclass responses demonstrated no significant difference in 

the anti-OVA IgGl response between the recipient groups (Figure 8.6). However the 

OVA specific IgG2a response was significantly suppressed in the recipients of serum 

from OVA fed conventionally reared BALB/c mice when compared to recipients of 

serum from saline fed germ free BALB/c donors (p< 0.001; Figure 8.6) or, when 

compared to recipients of OVA spiked serum (0.02 < p < 0.01; Figure 8.6). The 

anti-OVA IgG2b response was also significantly suppressed in recipients of serum 

from OVA fed conventionally reared BALB/c mice when compared to the other 3 

groups (0.02 < p < 0.01 for all comparisons; Figure 8.6). In contrast, the IgG3
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response was significantly primed in the group receiving serum from saline fed germ 

free BALB/c donors (p < 0.001; Figure 8.6).

Comment In this experiment serum from conventionally reared BALB/c mice 

was again shown to induce tolerance of DTH but not of antibody responses in 

syngeneic recipient mice. Serum from OVA fed germ free BALB/c mice also 

induced significant tolerance of DTH but not of antibody responses in BALB/c 

recipients. The IgG subclass profiles of the four groups appeared to have no bearing 

on the tolerant state of the animals in each group.

8.3.1 Conclusions

The induction of DTH tolerance by transfer of serum from OVA fed donor mice is 

apparently not dependent on the presence of a natural gut flora. Furthermore, the 

profile of IgG subclass usage is not dependent on the tolerant state of the recipient 

group since, the recipients of serum from OVA fed BALB/c mice have a different 

profile of IgG subclass values compared to recipients of serum from OVA fed germ 

free mice, even though they have the same level of DTH tolerance.

8.4 Serum Transfer of Gut Processed BSA from Scid mice to 
BALB/c Recipients

Introduction The experiments described in Chapters 5 and 6 suggests that the 

generation of a transferable BSA tolerogen may involve different mechanisms in the 

donor animal compared to those involved in the generation of an OVA tolerogen. It 

is possible therefore that the Scid mouse model may be of further help in defining 

the requirements for the generation of a BSA tolerogen and may highlight other 

differences in the immune responses to OVA and BSA encountered orally.
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Aim To determine whether gut processing of BSA by Scid mice also fails

to produce a transferable BSA tolerogen.

Protocol Naive Scid mice were fed either 0.2ml of saline or 25mg of BSA in

0 .2 . l  of saline. BALB/c mice were fed 25mg of BSA in 0.2ml of saline. Donor 

mice were bled 90 minutes after feeding by cardiac puncture and the serum was 

pooled separately for each group. Naive BALB/c recipient mice were injected i.p. 

with 40/xl/g body weight of the appropriate donor serum as follows:-

1. serum from saline fed Scid mice

2. serum from BSA fed BALB/c mice

3. BSA spiked Scid serum (400ng BSA\animal)

4. BSA spiked BALB/c serum (400ng BSA\animal)

5. serum from BSA fed Scid mice

The recipient mice were immunised and challenged as before and their systemic 

DTH and antibody responses to BSA were assayed.

Results Serum from BSA fed BALB/c mice induced tolerance of systemic 

DTH in syngeneic naive recipient mice when compared to recipients of serum from 

saline fed Scid mice (p <0.0005; Figure 8.7). Recipients of spiked serum from 

either Scid mice or BALB/c mice also showed significant suppression of systemic 

DTH responses compared to recipients of serum from saline fed Scid mice 

(p < 0.0005 and 0.02< p <0.01 respectively; Figure 8.7). Furthermore serum from 

BSA fed Scid mice induced DTH tolerance in BALB/c recipients when compared to 

recipients of serum from saline fed Scid mice (0 .02< p < 0.01; Figure 8.7). In 

contrast, the systemic anti-BSA antibody response was primed (although not 

significantly) in recipients of serum from BSA fed BALB/c donor mice in 

comparison to recipients of serum from saline Scid mice (Figure 8.7). However, 

recipients of BSA spiked serum either from Scid mice or BALB/c mice showed 

significant suppression of systemic antibody responses compared to recipients of
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serum from BSA fed BALB/c mice (0.05 < p < 0.02 and 0.02 <  p < 0.01 

respectively; Figure 8.7). Recipients o f serum from BSA fed Scid mice 

demonstrated no significant suppression of their systemic antibody response to BSA 

(Figure 8.7).

Comments The above results may be summarised as follows: (i) serum from BSA 

fed BALB/c mice injected into syngeneic recipients conferred tolerance of systemic 

DTH but not of antibody responses; (ii) serum from BSA fed Scid donors injected 

into BALB/c recipients appeared to induce partial tolerance of systemic DTH 

responses but no tolerance of systemic antibody responses; (iii) BSA spiked Scid or 

BALB/c serum induced systemic tolerance to both the DTH and antibody responses 

in recipient BALB/c mice.

8.4.1 Conclusions

These results would suggest that the production of a BSA tolerogen may not be as 

dependent on a functioning mucosal immune system as is the OVA tolerance 

system. The demonstration that i.p. injection of BSA in serum does induce tolerance 

of both systemic DTH and antibody responses confirms previous results (see 

Chapters 5 and 6). However the apparent failure of serum from BSA fed Scid mice 

to induce tolerance of systemic antibody responses is puzzling, though in agreement 

with the inability of serum from BSA fed BALB/c mice to induce antibody 

tolerance. It may be due to the amount of BSA in the transferred serum or it might 

also indicate that gut processing of BSA induces different suppressor mechanisms 

which do not lead to tolerance of systemic antibody responses in recipient mice.

8.5 Histological and Morphological analysis of the Scid mouse 
GrUt.

Introduction Before any firm conclusions can be drawn from the data
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obtained using Scid mice as serum donors in the serum transfer model of OVA oral 

tolerance it is necessary to determine the possible differences between the 

architecture and cellular composition of Scid mouse small intestine compared to the 

small intestine of conventionally reared BALB/c mice and germ free BALB/c mice. 

Any difference observed may help to explain the lack of a transferable OVA 

tolerogen in Scid mouse serum 1 hour after a single 25mg feed of 0\A .

8.5.1 General intestinal morphology in Scid, BALB/c and germ free BALB/c 

mice

Aim To determine whether any difference exists in intra-epithelial

lymphocyte numbers and morphology in the three different mouse categories.

Protocol See Materials and Methods Chapter 2 section 2.19, lEL numbers are 

expressed as number of IEL/1000 enterocytes.

Results All three mouse types had recognisable villi and crypts with no gross 

differences apparent in either crypt depth or villus length. Interestingly the Scid 

mouse gut on dissection appeared to be more fragile than the BALB/c mouse gut and 

may indeed have a thinner mucosa . On examination of the lamina propria of the 3 

mouse types it was apparent that the Scid mouse gut had fewer cells in the lamina 

propria when compared to the other two mouse types (Figure 8.8 A, B and C).

(i) lEL morphology

In general the lEL observed in the sections obtained from conventionally reared 

BALB/c mice and germ free BALB/c mice showed a morphology similar to that of 

small lymphocytes in the blood and lymphoid organs, presenting as round cells with 

a large dense nucleus and very little cytoplasm. In contrast, the majority of lEL 

observed in sections from the Scid mice were larger than the lEL seen in the 

BALB/c mice and had a rough "angry" morphology with more cytoplasm which in
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some cases was granulated (Figure 8.8 A, B and C).

(ii) lEL counts

Conventionally reared BALB/c mice had 99.5 ±2.5 IEL/1000 enterocytes compared 

to germ free BALB/c mice which had significantly lower numbers of lEL 

(p< 0.005; Figure 18.9) at 53 ±17 IEL/1000 enterocytes. Scid mice had even fewer 

lEL at 34 ±7 IEL/1000 enterocytes and this was significantly different from germ 

free BALB/c mice (0.025 < p < 0.01; Figure 8.9) and also significantly lower than 

conventionally reared BALB/c mice (p < 0.005; Figure 8.9).

Comment Conventionally reared BALB/c mice had numbers of lEL within the 

normal range of non-infected or stimulated mouse small intestine and their 

morphology was characteristic of mature lEL (Darlington and Rodgers 1966). In 

contrast the Scid mice had very low numbers of lEL which were of an interesting 

morphology more characteristic of granulated lymphocytes or natural killer cells but 

not of normal T lymphocytes. This could be expected for mice which had no 

functioning specific immune system. The germ free BALB/c mice also had lower 

than normal numbers of lEL but the lEL present were of conventional morphology 

and distribution. This lower than average value was probably due to the lack of 

stimulation from normal gut flora for migration of lEL into the mucosae from the 

periphery (Fichtelius et al 1968, Rôpke and Everett 1976).

8.5.2 Comparison of mucosal morphology in different mouse types

Aim To determine whether villus height, crypt depth and crypt cell

production rate differs significantly between BALB/c, germ free BALB/c and Scid 

mice.

Protocol See M aterials and Methods, Chapter 2 section 2.17 for full 

experimental details. Briefly, mice were injected intraperitoneally with 7.5mg/kg 

colchicine (Sigma Chemical Co.) and then sacrificed at different intervals from 20-
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120 minutes after injection. Pieces of jejunum were removed and fixed. Before 

microdissection tissue samples were stained with Schiff's reagent (Difco Ltd.).

The lamina muscularis mucosa was removed under the dissecting microscope (x32, 

Zeiss stereomicroscope 4B) and a single villus or thin segments of mucosa 

containing a few villi and their crypts were then cut out of the non-traumatised 

mucosa. The mucosal fragments were placed on a slide and examined under a 

microscope with a previously calibrated eyepiece micrometer.

In each specimen, the lengths of 10-15 complete villi and crypts were measured and 

the means taken for group comparisons. The tissue under the coverslip was then 

gently squashed with a defibrinating stick and the number of arrested metaphases 

counted for at least 10-15 complete crypts.

Two groups of Scid mice were sampled at different dates from the same Scid colony 

and have been expressed as Scid group(l) and Scid group (2). This was carried out 

in order to determine if the results obtained for Scid group(l) were consistent in Scid 

group (2) which was sampled at a later date.

Results Villus and crypt lengths differed significantly between all three 

groups, germ free BALB/c mice had significantly smaller villi and crypts compared 

to conventionally reared BALB/c mice (p < 0.005; Figures. 10]for both comparisons). 

The two groups of Scid mice differed significantly from each other in villus height 

(p < 0.005; Figure8.10)although crypt depth was similar. Scid group (l) 's  villus and 

crypt length were significantly different from conventionally reared BALB/c mice 

(p< 0.005 for both comparisons; Figurejs.lO) and in villus height from germ free 

BALB/c mice (p < 0.005; Figurejs.lO) Scid group (2) had similar villus and crypt 

length as conventionally reared BALB/c mice. Crypt cell production rate ranged 

from 5.0 (Scid(l))-8.1 (Scid (2)) cells/crypt/hour in Scid mice, conventionally reared 

BALB/c mice had a CCPR of 7.6/hour and germ free BALB/c mice had a value of 

8.4/hour.
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Comment The Scid mice appear to have variable intestinal morphology and 

CCPR when different Scid mouse groups are compared. This variation may be 

explained by taking mice from the Scid colony at different times (Scid group(2) was 

sampled 4 months after Scid group(l)). Scid mice are not completely germ free since 

they are not maintained on prophylactic antibiotics and the variability may have been 

due to colonisation of one group of Scid mice with intestinal microorganisms. Indeed 

analysis of other members of this mouse colony revealed limited microbial 

contamination of the gut composed mainly of gram negative bacilli {E. coli, 

Pseudomonas aeruginosa and Pseudomonas maltophilia).

The germ free mice appeared to have smaller villi and crypts when compared to 

conventionally reared mice and this difference is most likely due to a lack of gut 

flora.

8.5.3 Conclusions

If we regard the BALB/c results as a baseline control for use in comparisons with 

the other two groups the following conclusions may be drawn.

1. The presence of a gut flora does significantly affect lEL numbers and intestinal 

morphology. A lack of gut flora results in reduced levels of intestinal colonisation by 

lEL and altered crypt and villi length.

2. Scid mice, due to their lack of B and T lymphocytes, have significantly reduced 

numbers of lEL when compared to normal and also germ free mice. This confirms 

that the majority of lEL are specific lymphocytes (T cells) and also that non-specific 

immune cells such as natural killer cells can populate the epithelium instead of 

certain lymphocytes such as lEL.

3. Scid mice have variable intestinal morphology. However, this may have been due 

to the two groups being sampled at different times in the life of the colony when 

different environmental stimuli, coupled with their immunodeficiency may have 

dramatically affected their intestinal morphology.
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Introduction The ability of serum collected from OVA fed BALB/c mice to 

transfer tolerance of systemic DTH responses into naive recipients has been well 

established in previous studies (Strobel et al 1983, Bruce and Ferguson 1986a and b, 

Peng et al 1990) and our understanding of the underlying mechanisms has been 

extended by the work presented in chapters 5,6 7 and 8.

The nature of the tolerogenic molecule contained in such serum has been the subject 

of several studies (Bruce and Ferguson 1986b, Peng et al 1990). One possible view 

of these studies is that the tolerogenic molecule is some altered form of OVA. This 

theory is compatible with the observation that the tolerogen is produced 1 hour after 

feeding the protein to BALB/c mice. It seems unlikely that 1 hour would provide 

enough time to induce donor cells to synthesise an antigen specific suppressor 

molecule and therefore an altered form of OVA may be more likely. Further 

evidence for this theory has been supplied by Bruce and Ferguson (1986b) who 

reported that affinity absorption of immunoreactive OVA from tolerogenic serum 

rendered that serum non tolerogenic in recipient mice.

In the studies described in this Chapter the aim was to investigate whether the toler

ogenic factor in BALB/c mouse serum obtained 1 hour after feeding OVA was due 

to some form of immunoreactive OVA. A further aim was to determine whether this 

fraction of OVA was tolerogenic when introduced into naive BALB/c mice. To this 

end two affinity columns were prepared:

1. An affinity  column with specificity for OVA and capable of absorbing 

immunoreactive OVA molecules from mouse serum.

2. An affinity column with specificity for BSA, a protein unrelated to OVA, which 

is unable to bind OVA.

OVA, purified and eluted from the OVA specific affinity column, was then 

characterised immunochemically by sandwich ELISA and SDS PAGE separation 

followed by silver staining or immunoblotting. The biological activity of both the 

OVA depleted serum and the purified OVA was determined using the serum 

transfer model of oral tolerance.
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9.1 Development of Methology

Aim Before using the columns it was necessary to establish their specificity

and suitability for subsequent production of material for serum transfer of tolerance.

9.1.1 Production of affinity columns

Sepharose 4B CNBr activated beads (Pharmacia Ltd., Sweden) were coupled to 

OVA, and used to pack a column (20x1.5cm), as described in Chapter 2. This 

•OVA affinity column was then used in the purification of polyclonal mouse anti- 

OVA antibody from hyperimmune mouse serum. The antibody was purified as 

described in Chapter 2 and the amount of antibody produced was determined by its 

absorbance value at 280nm using an extinction value of 13.6.

A second affinity column was produced by coupling commercially available 

polyclonal rabbit anti-BSA IgG (Dako Immunologicals, England) to Sepharose 4B 

CNBr activated beads (Pharmacia Ltd., Sweden). This column (RaBSA) was 

intended to act as a control affinity column for the passage of serum containing 

immunoreactive OVA without antigen specific absorbing capacity.

9.1.2 Verification of the specificity and capacity of the MaOVA and RaBSA 

affinity columns

(i) Mouse anti-OVA column

Serum collected from BALB/c mice 60 minutes after feeding a single 25 mg dose of 

OVA contained approximately 500ng/ml of immunoreactive OVA as determined by 

sandwich ELISA (see Chapter 5). This value permitted an estimation of the amount 

of immunoreactive OVA contained in the serum obtained from a group of donor 

mice in the serum transfer experiment. 24 donor mice would be expected to yield
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approximately 8ml of serum containing a minimum of 4fig of OVA. Therefore it 

was necessary to determine whether the capacity of the MaOVA column was suffi

cient to bind at least 4fig of OVA in 8ml of mouse serum. It was also necessary to 

demonstrate the ligand binding specificity of the MaOVA column. Therefore 4fig of 

OVA were dissolved in 8ml of normal BALB/c mouse serum (500ng/ml). This solu

tion was then passed through the MaOVA column in a continuous loop for 1 hour at 

room temperature. The unbound material was washed off the column with PBS pH

7.3 until the absorbance at 280nm reached zero and the bound material was then 

eluted with IM glycine-HCl pH 2.4. The eluant was collected into tubes containing 

solid Trizma base, thereby returning the eluant immediately to pH 7.0 and minimis

ing the effect of low pH on the eluted protein. Once absorbance at 280nm had 

reached zero i.e. all the bound material had been eluted, the column was returned to 

neutral pH by running PBS pH 7.3 through the column until the pH of the eluant 

was approximately 7.0. The bound and unbound fractions were then concentrated to 

their original pre-column volume of 8ml using a commercial concentrator (Amicon 

Ltd., Upperhill, Stone House, Glos., England) with a filter of molecular weight cut 

off of lOkDa (YMIO Diaflo, Amicon Ltd., England).

The amount of immunoreactive OVA contained in the serum before and after the 

various manipulations, was then determined by sandwich ELISA and analysed on 

SDS PAGE with silver staining and/or immunoblotting.

Results The unbound material contained no detectable OVA either by sand

wich ELISA or by immunoblotting using a polyclonal rabbit anti-OVA antibody. 

The bound material contained 452ng/ml of immunoreactive OVA by the sandwich 

ELISA and both silver staining and immunoblotting of this material revealed only 

native OVA.

(ii) Rabbit anti-BSA column

A solution of 500ng/ml of OVA in 8ml of normal BALB/c mouse serum was also
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applied to the RaBSA in order to check the specificity of this affinity column. The 

eluant obtained from the column was analysed as described for the MaOVA column.

Results The unbound material from the RaBSA column contained 520ng/ml 

of immunoreactive OVA after concentration to the pre-column volume of 8ml. Only 

native OVA was detected in the unbound material by immunoblotting (two bands at 

46kDa and 43kDa). These bands were identical to the bands obtained when native 

OVA (i.e. unexposed to serum) was immunoblotted. The eluant contained no 

detectable OVA either by sandwich ELISA or immunoblotting. Silver staining of this 

fraction demonstrated some low molecular weight bands of under 21kDa and one 

high Mw band of approximately 70kDa but no bands corresponding to those for 

native OVA.

9.1.3 Conclusions

The capacity of the MaOVA column was apparently sufficient to remove 4^g of 

OVA from 8ml of mouse serum. Moreover, the column also appeared to be specific 

for OVA since no other protein was detected by silver staining. The elution of the 

bound OVA from the MaOVA column also appeared to have no effect on the struc

ture of the protein since on silver staining it was identical to native unmanipulated 

OVA. The RaBSA column did not absorb any OVA from the spiked mouse serum, 

and there was no detectable loss of OVA in the unbound material after passage 

through this column. Therefore these columns appeared to be suitable for the 

proposed tolerogen depletion studies, and could be anticipated to provide material 

for subsequent in vivo analysis of the biological activity of the immunoreactive OVA 

in serum obtained from mice one hour after a single feed of OVA.
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9.2 Tolerogen Depletion of Serum from GVA Fed BALB/c Mice

Aim To determine whether removal of immunoreactive OVA from serum

collected 60 minutes after feeding abolishes the tolerogenic properties on subsequent 

injection into naive recipient BALB/c mice.

Protocol A schematic outline of this experimental protocol is shown in Figure

9.1. Naive BALB/c donor mice (n=24/group) were fed either 0.2ml of saline (3 

groups) or 25mg of OVA in 0.2ml of saline (3 groups). After 1 hour the donor mice 

were bled by cardiac puncture and the serum collected from each group was pooled 

separately. 6 groups of BALB/c recipient mice (n = 8/group) received 40/xl/g body 

weight of the appropriate donor serum after the following treatments:

1. Serum from saline fed BALB/c mice (no manipulations)

2. Unbound fraction obtained from the serum of saline fed BALB/c mice after 

passage through the mouse anti-OVA (MaOVA) affinity column using a closed loop 

for 1 hour at room temperature.

3. Unbound fraction obtained from the serum of saline fed BALB/c donor mice after 

passage through the rabbit anti-BSA (RaBSA) affinity column using a closed loop 

for 1 hour at room temperature.

4. Serum from OVA fed BALB/c donor mice, (no manipulation)

5. Unbound fraction obtained from the serum of OVA fed BALB/c donors after 

passage through the mouse anti-OVA affinity column (closed loop, Ihr at room 

temperature).

6. Unbound fraction obtained from the serum of OVA fed BALB/c donor mice after 

passage through the RaBSA affinity column (closed loop, Ihour room temperature).
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Aliquots of samples, pre and post column manipulation, were retained for 

immunochemical analysis, the measurement of immunoreactive OVA by sandwich 

ELISA and SDS-PAGB analysis with silver staining.

The recipient mice were immunised 7 days after serum transfer with 100fig of OVA 

emulsified in 0.05ml of CFA i.d.. Three weeks later the recipients were challenged 

with OVA and their systemic DTK and antibody responses were assayed.

Results

1. Sandwich ELISA and SDS PAGE results

Serum obtained from mice fed either OVA or saline was passed down either the 

MaOVA affinity column or the RaBSA column and the concentrations of immuno

reactive OVA in the various preparations obtained are given in Table 9.1.

Table 9.1 Concentrations of immunoreactive OVA in the serum of BALB/c mice 

following various manipulations.

Serum source Column Fraction Cone"

l.OVA fed mice MaOVA pre treatment > 5000ng/mf

2.OVA fed mice MaOVA Unbound 842ng/ml

3.OVA fed mice MaOW Bound 1567ng/ml

4.OVA fed mice RaBSA Unbound 4373ng/ml

5.Saline fed mice MaOVA Unbound < 2ng/ml

6.Saline fed mice RaBSA Unbound <2ng/ml

* above detection limit of sandwich ELISA
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OVA was not detected using the sandwich ELISA in the unbound material obtained 

after either MaOVA or RaBSA passage of serum from saline fed mice. Unbound 

material obtained after RaBSA passage of sera from OVA fed mice contained 

4373ng/ml of immunoreactive OVA whereas, unbound material from MaOVA 

passage of serum from OVA fed mice contained only 842ng/ml of immunoreactive 

OVA. Since the starting levels of OVA exceeded 5000ng/ml the column effectively 

achieved at least a six fold reduction in OVA levels.

SDS PAGE and subsequent silver staining of the eluted OVA revealed a doublet of 

bands at approximately 43-46kDa in a 12.5% gel. This banding pattern was also 

seen when native OVA was analysed. There was no evidence of any other protein 

band in the eluted samples.

2. In vivo determination of biological activity

Recipients of serum from OVA fed donor mice showed significant suppression of 

their systemic DTH responses when compared to recipients of serum from saline fed 

donors ( p < 0.0005; Figure 9.2), or when compared to recipients of unbound 

material from saline fed donor serum which had been passed through the mouse anti- 

OVA affinity column (p< 0.0005; Figure 9.2). In contrast, recipients of unbound 

material from the serum of OVA fed donors which has been passed through the 

mouse anti-OVA column, showed no significant suppression of their systemic DTH 

responses when compared to the recipients of unbound material from the serum of 

saline fed donor mice which had been treated identically i.e. group 2, (p=NS; 

Figure 9.2). Recipients of unbound material obtained from the serum of OVA fed 

donors which had been passed through the rabbit anti-BSA affinity column 

demonstrated significant suppression of their DTH responses when compared to 

recipients of serum from saline fed mice which had also been passed through the 

rabbit anti-BSA affinity column (0.005 < p < 0.0025; Figure 9.2).
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F igu re  9.2 E ffect of removing im m unoreactive OVA from serum and 

subsequent i.p. injection of this depleted serum into recipients. Groups of 

recipients (n = 8) were injected i.p. with (1) serum from saline fed mice, (2) 

serum from saline fed mice after passage through a MaOVA affinity column,

(3) serum from saline fed mice after passage through a RaBSA affinity column,

(4) serum from OVA fed mice, (5) unbound material from serum of OVA fed 

mice after passage through a MaOVA affinity column, and (6) unbound 

material from passage of serum from OVA fed mice through a RaBSA affinity 

column.

*: comparison with group 1, comparison with group 2, and ***: comparison 

with group 3
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Comment The MaOVA affinity column reduced by a factor of six the 

concentration of OVA in the serum of OVA fed mice. Such OVA depleted serum 

was unable to induce systemic DTH tolerance in BALB/c recipient mice suggesting 

that the dose of "tolerogen" is crucial for the successful transfer of oral tolerance. 

Surprisingly large concentrations of OVA were observed in the sera of OVA fed 

animals when compared to the levels measured in the time course study (see Chapter 

5) (i.e. »500ng/m l at 60 minutes after feeding). This may have arisen from 

contamination by aerosols of the OVA solution used for feeding or, contamination 

when handling the OVA and bleeding mice during the tight time constraints in the 

experiment. However, the capacity of the affinity column appears to have been 

sufficient to cope with these increased levels of OVA.

The passage of serum from OVA fed donor mice through the RaBSA column, i.e. a 

column coupled to antibody raised against a unrelated protein antigen (BSA), had no 

effect on the tolerogenic properties of that serum on subsequent transfer into 

recipient BALB/c mice.

These experiments suggest that the factor in serum from OVA fed BALB/c mice, 

which confers antigen specific tolerance of DTH when injected into recipient 

BALB/c mice, is either native OVA or a form of OVA which has only undergone 

subtle alteration and which can still be recognised by polyclonal mouse anti-OVA 

antibodies.

9.3 Introduction of the Tolerogenic Fraction of Serum from 
OVà Fed BALB/c Mice into Naive Recipient BALB/c Mice.

Aim To determine whether the purified immunoreactive OVA "tolerogen"

from OVA fed BALB/c mice when introduced into BALB/c recipient mice can 

induce systemic DTH tolerance to OVA.

Protocol A schematic outline of this experimental protocol is outlined in Figure
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9.3. Adult BALB/c donor mice (n=24/group) were fed either 0.2ml of saline or 

25mg of OVA in 0.2ml of saline. One hour after feeding, the donor animals were 

bled by cardiac puncture and the collected serum of each group pooled separately. 

Naive recipient mice were injected with 40/il/g body weight of the appropriate donor 

serum after passage through affinity columns, as follows

1. 7ml of serum from saline fed BALB/c mice after passage through the MaOVA 

affinity column, in PBS pH 7.3, for 1 hour at room temperature. The unbound 

material was collected by washing PBS through the column until the absorbance at 

280nm reached zero. The material collected was then concentrated to its pre-column 

volume. The column was then eluted with IM glycine HCl pH 2.4 to remove any 

bound protein. The eluant was collected into tubes containing solid Trizma base in 

order to restore the samples to pH 7.0 and was then also concentrated to a volume of 

7ml. When the absorbance at 280nm reached zero, the column was washed with PBS 

pH 7.3 before the application of further samples.

2. 7ml of serum from saline fed BALB/c mice were passed through the RaBSA 

affinity column equilibrated in PBS pH 7.3, for 1 hour at room temperature. The 

unbound material was collected and the bound fraction eluted with glycine HCl pH

2.4. The bound and unbound fractions were treated as previously described.

3. Serum from OVA fed donor mice (unmanipulated).

4. Unbound material obtained from the serum of OVA fed BALB/c mice after 

passage through the MaOVA column. The serum was circulated through the 

column for 1 hour, the unbound material was collected and the column eluted 

as before. The unbound material was then recirculated through the column for 

a further 1 hour at room tem perature to remove any rem aining OVA. The 

unbound m aterial from the second run was then concentrated as before. 

Residual bound material was eluted with IM glycine HCl pH 2.4.
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5. Total eluted material from N°4, above. The eluant collected from both column 

runs of the serum from OVA fed BALB/c mice was concentrated to the pre-column 

volume of 7ml as previously described.

6. Unbound material obtained when serum from OVA fed BALB/c donor mice was 

passed through the RaBSA affinity column. The unbound material was collected and 

concentrated to the pre column volume as described previously.

Small aliquots of all samples were retained for measurement of immunoreactive 

OVA by sandwich ELISA and SDS-PAGB separation followed by silver staining. 

Recipient mice were immunised and challenged as previously described and systemic 

DTH and antibody responses to OVA were assayed.

Results

1. Sandwich ELISA and SDS PAGE analysis

Serum obtained from mice fed with either OVA or saline were passed down either 

the MaOVA affinity column or the RaBSA column and the concentrations of 

immunoreactive OVA in the various preparations obtained are given in Ikble 9.2.

In the case of saline fed donor mice OVA was not detected in either the bound or 

unbound material from both the MaOVA and the RaBSA columns. Concentration of 

the fractions from the affinity columns to a suitable volume for injection into 

recipient mice, using an "Amicon" concentration cell, necessitated the measurement 

of the amount of OVA contained in the filtrate through the YMIO membrane 

(molecular weight cut off of 10 kDa) to make sure their was no loss of OVA in this 

concentration step. Measurement of these fractions demonstrated no detectable 

OVA. Serum from OVA fed donors showed no reduction in immunoreactive OVA 

after passage through the RaBSA column (1967ng/ml before and 2060 ng/ml after) 

whereas, the MaOVA column removed most of the immunoreactive OVA from the 

serum of OVA fed donors.
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Table 9.2 Concentrations of immunoreactive OVA in the serum of BALB/c mice 

following various manipulations.

Serum Column Fraction Cone"

l.OVA fed mice MaOVA pre treatment 2326ng/ml

2.OVA fed mice MaOVA l^Unbound* 1458ng/ml

3.OVA fed mice MaOVA l°Eluant* 4144ng/ml

4.OVA fed mice MaOVA 2°unbound* 1067ng/ml

5.OVA fed mice MaOVA 2°Eluant* 516ng/ml

6. OVA fed mice RaBSA pre treatment 1967ng/ml

7.OVA fed mice RaBSA Unbound 2060ng/ml

8.OVA fed mice RaBSA Eluant <2ng/ml

9.Saline fed mice MaOVA Unbound <2ng/ml

10.Saline fed mice RaBSA Unbound < 2ng/ml

* 1 ̂ Unbound= Unbound material from first passage of serum from OVA fed mice 

*l°Eluant=Acid elution of bound material from first passage of serum from OVA 

fed mice

*2°Unbound=Unbound material from passage of 1° unbound material 

*2°Eluant=Acid elution of bound material from passage of 1° Unbound material

SDS-PAGE followed by silver staining confirmed the results obtained in the sand

wich ELISA and only eluants obtained following the passage of serum from OVA 

fed donors through the MaOVA colum n showed evidence o f any bands 

corresponding to native OVA, i.e. a doublet at approximately 46 and 43 kDa. No 

other bands were observed in these samples.
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U n  vivo determination of the biological activity of the bound and unbound 

material from the RaBSA and MaOVA columns.

Recipients of serum from OVA fed donor mice showed significant suppression of 

their DTH responses when compared to recipients of MaOVA passaged serum from 

saline fed mice (p< 0.0005; Figure 9.4) or recipients of RaBSA passaged serum 

from saline fed donors (p< 0.0005; Figure 9.4). Recipients of MaOVA passaged 

serum from OVA fed donors, i.e. from which immunoreactive OVA had been 

removed, showed no significant suppression when compared to recipients of serum 

from saline fed donors which had been identically treated (p=NS; Figure 9.4). In 

contrast, recipients of the eluant obtained after MaOVA passage of serum from 

OVA fed donors showed significant suppression of their systemic DTH responses 

( p < 0.0005: Figure 9.4). Recipients of RaBSA passaged serum from OVA fed 

donors showed significant suppression of their systemic DTH responses when 

compared to recipients of RaBSA passaged serum from saline fed donors 

(p < 0.0005: Figure 9.4).

The systemic antibody response did not differ significantly between the 6 recipient 

groups (Figure 9.4).

Comment Interestingly serum from OVA fed mice before passage through the 

MaOVA column appeared to contain less immunoreactive OVA than the first 

column eluant (2326ng/ml vs 4144ng/ml). This discrepancy may reflect poor quanti

fication at the upper end of the standard curve in this particular run of the sandwich 

ELISA. Alternatively the continued handling and final concentration of the eluant 

material may also have contributed to the difference. Passage of serum from OVA 

fed donors through the RaBSA column had no effect on the total levels of 

immunoreactive OVA in the unbound material (1967ng/ml before passage and 

2060ng/ml after passage through the column).
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F igure  9.4 E ffect of removing im m unoreactive OVA from serum and 

subsequent i.p. injection of this removed OVA in BALB/c recipients. Groups of 

recipients (n = 8) were injected i.p. with (1) serum from saline fed mice after 

passage through a MaOVA affinity column, (2) serum from saline fed mice 

after passage through a RaBSA affinity column, (3) serum from OVA fed mice,

(4) unbound material obtained after passage of serum from OVA fed mice 

through a MaOVA affinity column, (5) bound material obtained from passage 

of serum from OVA fed mice through a MaOVA affinity column and, (6) 

unbound material obtained from passage of serum from OVA fed mice through 

a RaBSA affinity column.

*: comparison with group 1, **: comparison with group 2, ***: comparison 

with group 4
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SDS-PAGE analysis of the eluant from the MaOVA column after the passage of 

serum from OVA fed BALB/c mice revealed only native OVA with no evidence of 

smaller fragments of OVA.

These experiments confirm previous results that removal of immunoreactive OVA 

from the serum of OVA fed BALB/c donor mice abrogates the ability of that serum 

to induce tolerance of systemic DTH in naive recipient mice. In addition 

immunoreactive OVA purified from the serum of OVA fed BALB/c donors has also 

been shown to induce systemic DTH tolerance in recipient mice. The passage of 

serum from OVA fed donors through the RaBSA affinity column had no effect on 

the tolerogenic activity of that serum, which was subsequently shown to induce 

systemic DTH tolerance in recipients.

9.4 Summary and Conclusions

The important findings described in this chapter can be summarised as follows:

1. Serum from OVA fed donor mice ("tolerogenic serum") is able to transfer toler

ance of systemic DTH but not of antibody responses to naive syngeneic recipient 

mice.

2. Removal of immunoreactive OVA from the "tolerogenic serum" abrogates its 

capacity to induce systemic DTH tolerance in recipient mice.

3. I.p. injection of immunoreactive OVA purified from "tolerogenic serum" into 

naive recipients induces systemic DTH tolerance.

4. The passage of tolerogenic serum through an affinity column of antibody directed 

against an unrelated protein (BSA) has no effect on the suppressor activity of that 

serum in recipient mice.

From these studies it is possible to conclude that the ability of serum from OVA fed 

mice to transfer tolerance to recipient mice is due to an immunoreactive fraction of 

OVA contained in that serum since removal of immunoreactive OVA from this
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serum abrogates tolerance induction. The possibility that the removal of the 

tolerogenic activity of this serum is due to the destruction of a "suppressor" 

molecule following the passage of the serum through the affinity column is unlikely 

since passage of the same serum through the RaBSA affinity column had no effect 

on the tolerogenic nature of the serum. Furthermore, the introduction of affinity 

purified immunoreactive OVA fraction into recipient mice was able to induce 

systemic tolerance.

The present findings prompt the suggestion that some form of altered OVA is 

responsible for the induction of tolerance in this serum transfer model. However, 

further characterisation of the altered form of OVA is essential for a more complete 

understanding of the mechanisms involved in the induction of oral tolerance to 

soluble protein antigens. To this end, the following Chapter, describes attempts to 

identify a candidate fraction of OVA with tolerogenic activity.
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Introduction In Chapter 9, evidence was presented which suggested that the

"tolerogenic" material in serum collected from BALB/c mice 60 minutes after a 

single 25mg feed of OVA is a form of altered OVA which is still recognised by a 

polyclonal mouse anti-OVA antibody and therefore still retaining some OVA 

conformational determinants. This finding is compatible with earlier work by 

Hanson et al (1979) who showed that intravenous injection of mice with polyclonal 

anti-OVA antibodies before feeding OVA, abrogated the induction of oral tolerance 

in these animals by removing OVA in immune complexes. Subsequently, Bruce and 

Ferguson (1986b) affinity adsorbed OVA in vitro from serum collected 60 minutes 

after feeding OVA to mice, and then demonstrated that this OVA depleted serum 

had lost its tolerogenic activity in vivo. The next logical step would be to identify the 

tolerogen in the affinity absorbed OVA fraction. This chapter describes limited 

immunochemical analysis of affinity absorbed material derived from the serum of 

BALB/c mice collected 60 minutes after feeding OVA. The purified OVA fraction 

was compared to OVA purified from mouse serum collected 5 minutes after feeding 

OVA. The latter serum has already been shown to contain OVA which was non- 

tolerogenic when injected into BALB/c recipient mice (Chapter 5). A further control 

was serum collected from Scid mice 60 minutes after feeding OVA, this serum has 

also been shown to be non-tolerogenic when injected into recipient BALB/c mice 

(Chapter 8). It was hypothesised that the use of these non-tolerogenic controls plus 

native OVA would assist the identification of any OVA like material which was 

unique to the OVA purified from tolerogenic serum.

10.1 Purification of OVA from BALB/c Mouse Serum Collected 
5 and 60 Minutes After Feeding a Single Dose of OVA

Aim To compare by SDS-PAGE analysis affinity adsorbed OVA derived

from serum collected 5 and 60 minutes after feeding OVA to naive mice.

Protocol Two groups (n=24/group) of BALB/c mice were fed 25mg of OVA
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in 0.2ml of saline. The groups were bled, by cardiac puncture, either 5 or 60 

minutes after feeding the OVA, and the serum was pooled for each group. 7 ml of 

each serum pool were circulated continuously for 1 hour through a mouse anti-OVA 

affinity column (see Chapter 9 for details). The unbound material was then eluted 

with PBS, pH 7.3, until the OD at 280nm reached zero. Bound material was 

subsequently eluted with IM glycine-HCl pH 2.4 and collected into tubes containing 

solid Trizma base. This immediately neutralised the acid pH of the elution buffer 

thereby minimising the effect of acid conditions on the structure of the bound 

material. The column was then re-equilibrated with PBS pH 7.3 returning it to 

neutral pH. The unbound material from the first run was then recirculated through 

the column and further bound material eluted as above. Each elution fraction was 

kept separately at 4°C until immunochemical analysis was carried out. The elution 

fractions were analysed on a 15% SDS-PAGE reducing gel and silver stained or 

immunoblotted for OVA. The concentration of OVA contained in each fraction was 

determined by measurement in a symmetrical sandwich ELISA.

Results

1. Analysis of eluant from serum collected 60 minutes after feeding OVA

The elution profile illustrated in Figure 10.1 shows that most of the bound OVA was 

eluted during the first column run, as shown by the areas under the two elution 

peaks and concentrations of OVA measured by sandwich ELISA (Figure 10.1). 

SDS-PAGE analysis followed by silver staining of the different fractions obtained 

after the first and second acid elutions from the column showed that fractions 1(2), 

1(3), 1(4) and 2(1) contained a doublet of bands corresponding to those in the native 

OVA control track (Figure 10.1), i.e. two bands at approximately 46 and 43kDa. 

All the tracks contained a contaminant at 68kDa (see Figure 10.1). In fraction 1(3) 

add itional bands were observed corresponding  to m olecular w eights of 

approximately 62, 60, 40, 24, 14, 12 and lOkDa (Figure 10.1). Neither silver
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staining nor the ELISA procedure were able to demonstrate any protein in fractions 

1(5) and 1(6).

Immunoblotting of fraction 1(3) followed by detection using a polyclonal rabbit anti- 

OVA antibody and a radiolabelled detection antibody revealed 4 bands, two 

corresponding to the bands for native OVA at 46 and 43kDa and two additional 

bands at 24kDa and 21 kDa (Figure 10.3 A).

2. Analysis of eluant from serum collected 5 minutes after feeding OVA

This experiment focussed on the characteristics of OVA related material removed by 

the mouse anti-OVA column from serum collected 5 minutes after feeding BALB/c 

mice. OVA eluted in a single peak with IM glycine-HCl pH 2.4 (Figure 10.2). Most 

of the bound material was removed from the serum in the first column run as shown 

by the areas under the elution peaks and the levels of OVA measured by the 

sandwich ELISA (see Figure 10.2).

SDS-PAGE analysis followed by silver staining of the fractions eluted during the 

two column runs revealed the 46 and 43kDa molecular weight bands corresponding 

to native OVA in fractions 1(1), 1(2), 1(3) and 2(3) (Figure 10.2). Additional bands 

were observed at 14, 12 and lOkDa in fractions 1(2), 1(3) and 2(3) (Figure 10.2). 

Silver staining and the ELISA procedure failed to detect any protein in fractions 

1(8) and 1(9).

Immunoblotting of fraction 1(2) with detection of the protein by a polyclonal rabbit 

anti-OVA antibody and visualisation with a radiolabelled anti-rabbit antibody 

showed one strongly labelled band at 43kDa corresponding to the lower band of 

native OVA (Figure 10.3 B). There were also two weaker bands at approximately 

46-47 kDa which corresponded to the upper band observed for native OVA (Figure

10.3 B). No other bands were observed in the immunoblot of the affinity absorbed 

fraction from the 5 minute OVA serum.
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Elution
fractions

1(2) 1(3)

OD
280nm

OVA
(n g /m l)

Elution 1
1(4) 1 (5) 1 (6)

Elution 2

2(1)

245.350.2 691.2 0 0 126.7

M 1(2) 1(3)
kDa

68^.

46* ^

2 9 -

F i g u r e  1 0 .1  A f f i n i t y  p u r i f ic a t io n  and S D S  P A G E  a n a ly s i s  o f  OVA r e a c t iv e  m ater ia l f r o m  

s e r u m  c o l l e c t e d  fr o m  B A L B /c  m i c e  1 h o ur  after  f e e d i n g  OVA (s tartin g  c o n c e n tr a t io n  o f  

OVA w a s  6 7 9 . 7 n g / m l  and 7 ml w e r e  lo a d e d  o n t o  th e  c o lu m n ) .  OVA w a s  p u r i f i e d  o n  a 

M a O V A  a ff in i ty  c o lu m n  and the  e lu t io n  p r o f i l e s  o f  th e  tw o  acid  e lu t io n s  f r o m  the  c o lu m n  

are s h o w n .  T h e  OVA c o n c e n tr a t io n s  in the  fr a c t io n s  w e r e  d e term in ed  by  s a n d w ic h  E L I S A  

and th e  p ro te in  m o ie t ie s  p r e se n t  w e r e  e v a lu a te d  b y  S D S - P A G E  (15%  a c r y la m id e  a n a ly s e d  

under  red u cing  co n d it io n s)  and s i lv e r  sta in ing .
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Elution
fractions

OD
280nm

OVA
(ng/m l)

1 (1) 1 (2 )

Elution 1
1(3) 1(8) 1(9)

4 7 . 0  > 5 0 0 > 5 0 0 0 0

Elution 2
2(3)

387.3

kDa
M 1(1) 1(2) 1(3) OVA 1(8) 1(9) 2(3) M

6 8 ^

46*^

2 9 ^

F i g u r e  1 0 .2  AtTinity p u r i f ic a t io n  and S D S  PAGE a n a ly s is  o f  OVA r e a c t iv e  m a ter ia l  f r o m  

serum  co llec ted  from  B A L B /c  m i c e  5 m in u tes  after fee d in g  OVA (starting co n c en tr a t io n  o f  

OVA w a s  1 5 9 .1 6  n g /m l and 7 m l  w e r e  lo a d e d  o n to  the c o lu m n ) .  OVA w a s  p u r i f ie d  o n  a 

McvOVA a f f in i t y  c o lu m n  and t h e  e l u t i o n  p r o f i l e s  for  e a c h  c o lu m n  p u r i f i c a t i o n  r u n  a r e  

s h o w n .  T h e  OVA concentrations; for  each fraction w ere  d eterm ined  by  sa n d w ich  E L I S A  and  

the protein  m o ie t ie s  present w e r e  eva lu ated  b y  S D S -P A G E  (15%  acry lam id e  an a ly sed  u n d er  

reducing  co n d it ion s)  and silver s ta in in g .
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A
k D a

68 -

46—

2 9 -

M
Dilutions of fractions 

1/2 1/4 1/10 1/20 1/100 OVA

f
B
kDa

Dilutions of fractions 

M OVA 1/2 1/4 1/10 1/100 OVA
68-

46—

2 9 -

F i g u r e  1 0 .3  A ; Im m u n o b lo t  o f  the  e lu t io n  fra c t io n  1(3) o f  a f f in i ty  p u r if ied  OVA d e r iv e d  

from serum  co llec ted  from  B A L B /c  m ice  6 0  minutes after fe e d in g  OVA. B; Im m u n ob lo t  o f  

fr a c t io n  1(2) o f  a f f in i ty  p urif ied  OVA fro m  seru m  c o l le c te d  fr o m  B A L B /c  m ic e  5 m in u te s  

after f e e d in g  OVA. T h e  OVA w a s  detec ted  by  a p o ly c lo n a l  R a O V A  a n t ib o d y  and d u p l ic a te  

dilu tions o f  the  fractions w ere  tested.
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Comment When examined by SDS-PAGE affinity absorbed OVA derived from serum 

collected 5 and 60 minutes after feeding OVA to BALB/c mice exhibited the doublet 

characteristic of native OVA.

The 24kDa bands observed in the eluant of material bound from the 60 minute serum was 

not present in the corresponding material obtained 5 min after feeding OVA. In addition a 

further band was recognised by a polyclonal anti-OVA antibody at 21 kDa suggesting that 

these two bands were some derivative of OVA present only in the tolerogenic serum. Since 

this might represent the moieties responsible for the induction of OVA tolerance, the 

experiment was repeated twice more using different groups of mice. In each case the saime 

results were obtained with unique SDS PAGE bands at approximately 24kDa aind 

21kDa on immunoblotting the 60 minute serum fraction.

Protein fragments having molecular weights of approximately 14, 12 and lOkDa, 

were detected in the affinity column eluants from both the 5 and 60 minute BALB/c 

serum pools and were not recognised by the rabbit anti-OVA antibody. This may 

indicate: (1) leakage of fragments of the antibody covalently bound to the column or, 

(2) non specific binding of unidentified serum proteins to the column or (3) 

fragments of OVA that are only recognised by mouse anti-OVA antibodies and mot 

rabbit anti-OVA antibodies. The latter would explain removal from the serum by a 

mouse anti-OVA column but failure of recognition on a blot using a rabbit anti-OVA 

detection system though on balance, this proposal seems highly unlikely.

Further bands of molecular weights 62 and 60kDa were observed in the eluant 

obtained from serum collected 60 minutes after feeding OVA to BALB/c mice. 

These bands were not recognised by the polyclonal rabbit anti-OVA antibody and 

were too large to be native OVA. As discussed above these might be explained by 

leakage of proteins from the affinity column or by non-specific binding of unrelated 

protein moieties.

1 9 9



10.2 Purification of OVA from Scid Mouse Serum Collected 60 
Minutes After Feeding OVA

Aim To determine whether non tolerogenic Scid serum, collected 60

minutes after a feed of OVA, also contains the 24kDa derivative of OVA identified 

in the serum of BALB/c mice collected 60 minutes after feeding OVA.

Protocol 24 Scid mice were fed 25mg of OVA dissolved in 0.2ml of saline.

After 60 minutes these mice were bled by cardiac puncture and the serum pooled. 

The pool of Scid serum (total volume 7ml) was circulated continuously for 1 hour 

through the MaOVA affinity column and bound material displaced by two sequential 

acid elution steps. Fractions were collected and analysed for OVA reactive material 

by sandwich ELISA and SDS-PAGE followed by silver staining.

Results Material bound to the mouse anti-OVA affinity column from Scid

mouse serum collected 60 minutes after feeding OVA was displaced from the 

column with two sequential acid elution steps (Figure 10.4). As shown by the areas under the 

elution peaks, and by the levels of OVA demonstrated in each fraction by the 

sandwich ELISA most OVA reactive material was removed in the first elution step 

(Figure 10.4).

On SDS-PAGE analysis and subsequent silver staining of the gel, doublet bands 

corresponding to native OVA (46 and 43kDa) were observed in elution fractions 

1(3), 1(4), 2(2) and 2(3) (Figure 10.4). In addition bands were observed in fractions 

1(3), 1(4) and fraction 2(3) having molecular weights of 14 and 10 kDa (Figure 

10.4).

Following immunoblotting of fraction 1(3) and detection with the rabbit anti-OVA 

antibody and a second layer radiolabelled anti-rabbit IgG antibody only the signal 

corresponding to native OVA was detected (results not shown).
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Elution
fractions

OD
280nm

OVA
(n g /m l)

Elution 1
1(2) 1(3)

Elution 2

2(1) 2(2)

176.7342.2

kDa
M

68-

46*^

2 9 -

16.5»-

1(3) 1(4) OVA 2 (1) 2(2) M

F i g u r e  1 0 .4  A ff in ity  purif ication  and S D S  PAGE a n a ly s is  o f  OVA reactive material from  

se ru m  c o l le c ted  from  Scid m ice  1 hour after feed in g  OVA (starting concentrat ion  o f  OVA 

w a s  1 0 4 0 n g /m l  and 7 ml w e r e  loa d ed  o n to  th e  c o lu m n ) .  OVA w a s  p u rif ied  o n  a MorOVA 

aff in ity  c o lu m n  and the e lution  p ro f i le s  o f  the tw o  acid e lu t ion s  from  the c o lu m n  are sh o w n .  

T h e  OVA c o n c e n tr a t io n s  in th e  fr a c t io n s  w e r e  d e te r m in e d  b y  sa n d w ic h  E L I S A  and the  

p r o te in  m o i e t i e s  p r e se n t  w e r e  ev a lu a ted  by  S D S - P A G E  (1 5 %  a c r ly a m id e  a n a ly s e d  u n d er  

red u c in g  c o n d it io n s )  and s i lv er  sta in ing .

201



Comment The OVA which became bound to the anti-OVA affinity column from 

serum collected from Scid mice 1 hour after OVA feeding appeared to be intact and 

unfragmented. The protein detected in this serum seemed to correspond to the 

material found in BALB/c serum collected 5 minutes after an OVA feed. The unique 

bands at 24 kDa and 21 kDa observed in BALB/c serum collected 60 minutes after 

an OVA feed were not found in the Scid serum either by silver staining or 

immunoblotting after SDS-PAGE separation.

10.3 Conclusions

Native OVA is observed in serum from BALB/c mice collected 5 and 60 minutes 

after feeding OVA. Native OVA is also observed in serum collected from Scid mice 

60 minutes after feeding OVA. Following analysis of the OVA material purified 

from these 3 sources, by the passage of serum obtained from each group through a 

mouse anti-OVA affinity column, fragments of approximately 24kDa and 21 kDa 

were observed in the OVA preparation purified from BALB/c serum collected 60 

minutes after feeding OVA i.e. the tolerogenic serum.

From these results we can conclude that OVA may be "processed" into a large 

additional fragments of approximately 24kDa and 21kDa in size. This processing 

would appear to require the presence of either functioning immune organs in the gut 

e.g. Peyer's patches, or processing by B and/or T cells since, Scid serum collected 

60 minutes after feeding OVA did not contain the 24kDa and 21kDa fragments. The 

generation of this fragment seems to be time dependent, since the 5 minute BALB/c 

serum did not contain the fragment.

However, further analysis will be necessary before definitive conclusions can be 

drawn about the nature and origin of this potential tolerogenic molecule and its 

relationship to the native OVA molecule.
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Introduction Previous studies on the cell tran sfe r o f o ral to lerance  have 

demonstrated transferable tolerance for various antigens including OVA (Richman et 

al 1978, Ngan and Kind 1978, Hanson et al 1979, Miller and Hanson 1979, Stokes 

et al 1983b, Mowat 1985, Kay and Ferguson 1989), sRBC (Kagnoff 1978a), TNCB 

(Gautam and Battisto 1985) and myelin basic protein (MB?) (Lider et al 1989). 

Cellular transfer of tolerance after respiratory exposure to OVA has also been 

described (Sedgwick and Holt 1984).

Spleen cell transfer from fed donors induced tolerance of DTH and IgE in recipients 

only if donor cells were collected within 2 weeks of an OVA feed (Stokes et al 

1983b) or up to 10 days after feeding TNCB (Gautam and Battisto 1985). Transfer 

of tolerance can also occur if mesenteric lymph node cells or Peyer's patch 

lymphocytes are used (Ngan and Kind 1978). There appears to be a migration of 

suppressor cells from the Peyer's patches to the periphery, first appearing in the 

spleen at approximately 5-7 days after feeding OVA (Stokes et al 1983b, Miller and 

Hanson 1979) or after the inhalation of OVA (Sedgewick and Holt 1984). This 

interval of time between cell transfer and parenteral immunisation with OVA/CFA 

is crucial for the induction of DTH tolerance. Tolerance is only observed if 

recipients are injected with antigen immediately after transfer. This transferable 

tolerance is lost if recipients are immunised 6 days after cell transfer from donor 

animals fed OVA (Kay and Ferguson 1989).

Transfer of oral tolerance to BSA by splenocytes has not previously been shown. 

These experiments were an attempt to establish a model for cellular transfer of DTH 

tolerance to BSA and to determine whether the requirements for this model were 

similar to those for OVA. These findings would form the basis for future evaluation 

of the cellular phenotype required for cellular transfer of tolerance to OVA and BSA 

in the mouse.
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11.1 Cellular transfer of tolerance to OVA

Aim To determine whether there is a difference in tolerance induction in

recipients of splenocytes from OVA fed BALB/c mice when immunisation occurs 7 

days, 3 days or 1 day after cell transfer.

Protocol Naive adult BALB/c donor mice (n=20/group) were fed either 0.2ml 

of saline or 25mg of OVA in 0.2ml of saline. 7 days after feeding the donor mice 

were sacrificed and their spleens were removed aseptically and placed separately in 

RPMI 1640 (Gibco Ltd., Paisley, Scotland.). Each spleen was teased apart and the 

released cells were collected and centrifuged at 2500g for 10 minutes. The pellet 

from each spleen was resuspended in 10ml RPMI 1640 (Gibco Ltd., Scotland). The 

white cells were then counted in a Neubauer improved haemocytometer (Weber 

Ltd., England) and their viability was checked by trypan blue (Flow ICN, U.K.) 

exclusion. 10* cells (approximately 2 donors) were injected intraperitoneally into 

naive, syngeneic recipients (sex and age) matched. The recipient mice (n = 10/group) 

were immunised 7 days, 3 days or 1 day after the cell transfer with lOO^g of OVA 

in 0.05ml CFA intradermally.

Three weeks after immunisation the recipients were antigen challenged and their 

systemic DTH and IgG antibody responses were assessed.

Results The systemic DTH response in recipients immunised 1 day after cell 

transfer from OVA fed donors was significantly suppressed compared to recipients 

of cells from saline fed donor mice (p<  0.0005; Figure 11.1) but total ; IgG 

antibody responses were not significantly different between the two recipient groups 

(Figure 11.1).

There was no significant difference in the systemic DTH or antibody responses in 

recipients immunised either 7 days or 3 days after cell transfer from OVA fed 

donors compared to recipients of splenocytes from saline fed donor mice immunised 

on the same day (see Figure 11.1).
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Comment Immunisation of recipient mice 24 hours after cell transfer resulted in 

a significant suppression of systemic DTH but not of antibody responses.

Transfer of tolerance by splenocytes into unirradiated recipients is no longer 

demonstrable if the recipients are immunised 3 days or 7 days after cell transfer.

11.1.1 Conclusions

These results suggest that spleen cells transferred into non irradiated hosts need to 

encounter antigen immediately on transfer in order to maintain their activity. This 

phenomenon may be due to the transferred cells requiring antigen specific 

stimulation in the recipient animals. If the donor cells do not receive antigen stimula

tion within 24 hours of transfer, the recipients own cells may "crowd out" the 

donors cells. This would explain why no suppression of systemic DTH responses is 

observed when antigen is administered 3 or 7 days after transfer.

11.2 Antigen specificity of tolerance induced by transfer of 
splenocytes from OVA fed donors

Aim To determine whether the "suppressor" cells transferred from OVA

fed donors are antigen specific in their suppressor activity and to establish whether 

they suppress systemic DTH responses to another unrelated protein antigen, BSA, 

encountered 24 hours after transfer?

Protocol Naive donor BALB/c mice (n=20/group) were fed either 0.2ml of

saline or 25mg of OVA in 0.2ml of saline. 7 days after \ feeding * the donor mice 

were weighed before removal of their spleens. The spleens were then weighed and a 

spleen index (using the test of Simonsen 1962, as described in Chapter 2, section
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2.18), was calculated. The cells were then processed as previously described in 

section 11.1. Recipient mice (n = 10/group) were injected i.d. 24 hours after transfer 

with either lOO^g of OVA or lOO^g of BSA emulsified in 0.05ml of CFA. 3 weeks 

after immunisation the recipient mice were challenged with either 100/xg of OVA or 

100/xg of BSA in 0.05ml of saline. 24 hours after challenge systemic DTH and 

antibody responses were assayed.

Results A comparison of spleen weights from saline fed and OVA fed mice 

yielded a group spleen index of 1.20. This means that the donor mice fed OVA had 

larger spleens with respect to their body weight compared to saline fed donor mice. 

The recipients of splenocytes from OVA fed donors, which were subsequently 

immunised and challenged with OVA, showed significant suppression of their 

systemic DTH responses when compared to the recipients of splenocytes from saline 

fed donors immunised and challenged with OVA (p < 0.0005; Figure 11.2). The 

systemic DTH responses in recipients of splenocytes from OVA fed donors 

immunised and challenged with BSA, were not significantly different from those in 

recipients of splenocytes from saline fed donors, immunised and challenged with 

BSA (Figure 11.2). The anti-OVA and anti-BSA IgG antibody responses did not 

differ significantly between the four groups (Figure 11.2).

11.2.1 Conclusions

A spleen index of 1.20 does not differ significantly from the spleen index of 1.0 

which would be obtained if the relative spleen weights for the two groups was 

identical. However this result suggests that the splenic cell population of the OVA 

fed animals may have expanded compared to animals fed saline alone, indicating 

either proliferation in situ or migration of cells from a site of antigen challenge e.g. 

from the gut to the spleen (Miller and Hanson 1979).

These results again demonstrate that cellular transfer of DTH tolerance, but not 

antibody tolerance, to OVA can be induced if recipients are immunised with OVA
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within 24 hours of cell transfer. The "suppressor" cells transferred would 

appear to be antigen specific, since immunisation with an unrelated antigen, BSA, 

after cell transfer does not confer systemic DTH tolerance to that antigen in 

recipients.

11.3 Cellular Transfer of tolerance to BSA

Introduction C ellular transfer of orally induced tolerance to BSA has not 

previously been demonstrated. Therefore it was considered necessary to demonstrate 

that this phenomenon is not a unique property of tolerance induced by OVA and that 

the requirements for transfer of OVA tolerance by splenocytes apply also to other 

antigens such as BSA. Compared to OVA tolerance marked differences in the 

induction and level of BSA tolerance have been noted in Chapters 4, 5 and 6.

Aim To determine whether transfer of tolerance by splenocytes from BSA

fed animals can be induced in recipients immunised either 7 days or 1 day after cell 

transfer.

Protocol Naive adult BALB/c mice (n=20/group) were fed either 0.2ml of

saline or 25mg of BSA in 0.2ml of saline. 7 days after feeding the donor mice were 

sacrificed and their spleens removed. The spleens were processed as described for 

OVA transfer (see 11.1.1). Age and sex matched syngeneic recipient mice 

(n = 10/group) were injected i.p. with 10* donor cells. 7 days or 1 day after transfer 

the recipients were immunised with 100/xg of BSA emulsified in 0.05ml of CFA 

i.d.. 3 weeks after immunisation the mice were challenged with lOO^g of BSA in 

saline i.d.. The systemic DTH and antibody responses were assayed 24 hours after 

antigen challenge.

Results Recipients immunised 1 day after transfer of cells from BSA fed

donors showed significant suppression of systemic DTH responses compared to
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recipients of cells from saline fed donor mice (p< 0.0005; Figure 11.3). In contrast 

the systemic anti-BSA IgG antibody responses did not differ significantly between 

the two experimental groups immunised 1 day after cell transfer (Figure 11.3).

There was no significant difference in the systemic DTH or anti-BSA antibody 

responses between the two recipient groups immunised 7 days after cell transfer 

(Figure 11.3). Furthermore the recipients of cells from BSA fed donors appear to 

have slightly elevated systemic DTH and antibody responses compared to recipients 

of cells from saline fed donors in groups immunised 7 days after cell transfer 

(Figure 11.3).

Comment Immunisation of recipients 24 hours after cell transfer induces system

ic DTH but not antibody tolerance to BSA. However, as with OVA, immunisation 

of recipients 7 days after cell transfer did not induce systemic tolerance to BSA. In 

addition a priming of the systemic immune response to BSA was observed in 

recipients of cells from BSA fed donors when recipients were immunised 7 days 

after cell transfer.

11.3.1 Conclusions

These results with the protein antigen BSA correspond to those obtained using OVA 

as the fed antigen. It would appear that to obtain tolerance to both OVA or BSA by 

cell transfer of splenocytes from antigen fed donors the recipient animals require 

exposure to the appropriate antigen within 24 hours of transfer and that this ability to 

induce tolerance by transferred splenocytes is lost after 3 days in the recipient animal 

if antigen is not encountered. This finding could suggest that the mechanism for 

induction of tolerance by transfer of splenocytes from antigen fed donors is similar 

for the two protein antigens, OVA and BSA, and may represent a universal 

phenomenon for cellular transfer of oral tolerance to soluble protein antigens.
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Introduction The results presented in this thesis cover a wide range of

approaches which have been utilised in an effort to elucidate the mechanisms 

involved in the induction of oral tolerance to soluble protein antigens.

This discussion has been structured to (i) address the lack of structural and 

sequential homology between OVA and BSA in the context of the oral tolerance data 

presented in Chapters 4 and 5 and (ii) explore the proposal that BSA is viewed by 

the mucosal immune system as a self antigen mimicking mouse serum albumin. 

Comparison of the amino acid sequences of BSA and MSA have been carried out 

and the resulting homology has provided evidence for the novel tolerance results 

reported in Chapters 4 , 5 , 6  and 8. In section 12.3 the IgG subclass data from 

Chapters 5, 7 and 8 will be placed in context with the corresponding data for DTH 

and total IgG responses in order to determine whether a pattern exists for IgG 

subclass levels in tolerant versus non-tolerant mice. The other sections of this 

discussion will deal with results from Chapters 6, 7, 8, 9 and 10 in that order. Some 

general conclusions and suggested future experiments are outlined in Section 12.8 

and in Section 12.9, a brief summary of the recent clinical applications of this 

immunological phenomenon are discussed.

12.1 Comparison of the Protein Structure and sequences of 
OVA and BSA

OVA, the major protein of egg white, is a single chain glycoprotein (see Figure 

12.2A) of molecular weight 42,794 Daltons and comprises 385 amino acid residues 

(Fothergill and Fothergill 1970, Nisbet et al 1981). OVA is a member of the serpin 

superfamily and is therefore homologous to the serine protease inhibitors. However, 

its function in the egg is unknown since it demonstrates no protease inhibitor 

function and is a good substrate for most of these enzymes (Wright et al 1991, 

Sprang 1992).
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BSA is a member of the serum albumin family which functionally act as transport 

molecules in the blood and vascular space and also control osmotic pressure in the 

intravascular space of all vertebrates (Peters 1970). BSA is also a single chain 

glycoprotein, but is larger than OVA with 582 amino acid residues and a molecular 

weight of 66,296 Daltons. It shows sequence homology with all the other 

mammalian serum albumins which have been fully sequenced to date (Brown 1975).

The first question which must be addressed is whether OVA and BSA show any 

sequence identity. In order to answer this, the amino acid sequences of OVA and 

BSA were compared in order to assess the level of identity and also the nature of any 

identity observed. Analysis was carried out using the University of Wisconsin 

genetic computer group package "Bestfit” programme, which compares the two 

selected proteins on the basis of their evolutionary divergence applying the algorithm 

described by Devereux et al 1984. The compared residues are given a statistical 

value where identical residues are scored as 1.0 and non identical residues are given 

a value less than 1.0, depending on how conservative is a particular change of 

residue between the two proteins. As shown in Figure 12.1 there is very weak 

identity between OVA and BSA, with a sequence identity (identical residues after the 

proteins are compared with "Bestfit") of 16.4%. The percentage similarity where 

conservative changes of residues were also included was 40.2%.

From the sequences and calculated values for similarity we can conclude that the 

proteins have some degree of similarity, but the identical amino acids are spaced 

evenly throughout the two sequences and there is no clustering of identical residues 

suggesting conserved functional regions. This small similarity between OVA and 

BSA may merely reflect random chance, since identity is only 16.4%. It seems 

unlikely that these proteins share a recent common ancestor since they differ 

dramatically in their spatial conformation (Brown 1975, Wright et al 1991). Their 

disulphide bonding patterns are completely different, OVA having one disulphide 

bond (Wright et al 1991) and BSA using 15 disulphide bridges to achieve the
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Figure 12.1 Comparison of the amino acid sequences of OVA and BSA 

K ey
I Identical residues (comparison value of 1.0; See text for further details)
: Residues with comparison value greater than 0.5

Residues with comparison value greater than 0.1 
* C-terminus

Insertions to allow "bestfit" comparison 
T Cysteine residues

Single letter code for amino acids

A alanine Q glutamine L leucine 5 serine
R arginine E glutamic acid K lysine T threonine
N asparagine G glycine M methionine W tryptophan
D aspartic acid H histidine F phenylalanine Y tyrosine
C cysteine I isoleucine P proline V valine

BSA 1 MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVL.. 48 
I . : . I : : I . | | | | :

OVA 1 MGSIGAASMEFCF....................DVFKELKVHHANENIFYC 31
T  ̂ T T *4 9 . lAFSQYLQQCPFDE......HVKLVNELTEFAKTCVADESHAGCEKSLH 91

11. I . . I I . I . I
I I *  I *  #  *  *  *  • • •  I *  *  *  *  *  *  *  1 * * * 1 * #  *  *  I

32 PIAIMSALAMVYLGAKDSTRTQINKWRFDKLPGFGDSIEAQCGTSVNVH 81
T I T T92 TLFGDELCKVASLRETYG.DMAD. .CCEKQEPERNECFLSHKD......D 132

82 SSLRDILNQITKPNDVYSFSLASRLYAEERYPILPEYLQCVKELYRGGLE 131
T13 3 SPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYYAN 182

132 PINFQTAADQARELINSV7VESQTNGIIRNVLQPSSVDS..QTAMVLVNAI 179
T I T  !18 3 KYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQRLRÇASIQKFGER 232

« . j « « l . «  . . I I . .  I « . « I . . . I « « « I « I I . « « «
18 0 VFKGLWEKTFKDEDTQAMPFRVTEQESKPVQMMYQIGLFRVASMASEKMK 229

T 1  T23 3 ALK.AWSVARLSQKFPKAEFVEVTKLVTDLTKVHK..ECCHGDLLECADD 279
I . .  . . I  . . I  . .  I I . . . . I
I .  . . .  .  . 1  .  . .  I . .  .  . . . . . . . . I  I .  . . . . I  .

230 ILELPFASGTMSMLVLLPDEVSGLEQLESIINFEKLTEWTSSNVMEERKI 279
T M  T28 0 RADLAKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKDAIPENLPPLT 3 29

. 1 . .  . .  . 1 1  . . I . . .  . .

. .  I . .  . . .  . . . I  I . .  •  . . . . . .  I . . . . . . . .  .  . . .

280 KVYLPRMKMEEKYNLTSVLMAMGITDVFSSSANLSGISSAESLKISQAVH 329 
13 3 0 ADFAEDKDVCKNYQEAKDAFL. .GSFLYEYSRRHP......EYAVSVLLR 3 71

I . II : . : | : : | . | : .  | | . .  | . . . : |
33 0 AAHAEINEAGREWGSAEAGVDAASVSEEFRADHPFLFCIKHIATNAVLF 3791

T T T T372 LAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEPQNLIKQNCDQFEKL 421
380 FGRÇVSP*
42 2 GEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPC 471 
472 TEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYV 521 
52 2 PKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKPKATEEQLKTVM 571 
57 2 VMENFVAFVDKCCAADDKEACFAVEGPKLWSTQTALA*
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characteristic triplet domain conformation common to all mammalian serum 

albumins (see Figure 12.2B; Law and Dugaiczyk 1981).

From these "Bestfit" calculations it would appear to be very unlikely that OVA 

would share similar B cell or T cell epitopes. T cell epitopes are mainly sequential, 

unlike B cell epitopes which are generally conformational in nature. As discussed 

above, neither the conformation or sequences of OVA and BSA are similar.

Oral tolerance induction has been shown to be a T cell mediated phenomenon 

(reviewed by Mowat 1987), in which the protein antigens are processed for antigen 

presentation into small, 8-12 amino acid fragments. At least half of the peptide 

presented is necessary for binding to the MHC molecule and for recognition by the 

T cell receptor (Nuchtem et al 1990). The low amino acid identity observed between 

OVA and BSA could not provide a cross reactive T cell epitope in both proteins. A 

good example of this is a comparison of the immunodominant T cell epitope for 

OVA (situated between residues 323-339; Shimonkevitz et al 1984), with the 

corresponding region in the BSA molecule (see Figure 12.3). These sequences show 

levels of identity representative for the whole molecule. This example demonstrates 

that OVA and BSA do not share this epitope and are unlikely to share any other T 

cell epitopes merely by the random nature of their sequence similarity.

F igure 12.3 Comparison of the immunodominant epitope of OVA with the 

corresponding area in the BSA sequence.

(Key as for Figure 12.1)

< < N-terminus C-terminus ► ►
323 339

BSA ENLPPLTADFAEDKDVC
« I . II • ! . .

OVA KISQAVHAAHAEINEAG
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12.1.1 Is the lack of homology between OVA and BSA responsible for the 

differing levels of tolerance seen in mice to these two protein antigens?

It is clear that BALB/c mice can be tolerised to both OVA and BSA via the oral 

immunisation route and that this tolerance affects the cellular and humoral limbs of 

the immune response. However from the data presented in Chapters 4 , 5 , 6  and 8 of 

this thesis, OVA and BSA appear to be handled or presented differently by the 

immune system of the mouse. In Chapter 4 the data presented on simple feeding of 

the protein antigens OVA and BSA provides experimental results revealing a 

difference in responses to these two protein antigens:

(1) The data in Chapter 4 suggested that there was profound suppression of the 

specific antibody response to BSA, compared to the anti-OVA response (85% 

suppression for the anti-BSA IgG response compared to 50% suppression for the 

anti-OVA IgG response in tolerised mice).

(2) The observations made in Section 4.2 suggest that during the induction phase of 

oral tolerance to OVA it is possible to suppress an induced BSA immune response. 

When the converse experiment was carried out, i.e. an attempt to suppress an OVA 

immune response during the induction phase of oral tolerance to BSA, it was 

unsuccessful.

It is conceivable that the observations on IgG responses (point (1) above) could be 

explained by the different peptides presented from the two proteins. However the 

data presented in point (2) strongly suggest that the suppression induced by OVA 

differs in specificity from that induced by feeding BSA. This hypothesis is further 

developed in Section 12.2.
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12.1.2 Are the contrasting immunological outcomes achieved on serum transfer 

follow ing different m anipulations of OVA and BSA explained by the 

dissimilarities between the proteins?

The induction of tolerance in the serum transfer model of oral tolerance is not as 

complete as that induced in simple feeding of proteins. Serum transfer induces only 

tolerance of DTH responses with no observed tolerance of specific antibody 

responses. Consequently the differences observed in responses to OVA and BSA 

seen in simple induction of oral tolerance to OVA and BSA described above become 

more apparent when analysing the data obtained in Chapter 5 using the serum model 

for each protein.

When OVA is used as the tolerising antigen, only tolerance of systemic DTH is 

transferred to recipients and the antibody responses can, in some cases, be 

significantly primed. Moreover, if "unprocessed" OVA dissolved in normal mouse 

serum, or if serum collected from mice which have been previously injected i.p. 

with OVA is injected into naive recipient mice, no DTH or antibody tolerance can 

be demonstrated.

Oral administration of BSA to donor mice also induces only DTH tolerance on 

transfer to naive recipients. In contrast to the OVA data, normal mouse serum with 

added BSA or serum collected from donors previously injected i.p. with BSA, also 

induced considerable DTH (60-80%) and interestingly, antibody tolerance (65-85%) 

in naive recipients. This apparent difference in the responses of recipient mice to 

different manipulations of OVA and BSA cannot be explained by their differing 

compositions. These recipient mice are orally and parenterally naive to both OVA 

and BSA and therefore one would expect equivalent responses to both antigens. The 

possibility that the difference may be explained by a close homology between BSA 

and mouse serum albumin will now be discussed.
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12.2 Comparison of the Amino Acid Sequences of BSA and 
Mouse Serum Albumin (MSA)

It is highly probable that all mammalian serum albumins are derived from a common 

ancestral protein (Gorin et al 1981). Therefore, it would be reasonable to expect 

BSA and MSA to show a high degree of sequence homology. Unfortunately, the full 

amino acid sequence of mouse serum albumin is not available. However, the full 

sequence of rat serum albumin has been published (Sargent et al 1981) and 

comparison with the partial sequence for the mouse protein shows approximately 

92% homology (Ingram et al 1981). When a comparison of BSA and RSA (rat 

serum albumin) was undertaken to determine their percentage homology using the 

"Bestfit" sequence matching programme, the percentage of identical residues was 

found to be 67.4% and the percentage similarity was 81.6% using the algorithm of 

Devereux et al (1984) (see Figure 12.4). The figures rise to 69.8% identity and 

88.6% similarity respectively if the untranslated C-terminal portion is excluded from 

the analysis. As shown in Figure 12.4, there are large regions of these two proteins 

which are identical in amino acid composition which suggests that the mouse would 

be likely to view much of the BSA protein as "self". Furthermore, another mouse 

protein, a-fetoprotein, which is the major component of murine foetal serum, has 

previously been shown to be as much as 65 % homologous to some domains of the 

BSA molecule (Law and Dugaiczyk 1981, Gorin et al 1981, Ingram et al 1981). 

This observation is particularly interesting since most education for self tolerance 

occurs in the foetus and neonate and a-fetoprotein is the main component of foetal 

serum and intravascular fluid. It would therefore be readily available for antigen 

presentation in the foetal liver, thymus or gut. Therefore, the mouse would not be 

completely naive to most epitopes of BSA and would consequently manifest a strong 

tolerogenic response to the shared epitopes of BSA and MSA. A corollary of this is 

the expectation that very little of the BSA molecule would be seen by the murine 

immune system as a foreign antigen.
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Figure 12.4 Comparison of the amino acid sequences of BSA and rat serum albumin 

For Key see Figure 12.1

BSA 1 MKWVTFLLLLFISGSAFSRGVFRREAHKSEIAHRFKDLGEQHFKGLVLIA 50
m i l l :  l | : :  : I I : I I I I I I I I I I I I I I I I I I I I I : I I I I I I I I IRSA 1 MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIA 50

! T Ï Ï51 FSQYLQKCPYEEHIKLVQEVTDFAKTCVADENAENCDKSIHTLFGDKLCA 100
I I I I I m  I : : I I : I I m  : I : I I I I I I I I h  •• I : I I : I I I I I M  I51 FSQYLQQCPFDEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCK 100

! f T T101 IPKLRDNYGELADCCAKQEPERNECFLQHKDDNPNLPPFQRPEAEAMCTS 150
: : . | | : . | | : : | | | | . | | l l l l l l l l l  I I I I - I  : I I - :  : | : : : . : | . .101 VASLRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKL.KPDPNTLCDE 149

Î Ï151 FQENPTSFLGHYLHEVARRHPYFYAPELLYYAEKYNEVLTQCCTESDKAA 2 00
I - - : - - - I : I - I I - I : I I I I I I I I I I I I I I I I : I I I : I : : I I - - I I : I150 FKADEKKFWGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQAEDKGA 199
! T2 01 CLTPKLDAVKEKALVAAVRQRMKCSSMQRFGERAFKAWAVARMSQRFPNA 2 50

l l l | : | | | - l l | : | |200 ÇLLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVARLSQKFPKA 249
I T T  T251 EFAEITKLATDVTKINKECCHGDLLECADDRAELAKYMCENQATISSKLQ 3 00

I I - I : I I I - I I : I I : : I I I I I I I I I I I I I I I I : I I I I : I : I I - I I I I I I -250 EFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLK 299
T t  f I3 01 ACCDKPVLQKSQCLAETEHDNIPADLPSIAADFVEDKEVCKNYAEAKDVF 350

3 00 EÇCDKPLLEKSHÇIAEVEKDAIPENLPPLTADFAEDKDVÇKNYQEAKDAF 349
T T !351 LGTFLYEYSRRHPDYSVSLLLRLAKKYEATLEKCCAEGDPPACYGTVLAE 400

l l - l l l l l l l l l | : | - l | : | | | | | | - l l l l l l - l l l - : | | - l l | : | | : - -350 LGSFLYEYSRRHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDK 3 991 1 i
4 01 FQPLVEEPKNLVKTNCELYEKLGEYGFQNAVLVRYTQKAPQVSTPTLVEA 450

: - - l | : | | - l | : |  I h  : I I I I I I I I I I I : : I I I I - I - I I I I I I I I I I -400 LKHLVDEPQNLIKQNCDQFEKLGEYGFQNALIVRYTRKVPQVSTPTLVEV 449
! f f . ! I451 ARNLGRVGTKCCTLPEAQRLPCVEDYLSAILNRLCVLHEKTPVSEKVTKC 500

- I - I I : I I I : I I I I I - : I : I M  I I I I I I I I I I I I I I I I I I I I I I I I I450 SRSLGKVGTRCCTKPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKC 499 1 A 1 1 1
T I Î501 CSGSLVERRPCFSALTVDETYVPKEFKAETFTFHSDICTLPDKEKQIKKQ 550
l - : | | | : | | | | | | | | | . | | | | | | | . | . . .  I I I I - I IH I I I - I I I I I I I500 ÇTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQ 549

! Ï  T551 TALAELVKHKPKATEDQLKTVMGDFAQFVDKCCKAADKDNCFATEGPNLV 600
I I M | : | | | | | | | | : | | l l l | : : | - - i m i l  I - I I : - I I I - I I I - I I550 TALVELLKHKPKATEEQLKTVMENFVAFVDRCÇAADDKEAÇFAVEGPKLV 599 

601 ARSKEALA*
 n i l600 VSTQTALA*
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12.2.1 Is BSA presented as a self antigen ?

In the light of the very high homology between MSA/BSA and BSA/murine a- 

fetoprotein, the oral tolerance results obtained using BSA are not so surprising. The 

increased antibody tolerance observed to BSA compared to OVA IgG responses 

(Chapter 4 Section 4.1) can be explained by the lack of immunogenicity of BSA 

when presented to the murine immune system. Most of the potentially BSA specific 

T cells would have already been clonally deleted or rendered anergic in the murine 

thymus, or actively suppressed in the periphery of the developing mouse. Few 

epitopes would be regarded as foreign by the murine immune system; these non 

identical epitopes could account for the limited antibody response observed in 

Chapter 4.

12.2.2 Does oral administration of BSA induce active suppression or merely 

reactivate existing tolerance networks specific for MSA?

The results obtained in Chapter 4, Section 2 demonstrate that the suppression 

induced on feeding BSA is incapable of suppressing an OVA immune response. 

However if BSA is handled primarily as a self antigen, an explanation for these 

perplexing results can be proposed.

Protein antigens require processing into short peptides of 8-12 amino acids, followed 

by insertion into the peptide groove of Class II MHC molecules in the intracellular 

processing assembly compartments of antigen presenting cells (AFC) before 

presentation to potentially reactive T cells can occur (Peters et al 1991). In order for 

a class II MHC molecule to be expressed on the surface of an APC, a peptide must 

be present in the antigen presenting groove (Nuchtern et al 1990). When foreign 

peptides are not available, self antigens, in the form of peptides, are presented to the 

immune system. However, the immune system has already been tolerised to self
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antigens as described in Chapter 1 Section 4.2 (Kappler et al 1988) and therefore no 

immune response to these self antigens occurs. Furthermore, constant presentation 

of self antigens to the peripheral immune system may help to maintain self tolerance 

(Rocken et al 1992).

In the antigen specificity experiments (Chapter 4) naive mice orally tolerised to 

OVA or BSA were subsequently immunised with an OVA/BSA/CFA mixture. One 

would expect that on later challenge with either antigen comparable results would be 

obtained. However mice tolerised to BSA were unable to suppress an immunological 

response to OVA. This suggests that the suppressive effect induced by feeding BSA 

is not as strong as that induced on feeding OVA.

If BSA is "seen" as a self antigen, due to its similarity to MSA the results obtained 

in Chapter 4 can be explained. Mice would already be essentially tolerised to most 

BSA epitopes (via clonal deletion, anergy or active suppression). There would 

therefore be a minimal suppressor response on feeding BSA. Any small suppressor 

effect induced on feeding BSA would be incapable of non specifically suppressing a 

strong priming response to another protein antigen.

Further evidence in support this hypothesis was obtained by Gautam and Glynn 

(1990) who reported that following the simultaneous injection of two antigens, there 

was competition for insertion into the peptide groove of the MHC molecule, 

whereby there was apparently preferential selection for the "non self" antigen over 

the self antigen. Therefore, on injection of OVA and BSA with adjuvant most APC 

will present OVA, regardless of the immunological state of the animal towards that 

antigen since OVA is the foreign protein. In the case of mice orally tolerised to 

BSA, a mixed injection of BSA with OVA will favour an OVA immunogenic 

response and not the limited suppressor response elicited by the BSA. This could 

also explain the very limited bystander suppression of the OVA response after BSA 

feeding observed in Chapter 4.
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12.2.3 Why is parenteral administration of BSA tolerogenic?

The transfer of serum from mice fed BSA previously, into naive recipient mice 

induced tolerance of DTH responses to BSA (see Chapter 5). However, injection of 

recipient mice with unprocessed BSA, or with serum collected from mice which had 

been injected i.p. with BSA 90 minutes before transfer, also induced DTH tolerance 

and, more surprisingly, antibody tolerance. Recipients of normal mouse serum i.e. 

saline fed donor mice did produce both a cellular and an antibody response on 

priming with BSA in CFA. However, the resulting DTH response appeared to be 

less pronounced, compared to similarly treated OVA immunised animals.

The above results can be explained if clonal deletion, anergy or active suppression to 

MSA, is responsible for the DTH and antibody tolerance observed towards BSA 

administered parenterally and without adjuvant. This administration of BSA might 

have activated an existing self tolerance or suppressor mechanism in the mouse 

directed towards MSA. When these mice were then primed with BSA in adjuvant, 

the response could be either not induced or immediately suppressed. In contrast, 

mice receiving BSA with adjuvant as their first exposure to this protein antigen 

exhibited an immune response (both antibody and DTH). Similarly, heat or acid 

aggregated BSA when administered parentally to naive mice was able to elicit an 

equivalent immune response (both antibody and DTH as above; see Chapter 6). The 

ability of the BSA to prime the immune response in these cases could be explained 

as follows. The mitogenic properties of the adjuvant administered with BSA is 

capable of overriding the existing suppressor mechanism directed towards MSA. 

This effect has also been demonstrated by other groups using self antigens as 

immunogens (Gautam and Glynn 1990, Miller et al 1991). Aggregation of BSA 

produces a particulate antigen from a soluble protein antigen and this may be 

processed and presented differently by the murine immune system, permitting 

induction of an immune response.
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12.3 IgG Subclass Regulation in Oral Tolerance to OVA and 
BSA

Different T helper cell subsets are defined by the cytokines they produce; Thl cells 

produce IL-2 and r-IFN whereas Th2 cells uniquely produce IL-4 (Mossman and 

Coffman 1989). It has been shown repeatedly that different cytokines can induce an 

isotype switch to different antibodies in the mouse (Reviewed by Snapper and Mond 

1993). In Chapter 5 of this thesis it was hypothesised that such differences may be 

reflected in the IgG subclass profiles of tolerised and primed mice, thereby giving an 

indication of which T helper cells were being activated and/or suppressed. A 

summary of the results obtained with respect to total IgG, IgG subclass and DTH 

responses are tabulated in Table 12.1.

All 3 groups receiving BSA, without adjuvant, followed by the normal immunisation 

with BSA/CFA demonstrated suppressed DTH responses (Table 12.1). This 

observation lead to the proposal (see section 12.2.2) that the close structural and 

sequential homology between BSA and MSA may induce a response to BSA similar 

to that exhibited against any other mouse self protein.

The levels of IgG subclasses found in groups which received BSA alone on day 1 of 

the experiment were all lower than the control group. Groups receiving "non-gut 

processed" BSA i.e. recipients of BSA spiked serum or serum containing i.p. 

filtered BSA, showed dramatic reductions of both total anti-BSA IgG responses and 

all IgG subclass responses, when compared to the control group. This enhanced 

suppression of the antibody response in these groups might be explained by a higher 

concentration of BSA in the serum administered to those recipients, when compared 

to the levels of BSA in the serum of BSA fed donor m ice. Such h igher 

concentrations of BSA might elicit a stronger tolerising signal in those recipients.
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Table 12,1 Summary of the total IgG, IgG subclass and DTH data of mice receiving 

serum from donor animals fed OVA or BSA compared to the recipients of serum 

from saline fed controls.

Immunological parameter^

Total IgG IgGl IgG2a IgG2b IgG3 DTH

OVA

Donor/serum treatment 

BALB/c fed 

OVA spiked serum 

Germ free BALB/c fed 

Scid fed 

*i.p. processed 

ISCOM/saline 

ISCOM/OVA

BSA

Donor/serum treatment 

BALB/c fed 

BSA spiked serum 

**i.p. processed

1.18 1.4 0.22 0.41 0.52 0.13

1.40 1.47 0.64 0.88 0.91 0.95

1.14 1.21 0.4 0.92 0.22 0.12

1.15 0.68 0.46 0.74 0.65 1.15

1.0 2.33 0.50 0.75 0.91 1.0

1.02 1.21 1.14 0.71 2.21 1.02

0.86 1.11 0.48 0.98 1.50 0.86

0.88 0.75 0.48 0.36 0.62 0.02

0.48 0.23 0.20 0.24 0.27 0.30

0.36 0.07 0.16 0.12 0.08 0.20

Values in bold represent the DTH tolerised groups

=j= For each parameter the response of the saline fed control group was given the

arbitrary value of 1.0

* Serum containing i.p. filtered OVA

** Serum containing i.p. filtered BSA

Groups comprised at least 8 animals
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There appears to be no correlation between the levels o f each IgG subclass produced 

and the state o f  cellular tolerance exhibited fo llow in g  antigen challenge with OVA. 

Therefore, the differences observed between each group are probably a reflection o f

(1) the number o f  tim es the recip ien t anim al is exposed  to OVA and (2) the 

concentration o f OVA transferred in the donor serum. The route o f  administration of  

OVA probably does not influence the IgG subclass produced. E vidence in support 

of these conclusions is provided by the data in Table 12.1.

The recip ien ts o f  serum  from  the to lerant groups (B A L B /c fed and germ  free  

BA LB/c fed donors) and the non-tolerant groups (OVA spiked serum and serum  

conta in ing  i .p,  filtered  OVA) exh ib ited  sim ilar IgG su b class p r o file s . This 

observation also suggests that the route o f administration o f antigen is not important 

for the levels  o f  each IgG subclass produced. Interestingly, the recipients o f  non 

tolerogenic serum from OVA fed Scid mice demonstrated similar profiles for levels  

o f  IgG 2a, IgG2b and IgG3 antibodies. H owever their leve ls  o f  IgG l were below  

those o f the saline fed control group (Table 12.1), unlike the four groups described 

above. This d ifference might be explained by the low er concentration o f  OVA in 

donor serum from Scid m ice fed OVA (Chapter 8, section  8 .2 ) which perhaps did 

not induce as strong an IgGl response.

The recipients o f serum from ISCOM treated donors exhibited IgG subclass profiles 

w hich d iffered  from  all the other OVA treatm ent groups. Both o f  th ese  groups 

showed a dramatic increase in IgG3 production. These findings may be explained by 

either leakage o f  the m itogenic stim ulator, Quil A , from the ISCOM com plex into 

the donor serum , or may reflect the transfer from donor m ice o f  a so lub le factor 

released  into the serum  from  the m ucosal im m une system , as a resu lt o f  the 

m itogen ic  stim u li provided  by the ISCOM  com plex  (M orein  et al 1987). 

Interestingly, the recipients o f  serum from donors fed ISCOMS fo llow ed  by OVA
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feeding had similar IgG2a levels to other groups receiving their first OVA exposure 

on day 1 of the experiment. This finding reinforces the hypothesis that the number of 

exposures to antigen could be reflected in the levels of IgG subclasses produced.

Another systemic tolerance model, whereby small resting B cells act as antigen 

presenters of soluble proteins to virgin T cells inducing subsequent tolerance to that 

antigen, demonstrated no correlation between the IgG subclass profile and the 

tolerant state of the animal (Eynon and Parker 1992). Theoretically, a difference 

should have been observed in IgG subclass levels if different T cell subsets were 

being selectively suppressed and/or stimulated.

In the experiments described here I was unable to demonstrate any difference in IgG 

subclass profiles between tolerant and non tolerant mice. A possible explanation for 

this is that either unidentified environmental factors mask any subtle differences in 

subclass usage which are present or, alternatively, the T helper subsets are not 

involved in oral tolerance induction or maintenance. In the latter case no difference 

in subclass usage would be observed between tolerant and non tolerant groups. 

Finally, it is possible that the method of measuring and comparing the experimental 

data obtained was not appropriate for the demonstration of any differences between 

the IgG subclass levels of the groups.
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12.4 Gastric Digestion of Soluble Protein Antigens and Oral 
Tolerance Induction.

The effect of various secreted products of the murine stomach on fed soluble protein 

antigens has been previously investigated using BSA as the antigen. The protein was 

shown to be highly susceptible to pepsin digestion (Weber and Young 1964 a and b, 

Peters and Hawn 1967) and many groups have demonstrated that the resulting 

cleavage products induce systemic tolerance to BSA (Muckerheide et al 1977, Dosa 

et al 1979, Ferguson et al 1983c, Zhang et al 1987). These findings have been 

confirmed (Chapter 6, Section 6.2) using pepsin digests of BSA.

The in vivo effect of pepsin digestion of OVA upon induction of tolerance was 

reported in Chapter 6, Section 6.1 of this thesis. The protein was relatively resistant 

to pepsin and the enzyme was unable to generate a tolerogenic OVA moiety. 

Interestingly, acid treatment alone did generate an active OVA tolerogenic moiety. 

However, this finding cannot explain the generation of the transferable OVA 

tolerogen in the serum transfer experiments of Chapters 5, 6, 7, 8 and 9, since both 

pepsin and acid conditions would be present in the murine stomach and following 

such treatment in vitro, OVA is not tolerogenic in vivo (see Chapter 6, Section 6.1). 

It has been suggested that alteration of the isoelectric point of the OVA molecule by 

acid treatment could render it tolerogenic (Michael JG, meeting report. International 

Symposium on Mucosal Immunology, Prague 1992). However this would not 

explain why pepsin plus acid does not have a similar effect.

The main physical difference observed, between acid treated OVA and pepsin/acid 

treated OVA was the apparent aggregation of OVA following acid treatment (see 

Chapter 6). This aggregation of the OVA molecule would provide the immune 

system with a particulate antigen displaying multiple identical epitopes. Eynon and 

Parker (1992) have suggested that aggregation of soluble protein antigens may
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favour processing and presentation by B cells, thereby inducing tolerance when 

presented to virgin T cells (Eynon and Parker 1992, Fuchs and Matzinger 1992; see 

also Section 12.6).

12.5 Why does Mitogenic Stimulation of the Mucosal Immune 
System Abrogate the Production of an OVA Tolerogen?

The gastro-intestinal tract undergoes constant antigenic stimulation. Throughout this 

bombardment with antigenic material it induces and maintains tolerance to many 

different protein antigens and symbiotic micro flora. Remarkably the mucosal 

immune system also induces appropriate immune responses to many diverse invading 

pathogens (reviewed by Mowat 1987). The maintenance of these divergent response 

systems must require a very finely balanced immune regulatory network. If this 

network is pushed too far in one direction by mitogenic stimulation of the mucosal 

immune system, either through feeding ISCOMs (Mowat et al 1991) or inducing a 

GvHR (Strobel et al 1985), such an inappropriate immune response could lead to 

chronic intestinal inflammation directed towards passive antigens.

The use of ISCOMs as adjuvant delivery systems for recombinant protein antigens 

(for oral vaccination regimes) is necessary since oral administration of these antigens 

alone induces a specific tolerogenic response rather than the desired active protective 

immune response. The work presented in Chapter 7 of this thesis on the failure of 

tolerance induction to OVA following ISCOM feeding may be particularly relevant 

for future research into oral vaccines. These results suggest that the use of ISCOMs 

as oral vaccine packages could seriously affect the tolerogenic response to bystander 

antigens. This potentially adverse response could lead to the induction of destructive 

inflammatory reactions (DTH) either systemically or locally in the gut to everyday 

food antigens and symbiotic intestinal flora.
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12.6 The Function of Specific Immune Cells (T and B Cells) in 
the Very Early Stages of Tolerance Induction.

In Chapter 8 the experimental results obtained using Scid mice as serum donors in 

the serum transfer of oral tolerance to OVA demonstrated that these mice were 

unable to generate a transferable OVA tolerogen. On the basis of these novel results 

the following working hypothesis can be proposed:

(1) Specific immune cells (T and/or B cells) are directly involved in the "processing" 

of fed OVA in order to generate tolerogenic OVA.

(2) Specific immune cells are a necessary component in the development of normal 

intestinal architecture and function. Their absence would be expected to prevent the 

proper development of the cells or processes which generate the OVA tolerogen.

Additional evidence of the necessity for a functioning immune system in the 

generation of an OVA tolerogen was obtained by Bruce et al (1987), who 

demonstrated that irradiated mice lost the capacity to produce an OVA tolerogen. 

Furthermore, this function was only restored following reconstitution of these mice 

with normal spleen cells. However, the same authors reported that irradiation 

severely damaged the mucosal architecture and, consequently effected the capacity to 

generate an OVA tolerogen. The studies reported by Bruce et al 1987 and in Chapter 

8 provide evidence for the absolute requirement of immune cells in the generation of 

a tolerogen. However they do not permit distinctions to be made between their role 

in the correct development of the mucosal system and a more direct role in the 

processing and presentation of a tolerogenic moiety.

Evidence for the direct involvement of specific immune cells in antigen processing 

and presentation, specifically for tolerance induction, has recently been supplied by 

Eynon and Parker (1992) and Fuchs and Matzinger (1992). These groups proposed
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that small resting B cells can process and present soluble protein antigens to T cells. 

They postulate that if the T cells which encounter antigen on small resting B cells 

are virgin T cells, the presentation of antigen results in specific tolerance to that 

particular antigen and not the usual antigen specific activation.

In the case of oral tolerance to OVA the mice are immunologically naive to OVA 

and, therefore, any OVA specific T cells are virgin T cells. Interestingly, the main 

immune cells of the Peyer's patches are B cells (Ermak and Owen 1986) and the 

above mechanism of tolerance induction is therefore an attractive model for oral 

tolerance.

Using this hypothesis, it would be envisaged that small resting B cells in the Peyer's 

patches of the small intestine could capture and process OVA from the lumen of the 

gut and present it to virgin T cells, thereby inducing OVA specific tolerance in the T 

cell population. In the serum transfer model oral tolerance to OVA may be induced 

by a soluble factor which is probably a processed form of OVA. In this situation, 

for the small resting B cell hypothesis to be tenable one would have to propose that 

the murine B cells presenting the antigen somehow secrete the processed form of 

OVA into the circulation, thereby permitting transfer to naive recipients.

Although B cells can be very efficient antigen presenting cells, they do not act like 

dendritic cells and macrophages, which are apparently un selective in the antigens 

they present. The array of peptides presented by APC other than B cells, is 

determined by the relative concentrations of peptides in the MHC assembly vesicles. 

Therefore the first hypothesis (page 233) is unlikely since, in order for B cells to 

take up antigen non-specifically rather than via the surface Ig receptor, antigen 

would need to be in great excess extracellularly. It is known that B cells can process 

protein antigens into small peptides for insertion into the groove of the MHC 

molecule. However there is no evidence to support the proposal that B cells could 

subtly 1 process then excrete protein antigens.

2 3 4



The second hypothesis is more credible since the specific immune system appears to 

be very closely associated with the mucosal architecture. Therefore, any loss of 

integrity of the mucosal immune system early in development would dramatically 

affect the function of the gut and consequently its capacity to generate a transferable 

OVA tolerogen. However, there is no evidence for any deficiency in the spectrum of 

gastrointestinal enzymes in Scid mice and it is not clear what might be the effect of 

absent B and T cells in the developing mucosae on the morphology and phenotype of 

the epithelial cells of the gut. Nevertheless intestinal epithelial cells have been 

implicated in the processing of orally administered antigen for tolerance induction 

(Mayer and Shlien 1987, Bland and Whiting 1989). The limited studies reported 

here on intestinal morphology and histology suggest that Scid mice may have very 

variable intestinal morphology, possibly depending on whether they are truly germ 

free or have acquired some intestinal microflora. Although there is still no adequate 

explanation for the mechanisms involved in the production of a transferable OVA 

tolerogen, a functioning immune system does appear to be essential for both the 

development and function of the gut.

Serum obtained from donor Scid mice which had been previously fed BSA did 

induce significant suppression of DTH responses following injection into BALB/c 

recipients. This might be explained by the fact that the recipient mice view the 

antigen as a self antigen and are therefore already tolerised. An alternative 

explanation is that there is pepsin fragmentation of the fed BSA and that these 

fragments are tolerogenic in the BALB/c recipients. The latter hypothesis would 

provide evidence for the normal functioning of the Scid gastrointestinal enzymes, 

confirming previous studies on the suppressor activity of pepsin fragments of BSA 

(Muckerheide et al 1977, Dosa et al 1979, Ferguson et al 1983c, Zhang et al 1987).

2 3 5



12.7 Tolerogen Depletion and Identification of a Possible OVA 
Tolerogen.

The use of anti-OVA antibodies to affinity absorb tolerogenic OVA from mouse 

serum and thereby render the serum non tolerogenic in vivo was first reported by 

Bruce and Ferguson (1986b). However, the ability of the absorbed OVA to induce 

tolerance after elution from the specific antibody had not been previously 

demonstrated. The data in Chapter 9 provides strong evidence that the tolerogenic 

material in serum collected 1 hour after feeding OVA to BALB/c mice is some 

derivative of the OVA molecule generated by processing of the native protein. We 

know that low doses of native OVA are not responsible for the tolerance since 

injection of recipients with a dose equivalent to that present in serum after feeding 

fails to induce systemic tolerance (see Chapter 5). Moreover, production of 

tolerogenic OVA moieties is associated with gut processing but not with peritoneal 

filtering of the protein (see Chapter 5). Nevertheless, the exact nature of the OVA 

moiety which induces the tolerance remains elusive. Although, following the use of 

the anti-OVA affinity column to remove tolerogenic activity from serum, we know 

that the molecule still retains many of its conformational epitopes and is recognised 

by polyclonal mouse anti-OVA antibodies.

OVA cannot be digested by pepsin (Chapter 6) but can be cleaved by trypsin and 

chymotrypsin at many different sites producing fragments ranging from 5kDa to a 

few hundred amino acid residues (Shimonkevitz et al 1983). The tolerogen is present 

after 1 hour, however this is a very short time interval for full in vivo cleavage of 

OVA to small fragments by either of these enzymes (Shimonkevitz et al 1983). 

Furthermore, the ability of the tolerogenic moiety to bind to anti-OVA antibodies 

suggests that the tolerogen is, conformationally, almost intact. The site on the OVA 

molecule most vulnerable to proteolytic cleavage is between residues 253-258, 

approximately 30 residues from the C-terminus (Wright et al 1990 and indicated by 

the black shading in Figure 12.2 A). Furthermore, when OVA is cleaved at that site,
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the conformation of the derivative molecule (called plakalbumin) is only slightly 

altered from the native protein and the molecular weight drops by only 3kDa 

(Wright et al 1990). This would correspond with the lower molecular weight band of 

the doublet commonly observed (see Chapter 10) following SDS-PAGE and silver 

staining or immunoblotting of OVA. Since I have demonstrated that this was present 

in the starting OVA preparation (see Chapter 10) it can be discounted as a candidate 

for the tolerogen. Following analysis of the absorbed "OVA like" material from 

tolerogenic and non tolerogenic serum two bands of approximately 21kDa and 

24kDa were demonstrated by silver staining and immunoblotting in the tolerogenic 

serum alone. Since these two fragments maintain the 3kDa difference in size seen 

between OVA and plakalbumin, we can postulate that these fragments are produced 

by cleavage of both the OVA and plakalbumin at the same site. Furthermore since 

the cleavage to produce plakalbumin is only 30 amino acid residues from the C 

terminus of OVA we can speculate that the 24kDa and 21kDa fragments are derived 

from the second half of the OVA and plakalbumin molecules. Either or both of these 

moieties are therefore possible candidate tolerogens.

Further progress in this area will now depend on determining the amino acid 

sequences and the location of both fragments within the structure of the OVA 

molecule.

12.8 General Conclusions

l.T h e use o f  OVA and BSA as two representative, but non homologous, soluble 

protein antigens

In retrospect, BSA was not an entirely appropriate choice as a second soluble protein 

to provide confirmatory data for the OVA observations, since BSA has such strong 

homology with the murine self antigens, MSA and a-fetoprotein. An antigen such as 

keyhole limpet haemocyanin, which shows no homology to any murine proteins.
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would, perhaps, have been a more appropriate choice. However, studying BSA has 

provided a good model for what happens when we eat and drink mammalian derived 

foods, since many protein antigens contained in such a diet must be similar to our 

own self proteins. Conversely, OVA, which has no obvious homology to any human 

self protein, is a good model for studying the induction of tolerance to food antigens 

such as gliadin (from wheat), the pathogenic antigen in coeliac disease, and for 

which there is no homologous self protein.

2. Data obtained from Scid mice

The data obtained when using Scid mice as serum donors in the serum transfer 

experiments initially appeared to suggest that B and/or T cells could process and 

present antigen for tolerance. However, I now believe that the function of T and B 

cells is far more fundamental in the sense that, without the mucosal immune system 

developing in parallel with the other intestinal cell population, normal development 

of the gut is compromised and the generation of a tolerogen is prevented. The 

development of the immune system and the gut are very closely linked since the 

thymic and gut epithelium develop from the same embryonic cleft. The gut 

epithelium has now been implicated as a major site of extrathymic maturation for T 

cells (reviewed by Rocha et al 1992a). Therefore the findings reported in Chapter 8 

on the failure of Scid mice to produce a transferable OVA tolerogen are 

understandable since it would seem that the immune system and gut develop in 

parallel depending on each other for the correct development of both systems.

It follows from the above that the use of athymic mice as serum donors in the serum 

transfer model would be an suitable future experiment since they appear to have 

defective epithelial cell development. It would also be of considerable interest to 

discover whether reconstitution of adult Scid mice with immunocompetent cells 

permits subsequent generation of an OVA tolerogen.
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3. The tolerogenic moiety o f OVA

In order to determine whether or not the 24 /2 IkDa fragments observed in 

tolerogenic serum (see Chapter 10) is indeed the tolerogen, it will be necessary to 

purify sufficient quantities of it by either electro-elution after SDS-PAGE separation 

or by gel filtration chromatography followed by appropriate bioassays in naive 

recipient mice. Purification and sequencing of this moiety should perm it 

characterisation of its structure with respect to the native OVA molecule. This 

would enable use of these fragments in antigen presentation assays.

2.9 Future Prospects

The ability of orally adm inistered antigens to induce a state of systemic 

unresponsiveness has been well documented (reviewed by Mowat 1987). However, 

until recently no clinical applications had been considered other than a hope for a 

greater understanding of the induction food sensitive enteropathies. Future prospects 

for this field of research have been greatly enhanced by observations that feeding 

particular tissue antigens previously used to induce experimental autoimmune disease 

in mice and rats leads to a reduction in disease severity and an improved prognosis. 

In a rodent model of rheumatoid arthritis both the onset and severity of disease were 

delayed if the animals were fed collagen (the autoimmune antigen) before disease 

induction (Thompson and Staines 1985). This phenomenon was subsequently 

demonstrated in other autoimmune models with feeding of the antigen occurring 

before induction of the disease or during an ongoing autoimmune response. 

Successful suppression was achieved in experimental allergic encephalomyelitis 

(EAE) (Bitar et al 1988, Higgins and Weiner 1988), experimental autoimmune 

uveoretinitis (EAU) (Nussenblatt et al 1990) and adjuvant arthritis (Zhang et al 

1991). The suppression has been shown to be antigen specific (Nagler Anderson 

1986) and transferable by afferently acting CD84- T lymphocytes, in adoptive 

transfer studies (Lider et al 1989). Furthermore, these cells were shown to suppress
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specific T cell proliferation and antibody responses in vitro (Lider et al 1989). Such 

suppression appears to be identical to the oral tolerance demonstrated using soluble 

protein antigens and offers a new direction for research in this peripheral tolerance 

model.

A recent report by Weiner et al (1993), describes the results of the first full human 

trial involving the feeding of myelin basic protein (MBP) to patients with multiple 

sclerosis. Although the data is not conclusive it is clear that there was some 

reduction in disease in the treated group compared to the placebo controls. A 

further trial, feeding collagen to rheumatoid arthritis patients (Dr KL Sewell, 

personal communication 1992) is under way and the results are eagerly since this 

simple, acceptable treatment could lead to therapies for an expensive and highly 

debilitating disease which effects thousands of individuals throughout the world.
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