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Abstract

Oral tolerance (OT) is the antigen specific suppression of systemic 

im m unity with the prior feeding of a protein antigen. Previous studies 

have employed single protein antigens ra the r th an  antigen m ixtures as 

oral tolerogens and the present study was in itiated  to compare the ability 

of ovalbumin (OVA) and cow’s milk antigen (WP) to induce OT in th is 

model.

WP suppressed systemically induced DTH responses bu t not specific IgG 

levels, unlike OVA which tolerised both. In an a ttem pt to investigate 

w hether WP could tolerise the more susceptible IgE responses, alum 

replaced CFA as the adjuvant for systemic im m unisations. OVA evoked 

tolerogenic responses in  all param eters whereas WP induced significantly 

prim ed DTH and total IgE responses. In addition, in vitro cultures 

revealed th a t OVA feeding suppressed antigen specific proliferation and 

cytokine secretion by m ononuclear cells of the draining lym ph nodes. WP 

specific proliferation was not suppressed and cytokines In terleukin  (IL) 

IL-4, IL-10 and IL-12 were up-regulated in cultures from sensitised mice 

fed WP. Transform ing growth factor J3 (TGF-fi) was not detected in any 

cultures from mice fed either OVA or WP.

On exam ination, only mucosally derived mononuclear cells from OVA fed 

mice secreted TGF-P and IL-10. This was apparent before and after 

im m unisation. Seven days after im m unisation, cytokine p a tte rn s for both 

antigens were comparable to those found in the periphery. Kinetic studies, 

however, revealed th a t OVA feeding increased both IL-10 and Interferon-y 

(IFN-y) concentrations. W hilst IL-4 was not detected in  cultures derived 

from to leran t mice, mRNA IL-4 expression was found in alm ost all 

m esenteric lymph nodes (MLN).

Whole m ount in situ hybridisation conducted on Peyer’s patches (PP) 

revealed cytokine expression in  T cell dependent areas bu t not in  germ inal



centres populated by B cells. TGF-p was consistently expressed in  Peyer’s 

patches from to leran t mice w hereas prim ed mice possessed PP containing 

transcrip ts for IL-12. The da ta  suggests a possible antagonistic 

relationship betw een these cytokines in  the different imm uoregulatory 

p a tte rn s of tolerised and sensitised mice.

“A fool....is a m an who never tried  an experim ent in his life.” 

E ra sm u s  D a rw in  (1731-1802).

E n g lish  P h y s ic ia n  a n d  G ra n d fa th e r  o f  C h a rle s  D a rw in
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Introduction

1.1 The G astro in testin a l Tract as an

Im m unological system .

I t  has been estim ated th a t the average person ingests more th an  100 tons of 

food during the ir lifetime (Johansson, 1984) and therefore the  gut has an 

im portant function as a physical barrier to pathogens. I t has a wide range of 

non-immunological properties which include salivary (amylase, lysozyme) 

gastric (acid, pepsin) and pancreatic/intesinal (proteases, lipases, bile salts) 

secretions in  addition to the physical barriers such as the tigh t epithelial 

junctions and mucus barrier (Mayer et al. 1996).

However, m any studies have shown th a t far from being impervious, the gut 

allows a great deal of antigen uptake for the assessm ent of exogenous 

proteins such as food. Biologically active macromolecules have been shown to 

be taken up, for example insulin, streptokinase and chymotrypsin (Gardner, 

1984). Furtherm ore food antigens have been shown to be p resen t in  the 

circulation after feeding, though th is is dependent on the particu lar antigen. 

As little  as 0.002% of to tal ingested BSA or 0.000125% of OVA was detected 

in  rodents (Bruce and Ferguson, 1987a; Bruce and Ferguson, 1986; Peng et 

al. 1990; Swarbrick et al. 1979; W arshaw et al. 1974). This level of 

perm eability to in tact antigens was increased w ith infections and 

inflam m atory episodes (Reinhardt, 1984). Symptoms also increased in 

arth ritic  mice after feeds of collagen (Lens et al. 1986). Peng et al (1990) 

were able to show the appearance of OVA 5 m in after a feed which was 

considered too short for active transport to have taken  place. All these 

studies point to finite am ounts of in tact dietary antigen diffusing into the 

local and systemic im m une system.

Despite the above findings, the gut has a very efficient immunological system 

referred to as the gut associated lymphoid tissue (GALT), which comprises of
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Peyer’s patches, m esenteric lymph nodes, in testinal epithelium  and lam ina 

propria. I t is the most well defined of all mucosa associated lymphoid tissues 

(MALT) which include the sub mucosal areas of the respiratory and 

genitourinary tracts (Brandtzaeg, 1996).

1.1.1 P eyer’s P atches (PP).

F irst described in  1677 by Johann  Peyer, these lymphoid nodules appear 

along the mucosa of the intestine. Each patch is composed of 3-5 follicles in  

rodents w ith B and T cell dependent areas, w ith the former possessing 50% 

IgA+ cells and  very few T cells. Each follicle is characterised by a specialised 

epithelium  containing m em branous (M) cells surrounded by colum nar 

epithelia w ith m inute folds or microvilli. The follicle-associated epithelium  

(FAE) create a large and  highly absorptive surface area for antigen uptake 

by endocytosis (Owen et al. 1986; Owen, 1977; Owen and Jones, 1974). Lying 

ju s t below is the dome area of the PP where APC such as la  positive 

dendritic-like cells and macrophages reside for antigen presentation of 

peptides captured by the FAE (Barr et al. 1985). The PP is essentially the 

place where food antigens are processed and presented to local T cells before 

dissem ination to other secondary lymphoid tissues (Croitoru and 

Bienenstock, 1994).

1.1.2 Lam ina Propria.

Receiving cells from the PP and the m esenteric lymph nodes (MLN), the 

lam ina propria is situated  between the epithelium  and the  m uscularis 

mucosa (Croitoru and Bienenstock, 1994; Guy et al. 1974). The cell 

population comprises of CD4+ T cells, a large num bers of p lasm a and 

macrophages, though there are few dendritic or CD8+ T cells (Brandtzaeg,

4
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1996; Elson et al. 1986). E ighty per cent of these plasm a cells effectively 

produce secretory IgA (slgA), which is the principle effector immunoglobulin 

of the mucosa with the rem aining cells being IgM+ and IgG+ (Phillips- 

Q uagliata and Lamm, 1994; Cebra et al. 1977; Craig and Cebra, 1971).

1.1.3 In traep ith elia l L ym phocytes (IEL).

In  mice the m ajority of the in traepithelial cells (IEL) are athymic and do not 

m ature  in  the  thym us (Viney and MacDonald, 1992; Mosley et al. 1990). 

Although they are CD8+ they do not conform to the classical apTcR 

arrangem ent (Thyl-ve) bu t possess y8TcR with homodimeric CD8 a a  chains 

(Rocha et al. 1991; Guy et al. 1991; Mosley et al. 1990; Goodman and 

Lefrancois, 1988). As they develop w ithin the  foetal gut they are highly 

restric ted  in their Vp gene usage, probably due to the lim ited antigen driven 

selection (Rocha et al. 1991). They do not respond well in in vitro assays and 

so they have been considered to be either anergic so as not to respond to 

innocuous antigens encountered within the epithelia or in need of constant 

antigenic stim ulation (Viney and MacDonald, 1992; Goodman and 

Lefrancois, 1988; Klein et al. 1985). Unlike other peripheral CD8+ cells they 

do not need activation before becoming cytotoxic which would help them  in 

the ir defensive duties (Phillips-Q uagliata and Lamm, 1994).

More conventional Thyl+  cells also occupy the epithelial layer b u t they are in 

the  m inority accounting for approximately 45% of the to tal population. These 

thym us dependent cells possess apTcR and only 10% express CD4+.

1.2 H istorica l B ackground

The systemic suppression of antigen-specific immunogenic responses via the 

oral route, oral tolerance (OT), is a well documented phenomenon (Mowat, 

1987; Stokes, 1984; Challacombe and Tomasi, 1980). Its  understanding  has
5
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developed considerably since the observation of South American Indians 

eating poison ivy leaves to prevent contact hypersensitivity (Dakin, 1829). 

Early studies dem onstrated th a t OT was antigen specific after feeds of OVA 

and maize to guinea pigs prevented anaphylactic shock (Wells and Osbourne, 

1911). Contact sensitising agents such as chloro-2,4-dinitro-benzene, were 

also used successfully to illustra te  OT. This was referred to as the 

Sulzberger-Chase phenomenon since it could to be down regulated (Chase 

1946). OT, however, is postulated  to be a norm al physiological m echanism  

and any abrogation of th is im m unoregulation could resu lt not only in  food 

sensitive enteropathies bu t also in  inflam m atory bowel and coeliac disease 

(Strobel and Mowat, 1998; Mowat, 1994; Mowat, 1987; Mowat and Ferguson, 

1981). This efficient m anipulation of the im m une system has wide 

implications, not only for food allergies, which can affect up to 5-6% of the 

population (Strobel, 1993), and oral vaccination (McGhee et al. 1992), bu t its 

elucidation could also yield to therapeutic strategies for autoim m une 

conditions (Thompson and Staines, 1990) and atopic diseases. Even areas of 

transp lan ta tion  could benefit since responses to alloantigen have been 

suppressed in  ra ts  with prior feeding of MHC II molecules (Sayegh et al. 

1993; Sayegh et al. 1992a; Sayegh et al. 1992b).

Experim ents involving rodents have been instrum ental in  assessing the 

dynamics of OT. However, the study by Husby et al (1994) m ade a significant 

contribution to our body of knowledge since OT was successfully induced in 

hum an subjects using keyhole lim pet hemocyanin (KLH). The relevance of 

th is was th a t the mechanism was confirmed in hum ans who were also 

guaranteed to be immunologically naive to th is antigen.

6
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1.3 D ynam ics o f  OT

OT suppresses both the  cellular and hum oral limbs of im m unity, after a 

single feed of antigen. The cellular responses have been m easured using a 

wide range of assays. These included in vitro m easurem ents of antigen 

specific CD8+ cytotoxicity (Mowat et al. 1996; Garside e t al. 1995b), 

lymphocyte proliferation (Garside et al. 1995c; Lider et al. 1989; 

Challacombe and Tomasi, 1980), cytokine production (M arth et al. 1996; 

Garside et al. 1995c; Hoyne et al. 1993; W hitacre et al. 1991) through to in 

vivo param eters such as DTH responses (Kay and Ferguson, 1989; Peng, 

1989; Strobel et al. 1983; Mowat et al. 1982; Richman et al. 1978) and IgG 

and  IgE levels (Dahlm an Hoglund et al. 1995; Mowat e t al. 1982; T itus and 

Chiller, 1981; Holt et al. 1981). Different mechanism s for cellular and 

hum oral limbs of im m unity have been postulated because the  reduction of 

cellular responses was more sensitive and persisted longer th an  antibody 

levels. W ith OVA fed mice, DTH was a ttenuated  for 17 m onths while specific 

IgG responses were only suppressed for up to 3 m onths (Strobel and 

Ferguson, 1987). Conversely, suppression of IgE levels are comparable to 

those of DTH responses during OT induction (Dahlm an Hoglund et al. 1995; 

N gan and  Kind, 1978) and interestingly can be mimicked with nasally 

adm inistered antigens by aerosol (McMenamin et al. 1994; Holt et al. 1981). 

The susceptibility of the IgE responses to OT is not entirely surprising  since 

an increase in th is class of immunoglobulin is a valuable m arker for food 

hyper sensitivity conditions (Mowat, 1994).

Serum  transfer studies, in  which the sera from OVA-tolerized mice is 

adm inistered intraperitoneally  (i.p.) to syngenic naive mice before OT 

induction, have been useful in  highlighting the difference between DTH and 

antibody responses since only the former is suppressed (Furrie et al. 1994; 

Peng et al. 1989b; Bruce et al. 1987b; Bruce and Ferguson, 1986; Strobel et
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al. 1983). Im portantly only serum  collected 60, and not 5, m in after feeding 

was able to transfer tolerance (Peng et al. 1989b). This difference indicates 

some form of antigen processing which changes the native form of OVA to 

one th a t is tolerogenic. This idea was substan tia ted  with the  use of affinity 

chrom atography and SDS-PAGE analysis of tolerized mouse sera which 

suggested th a t a molecule of approximately 24 kDa was generated after gut 

transfer (Furrie et al. 1995).

Suppression of im m unity by OT is not restricted to naive anim als since 

feeding after im m unisation does a ttenuate  DTH responses b u t w ith no effect 

on antibody levels (Peng et al. 1989b Lamont et al. 1988). The introduction 

of splenic cells from CBA mice into BALB/c recipients to induce a graft- 

verses-host reaction (GvHR) abolished OT (Strobel et al. 1985). 

Furtherm ore, oestrogen (Mowat et al. 1987) and the synthetic adjuvant 

m uram yl dipeptide (Bruce et al. 1987b) are also able to inhib it OT induction. 

Taken together these observations suggest th a t an increase in  antigen 

presentation and general retiuloendothelial system (RES) activity m ight 

explain th is reversal (Mowat and Parrot, 1983). In addition, neonatal mice, 

mice suffering from severe combined immunodeficiency (SCID) and those 

trea ted  with whole body irradiation do not m ount a tolerogenic response 

(Furrie et al. 1994; Peng et al. 1989a; Bruce et al. 1987b). In  each of these 

groups there is a reduction or absence of antigen presentation, processing 

and RES activity. W hether it  is the antigen presentation/processing or the 

functions of effector cells th a t are fundam ental to OT induction rem ains 

unanswered.

The use of a monoclonal antibody (mAb) to the I-J  restriction locus, w ithin 

the MHC class II cluster, prevents antigen presentation to CD8+ “T 

suppressor” cells thus inhibiting OT (Mowat et al. 1988). This locus has been 

previously shown, using contact sensitizing antigens on APC, to specifically 

present to CD8+ cells (Fidel, 1995; Lowry et al. 1984). CD8+ cells are
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im plicated directly because the agents, such as cyclophosphamide and 2’- 

deoxyguanosine (2-DG), which are known to deplete them, also abrogate OT 

induction (Kay and Ferguson, 1989; Mowat, 1986; Mowat et al. 1982). P re

trea tm en t of mice w ith cyclosphosphamide inhibits tolerance induced by low 

b u t not high levels of antigen feeding (Mowat et al. 1982; H anson and 

M iller, 1982). This evidence implicates two different m echanism s in  OT and 

suggests th a t CD8+ cells may be involved in suppression only resu lting  from 

feeding low levels of antigen.

There are m any factors th a t influence the induction of OT, principally the 

age of the anim al, the dose, frequency and type of antigen adm inistered. 

These are im portant when constructing an anim al model for OT, since they 

are known to affect not only the induction bu t the level of suppression 

achieved (Weiner et al. 1994; Strobel, 1993; Mowat, 1987).

Even though OT can be induced in  m any mammals, most of the experim ental 

procedures have been performed on rodents, particularly  mice. The ease with 

which OT can be induced varies from species to species, ranging from rabbits 

and  guinea pigs which are the most difficult (Heppell and Kilshaw, 1982), 

through pigs (Stokes et al. 1987) to the more susceptible ra ts  and mice.

1.3.1 Age o f anim al

There is evidence of early contact with cow’s milk proteins transm itted  via 

m other’s b reast milk in infants who subsequently develop cows’ m ilk allergy 

(Host et al. 1988). Moreover, exposure to gluten via m aternal m ilk during 

lactation also prim es neonates to th is antigen (Troncone and Ferguson, 

1988). This link  with the developing im m une system and subsequent antigen 

sensitisation has been extensively dem onstrated in anim al models of OT 

(Weiner et al. 1994; Mowat, 1987; Strobel and Ferguson, 1984; Stokes,
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1984). Antigen doses which are tolerogenic in  adults appear to be ineffectual 

in  neonates and will even prime the anim al systemically following 

subsequent challenges (Miller et al. 1994; Peng et al. 1989b; Strobel and 

Ferguson, 1984). This failure to become tolerised suggests the need for a 

m ature  GALT. W hether th is is due to the neonate’s inability  to process 

antigen effectively is unclear (Strobel et al. 1985; Strobel and Ferguson, 

1984). However, serum  transfer studies using sera from tolerized donor adult 

mice also failed to transfer suppression to recipient neonates (Peng et al. 

1989b). Since the serum  would be expected to contain the tolerogenic 

moieties of OVA and therefore possess the ability to “bypass” the GALT, this 

indicates th a t other factors maybe involved. The transfer of adu lt splenic T 

cells from tolerized adults was able to confer tolerance to neonates, bu t only 

to DTH responses (Peng et al. 1989a) unlike naive adults where both 

cellular and hum oral responses are usually suppressed.

Anim als suffer from ineffective tolerance induction during the weaning 

period (Strobel 1992). Although th is is not a ttribu ted  to age the defect may 

well be due to in testinal changes characteristic of th is period (Mowat, 1994).

1.3.2 A ntigen  dose and frequency

The oral adm inistration of an antigen and its ability to induce OT depends on 

its  dose which, a t <5pg/g body weight, can prim e ra th e r  th an  induce 

tolerance (Peng et al. 1989b; Mowat, 1987). A single antigen dose greater 

th an  500|ig/g/body weight is sufficient to systemically tolerize adu lt mice 

(Mowat, 1987). Furtherm ore, lower am ounts of OVA are needed to suppress 

DTH when compared to hum oral responses, lOOpg vs. 5-10 mg (Mowat, 

1994).

10
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The feeding regim ens adopted in  most studies have used m ultiple (4-5) feeds 

to induce OT, especially w ith respect to autoantigens in  experim ental 

autoim m une models. Examples of such models include, bovine S-antigen in 

experim ental autoim m une uveretinitis (EAU) (Gregerson e t al. 1993), 

myelin basic protein in experim ental autoimmune/allergic encephalomyelitis 

(EAE) (Miller et al. 1992; W hitacre et al. 1991), type II collagen in  both 

collagen induced and adjuvant induced a rth ritis  (CIA and AA) (Thompson et 

al. 1993; Zhang et al. 1990) and porcine insulin  in diabetes (Zhang et al. 

1991). Several anim al models of OT have distinguished between the 

suppression induced by a low (>10pg/g/ body weight) and  a  high 

(>lmg/g/body weight) antigen dose and the m echanisms considered to be 

responsible are called active suppression and clonal anergy (Friedm an and 

W einer, 1994; W einer et al. 1994; M elamed and Friedm an, 1993; Mowat, 

1987). Not only is the antigen dose critical for OT induction, i t  also dictates 

which m echanism  predom inates since they are not considered to be m utually 

exclusive.

Despite the  above observations, speculation th a t any feeding dose greater 

th an  5mg/g body weight will resu lt in OT can be misleading. Indeed th is is 

illu stra ted  by the U shaped antigen dose response curve for arth ritic  rodent 

models (AA and CIA), where very high antigen doses provides no protection 

against disease (Staines et al. 1996; Thompson et al. 1993; Thompson and 

S taines, 1990; Zhang et al. 1990; Nagler-Anderson et al. 1986). This 

highlights the  difficulties th a t can be encountered m aking when m aking 

assum ptions about the antigen dose. In itia l experiments to establish the 

tolerogenic window for any new antigen would appear to be p ruden t (Staines 

et al. 1996).

11
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1.3.3 Type o f antigen

I t  is generally considered th a t soluble, thym us-dependent proteins such as 

OVA, beta  lactoglobulin (p-LG) and serum  album in (hum an & bovine) are 

very efficient a t inducing OT. Interestingly viruses and bacteria are able to 

prim e the  im m une response and when killed or inactivated they can, 

them selves, induce OT (Rubin et al. 1981). This obviously raises the 

question of w hether the  na tu re  of the antigen is im portant. Particulate 

antigens have difficulty in  eliciting a tolerogenic response. This was 

illu stra ted  w ith the m anipulation of OVA, a model tolerogenic antigen, since 

coating i t  w ith polyglycoside microspheres renders it immunogenic via the 

oral route (McGhee et al. 1992).

ISCOMS (Immune stim ulating complexes) have been used as an adjuvant 

when im m unising by the  oral route. They are naturally  lipophilic since they 

contain saponin and when OVA is incorporated into such ISCOMS the 

protein is unable to induce tolerance a t doses which were previously 

tolerogenic (Mowat et al. 1993; Furrie, 1993). O ral adm inistration of OVA 

and ISCOMS was able to induces high titres of IgG and secretory IgA (slgA) 

suggesting stim ulation of both local and systemic im m une responses.

Lipopolysaccharide (LPS), a known thym us-independent antigen and 

mitogen, also fails to induce OT. This suggests th a t B cells are not directly 

affected by OT and rem ain reactive. Hence they conserve the ir ability to 

induce hum oral im m unity if  the antigen can circumvent the  T cells 

altogether (Mowat, 1994; Miller et al. 1991; Strobel et al. 1983). Sheep red 

blood cells (SRBC) behave in both a thym us dependent and  independent 

m anner and have been previously shown not to be tolerogenic v ia the oral 

route (Miller and Hanson, 1979; Richman et al. 1978). Cholera toxin is a 

powerful immunogen since i t  stim ulates slgA, systemic IgG and DTH 

responses (McGhee et al. 1992; Lycke and Holmgren, 1986). This ability to

12
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prim e ra th e r th an  tolerise mucosal im m unity when conjugated to proteins 

was linked to its in tracellu lar pharmacological effects (G proteins and 

adenylate cyclase activity) and its enhanced ability to bind to enterocytes 

(W einer et al. 1994). However, recom binant cholera toxin B subunit (rCTB), 

when conjugated to SRBC, suppressed lymphocyte proliferation, DTH and 

antibody responses. Furtherm ore, rCTB-SBRC is even able to tolerise 

previously sensitised anim als em phasising the potency of such conjugates 

(Sun et al. 1994).

1.4 P u ta tive  M echanism s G overning OT 

Induction .

1.4.1 Clonal d eletion

As an example of peripheral tolerance, i t  is hardly  surprising th a t tolerogenic 

m echanism s known to be induced by other routes of antigen adm inistration, 

such as intravenous injections, have been initially a ttribu ted  to OT. Clonal 

deletion, the  positive and negative selection of m igrating im m ature T cells in  

the  thym us, has been well documented as an im portan t procedure for 

removing T cell clones th a t do not recognize self MHC (Liblau et al. 1994; 

M urphy et al. 1990; Kisielow et al. 1988). This removal is by program m ed 

cell death or apopotosis and is also used to elim inate all the T cells th a t 

recognise MHC, bu t are also reactive to self antigens. Presum ably the 

im m une system utilises th is mechanism to regulate the num ber of circulating 

self reactive T cell clones, thus preventing the development of autoim m unity. 

I t  would, however, be im practical to believe th a t every possible self reactive T

13
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cell clone would be expunged from the im m une system and th is has been 

suggested to play a contributory role in the etiology of such conditions 

(Matzinger, 1994; Mowat, 1987). This mechanism is not an obvious candidate 

for OT since certain factors cannot be reconciled with the deletion of antigen 

specific cells for example the level of suppression is finite and  im m unity 

re tu rn s after a period of time, particularly  for antibody responses. 

Furtherm ore the site of OT induction is considered to be extra-thym ic a t the 

level of the Peyer’s patch and the ability of recom binant In terleukin  2 (rIL-2) 

to rescue tolerised T cells in vitro all count against deletion being involved 

(Melamed and Friedm an, 1993; Beverly et al. 1992; W hitacre et al. 1991).

Recent studies, however, have shown evidence to the contrary. W einer and 

colleagues used a TcR transgenic mouse model to monitor OVA specific T cell 

clones after m ultiple feeding with antigen doses ranging from 500pg-500mg 

(Chen et al. 1995). Flow cytometry revealed th a t these CD4+,Vp8.2+ cells 

isolated from mice fed the 500mg regimen accounted for less th an  1.5% of the 

total cell population compared to 20% in un trea ted  mice. Mice receiving the 

5mg feeding regim en also possessed a reduced percentage of these cells, bu t 

only after more feeds. An antigen dose relationship was im plicated because 

feeding 500pg OVA actually increased the cell num bers to 40%. Though these 

resu lts were draw n from cells isolated from Peyer’s patches they were 

m irrored by cells isolated from other lymphoid tissues. U sing antibodies to 

label degraded DNA, in immunohistological analysis, Chen et al (1994) were 

able to record cells undergoing apoptosis with the 500mg and not the 500pg 

feeding regimen, again confirming clonal deletion of these cells. In  a separate 

study a single antigen dose of 25mg OVA reduced the am ount of viable cells 

in  culture in  a tim e dependent m anner. These cells were considered to be 

OVA specific experiencing apoptosis as m easured by phase contrast 

microscopy. The addition of OVA (lmg/ml) to the culture partially  rescued

14
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the  cells as reflected by an increase in  the percentage of viable cells (Mowat 

et al. 1996; Garside et al. 1995b).

Evidence of both active suppression and apoptosis was found after feeds of 

OVA a t high and low doses in  the OVA TcR transgenic mice (M arth e t al. 

1996). Concomitant suppression of IL-2, IFN-y and IL-4 with an increase in 

TGF-P was taken  as active suppression. Degraded DNA was labelled using 

deoxynucleotidyl transferase m ediated dUTP nick end labeling (TUNEL). 

Fluorescent anti-dioxigenin mAbs recognised the dioxigenin label added to 

the  term inal DNA of apoptotic cells. Alongside the antibodies which 

recognised the TcR of OVA specific T cells, the  proportion of apoptotic cells 

could be calculated by FACS. OT induced by high and  not low OVA feeding 

increased the percentage of apoptotic cells. Interestingly, both TGF-P and  the 

num ber of apoptotic cells was increased by the  adm inistration of anti-IL-12 

in vivo.

A common factor in the majority of models dem onstrating clonal deletion is 

the  “un-physiologically” high antigen doses fed to the  anim als, which was 

typically 3-5 x 250 mg per mouse (Strobel and  Mowat, 1998; M arth et al. 

1996; Chen et al. 1995).

1.4.2 Clonal A nergy

Clonal anergy, specific cell hyporesponsiveness, is one of the  m echanism s 

identified as having a role in OT (Weiner et al. 1994; M elamed and 

Friedm an, 1993; Khoury et al. 1992; W hitacre e t al. 1991; Mowat, 1987). All 

the experim ental models of OT which a ttribu te  the response to an anergic 

sta te  use a high antigen dose or feeding regimen. E arly findings reported 

th a t OT induction, depending on the antigen dose, was susceptible to
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cyclophosphamide (Mowat et al. 1982; Hanson and M iller, 1982). The 

suppression of im m unity induced by high antigen doses was not affected by 

p retreatm ent of the mice with cyclophosphamide unlike those fed low antigen 

doses. Furtherm ore the OT induced in cyclophosphamide trea ted  anim als 

was not transferable to naive recipient anim als unlike the tolerance from 

u n trea ted  anim als which prim arily affected DTH responses. O ther high 

antigen dose OT models also showed th a t clonal anergy was the principle 

m echanism  since there was no antigen-specific T cell proliferation. In 

addition, reduced or absent IL-2 production and IL-2R expression w ithin 

prim ary cultures were all factors m aking anergy distinct from clonal deletion 

(Friedm an and Weiner, 1994; M elamed and Friedm an, 1993; W hitacre et al. 

1991; DeSilva et al. 1991).

The addition of rIL-2 restores the proliferative action of these T cells, not 

only confirming the anergic sta te  bu t also indicating antigen specificity 

(Friedm an and Weiner, 1994, M elamed and Friedm an, 1993). Recombinant 

IL-2 used to rescue anergic OVA specific T cells allowed for the  identification 

of antibody and cytokine levels in vitro. A single feed of OVA (20mg) was able 

to dim inish ThI responses, (IgG2a, IFN-y and IL-2) while leaving those of the 

Th2 phenotype in tact (IL-4 & IgG l) (Friedman, 1996). N evertheless the 

introduction of OVA in the drinking w ater of mice for continued antigen 

exposure suppressed the more resistan t Th2 m ediated responses (Melamed et 

al. 1996).

Conversely, several other groups have been able to suppress both Th cell 

subtype responses with OVA feeding a t a high antigen dose, w hether by 

m easuring specific ThI m ediated IgG2a and Th2 m ediated IgG l levels 

(Garside et al. 1995b; Furrie, 1993) or cytokines directly (Garside et al. 

1995c). Furtherm ore tolerance induced by high antigen doses was

transferable to naive recipients (Furrie et al. 1994; Peng et al. 1989b; 

Strobel and Ferguson, 1986). This feature which is norm ally a ttribu ted  to
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active suppression may indicate th a t both mechanism s are induced together 

a t particu lar doses.

By transp lan ting  transgenic OVA specific TcR lymphocytes from DO 11.10 

into recipient BALB/c mice, a more direct m easurem ent of anergy was 

possible (Van and Blake, 1996). Feeding the resu ltan t chimeric mice induced 

tolerance as m easured by reduced antigen specific lymphocyte proliferation 

in vitro. Clonal deletion was elim inated as a possible m echanism  because the 

proportion of transgenic lymphocytes from to lerant mice correlated w ith the 

proportion of unresponsive transgenic lymphocytes p resen t in vitro as 

calculated by FACS.

High antigen dose tolerance induction was achieved with the incorporation of 

the  m ilk protein otsl casein into the chow fed to BALB/c mice (H irahara  et al.

1995). This tolerance was transferred  to recipient SCID and nude BALB/c 

mice and was represented by decreased specific antibodies and  splenic T cell 

proliferation. The to lerant splenic T cells isolated from such SCID and nude 

mice recovered their proliferation to control levels after being cultured in  the 

presence of rIL-2.

The idea of a specialized or “non-professional” antigen presentation by gut

epithelial cells, in  which T cell anergy is induced, has been en terta ined  by

several reviewers (Mowat and Viney, 1997; Brandtzaeg, 1996; Mowat, 1994).

Antigen presentation by macrophages, dendritic and activated B cells are

considered to be the customary APC and are able to p resen t antigen with

MHC to the TcR of the T cell. In addition, the  secondary or co-stimulatory

signals, B7-1/CD80 and B7-2/CD86 molecules in teract w ith CD28 of the T

cells allowing the presentation to be seen “professionally”. It has been

proposed th a t epithelial cells, which express MHC class II, p resen t antigen to

CD4+ T cell w ithout th is second signal (Bloom et al. 1995), th u s allowing for

antigen recognition bu t with no T cell activity (June et al. 1994). In  addition,

epithelial cells can also express CD1, a non-classical MHC class I molecule
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(Hershberg et al. 1990). This molecule is believed to preferentially  p resent 

antigens to CD8+ cells, possibly yS+ IEL, whose depletion has been shown to 

abrogate OT induction (Mengel et al. 1995). However clonal anergy may also 

co-exist w ith the low dose active suppression m echanism (Mowat, 1994).

1.4.3 A ctive suppression

W einer et al (1994) have been the among the m ain proponents to the  active 

suppression theory of OT. Using the experim ental autoim mune/allergic 

encephalomyelitis (EAE) Lewis ra t  model, with the autoantigen myelin basic 

protein (MBP), suppression was shown to be transferable to naive rats. The 

antigen dose adopted, lOOpg/g body weight for 3-5 feeds, was a much lower 

dose th an  the  non transferable tolerance a ttribu ted  to clonal anergy. They 

recorded the  ability of CD8+ cells to secrete TGF-p following antigen specific 

stim ulation in vitro (Miller et al. 1992; M iller et al. 1991; Bluestone and 

M atis, 1989). Cytokines such as TGF-p have been recognised as the 

im m unosuppressive factors in  active suppression in the Lewis ra t  and the 

CD8+ cells responsible for th is secretion were able to recognise epitopes of 

MBP (Miller et al. 1993) and could be induced in the Peyer’s patches of ra ts  

after a single feed of MBP (Weiner et al. 1994).

A non-specific suppression of an unrelated  antigen in vitro gave rise to the 

notion of an antigen-driven bystander suppression. T cells from MBP 

tolerized ra ts  were separated from an OVA specific cell line, in  a cell culture 

arrangem ent, by a semi-permeable membrane. The addition of MBP to the 

tolerised cells inhibited OVA specific proliferation of th is cell line and  th is 

was also true  in  the reverse situation, i.e. the MBP specific cell line was 

inhibited  by tolerised cells from OVA fed rats. The link w ith CD8+ cells was 

established when it  was observed th a t the depletion of these cells a ttenuates
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th e  suppression. In vivo evidence was gained using DTH responses as a 

m easure of suppression (Miller et al. 1992). The im m unisation of the 

unrela ted  antigen with the fed antigen in  CFA perm itted  the  suppression of 

the  DTH responses to both antigens, bu t only if  they were im m unised 

together a t the same site. The cellular na tu re  of th is m echanism  is the 

cornerstone of th is theory. Identification of th is regulatory cell and  its 

associated cytokine netw ork is desirable if  any m anipulation of th is 

phenom enon is to be realised. Initially m any studies im plicated CD8+ 

"suppressor T” cells as the regulatory cell secreting the im m unosuppressive 

cytokine TGF-p. This was supported by the identification of CD8+ y5+ cells as 

suppressors of IgE production in nasally im m unised rats, another form of 

mucosal tolerance (McMenamin et al. 1994; McMenamin and  Holt, 1993). 

However, in  the SJL mouse model of EAE both CD4+ and  CD8+ cells 

m ediated active suppression (Chen and Weiner, 1996; Chen et al. 1994; al 

Sabbagh et al. 1994). Initially  the enhancem ent of IL-4 and IL-10 w ith MBP 

feeding, im plicated the Th2 cell subset in  th is mechanism thus pointing to a 

preferential suppression of ThI responses. Following long term  cloning of 

MLN CD4+ cells derived from tolerant MBP fed mice, several clones were 

identified as secreting IL-4, IL-10 and TGF-p. In some cases these cells used 

identical a  and p TcR chains and the sam e MHC restriction as 

encephalitogenic ThI CD4+ cells. T ransferring these cells conferred 

protection against EAE in naive recipients in vivo and did not resu lt in 

proliferation in  an antigen specific m anner in vitro (Chen et al. 1997; Chen 

and  Weiner, 1996; Chen et al. 1994). The orally tolerised mice h ad  generated 

cells th a t were distinct from Th2 subset and these were called Th3 cells. 

Using the OVA TcR transgenic model, a sim ilar feeding regim en was used to 

induce tolerance and the cells were adoptively transferred  into naive mice 

(Chen et al. 1997). The authors concluded th a t these to leran t OVA specific 

cells were able to repopulate the PP and secrete the same cytokine profile as
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regulatory MBP specific Tn3 cells. The increase in  their num bers was linked 

to the  decrease in ThI cells and provided fu rther in vivo evidence of the 

existence of regulatory Th3 cells.

The association between IL-10 and  im m unosuppression has not only been 

observed in  EAE. A recent study investigating CD4+ cells involvement in 

colitis identified clones which h ad  suppressed antigen specific proliferation 

and when transp lan ted  into SCID mice prevented colitis induced by 

CD4+RB45hieh splenic T cells (Groux et al. 1997). These cells, both hum an 

and m urine, were generated by chronic stim ulation in the presence of IL-10 

and were CD4+45RBlow. Their cytokine profiles were high IL-10 and  low IL-2 

w ith no IL-4. TGF-p and IFN-y levels were equivalent to ThO cells. These IL- 

10 secreting regulatory CD4+ cells were called T rl and were considered to be 

distinct from the Th3 subset. This link between IL-10 and  colitis is supported 

by the development of inflam m atory bowel disease in IL-10 gene 

disrupted/knock out (-/-) mice. Interestingly, Rennick and co-workers had  

earlier shown th a t IL-10 was involved in T cell m aintenance in the  gut in 

response to enteric antigens (Rennick et al. 1995).
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Introduction

1.5 A nim al M odels o f autoim m une d iseases.

M any aspects of OT induction and m aintenance have been in terp reted  

w ithin the context of experim ental anim al models of autoim m une 

diseases. Putative m echanism s underlying OT have, to a large extent, 

been proposed on the basis of these models. Such models are able to 

exploit defined disease symptoms, aspects of specificity and characteristics 

of the  autoantigens. Likewise, the ram ifications from these tolerance 

studies has m ade the  development of therapeutic strategies for 

autoim m une conditions a possibility (Weiner et al. 1994; Thompson and 

Staines, 1990). Such is the ir contribution to our understanding  of OT th a t 

a very b rief description of these models is w arranted.

1.5.1 E xperim ental autoim m une en cep h alom yelitis  
(EAE)
Orally adm inistered guinea-pig MBP suppresses EAE in  Lewis ra ts  whose 

symptoms include CNS oedema, paralysis (Miller et al. 1994; M iller e t al. 

1992; W hitacre et al. 1991; Miller et al. 1991; Lider et al. 1989) and 

increased expression of inflam m atory cytokines, IL-1 IL-2, IL-8, TNF-a 

and  IFN-y (Khoury et al. 1992). I t can also be used to prevent the 

progression of EAE th a t has already been triggered or induced by 

proteolipid protein (PLP), another autoantigen (Weiner et al. 1994). 

Depending on the MBP dose (4 x 5pg or 4 x lpg) the prim ary m echanism s 

responsible have been identified as anergy (Whitacre et al. 1991) and 

active suppression respectively (Miller et al. 1994; W einer et al. 1994; 

M iller et al. 1992; Miller et al. 1991; Lider et al. 1989). The former 

model also uses a soybean trypsin inhibitor (STI) with MBP which, on its 

own, has no effect on EAE progression bu t is essential to avoid proteolytic 

action on MBP in the gut. There are some anomalies in  th a t m ale ra ts
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have a more severe presentation of EAE than  female ra ts  when MBP is 

adm inistered w ithout STI (Whitacre et al, 1996).

Interestingly the feeding of lipopolysacchride (LPS) w ith MBP enhanced 

the  suppression of the condition and increased the levels of not only TGF- 

p bu t also other “beneficial" cytokines/agents such as IL-4 and PGE2 

(Khoury et al. 1992; Khoury et al. 1990). Encepholitogenic epitopes of 

MBP (71-90) have been found to be different from tolerogenic sequences 

(21-40, 51-70) and therefore lack the ability to induce EAE suppression or 

to induce TGF-p secretion by tolerogenic T cells (Miller e t al. 1994; 

W einer et al. 1994). Furtherm ore the tolerogenic epitopes protect the 

anim al from the EAE effect induced by both MBP and 71-90 

adm inistration .

1.5.2 E xperim ental A utoim m une U veoretin itis
(EAU)
The autoantigen im plicated in  the inflam m ation of ocular tissue, bovine S- 

antigen (S-Ag), was able to reduce the incidence of EAU with prior feeding 

(Gregerson et al. 1993; Vrabec et al. 1992; T hurau et al. 1991a). Like 

MBP, there  are tolerogenic (residues 343-362) and uveitogenic fragm ents 

of th is autoantigen with tolergogenic fragm ents able to inh ib it the actions 

of both the pathogenic peptide and the in tact peptide (Thurau et al. 

1991a). The dose of S-Ag would influence the anergic or cytokine 

suppressive action of OT (Vrabec et al. 1992).

Another autoantigen interphotoreceptor retinoid binding protein (IRBP) 

has been fed to mice, ra th e r th an  rats, a t frequent low doses (Caspi et al.

1996). Clinical scores for EAU were reduced in IRBP fed mice and 

correlated w ith an increase in  the Th2 cytokines, IL-4, IL-10 and  TGF-p. 

An endogenous role for both IL-10 and IL-4 was suggested since OT was 

not induced in  either IL-10 or IL-4 -/- mice. Direct comparisons w ith the 

EAE anim al model were m ade since a low antigen dose was linked w ith
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suppression which was transferable to naive recipients and a high antigen 

dose was linked to a non transferable anergic sta te  (Weiner et al. 1994; 

Gregerson et al. 1993).

The role of CD8+ cells in  the tolerogenic response of EAU was studied in 

ra ts  fed S-Ag (N ussenblatt et al. 1996). In contrast to EAE, injection of 

an ti CD8 antibodies a t the time of feeding S-Ag did not affect OT 

induction thus elim inating these cells from any role in th is tolerogenic 

response.

1.5.3 Collagen and A djuvant induced  A rthritis (CIA 
and AA)
Soluble type II collagen (CII) has been shown to suppress a num ber of 

experim ental models of arthritis. Collagen induced a rth ritis  (CIA) can be 

induced in  the W istar (WA/KIR/kcl) rat; (Staines et al. 1996; Thompson et 

al. 1993; Thompson and Staines, 1986a; Thompson and Staines, 1986b) 

and  DBA/1 mouse (Nagler-Anderson et al. 1986). These models differ in 

th a t the  ra ts  are im m unised with CII in incomplete F reund’s adjuvant 

(IFA) w hereas the  m urine model enlists complete F reund’s adjuvant 

(CFA) as the  mouse is considered to be more resistan t. Adjuvant induced 

a rth ritis  (AA), a Lewis ra t  model characterised by im m unisation w ith only 

CFA containing mycobacteruim tuberculosis (Zhang et al. 1990), is 

suppressed by the feeding of chicken CII as opposed to CII solubilsed from 

bovine or porcine nasal septum  used in  CIA (Staines et al. 1996). The 

feeding of mycobacteruim tuberculosis does not suppress symptoms in  AA.

O ther arth ritic  models such as pristane induced a rth ritis  (PIA), which 

uses the non-antigen m ineral oil 2,6,10,14-tetram ethylpentadecane 

(pristane) for im m unisation, have also been shown to be suppressed by 

CII (Thompson et al. 1993).

Unlike other models the symptoms of all these arthritic  models are never 

eradicated as there  is always a residual level of immunogenic activity
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(Staines et al. 1996). Interestingly, for most of these models only a narrow  

antigen dose range is shown to be beneficial. Between 3pg-30pg CII 

a ttenuated  the disease severity in  AA and doses outside th a t range h ad  no 

effect (Zhang et al. 1990). I t has, therefore, been described as a  U -shaped 

response curve of suppression and is considered hold be tru e  for both 

mouse and ra t  models of CIA though th is has not been fully tested 

(Staines et al. 1996; Nagler-Anderson et al. 1986). This loss of tolerogenic 

action w ith high antigen doses suggests th a t anergic cells are not 

produced and only suppressive cytokines are induced (Weiner et al. 1994; 

Nagler-Anderson et al. 1986).Only in the case of p ristane  induced 

a rth ritis  was suppression associated w ith a high CII dose (Thompson et 

al. 1993).

1.5.4 D iabetes

Non-obese diabetic (NOD) mice, which spontaneously develop the 

autoim m une type of diabetes (insulitis), have a reduced incidence of 

lymphocytic infiltration following oral adm inistration of porcine insu lin  

(W einer et al. 1994; Zhang et al. 1991) The doses given are lm g twice a 

week for 5 weeks. Adoptive transfer of T cells from tolerized anim als 

transferred  protection against the onset of diabetes, pointing to active 

suppression. O ther insulin  related  peptides were also effective including 

glucagon, p chain insulin  and glutam ate decarboxylase.

1.5.5 M yasthenia Gravis

Experim ental autoim m une m yasthenia gravis (EAMG) has been induced 

in mice w ith the im m unisation of Torpedo aceytlcholine receptor (AChR) 

(Drachm an et al. 1996; O kum ura et al. 1994). In order to induce 

suppression, AChR was fed to the anim als five tim es w ith 250pg and
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l.Omg for low and high antigen doses respectively. Each feed, in  both 

regimens, was separated  by 3 day in tervals and  specific antibody 

responses to AChR, antigen specific lymphocyte proliferation and clinical 

scores, as m easured by weight loss, were all suppressed in  both cases 

(Drachm an et al. 1996). CD4+ T cells were im plicated as the  cells 

involved in  the tolerogenic response since both Interferon-y (IFN-y) and 

IL-4 were suppressed by prior feeding w ith AChR (Ma et al. 1996). While 

using in situ  hybridisation on cell suspensions, increases in  mRNA levels 

for TGF-p were obtained w ith a concomitant drop in transcrip ts for IFN-y 

and IL-4 in spleen, lymph nodes and thym us of tolerised mice when 

compared to controls.
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1.6 C ytokines and Im m unoregulation

The T helper cells (CD4+) are pivotal players in  the process of 

im m unoregulation, directing and influencing antigen presentation, 

antibody switching and cytotoxic killing by other cell types through the 

action of cytokines. The emergence of distinct regulatory CD4+ cells w ith 

the ir phenotypic cytokines has added to the debate on their significance, if 

any, during the im m unoregulatory mechanism s of OT induction (O'Garra, 

1998; Strobel and Mowat, 1998; Chen et al. 1997; Groux et al. 1997; 

Chen e t al. 1994; Mowat, 1994)). Therefore to assess the ir possible role in  

OT, a b rief review of the regulatory functions of cytokines in  other 

im m une responses such as parasitic  infection and autoim m unity is 

needed.

The term  im m une deviation was introduced following early experim ents 

with Salmonella adelaide flagelhn in mice. The change from a cellular 

DTH response to a hum oral antibody response with increasing parasitic  

load established a reciprocal relationship between these two limbs of 

im m unity (Liew and Parish, 1972). This early observation proved to be the 

first insight into the regulation of the im m une response. Later, im portant 

observations by Mosmann & Coffman (1989) and M osmann et al (1986) 

described how long term  m urine T cell clones can be divided into two 

subsets on the  basis of the cytokines they produce and  secrete. The ThI 

subset consists of CD4+ cells th a t selectively secrete IL-2, IFN-y and TNF- 

p and whose functions regulate cell m ediated actions during DTH 

responses and in tracellu lar infections. The Th2 subset has a cytokine bias 

towards IL-4, IL-5, IL-6, IL-10 and IL-13, which augm ents the functions of 

B cells (in the form of antibody isotype switching), m ast cells and 

eosinophils. This immunoglobulin “m aturation” is particularly  true  for IgE 

responses to helm inth infections and allergens. Th2 clones do not have a
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monopoly in  the augm entation of antibody secretion since ThI cells 

increase IgG2a secretion by B cells for antibody dependent cell-mediated 

cytotoxicity (Rizzo et al. 1995; Mosman and Coffman, 1989). The picture, 

however, is compbcated by the fact th a t naive and/or short term  CD4+ 

cells dones/lines which can secrete both types of cytokines have been 

classified as ThO and so do not “fit” into either classification (Kelso, 1995; 

Seder and Paul, 1994; S treet et al. 1990; Firestein et al. 1989). ThO cells 

were originally believed to be precursors of the Th subsets a t a stage 

before any commitment to either subset is made. This has subsequently 

become less clear w ith the emergence of precursors of Th subsets (pTh) 
clones which secrete IL-2 only (Seder and Paul, 1994; S treet et al. 1990). 

ThO clones are now considered to be downstream in CD4+ development 

having a full compliment of cytokines a t a stage before differentiation has 

occurred. The signal needed for th is differentiation is considered to be the 

prim ing response (Seder and Paul, 1994). The debate about w hether there 

are distinct Th subsets is controversial since most of the evidence for th is 

nom enclature is based on in vitro T cell clones of m urine and  not hum an  

origin. I t  has been argued th a t a more “fluid” cytokine profile exists, with 

no discreet cell populations (Kelso, 1995; Seder and Paul, 1994).

Generally there is a reciprocal relationship between these CD4+ cells in 

th a t each subset has the ability to inhibit the proliferation, differentiation 

and the functions of the other via the actions of their respective cytokines. 

Such inhibitory action is usually indirect. For example, Th2 cells release 

IL-10 which inhibits the ability of macrophages to present antigen to ThI 

cells (Fiorentino et al. 1989). An im portant illustration of th is balance 

between ThI and Th2 dominance is the im m unoregulation involved w ith 

Leishmania major infection in  the susceptible BALB/c and resistan t 

C57BL/6 mouse strains. Each mouse stra in  m ounts a different Th 

response to the parasite  and their ability to fight the infection depends on 

th is Th profile. Following such infection, BALB/c mice exhibit increased 

IL-4 and IL-5 levels associated with increased IgE production,
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eosinophilia and m ast cell hyperplasia bu t no DTH due to low IL-2 and 

IFN-y levels. This leads to increased morbidity and m ortality. In  contrast 

C57BL/6 mice have increased IL-2 and IFN-y levels associated with a 

strong DTH response and  little  or no IgE production (Mueller et al. 1989; 

Heinzel et al. 1989). This suggests th a t a ThI cytokine profile w ith its 

associated cellular actions is more effective a t countering th is infection. 

Nippostrongylus brasiliensis, a helm inthic infection, induces a different 

response. Such infections are successfully dealt with in BALB/c mice by 

Th2 m ediated responses with the expected increase in  IgE levels and 

eosinophilic infiltration (Garside and Mowat, 1995a; Finkelm an et al. 

1990), w hereas mouse stra ins which m ount ThI responses appear to have 

prolonged symptoms and morbidity (Finkelm an et al. 1997).

Cytokine analysis during experim ental parasitic  infections and n a tu ra l 

autoim m une disease is informative because in  both cases there is a bias 

towards a particu lar Th subset. This is illu stra ted  by IL-10 and IL-12 

which are both im portant cytokines in the cross-regulation of Th subsets 

v ia the ir influence on APC.

As expected, high IL-10 levels are expressed in  CD4+cells of mice infected 

w ith Schistosoma mansoni and Leishmania major (Moore et al. 1993). 

M acrophage release of IFN-y was restored in  cells isolated from 

Schistosome infected mice following anti-IL-10 trea tm en t so suggesting a 

role for IL-0 in  suppressing the protective ThI response to th is parasite. 

Infections by Toxoplasma gondii and Schistosoma mansoni are controlled 

by nitric  oxide production by macrophages which is m ediated by IFN-y. 

However, th is m echanism  for parasitic killing is inhibited by IL-10 with 

synergistic help from IL-4 and TGF-p (Oswald et al. 1992; Gazzinelli et 

al. 1992). Infections with Trypanosoma cruzi are controlled by the 

secretion of IL-10 with other Th2 cytokines and susceptible mouse stra ins 

develop cell m ediated, ra th e r than  the beneficial antibody, responses.

IL-12, w ith its bias towards the ThI phenotype, confers protection to 

previously susceptible BALB/c mice when adm inistered a t the tim e of
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Schistosoma mansoni and Leishmania major infection (Guler et al. 1996; 

Heinzel et al. 1993). The norm ally resistan t s tra in  C57BL/6 when 

backcrossed to give IL-12-/- mice becomes susceptible to Leishmania 

major, confirming a role for IL-12 in  m ounting the more protective ThI 

response (M attner et al. 1996). Mice are protected against Schistosoma 

mansoni w ith IL-12 adm inistration which can itself be used as an 

adjuvant to prevent re-infection (Wynn et al. 1994; Moore et al. 1993). 

Th2 responses w hilst protecting against Nippostrongylus brasiliensis are 

inhibited  by IL-12 rendering the previously resistan t BALB/c mouse 

susceptible to infection (Finkelm an et al. 1994). However th is was only 

possible if  IL-12 was injected within the first 6 days of infection.

The cross regulation roles of these two cytokines is also highlighted in 

autoim m unity and inflam m atory bowel disease (IBD). The inhibitory 

actions of IL-10 during experim ental colitis have been dem onstrated. The 

transfer of CD4+CD45RBlow cells into mice releases IL-10, IL-4 and  TGF-p 

to prevent disease caused by CD4+CD45RBhieh cells (Groux et al. 1997; 

Powrie et al. 1996). Furtherm ore, IL-10-/- mice spontaneously develop 

IBD (Rennick et al. 1995). IL-12 with its ThI bias exacerbates 

autoim m une conditions th a t are characterised by these responses. 

Autoimmune diabetes in NOD mice is accelerated by IL-12 adm inistration 

reducing the  levels of protective IL-4 expression in pancreatic islets 

(Trembleau et al. 1995). This is also dem onstrated by replacing 

Mycobacterium tuberculosis in  the innoculum with IL-12 to increase the 

severity of a rth ritis  in DBA/1 mice (Germann et al. 1995b).

The following sections are devoted to sum m arising the properties and 

functions of the  m ain cytokines investigated in OT.

30



Introduction

1.6.1 In terferon  y (IFN-y)

In  1965 Wheelock showed th a t cultures from hum an leukocytes revealed 

antiv ira l activity after mitogenic stim ulation by phytohem agglutinin 

(PHA) (Wheelock, 1965). Subsequently an acid labile type II interferon 

came to be recognised, as opposed to the acid stable type I IFN -a and p, 

and  was nam ed IFN-y (De M aeyer and De M aeyer-Guignard, 1998). 

Mouse and hum an IFN-y show a 40% protein homology w ith each other 

though w ith very little  cross reactivity. The m urine protein is a 133 amino 

acid (aa) homodimer containing two potential N-glycosylation sites w ith a 

molecular weight of 40kDa. The gene which encodes IFN-y resides on 

chromosome 10 and like the hum an form contains four exons and three 

in trons (approx 4.5kb) (Callard and Gearing, 1994).

The receptor (IFN-yR) is a m ember of the type II cytokine family which 

includes IFN a/p and IL-10 receptors. I t differs from type I cytokine 

receptors since it  does not possess the extracellular WSXWS motif. Both 

hum an  and m urine IFN-yR consist of an a  and a p chain. The a  chain has 

a large extracellular 228 aa domain with a single transm em brane 

sequence of approxim ately 23 aa. W ith a cytoplasmic 220 aa  domain the 

chain has a molecular weight of 90kDa and is also encoded on 

chromosome 10. The sm aller P chain differs from the a  chain because of its  

sm aller 66 aa in tracellu lar domain and the gene is located on chromosome 

16 (Hemmi et al. 1994). These receptors are expressed on a wide range of 

hematopoietic, epithelial and  endothelial cells.

Unlike the other interferons, IFN-y is produced by CD4+Th1, 

m acrophages, CD8+ and NK cells. IFN-y is an im portant cytokine for cell 

m ediated responses characteristic of ThI cells. I t increases macrophage 

MHC class I and  II expression whereas i t  down-regulates class II 

expression on B cells (Seder and Paul, 1994). Phagocytic activity and 

killing of in tracellu lar parasites by nitrogen in term ediates and superoxide 

from m acrophages and NK cells are induced by IFN-y (Flesch and
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Kaufm ann, 1991; Liew et al. 1990). IFN-y inhibits Th2 m ediated B cell 

isotype sw itching to IgG l, IgG2b, IgG3 and IgE (Finkelm an et al. 1988), 

bu t levels of IgG2a, which is im portant for opsonisation and complement 

fixing, is actually increased (Snapper et al. 1988). The role th a t IFN-y 

plays in  establishing a ThI response from naive T cells has been shown to 

depend on its  ability to directly inhibit the actions of IL-4. However, the 

cytokine itse lf is unable to prim e and differentiate naive pTh CD4+ cells to 

th is phenotype. The addition of exogenous IFN-y or its endogenous 

inhibition by neutralising  antibodies in prim ing cultures apparently  has 

no effect on the  frequency of IFN-y producers (Seder and Paul, 1994; Seder 

et al. 1992).

1.6.3 In terleukin-4 (IL-4)

Interleukin-4  was first described as a soluble factor from a m urine 

thymom a line, ELA, which m ain tains the proliferation and IgG l 

production of LPS and IgM stim ulated m urine B cells (Howard et al. 

1982; Isakson et al. 1982). Because of these early functions th is cytokine 

was called B cell growth factor (BCGF), B cell stim ulating factor (BSF-1) 

or B cell differential factor (BCDF) (Mire-Sluis, 1998). I t was renam ed IL- 

4 after the cloning of both hum an and m urine cDNA which encoded a 153 

aa (Yokota et al. 1986) and 140 aa (Noma et al. 1986) protein 

respectively. Both show a 40-50% homology and possess biological 

activities th a t are species specific. As a monomer with th ree  potential N- 

glycosylation sites, m urine IL-4 (mIL-4) is a 13.5kDa protein compared to 

the 15kDa two site N-glycosylayted hum an IL-4 (hIL-4). The genes coding 

for these proteins contain 4 exons and 3 in trons spanning 6 and  lOkb and 

are localised on chromosome 5 and 11 for hIL-4 and mIL-4 respectively 

(Mire-Sluis, 1998; Arai et al. 1989; O tsuka et al. 1987).
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The receptor for IL-4 (Figure 1.2) comprises of a 140kDa a  chain w ith a 

22-24 transm em brane domain (depending on the  species) w ith a 64kDa 

common y chain (yc) found in  other cytokine receptors such as IL-2R 

(Kondo et al. 1993; Russell et al. 1993). I t is a 810 aa protein containing 

a WSXWS m otif in  the extracelluar domain and is therefore a mem ber of 

the type I cytokine receptor family (Idzerda et al. 1990; D 'Andrea et al. 

1990).

Though IL-4 can bind to the  a  chain with some degree of affinity, 

dim erisation w ith the yc chain increases the binding 2-3 fold (Russell e t al. 

1993). IL-4R is expressed on an array  of hematopoietic cells and  is 

reflected by the wide range of pleiotropic properties of IL-4 (Banchereau et 

al. 1994a).

IL-4 cannot induce its action on B cells in isolation and needs to synergise 

with other stim uli (Mire-Sluis, 1998). Proliferation of B cells is induced by 

IL-4 in  conjunction with anti-IgM  and anti-CD40 antibodies or non

specific stim ulation by phorbol esters and  calcium ionophores (Gordon et 

al. 1989; Howard et al. 1982). IL-4 is able to induce expression of IgM, 

CD23 and  MHC class II on resting  B cells (Banchereau e t al. 1994b; 

Shields et al. 1989; Gordon et al. 1988; Howard et al. 1982) B cell 

differentiation and Ig switching by IL-4 is effectively achieved in  the 

presence of CD4+ cells and hence a combination of direct cell contact and 

soluble factors appears to be needed. Switching Ig production from IgM to 

IgG l and IgE in both LPS trea ted  m urine B cells (Bergstedt e t al. 1988) 

and activated B cells is a cardinal feature of IL-4 (Callard et al. 1991).

As a product of Th2 CD4+ cell activity, IL-4 suppresses IFN-y induced 

monocyte activation (te Velde et al. 1990), lymphocyte activated killer 

activity (Hsu et al. 1992; Banchereau, 1990) and IL-2 m ediated IFNy 

release by NK cells (Phillips et al. 1998). IL-4 plays a pivotal role in  the 

differentiation of naive pTh CD4+ cells to the Th2 phenotype. E arly  

release of IL-4 from Th2 CD4+ cells, m ast cells, basophils and  even CD4+ 

NK1.1+ cells direct these cells towards an allergic or hum oral im m une
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response characteristic of this subset (O 'Garra, 1998). IL-4 is able to 

suppress naive CD4+ cells stim ulated by anti-CD3 or antigen with APC in 

vitro thus preventing the appearance of IFN-y producing cells. In  addition 

to Th2 phenotypic cells, IL-4 increases proliferation and differentiation of 

eosinophils and  m ast cells when synergiesed with IL-5 and IL-3/IL-5 

respectively (Seder and Paul, 1994).
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Figure 1.2 Schematic illustration of Interleukin-4 receptor.

T he  IL-4 recep tor  is a two chain structure which includes the com m on y chain (yc) characteristic  o f  
m em bers  o f  the type I cytokine receptor (H em atopoie t in) family in addition to the specific IL -4 a  chain.
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1.6.4 Interleukin-10 (IL-10)

Cytokine synthesis inhibition factor (CSIF) was described as a soluble 

factor produced by m urine Th2 clones which inhibited the proliferation of 

ThI clones (Fiorentino et al. 1989). Conversley, B cell lymphomas were 

shown to secrete a protein which enhanced m urine thymocyte 

proliferation (Suda et al. 1990) and the response of m urine m ast cell lines 

to IL-3 and  IL-4 (Mosmann et al. 1990). Following cloning experim ents 

CSIF was renam ed IL-10 (Mosmann et al. 1990).

There is a  high degree of homology between hum an and m urine forms of 

IL-10, approxim ately 70-80% a t both the nucleotide and protein level. 

H um an IL-10 is active on m urine cells whereas mIL-10 is ineffective on 

hum an cells (Moore et al. 1990). The mIL-10 gene found on chromosome 1 

spans 5.1kb with 5 exons and 4 introns (Callard and Gearing, 1994) and 

encodes for a homodimeric protein 177-179 aa in  length with a single bu t 

variable N-glycosylation site. Because of th is difference in sugar residue, 

mIL-10 gives rise to a heterogeneous m ixture consisting of 17, 19 and 

21kDa moieties (Moore et al. 1990; M osmann et al. 1990). The N- 

glycosylation site, m issing in hIL-10, is not required for biological activity. 

Both hIL-10 and mIL-10 are acid labile and are unstable a t pH<5.5 

(Mosmann et al. 1990).

There is a high degree of homology between both IL-10 forms to the  open 

reading fram e BCRF1 of the Epstein B arr virus (EBV) (Moore et al. 1990; 

M osmann et al. 1990). BCRF1, which encodes for a 18kDa protein, 

contains no in trons or sugar residues and it  has been suggested th a t it 

shares a common ancestor w ith both the m am m alian species (Moore et al.

1993). The receptor for IL-10 is a m ember of the type II cytokine receptor 

fam ily which includes the IFN receptors. I t has a molecular weight of 

HOkDa and a long extracellular domain of 220 aa.

A wide range of cells are sources of IL-10 which include not only Th2 

CD4+ cells b u t B cell lymphomas, non-conventional B -l (Ly-1) cells, EBV
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transform ed B cells, monocytes/macrophages and keratinocytes (Moore et 

al. 1993; de-Waal et al. 1991b). IL-10 is recognised as an 

im m unosuppressive cytokine and, as such, inhibits cytokine synthesis in 

ThI CD4+ cells. However, th is action is indirect since it  depends on the 

presence of APC (Fiorentino et al. 1989). IL-10 achieves th is by the 

inhibition of APC proliferation and MHC class II expression on these cells 

bu t th is is selective as dendritic cells and  B lymphocytes are not 

susceptible (Moore et al. 1993; Fiorentino et al. 1991). IL-10 inhibits the 

production of pro-inflamm atory cytokines/monokines IL -la , IL -ip , IL-2, 

IL-6, IL-8 IL-12, GM-CSF, G-CSF and TNF-a by monocytes (Banchereau 

et al. 1994b; Fiorentino et al. 1991; de-Waal et al. 1991a). Like IL-4, 

mIL-10 possesses BCDF like actions since it  increases MHC class II 

expression on resting  B cells and Ig production bu t does not induce 

proliferation on activated or resting B cells (Moore et al. 1993). IL-10 

stim ulates the proliferation and differentiation of m urine m ast cells with 

IL-3 and IL-4 (Moore et al. 1993; Thompson et al. 1991). As a Th2 
cytokine IL-10 promotes Th2 phenotypic responses and differentiation b u t 

differs from IL-4 since its  actions are believed to be exerted after the 

in itiation  of the im m une response (Moore et al. 1993). Furtherm ore, its  

release, unlike IL-4, is not susceptible to the drug FK506 or cydosporine 

inhibition (Wang et al. 1993).

1.6.5 T ransform ing G rowth Factor-p (TGF-P)

Transform ing growth factor-p is a member of a large superfam ily with 

pleiotropic properties (Sporn et al. 1987). This cytokine functions vary 

enormously from the development of endothelial and epithelial cells, 

embryogenesis through to tissue/wound repair and inhibition of cell 

growth (Ruscetti et al. 1998; Roberts et al. 1990). Three TGF-P isoforms 

are called TGF-p 1, TGF-p2 and TGF-p3. There is a 98% homology between 

the isoforms and w ithin all species (Derynck, 1988) with only a single aa
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difference between the m urine and hum an forms (Ruscetti et al. 1998). 

TGF-p 1 is secreted as a la ten t and inactive precursor which m akes it 

unique amongst cytokines. The m echanism leading to release of bioactive 

TGF-p 1 is unknown though there is in vitro evidence th a t proteolysis with 

plasm in, cathepsin D, hea t trea tm en t and low pH all release the  cytokine 

(Lyons et al. 1990). Active TGF-p 1 has a very short h a lf life as i t  is bound 

avidly by extra  cellular m atrix  components and a2- macroglobulin 

(LaM arre et al. 1991; Andres et al. 1989). Encoded by a gene which is 

still to be completely sequenced the TGF-p 1 precursor has 7 exons and 6 

large in trons of unidentified length (Derynck, 1988). Unlike TGF-P2 and 

TGF-P3, TGF-P 1 up-regulates its own expression by the release of c-fos 

and c-jun which in  tu rn  bind to the TGF-p 1 promotor to increase 

transcrip tion (Christ et al. 1994). Evidence of post transcrip tional control 

was found when mRNA expression for the cytokine was detected 2-3 h r 

after activation bu t protein appeared in culture after 2-3 days (Ruscetti et 

al. 1998).

The TGF-p 1 precursor, a 390 aa protein, has three distinctive regions 

(Figure 1.3). The first 23 aa, a t the N-term inus has been im plicated in  

exocytosis. The next sequence is involved in the regulation of the 

conformational folding of the active site during synthesis via the 

disulphide bridges (Gray and Mason, 1990). The bioactive region is 

located in  the carboxyl, 279-390 residues. Active TGF-p 1 is usually  found 

as a homodimer (25kDa), w ith no N-glycosylation sites, bu t i t  can also 

occur as a heterodim er with the other isoforms.

There are th ree  TGF-p receptors, TpRl (55kDa) and TpRII (80kDa) which 

possess a transm em brane serine/theronine kinase and TpRIII (250kDa) 

w ith a protoglycan transm em brane with no signalling motif. Both TpRI 

and TpRII contain a cysteine rich extracellular domain characteristic of 

the TGF-p superfamily. A kinase domain between 292-297 aa  is believed 

to be involved in  signalling (Derynck, 1994; Kingsley, 1994).
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TpRIII binds all the isoforms with a low affinity, unlike the other two

receptors (Lopez et al. 1993). I t  has been proposed th a t i t  helps

concentrate TGF-p 1 levels on the cell surface for activation and 

presentation  to the other receptors (Callard and Gearing, 1994).

V irtually all m ature cells contain a t least one TGF-p isoform, but, 

p latele ts in  particu lar are considered to contain very high stores of both 

TGF-p 1 and 2 (Ruscetti et al. 1998). TGF-p 1 is a  potent

im m unom odulator and its  actions depend on the  activation sta te  of each 

cell type (Wahl et al. 1993). I t regulates both the stim ulation,

differentiation and Ig production of B cells. During LPS induced 

proliferation, m urine B cells release high levels of TGF-p 1 (Snapper et al.

1993). TGF-p 1 switches IgM to IgA and IgG2a in m urine B cells 

(Stavnezer, 1996; Kim and Kagnoff, 1990; Coffman et al. 1989; Sonoda et 

al. 1989). Nevertheless, Ig production of the rem aining isotypes by 

activated B cells is inhibited by TGF-p 1. Both mRNA and protein TGF-P 1 

is expressed by monocytes/macrophages and  can be activated by 

m em brane bound plasm in (Ruscetti et al. 1998). TGF-P 1 exhibits both 

inhibitory and stim ulatory actions on these cells. I t induces expression of 

LFA-1 on monocytes for binding to ICAM-1 on endothelial cells and  both 

VLA-3 and  VLA-5 for binding to cell m atrices (Wahl et al. 1993). The 

suppressive effects on activated macrophages include reduced IFN-y and 

increased IL-2R antagonist production (Turner et al. 1991). Furtherm ore, 

superoxide and  nitric oxide production by macrophages in  response to LPS 

and  IFN-y is also suppressed (Bogdan and N athan, 1993). Inducible nitric 

oxide synthase (iNOS), the enzyme responsible for nitric oxide release has 

been shown to be a target of th is suppression (Vodovotz and Bogdan,

1994). M urine TGF-p 1-/- models have raised in teresting  questions about 

th is  cytokine’s role as a regulator of haemopoietic differentiation (Letterio 

and  Roberts, 1998; Ruscetti et al. 1998; W ahl et al. 1993). Though these 

mice appear to be norm al when neonates, 3-5 weeks after b irth  extensive 

myeloproliferation in  bone marrow, spleen and liver is noted and resu lts
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in  death  (Christ et al. 1994). In addition, there  is also enhanced MHC 

class I and  II expression and increased circulating IgG autoantibodies. 

Because of these characteristics these mice are often used as an anim al 

model of systemic lupus erythem atosus (SLE) (Dang et al. 1995; Geiser et 

al. 1993). Mice which were both TGF-P-/- and MHC-/-did not suffer from 

infiltration of lymphoid cells into bone m arrow and the spleen which 

suggests th a t MHC molecules m ay contribute to the pathology of these 

mice (Letterio et al. 1996).
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Figure 1.3 Genetic and protein representation of TGF-p.

a) Exon structure o f  human T G F-P  with bioactive regions shown in black, b) Representation  o f  the 
d ifferent am ino  acid regions o f  p recursor molecule  and c) bioactive protein expressed as hom odim er.
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1.6.6 Interleukin-12, (IL-12)

NK cell cytotoxicity and IFN-y production was induced by a soluble 

protein from an EBV transform ed hum an B cell line (Gately et al. 1998; 

Chizzonite et al. 1998; Trinchieri, 1996; Kobayashi et al. 1989) which 

was called n a tu ra l k iller cell stim ulating factor (NKSF). Another factor 

was called cytotoxicity lymphocyte m aturation factor (CLMF) since it  was 

able to synergise w ith IL-2 to augm ent cytotoxicity lymphocyte responses 

(Stern et al. 1990). Following purification and cloning these factors were 

shown to be the sam e protein which was subsequently called IL-12 (Wolf 

et al. 1991; Gubler et al. 1991). IL-12 is unique amongst cytokines since 

it is a heterodim er of 70kDa. It comprises of two covalently linked 

glycosalyted polypeptides chains approx. 40kDa (p40) and 35kDa (p35) 

(Gubler et al. 1991). The m urine p40 subunits is a 313 aa  peptide w ith 5 

potential N-glycosylation sites (38.5 kDa) w hereas the  p35 is a much 

sm aller 193 aa peptide with only one sugar residue (24.3 kDa). There is a 

70% and  60% homology between mIL-12 and hIL-12 for each of the 

subunits. Transfection of both cDNA subunits in  CHO cells is needed for 

biologically active IL-12 to be secreted (Gubler et al. 1991) w ith p35 being 

the  essential subunit for activity. The p35 subunit does not occur as a 

monomer bu t p40 is p resent in  cell supernatan ts as both a monomer or 

homodimer (p40)2. Furtherm ore, (p40)2 has been shown to be a potent 

inhibitor of IL-12 activity (Gillessen et al. 1995).

Using northern  blot analysis, genes encoding for m urine p40 and p35 span 

2.6kb and 1.5kb respectively bu t their genomic structure has not yet been 

elucidated (Chizzonite et al. 1998). The hum an forms of both p40 and p35 

subunits have been sequenced and reside on chromosome 5 (5q31-33) and 

3 (3pl2-3pl3.2) respectively (Sieburth et al. 1992). The gene for hum an 

p40 spans 13kb and has 8 exons and 7 introns whereas the  corresponding 

gene for p35 is only 7.4kb with 7 exons and 6 in trons (Schoenhaut e t al.

1992). Unlike the cross-reactivity seen with IL-10, hIL-12 is not active on
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m urine cells bu t hum an cells respond to mIL-12. Heterodimers from both 

species are active on both hum an and m urine lymphocytes provided the 

p35 subunit is m urine (Schoenhaut et al. 1992). Comparisons of the  aa 

sequence of the p35 subunit w ith those of IL-6 and G-CSF reveals m any 

conserved positions. Furtherm ore the aa sequences of the extracellular 

portion of IL-6R, granulocyte -colony stim ulating factor receptor (G-CSFR) 

and ciliary neutrophic factor receptor a  chain (CNTFRa) shows homology 

w ith p40 and are all described as a members of the hemopoietin receptor 

family (Gearing and Cosman, 1991). O ther receptors of th is family can 

exist both as transm em brane and soluble forms and so p40 could be a 

related  receptor sim ilar to IL-6R and CNTFR (Chizzonite et al. 1998; 

Trinchieri, 1996). The IL-12 receptor is believed to be composed of two 

subunits bu t only one has been characterised following binding studies 

w ith 125I labelled IL-12 (Chizzonite et al. 1998). This IL-12 binding 

protein is 662 aa long with a molecular weight of HOkDa and is a mem ber 

of the  type I cytokine receptor family (Gately et al. 1998; Chizzonite et al. 

1998; Trinchieri, 1996). The extracellular domain of 516 aa  h as 6 N- 

glycosylation sites w hilst the transm em brane and cytoplasmic domains 

have 31 aa and 91 aa respectively. There is a WSXWS m otif which 

resem bles the gpl30 of G-CSFR (Chua et al. 1994).

The mean cellular sources of mIL-12 are monocytes/macrophages 

(D A ndrea et al. 1992) as shown by Listeria monocytogenes stim ulated  

spleen cells from SCID mice (Tripp et al. 1993) and peritoneal 

macrophages (Hsieh et al. 1993) though there is lim ited release of IL-12 

from dendritic cells. EBV transform ed B cell lines produce very low levels 

of IL-12 following mitogenic stim ulation, with RPMI-8866 and NC37 being 

the  greatest producers (Chizzonite et al. 1998; Trinchieri, 1996).

IL-12 in the presence of haemopoietic cytokines IL-3, stem  cell factor 

(SCF) and IL-2 enhances the differentiation of early myeloid and 

lymphoid haemopoietic progenitors, such as pre-B cells (Jacobsen e t al. 

1993). At the same time in the presence of NK cells IL-12 releases TN F-a
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and IFN-y which inhib it haemopoiesis (Trinchieri 1994). This cytokine 

restricts the  development of all lymphocyte subsets, with the exception of 

CD8+CD4-TcR+ thymocytes thereby showing an influence on T cell 

m aturation (Chizzonite et al. 1998; Godfrey et al. 1994). IL-12 exerts its 

main properties via the release of IFN-y from ThI and NK cells and  is a 

greater inducer of th is cytokine th an  IL-2 (Chizzonite et al. 1998; 

Trinchieri, 1996). This induction of IFN-y secretion is enhanced in the 

presence of TN F-a or IL-2 (Tripp et al. 1993; Hsieh et al. 1993). IL-12 

plays a v ital role in  establishing ThI and inhibiting Th2 subsets, an 

indirect effect via IFN-y release particularly  in  the latter. An im portant 

and potent trigger of IL-12 release from macrophages is bacterial infection 

by Listeria monocytogenes (Gately et al. 1998; Chizzonite et al. 1998; 

Trinchieri, 1996; Schm itt et al. 1994a; Seder e t al. 1993; Hsieh et al.

1993), . The ability of IL-12 to inhib it Th2 phenotypic cells is dependent on 

the absence of IL-4 (Seder e t al. 1993; Hsieh et al. 1993) and TGF-p 

(Schmitt et al. 1994b) (Figure 1.4). IL-4 m ediated IgE production by 

hum an B cells is inhibited by IL-12, b u t only in the presence of CD4+ 

cells. A potent stim ulator of IgE and IgG l in mice in vivo is goat an ti

mouse IgD antibody (GAMD), which is also suppressed by IL-12 bu t only 

when injected sim ultaneously (Morris et al. 1994). The tim ing of its 

adm inistration and  the presence of IL-4 has been shown to be crucial to 

the ability of IL-12 to induce ThI cells. I t  appears th a t IL-12 can only 

exerts its  influences on CD4+ cells before Th2 phenotypic cells are 

established and can not a lter an ongoing Th2 response. This was 

dem onstrated by IL-12 ability to inhibit IgE responses in  helm inth 

infected mice following the first, bu t not after secondary, infection 

(Finkelm an et al. 1994).
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1.7 Specific Aims of the Project

M any studies into OT have concentrated on single antigen proteins and 

the  suppression of systemic im m une responses. The m ain objective of th is 

thesis was to compare the systemic and mucosal imm une responses to two 

different types of soluble protein antigens. The well documented 

experim ental oral tolerogen OVA was compared with an antigen m ixture, 

nam ely whey protein concentrate from cow’s milk (WP). This antigen 

m ixture represents a clinically relevant antigen with respect to both food 

allergies and  enteropathies. The aims of the project were as follows

• To compare systemic responses to each antigen after prior feeding a t an 

equivalent dose to ascertain w hether sim ilar levels of suppression were 

induced. The m easurem ent of specific DTH, IgG and IgE levels 

perm itted  the suppression of responses a ttribu ted  to ThI and  Th2 to be 

assessed sim ultaneously in vivo.

• To confirm th is suppression, if  any, of systemic im m unity by m onitoring 

m ononuclear cell function, antigen specific proliferation and  cytokine 

secretion, in vitro.

• To determ ine w hether suppression was also induced locally a t the  level 

of the  mucosa by cytokine analysis of mononuclear cell cultures isolated 

from m esenteric lymph nodes (MLN) the draining sites of the  gut 

associated lymphoid tissue (GALT).

• To ascertain, by kinetic studies, w hether the secretion of a certain  

cytokine(s) is characteristic of oral suppression, either during induction 

or m aintenance of OT.
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CHAPTER 2 

Reagents, Materials And Methods

“Though th is be m adness, yet there is m ethod in ’t.” 

Hamlet (1601) Act 2, Scene 1.

William Shakespeare (1564-1616) 

English playwright.
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2.1 R eagents and M aterials.

Table 2.1 General reagents.

Substance Company Catalogue No.

Agarose, Type II Sigma A6877

Adjuvant, complete Freunds (H37Ra) Difco 3113-60-5

Aluminium potassium sulphate Sigma A7167

Ampicillin Sigma A9518

Bacto-agar Difco 0140-01

Bovine serum albumin (FCS) GibcoBRL 1016-078

5-Bromo-4-chloro-3-indolyl-phophate, Boehringer 1383-211

4-toluidine salt (BCIP) Mannheim

Bromophenol blue Sigma B2643

Chloroform isoamyl Camlab BB/16842735

Competent cells DH5a™ GibcoBRL 18265-017

Concanavalin A (Con A) Sigma C 5275

Coomassie brilliant blue R Sigma B0630

2,-Deoxynucleoside 5’-triphosphate 

(dNTPs) set

Promega U1330

DNA ladder, 123bp/lkb Pharmacia 15613/15615

Ethenediaminetetraacetic acid, 

di sodium salt (EDTA)

Sigma E8143

Ethidium bromide tablets Sigma E2515
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Substance Company Catalogue No.

Digoxigenin Boehringer 1277-037

RNA labelling mix Mannheim

Diethylpryocarbonate (DEPC) Sigma D5758

Dimethyl sulphoxide (DMSO) BDH 103232

Ethanol Hayman 200-578-024

Form amide Sigma

Goat serum Sigma G9023

L-Glutamine Gibco

Glutaraldehyde Sigma G5882

Glycine Sigma G4392

Heparin Sigma H3393

Hydrogen peroxide, H2O2 Sigma H1009

Glycerol Sigma G5516

Isopropanol Sigma L9516

Lennox L Broth GibcoBRL 12780-052

Levamisole Sigma L9756

Lithium chloride Sigma L7026

2-Mercaptoethanol (2-ME) Sigma M3148

Methanol BDH 29192

Meltilex™ Wallac 1450-441

p-Nitrophenyl phosphate (pNPP) Sigma 104-105

4-Nitroblue tetrazolium chloride (NBT) Boehringer

Mannheim

1383-213

Paraformaldehyde Sigma P6148

51



Chapter 2

Reagents, Materials And Methods

Substance Company Catalogue No.

Penicillin/strep tomycin GibcoBRL 043-05140H

Phenol Sigma P 4557

Proteinase K Boehringer

Mannheim

1000-144

o-Phenylenediammine (OPD) Sigma P7288

Ponceau S Sigma p7767

3H-Thymidine deoxyribonucleotide (3HTdR) Amersham TRA.120

TRIzol™ reagent GibcoBRL 15596-026

Phosphate buffered saline tablets (PBS) Oxoid BR 14a

Polyoxyethylene(20)sorbitan monolaurate 

(Tween 20)

Sigma P7949

Phytohem agglutinin (PHA) Sigma L 9132

Random hexamers Promega C1181

RNasin Promega N2511

SigmaMarker™ (Wide molecular weight) Sigma M-4038

Sodium dodecyl sulphate 

[Lauryl sulphate] (SDS)

BDH L4390

Sodium azide BDH 10369

Streptavidin HRPO conjugate Amersham RPN 1231

Streptavidin alkaline phosphatase conjugate Amersham RPN 1234

TGF-p lEmax™ ELISA kit Promega G1230

Thimerosal BDH 30416

Tris (hydroxymethyl) aminomethane Sigma 66368
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Substance Company Catalogue No.

Trypan blue ICN Flow 16-910-49

tRNA yeast Boehringer

Mannheim

109495

Xylene cyanol FF, Sigma X4126

2.1.2 B uffers and Solutions.

Note: All Buffers and  solutions calculations are for 1 litre  volume unless 

otherwise stated.

Distilled w ater, MILLIQ (18mQ/cm3) (dH20) was used to prepare all 

solutions. For sterilisation, the solutions were autoclaved a t 121°C for 20 

m inutes unless otherwise stated.

Phosphate buffered saline (PBS): Prepared using PBS (Dulbecco 'A') 

tablets supplied by Oxoid. 1 tab let was dissolved into 100ml and the 

solution autoclaved to sterilise.

4% Paraform aldehyde (PFA): PFA (40g/l) in  PBS a few drops of IN  NaOH 

to dissolve

ELISA coating buffer: 35mM NaHC03 (2.93g/l), 15mM Na2C03 (1.59g/l). 

pH adjusted to 9.6
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ELISA wash buffer: PBS supplem ented w ith 0.05% v/v Tween-20 

(500 pl/1 PBS)

TBST w ash buffer (TGF-p ELISA): 20mM Tris-HCl, pH 7.6; 150mM NaCl 

(8.232g/l); 0.05% v/v Tween-20

Blocking buffer/Diluent: ELISA wash buffer supplem ented w ith 1% v/v 

Goat serum  (10m l/l); 10% v/v FCS (100pl/m l)

C itrate/Phosphate buffer (ELISA substrate): 0.1 M Citric acid (21.0g/l), 0.2 

M N a2H P04 (28.4g/l)

OPD ELISA substra te  buffer: 20ml C itrate/Phosphate buffer; lOmg O- 

Phenylenediam ine (OPD); 10pi 30% (v/v) H 2O2 (final concentration of 

0.05% (v/v)

pN PP ELISA: p-Nitrophenyl phosphate (p-NPP) lmg/ml; O.lmM MgCh 

(9.52mg/l) in  Coating buffer.

SDS-PAGE Running buffer: Glycine 190mM (14.4g/l); Tris 25mM 

(3.03g/l); 0.01% w/v SDS

T ransfer buffer for Immunoblot: Tris 48mM (58.2g/l); Glycine 39mM 

(29.3g/l); 37.5ml 10% SDS perlOOml before use

2x Sam ple Buffer: Tris 120mM (14.54g/l); 20% v/v Glycerol; 4% w/v SDS
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Erythrocyte lysis buffer: 150mM NH4C1 (8.30g/l); 20mM NaHC03 

(1.68g/l); ImM EDTA (0.292g/l) pH 7.2

2.1.2.i Nucleic acid Methodology

*DEPC trea ted  solutions: DEPC was added to a concentration of 0.1% 

(v/v), incubated overnight a t room tem perature and  then  autoclaved. 

DEPC trea tm en t applied to all solutions except Tris-HCl.

10 x DNA loading buffer: Glycerol, l.Og; Bromophenol blue, (10 ng/ml); 

Xylene cyanol (10 ng/ml) in  a total volume of 10ml of sterile (IH2O.

10 x RNA loading buffer: Glycerol, l.Og; Bromophenol blue, (10 ng/ml); 

Xylene cyanol (10 ng/ml) in  a total volume of 10ml of sterile (IH2O trea ted  

w ith DEPC and autoclaved

EDTA stock: 0.5M EDTA (186. lg/1); pH 8.0 adjusted 1M NaOH 

LB Broth: Lennox L B broth (20g/l)

LB-agar: 15g of Bacto agar (DIFCO) per litre  of LB-Broth

2.1.2ii DNA Plasmid Lysis Solutions (Midi Preps)

Solution I: 25 mM Tris-HCl, pH 8.0 (50ml/l); 50 mM Glucose (9g/l); lOmM 

EDTA. (25ml/l). Prior to use 5 mg/ml of Lysozyme was added.
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Solution II: 0.2N NaCl (4g/l); 1% SDS.

Solution III: 3M Potassium  acetate (600ml/l); Glacial acetic acid (115ml/l).

SSC 20 X stock: 3M NaCl (175.2g/l); 0.3M Sodium citrate (88.2g/l).

50 x TAE: 2 M Tris-HCl (242g/l); Glacial acetic acid (57.1ml/l); 10 mM 

EDTA (10% v/v)

Tris-EDTA (TE): lOmM Tris-HCl, pH8.0; ImM EDTA sterilised by 

autoclaving.

2.1.2iii In situ Hybridisation

*Prehybridisation mix: 50% Formamide; 50jig/ml Yeast RNA; 1% SDS; 

50mg/ml Heparin; 5 x SSC

for hybridisation mix add relevant probe (1 pl/ml)

Solution 1: 50% Formamide; 1% SDS; 5 x SSC 

Solution 3: 50% Formamide; 2 x SSC

TBST (xlO): 1.4M NaCl (8g/100ml); 27mM KC1 (0.2g/100ml); 1M Tris-HCl, 

pH7.5 (25ml/l)
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TBST W orking solution: TBST; 2M Levamisole (0.48g/l); 1% v/v Tween-20

NTMT solution: 5M NaCl (24ml/l); 2M Tris-HCl, pH 9.5 (50ml/l); 2M 

MgCL (25ml/l); 1% v/v Tween 20; 2M Levamisole (0.48g/l)

2.1.3 T issue cu lture m edia.

All in vitro procedures were conducted with RPMI 1640 w ith Glutamax™  

(GibcoBRL 61870-028) which was supplem ented w ith 10% FCS, 50pM 2- 

ME and  lOOU/ml penicillin/streptomycin.

In order to m aintain  the cells a t pH 7.2 during culture preparation, a 

holding medium consisting of RPMI 1640 w ith Hepes (GibcoBRL 

07401800P) supplem ented w ith 25mM L-glutamine, 10% FCS, lOOU/ml 

penicillin/streptomycin, b u t w ithout NaHC03, was utilised.

2.1.4 A ntibodies.

All antibodies were aliquoted in  the appropriate blocking diluent, a t a 

concentration no less th an  lmg/m l and stored a t -20°C.

Table 2.2 Details of specificity, isotype and application of antibodies.

Specificity Clone

Isotope

Company Catalogue

N°-

Application

Goat anti-mouse IgG 

Alkaline phosphatase

(Fc specific)

IgG

polyclonal

Sigma A1418 ELISA

Rat anti-mouse IgE 

Purified
LO-ME-3

IgGl

Serotec MCA419 ELISA
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Rat anti-mouse IgE 

Biotinylated (heavy 

chain)

LO-ME-2

IgGl

Serotec MCA420B ELISA

Rat anti-mouse IFNy 

Purified

RA-6A2

IgGl

Pharmingen 18181D ELISA

Rat anti-mouse IFNy 

Biotinylated

XMG1.2

IgGl

Pharmingen 18112D ELISA

Rat anti-mouse IL-4 

Purified

11B11

IgGl

Pharmingen 18191D ELISA

Rat anti-mouse IL-4 

Biotinylated

BVD6-24G2

IgGl

Pharmingen 18042D ELISA

Rat anti-mouse IL-10 
Purified

JES5-2A5

IgGl

Pharmingen 18141D ELISA

Rat anti-mouse IL-10 

Biotinylated

SXC-1

IgGl

Pharmingen 18152D ELISA

Rat anti-mouse IL-12 

Purified

C17.15

IgGl

Genzyme 80-4475-01 ELISA

Hamster anti-mouse 

IL-12 (p35)

RedT

IgG2a

Genzyme 80-4231-01 ELISA

Rabbit anti-mouse IgG 
(H+L)

IgG

Polyclonal

Zymed 61-6520 Immunoblot 

(western blot)

Anti-dioxigenin Fab 

(Sheep)

IgG

Polyclonal

Boehringer

Mannheim

109495 In-situ

hybridisation

58



Chapter 2

Reagents, Materials And Methods

2.1.5 R ecom binants/C ontrols for ELISA.

All controls and  recom binant cytokines were used to obtain s tandard  

curves for the relevant ELISA procedure. Each was stored a t -70°C w ith 

3% BSA/PBS or 10% FCS acting as appropriate carrier protein. The 

concentration of recom binant cytokine was not less than  lpg/ml.

Table 2.3 Details of specific activities of recombinant cytokine and control 

antibodies.

Name/Description Company Catalogue N° Specific

Activity
(U/mg)

Purified mouse IgE 

(k monoclonal isotype)

Pharmingen 03121D

Recombinant mouse IFNy Pharmingen 19301T 1 x 107

Recombinant mouse IL-4 Pharmingen 19231W 1 x 107

Recombinant mouse IL-10 Pharmingen 19281V 2x  107

Recombinant mouse IL-12 (p70) Genzyme 80-4011-01 5x 105

2.1.6 Enzym es.

All enzymes were aliquoted in  ddH 20 and stored a t -70°C and  used 

according to the m anufacturer’s instructions with the  appropriate buffers.

59



Chapter 2

Reagents, Materials And Methods

Table 2.4 Details of modifying and restriction enzymes.

Name/Description Company Catalogue
N°.

Bam HI, Restriction endonuclease Promega R 4024

Cla I, Restriction endonuclease Promega R 6555

DNase I, (RNase free) Boehringer Mannheim 776-785

Dpn I, Restriction endonuclease Promega R6231

EcoRI, Restriction endonuclease Promega R 6017

HinD III, Restriction endonuclease Promega R 4044

Proteinase K Boehringer Mannheim 1-000-144

Pst I, Restriction endonuclease Promega R 4114

RNA polymerase (T3) Boehringer Mannheim 1031-163

RNA polymerase (T7) Boehringer Mannheim 881-767

RNA polymerase (SPG) Boehringer Mannheim 810-274

RNase A, (DNase free) Sigma R 4642

Superscript™ RNase H- GibcoBRL 18053-017

Taq DNA polymerase Bioline M55801 B

xba I, Restriction endonuclease Promega R 6185
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2.2 E xperim enta l protocol for system ic  

im m unity

2.2.1 Anim als.

Female BALB/c mice (H-2d/d) (6-8 weeks old) were purchased from H arlan  

Olac and m aintained  on an egg and m ilk free diet with w ater ad libitum. 

They were m aintained  on a 12 hour light-dark cycle w ithin s tandard  

anim al cages.

2.2.2 A ntigens.

Ovalbumin (OVA, Fraction V N°5503) was purchased from Sigma 

Chemical Co. Lacprodan 80 (WP; D anm ark Protein AS, MD foods), a whey 

protein concentrate was obtained from Nestec Ltd., Lausanne, 

Switzerland. For oral adm inistration, both antigens were dissolved in  PBS 

a t a concentration of lOOmg/ml and 286mg/ml respectively to ensure for 

an equivalent protein dose.

WP was trea ted  to produce two separate  antigen m ixtures. F irst a pa rtia l 

whey hydrolysate (pHA) which was obtained after extensive hydrolysis of 

WP and then  a 3 kilo Dalton re ten ta te  (3kDa) produced as a resu lt of

trypsin enzymatic action, centrifugation and ultrafiltration. Both were

dissolved a t 400 and lOOmg/ml respectively to ensure lmg/g/body weight 

dose during feeding.

2.2.3 F eed in g  and system ic im m unisation .

Animals were fed by gavage using a 20-gauge, 30mm olive tipped cannula 

(Fine Science Tools Inc., N orth Vancouver, B.C., Canada). Each mouse
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received a single feed of antigen a t lmg/g body weight dissolved in 0.25ml 

PBS, w ith PBS alone for control mice.

After 7 days the anim als were par enter ally im m unised in  the left h ind  

footpad w ith lOOpg of WP or OVA emulsified in 50pl of complete F reund’s 

ad juvant (CFA) (Bacto H37Ra, Difco Ltd., W est Moseley, Surrey). This 

stage of the  protocol was designated as Day 0 and subsequent tim es were 

described in  relation to th is time-point.

2.2.4 Preparation  o f alum  precip itate.

In  appropriate experiments, anim als were im m unised w ith antigens 

adsorbed to lm g alum  precipitate.

Antigens were dissolved in  sterile PBS (lOpg/ml). 4.5 ml of 1M NaHC03 

were added to every 10ml of antigen solution and the m ixtures vortexed 

thoroughly. Ten m illilitres of 0.2M alum inium  potassium  sulphate in  

ddELO were slowly added to the solution with gentle stirring  and left for 

15-20 m in a t room tem perature. The resulting solution was then  

centrifuged a t 3000g for 10 min. After discarding the  supernatan t, the  

rem aining precipitate was washed three tim es in  sterile PBS and stored in 

0.01% w/v thiom ersal/PBS a t 4°C.

2.2.5 D elayed Type H yp ersen sitiv ity  (DTH).

Three weeks after im m unisation, the right h ind  footpad was challenged 

w ith lOOpg of heat-aggregated OVA or native WP in  50pl of sterile PBS. 

Footpad thickness was m easured using a dial gauge microcaliper 

(Mituoyo, no. 7301, MFG Co., Tokyo, Japan) both before and  24 hours 

after antigen challenge. The difference between these m easurem ents was 

considered an index of footpad swelling and severity of DTH.
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2.2.6 S p ecific  IgG ELISA.

Serum  collection by term inal cardiac puncture was perform ed on mice, 

under non-recovery anaesthesia, for antibody determ ination by ELISA.

Flat-bottom ed 96 well I in b ro  ELISA plates (Flow ICN Biochemicals Ltd) 

were coated with OVA and WP (lOOpg/ml; lOOpl/well) dissolved in 

carbonate coating buffer pH 9.6) and  incubated a t 4°C overnight. P lates 

were w ashed th ree  tim es w ith PBST, blotted dry which was repeated after 

each antibody and sam ple incubation.

Free sites were blocked using diluent, 1% NGS in PBST, (200|jl/well) for 

lh r  a t 37°C. After washing, aliquots of test sera and standard  affinity 

purified mouse anti-OVA were diluted in 0.01% NMS, 1% NGS in  PBST 

and added to the p lates to be incubated for 90 min a t 37°C. No equivalent 

anti-W P standard  was available. The absorbance of 1/1000 serum  dilution 

was used for anti-W P IgG determ ination1. After the sam ples were 

discarded and washed, alkaline phosphatase-conjugated goat anti-mouse 

IgG antibody a t a dilution of 1/3000 in diluent was added to the plates a t 

a volume of 100pl/well. They were incubated for 90 m in a t 37°C followed 

by 100pl/well of substra te  solution containing lmg/m l p-nitrophenyl 

phosphate (pNPP) in  coating buffer w ith O.lmM m agnesium  chloride. The 

plates were incubated a t 37°C and the  colour reaction stopped by the 

addition of 25pl of 3N sodium hydroxide. Absorbance values were 

m easured a t 405 nm  with an MRX Microplate ELISA reader using 

Revelation™ software (Dynatech Laboratories, B illingshusrt, W est 

S ussex ). A typical standard  curve is shown in Figure 2.1.

1 This was shown to be the lowest serum dilution, as calculated by an optimised 
ELISA, lying on a linear scale when correlating between dilution and absorbance.
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2.2.7 Total IgE ELISA.

F la t bottom ed Immulon II ELISA plates (Dynatech, Virginia, USA) were 

coated w ith lOOpl of 1.0ng/ml purified ra t  anti-mouse IgE in  coating buffer 

overnight a t 4°C. After blocking, tes t serum  sam ples and purified mouse 

IgE iso type as a s tandard  were incubated overnight a t 4°C. Biotinylated 

ra t  anti-m ouse IgE antibody was then added for 2 h rs a t 37°C followed by 

the  addition of 1/1000 dilution of streptavidin-HPRO for 1 hr. The colour 

was developed w ith OPD substrate  (lOOpl/well of a solution containing 

lmg/ml) in  0.1M citrate/ 0.2M phosphate buffer/ 0.05% H 2O2 and  the 

reaction was stopped by 25pl 4N H 2SO4 before reading the absorbance a t 

490nm. A typical standard  curve is shown in  Figure 2.1

Identical blocking and washing procedures were adapted from the specific 

IgG ELISA.
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Figure 2.1 Standard titration curves for Specific IgG and Total IgE ELISA.

Standard affinity purified Mouse anti-OVA IgG as described by Furrie (1993) and purified mouse IgE 
(Pharmingen) were titrated with increasing concentrations for interpolation of test serum samples.
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2.2.8 SD S-Polyacrylam ide gel e lectrop h oresis

(SDS-PAGE)

Polyacrylamide gels (12.5-15%) were made using the  following stock 

solutions: Protogel (30% acrylamide); 1M Tris-HCl; pH 8.8; 1M Tris-HCl 

pH6.8; 10%w/v SDS; 1.5% ammonium persulphate (APS); TEMED 

(NjNjN’jN V tetram ethylethylene diamine).

1.5mm thick SDS-PAGE separating gels containingl2.5 orl5%  acrylamide 

in  0.15% SDS in  Tris-HCl buffer pH 8.8 were cast in a Biorad “Protean IF  

apparatus after polymerisation w ith 0.1% TEMED and 2.5% APS. 

Stacking gels containing 5% acrylamide in 0.15% SDS in  Tris-HCl buffer 

pH 6.8 w ith 0.1% TEMED and 2.5% APS were cast on top of the 

separating  gel and  allowed to polymerise.

Protein sam ples (20pl) were diluted with an equal volume of sample 

buffer (4% w/v SDS, 20%w/v sucrose, in  lOmM Tris-HCl; pH6.8, 0.01% 

bromophenol blue and 4%v/v 2-mercaptoethanol) and boiled for 2 min. 

Wide molecular weight m arkers, Sigma™ (Sigma), included on the gel 

contained myosin (205kDa), p-Galactosidase (116kDa), Phosphorylase b 

(97kDa), Fructose-6-phosphate kinase (84kDa), BSA (66kDa), Glutamic 

Dehydrogenase, Bovine liver (55kDa), OVA (45kDa), Glyceraldehyde-3- 

phosphate Dehydrogenase (36kDa), Carbonic Anhydrase from Bovine 

erythrocytes (29kDa), Trypsinogen from Bovine pancreas (24kDa), a- 

Lactalbum in, Bovine m ilk (14.2kDa) and Aprotinin from Bovine lung 

(6.5kDa).

The gels were ru n  on a Biorad “Protean II” apparatus w ith Tris-glycine 

buffer (192mM glycine, 250mM Tris pH 8.3, 0.1% SDS) a t 80 v for 3hr.
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2.2.9 C oom assie S ta in in g

Gels were stained  for 60 m in w ith Coomassie B rilliant blue R (Sigma) in  

50% m ethanol, 5% acetic acid and then  destained (10% m ethanol, 5% 

acetic acid) overnight a t 4°C.

2.2.10 Im m unoblotting

After soaking in  Tris-glycine transfer buffer (39mM glycine, 48mM Tris; 

10% m ethanol + 37.5ml 10% SDS perlOOml before use) 3x W hatm an 3MM 

filter paper, “Hybond C E xtra” nitro-cellulose m em brane (Amersham), the  

gel and  3x W hatm an 3MM filter paper were placed on the pre wet anode 

in  th a t order to create a “sandwich”. After ensuring th a t the  “sandwich” 

was flat, the  cathode lid  of the semi-dry transblo tter (Trans-Blot, Biorad) 

was sealed. The transfer was conducted for 45 min under restricted  

curren t (0.8 mA; 12-15v).

After transfer, protein transfer onto the m em brane was in itially  checked 

w ith Ponceau S solution (Sigma). Then non-specific binding sites were 

blocked w ith 5% sheep serum  for 60 m in a t RT. The m em brane was 

incubated with pooled sera a t 4°C overnight. After w ashing w ith PBST, 

detection with rabbit anti-mouse IgG (H+L) antibody was conducted for 2 

h r  a t RT.

2.2.11 E nhanced  C hem i-lum inescence (ECL)

d etection

The bands on the immunoblots were developed by ECL detection following 

the m anufacturer’s instructions. Equal volumes of ECL reagents were 

mixed and  used to incubate the m em brane for 60 sec. The m em brane was 

enclosed in  Saran-w rap before being exposed to X-ray film for 30-90 sec.
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2.2.12 Preparation  o f lym phocyte suspension .

After cervical dislocation, mice were swabbed with 70% ethanol on the 

abdomen and  limbs to reduce contam ination by bacteria or hair. W ith a 

left side laparotom y the spleen was removed. For the popliteal Lymph 

node (PLN) an incision in  the back of the knee/leg of mouse was made 

w ith a  scalpel to cut and  dissect away muscle, carefully teasing away fat 

and  connective tissue. Using forceps the popliteal node, which was 

identified by its  creamy white colour, was excised by pulhng it  away from 

its  capsule. Peyer’s patches, recognised as raised white blotches on the 

serosal side of the sm all in testine away from the m esentery, were excised 

from the ir capsules.

All tissue sam ples were pressed through a sterile 70pm cell stra iner 

(Falcon, Becton Dickinson, NJ, USA) in holding medium on ice. Red blood 

cells were removed by incubation w ith erythrocyte lysis buffer for 10 m ins 

centrifuged a t 1200 rpm. The resulting cell suspension was washed with 

holding m edium  by two centrifugation steps a t 1200rpm for 5 min a t 4°C. 

The viability of the  cells was analysed by the typan blue exclusion test 

using a N eubauer haemocytometer according to the m anufacturer’s 

instructions. Viability was scored on the basis of the  cell’s ability to 

exclude the blue dye, with cells used routinely being no less th an  95% 

viable. This was conducted in  a solution consisting of 50pl of cell 

suspension and 50pl of 0.4% trypan blue in 0.85% saline solution (Flow 

Laboratories, Inc.). The cells were added to a known volume of culture 

m edium  to give a resu lting  cell concentration 2x 106 cells/ml.
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2.2.13 L ym phoproliferative assay.

2 x 105 lymphocytes were cultured, in 96 well round bottomed tissue 

culture p lates (Costar, Cambridge, MA, USA) in  a 200pl volume, w ith 4 x 

105 irrad ia ted  (2500rads) syngeneic splenocytes from naive BALB/c mice 

acting as antigen presenting cells (APC). In addition lmg/ml specific and 

control antigen were also cultured with lmg/ml of mitogen (PHA/Con A) 

acting as a positive control. Medium only cultures were included to give 

background m easurem ents. The cells were then  incubated a t 37°C for 96 

h rs  w ith lm C i of 3H TdR added to all the wells for the final 16 hrs.

Cells were harvested  with a Skatron cell harvester onto glass fibre m ats 

(Wallac), then  dried. Meltilex™ scintillin sheets were m elted onto filter 

m ats before being counted by in  a Wallac 1450 micro betacounter. Results 

were expressed as cpm ± 1 SD from quadruple cultures.

2.2.14 D evelopm ent o f cytokine ELISA.

M ononuclear cells (1-5 x 106) in  1ml culture medium were cultured in  24 

fla t bottom ed well culture p lates w ith APC splenocytes (2-10 x 106). The 

cells were cultured with an identical arrangem ent to th a t used in the 

proliferation assay. The cultures were then aspirated. Centrifugation of 

culture su p ern a tan t (1200rpm) was followed by cytokine determ ination 

using a two site sandwich ELISA after incubation for 24, 48, 72 and 168 

hrs.

F la t bottom ed Immulon IV ELISA plates (Dynatech, Virginia, USA) were 

coated w ith lOOpl of purified ra t  anti-mouse cytokine antibody in coating 

buffer overnight a t 4°C. After blocking with 200pl 10% FCS in PBST, neat 

su p e rn a tan t sam ples and recom binant mouse cytokine as standards 

(Figure 2.2) were incubated in the p lates overnight a t 4°C. Biotinylated 

ra t  anti-m ouse cytokine antibody was added for 3 h rs a t 37°C. This was 

followed by amplification with 1/1000 dilution of streptavidin-alkaline
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phosphatase for 1 h r  a t 37°C. Colour was developed with lOOpl/well of 

substra te  solution containing lmg/ml p-nitrophenyl phosphate (pNPP) in 

carbonate coating buffer with O.lmM m agnesium  chloride. The reaction 

was stopped with 25pl 3N NaOH and absorbance read  a t 405nm.

W ash steps were identical to those used in  the previously decscribed 

ELIS As.

2.2.15 TGF-p ELISA kit.

Antigen specific TGF-p was m easured with a TGF-p 1 Emax ™ ELISA kit 

(Promega) according to the m anufacturer’s instructions. All the results 

were of bioactive, ra th e r th an  total, TGF-p and therefore sam ples were not 

acidified (Miller et al 1992). Appropriate controls accounting for TGF-p 

content in  the serum  containing culture medium were adopted.
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Table 2.5 Details of individual cytokine sandwich ELISA.

C apture 

(lOOpl/well); 

overn igh t a t 

4°C

Rat anti

mouse IFN-y 

Purified 

(2pg/ml)

Rat anti
mouse IL-4 

Purified 

(2pg/ml)

Rat anti

mouse IL-10 

Purified 

(4pg/ml)

Hamster anti

mouse IL-12 

(p35) Purified 

(5pg/ml)

Block

solution

60 m in a t 
37°C

10% FCS in PBST (200pl/well);

S tandard

Sam ples 

(lOOpl/well). 

O vernight a t 

4°C

Recombinant 

mouse IFNy

(200ng-
50pg/ml)

Recombinant 
mouse IL-4 
(20ng- 

25pg/ml)

Recombinant 
mouse IL-10 
(lOng- 

25pg/ml)

Recombinant 
mouse IL-12 

(p70)

(250ng-
500pg/ml)

D etection 

(lOOpl/well) 
180 m in a t 

37°C

Rat anti

mouse IFNy

Biotinylated

(2pg/ml)

Rat anti
mouse IL-4

Biotinylated 

(2 fig/ml)

Rat anti

mouse IL-10

Biotinylated

(2pg/ml)

Rat anti
mouse IL-12

Biotinylated

(2|ig/ml)

Am plification 

60min a t 37°C

1/1000 dilution of Streptavidin-alkaline phosphatase 

(lOOpl/well);

S ubstra te lmg/ml p-nitrophenyl phosphate (pNPP) in NaHCOs/O.lmM 

magnesium chloride

Stop solution 3N NaOH (2 5 pl/well). Absorbance read at 405nm

Wash

procedure
4 times PBS/0.05%Tween-20 (300pl/well) using Denly 

Wellwash 5000 automated plate washer
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Cytokine standard curves
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Figure 2.2 Recombinant cytokine standard curves for ELISA.

Standard curves for ELISA procedures used to determine cytokine concentration  o f  supernatants. The 
lower limits o f  detection for each ELISA w ere as follows IFN y ( # )  <50pg/m l; IL-4 ( | )  <25pg/m l; 
IL-10 (A) < 25pg/m l; IL-12 (▼ ) <10ng/ml; TGF-{3 ( ♦ )  < 50pg/ml.
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2.3 N u cleic  A cid  M ethodology

2.3.1 T otal RNA Isolation.

Total RNA was rapidly extracted from mouse tissue and cell cultures 

using TRIzol™ (Gibco BRL) based on the  Chomcynski and Sacchi (1987) 

guanadium  thiocyanate/phenol method.

50-100pg tissue or 106 viable cells were thoroughly homogenised in  1ml 

TRIzol™ before the addition of 200pl chloroform. Following centrifugation 

for 15 min a t 13000 rpm. a t room temp, 500pl of isopropanol were added 

to the tubes. The m ixtures were vortexed and held a t room temp, for 10 

min, before centrifugation a t 13000rpm. for 15 min. a t 4°C. The resulting  

pellet was w ashed in  70% ethanol and air dried before being resuspended 

in  DEPC trea ted  w ater and  stored a t -70°C.

2.3.2 cDNA syn th esis.

1.5pg of RNA was added to 1 pi of 1:15 random  hexam ers (Promega) and 

m ade up to lOpl w ith DEPC trea ted  water. The m ixture was heated  to

95°C for 5 m inutes then  chilled on ice. The following were added; 4 pi of 5 

x 1st s trand  buffer, 2 pi of 0.1M dithiothreitol (DTT) (Promega), 2 pi of 2.5 

mM dNTPs (Promega), lp l of RNasin (Promega), and lp l of Superscript™

reverse transcrip tase (200U/pl, Gibco BRL) and incubated a t 37°C for 60 

m inutes. Controls consisted of sam ples w ithout added Superscript™ . The

enzyme was then  inactivated a t 95°C for 5 m inutes and diluted with 

sterile ddlLO to a final volume of 50 pi. 2.5pl of th is reaction was 

subsequently used for a polymerase chain reaction (PCR) w ith the

rem aining sam ples stored a t -20°C.
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2.3.3 Prim ers.

The prim ers were purchased lyophilised from Stratagene and  

reconstitu ted in Tris/EDTA buffer for a stock solution of 25mM. The 

sam ples contained both sense and anti-sense orientations.

The sequences of prim ers used in  th is study are listed  in Table 2.5.

2.3.4 Polym erase chain  reaction  (PCR).

Reactions m ixtures for PCR were as follows: 2.5pl of cDNA, lp l 2.5mM 

dNTPs, 1.5pl MgCl2, 5pl of lOx NH 4 buffer (Bioline) and  0.5pl Taq DNA

polymerase (Bioline) according to the m anufacturer's instructions in a 

final volume of 25pl. All prim er concentrations (sense and  anti-sense) 

were 200nM. The reactions were overlaid with m ineral oil to prevent 

evaporation during the tem perature cycling, if  there was no hot lid  

facility. A control reaction containing all the components except cDNA 

was always included to check for any contam ination. Reactions were

carried  out by denaturing  initially for 5 min. a t 94°C, followed by 5 min.

a t 60°C, 1.5 m inutes a t 72°C. Subsequent steps comprised 28-35 cycles of 

lm in  a t 72°C, 45 seconds a t 94°C for 30 cycles and  45 seconds a t 60°C. A 

final extension step of 10 min. a t 72°C for elongation was included. 

Reactions were tem perature cycled using a Hybaid OMN-E Therm al 

Cycler. The PCR reaction was standardised for each cytokine to account 

for basal expression of mRNA from un trea ted  samples. Individual cycle 

and product sizes are listed in  Table 2.5.

2.3.5 A garose gel e lectrophoresis.

PCR products were checked for specific amplification of a single product of 

the correct size on 1.5% agarose (International Biotechnologies Inc.) gels
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with 500 ng/ml ethidium  bromide using 0.5 x TAE buffer w ith 123bp and 

lkb  ladders (Promega) as size m arkers. Gels were photographed on a UV 

transillum inator.

Table 2.6 Primers used for amplification from cDNA.

Gene O rien ta tion Sequence N° of 

cycles

P ro d u c t

Size

IFN-y Sense TACTGCCACGGCACAGTCA

TTGAA

28 405bp

Anti-sense GCAGCGACTCCTTTTCCGC

TTCCT

IL-4 Sense ACGGAGATGGATGTGCCA

AACGTC

30 279bp

Anti-sense C GAGTAATCC C ATTTGC AT 

GATGC

IL-10 Sense GTGAAGACTTTCTTTCAAA

CAAAG

30 274bp

Anti-sense CTGCTCCACTGCCTTGCTC

TTATT

TGF-p Sense CGGGGCGACCTGGGCACC

ATCCATGAC

28 406bp

Anti-sense CTGCTCCACCTTGGGCTTG

CGACCCAC

p-Actin Sense TGTGATGGTGGGAATGGG

TCAG

23 514bp

Anti-sense TTTGATGTCACGCACGATT

TCC
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2.3.6 DNA plasm ids and recovery.

All plasm ids were kindly provided by Dr R. P a t Bucy, D epartm ent of 

Pathology, University of A labam a a t Birmingham, Alabam a USA except 

for hum an TGF-p 1 donated by Dr Deborah Henderson, N eural 

Development Unit, In stitu te  of Child H ealth, UCL, London and m urine 

IL-12 provided by Dr. Ueli Guber, Dept. Autoimmune Diseases, Hoffman - 

La Roche Inc., Nutley, N J, USA.

Plasm ids (500ng) were received on W hatm an 3MM paper (Clifton, N J, 

USA) dried in  1ml of lOmM Tris, pH 7.6. The paper was rehydrated  in  

Tris/EDTA buffer by vortexing for 5 min. After b rief centrifugation, 5pl of 

the resulting  supernatan t were used to transform  competent cells (lOOpl). 

M urine IL-12, both p35 and p40 was received in lyophilised form and was 

reconstituted in Tris/EDTA buffer, pH8.0. H um an TGF-p 1 was obtained 

already in  Tris/EDTA buffer, pH8.0.

2.3.7 T ransform ation o f com peten t cells.

E. coli DH5 a  cells are a suitable stra in  for general purpose cloning. 

Highly competent cells were purchased from (GibcoBRL) and used 

according to the  m anufacturer's instructions. 5 pi of plasm id DNA were 

added to 100 pi of competent cells in  pre-cooled 2 ml Sarsted t tubes and  

left on ice for 30 m inutes. The cells were then h ea t shocked for exactly 45 

seconds in  a w ater ba th  a t 37°C and immediately placed back on ice for 2 

m inutes. The cells were then  incubated with 1 ml of LB-Broth for 1 hour 

to allow expression of the selective gene. lOOpl aliquots of cells were 

plated onto L-agar p lates containing 100 pg/ml ampicillin, allowed to dry 

and incubated overnight a t 37°C. Only transform ed cells survived, since 

they contained the ampicillin resistance gene expressed by the plasmid. A
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single colony per p late was used to inoculate 10ml of LB-broth from which 

lm l was used in tu rn  to grow bacterial cells in  100ml for plasm id 

isolation. For long term  storage glycerol stocks were prepared by m ixing 

0.5ml of glycerol w ith 0.5ml cell suspension and  stored a t -70°C. To grow 

new suspension lOOpl of glycerol stock were added to 10ml LB -broth.

Table 2.7 Source and Characteristics of plasmid DNA.

cDNA V ector In se rt

Size

Sense

(control)

A nti

sense

Source

mIFN-y pGEM-3 270bp T7

HinDIII

SPG

xbal

Dr. R. Pat Bucy

mIL-4 pBluescript 399bp T3

clal

T7

EcoRI

Dr. R. Pat Bucy

mIL-10 pBluescript 942bp T3

HinDIII

T7

BamHI

Dr. R. Pat Bucy

mIL-12

(p35)
pBluescript 700bp T7

EcoRI

T3

HinDIII

Dr. Ueli Guber

mIL-12

(p40)
pBluescript 1048bp T7

EcoRI

T3

HinDIII

Dr. Ueli Guber

hTGF-pi pBluescript T3

EcoRI

T7

BamHI

Dr. D.

Henderson

hTGF-pl pBluescript T7

PstI

T3

EcoRI

Dr. D.

Henderson
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2.3.8 P lasm id DNA isolation .

Plasm id DNA was purified from E. coli using an alkaline lysis m ethod as 

described and modified from Sambrook et al (1989). The following 

instructions are applicable to 100ml preparations b u t reagents could be 

adjusted according to the in itia l volume of culture.

Glycerol stocks (0.5ml) or freshly grown bacterial cells in  100 ml culture of 

LB-broth containing lOOpg/ml ampicillin were grown overnight a t 37 °C 

with shaking. Cells were then  collected by centrifugation a t 4200rpm 

using a Sorvall centrifuge a t 4 °C. The pellet was resuspended thoroughly 

in  4 ml of ice cold solution I w ith lOOpil of RNase A (DNase free, Promega; 

lOmg/ml). To th is were added 8ml of freshly prepared solution II and  the 

suspension mixed by gentle inversion so as not to shear the chromosomal 

DNA. After exactly 5 m inutes a t room tem perature, a fu rther 18 ml of ice 

cold solution III were added and  the  m ixture stirred  thoroughly on ice. 

The resulting  precipitate was stored on ice for 10 m inutes. E ighteen 

m illilitres of 5M LiCl were added to the m ixture on ice before being 

centrifuged a t 10 OOOrpm for 15 m inutes a t room tem perature. Careful 

filtration of the m ixture allowed the supernatan t to be collected and 

precipitated with 0.6 volumes of isopropanol and centrifuged for 10 

m inutes a t 10 OOOrpm, again a t room tem perature. The precipitate was 

then  dried briefly, the  pellets collected and  resuspended in a to tal of 1 ml 

of dcfflkO. After RNase (100pl; lOmg/ml) trea tm en t a t 37°C for 1 hour a 

phenol/chloroform extraction was conducted. The aqueous layer was 

successively isolated after phenol/chloroform extraction a t 13 OOOrpm 

using a bench centrifuge a t RT. Sodium acetate (3M; pH  5.2) was added at 

one ten th  of the total aqueous volume followed by a repeat of the DNA 

precipitation with isopropanol incubated at RT. Seventy percent ethanol 

was used to wash the precipitate free of any sa lt before air drying and  the 

addition of ddH20 for quantification and storage a t -20°C.
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2.3.9 R estriction  and lin earisation  o f plasm id  

DNA.

Plasm id DNA was digested w ith restriction enzymes using the conditions 

described by the m anufacturer (Promega). Digestion was carried out w ith 

10 units of enzyme for 0.5-1 fig of plasm id DNA (20pl) a t the  

recommended tem perature for 3-4 hours. The in sert and  restriction 

reaction were in itially  checked with agarose gel analysis before any 

labelling. The appropriate restriction enzyme was used and an aliquot 

was run  on a 1% agarose gel in TAE buffer w ith bromophenol blue loading 

buffer for 45 min. a t 100 volts. An undigested aliquot of plasm id was also 

analysed. L inear DNA runs a t a different m olecular weight and appears 

as one band unlike uncut plasm id DNA which provides th ree  

characteristic bands (supercoiled, coiled and circular DNA).

2.3.10 S pectrophotom etric q uan tification  o f  

n u cle ic  acid.

Nucleic acid was quantified using a Philips PU8620 spectrophotometer. 

An absorption of 1 a t 260nm was taken to equal a concentration of 50|i/ml 

of double stranded  DNA, 40 p.g/ml single stranded  DNA or RNA. 

Alternatively, direct quantification was provided by a Prom ega 

GeneQuant™  spectrophotometer.

2.4 W hole m ount In situ  hybrid isation .
Based on the methodology of Wilkinson (1994), whole m ount in situ  

hybridisation allowed for the cellular localisation of mRNA expression 

w ithin Peyer’s patches of tolerised and sensitised mice. All the probes
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were m ade from plasm id cDNA as described in  Section 2.4.6. The sense 

orientation was used as controls to establish specificity of the anti-sense 

probes.

2.4.1 S yn th esis  o f d igoxigen in  labelled  probes.

Following successful insertion and linearisation checks of the plasm id 

DNA, the preparation was precipitated with 10% volume of 5M sodium 

acetate, 100% ethanol w ith lp l tRNA and incubated overnight a t -20°C. 

Successive washes of the pellet with 70% and 100% ethanol were 

conducted. Double distilled H 2O was added to give a  concentration of 

lmg/ml.

W ith the relevant RNA polymerase (see Table 2.6) a transcription reaction 

was prepared  with the following m ixture (20ml).

1.0 pg linearised  DNA

2.0 pi DIG RNA labelling mix (lOx, Boehringer M annheim)

2.0 pi transcription buffer (lOx, Boehringer M annheim)

1.0 pi RNasin (Promega)

2.0 pi RNA polymerase (T3, T7 or SP6 ; Boehringer M annheim)

with the 20pl volume supplem ented with DEPC H 2O.

Incubation proceeded for 2-3 hours at 37°C. The completion of 

transcrip tion was checked on a 1% agarose gel with linear DNA. This was 

indicated by the transcription reaction band being lOx more abundant 

th an  th a t of the linear DNA equating to lOpg.

Following DNase I (RNase free; 2pl) pre-treatm ent for 15min a t 37°C, the 

reaction was term inated  with lOOpl Tris/EDTA pH8.0, precipitated w ith 

lOpl 4M LiCl, and 300pl ethanol then  incubated a t -20°C overnight. This 

was followed by centrifugation a t 13 OOOrpm for lOmin a t 4°C and w ashed
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w ith 70% ethanol and air drying. For storage the pellet was dissolved in 

Tris/EDTA pH8.0 a t about 0.1pg/pl before use.

2.4.2 T issue fix in g  and pre-treatm ent.

All steps were conducted in  15ml falcon tubes with w ash procedures of 5 

m in and gentle rocking a t room tem perature unless sta ted  otherwise.

After dissection, the Peyer’s patches were washed in PBST and fixed in  

4% paraform aldehyde in  PBST a t 4°C with gentle rocking overnight.

Following two washes the tissues were serially dehydrated in  25%, 50%, 

75% m ethanol in PBST and finally twice in 100% m ethanol on ice. At th is 

stage the tissues were stored overnight a t -20°C before use. Rehydration 

was perform ed by reversing the serial washes from 100% down to 25% 

m ethanol w ith two washes in PBST. Bleaching in 6% hydrogen peroxide 

for 60 m in a t RT preceded the perm eabilisation of the  tissue w ith lOmg/ml 

proteinase K for 30 m in a t RT. This was term inated  by w ashing w ith 

freshly prepared  2mg/ml glycine and refixed in  0.2% gluteraldehyde in  4% 

paraform aldehyde solution for 20 min. After two washes the tissues were 

incubated in  prehybridisation mix a t 70°C for 120 min. If  required, the 

tissues could be stored a t -20°C for several months.

2.4.3 H ybridisation .

These steps were conducted in  2ml microtubes. For hybridisation 10pl of 

DIG labelled RNA probe (O.lpg/ml) were added to the  prehybridisation 

mix and  incubated overnight a t 70°C with gentle rocking. This 

hybridisation mix can be recovered, stored a t -20°C and reused for a 

fu rth er two times, if  required.
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2.4.4 P ost hybrid isation .

Tissues were washed twice in  solution 1 a t 70°C for 30 min, twice in 

solution 2 for 30 m in a t 70°C before three washes w ith TBST working 

solution a t RT. A pre-block was performed with 10% goat serum  in  TBST 

for 90 m in a t RT. D uring th is tim e the anti-digoxygenin solution was 

prepared.

Mouse embryo powder was used to block non-specific sites, a k ind  gift 

from P au la  Towers (Developmental Biology U nit ICH). At least th ree 

mouse embryos were homogenised in  PBS. Ice cold acetone was added a t 

four tim es the original homogenate volume on ice for 30 min. After 

centrifugation a t 13000 rpm  the pellet was washed in  acetone and spun 

again. The resulting pellet ground into powder on filter paper and dried 

for storage a t -20°C before use.

Three m illigram s of th is powder were dissolved in 0.5ml TBST and heated  

for 30 m in a t 70°C. After cooling on ice the embryo powder was used to 

pre-absorb 1ml of anti-digoxygenin with 5pl of goat serum  for 60 m in a t 

4°C. The resulting  m ixture was centrifuged a t 13 OOOrpm for 10 m in and 

the su p e rn a tan t diluted to 2ml with 1% goat serum  in  TBST.

The 10% goat serum  was replaced with the anti-digoxygenin solution and 

rocked gently overnight a t 4°C.

2.4.5 S ignal developm ent and h istochem istry .

Extensive w ashing followed the antibody application in  the form of 3 x 5

m in w ashes in  TBST with 5 x 60 m in washes in  TBST and an overnight

incubation w ith rocking a t 4°C. The tissues were then  washed three tim es

in  NTMT for 10 m in before development with 4.5pl NBT, 3.5pl BCIP (X-

phosphate) per ml of solution. This procedure was conducted in glass

tubes/containers in  the dark: Once the colour reached the desired
«
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in tensity  the tissues were washed and stored in  PBST with 0.1% sodium 

azide a t 4°C to prevent fungal growth.

Photography was performed with a Zeiss SV11 microscope using Kodak 

Ektachrom e 160T or Fuji Super G Plus (ISO 100) film. For clearing of 

tissues to expose in te rnal expression, successive washes in 50%, 75% and 

100% glycerol in  PBST were adopted for 30 m in after each step.

83



Chapter 3

Induction of Oral Tolerance to ovalbumin and cow's milk.

CHAPTER 3 

Induction of Oral Tolerance to  

ovalbumin and cow’s milk.

“There is no finer investm ent for any community th an  pu tting  m ilk into

babies.”

Radio broadcast 21 M arch 1943.

Winston Churchill (1874-1965).

British Prime Minister 1940-4; 1951-5
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3.1 “H igh d ose” an tigen  feed in g  in d u ces  

oral to leran ce  w ith  ovalbum in and cow ’s 

m ilk.

3.1.1 Introduction .

Any investigation into OT has to consider the nature , dose and frequency 

of the antigen adm inistered. These param eters have been shown to affect 

the level and quality of tolerance achieved. Soluble thym us dependent 

proteins have proven to be good antigens for OT induction in rodent 

models. These include bovine serum  album in (BSA), hen’s egg lysozyme 

(HEL) and particularly  OVA. This is in contrast to particulate, thym us 

independent antigens which are immunogenic via the  oral route and 

therefore unsuitable tolerogens (Strobel and Mowat, 1998; Mowat, 1994; 

Mowat, 1987). As discussed in Chapter 1, the putative m echanism s of OT 

are governed by the antigen dose. A currently held view is th a t frequent 

low dose antigen feeds (5 x lmg/mouse) induces active suppression while a 

single high dose antigen bolus (typically 25mg/mouse) may give rise to 

clonal anergy (Weiner et al. 1994; Khoury et al. 1992; W hitacre et al. 

1991; Mowat, 1987). Feeding OVA at a dose of 25ng/mouse or less, 

actually induces prim ing of DTH responses (Mowat, 1994). The debate 

about which of the tolerogenic mechanisms are prevalent a t a given dose 

is ongoing although it  is recognised th?.t they are not m utually exclusive 

and could co-exist together (in one form or another) (Weiner et al. 1994; 

Mowat, 1994; Mowat, 1987).

Though the  n a tu re  of the antigen is an im portant factor in OT induction 

m any studies invariably feed single proteins ra th e r th an  protein mixtures. 

However, such m ixtures would be more relevant to the  food and gut flora
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present in  the  gut lum en (Mowat, 1994; Mowat, 1987) The mucosal 

associated lymphoid tissues, both bronchial and gut, have an 

extraordinary ability to discrim inate between these harm less antigens 

and potential pathogens when one considers the high ra te  of exposure a t 

the  lum enal surface. The failure or breakdown of OT could, as a 

consequence, lead to a disruption of th is permissive action and  resu lt in 

food allergies and/or inflam m atory diseases (Strobel and  Mowat, 1998; 

Mowat and  Viney, 1997; Mowat, 1987). Food allergy in particu la r affects 

5-6% of the  population a t some time in  their lives, w ith cow’s m ilk allergy 

accounting for 7.5% of these paediatric consultations (Strobel, 1993). 

Hypoallergenic in fan t milk formulas have been described as im portant 

aides for the  m anagem ent of th is form of allergy in in fan ts because of 

their considerably lower protein content (Gortler et al. 1995).

In  th is  chapter the  induction of OT w ith high antigen dose feeding of OVA 

was compared to Lacprodan, a high whey protein concentrate (WP) 

(Fritsche et al. 1997), in order to elucidate w hether the two preparations 

possess sim ilar characteristics. The hypothesis under test was th a t sim ilar 

tolerogenic responses could be induced to these antigens provided they 

were fed to the  mice a t identical doses.

3.1.2 Protocol

Four groups of female BALB/c mice (n=7/group) were fed OVA or WP for 

an equivalent antigen dose of lmg/g body weight with 0.25 ml of PBS fed 

as respective controls. The following week the groups were im m unised 

in traderm ally  in the left footpad with the corresponding antigen (lOOpg) 

emulsified in CFA. Fourteen days la ter the mice were challenged with 

lOOpg of h ea t aggregated OVA or WP in the other footpad and the  DTH
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response m easured (Section 2.3.3). A term inal cardiac puncture was 

perform ed to obtain serum  for antibody determ ination by ELISA. S tudent 

t  te s t was used for statistical analysis where p< 0.05 was considered to be 

significant.

3.1.2 DTH responses.

As an index of cellular imm unity, specific DTH responses to OVA and WP 

were m easured following paren tal im m unisation. M ean DTH responses 

were significantly reduced in OVA fed mice when compared w ith PBS fed 

controls (0.09 ± 0.05 vs. 0.03 ± 0.02mm p< 0.01; Fig 3.1) after challenge. 

Sim ilarly, feeding WP to mice also elicited a reduced footpad increm ent 

th a t was significantly different to their controls (0.12 ± 0.05 vs. 0.05 ± 

0.03mm p < 0.01; Fig 3.1). The levels of suppression elicited with both 

antigens were of sim ilar m agnitude.

3.1.3 S p ecific  IgG responses.

Serum  samples were analysed for specific IgG levels. Serum  from OVA fed 

mice contained significantly reduced levels of anti-OVA IgG antibodies 

w hen compared with PBS fed controls (347.0 ± 70.9 vs. 201.0 ± 40.9pg/ml 

p< 0.01; Fig 3.2). There was no such reduction of anti-W P IgG antibodies 

levels in  serum  from WP fed mice. The results of both PBS and WP fed 

mice were not significantly different (0.82 ± 0.13 vs.0.74 ± 0.23; Fig 3.2).
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Figure 3.1 
and WP.

Delayed type hypersensitivity (DTH) responses after feeding OVA

Mice (7 per group) were fed O V A  or W P  for an equivalent antigen dose o f  1 mg/g body  w eight and 
immunised with the corresponding  antigen (lOOpg) in CFA. Twenty  days later the m ice were 
challenged with lOOmg o f  heat aggregated  O V A  or W P  in the footpad. The left panel represents  OVA  
in C FA  immunisation whereas the right panel il lustrates W P in CFA immunisation.
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3.1.4 D iscussion .

This model perm itted  a direct comparison of OVA, a well documented 

single protein antigen, w ith WP, a commonly encountered antigen 

m ixture and in th is respect th is study was unique. As expected, OVA 

feeding prior to systemic im m unisation with OVA in CFA reduced the 

levels of both cellular and hum oral im m unity compared with PBS controls 

confirming earlier reports from other studies (Furrie et al. 1995; Peng et 

al. 1989b; Mowat, 1987; Strobel and Ferguson, 1986) WP was also able to 

induce a tolerogenic affect bu t only in DTH responses since no differences 

in  the  absorbance levels were seen between sera from WP and PBS fed 

mice. As WP was not as effective as OVA in reducing specific antibody 

levels the la tte r  was considered to be a more potent oral tolerogen in  th is 

OT model.

This inability  to suppress antibody responses with WP feeding was in 

contrast w ith studies using milk proteins (H irahara et al. 1995; 

H achim ura et al. 1994; Kim et al. 1993; Enomoto et al. 1993). Mouse 

stra ins CH3/HeJ, BALB/c (H-2d) and C57BL/6 (H-2b) fed asi-casein (a milk 

protein) were all susceptible to OT induction though each gave differing 

antibody responses (Kim et al. 1993). One study described the 

suppression of antibody responses to asi-casein after a high antigen dose 

feed. However, the mice were fed 200mg of antigen over a 14 day period, 

approxim ately 112x greater than  the dose used in  th is study (H irahara et 

al. 1995). M ilk whey protein incorporated into the diets of BALB/c mice 

also suppressed specific antibody responses (Enomoto et al. 1993). As 

with the casein diet the antigen in take was 20x greater than  the dose 

employed here. Feeding the mice over a period of 75 days a t th is dose 

induced detectable IgG levels in the absence of im m unisation, suggesting 

an in tac t hum oral response. H eat trea tm ent of the sam e whey protein
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preparation did not produce detectable levels of anti-whey antibodies. 

Subsequent im m unisation, however, revealed th a t OT could be 

established to th is modified antigen.

E arlier studies using the high OVA doses in  BALB/c mice, indicated 

several anomalies w ith the clonal anergy associated with th is type of 

tolerance induction. Suppression of specific OVA antibodies (including 

IgG l and IgG2a subclasses) and DTH responses have been recorded 

(Garside et al. 1995b) (Furrie et al. 1995; Peng et al. 1989b; Strobel and 

Ferguson, 1986). This suggests the susceptibility of both CD4 + cell 

subsets to suppression ra th e r than  only T h I  cells as previously described 

(Melamed and Friedm an, 1993). There are circumstances where only DTH 

responses are suppressed after OVA feeding. Adoptive transfer studies 

w ith either serum  or splenocytes from tolerised mice induced suppression 

of DTH, b u t not antibody, responses in  naive adult recipients (Peng et al. 

1989b). This is not true  for BALB/c neonates as they are only tolerised if 

splenocytes are transferred. Again, th is transfer of suppression is usually 

a ttribu ted  to active suppression induced by low antigen dose OT 

induction.

WP, by its very nature , is a m ixture of protein moieties. So the sum m ation 

of one or more of its constituent proteins could be responsible for its 

tolerogenic and immunogenic activity as a whole. Therefore, unlike OVA 

which is a single protein antigen, an extensive analysis would be needed 

to identify which of the proteins present in WP have the potential to 

induce OT. In addition to the sheer num ber of proteins involved, the 

different combinations of these moieties would m ake th is a very large 

investigation.
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3.2 WP feed in g  invokes a prim ing resp on se  

w ith  alum  im m unisation .

3.2.1 In troduction .

Both limbs of im m unity, cellular and hum oral are affected by OVA 

feeding. Only DTH responses are suppressed by WP feeding in  th is model.

O ther studies, while using different milk proteins have shown 

suppression of IgG responses with prior feeding (H irahara et al. 1995; 

H achim ura et al. 1994; Kim et al. 1993; Enomoto et al. 1993). The fed 

doses used were very high compared with the dose adopted in th is study 

thereby confirming the difference in susceptibility of cellular and  antibody 

response to OT induction. However, very few studies have m easured IgE 

responses to m ilk proteins, though other studies using OVA have shown 

th a t th is param eter is readily suppressed (Mowat, 1994; Mowat, 1987) 

(Dahlm an Hoglund et al. 1995; Ngan and Kind, 1978)

Aluminium hydroxide (Alum) is frequently the adjuvant of choice for 

im m unisations leading to the m easurem ent of IgE during allergic 

reactions or parasitic  infections. Alum is considered a less aggressive 

adjuvant than  CFA and is more likely to induce a T h 2  type response th an  

lead to DTH. Moreover alum is considered to be a more acceptable 

alternative to CFA for hum an im m unisations since it does not possess any 

toxic side affects (Brewer et al. 1996).

M easurem ents of all three param eters DTH, IgG and IgE levels, were 

analysed in vivo in mice fed OVA and WP. Though specific antibody 

responses are considered to be less responsive to OT induction, IgE and  

DTH responses are equally sensitive to suppression (Ngan and  Kind, 

1978). This equal susceptibility between the two param eters contradicts
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not only the reported discrimination of Th cell subsets bu t also the 

differing actions of OT on hum oral/cellular m echanisms. In  the following 

experim ents the objective was to m easure all three param eters 

sim ultaneously in vivo, som ething not previously reported in  the 

lite ra tu re . Furtherm ore, an investigation into w hether WP and OVA 

feeding were able to dem onstrate the susceptibility of IgE, like DTH 

responses, to suppression during OT induction.

3.2.1 Protocol

Four groups of female BALB/c mice (n=7/group) were fed OVA or WP for 

an equivalent protein antigen dose of lmg/g body weight with 0.25ml of 

PBS fed to the controls as before. The following week the  groups were 

im m unised in traderm ally  in  the left footpad w ith the OVA or WP (lOOpg) 

adsorbed to lm g of alum, which was prepared using the m ethod outlined 

in C hapter 2 (Section 2.24). Fourteen days la ter the mice were challenged 

w ith lOOpg of hea t aggregated OVA or WP in the other footpad and the 

DTH response m easured (Section 2.3.3).

3.2.3 DTH responses.

OVA feeding significantly reduced footpad swelling when compared with 

PBS controls (0.08 ± 0.05 vs. 0.01 ± 0.03mm p<0.01; Fig 3.3). Conversely, 

WP fed mice gave a highly significant increase in DTH response as 

indicated by footpad swelling compared to the controls (0.13 ± 0.06 vs. 

0.26 ± 0.06mm; p<0.001; Fig 3.3). This prim ing reaction completely 

reverses the tolerogenic response observed with mice fed WP and 

im m unised with WP in CFA (WP/WP/CFA).
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Figure 3.3. Immunisation of mice with WP in alum fails to suppress DTH 
responses following prior WP feeding.

O V A  and W P adsorbed  to 1 mg alum were used to systemically  immunise mice instead o f  CFA. The 
left panel represents  O V A  in alum im munisation  w hereas the right panel il lustrates W P in alum 
immunisation
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3.2.3 S p ecific  IgG responses.

Specific IgG responses of OVA fed mice were significantly reduced when 

compared w ith controls (118.6 ± 92.6 vs. 29.9 ± 8.5pg/ml; Fig 3.4). 

Although the  concentrations of anti-OVA IgG antibodies were generally 

lower th an  those seen w ith the CFA im m unisation schedule, there  was no 

significant difference in  absorbance between WP and PBS fed groups (0.57 

± 0.31 vs. 0.53 ± 0.13; Fig 3.4) indicating no change in  the levels of anti- 

WP IgG antibodies after prior WP feeding.
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3.2.4 Total IgE responses.

Antigen in alum im m unisation was able to induce high IgE concentrations 

above natu ra lly  occurring levels in all the groups treated. OVA fed mice 

gave a significantly lower total IgE concentration th an  PBS fed controls 

(20.9 ± 13.3 vs. 8.9 ± 3.5pg/ml p<0.03; Fig 3.5). WP feeding, in contrast, 

increased the total IgE antibody levels to a significant level compared to 

th e ir respective controls (17.3 ± 12.0 vs. 31.8 ± 10.9pg/ml p<0.03; Fig 3.5).

3.2.5 D iscussion .

U sing th is BALB/c model, antigen in alum im m unisation was able to give 

satisfactory levels of cellular and hum oral systemic im m unity even though 

it  is considered incapable of stim ulating classical cell m ediated immune 

responses (Brewer et al. 1996)

DTH responses, particularly  with WP im m unisation, gave the same 

m agnitude of footpad swelling as those achieved with adjuvant CFA. 

Sim ilarly, in  another study comparable T n l type responses were observed 

in  IL-4 gene disrupted (IL-4-/-) mice when im m unised w ith OVA in CFA 

and  alum  (Brewer et al. 1996). Both IgG and IgE antibody responses were 

m easured by ELISA. Of the two immunoglobulins, only specific IgG levels 

were m easured quantitatively since the serum  dilution needed to m easure 

specific IgE, w hether by ELISA or radioallergosorbent (RAST) required a 

dilution of no less than  1/5. Fortunately because of the  very low 

concentrations of IgE immunoglobulin in the serum  of rodents, 

particu larly  mice (< 50ng/ml), the recording of to tal antibody levels of IgE 

following antigen in alum im m unisation was deemed to be sufficient as an
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indication of specific responses. Furtherm ore, the BALB/c mouse stra in  

are reputed  to be high IgE responders so there was confidence th a t 

m easurable levels of IgE would be achieved.

OVA feeding suppressed not only specific DTH and IgG levels bu t total 

IgE concentrations as well. The findings of th is study supports previous 

reports of IgE suppression with antigen feeding (Ngan and Kind, 1978) 

and in tran asa l adm inistration of OVA in ra ts  (McMenamin et al. 1994; 

McMenamin and Holt, 1993) and both are examples of mucosal 

suppression of IgE responses. Furtherm ore, w ith OVA feeding, bystander 

suppression of IgE and IgG levels was dem onstrated when both hum an 

serum  album in (HSA) and OVA were injected together a t the  same site in 

rats. This was also true  for DTH responses. However these param eters 

were m easured separately .

The results here dem onstrated the suppression of all th ree param eters 

w ith OT induction in vivo, which has not previously been reported in  the 

litera tu re. This is fu rther evidence of the ability of OVA to tolerise all 

factors, w hether they be T h I  or T h 2 ,  cellular or antibody responses. W hat 

was unexpected was the substantia l increase in the  DTH response w ithin 

the WP fed group, which was a complete “reversal” of suppression induced 

in mice fed WP and im m unised with WP in CFA (WP/WP/CFA). The 

increase in  total IgE levels m irrored the DTH response. These param eters 

are considered to be equally sensitive to tolerance induction and the 

assum ption th a t they were equally susceptible to prim ing was also 

considered.

The levels of specific IgG antibodies again showed no change between the 

fed and  control groups. This was initially acceptable since it  m irrored the 

findings from the CFA im m unisation schedule. On the other hand, WP 

prim ed IgE antibodies to such levels th a t some change in  specific IgG
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subclasses, particularly  IgG2a could be envisaged. M easurem ents of these 

antibodies following WP feeding m ay reveal more inform ation on the type 

of Th cell responses th a t occur during priming.

In  sum m ary, OVA and WP gave opposing systemic im m une responses 

following feeding a t a high antigen dose. OVA consistently induced 

tolerance in all of the param eters m easured regardless of the 

im m unisation protocol and can therefore be considered the archetype 

tolerogen. WP feeding, however, produced two completely different 

responses depending on the adjuvant used, tolerance induction with CFA 

and a prim ing response with alum. Furtherm ore with the increase in  IgE 

levels, WP could be regarded as an allergen. Thus these two antigens 

provided an opportunity to investigate im m unoregulation by oral 

adm inistration both in vivo and in vitro.
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Specificity of antibodies after feeding ovalbumin

and cow’s milk.

“The tru th  is rarely pure, and never simple.” 

The Importance of being Earnest (1895); Act 1. 

O sc a r  W ilde (1854-1900). 

A n g lo -Irish  p la y w rig h t a n d  p o e t.
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4.1 A nalysis o f  im m unity to  WP after  

feed in g  o f WP derived  peptides.

4.1.1 Introduction .

Active suppression of systemic im m unity has been dem onstrated using the 

Lewis ra t  (Miller et al. 1993; M iller et al. 1992; Lider et al. 1989) and 

SJL  mouse (Chen et al. 1994; W einer et al. 1994; Robinson et al. 1994) 

in  experim ental anim al models of EAE. The m ain characteristics are th a t 

tolerance is induced by frequent low dose antigen feeds (5 x lmg) of 

guinea pig MBP, the suppression is transferable and it  is m ediated by 

antigen specific CD8+ (CD4+ for the SJL mouse) cells secreting TGF-p 

(Weiner et al. 1994). Tolerogenic (21-40 ) or encephalitogenic (71-90) 

epitopes have been identified in  MBP (Miller e t al. 1993; Miller e t al. 

1992). The 21-40 epitope suppresses both the encephalitogenic 71-90 and 

MBP induced EAE in vivo and in vitro (Miller et al. 1993) and is thought 

to be m ediated by the imm unosuppressive cytokine, TGF-p. Furtherm ore, 

lymphocytes from OVA fed ra ts  suppress the proliferation of MBP specific 

cell lines across a transw ell culture in vitro when stim ulated with OVA. 

Also cells from MBP fed ra ts  suppress the proliferation of an OVA cell line 

so suggesting th a t antigen specificity is initially needed for th is 

suppressive activity. The notion of an antigen specific trigger for non

specific suppression is called bystander or tissue specific suppression. 

Regulatory CD8+ cells, which secrete TGF-p on antigen specific 

stim ulation and suppress lymphocyte activity in the vicinity, are also able 

to transfer tolerance to naive ra ts  (Weiner et al. 1994; M iller et al. 1993; 

Miller et al. 1992). In autoim m une diseases there is evidence th a t 

m ultiple autoantigens are reactive during the course of the condition for 

example, MBP, proteolipid protein (PLP) and myelin-oligodendrocyte
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glycoprotein in m ultiple sclerosis (Weiner et al. 1994). The experim ental 

consequence of bystander suppression is th a t MBP feeding suppresses 

PLP induced EAE in  Lewis ra ts  (al Sabbagh et al. 1994). This would 

m ean th a t there may be no clinical requirem ent to identify one specific 

autoantigen, since the feeding of one could suppress the activity of specific 

lymphocytes to all other autoantigens present in  the tissue.

In th is section a sim ilar approach was investigated w ith WP as the 

antigen m ixture. In the earlier sections the results indicated th a t WP 

feeding, unlike OVA, induced both tolerance and prim ing responses 

w ithin th is OT model. This was in spite of the fact th a t both were fed a t 

an equivalent protein dose. The objective was to feed derived proteins of 

WP (section 2.2.2) and to see w hether they affected the systemic im m unity 

to the whole antigen m ixture. This was in an effort to elucidate w hether 

there was any evidence of bystander suppression or prim ing using WP as 

an example of an antigen m ixture.

4.1.2 Protocol

Five groups of female BALB/c mice (n=7/group) were fed WP, (3-LG 

(25mg), pHA (lOOmg) and a 3kDa re ten tate  (25mg) with controls being fed 

0.25 ml of PBS. After 7 days the groups were im m unised in traderm ally  in 

the left footpad with WP (lOOpg) emulsified in CFA. Twenty days la te r the  

mice were challenged with lOOjig of WP in the other footpad and the DTH 

response m easured (section 2.3.3). Term inal cardiac puncture was used to 

obtain serum  for antibody determ ination by ELISA.

4.1.3 DTH responses.

WP significantly suppressed DTH responses when compared with PBS 

controls (0.12 ± 0.05mm vs. 0.05 ± 0.033 p< 0.01; Fig 4.1), confirming the
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results obtained earlier (Section 3.1.3). The other three groups fed p-LG, 

pHA, and 3kDa all elicited considerable increases in DTH responses (0.43 

± 0.08, 0.40 ±0.11, 0.42 ± 0.17mm respectively p< 0.0000001; Fig 4.1). The 

footpad swellings achieved indicated th a t prim ing responses were induced 

by feeding these antigens a t given doses.

4.1.4 S p ecific  IgG.

There was no significant change in absorbance w ith any of the fed groups 

(1.03 ± 0.49; 1.19 ± 0.13; 1.12 ± 0.21; 1.28 ± 0.27; Fig 4.2) when compared 

with PBS fed controls (1.17 ± 0.45). Therefore the concentration of anti- 

WP IgG antibodies were not affected by the feeding of any of the derived 

proteins.

4.1.5 D iscussion .

In th is section the objective was to try  and identify any contribution m ade 

by one or more of these peptide moieties to the overall tolerogenic activity 

of the whey protein m ixture, WP. WP feeding suppressed systemic DTH 

responses as indicated by the decrease in the footpad swelling. Specific 

antibodies, were not susceptible to OT induction. The prim ing responses 

achieved w ith the feeding of the individual peptides were extremely 

m arked and were repeated on a least two occasions. However, the specific 

antibody responses to WP were not affected. These strik ing  differences 

between DTH and IgG levels of WP, after the feeding of these peptides, 

fu rther support the idea th a t separate m echanisms may well be 

controlling the cellular and hum oral limbs of im m unity during OT 

induction.
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Figure 4.1 Feeding of constituent or WP derived proteins induces a priming 
of DTH responses after WP immunisation.

G roups  o f  mice (n=7) w ere fed either WP, p -LG , pH A  or  3kD a retentate at a dose  o f  lm g /g  body 
weight 7 days prior to immunisation  with W P /C F A  (lOOpg/ml).
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The level o f  specific W P antibodies was measured as absorbance  at 405nm.
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The peptides fed to the mice were all derived from the paren t m ixture 

after hydrolysis. Although they were subjected to hea t and enzymatic 

modifications (Section 2.2.2) each would be expected to be p resent w ithin 

WP. Why, however, these antigens w ith prior feeding, elicit such sta rk  

responses compared to the paren t antigen m ixture is unclear.

Hydrolysis, u ltrafiltration , proteolysis and hea t trea tm en t of whey and 

casein preparations have been used to produce hypoallergenic in fan t milk 

form ulas (Gortler et al. 1995; Heppel et al 1984). The denaturing of these 

protein struc tu res and elim ination of protein moieties greater than  15kDa 

are deemed to be im portant methods in  reducing the allergencity of cow’s 

milk (Gortler et al. 1995) though caseins are more resistan t than  whey 

proteins to h ea t treatm ent (Heppell et al. 1984). Studies show th a t a 

proportion of in fan ts suffering from cow’s milk intolerance react to these 

formulas, contrary to studies with guinea pigs which revealed no 

antigenicity after hea t treatm ent (Retani et al 1995; Heppel et al 1982). 

Immunochemical characterisations of these form ulas by immunoblot 

suggested th a t these preparations contain allergic moieties recognised by 

sera from cow’s m ilk allergic patien ts (Gortler et al. 1995). Furtherm ore 

the preparative process may have an inheren t problem with m inor casein 

contam ination. This was considered one possible reason for this 

recognition.

Although other mouse studies induced OT to both whey and casein 

proteins, a num ber of B cell determ inants produced different antibody 

responses to asicasein (Hachim ura et al. 1994). In addition, certain T cell 

determ inants were preferentially tolerised while other cryptic sequences 

rem ained reactive. Therefore the feeding of whole casein did not suppress 

equally all the antigenic sequences of ocsicasein, its m ajor component. T 

cell epitopes, particularly  in autoim m une diseases th a t are hidden from 

im m une recognition are described as cryptic. Changes such as increased 

antigen concentration, low binding affinity to MHC molecules, altered 

processing either by endogenous or exogenous proteases or even different
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types of APC can expose these previously silent sequences (Warnock and 

Goodacre, 1997). After Kim et al (1993) were able to induce OT in mice to 

whole casein, the specificity of the antibodies were tested against a panel 

of synthetic peptides corresponding to asicasein. These were identified as 

B cell determ inants. Only a lim ited num ber of these potential antigenic 

determ inants were recognised by the antibodies induced by the whole 

casein.

The findings in  th is study seem to suggest th a t there was an inability to 

suppress antibody responses to WP. The reason for the observed prim ing 

could either be because some T cell determ inants may have escaped 

suppression or alternatively there was a possibility th a t trace am ounts of 

casein contam inants were present w ithin 3kDa and pHA. This could 

resemble the immunogenic responses induced by feeding m inute am ounts 

of OVA. However, the failure of p-LG feeding to suppress DTH responses 

does not entirely support th is concept.

W hat is clear is th a t the responses to these preparations suggests possible 

cross-contamination and antigenicity during the processing. Furtherm ore, 

the possibility th a t a lim ited num ber of T and B cells determ inants may 

have escaped suppression may need to be investigated to address the 

absence of OT with the feeding of these derived proteins.
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4.2 Cross-reactivity of anti-WP and anti- 
OVA IgG and IgE antibodies.

4.2.1 Introduction

In view of the prim ing responses obtained w ith the WP derived peptides, 

an analysis of the specificity IgG and IgE antibodies w ithin the sera was 

conducted using an inhibition ELISA. This was to investigate w hether 

these responses were due to specific WP antibodies or could have been 

influenced by antibodies against the derived proteins themselves.

In  addition, SDS-Page and imm unoblotting techniques were used to 

identify possibly cross-reactivity between the proteins moieties.

4.2.2 Protocol

Pooled sera from OVA or WP im m unised mice (n=7 mice) a t an optimised 

dilution (1/100 for IgG and 1/5 for IgE) were pre-absorbed in increasing 

concentrations of OVA, WP, p-LG, pHA, 3kDa and BSA (Ing-lOOmg/ml) in 

PBST for 30 m in a t 37°C. The sera were then incubated on pre-coated 

ELISA plates of OVA or WP, lOOpg/ml for IgG and lOmg/ml for IgE, 

(lOOfiL/well) dissolved in carbonate coating buffer pH 9.6. The antibody 

detection and substra te  development for specific IgG and IgE were 

conducted as described in Chapter 2 (Sections 2.2.6 and 2.2.7 

respectively).

The sam e pooled sera were then used to blot against these antigens and 

Marvel® m ilk separated by SDS-PAGE gel electrophoresis (Sections 

2.2.12 and 2.2.13)
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4.2.3 R esu lts

The specificity of anti-OVA antibodies were confirmed w ith the dose 

dependant decrease in absorbance for both IgG and IgE antibodies by 

OVA and not WP or BSA (Figure 4.3; Table 4.1).

Table 4 .1  Specificity of anti-OVA immunoglobulins to antigens

ANTIGEN IgG IC«o Inhibition IgE ICso Inhibition

OVA 1.6 x 104ng/ml Total 5.27 x 104 ng/ml Total

WP >10nng/ml No >1011ng/ml No

BSA >10nng/ml No >10nng/ml No

Only P-LG and WP were able to inh ib it the  absorbance of sera for anti-W P 

IgG (Figure 4.4). The IC 50 values were very close for the two antigens 

indicating th a t the  anti-W P IgG antibodies recognised both w ith equal 

affinity. However, lOOOx more pHA and 3kDa were needed to inh ib it the 

specific IgG antibodies to the sam e m agnitude as reflected by the high IC50 

values (mg/ml range).

The I C 5 0  values for specific IgE antibodies were much closer for all the 

antigens. All were lying w ithin the  100pg-3mg range. Again P-LG and WP 

recognised/inhibited antibodies a t a lower concentration th an  the  other 

antigens. The I C 5 0  value for P-LG was, actually, lower th an  the  value for 

WP by a factor of 3 (Table 4.2).
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Table 4.2 Cross-reactivity of anti-WP immunoglobulins to antigens

A N TIG EN IgG ICso Inh ib ition IgE ICso Inh ib ition

W P 6.61 x 104 ng/ml Total 5.36 x 105 ng/ml Total

P-LG 6.12 x 104 ng/ml Total 1.93 x 105 ng/ml Total

pH A 9.87 x 107 ng/ml Partial 3.37 x 106 ng/ml Partial

3kD a 9.57 x 107 ng/ml Partial 1.72 x 106 ng/ml Partial

BSA >10nng/ml No 1.62 x 1010 ng/ml No

OVA >10nng/ml No >10nng/ml No

SDS-PAGE analysis revealed th a t there  was a higher proportion of low 

m olecular weight bands correlating to whey proteins p resent in WP. There 

was a large band  in  WP closely resem bling the 18kDa band  of p-LG. 

Moreover, WP possessed bands across a wide range of molecular weights, 

in  excess of 84kDa to below 14kDa. There were no visible bands below 

6.5kDa. Beta-Lactoglobulin also revealed two fu rther low molecular 

weight bands lying below 6.5kDa. Marvel®, which was used to represent 

norm al defatted cow’s milk, did not contain large am ounts of these 

moieties. I t had  several bands residing between 15-66kDa. The derived 

proteins, pHA and 3kDa, did not reveal any protein bands greater than  

15kDa. In  the higher 15% gel, both exhibited bands th a t resided below 

6.5kDa and were barely visible (Fig 4.5). BSA and OVA gave the expected 

bands a t 66kDa and 46kDa respectively.
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Figure 4.3. Specificity of anti-OVA antibodies by inhibition ELISA

Pooled sera from O V A  immunised mice were pre-absorbed in varying concentrations ( lng -1  mg/ml) o f  
O V A  (circles), W P  (squares) and BSA (triangles). The sera were then incubated on O V A  (100pg /m l)  
coated  plates and the respective ELISA conducted.
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Figure 4.4 Specificity of anti-WP antibodies by inhibition ELISA.

Pooled sera from W P immunised mice were pre-absorbed in varying concentrations (Ing-lO O m g/m l) o f  
W P (circles), P-LG (squares), pHA (upright tr iangles), 3kD a (inverted tr iangles) and BSA (diamonds). 
The sera w ere then incubated on W P (100pg/m l)  coated plates and the respective ELISA conducted.
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Im m unoblotting with sera from WP im m unised mice revealed th a t a high 

proportion of WP’s bands were recognised, including p-LG. p-LG , itse lf 

was sta ined  bu t not the 2 low molecular weight (<6.5kDa) bands. Bands 

w ithin Marvel®, approximately 4-5, were also recognised bu t they 

m igrated w ith molecular weight bands no greater th an  85kDa. The P-LG 

band w ithin Marvel® was not stained particularly  well which reflected 

the relative am ounts of th is protein in  th is m ixture. The sera did not 

identify any bands present in either pHA or 3kDa. Furtherm ore, moieties 

in Marvel®, which were exposed by coomassie stain ing  a t 24-36kDa, were 

not recognised by th is serum. A very sim ilar moiety, approx. 24-29kDa, 

w ithin WP was faintly stained by the coomassie dye indicating th a t it  was 

a protein a t a lower concentration in th is m ixture. However, th is moiety 

was very heavily stained after blotting, more so than  other moieties a t 

much h igher concentrations. The sera showed a high level of 

crossreactivity to bands w ithin BSA, even greater th an  the  corresponding 

bands in  both WP and Marvel®. In  one instance protein standards were 

used ra th e r than  rainbow m arkers (Figure 4.6). M any of the proteins 

wdthin the m arker, which were bovine in origin, were recognised.
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205 k D a

116 k D a

97 k D a

84 k D a

66 k D a  

55 k D a

45 k D a
36 k D a

29 k D a  
24 k D a

14.2 k D a

6.5 k D a

1 2 3 4 5 6 7 8

Figure 4.5 Coomassie staining of WP after SDS-PAGE analysis.

Samples (20p l)  were run on 15% gel for 2hr at 80v. Staining was with C oom assie  brill iant blue R. Lane 
1 represents wide range markers (6 .5-205kDa); Lane 2 Marvel (200pg) ;  Lane 3 W P  (200pg) ;  Lane 4 P~ 
LG (200pg) ;  Lane 5 pH A  ( lm g ) ;  Lane 6 3kD a ( lm g ) ;  Lane 7 BSA (50pg);  Lane 8 O V A  (50pg).
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Figure 4.6 Immunoblotting of WP after SDS-PAGE analysis.

Samples w ere run on 12.5% gel for 2hr at 80v and transferred  to nitro-cellulose .The m em brane  was 
incubated with sera at a dilution o f  1/200 overnight at 4°C. Detection was with rabbit anti-m ouse IgG 
antibody and was visualised with E C L  reagent. Panel represents both A) coom assie  staining and B). 
im m unoblo t Lane 1 represents wide range markers (6 .5 -205kD a);  Lane 2 Marvel (200pg) ;  Lane 3 W P 
(200pg) ;  Lane 4 (3-LG (200pg);  Lane 5 pH A ( lm g ) ;  Lane 6 3kD a ( lm g ) ;  Lane 7 BSA (50pg); Lane 8 
O V A  (50pg) .
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4.4.4 D iscussion .

The inhibition ELISA is a useful tool in establishing the specificity of 

antibodies of in terest to a range of antigens. Initially, the inhibition 

ELISA was employed to establish th a t un trea ted  naive mice possessed no 

appreciable levels of immunoglobulins th a t recognised either OVA or WP 

prior to any feeding or im m unisation. In addition the inhibition ELISA 

was also used to check the egg and milk free diet fed to the mice. This was 

achieved by screening the chow for any degree cross-reactivity using sera 

from mice im m unised with both OVA and WP (both sets of da ta  not 

shown).

Essentially the anti-OVA IgG and IgE inhibition ELISA illu stra ted  OVA 

im m unisations produced immunoglobulins th a t did not cross react w ith 

any unrela ted  antigens, indicating high specificity. These resu lts not only 

show th a t both antibodies were OVA specific bu t there was an appreciable 

am ount of specific IgE present in the sera after OVA im m unisation w ith 

alum.

It was to be expected th a t there would be more heterogeneous p a tte rn  of 

cross-reactivity for anti-W P antibodies when using milk derived proteins. 

The close proximity of all the IgE I C 5 0  values to each other could be due to 

the low OD values achieved overall. This indicated the need for high sera 

concentrations for the m easurem ents of specific IgE levels in our model. A 

much h igher level of cross-reactivity was found for specific IgE th an  for 

specific IgG antibodies with respect to WP and P-LG compared to pHA or 

3kDa. There still rem ains some of uncertainty as to why the feeding of 

constituent peptides elicited such a m arked prim ing response in contrast 

to the tolerogenic effect of the paren t antigen m ixture, WP.

These results indicated th a t P-LG played a major role in  the antibody 

responses to WP as dem onstrated by its ability to significantly inhib it the 

binding of both IgG and IgE antibodies during pre-absorption. This 

suggested th a t p-LG was an im portant component w ithin the antigen
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m ixture for eliciting hum oral responses. This is in agreem ent w ith its 

identification as a major allergen in cow’s milk.

O ther studies have dem onstrated the importance of P-LG in tolerance 

induction and in hum oral responses to milk. In one such study, sera from 

to leran t mice fed milk whey protein recognised p-LG, alpha-lactoglobulin 

(a-LG), gamma-globulin (y-globulin) and bovine serum  album in (BSA) 

(Enomoto et al. 1993). However, only p-LG was recognised by IgG 

antibodies in sera from mice fed milk whey protein in  the absence of 

im m unisation. In addition, antibodies specific for denatured P-LG were 

not detected. When comparing anti-m ilk whey protein antibodies with 

those against p-LG, Enomoto and co-workers found th a t the suppression 

for both were of equal m agnitude. Furtherm ore, full cross-reactivity was 

dem onstrated for sera to both native and denatured p-LG. Though the 

feeding of hea t trea ted  milk whey protein alone did not elicit any hum oral 

responses, paren tal im m unisation raised antibodies th a t recognised both 

native and  denatured  p-LG.

In  th is study imm unoblotting revealed th a t the sera contained antibodies 

to m any protein moieties in WP and milk, though specificity was shown 

since they did not recognise OVA. The derived proteins, pHA and 3kDa, 

produced very fain t bands with coomassie stain ing and were considered to 

possess sm all am ounts of proteins a t very low molecular weights. This 

could explain th a t no reactive bands appeared with the immunoblot. The 

inability  to visualise any bands may be because the gel separation was 

perform ed under reducing conditions and the dissociated bands within 

pHA and  3kDa may have m igrated fu rther down the gel. I t is im portant to 

note th a t coomassie stain ing only detects jig levels of proteins therefore 

silver stain ing  may have been needed to check for any trace am ounts in 

the lanes for 3kDa and pHA. W hether there were antibodies th a t would 

recognise these low weight moieties can not be answered with th is gel 

since a greater percentage than  15%, or alternatively a gradient gel, 

would be have been needed to see them . W hat can be deduced is th a t both
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these derived proteins do not contain appreciable am ounts of P-LG or 

other high molecular weight proteins.

Comparisons between the recognised 24-29kDa bands in Marvel® and WP 

raises in teresting  questions. These bands within Marvel® were heavily 

sta ined  by coomassie dye bu t were not detected in WP and could, in  fact, 

be casein proteins (for example p-casein is 23.5kDa) not generally 

expected to be present in  appreciable am ounts in  WP (Gortler et al. 1995). 

Although they were not recognised in Marvel® during im m unoblotting a 

large band(s) m igrating a t the corresponding molecular weights was 

heavily stained within WP. Furtherm ore, no equivalent bands were found 

in the 3kDa, pHA and P-LG with either coomassie stain ing  or after 

im m unoblotting with WP specific serum. One can not predict, from these 

results, w hether m inute levels of th is unidentified moiety was responsible 

for the prim ing seen with the derived proteins bu t it may well explain the 

inability  to obtain a tolerogenic response.

The very strong reaction to BSA by these antibodies, initially, appeared to 

contradict the inhibition ELISA results. However, the immunoblot is a 

sensitive tool and an abundant am ount of protein was shown to be present 

w ith the coomassie stain. A large num ber of antibodies were, therefore, 

able to recognise the band. This was confirmed by the corresponding BSA 

band in WP which gave a sm aller band than  the other proteins in the 

m ixture, as indicated by coomassie staining. So BSA would elicit a much 

w eaker im m une response and therefore a proportionally lower level of 

specific antibodies would be generated. W ith the inhibition ELISA, even if 

all these antibodies were absorbed with BSA, sufficient am ounts of the 

other antibodies would rem ain to bind to WP on the plate. So, presum ably, 

these BSA antibodies would not be able to inhibit WP as efficiently as p- 

LG a t a given concentration. Interestingly, the fact th a t a num ber of the 

m arkers were bovine proteins explains why there was cross-reactivity 

since m any of them  would be present in cow’s milk.
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CHAPTER 5

In vitro analysis of systemic mononuclear cell

function.

“W ith w hat m easure ye mete, it shall be m easured to you,” 

St. M ark: Chapter 4, verse 3 

T he  B ib le  (A u th o rised  v e rs io n  1611)
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5.1 A ntigen  S p ecific  m ononuclear (MNC) 

cells  P ro liferation  In Vitro.

5.1.1 Introduction .

The transfer of cells (Peng et al. 1989b; Mowat et al. 1982) and serum  

(Furrie et al. 1995; Peng et al. 1990; Bruce and Ferguson, 1987a; Bruce et 

al. 1987b; Strobel et al. 1983) from tolerant mice fed high OVA dose 

induces suppression of DTH responses in naive recipient anim als. The 

ability to transfer tolerance has been recognised as a feature of active 

suppression and is m ediated by regulatory T cells (Mowat, 1987). 

Cyclophosphamide, which was thought to im pair “suppressor” CD8+ cell 

function, abrogates low dose tolerance induction (Mowat et al. 1982). These 

cells were fu rther implicated when their depletion by 2’-deoxyguanosine, 

inhibited the suppression of DTH responses in mice (Mowat, 1986).

A num ber of studies point to a cell m ediated suppressive role in  OT, though 

only two, EAE and EAU, implicate CD8+ cells as the m ediators of active 

suppression in experim ental autoim m une anim al models (Weiner et al. 

1994). However, depending on the EAE anim al model investigated, both 

CD8+ cells in Lewis ra ts  (Miller et al. 1992; W hitacre et al. 1991) and 

CD4+ cells in SJL mice (Chen-and Weiner, 1996; Chen et al. 1994) have 

been im plicated as the cells th a t regulate the suppression of EAE after 

feeding MBP. There is a continuing debate w hether CD4+ or CD8+ 

lymphocytes are the principle cells involved in OT. CD4+ cells, however, 

have been im plicated as the cells responsible for its induction (Garside et al. 

1995b). Adm inistration of antibodies against CD4+, and not CD8+ cells,
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abrogated OT induction to OVA in mice in vivo. This dependence on T helper 

cells was reflected in  the suppression of both DTH and specific IgG.

In  th is chapter antigen specific proliferation following the feeding of OVA 

and WP was investigated by isolation, culture and stim ulation of draining 

popliteal lymph node (PLN) mononuclear cells.

5.1.2 Protocol

Fem ale BALB/c mice (n=14/group) were fed OVA or WP a t a dose of lmg/g 

body weight with 0.25 ml of PBS fed as respective controls (n=28). The 

following week both fed and PBS groups were subdivided into two 

(n=7/group) and im m unised in traderm ally in the left footpad w ith the 

corresponding antigen (lOOpg), either emulsified in  CFA or adsorbed to lm g 

of alum.

Table 5. 1 Description and summary of feeding and immunisation schedules.

NB: Feeding is fisted in columns whereas im m unisation schedules are fisted 

in  rows.

PBS OVA

OVA in  CFA PBS/OVA/CFA OVA/O VA/CFA

OVA in  a lu m PBA/OVA/Alum OVA/O VA/Alum

PBS W P

W P in  CFA PBS/WP/CFA WP/WP/CFA

W P in  A lum PBS/WP/Alum WP/WP/Alum
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Seven days after im m unisation the mice were sacrificed and popliteal lymph 

nodes (PLN) were aseptically removed. PLN cells (2 x 105) were cultured, in 

96 well round bottomed tissue culture p late (Costar, Cambridge, MA, USA) 

in  200pl volume, with 4 x 105 irrad iated  (2500rads) syngeneic splenocytes 

from naive BALB/c acting as antigen presenting cells (APC). Cells were 

stim ulated  with the experim ental and control antigens (lmg/ml). Con A 

(lpg/ml) was used as a positive control with un-stim ulated cells as 

background controls. Cultures were pulsed with 3H TdR for the las t 16 h rs of 

a 96 h r  incubation.

5.1.3 Suppression  o f ovalbum in sp ecific  p op litea l

lym ph node m ononuclear cells proliferation

Significantly lower levels of 3H thym idine incorporation were obtained with 

PLN cells from OVA fed mice when compared w ith cultures from PBS fed 

controls (Figure 5.1; p< 0.008). The level of 3H TdR incorporation was 

approx. 50% lower than  controls and was comparable to mice which were 

im m unised with OVA in either CFA or alum. This suppression was antigen 

specific and neither cell cultures from OVA or PBS fed mice were stim ulated 

by WP. The overall proliferative activity of these cells rem ained unaffected 

and there  was no difference in  their mitogenic activity compared w ith those 

from PBS fed mice after Con A stim ulation.
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5.1.4 P roliferation  o f w h ey protein  sp ecific

p op litea l lym ph node m ononuclear cells in d icates no  

suppression .

Cells from WP fed mice showed no suppression of proliferation after WP 

stim ulation, when compared to PBS fed controls. There was no difference 

between mice im m unised w ith either im m unisation schedules (Figure 5.2). 

Interestingly, mitogenic proliferation was m arkedly increased in  cells from 

WP fed mice since the level of 3H thym idine incorporation was 

approxim ately twice th a t induced in cells from PBS fed mice (Figure 5.2). 

Antigen specificity was confirmed by the reduced proliferation after OVA 

stim ulation though it  was noticeably higher in cultures from WP fed mice.
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In vitro analysis of systemic mononuclear cell function.

5.1.5 D iscussion .

M any studies investigating tolerance induction by feeding compare the in 

vivo responses such as DTH, antibody and clinical scores, w ith the 

proliferation of sensitised and tolerised anim als (Weiner et al. 1994; 

Mowat, 1994; Mowat, 1987). Where OT has been dem onstrated in vivo, 

the cells from the draining lymph nodes of to lerant anim als exhibit very 

low proliferative activity to antigen stim ulation and suppressed the 

proliferation of cells from sensitised, non-tolerant anim als in vitro. In  th is 

study, cells from to lerant OVA fed mice possessed a significantly lower 

ra te  of proliferation following antigen specific stim ulation which was 

absent in  cells from non to lerant WP fed mice. Stim ulation by Con A 

revealed th a t cells from WP fed mice were more susceptible to stim ulation 

th an  OVA fed mice. Though it is unclear why th is should occur, the 

feeding of WP may possibly enhance responses by pre activating the T 

cells or by directly activating another population of mononuclear cells, i.e. 

B lymphocytes.

The proliferative pa tterns of OVA im m unised mice supported the 

suppression of DTH, specific IgG and total IgE responses observed in vivo. 

Though DTH responses were suppressed in to lerant WP/WP/CFA mice, 

the in vitro proliferative pa tterns showed no suppression of antigen 

specific proliferation. H achim ura and co-workers reported reduced 

lymphocyte proliferation with cells isolated from mice fed asicasein 

(H achim ura et al. 1994) and milk whey proteins, in both native and heat 

trea ted  forms (Kim et al. 1993). Each study, however, fed doses of 200mg 

which exceeded the dose used in th is study.
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I t has been dem onstrated th a t DTH responses are more susceptible th an  

antibodies to OT induction (Strobel and Ferguson, 1987). Furtherm ore a 

lower antigen dose is needed to suppress cellular responses. In addition, 

for transfer of tolerance, only DTH responses are affected and by as little  

as 104 cells (Furrie, 1993; Peng et al. 1989b). It would appear th a t in  our 

system only a very sm all percentage of WP specific cells may be needed to 

significantly reduce DTH responses in vivo.

5.2 A ntigen  S p ecific  C ytokine S ecretion  

In V itro.

5.2.1 Introduction .

The idea th a t one Th cell subset is preferentially suppressed during high 

antigen induced OT has introduced conflicting findings. Initially, only ThI 

cells are described as susceptible to the tolerogenic m echanism  clonal 

anergy (Melamed and Friedm an, 1993). W hereas Garside et al (1995) 

failed to find any evidence of lymphocyte discrim ination with both ThI 

and Th2 cells affected. This discrepancy could be due to the fact th a t 

Melamed & Friedm an (1993; 1994) m easured IgG subclasses w hereas 

Garside et al (1995) recorded cytokine levels directly. These observations 

become more complex by the type of feeding adopted since ThI responses 

were affected after a single feed (Melamed and Friedm an, 1994) w hereas 

continuous low antigen feeding suppressed Th2 CD4+ T cells (Melamed et 

al. 1996). Differential sensitivity levels for these two lymphocyte subsets 

were suggested. However, in th is study using OVA, both DTH and 

antibody (IgG and IgE) levels were suppressed indicating th a t the in vivo 

responses of both Th cell populations were affected.
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There is a consensus th a t Th2 cytokines (IL-4 and IL-10) in addition to 

TGF-p are involved in the regulation of OT in experim ental anim al models 

such as EAE (Miller et al. 1994; W einer et al. 1994), EUA (Gregerson et 

al. 1993; Vrabec et al. 1992; T hurau  et al. 1991b) and non-obese diabetic 

(NOD) mouse (Weiner et al. 1994; Zhang et al. 1991).

Direct m easurem ents of cytokine profiles of both ThI & 2 phenotypes were 

conducted after high OVA dose feeding (Garside et al. 1995b). I t was 

revealed th a t both sets of cytokines were equally susceptible to 

suppression in contrast to the findings of the anergic model (Friedman, 

1996). Long term  antigen exposure via the drinking water, however, 

achieved Th2 suppression (Melamed et al. 1996).

Following the results of the proliferation studies (Section 5.1.1), this 

section exam ined the antigen specific cytokine profiles of cells from OVA 

and WP fed mice in vitro. Interferon-y and IL-12, as examples of direct 

and indirect ThI cytokines, were chosen with IL-4 and IL-10 as the Th2 

counterparts. For the analysis of active suppression, TGF-p was 

m easured.

5.2.2 Protocol

The cytokine patterns were m easured alongside the proliferation assays to 

ensure th a t these responses correlated with lymphocyte activation. Seven 

days after im m unisation the mice (n=5/group) were sacrificed and 

popliteal lymph nodes (PLN) were aseptically removed. PLN cells (lxlO 6) 

were cultured, in 24 well round bottomed tissue culture p late  (Costar, 

Cambridge, MA, USA) in 1ml volume, with 2x l06 irrad iated  (2500rads) 

syngenic splenocytes from naive BALB/c acting as antigen presenting cells 

(APC). Cells were stim ulated with the experim ental and control antigens 

(lmg/ml). Con A (lpg/ml) was used as a positive control with un-
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stim ulated  cells indicating basal secretion. Cell supernatan ts were 

aspirated, spun down to remove cells and debris and stored a t -70°C after 

incubations of 24, 48, 72, & 168hr. Cytokine determ ination was conducted 

using paired  monoclonal ra t  anti- mouse cytokine antibodies in  a two site 

sandwich ELISA. Bioactive TGF-pl concentration in supernatan t was 

calculated using a commercial ELISA k it (Promega) following 

m anufacturer’s instructions without prior acidification. Net cytokine 

concentrations were calculated as the levels above background or u n 

stim ulated  cultures. Suppression/stim ulation was assum ed in cultures 

w ith a t least 50% reduction/increase in cytokine concentration in fed 

cultures derived from PBS fed controls.

5.2.4 S up pression  o f ovalbum in sp ecific  re lease

o f IFN-y & IL-4

OVA feeding suppressed antigen specific secretion of IFN-y and IL-4 

which both peaked after 7 days in  culture (Figure 5.3). However 

detectable levels of secretion of each cytokine was dependant on the 

adjuvant used. So IFN-y was only detected w ith CFA im m unisation 

w hereas IL-4 was only present with alum. Cells cultured with WP or alone 

did not secrete any m easurable am ounts of either cytokine regardless of 

the im m unisation schedule used. The cytokine concentrations achieved, 

were low, bu t consistent with other studies since the num bers of cells per 

well were approximately 20-25% lower than  used in previously published 

reports (Garside et al. 1995b; Hoyne and Thomas, 1995; Hoyne et al. 

1994).
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5.2.5 Suppression  o f ovalbum in sp ecific  release  

ofIL -10 &IL-12

The in terleukin  12 assay performed was not as sensitive as the other 

cytokine ELISAs and th is was reflected by the level of detection (greater 

th an  lOng/ml; Section 2.2.14). IL-12 was not detected in cultures resulting 

from the alum im m unisation schedule w hereas IL-10 was detected w ith 

both. Antigen specific secretion of both IL-10 and 12 were m arkedly 

reduced in  cells from OVA fed mice compared to controls (Figure 5.5). As 

w ith the  previous cytokines, the levels peaked after 7 days in  culture. 

There were no m easurable levels detected in control cultures.

5.2.6 No suppression  o f sp ecific  release o f IFN-y 

& IL-4 after feed in g  o f w hey protein .

The cytokine pa tterns for WP im m unised mice were more complex. The 

general level of cytokine secretion was higher than  those from OVA 

im m unised mice. All controls, w hether background or those stim ulated 

with the non-specific antigen OVA, possessed detectable levels of IL-4 and 

IFN-y. In some cases the non-specific secretion of cytokines was greater 

th an  those stim ulated with WP. This was particularly  true  for IFN-y 

secretion in cultures following the CFA im m unisation schedule. Due to 

th is high secretion level in background and OVA stim ulated cultures, ne t 

WP specific IFN-y levels were very low with no difference found between 

fed and  control cultures. WP specific IL-4 was either suppressed and up- 

regulated with feeding depending on the im m unisation schedule. 

Suppression was achieved within cultures from CFA im m unised mice 

while IL-4 secretion was increased in those from alum im m unised mice 

(Figure 5.4).

134



CH A PTER 5

In  vitro  analysis o f systemic mononuclear cell function.

1200 i
PBS/OVA/CFA

>  1000 -

800-

600 -

400- OVA/OVA/CFA

2 0 0 -

PBS/OV A/Alum OVA/OVA/AlumP— p-
0 1 2  3 7

Culture (Days)

100
S
'&> 80

I 6 0  
1
1 40O
o
't  20
d

PBS/O VA/Alum

OVA/OVA/Alum

PBS/OVA/CFA
71 2 3

Culture (Days)

Figure 5.3 OVA feeding suppresses specific IFN-y and IL-4 secretion of PLN 
mononuclear cells in vitro.

Mice (3-5 per group) were fed and immunised OVA. Seven days after immunisation PLN were excised 
and cells (1 x 106 cells) were cultured with irradiated splenocytes (2 x 106cells) from synergetic naive 
mice in 24 well plates. Each well was seeded with 1ml aliquots of cell culture and stimulated with either 
OVA (1 mg/ml) or WP (1 mg/ml) with cells cultured alone for background controls. The cells were 
cultured for 24-168 hr and measured by cytokine sandwich ELISA. The top panel represents IFN-y 
secretion whereas the bottom panel denotes secretion of IL-4. The results are representative o f at least 
three experiments.
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Figure 5.4 WP specific IFN-y and IL-4 secretion of PLN mononuclear cells in 
vitro.

The top panel represents IFN-y secretion, whereas the bottom panel denotes secretion of IL-4.The
results are representative of at least three experiments.
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Figure 5.5 Suppression of OVA specific IL-10 and IL-12 secretion of PLN 
mononuclear cells in vitro.

The top panel represents IL-10 secretion, the bottom panel denotes secretion o f IL-12.The results are
representative o f at least three experiments.
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Figure 5.6 WP feeding increases specific IL-10 and IL-12 secretion of PLN 
mononuclear cells in vitro with alum immunisation.

The top panel represents IL-10 secretion whereas the bottom panel denotes secretion o f IL-12.The
results are representative of at least three experiments.
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5.2.7 No suppression  o f sp ecific  release o f IL-10

& IL-12 after feed in g  o f w hey protein .

Unlike IFN-y and IL-4 there was no background secretion of IL-10 and IL- 

12 though detectable levels were found in OVA stim ulated  cultures. 

Antigen specific IL-10 secretion by cells from WP/WP/CFA mice was the 

only example of suppressed cytokine secretion following WP feeding. The 

corresponding cultures from WP/WP/alum mice produced an increase in 

IL-10 concentration. For IL-12 secretion only cultures resulting  from alum  

im m unisation schedules produced detectable concentrations and of those 

no suppression of IL-12 was observed in cultures from WP fed mice 

(Figure 5.6).

5.2.8 A bsence of ovalbum in and WP sp ecific

TGF-p secretion .

There were no detectable levels of bioactive TGF-p in supernatan ts from 

any cultures after the TGF-p levels w ithin the culture media, approx. 

1500pg/ml, was accounted for (data not shown).

5.2.9 D iscussion .

Frequently  effector cells, e ither splenocytes or mononuclear cells 

recovered from draining lymph nodes, are isolated from to lerant anim als 

to dem onstrate reduced antigen specific cell function in vitro. These 

assays are employed to emphasise the suppression of in vivo 

m easurem ents such as clinical scores, pathology and levels of systemic 

im m unity (Weiner et al. 1994, Mowat, 1994; Mowat, 1987) In  addition 

param eters such as CTL cytotoxicity function, proliferation, antigen
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presentation and cytokine secretion/expression have all been assessed in 

relation to OT .

In th is study there was also an attem pt to describe the antigen specific 

proliferation and cytokine pa tterns of cells from to lerant and sensitised 

mice and  compare them  with observations obtained in vivo (Chapter 3). In 

order to correlate the proliferation patterns of OVA and WP fed mice with 

their cytokine profiles, parallel cultures were established. Several studies 

used a variety of incubation times for the aspiration of supernatan ts, 

ranging  from 24, 40 or 72hr depending on the cytokine. In terleukin  4 is 

considered to appear in  culture soon after the cells are stim ulated and is, 

therefore, m easured no la te r than  24hr. However, IFN-y, IL-10, IL-12 and 

TGF-p are frequently secreted w ithin a window of 48-72hr (Chen and 

W einer, 1996; Melamed et al. 1996; Hoyne and Thomas, 1995; M elamed 

and Friedm an, 1994; Hoyne et al. 1993; Miller et al. 1992), only a sm all 

m inority of studies m easure responses over a longer period, a t least 7 days 

(Garside et al. 1995b). In th is study it was decided th a t antigen specific 

cytokine secretion pa tterns would be followed over a 7 day period to 

account for any differences in their kinetics, particularly  in cultures from 

sensitised WP/WP/alum mice. The IFN-y concentrations detected here 

were noticeably lower than  those described in the lite ra tu re  (Garside et al. 

1995b; Hoyne et al. 1993). One possible explanation for th is discrepancy 

was the  lower cell density per well used in th is assay. Calculation of IFN- 

y concentration per cell revealed th a t the results obtained here were 

comparable to reports from other studies. Conversely the rem aining 

cytokines were all secreted at levels expected from prim ary cultures. In  

cultures from WP im m unised mice IL-4 levels secreted a t concentrations 

frequently achieved by T cell clones or cells w ithin secondary cultures 

(Chen and  Weiner, 1996; Kelso et al. 1994).
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OVA feeding prior to antigen stim ulation, produced cells th a t secreted the 

cytokines, IFN-y. IL-4, 10, and 12 at a lower concentration when compared 

w ith PBS fed controls. Sim ilar results were reported by Garside et al 

(1996) using an OT model fed high OVA doses (lmg/g/body weight). The 

m icroenvironm ent of the draining lymph node appeared to have great 

influence on w hether IFN-y or IL-4 were detected w ithin the supernatan t. 

Though both cytokines were suppressed, each were m easurable with only 

one of the  adjuvants used.

In terleukin  10 is considered to be a Th2 cytokine, reducing the 

development of ThI cells by inhibiting macrophage, monocytes and NK 

cells m ediated IFN-y secretion (Moore et al. 1993). Its antigen specific 

suppression in OVA fed mice was evident in cells from both CFA and alum  

im m unisation schedules. Considering the adjuvant affects on IFN-y or IL- 

4 secretion, IL-10, as a Th2 cytokine, would be expected to appear a t a 

lower concentration in cultures resulting from the CFA im m unisation 

schedule which may favour T ul activation. However, th is was not the case 

since the secretion by the cells of both PBS fed controls were of equal 

m agnitude. Difference between the characteristics of IL-4 and IL-10 have 

been reported, particularly  about their source and mode of action (Wang 

et al. 1993).

An im portant fact is th a t IL-10 is reported to be secreted by a range of 

other cells, activated keratinocytes, macrophages, m ast cell lines, 

basophiles and B lymphomas and th a t IL-10 cannot be strictly considered 

a Th2 cytokine (Moore et al. 1993). Evidence for the differences between 

IL-4 and IL-10 were shown by the inability of cyclosporine and the drug 

FK-506 to inhibit IL-10 mRNA and protein expression in  m urine Th2 

clones in vitro, though IL-4 was totally susceptible (Wang et al. 1993). In  

addition M arth et al (1996), using an OVA TCR transgenic mouse system, 

assessed antigen specific IL-10 secretion in vitro by splenocytes and
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purified splenic T cells after the feeding of 250mg OVA. Though IL-10 

secretion was suppressed in  splenocytes of OVA fed mice when compared 

to PBS fed controls, the contribution by T cells to the levels of IL-10 was 

thought to m inim al since a fu rther reduction in  th is cytokine was seen in 

the to leran t cultures where T cells were positively selected.

IL-12 was detectable only in cultures resulting from the OVA in  CFA 

im m unisation schedule. This is in accordance with the T h I  bias a ttribu ted  

to th is cytokine (Gately et al. 1998; Trinchieri, 1996). OVA specific IL-12 

secretion was suppressed in cells from OVA tolerant mice and correlated 

well w ith the DTH suppression achieved in vivo.

Contrary to the pa tterns induced by OVA im m unisation, cells from WP 

im m unised mice showed a higher level of non-specific cytokine secretion 

and because of this, antigen specific IFN-y concentrations were very low (< 

400pg/ml). IL-4 levels, however, were greater than  those of comparable 

OVA cultures. In addition, cultures resulting from both CFA and alum  

im m unisation schedules induced equivalent IFN-y and IL-4 levels, so no 

noticeable influence by the  adjuvants was observed. This high IL-4 low 

IFN-y secretion pa ttern  could indicate a possible TH2-like response, even 

after im m unisation with CFA.

In vivo experiments showed a prim ing of total IgE responses w ith alum  

im m unisation which correlates well with the overall pa ttern  exhibited 

here. I t  would be interesting, based on these results, to see if  sera from 

to leran t WP/WP/CFA mice would reflect th is shift in  T h  phenotype when 

compared to sera from to lerant OVA/OVA/CFA mice, possibly as a change 

in IgG l:IgG 2a concentrations. The in vivo prim ing of to tal IgE after WP 

feeding was suggested as evidence of the allergic type response of WP in 

th is model (Section 3.2.6) which would explain th is high IL-4 secretion. A 

recent study compared cytokine mRNA and protein expression in cells
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isolated from otsicaesin (milk protein) and OVA fed DBA/1 mice. 

Interleukin-4 was found to be up-regulated in the Peyer’s patches and 

MLN of mice fed casein and absent in those taken from OVA fed mice. The 

other cytokines, IFN-y and TFG-p, were both expressed a t equal levels in 

both groups thus pointing to a bias towards the Th2 CD4+ phenotype with 

the feeding of a  sicaesin (H irahara et al. 1995). I t  would, based on th is 

evidence, be expected th a t cells from sensitised WP/WP/alum mice would 

secrete antigen specific IL-4 at a higher concentration th an  PBS fed 

controls. This antigen specific increase in IL-4 concentration from WP fed 

mice does support the in vivo evidence th a t WP may act as an allergen in 

th is BALB/c model.

W ith IL-10 and IL-12 secretion, a more consistent pa ttern  developed 

which was in keeping with the in vivo and proliferation results. WP 

feeding was able to reduce antigen specific IL-10 secretion with the  CFA 

im m unisation schedule when compared with PBS fed controls. The IL-10 

concentrations for fed and control cell cultures were double th a t observed 

in equivalent OVA cultures, though the level of suppression were the 

same. In contrast to to lerant OVA/OVA/alum mice, there was an increase 

in  IL-10 secretion with cells from sensitised WP/WP/alum mice.

The up-regulation of antigen specific cytokine expression was also 

reflected with IL-12. Both cultures from PBS/WP/Alum and WP/WP/Alum 

mice produced equal concentrations. Interestingly, no IL-12 was m easured 

in  cultures from WP/WP/CFA or PBS/WP/CFA mice in  direct contrast to 

OVA patterns. M any studies have dem onstrated the im portance of IL-12 

in establishing ThI phenotypes while reducing the development of Th2 

lymphocytes (Gately et al. 1998). This indirect action is due to the 

enhancem ent of IFN-y secretion by both macrophages and NK. IL-12 

would be expected be present in draining lymph nodes after DTH
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induction. Therefore the argum ent th a t IL-12 should be prevalent in 

cultures following CFA, ra th e r than  alum, im m unisation schedules would 

be strong. This was clearly shown with OVA as no detectable levels of IL- 

12 were found in both PBS/OVA/Alum and OVA/OVA/Alum cultures.

Surprisingly, th is was not the case with WP. Cells from alum, and not 

CFA, im m unisation schedules had  detectable IL-12 concentrations. This 

was unexpected and raises the question under w hat conditions would IL- 

12 be p resen t in those cultures resulting from alum and not CFA 

im m unisation, especially as the la tte r is norm ally a ttribu ted  to T h I  

phenotypes.

TGF-p secretion was absent in all cultures m easured. Though the model 

has previously been shown to possess characteristics of active suppression 

i.e. being transferable to naive mice and inducing suppression of both T h  

phenotypic responses, it  was surprising th a t TGF-P was not detected.
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“Comparisons are odorous.”

Much Ado About Nothing (1598-9); Act 3, Scene 5. 

W illiam  S h a k e sp e a re  (1564-1616) 
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6.1 Cytokine secretion of mesenteric 
mononuclear cells in response to OVA and 
WP in vitro.

6.1.1 Introduction .

OT is principally dem onstrated by the suppression of specific systemic 

param eters such as DTH, antibodies or in vitro cellular function from cells 

taken  from the systemic compartment. Fewer studies address the mucosal 

or the local gut response to OT induction. Interestingly antigen specific 

IgA responses have been reported to rem ain in tact after OT induction 

(Fujihashi et al. 1996; Challacombe and Tomasi, 1980). The recent 

identification of regulatory cells from the MLN of to lerant SJL  mice 

however have increased the in terest in the local micro-environment as an 

area  for investigation (Hoyne and Thomas, 1995; Chen et al. 1994; Hoyne 

et al. 1993).

Hoyne et al (1993; 1995) m easured increases of antigen specific IFN-y and 

GM-CSF secretion by MLN cells, in the absence of paren tal 

im m unisations, in vitro. This group found no evidence of IL-2 or IL-4 

cytokine secretion, even after m ultiple feeds (Hoyne and Thomas, 1995). 

Regulatory cells from fed SJL mice secreted antigen specific IL-4, IL-10 

and TGF-p upon MBP or hens egg lysozyme (HEL) stim ulation in vitro, 

both w ith or without im m unisation (Chen et al. 1994). CD4+ lymphocytes 

were thought to be the cells responsible based on depletion studies and 

following clonal expansion several clones were identified. They were 

grouped into cells secreting either IL-4/IL-10hieh/TGF-plow or IL-4/IL- 

10low/TGF-phieh. Since they all produced little  or no IFN-y or IL-2 upon re 

stim ulation they were called Th2 and “Th3” subsets. In addition, Th3 cells 

were able to suppress EAE induction in recipient mice when adoptively 

transferred. Together these findings show th a t while there is suppression
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of antigen specific cells w ithin peripheral lymphoid tissues “another” 

population of antigen specific cells w ithin the mucosa sim ultaneous 

secretes high concentrations of certain cytokines.

This chapter address three m ain areas of interest. The first of these was to 

m easure the antigen specific cytokine responses of cells isolated from OVA 

and WP fed mice, both with and  w ithout im m unisation. Secondly, to 

observe w hether cytokine responses of cells from to lerant and sensitised 

mice resemble the pa tterns induced systemically. Finally, to record the 

kinetics of these cytokines throughout the model from 7 to 21 days after 

im m unisation to correspond with in vivo m easurem ents (Chapters 3+4).

6.1.2 Protocol

Mice were fed OVA or WP (n=40/group) a t lmg/g body weight or 0.25ml 

PBS as controls (n=80/group). After periods of 24 and 168hr after feeding 

and 7, 14 and 21 days after im m unisation, mice (n=5/group) were 

sacrificed and m esenteric lymph nodes (MLN) were aseptically removed. 

MLN cells (lx lO 7) were cultured, in 96 well round bottomed tissue culture 

p late (Costar, Cambridge, MA, USA) in 2ml volume, with 2x 107 

irrad ia ted  (2500rads) syngeneic splenocytes from naive BALB/c. Cells 

were stim ulated with the experim ental and control antigens (lmg/ml). 

Con A (lpg/ml) was used as a positive control with un-stim ulated cells 

indicating basal secretion. Cell supernatan ts were spun down and 

aspirated  to remove cells and debris and stored a t -70°C after 7 days 

incubation as th is was shown to be optimal for secretion (Chapter 5).

Cytokines were m easured using paired  monoclonal ra t  anti- mouse 

cytokine antibodies in a two site sandwich ELISA. Bioactive TGF-p 1 

concentration in supernatan t was calculated using a commercial ELISA 

k it (Promega) following m anufacturer’s instructions w ithout prior 

acidification. Net cytokine concentrations were calculated as the levels
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above background cultures. A 50% reduction or increase in  antigen 

specific cytokine concentration was considered to be a significant change 

w hen compared to cultures from PBS fed mice.

6.1.3 OVA, but not WP, up-regulates TGF-P and

IL-10 secretion  after a single feed.

To exam ine w hether regulatory cells were induced by antigen feeding, 

MLN cells were cultured a t different intervals after antigen feeding before 

im m unisation. Antigen specific stim ulation of MLN cells from fed mice did 

not induce any antigen specific secretion of IL-4 or IFN-y.

OVA specific IL-10 secretion was induced in cell cultures taken 24 and

168 h r  after feeding (Figure 6.1). There were no differences in  the  IL-10
*

concentrations for both in tervals suggesting th a t its  production rem ained 

constant over th a t period. WP specific IL-10 was not evident in stim ulated 

cultures. Surprisingly, only cultures from OVA fed mice produced 

detectable levels of IL-12 which peaked 24 h r  after feeding and were 

effectively absent in  cultures from 168hr. Cultures from WP fed mice 

produced no detectable levels of IL-12 a t either tim e points. Contrary to 

the da ta  from PLN, MLN cultures from OVA fed mice produced m arkedly 

high concentrations of OVA specific TGF-P, again the peak was a t 24 hr. 

WP feeding produced no specific TGF-P secretion for any time-points.
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Figure 6.1 OVA feeding up-regulates MLN secretion of specific TGF-P, IL- 
10, IL-12.

Mice (n=5/group) were fed either O V A  or W P at a dose  o f  lm g /g  body weight. T w enty  four and 168 hr 
after feeding M LN were excised and cells (1 x 1(L cells) were cultured with irradiated splenocytes (2 x 
10 7celIs) from syngeneic naive mice in 24 well plates. Each well was seeded with 2ml aliquots o f  cell 
culture and stimulated with either O V A  (1 mg/ml) or W P (1 mg/ml) with cells cultured alone for 
background controls. The cells were cultured for 168 hrs for maximal responses to be measured by 
cytokine sandw ich ELISA. The results are representative o f  at least three experiments.
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6.1.4 S up pression  o f OVA sp ecific  cytokine

secretion .

To determ ine the effect of systemic im m unisation on cytokine profiles for 

comparison with the peripheral PLN patterns, MLN cells were cultured 7 

days after paren tal im m unisation. This time point was selected to coincide 

w ith the PLN cultures and also the proliferation assays described in 

C hapter 5. In  the m ajority of experiments, the cytokine concentrations 

exceeded those achieved by cells from mice fed OVA only. OVA specific 

IFN-y secretion was suppressed in  cultures from OVA/OVA/CFA and 

OVA/OVA/alum mice. Due to the high background levels specific IFN-y 

concentrations were not greater than  500pg/ml for both im m unisation 

schedules (Figure 6.2). IL-4 was undetectable in all cultures, w hether 

stim ulated  or in  controls (Figure 6.2). OVA specific IL-10 was secreted at 

m uch lower levels than  in  corresponding PLN cultures. Nevertheless, no 

differences in IL-10 levels were observed between cultures from 

PBS/OVA/CFA and OVA/OVA/CFA mice though both were below 50pg/ml, 

the lower lim it of detection. Suppression of OVA specific IL-10 was 

observed in  cultures from OVA/OVA/alum when compared to 

PBS/OVA/alum mice. Both produced IL-10 levels far greater th an  their 

CFA counterparts (Figure 6.3). Following the OVA specific secretion of IL- 

12 by cultures from mice fed OVA only, MLN cultures produced no 

detectable levels of th is cytokine (Figure 6.3).

Although not as abundant as in  cultures from mice fed OVA only, OVA 

specific TGF-P was detected in  these MLN cultures. OVA feeding followed 

by either im m unisation schedules significantly up-regulated TGF-P levels 

when compared with PBS fed controls. The cultures w ith the  highest 

concentrations were those from OVA/OVA/alum mice which secreted TGF- 

p a t over 3 folds higher th an  those from OVA/OVA/CFA mice (Figure 6.4).
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Figure 6.2 Specific IL-4 is significantly up-regulated in MLN cultures from  
sensitised W P/W P/alum mice.

M ice (n= 5 /g roup) were fed and immunised with either O V A  or W P. Seven days after immunisation 
M LN  were excised  and cells (1 x 107 cells) were cultured with irradiated splenocytes (2 x 107cells) and 
st im ulated with either O V A  ( lm g /m l )  or W P  ( lm g /m l) .  Sensitised W P /W P /a lum  mice are represented 
by dark blue bar in the bottom panel.  The results are representative o f  at least three experiments

152



Chapter 6

D ifferential cytokine expression at the G A LT level.

PBS/OVA/CFA

OVA/OVA/CFA

PBS/OVA/Alum

OVA/OVA/Alum

o 100 200 400 500300 0 10 20 30 40 50 60

IL-10 concentration (pg/ml) IL-12 concentration (ng/ml)

PBS/WP/CFA

W P/W P/CFA

PBS/WP/Alum

WP/WP/Alum

o 200 400 600 800 1000
—r~
20

"i—
40

1—
60 80

IL-10 concentration (pg/ml) IL-12 concentration (ng/rnl)

Figure 6.3 Both specific IL-12 and IL-10 secretion are increased in cultures 
from sensitised WP/WP/alum mice.

Mice (n= 5 /g roup) were fed and immunised with either O V A  or WP. Seven days after immunisation 
MLN were excised and cells (1 x 107 cells) were cultured with irradiated splenocytes (2 x 10 7celIs) and 
s timulated with either O V A  ( lm g /m l)  or W P ( lm g /m l) .  Sensitised W P /W P/a lum  mice are represented 
by dark blue bar in the bottom panel.  The results are representative o f  at least three experiments.
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Figure 6. 4 Specific TGF-(3 secretion is only up-regulated in MLN cultures 
from tolerant OVA/OVA/CFA and OVA/OVA/alum mice.

M ice (n=5 /g roup) were fed and immunised with either O V A  or WP. Seven days after immunisation 
M L N  w ere excised  and cells (1 x 107 cells) were cultured with irradiated splenocytes (2 x 107cells) 
stimulated with either O V A  ( lm g /m l)  or W P  ( lm g /m l) .  Toleran t O V A /O V A /C F A  and 
O V A /O V A /a lum  mice are represented by the green and black bars respectively in the top panel. The 
results are representative o f  at least three experiments.
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6.1.5 A bsence o f sp ecific  TGF-p secretion  in

sen sitised  m ice.

Unlike OVA cultures, those from WP im m unised mice produced high 

basal cytokine concentrations of up to lOng/ml. Due to these high basal 

cytokine levels, the antigen specific concentrations were usually less than  

lOOpg/ml. The overall MLN cytokine pa ttern  for WP im m unised mice 

resem bled the pa tterns observed by peripheral PLN cells w ith the 

exception of IFN-y. This cytokine was secreted a t high concentrations by 

PBS/WP/CFA mice and was significantly suppressed in  cultures from 

WP/WP/CFA mice (Figure 6.2). Cultures from PBS/WP/alum mice 

produced relatively high IFN-y concentrations, again with suppression in 

WP/WP/alum cultures. D raining PLN cultures from sensitised 

WP/WP/alum mice secreted significant levels of specific IL-4 when 

compared w ith PBS fed controls. This was also evident for MLN since 

exceptionally high concentrations, exceeding well over 10 OOOpg/ml, were 

found in  cell cultures from WP/WP/alum mice. Despite th is response, no 

detectable levels of IL-4 were shown in  the rem aining WP cultures. This 

prim ing response was also seen for specific IL-10 since cultures from 

WP/WP/alum mice contained concentrations greater than  PBS/WP/alum 

cultures. Suppression of specific IL-10 was induced in cultures from 

to leran t WP/WP/CFA mice when compared with PBS/WP/CFA controls 

(Figure 6.3).

Significant increases of specific IL-12 were obtained in cultures from 

sensitised WP/WP/alum mice. As w ith IL-4 secretion, th is could be taken 

as evidence of mucosal and peripheral correlation. No detectable levels of 

IL-12 were recorded for any other WP cultures (Figure 6.3).

In  contrast with OVA cultures, negligible levels secretion of TGF-p were 

found in  cultures from WP fed mice, regardless w hether they were 

stim ulated  or not (Figure 6.4).

155



Chapter 6

Differential cytokine expression at the GALT level.

6.1.6 C ytokine k in etics reveal OVA sp ecific

prim ing o f IFN-y and IL-10 .

C ultures resulting  from mice fed OVA alone secreted no detectable specific 

IFN-y or IL-4. However with paren teral im m unisation, certain  cultures, 

particu larly  those from sensitised WP/WP/alum mice, reveal selective 

production of these cytokines. Indeed cells from im m unised mice produced 

cytokine profiles which correlated well with peripheral PLN cultures, with 

TGF-P being the only exception. To determ ine if the relative cytokine 

concentrations rem ained static throughout the protocol, especially a t time- 

points where in vivo m easurem ents were conducted, cultures a t 14 and 21 

days after im m unisation were assayed. Following the same criteria as 

before, OVA cultures exhibited dram atic changes th a t indicated up- 

regulation of some, bu t not all, cytokines. The first noticeable feature was 

th a t m axim al secretion for a majority of cytokines occurred 14 days after 

im m unisation. This was particularly  true  for both specific IFN-y (Figure 

6.5) and  IL-10 (Figure 6.6). Specific IL-10 levels were significantly up- 

regulated  in  cultures from to lerant OVA/OVA/CFA and OVA/OVA/alum 

mice corresponding to both CFA and alum  im m unisation schedules. 

However, up-regulation of IFN-y was only evident in to lerant 

OVA/OVA/CFA cultures while it  was consistently suppressed in  cultures 

from to lerant OVA/OVA/alum mice. In  addition cultures from 

PBS/OVA/alum mice secreted IFN-y which peaked 21, ra th e r th an  14, 

days after im m unisation.

Both IL-4 and IL-12 (Figure 6.7) were not detected in  any MLN cultures 

for e ither time-points.

C ultures from OVA fed mice produced high levels of specific TGF-p upon 

stim ulation in vitro and th is feature distinguished them  from sensitised 

cultures from WP/WP/alum mice (Figure 6.8). At day 14 th is cytokine was
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still up-regulated, bu t the differences between OVA/OVA/alum and 

PBS/OVA/alum controls had  dim inished by a noticeable margin. 

Interestingly, under closer scrutiny, a different pa ttern  had  developed 

between mice im m unised with CFA and those im m unised with alum. This 

became more apparent 21 days after im m unisation since concentrations in 

cultures from both PBS/OVA/CFA and OVA/OVA/CFA mice reached 

4000pg/ml. Although there was no difference in TGF-p concentrations, 

they both produced very sim ilar kinetics, i.e. a gradual increase from day 

7. For cultures from OVA/OVA/alum and PBS/OVA/alum mice there was 

also no difference in TGF-p concentrations induced, although levels were 

m uch lower, less th an  lOOOpg/ml. The kinetics of these to lerant cultures 

were of a gradual decline from the peak 7 days after im m unisation.

6.1.7 Cytokine k in etics o f sen sitised  m ice

revea l sp ecific  IL-12, but not TGF-p, secretion .

Generally all cytokines concentrations for days 14 and 21 were not as high 

as for day 7. This was particularly  strik ing  for specific IL-4 production by 

sensitised WP/WP/alum mice. In  contrast to the exceedingly high 

concentrations observed in day 7 cultures, no detectable levels were 

obtained from either time-points. This was also true  for IFN-y which was 

originally present in  cultures from PBS/WP/CFA and PBS/WP/alum mice 

(Figure 6.5).

Specific IL-10 was previously shown to be suppressed in  cultures from 

to leran t WP/WP/CFA mice while increased in cultures from sensitised 

W P/WP/alum counterparts (Figure 6.6). The pattern , however, became 

more uniform  after 14 and 21 days. The in itial suppression seen in 

to leran t WP/WP/CFA cultures was lost because of reduced IL-10 levels in 

PBS/WP/CFA controls. Therefore both im m unisation schedules pointed to 

a susta ined  production of specific IL-10 in cultures from WP fed mice.
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Figure 6.5 Kinetics of OVA specific IFN-y show transient up-regulation in 
cultures from tolerant OVA/OVA/CFA mice.

Mice (n=5/group) were fed and immunised with either O V A  or WP. Fourteen (top panel) and twenty 
one (bottom  panel) days after immunisation M LN  were excised and cells (1 x 107 cells) were cultured 
with irradiated splenocytes (2 x 107cells) stimulated with either O V A  (1 mg/ml) or W P  ( lm g /m l) .  
Tolerant O V A /O V A /a lu m  mice are represented by the light blue bars. The results are representative o f  
at least three experiments.
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Figure 6.6 MLN Cultures from all OVA and WP fed mice exhibit increased 
specific IL-10 secretion.

Mice (n= 5 /g roup) were fed and immunised with either O V A  or W P. Fourteen (top panel) and twenty 
one (bottom  panel) days after immunisation M L N  were excised  and cells (1 x 107 cells) were cultured 
with irradiated splenocytes (2 x 107cells) stimulated with either O V A  (1 mg/ml) or W P  (1 mg/ml). 
Representa tions o f  mice are O V A /O V A /C F A  (green bars), O V A /O V A /a lu m  (dark blue bars), 
W P /W P /C F A  (green bars) and W P /W P /a lum  (black bars) The results are representative o f  at least three 
experiments.

looo

—I
1000

160



Chapter 6

Differential cytokine expression at the G A LT level.

PBS/OVA/CFA 
OVA/OVA/CFA 
PBS/OVA/Alum 

O V A/O V A/Alum 
PBS/WP/CFA 
WP/WP/CFA 

PBS/WP/Alum 
WP/WP/Alum

Day 14

-/-VLTV. m ^Z :2 Z m L SLS

10 20 

1L-12 concentration (ng/ml)

30

PBS/OVA/CFA 
OVA/OVA/CFA 
PBS/OVA/Alum 

OVA/OV A/Alum 
PBS/WP/CFA 
WP/WP/CFA 

PBS/WP/Alum 
WP/WP/Alum

Day 21

'/////z z y y

10 20 30

IL-12 concentration (ng/ml)

40

Figure 6.7 Persistent up-regulation of WP specific IL-12 in cultures from 
sensitised WP/WP/alum mice.

M ice (n=5/group) were fed and immunised with either O V A  or WP. Fourteen (top panel)  and twenty 
one (bottom  panel) days after immunisation M L N  were excised and cells (1 x 107 cells) were cultured 
with irradiated splenocytes (2 x 107cells) stimulated with either O V A  (1 mg/ml) or W P (1 mg/ml). 
Sensitised W P /W P /a lum  are represented by the black bars. The results are representative o f  at least 
three experiments.
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Figure 6.8 Continued absence of specific TGF-P in all cultures from WP fed 
mice.

Mice (n=5/group) were fed and immunised either O V A  or WP. Fourteen and twenty one days after 
immunisation M L N  were excised and cells (l x 107 cells) were cultured with irradiated splenocytes (2 x 
I0 7cells) st im ulated with either O V A  (l mg/ml) or W P (l mg/ml)..  The results are representative o f  at 
least three experiments.
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Specific IL-12 was m easurable in  cultures from sensitised WP/WP/alum 

mice thus indicating continued up-regulation. This was shown not to be 

long term  since there were no detectable levels in  any cultures by Day 21 

(Figure 6.7).

Specific TGF-p, previously shown to be absent in  stim ulated  WP cultures, 

rem ained undetected throughout th is study (Figure 6.8).

6.1.8 D iscussion .

H aving recognised antigens within the Peyer’s patch (PP) lymphocytes 

m igrate to other secondary lymphoid and mucosal tissues via the blood 

circulation. The m esenteric lymph nodes are the draining site for the 

gastrointestinal trac t and  as such are the first sites these cells m igrate to 

after stim ulation. Potentially these cells can also be re-stim ulated there 

(Schaffeler et al. 1997; Phillips-Q uagliata and Lamm, 1994), so there is a 

likely-hood of differentiated, precursor and memory Th cells being present. 

To identify the potential T lymphocyte population, the m easurem ent of 

specific cytokine responses by MLN cells of to lerant and  sensitised mice 

was undertaken. Previous studies were able to detect ThO, ThI & Th2 cells 

induced after feeds of antigen without systemic im m unisation (Hoyne and 

Thomas, 1995; Garside et al. 1995b; Chen et al. 1994; Hoyne et al. 

1994). However, only pTh cells were present in MLN cultures from mice 

fed HEL and cholera toxin, a potent oral adjuvant, since both specific IFN- 

y and  IL-4 secretion were absent (Schaffeler et al. 1997). The absence of 

these cytokines agrees with the findings of th is study.

The frequency of feeds, or the in terval between the last feed and 

im m unisation, appears to be im portant factors affecting the detection of 

differentiated CD4+ cells. O ther groups cultured cells following either a 

14-16 day in terval (Garside et al. 1995b; Chen et al. 1994) or m ultiple
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low antigen dose feeds (Hoyne and Thomas, 1995; Chen et al. 1994; 

Hoyne et al. 1994) and in  most instances specific IFN-y, ra th e r th an  IL-4, 

was secreted. Regulatory T cell clones from SJL  EAE mice described by 

Chen et al (1994) secrete significant levels of TGF-p and IL-10. Recently, 

long term  hum an and m urine CD4+ cell clones which inh ib it antigen 

specific T cell responses and prevent colitis have been shown to secrete 

high levels of IL-10 w ith undetectable concentrations of IL-2 and IL-4. 

They have low proliferative activity bu t do, however, secrete IFN-y and 

TGF-p levels equivalent to ThO or ThI clones (Groux et al. 1997). Each 

group introduces the notion th a t an additional CD4+ cell subset to the ThI 

and 2 dichotomy, is capable of suppressing lymphocyte activity by the 

release of either TGF-p or IL-10. These cell types were called Th3 or T rl 

respectively. The specific release of TGF-p and IL-10 by MLN from OVA, 

and not WP, fed mice would show some degree of sim ilarity w ith these 

clones, especially as these mice progressed to become tolerant. The low, 

bu t consistent, levels of IL-10 secretion make it unlikely th a t there is a 

potential connection with T r l clones. In  contrast, they appear to resemble 

the  IL-4 IL-10low/TGF-phieh cell described for EAE regulatory clones.

Systemic im m unisation, w hether in to lerant or sensitised mice, induced 

MLN cultures to secrete very sim ilar cytokine pa tterns to those of 

peripheral PLN, with the exception of TGF-p. Peripheral cultures from 

WP fed mice produced lim ited specific IFN-y secretion thus introducing 

the notion th a t WP im m unisation pushed CD4+ cells towards TH2-like 

phenotype responses. On the evidence of the MLN cultures, th is was 

clearly not so a t the mucosal level, since appreciable IFN-y levels were 

detected. Moreover, the m agnitude of this IFN-y release was greater in 

cultures from CFA, compared with alum, im m unisation, supporting the 

proposed Th cell bias of these adjuvants. In terleukin  4 was not p resent in 

any cultures other th an  in those from sensitised WP/WP/alum mice and 

only on Day 7. Presum ably th is would correlate w ith the increased IgE 

response found in vivo (Chapter 3). This observed absence of IL-4 is not
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supported by others studies where mucosal (MLN and PP) cultures 

produced detectable, bu t variable, concentrations upon antigen 

stim ulation (M arth et al. 1997; Groux et al. 1997; M arth  et al. 1996; 

Chen et al. 1994). I t  has been hypothesised th a t the GALT micro

environm ent preferentially induces Th2 responses w hereas systemic 

tissues produces those of ThI cells (Yamamoto et al. 1996; W einer and 

Mayer, 1996; Daynes et al. 1990). Furtherm ore, IL-4 is the prim ary T cell 

growth factor of the GALT in  contrast to IL-2 w ithin systemic lymphoid 

tissues (Daynes et al. 1990). The discrepancy between th is and  other 

studies probably lies w ithin the protocol where m ultiple low antigen feeds 

were adopted. More im portantly those cells were selected clones whereas 

in  th is study only prim ary cultures of mononuclear cells were used.

MBP specific MLN cells from fed SJL  mice produced high TGF-p, IL-4 and 

IL-10 levels upon re-stim ulation. Clonotypic investigations reveal th a t 

these regulatory cells are identical to encephalitogenic CD4+ clones for 

epitope specificity, MHC restriction and TcR usage (Chen et al. 1997; 

Chen et al. 1995). Following CD4 depletion, IL-4 was the only cytokine 

elim inated from to lerant cultures with IL-10 only partially  reduced. In 

both cases CD8+ cell depletion did not a lter the secretion levels, bu t both 

CD4/8 cells depletion were needed to remove TGF-p from the supernatant. 

For to leran t OVA/OVA/CFA mice both specific IFN-y and IL-10 were up- 

regulated  a t Day 14 from earlier reduced levels (Day 7). A sim ilar increase 

in IFN-y levels was observed in to lerant TcR transgenic mice fed 250mg 

OVA and  was accompanied by IFN-y suppression in  PLN cells. This 

supports the findings of th is study th a t IFN-y is both suppressed 

peripherally  and up-regulated mucosally in to lerant OVA/OVA/CFA mice, 

possibly due to different micro-environments.

Although the increase in  IL-10 could be due to regulatory to lerant cells, 

th is assum ption could not be extended to IFN-y because in  cultures from 

to leran t OVA/OVA/alum mice only IL-10 was up-regulated while IFN-y 

was suppressed. Furtherm ore in th is study, alum im m unisation appears
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to preferentially  support T h 2 , ra ther than  T h I ,  phenotypic responses and 

could therefore explain why IFN-y up-regulation was absent in  cultures 

from OVA/OVA/alum mice. W hat can be deduced is th a t specific pa tterns 

for IFN-y, based on the in vitro data, may not be predictive of OT 

induction in th is model. I t  is not certain w hether the up-regulation of IL- 

10 found in  the to lerant OVA/OVA/CFA and OVA/OVA/alum cultures is 

produced solely from regulatory CD4+ T h  cells. A fact highlighted by the 

release of IL-10 in  cultures from sensitised WP/WP/alum mice. One 

possibility for th is prim ing is th a t sources other th an  T cells 

(macrophages/monocytes, B and NK cells) may be responsible. A study 

using CD4 and CD8 cell depletion of cultures from MBP fed SJL  mice 

found a residual level of IL-10 secretion supporting non-T cell sources. In 

addition, as m entioned in Chapter 5, IL-4, bu t not IL-10, is susceptible to 

p re-treatm ent cyclosporine in m urine cultures, a trea tm en t known to 

inh ib it T cell function (Wang et al. 1993).

The consistent secretion of both TGF-p and IL-12, however, showed th a t 

these cytokines were commonly associated with to lerant and  prim ing 

responses. Both cytokines were expressed a t least un til Day 14 of cultures 

of to leran t OVA/OVA/CFA, OVA/OVA/alum and sensitised WP/WP/alum 

mice.

The high levels of non-specific TGF-P found in MLN cultures of mice fed 

and im m unised with either OVA or WP indicates some constitutive 

secretion. IgA is suggested to be unaffected by OT induction (Challacombe 

and Tomasi, 1980; Tomasi, 1980) and as TGF-P is an im portant switching 

factor for B cells to become IgA+ plasm a cells (Coffman et al. 1989), a 

global response could be triggered by the general stim ulation of feeding.

TGF-p possesses imm unosuppressive actions and inhibits antibody and 

cellular responses (Letterio and Roberts, 1998). I t has been described as 

enhancing T h I  cells differentiation in vitro (Nagelkerken et al. 1993) 

while inducing T h 2  development in BALB/c mice infected with
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Leishmania braziliensis in vivo (Barral et al. 1993). Though these reports 

do not agree on its role in Th cell development, they do not conflict with 

suppressive role of TGF-p in  OT induction.

A possible antagonistic relationship between specific IL-12 and TGF-P was 

indicated, w ith the im m unoregulation induced by either OVA or WP 

feeding, since the cytokines were never present together in  culture. The 

potential in terest of these two cytokines in  th is model is th a t TGF-P 

inhibits the  development of naive CD4+ cells into ThI clones m ediated by 

IL-12 (Schm itt et al. 1994a). More im portantly, TGF-p's regulation of OT 

is inhibited  by IL-12 (M arth et al 1997). Moreover, in vivo adm inistration 

of anti-IL-12 during high antigen dose feeding, up-regulated TGF-P while 

suppressing IFN-y in PP and spleen cells (M arth et al. 1996).

W hether TGF-p inhibited the secretion of IL-12 with the feeding of OVA 

or vice versa in sensitised WP/WP/alum mice is unclear. The persisten t 

and  consistent release of each of these cytokines during tolerance and 

prim ing m ake them  ideal candidates for fu ture  OT investigation using 

th is model.

In  sum m ary, feeding of OVA, without im m unisation, induced secretion of 

specific TGF-P and IL-10 b u t no IFN-y or IL-4. There was no cytokine 

secretion in  cultures from WP fed mice. Systemic im m unisation initially

induced MLN cytokine pa tterns sim ilar to those found in  PLN cultures. 

The significant difference between peripheral and local mucosal 

environm ents is th a t TGF-p was detectable in  MLN cultures from tolerant 

OVA/OVA/CFA and OVA/OVA/alum mice and not in  sensitised 

WP/WP/alum mice. Both OVA and WP fed mice exhibited complex IFN-y 

and IL-10 patterns for Day 14 and 21. I t  is therefore considered unlikely, 

based on the data presented here, th a t IFN-y is associated w ith the 

induction or m aintenance of OT. F u rther investigation is needed for the 

assessm ent of the role IL-10 plays in  OT since on days 14 and 21 it  was 

universally up-regulated in  cultures of all OVA and WP fed mice. Though
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th is alone does not suggest th a t IL-10 has no p a rt to play in  OT induction, 

it  does m ean th a t its cellular source needs to be identified. However, TGF- 

p and  IL-12 were consistently secreted in  to lerant and sensitised cultures 

thus im plicating a possible reciprocal and antagonistic relationship in  the 

im m unoregulation of th is OT model.

6.2 C ytokine gene exp ression  in  

resp on se  to  OVA and WP feed ing.

6.2.1 In troduction .

In  th is study, IL-4 was shown to be undetecable in  the MLN cultures of 

to leran t OVA/OVA/CFA and OVA/OVA/alum mice. However, significant, 

bu t transien t, levels of IL-4 were induced in cultures from sensitised 

WP/WP/alum mice. Schaffeler and co-workers reported th a t im m unisation 

with HEL and cholera toxin, a potent oral adjuvant, failed to induce 

differentiation of naive CD4+ cells to Th2 cells. IL-4 mRNA was not 

expressed in MLN culture from fed mice and proliferation of these cells 

were a ttenuated  with anti-IL-2, bu t not anti-IL-4, antibodies (Schaffeler 

et al. 1997).

In  th is section, an attem pt was made to m easure the IL-4 mRNA 

expression in  the MLN cultures and tissue sam ples of to lerant and 

sensitised mice. By using tissue samples and MLN cultures the 

constitutive and antigen specific expression of IL-4 could be compared. 

In terleukin-4 mRNA expression was compared w ith th a t of IL-10 and 

TGF-p since these cytokines were shown to be induced in  to lerant mice 

(Groux et al. 1997; Chen et al. 1995). The expression was m easured in 

tissue sam ples and MLN cultures from mice fed antigen only and those 

Day 7 after im m unisation.
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6.2.2 Protocol.

Mice were fed OVA or WP (n=20/group) a t lmg/g body weight or 0.25ml 

PBS as controls (n=40). After periods of 24, 72 and 168hr after feeding 

and  then  7 days after im m unisation, mice (n=5/group) were sacrificed and 

Peyer’s patches and m esenteric lymph nodes (MLN) were aseptically 

removed and incubated in  Trizol™ for total RNA isolation (section 

2.4.2).These were stored a t -70°C until cDNA synthesis (Section 2.4.2) and 

PCR (Section 2.4.5) were performed.

Also MLN cells (lxlO 7) were cultured in  24 well round bottomed tissue 

culture p late (Costar, Cambridge, MA, USA) in 2ml volume, w ith 2x 107 

irrad ia ted  (2500rads) syngeneic splenocytes from naive BALB/c acting as 

antigen presenting cells (APC). Cells were stim ulated w ith the 

experim ental and control antigens (lmg/ml). Con A (l|rg/ml) was used as a 

positive control with un-stim ulated cells indicating basal secretion. E ither 

24-48 h rs  after antigen stim ulation cell supernatan ts were aspirated and 

centrifuged. The cell pellets were immediately im m ersed in  Trizol™ for 

RT-PCR analysis.

6.2.3 Cytokine mRNA expression  in  m ucosal

tissu es.

To check w hether feeding OVA and WP induced IL-4 expression, PP and 

MLN sam ples were used to generate RNA for RT-PCR im m ediately after 

designated periods i.e. from mice fed antigen only and from those 7 days 

after systemic im m unisation.

For all PP and MLN samples, RNA integrity was confirmed by the bands 

indicating the expression of the housekeeper gene p-actin. IL-4 mRNA 

was only expressed in  MLN sam ples from mice fed either OVA or WP
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w ithout im m unisation (Figure 6.9). This expression for both of these 

antigens appeared a t 72hr bu t only in WP sam ples did it rem ain un til 168 

hr.

Following systemic im m unisation samples from both PBS and antigen fed 

mice produced bands correlating to IL-4 expression (Figure 6.11). IL-4 

expression was noticeably reduced in  both PP and MLN sam ples from 

OVA/OVA/CFA mice when compared w ith PBS/OVA/CFA controls. 

However, IL-4 expression in both sets of tissues were increased in 

OVA/OVA/alum mice when compared to PBS/OVA/alum mice. No real 

difference was seen between WP fed samples and their controls w ith CFA 

im m unisation. In contrast, there was an absence of expression in  MLN 

sam ples for both WP/WP/alum and PBS/WP/alum controls.

The p a tte rn  for both TGF-p and IL-10 were consistent for all the samples. 

TGF-p expression was present in all sam ples for both antigens whereas 

IL-10 was not expressed in  any samples.
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IL-4

Time 
Antigen OVA

123 bp P M P M P M P M P M P M
Time 24 72 168 24 72 168

Antigen OVA WP

OVA

514bp

123bp
Time

Antigen

Figure 6.9 Absence of IL-4 gene expression in PP after feeding mice OVA and 
WP alone.

Mice w ere fed either O V A  or W P at a dose o f  lm g /g  body weight . After intervals o f  24, 72 and 168 hr 
both PP (P) and M LN  (M ) were excised and RNA  was extracted for RT-PCR.
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IL-10
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Figure 6.10 Feeding alone induced TGF-P and IL-10 expression in all MLN 
cultures after antigen specific stimulation in vitro.

Mice were fed either O V A  or W P at a dose o f  lm g /g  body weight. After intervals o f  24, 72 and 168 hr 
M LN  were excised and cells (1 x 107 cells) were cultured with irradiated splenocytes (2 x 107cells) 
stimulated with antigen (+) with cells cultured alone for background  controls(-).
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6.2.4 Cytokine mRNA expression  after antigen

stim u lation  in vitro  .

An a ttem pt was made to determine w hether the p a tte rn  of cytokine 

expression was influenced by antigen stim ulation in vitro. Cell pellets 

were recovered for RT-PCR analysis after aspiration of MLN supernatan t 

for cytokine ELISA (Section 6.1). The RNA recovered from the  pellets was 

of poorer quality than  those from the tissues samples. Though the P-actin 

bands were present, they were not as distinct as those from tissue 

sam ples. P a tte rns for each cytokine were consistent for cultures from mice 

fed OVA and WP alone. Both TGF-p and IL-10 were expressed all 

sam ples, both controls and after antigen stim ulation, w hereas IL-4 was 

absent (Figure 6.10).

W ith im m unisation, the pa ttern  of mRNA expression was more complex 

(Figure 6.12). IL-4 expression was only presen t in  sam ples from sensitised 

WP/WP/alum mice, both stim ulated and controls. OVA/OVA/CFA samples 

revealed an increase in  IL-10 expression compared to PBS/OVA/CFA 

controls. Sam ples from WT/WP/CFA mice showed no difference in  IL-10 

expression w ith PBS/WP/CFA controls. W ith alum im m unisation, samples 

from OVA/OVA/alum and WP/WP/alum mice showed equal IL-10 

expression with their respective controls.

For TGF-P, expression was present in all samples from mice fed either 

OVA or WP only. W ith both im m unisation schedules, bands were present 

in  all OVA and WP sam ples showing no difference in in tensity  and 

expression.
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6.2.5 D iscussion .

E arlier i t  was shown th a t MLN cultures secreted a range of cytokines 

upon re-stim ulation in vitro. Antigen specific TGF-P and IL-12 was 

secreted depending on w hether the overall response was tolerogenic or 

primed, b u t never together. Antigen specific secretion of IL-10 and  IFN-y 

revealed no such correlation as they were readily secreted regardless of 

the type of response.

In  contrast IL-4 was only detected in MLN cultures from sensitised 

WP/WP/alum mice even though IL-4 was secreted in the m ajority of PLN 

cultures from draining lymph nodes of OVA and WP im m unised mice 

(Section 5.1). IL-4 is considered to be an im portant T cell growth factor in 

mucosal tissues (Daynes et al. 1990). RT-PCR was used to check gene 

expression of IL-4, both in tissues sam ples and after antigen specific 

stim ulation in vitro. These correlated well w ith the protein levels as 

m easured by ELISA. TGF-P and IL-10, both described as im portant 

regulatory cytokines in the GALT (Chen and Weiner, 1996; Chen et al. 

1994; W einer et al. 1994), were used as references. D uring the RT-PCR 

optimisation, IFN-y was shown to be expressed in all tissue and in vitro 

sam ples (data not shown). Therefore a m ajor role for IFN-y in  OT 

induction was again considered unlikely. The expression w ithin the 

tissues revealed th a t IL-4 was present both in  PP and MLN with systemic 

im m unisation.

IL-4 expression appeared in MLN 3 days after the feeding of both OVA 

and WP. However, th is expression persisted to 7 days w ith WP. W hether 

th is difference was due to WP itself or because more of th is antigen was 

fed for an equivalent protein dose was unclear. Though transcription of 

IL-4 was evident with feeding of both antigens, IL-4 was not detected by 

ELISA.
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A different pa ttern  emerged with im m unisation. A reduction of IL-4 

mRNA was found in  samples horn OVA/OVA/CFA w hereas th is 

expression was increased OVA/OVA/alum mice. There is a possibility th a t 

the  adjuvants may have influenced the level of th is expression. With 

respect to WP there was no change IL-4 expression when compared with 

controls. Furtherm ore the  expression pa tterns for both TGF-P and IL-10 

were consistent throughout the model.

The antigen specific expression of the cytokines was more informative. 

Interleukin-4  correlated with the ELISA results as i t  was expressed in 

sam ples from WP fed mice only. So although both MLN and PP h ad  the 

ability to express IL-4, antigen specific gene expression was lim ited to 

sam ples from sensitised WP/WP/alum mice. This not only confirmed the 

ELISA resu lts bu t was in  contrast to studies showing an increase in  IL-4 

expression with OT induction (Fishm an et al. 1994), although in th a t 

study PLN ra th e r than  MLN were assayed.

TGF-p was expressed in  virtually all samples. ELISA resu lts showed a 

high concentration of th is cytokine w ithin background cultures. This was 

obviously due to the wide range of cells which secrete it. W ith adequate 

controls, analysis of antigen specific release of TGF-P was feasible. 

However, RT-PCR, as a  very sensitive technique, needs only a few cells for 

amplification. Therefore with th is protocol i t  appeared th a t antigen 

specific TGF-p expression, unlike the other cytokines, was particularly  

difficult to separate from non-specific levels.

The absence of IL-10 expression in the tissue samples can not be easily 

explained especially as i t  was observed in the antigen specific assays. One 

explanation could be the reduced quality or even the p artia l degradation 

of the sam ples during storage which resulted in the failure to amplify the 

cDNA. The presence of IL-10 protein levels in the ELISA confirms IL-10 

synthesis in  MLN cultures.
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In  sum m ary, mRNA expression was used to detect cytokine transcription 

levels in  the absence of protein. In th is section IL-4 was clearly shown to 

be p resen t in  GALT of OVA and WP fed mice. B ut it  was only expressed in 

cells from sensitised WP/WP/alum mice following antigen specific 

stim ulation in vitro. In  isolation RT-PCR was not very inform ative for 

cytokine analysis as i t  only recorded mRNA expression in  a qualitative, 

ra th e r th an  a quantitative, m anner. However when used in  conjunction 

w ith ELISA results the detection confirmed cytokine pa tte rn s  of to lerant 

and  sensitised mice and was, therefore, valuable.
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CHAPTER 7 

Localisation of cytokine expression within the 

GALT.

“In all labour there is profit.” 

Proverbs: Chapter 14, verse 13.

T he B ib le  (A u th o rised  v e rs io n  1611)
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7.1 Introduction .

Antigen specific cytokine responses of MNC from fed mice were recorded 

after the ir isolation from MLN. As the draining lymph nodes for the gut, 

MLNs were deemed to be the appropriate sites for monitoring the local 

mucosal response. These results show a difference in the cytokine patterns 

produced by systemic and mucosal lymphoid tissues, both for to lerant and 

sensitised mice. However, lymphocyte m igration indicates th a t cells 

preferentially  enter and leave lymphoid tissues, such as spleen and 

draining lymph nodes, depending on their activation sta te  and expression 

of cell surface m arkers (Tietz and H am ann, 1997). M esenteric lymph 

nodes m ay possess a heterogeneous cell population based on the 

differential expression of these m arkers. This may be particularly  relevant 

during the  cytokine kinetic studies following systemic im m unisation. 

Peyer’s patches, as one of the major sites of antigen presentation in the 

gut, would be the obvious tissues to target for the investigation of cytokine 

responses of tolerant and sensitised mice.

Direct cytokine m easurem ents by ELISA of PP T cells are feasible bu t are 

problem atic because of the very small num ber of cells (M arth et al. 1996; 

Lagoo et al. 1994) ELISPOT has been used to m easure specific IgA 

responses of PP B cells (Yamamoto et al. 1996; Xu Amano et al. 1992), so 

the detection of cytokines using th is technique is theoretically possible. 

Cytokine gene expression in PP cells by RT-PCR (Schaffeler et al. L997) 

or by in situ  hybridisation (Karr et al. 1995; Bao et al. 1993) have been 

used to m easure antigen responses at th is level. In situ  hybridisation has 

an advantage since it labels individual cells after cyto-centrifugation of 

cell cultures (Karr et al. 1995) or localises them  in tissues sections (Bao et 

al. 1993). This is in contrast to the global representation of a population
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of cells achieved with RT-PCR and northern blot analysis (Carter and 

Swain, 1997).

In situ hybridisation was adopted bu t using digoxigenin, a non radiolabel, 

to label RNA probes. R ather than  using tissue sections or cytospins, a 

whole m ount arrangem ent was employed where PP were pre-treated, 

hybridised and the probes detected with the tissues in tact (Wilkinson,

1994). This allowed for large num bers of PP to be analysed and for the 

spatia l cytokine expression of each cytokine to be easily recognised.

7.2 P rotocol
Mice were fed OVA or WP (n=40/group) at lmg/g body weight or 0.25ml

PBS as controls (n=80/group). After periods of 24 and  168hr after feeding, 

then  7 14 and 21 days after im m unisation, mice (n=5/group) were 

sacrificed and Peyer’s patches (PP) were aseptically removed. The tissue 

sam ples were immediately washed in PBST and fixed in 4% 

paraform aldehyde in PBST at 4°C overnight before hybridisation (Section 

2.4).

7.3 C ytokine exp ression  o f P eyer’s

p atch es from  m ice after a sin g le  an tigen

feed.

7.3.1 Interleukin-10 expression  after OVA

feeding.

Both TGF-p and IL-10 were shown to be secreted after antigen specific 

stim ulation of MLN cultures from OVA fed mice (Section 6.1.3). This
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release was transien t for TGF-P bu t IL-10 was still p resent a t 168hr after 

feeding though at very low concentrations.

Cytokine expression was indicated by the incidence of purple/black 

precipitation (ppt). This expression was usually restricted to the PP since 

visible stain ing  of adjacent in testinal tissue was very rare. Furtherm ore 

pp t form ation rarely appeared on the serosal side of the PP. T cell areas, 

surrounding the dome shaped germ inal centres were the principle zones 

for expression and this was the case for all the cytokines analysed. In 

some cases a slight purple colouration of samples was seen. These were 

not considered to be positive.

Expression of TGF-p was absent in PP taken from OVA fed mice even 

after 168 hr. However, IL-10 was expressed at 72hr and increased in 

in tensity  at 168hr after feeding (Fig 7.1a). Very slight ppt was seen for IL- 

12 (p35) bu t only at 168hr (Figure 7.1).
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T a b l e  7 . 1  C y t o k i n e  e x p r e s s i o n  a f t e r  a n t i g e n  f e e d i n g  o n l y .

FED IFN-y IL-4 IL-10 IL-12

p35

TGF-p

OVA 24 h r - - - - -

OVA 72 h r - - + - -

OVA 168 h r - - +++ - -

WP 24 h r - - - - -

WP 72 h r - - - - -

WP 168 h r - - - - -

PBS (control) - - . -

CFA only (control) - - - - -

ALUM only (control) - - - - -

+++ = visible without magnification;

+ = visible only with magnification 

- = absent

7.3.2 No cytokine exp ression  after WP feeding.

There was no ppt formation in any of the sam ples taken from mice fed WP 

only. There was no expression of any cytokines induced by feeding WP 

alone (Fig 7.1c).
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c

f

Figure 7.1 IL-10 expression in PP from mice fed OVA, but not WP only.

Mice w ere fed O V A  and W P  at a dose o f  lm g /g  body weight and P eyer’s patches w ere d issec ted  after 
24, 72 and 168hr. Panel a) represents PP from O V A  fed mice and 168 hr after feed express ing  IL-10. 
N o  expression  in b) W P fed mice with c) sense control for IL-10 in the same group. C on tro ls  were d) 
mice im m unised with CFA only e) mice immunised with alum only and f) mice fed PB S only
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7.3.3 No expression  induced  by adjuvants or

feed in g  a norm al diet.

I t was im portant to establish th a t all the cytokines were not expressed 

constituitively or triggered by non specific actions. To address th is  PP 

were taken  from un trea ted  mice fed PBS (Fig 7. If) or un trea ted  mice fed 

PBS and im m unised with CFA (Fig 7.Id) or alum (Fig 7.1e) alone. There 

was no expression of any cytokines observed under any of these 

conditions. So the signals subsequently seen were induced only by specific 

antigen feeding and imm unisation.

7.4 C ytokine exp ression  in fed  and

im m unised  m ice.

7.4.1 T ransform ing grow th factor exp ression  is

absent in th e GALT of sen sitised  m ice.

Seven days after im m unisation, in situ hybridisation was used to localise 

expression in PP from tolerant and sensitised mice and compared them 

with PBS controls. This time point coincided with the assays m easuring 

antigen specific proliferation, PLN and MLN cytokine secretion (Chapters 

5 & 6).

An im portant observation was th a t systemic im m unisation increased the 

expression of cytokine mRNA within the PP taken from both WP and OVA 

trea ted  mice (Table 7.2). Interferon-y gene expression was high seven days 

after im m unisation in all PP samples, w hether from fed or control mice for
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both antigens (Fig 7.2a-c). Contrary to the ELISA results, IL-4 expression 

was presen t in PP from OVA/OVA/CFA and OVA/OVA/alum mice whereas 

it was absent in corresponding WP/WP/CFA and WP/WP/alum mice (Fig 

7.3a-d). IL-4 mRNA levels were expressed in PP from PBS/WP/CFA mice 

w hereas there was no signal in  the rem aining controls.

IL-10 gene expression was consistently present in PP from OVA 

im m unised mice. Similarly, like IL-4, there was no expression of IL-10 in 

PP from WP/WP/CFA and WP/WP/alum mice. Only in control PP from 

W P/WP/alum mice was there some ppt formed (Fig 7.4a-d).

WP/WP/CFA and WP/WP/alum mice possessed PP with IL-12p35 

expression, though this was absent in the PBS/WP/CFA controls. 

OVA/OVA/alum mice also expressed IL-12p35 (Fig 7.5a-e). In addition th is 

expression was restricted to only this group since the other groups 

PBS/O VA/CFA, OVA/O VA/CFA and PBS/OVA/alum showed no 

expression.
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a

Figure 7.2 Interferon-y expression was present in all PP samples 7 days after 
immunisation.

Staining was restricted to interfollicular areas (IFA) and was not present in the germ inal centres (GC). 
Panel show s a) IFN-y expression was restricted to T  cell areas surrounding germ inal centres. 
R epresentation  o f  b) staining in the areas o f  the PP with c) the IFN-y sense control.
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TGF-p expression correlated well with the ELISA results. Tolerant 

OVA/OVA/CFA and OVA/OVA/alum mice possessed PP with extensive 

TGF-P positive ppt formation. This expression was m inim al in their 

respective controls. WP fed mice, regardless of the adjuvant used were 

devoid of TGF-P expression and resembled their controls (Fig 7.6a-e).

T a b l e  7 . 2  C y t o k i n e  e x p r e s s i o n  7  d a y s  a f t e r  i m m u n i s a t i o n .

Day 7 after im m unisation IFN-y IL-4 IL-10 11,-12

p35

TGF-p

PBS\O V A \CFA +++ - +++ - -

OVA\OVA\CFA +++ +++ +++ - +++

PBS\OVA\ALUM +++ - +++ + -

OVA\OVA\ALUM +++ +++ +++ +++ +++

PB S\W P\C FA +++ + - - -

W P\W P\C FA +++ - - +++ -

PBSYWPYALUM +++ - +++ +++ -

W P\W P\A LU M +++ - - +++ -

sense controls - - - - -
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7.4.2 Time course study at Day 14 and 21

revea ls dow n-regulation  o f cytokine expression .

PP were dissected from mice at 14 and 21 days after im m unisation to 

follow the progression of cytokine expression. At these tim es there was a 

much lower level of cytokine expression for both WP and OVA fed mice 

(Tables 7.3 & 7.4). Interferon-y and IL-10 expression were both noticeably 

reduced, or even absent in all samples. IL-4 expression in OVA fed mice 

appeared to have already reached its peak since expression was also 

sparse in these PP (Figure 7.7). However, sensitised WP/WP/alum mice 

showed a higher level of expression for this cytokine than  the PP a t day 

14. This was transien t as the expression was reduced 21 days after 

im m unisation.

IL-12p35 expression also persisted in sensitised WP/WP/alum mice up to 

21 days after im m unisation though there was a gradual decline (Figure 

7.7). TGF-P expression rem ained absent in sensitised WP/WP/alum mice, 

however, the WP/WP/CFA counterparts did exhibit some level of 

expression a t 14 days which was absent a t 21. Peyer’s patches from both 

OVA fed groups continued to express TGF-P until day 14 bu t beyond th is 

time point mRNA levels dissipate (Figure 7.8).
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c d

Figure 7.3 Interleukin 4 expression was absent in PP from sensitised 
W P/W P/alum mice 7 days after immunisation.

Panel show s no expression in a) PBS fed controls or c) W P /W P /a lum  mice whereas b) shows IL-4 
expression in O V A /O V A /a lu m  mice. Representation o f  d) IL-4 sense controls.
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a b

c d

Figure 7.4 IL-10 expression in PP of OVA/OVA/CFA and OVA/OVA/alum
mice and their PBS fed controls.

IL-10 expression  in both a) O V A /O V A /C F A , b) O V A /O V A /a lum  mice and d) PBS fed controls, c) N o 
expression in PP from W P /W P /a lum  mice.
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a b

d e

Figure 7.5 IL-12p35 expression is present in OVA/OVA/alum, WP/W P/CFA
and W P/W P/alum mice.

R epresentation  o f  a) W P /W P /C F A  and b) W P/W P /a lum  mice and c) O V A /O V A /a lum  mice showed 
expression  while d) O V A /O V A /C F A  mice did not. Panel e) shows IL -12p35 sense controls.
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a b c

f

Figure 7.6 TGF-P is only expressed in OVA/OVA/CFA and OVA/OVA/alum  
mice.

Panels show  T G F -P  expression in both a) O V A /O V A /C F A  and b) O V A /O V A /a lu m  mice with no 
expression in either c) W P /W P /C F A  or d) W P /W P /a lum  mice . Controls were e) PBS fed mice and f) 
T GF-P sense controls.
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a

d

Figure 7.7 Both IL-4 and IL-12p35 expressed in sensitised W P/WP/alum  
mice 14 days after immunisation.

Panels a) and c) show  IL-4 and IL -12p35 expression respectively. Expression is reduced 21 days after 
im m unisation  for b) IL-4 and d) IL -12p35
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a b c

d e f

Figure 7.8 Persistent TGF-P expression 14 days after immunisation.

Express ion  rem ains in a) O V A /O V A /a lum  and c) O V A /O V A C F A  mice but was lost at 21 days b+d) 
respectively. Expression  in e) tolerant W P/W P/C F A  mice at 14 days but not in 0  sensitised 
W P /W P /a lu m  mice.
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T a b l e  7 . 3  C y t o k i n e  e x p r e s s i o n  o n  1 4  d a y s  a f t e r  i m m u n i s a t i o n .

Day 1 4  after im m unisation I F N - y I L - 4 I L - 1 0 I L - 1 2

p 3 5

T G F - p

P B S \ O V A \ C F A - - - - -

O V A \ O V A \ C F A + + - - + + +

P B S \ O V A \ A L U M + + - - + + +

O V A \ O V A \ A L U M + + - + + +

P B S \ W P \ C F A + + + + + + +

W P \ W P \ C F A + + + + + + +

P B S \ W P \ A L U M + + + + - - +

W P \ W P \ A L U M + + + + - + + + -

7.5 D iscu ssion .
Non radiolabeled digo igenin riboprobes were found to be easy to use, 

stable for repeated use and needed less safety precautions than  w hat is 

usually required for radiolabeled probes. Furtherm ore, there was no drop 

in the level of sensitivity achieved with th is method. Quantification of the 

signal, though quite high, was possibly not as precise as the grains/cell 

achieved with 35S labelled probes (Karr et al. 1995; Bucy et al. 1994; 

Bette et al. 1993)
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T a b l e  7 . 4  C y t o k i n e  e x p r e s s i o n  2 1  d a y s  a f t e r  i m m u n i s a t i o n .

Day 21 after im m unisation I F N - y IL-4 IL-10 IL-12

p35

T G F - p

P B S \ O V A \ C F A + - - - -

O V A \ O V A \ C F A + + - - +

P B S \ O V A \ A L U M + + - - +

O V A \ O V A \ A L U M + + + + +

P B S \ W P \ C F A + + + + +

W P \ W P \ C F A + + + + +

P B S \ W P \ A L U M + + - - +

W P \ W P \ A L U M + + - + -

Antigens are taken up into the PP by the M cell of the follicle associated 

epithelium  (FAE). This layer, which is characterised by its microfolds, 

ra th e r th an  microvilli, covers the dome area of the PP. It specialises in the 

rapid  uptake of antigen from the lumen and allows the underlying 

antigen presenting cells, dendritic cells, macrophages and B cells, to 

p resent to T cells directly underneath  in the sub-epithelial dome (Kelsall 

and Strober, 1996; Phillips-Q uagliata and Lamm, 1994) This is not the 

only route by which antigens can have access to the GALT. The 

epithelium  possess enterocytes which have been postulated as possible 

APC and route of entry. They express both MHC class II and the non- 

classical CDl molecules (Brandtzaeg, 1996). Lymphoid follicles or
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germ inal centres appear as the nodules of the PP where B cell m ake up 

the m ajority of the cell population. Dendritic cells and T lymphocytes are 

present for antigen specific B cell differentiation and production of slgA. 

After activation, dendritic cells with B and T lymphocytes leave via the 

efferent lym phatics to the MLN and dissem inate to other mucosal sites 

through the blood circulation (Croitoru and Bienenstock, 1994).

In terspersed  between the germ inal centres are interfollicular areas which 

are T cell dependant areas. Memory lymphocytes are able to re-enter the 

lam ina propria of these areas by binding to the “hom ing receptor” 

MAdCAMl on high endothelial venules (HEV) using the a4p7 integrin on 

its cell surface (Holzmann et al. 1989; S treeter et al. 1988). This 

selectively allows antigen specific lymphocytes to encounter the  antigen a t 

d istan t sites in a tissue restricted m anner.

The gene expression for all the cytokines were confined to these 

interfollicular areas and not w ithin the germ inal centres. This pa ttern  

relates to the different lymphocyte populations of these com partm ents 

and, as a consequence, cytokine expression investigated here correlated to 

T lymphocyte activity ra ther than  B cell differentiation. After antigen 

feeding, with the exception of IL-10 in samples from OVA fed mice, PP 

invariably had  no transcrip ts for any cytokines in the absence of 

im m unisation. However all the cytokines were expressed after systemic 

im m unisation. Both antigen specific TGF-P and IL-10 were secreted in 

MLN cultures from OVA fed mice. This supported the findings of other 

studies im plicating them  as regulatory cytokines in oral tolerance, 

experim ental autoim mune disease (Chen et al. 1997; Chen and Weiner, 

1996; Chen et al. 1994; Weiner et al. 1994; al Sabbagh et al. 1994) and 

colitis models (O'Garra, 1998; Groux et al. 1997; N eurath  et al. 1996). It 

was therefore surprising th a t IL-10, and not TGF-P, was expressed in the 

PP of to lerant OVA fed mice.
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Immunohistochemical analysis of gut tissue from OVA TcR transgenic 

mice fed OVA alone revealed high cytokine expression in  the dome, 

interfollicular areas of the PP and the lam ina propria (Gonnella et al. 

1998). TGF-P was extensively found in the interfollicular areas and the 

lam ina propria, all T cell rich zones of the GALT w hereas IL-10 only 

differed from TGF-p in th a t it was detected in the dome of the PP. Unlike 

the da ta  presented here IL-4 was found in the dome of the  PP. The 

expression occurred w ithin 6 h rs of feeding with the majority of cytokines 

appearing between 24-48hrs. Regulatory Th3 (Chen et al. 1994) and T r l 

(Groux et al. 1997) cell clones were described following long term  cultures 

of antigen stim ulated MLN cells. MLN are recognised as sites for T cell 

differentiation and stim ulation. Feeding OVA alone may not allow 

sufficient time for antigen specific lymphocytes to secrete these cytokines 

and therefore the IL-10 expressed here could be from cells sources other 

th an  T lymphocytes, possibly APC.

In the gut there is a different distribution of CD4+ and CD8+ cells 

between the different layers. Resident w ithin the lam ina propria of the 

interfollicular areas are CD4+ lymphocytes and IgA+ plasm a cells in  

addition to macrophages, dendritic cells and mucosal m ast cells, while a 

large num ber of in traepithelial lymphocytes (IEL) are CD8+ and occupy 

the epithelial layer also with an array of APC (Mowat and Viney, 1997). 

W hether the gene expression of the cytokines m easured in th is study are 

lim ited to one of these compartments could not be assessed w ith the whole 

m ount arrangem ent and would have required the sectioning of all the PP 

samples. However, CD8+ cells can not be excluded as a potential source of 

TGF-P, IL-4, IL-10 and in particu lar IFN-y (Lagoo et al. 1994). 

Furtherm ore, in traepithelial lymphocytes (IEL) y5+TcR cells have been 

im plicated in OT induction and so cytokine secretion by th is subset of 

CD8+ cells is possible here (Mengel et al. 1995). W hat has to be taken
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into account is th a t these cells, in particular, have been reported to 

possess a subdued level of in vitro activity which is contrast to th is data

IL-12 is secreted by a num ber of cells including m acrophages, dendritic 

cells and in some cases B lymphocytes (Gately et al. 1998; Trinchieri, 

1996) and its (p35) expression, the bioactive subunit, was evident 

alongside other cytokines expressed in PP from to lerant OVA/OVA/CFA 

and OVA/OVA/alum mice. The appearance of IL-12 in these to lerant PP is 

not in keeping with the prim ing nature  of this cytokine. B ut protein levels 

were absent in MLN cultures from tolerant mice. Furtherm ore the report 

of an in itia l prim ing action found in to lerant cells before suppression 

(M arth et al. 1996; Hoyne and Thomas, 1995; Garside et al. 1995b; Chen 

et al. 1994; Hoyne et al. 1993) does not conflict with the data  presented 

in th is study.

The absence of IL-4 in the PP from sensitised WP/WP/alum mice can not 

be easily explained in the light of the high IL-4 secretion found in 

corresponding MLN cultures. Though its signal was detected by day 14 

the MLN results may indicate another source of IL-4 distinct from 

mucosally induced T cells. Messenger RNA levels correlated well with 

protein levels since they appeared to peak at day 7 after im m unisation 

dropping considerably by day 14, the peak for cytokine secretion. Using 

in-situ hybridisation, many studies report the sim ilar appearance of 

expression prior to cytokine secretion (Saparov et al. 1997; K arr et al. 

1995; Bucy et al. 1994). The delay found in th is study m ay indicate not 

only the time needed for protein synthesis but the m igration of activated T 

cells and APC from the PP to the MLN for proliferation and development.

TGF-p mRNA expression was consistently expressed in tolerant 

OVA/OVA/CFA and OVA/OVA/alum and not in sensitised WP/WP/alum 

mice. Even PP from tolerant WP/WP/CFA mice expressed TGF-p at 14
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days after im m unisation. This can be seen as fu rther evidence of the 

im portance of th is cytokine in the tolerogenic response especially as the  

expression lasted un til Day 21.

In sum m ary, whole m ount in-situ hybridisation using DIG labelled 

riboprobes was a safe and efficient method of comparing cytokine gene 

expression in the GALT of tolerant and sensitised mice. The expression of 

mRNA was usually restricted to areas of the PP considered to be occupied 

by activated lymphocytes and APC during their im m unoregulatory roles. 

All the cytokines were expressed and correlated well w ith the ELISA 

results from MLN cultures. Furtherm ore, evidence of the selective 

expression of TGF-p in the PP of to lerant mice was obtained, clearly 

em phasising its predicted role as a regulatory cytokine in OT.
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CHAPTER 8 

General discussion.

“New opinions are always suspected, and usually opposed w ithout any 

other reason bu t because they are not already common”.

An Essay Concerning Human Understanding. (1690)

J o h n  L ocke (1632-1704).

E n g lish  P h ilo so p h e r .
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8.1 D iscu ssio n  top ics

8.1.1 Is th e  prim ing response due to  th e BALB/c

m ouse strain  or WP itself?

In  th is thesis OVA feeding followed by the alum  im m unisation schedule 

induced the suppression of in vivo param eters such as DTH, specific IgG 

and to tal IgE (Chapter 3). This tolerogenic response was reflected w ith in 

vitro mononuclear cell functions such as antigen specific and cytokine 

secretion (Chapters 5 & 6). Conversely WP feeding induced prim ing of IgE 

and DTH in vivo and an increase in IL-4 and IL-12 secretion in vitro. 

Though both antigens were soluble proteins and fed at equivalent doses 

(lmg/g/body weight), which are recognised as im portant factors for OT 

induction, a s ta rk  difference in the imm une responses was obtained. 

Furtherm ore the ability of WP to induce suppression of DTH responses 

with the CFA im m unisation schedule indicating th a t im m une responses to 

th is antigen m ixture were more complex.

M any studies were able to suppress the im m une response to isolated milk 

proteins, a sl casein (H irahara et al. 1995; H achim ura et al. 1994; Kim et 

al. 1993) and {3-LG (Fritsche et al. 1997; Enomoto et al. 1993) being 

representatives of the two m ain protein groups. Furtherm ore, th is 

suppression was dem onstrated by a reduction in  T cell proliferation 

(Pecquet et al 1999; H achim ura et al. 1994; Enomoto et al. 1993), and 

specific cytokine responses (Pecquet et al 1999) in addition to systemic 

antibody levels (Yuki et al. 1998; Fritsche et al. 1997). However, 

suppression of in vivo systemic DTH responses to milk proteins has not 

been reported in the literature. Tolerance was transferred  to SCID and
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nude mice by CD4+ cells obtained through positive selection from 

splenocytes (H irahara et al. 1995) resem bling experim ents using OVA 

(Furrie et al. 1995; Furrie, 1993; Peng et al. 1989b; Strobel and 

Ferguson, 1986).

The antigen dose adopted in most cases was much higher th an  the feeding 

regim en employed here. Many incorporated the proteins into the anim als’ 

diet ra th e r than  as an in tragastric  bolus used in th is study. One could 

argue th a t the dose in th is study may lie outside the tolerogenic window 

(Staines et al. 1996) for WP even though at lmg/g body weight a high 

proportion of soluble proteins would be able to induce suppression 

(Mowat, 1994; Mowat, 1987). However this same dose was tolerogenic 

when used in conjunction with the CFA im m unisation schedule so 

w hether th is window would change with the type, or even route, of 

im m unisation rem ains to be seen. Since WP is an antigen m ixture there is 

a possibility th a t one component (carbohydrates/glycoprotein?) could 

induce a T cell independent response. By virtue of the cross-reactivity 

data  presented in Chapter 4, P-LG was considered a major moiety of WP 

and is highly soluble and would therefore be a T dependent antigen 

(Weiner et al. 1994; Mowat, 1987).

The prim ing response in WP/WP/alum mice was characterised by the high 

IL-4 and IL-12 secretion by their MNC in vitro. BALB/c mice are regarded 

as high IgE responders th a t m ount IL-4 dependant Th2 responses. 

Im m unisation with CFA, which preferentially supports ThI cells, induced 

a tolerogenic response with WP feeding w hereas w ith the alum 

im m unisation schedule it caused priming. BALB/c mice could be more 

susceptible to prim ing with WP in alum im m unisation th an  other mouse 

stra ins such as C57BL/6 or C3H/He because of th is propensity to m ount 

Th2 responses. But all of these strains, when compared to each other, 

exhibited sim ilar and reproducible tolerogenic responses to whey proteins
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and p-LG (Enomoto et al. 1993). Furtherm ore, BALB/c was the 

background stra in  upon which recipient SCID and nude mice were crossed 

for CD4+ cell transfer studies (H irahara et al. 1995). In th is study both 

cytokines were up-regulated in sensitised WP/WP/alum mice while being 

effectively suppressed in tolerant OVA/OVA/alum mice. One possible 

explanation why the DTH responses were observed in  sensitised 

WP/WP/alum mice may he in the ability of IL-12 to induce in itial IFN-y 

secretion from NK, ra ther than  ThI, cehs (Trinchieri, 1996).

Immunom odulatory properties have been a ttribu ted  to m any m ilk derived 

proteins such as whey (Wong and Watson, 1995), caseins (Migliore et al. 

1989) and lactoferrin (He and Furm anski, 1995). These actions appear in 

the form of protection against Klebsiella pneumoniae and Echerichia coli 

and other microbes via increased microbicidal activity by macrophages, 

NK cells and lymphokine activated killer cells. Secretion of TNF-a and 

IFN-y by phagocytic cells during early bacterial infections is a major effect 

of IL-12 and as such th is cytokine is considered an im portant link  between 

the innate  and adaptive immune systems (Trinchieri, 1996). WP/WP/alum 

mice possessed mononuclear cells th a t secreted high IL-12 concentrations 

in vitro. Furtherm ore, mitogenic proliferation, as indicated by 3H 

thym idine incorporation, was m arkedly increased in MNC from WP fed 

mice. This could be attributed  to IL-12’s reported effects on activated T 

and NK cells following mitogenic stim uli (Gately et al. 1998; Trinchieri, 

1996). Also the high IL-12 secretion by cells from sensitised WP/WP/alum 

mice m ay highlight IL-12’s pro-inflamm atory actions. Prim ing induced by 

WP feeding, therefore, may induce both innate  and adaptive limbs of 

im m unity through the release of IL-12 . Investigations into the  functions 

of phagocytic cells interactions induced after OVA and WP feeding would 

be in teresting  and could allow for fu rther insights into the possible role of 

IL-12 in OT and priming.
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8.1.2 Could th e reversal from  a to lerogen ic  to  a

prim ing respon se seen  w ith  WP be attr ibu ted  to  d ifferent 

p rop erties o f th e adjuvants?

D ata  in  C h ap te r 3 dem onstrated  th a t  th e  change from suppression  to th e  

p rim ing  of th e  DTH response after feeding of WP w as observed afte r th e  

rep lacem ent of CFA w ith  alum . This change w as in  co n trast w ith  th e  

consisten t to lerance induction obtained w ith  OVA feeding regard less of 

th e  ad ju v an t used.

The roles th a t  p a rtic u la r  ad juvan ts play in  estab lish in g  an im m une 

response are  still unclear. They are believed to provide an  environm ent 

w here an tigen  p resen ta tio n  can be enhanced  an d  provide necessary  co

stim u la to ry  signals to effector cells (Brewer et al. 1996; M atzinger, 1994). 

M oreover, im m unisations w ith  p ro te in  an tigens alone elicit very w eak 

cellu lar, hum ora l and  cytokine responses (Brewer et al. 1998; B rew er et 

al. 1996). The m easu rem en t of a desired p a ram ete r is influenced  by th e  

type of ad ju v an t employed for im m unisation . For exam ple using  alum  

w hen m easu rin g  IgE or IgG2a responses du ring  p arasitic  infections 

(Robinson et al. 1994; K aragouni an d  H adjipetrou , 1990; G run  and  

M aurer, 1989). So the  b ias th a t  ad juvan ts induce m ay p lay  an  im p o rtan t 

role in  supporting  ThI or Th2 phenotypic CD4+ cells. Especially  as th e  

recru itm en t of different APC, m acrophages vs. B lym phocytes, can re su lt 

in  a divergence of phenotypic Th lym phocyte d ifferen tia tion  (G ajew ski et 

al. 1991; W eaver and  U nanue, 1990; W eaver et al. 1988). H owever 

ad ju v an ts  are though t to principally  recru it m acrophages, ra th e r  th a n  any 

o ther APC, to the  site  of injection (Brewer e t al. 1998; B rew er e t al.

1996). This w as supported  by the  find ing  th a t  both CFA and  alum  induced 

s im ilar IgG levels (both to ta l and  subclasses) in  IL-6 an d  TN F receptor -/- 

mice w hen com pared to th e ir  w ildtype controls (Brew er e t al. 1998).
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These knock-out mice are characterised  by a deficiency in  germ inal cen tre  

form ation, dendritic  cell developm ent and  produce very poor IgG 

responses in  th e  absence of ad juvants. Therefore th is  enhancem ent of th e  

an tibody responses by CFA and  alum  was not solely d ependan t on IL-6, 

s ignalling  th rough  the  TN F receptor or, m ore im portan tly , on follicular 

dendritic  cells.

O ne could speculate about a possibility th a t  co-stim ulatory signals such as 

CD80 (B7.1) and  CD86 (B7.2) m ay influence th e  developm ent of a 

tolerogenic or p rim ing response. Though both B7.1 an d  B7.2 molecules 

b in d  ligands CD28 and  CTLA4 w ith  sim ilar affinities, B7.2 h as  been 

p o s tu la ted  to be m ore efficient in  co-stim ulating IL-4 secretion in  CD4+ 

Th2 cells (Kuchroo e t al. 1995; F reem an et al. 1995). In  con trast, w hen 

u sin g  C hinese h am ste r  ovary (CHO) cells transfec ted  w ith  both  molecules, 

no difference in  th e ir  IL-4 production w as seen, bo th  in  fresh ly  iso la ted  T 

cells an d  in  a long term  Th2 clone (N atesan  et al. 1996). In teresting ly , 

B7.2 is only expressed on dendritic cells and  m acrophages (F reem an e t al.

1995). A gain the  question of w hether d ifferent ad ju v an ts  can induce 

d ifferent co-stim ulatory signals h as  not been addressed  here. N evertheless 

th e  fact th a t  tolerance to OVA w as achieved regard less of th e  ad juvan ts  

suggests th a t  any differential activity m ay not be an  im p o rtan t fea tu re  in  

th is  context. Recently th e  involvem ent of the  ligand  CTLA-4 in  h igh  dose 

OT h as  been estab lished . A dm inistration  of CTLA-4 fusion pro te in  (CTLA- 

4-Ig) reversed  the suppression  of OVA specific p ro liferation  and  IFN-y, IL- 

2, IL-4 and  IL-10 secretion by d ra in ing  lym ph nodes (Samoilova e t al. 

1998). However, th is  blockade no t only im plicated th is  ligand  in  OT 

induction  b u t in  p a ren ta lly  induced tolerance CTLA-4Ig abrogated  th e  

suppression  of these in vitro functions by in trap e rito n ea l adm in istra tion  

of OVA.
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FACS analysis  ch artin g  th e  expression of these  m ark ers  in  MLN and  

PLN  populations from to le ran t and  sensitised  mice could be inform ative, 

especially in  conjunction w ith  the  k inetic  stud ies  in  C hap ter 6. However 

th e  id ea  th a t  alum  itse lf  w as responsible for th e  change from  a tolerogenic 

to a p rim in g  response to WP appears to be unlikely. T here is no conclusive 

evidence suggesting  th a t  CFA and  alum  rec ru it d ifferent APC an d  co

s tim u la to ry  signals o ther th a n  th e  inclusion of mycobacterium  

tuberculosis in  the  form er. Besides, th e  absence of p rim ing  in  

OVA/OVA/alum mice m akes such a difference h igh ly  unlikely .

8.1.3 D oes WP in crease th e likely-hood  o f IL-4

re lease  from  non-T cell sou rces during  th is  prim ing  

response?

I f  one assum es th a t  the  ad juvan t alum  is not responsible for th e  observed 

p rim ing  response, th en  WP itse lf  rem ains th e  m ost likely an d  obvious 

cand idate . W hy was WP, and  not OVA, feeding able to induce such h igh  

IL-4 levels regard less of the  ad juvan t u sed  ? The question of w hether 

th e re  m igh t be a recru itm en t of non-T cells as an  early  source of IL-4 

w hich m ay th en  influence th e  CD4+ cell population  an d  in  tu rn  cause 

p rim ing  is discussed here.

M acrophages are the  APC considered to be recru ited  by both  ad juvan ts  

(Brew er e t al. 1998; B rew er et al. 1996; M atzinger, 1994). U nlike 

dendritic  cells, m acrophages are unab le  to effectively s tim u la te  naive T 

cells, so activated  CD4+ cells are, possibly, th e ir  m ain  ta rg e ts  

(B anchereau  and  S teinm an, 1998; M ow at and  Viney, 1997; M atzinger, 

1994). These cells could already be polarised  in to  e ith er ThI or Th2 

phenotypic cells. So th e  m icro-environm ent could theoretically  both  

influence or be influenced by these com m itted T cells.
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A n u m b er of cells, o ther th a n  Th2, can produce IL-4 upon stim ulation . 

B oth basophils and  m ast cells secrete IL-4 w ith  ionom ycin an d  the  cross- 

lin k in g  of th e ir  surface FceRI receptor (Seder an d  Paul, 1994). The form er 

cell type is a particu la rly  po ten t producer of th is  cytokine. However, both 

of th ese  cells need IgE or IgG l antibodies to achieve th is  cross-linking. 

B oth are  dependan t on Th2 m ediated  B cell isotype sw itching or 

c ircu la ting  levels of IgE due to previous an tigen  exposure. However, th is  

s tu d y  h a s  dem onstrated  th a t  the  BALB/c mice were im m unologically 

naive to both WP and  OVA. Inh ib ition  ELISA on pre-absorbed  m ouse 

hyperim m une sera  w ith the  su p e rn a tan t from egg and m ilk free chow and  

direct ELISA  on sera  from naive mice show no OVA or WP an tigens 

p re sen t in  th e  food and  no specific antibodies in  u n tre a ted  mice.

A m inor population of CD4+ NK1.1+ thym ocytes in  th e  m ouse have been 

described as excellent producers of IL-4 (M uraille and  Leo, 1998; Allen 

an d  M aizels, 1997, Seder and  Paul, 1994). Along w ith th ese  m arkers , the  

cells have restric ted  TcR V|3 and  V a usage and  recognise th e  non-classical 

M HC class I molecule CD1 (O 'G arra, 1998). They populate  m ost lym phoid 

tissu es  such as spleen, bone m arrow  and  the  thym us. This IL-4 release  is 

no t en tire ly  dependent on antigen  since i t  h as  been show n to be 

s tim u la ted  by the  superan tigen  Staphylococcal enterotoxin (SEB) (Seder 

an d  P au l, 1994), anti-IgD  (O 'G arra, 1998; Yoshimoto et al. 1995) and  

anti-C D 3 w ith  anti-V p6 (Asea and  S tein-S treilein , 1998). This non-specific 

ab ility  to produce IL-4 m akes them  a ttrac tive  candidates as its  p rim ary  

source. Especially w ith  th e  lectin-like oligosaccahrides and  glycoproteins 

th a t  W P m ay possess (Goldman et al. 1998; C haturved i e t al. 1997; 

Leyva e t al. 1997).

T here is a need  to identify  effector cells w ith in  th is  context of tolerance 

induction  and  sensitisa tion  and  lin k  them  to th e  expression/secretion of 

ind iv idual cytokines, such as IL-4 and  IL-10. DIG labelled  riboprobes used
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in  th e  whole m ount a rrangem ent, w as convenient for th e  analysis  of large 

n u m b ers  of PP  and  to confirm the  localisation of cytokine expression in  T 

an d  B d ep en d an t areas. However, w ithout detailed  sectioning, th e  signal 

from  th e  riboprobes w ere not sufficient in  d istingu ish ing  betw een those 

s ignals  em an a tin g  from the  ep ithelia l layer or the  lam in a  propria , which 

could have helped  in  th e  identification of such effector cells.

Co-localising of two signals m apping  m arkers  for cells w ith  tran sc rip ts  for 

cytokines is possible. F u rtherm ore  th e  choice betw een two riboprobes or a 

riboprobe an d  an  antibody for these  two signals opens up m any  options for 

read -ou t system s (K arr et al. 1995; Bucy et al. 1994; B rahic and  Ozden, 

1994; W ilkinson, 1994). Choosing riboprobes for both signals w ould m ean 

th e  use of 35S which would be ideal for grains/cell quan tifica tion  (K arr et 

al. 1995; Bucy et al. 1994). Riboprobes labelled  w ith DIG an d  ano ther 

non-radio label such as b iotin  would be an a lte rn a tiv e  though  th e  pH  

req u ired  for each su b stra te  would need to be checked for in terference as 

w ould th e  colour developm ent. The com bination of im m unohistochem istry  

w ith  in situ  hybrid isation  for both signals is feasible especially w ith  the  

an tibodies against the  cell m arkers. Because of th e  risk  of mRNA 

degradation  the  in-situ  hybrid isation  needs to beconducted f irs t an d  so 

these  p ro te in  m arkers  should  be resilien t to w ith stan d  th e  h igh  stringency 

w ashes (W ilkinson, 1994).

D endritic  cells, from e ith er spleens or PP, can be iden tified  as M HC class 

11+, FcR-, B220- cells by FACS analysis after collagenase tre a tm e n t and  

h a rv estin g  from cu ltu re  p la tes  via adherence (Ingulli e t al. 1997; H arp er 

et al. 1996; K elsall and  Strober, 1996). F u rth e r  classification of follicular 

dendritic  cells which are p resen t in  germ inal cen tres an d  th e  non- 

foUicular in te rd ig ita tin g  cells which reside in  T dependen t a reas  can be 

achieved by antibodies against CD 11c, w ith  th e  antibody NLDC-145 

which selectively recognises the la tte r  (Kelsall and  S trober, 1996). In
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addition  w ith  antibodies recognising F4/80+ m acrophages, y5+ and  a(3+ 

TcR T cells an  a rray  of cell m arkers  can be u sed  to m ap cellu lar 

involvem ent w ith  cytokine expression w ith in  th e  GALT. Following the  

induction  of WPAVP/alum and  OVA/OVA/alum mice, PP  w ould be assayed 

for IL-4, IL-12, IL-10 and  TGF-P expression. For PP from  mice fed an tigen  

only, IL-10 expression would be m apped. The antibody NLDC-145 will 

identify  th e  non-follicular in te rd ig ita tin g  dendritic  cells responsible for T 

cell activation  in  the  in terfo llicu lar areas in  conjunction w ith  IL-10 and  

IL-12. Any co-expression of IL-10 w ith m acrophages could explain  the  

consisten t expression for th is  cytokine in  both sensitised  an d  to le ran t mice 

(C hapter 6). TcR identification w ith cytokine expression w ill give an  

in s ig h t to which com partm ent these signals reside since y5+TcR cells are  

invariab ly  CD8+IEL, w hereas the lam in a  p rop ria  is popu la ted  

p redom inate ly  by aP+TcR CD4+ cells.

8.1.4 Can the presence o f IL-12 be recon ciled

w ith  h igh  IL-4 levels found during WP prim ing?

I t was show n th a t  IL-12 was expressed only in  sensitised  WPAVP/alum 

mice w hereas TGF-p w as only p resen t in  th e  rem ain ing  to le ran t mice 

(C hapters 6 and  7). S tudies reported  th a t  h igh  an tigen  feeding in  OVA 

TcR transgen ic  mice resu lted  in  tolerance induction and  led  to IFN-y 

producing cells in  spleen and  PP (M arth et al. 1997; M arth  e t al. 1996). 

The up-regulation  of TGF-P w as enhanced  by system ic anti-IL-12 

adm in istra tion . The resu lts  in  th is  s tudy  would support th is  TGF-p:IL-12 

regu la tion  p a tte rn  of OT since there  is persistence of only one of these 

cytokines in  to le ran t and  sensitised  mice. However th e  expression and
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secretion of IL-12 w ith in  a h igh  IL-4/low IFN-y environm ent needs to be 

addressed.

I t  is s till u n clear w h eth er IL-12 actions to prom ote ThI CD4+ cells is IFN- 

y dependan t. Im plication of IL-12’s direct action w as dem onstra ted  by th e  

in creased  production of IFN-y by purified  CD4+ cells s tim u la ted  w ith  

im m obilised anti-CD 3 antibodies (Seder et al. 1993). However, ano ther 

OVA TCR transgen ic  m ouse system  showed abrogation of IL-12 p rim ing  of 

ThI lym phocytes w ith  th e  addition of n eu tra lis in g  anti-IFN -y to the  

cu ltu re  in vitro (M acatonia et al. 1993). This inconsistency betw een these  

findings h a s  been a ttrib u ted  to the  balance of IL-4/IFN-y w ith in  the  

cu ltu re  (Seder and  Paul, 1994). The concentration of IL-4 w ould be 

affected by th e  reduction of IFN-y by anti-IFN -y n eu tra lis in g  antibodies 

and, as a consequence, i t  would be able to in h ib it the  developm ent of ThI 

phenotypic cells. The ability  of IL-12 to in h ib it Th2 cells is dependen t on 

IFN-y since the  addition of both IL-4 and  IL-12 to p rim ed  cu ltu res  did not 

change th e  levels of IL-4 producing cells w hen com pared to cells cu ltu red  

in  IL-4 alone (Seder and  Paul, 1994). However IL-4 w as able to affect the  

ab ility  of IL-12 to d ifferentiate p rim ing  cells to a ThI phenotype. On th is  

evidence IL-4 could be regarded  as the  m ore dom inant cytokine of the  two. 

This cross regu lation  w as fu rth e r dem onstrated  by IL-12’s inab ility  to 

a lte r  an  on going Th2 response such as an tigen  specific IgE production 

(G erm ann e t al. 1995a). W hile u sing  Schistosoma mansoni, W ynn e t al

(1995) w ere able to po ten tia te  Th2 dependan t g ranulom a form ation and  

IgE production in  mice. These stud ies all show th a t  IL-12 can be p resen t 

and  in  certa in  circum stances enhance Th2 type conditions in  the  absence, 

or low concentrations, of IFN-y. Therefore it  seem s possible for h igh  levels 

of IL-12 to be secreted during  IL-4 dependan t increases in  IgE production. 

I t  can no t be discounted th a t  IL-12 could potentially , in  th e  presence of
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low IFN-y levels, exacerbate th is  p rim ing  response (M uraille an d  Leo, 

1998; A llen andM aize ls, 1997).

The b u lk  cu ltu res  em ployed for cytokine analysis  by ELISA  were 

sufficien t once system ic prim ing  or tolerance w as estab lished . However, in  

several instances, th e  cytokine p a tte rn  for both  system ic and  local 

com partm ents gave vary ing  resu lts, IL-4 and  IFN-y being  p rim e exam ples. 

Though TGF-p and  IL-12 p a tte rn s  agreed w ith  o ther aspects of th e  study, 

iden tification  of an tigen  specificity of cytokine secretion over background 

or th e  reso lu tion  of th e  assay m ade i t  difficult to obtain  conclusive 

evidence of th is  association. F urtherm ore, th e  use of in tac t cell 

populations of d ra in ing  PLN and  MLN m ay have obscured th e  cells 

responsib le and  m ay have m ade quantification  of th e  response 

p a rticu la rly  difficult w ith  the  variab le  background. M oreover, w ith  the 

possible release of IL-12 from other m ononuclear cells, th e  actions of WP 

m ay have, in  all probability, an in n a te  and  an tigen  specific com ponent. 

This heterogeneous response would need  to be sep ara ted  for th is  p rim ing  

response is to be en tire ly  understood.

Two m odifications would be appropriate, the  use of ELISPO T (Yamamoto 

et al. 1996; F u jih ash i et al. 1996) and  in trac e llu la r  cytokine analysis by 

FACS (O penshaw  et al. 1995; S ander et al. 1993) to quan tify  the  release 

of cytokine per cell, though these techniques also have th e ir  lim itations. 

They m ay be helpfu l in  the  identification of antigen-specific cells in  th e  PP 

w here cell num bers are too low for bu lk  cu ltu re  ELISA.
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8.1.5 Is the APC, rather than T lymphocytes,

more important in the induction of OT?

W hen try in g  to identify  th e  cells responsible for OT induction  th e  m ajority  

of s tud ies  have concentrated  on lym phocytes. However depending  on th e  

an im al m odel (mouse or ra t), an tigen  (d ietary  or au toan tigen) or an tigen  

dose th e re  have been m any conflicting resu lts  (Strobel and  M ow at 1998; 

W einer e t al. 1994; M owat, 1994;).

D epletion of CD8+ and  not CD4+ cells by antibodies reduced  OT 

induction , as ind icated  by clinical scores, and  TGF-p secretion in  th e  EAE 

Lewis r a t  m odel (M iller e t al. 1993). The opposite w as observed in  th e  OT 

m ouse m odel w ith  OVA feeding w here CD4+ cell depletion p reven ted  OT 

induction  (G arside et al. 1995b). S JL  mice, used  as re lapsing  EAE model, 

supported  th is  observation and  CD4+ cells were iden tified  as th e  regu la to r 

cells. Though th ere  was no purification of th e  cell population  in  th is  s tudy  

i t  w as assum ed, based  on previous findings, th a t  T lym phocytes w ere 

responsible for th is  suppression w ith  CD4+ cells being the  im p o rtan t cells 

(G arside et al. 1995b; F urrie , 1993; M owat, 1987). This was also observed 

by H ira h a ra  et al (1995) who reported  th e  tran sfe r of to lerance to 

recip ien t SCID and  nude mice by CD4+ cells from donors fed otsi casein.

Even th e  identification of the  CD4+ lym phocyte as th e  pivotal cell 

in troduced  d iscrepan t resu lts. H igh OVA feeding to mice only suppressed  

ThI cells (F riedm an and  W einer, 1994; M elam ed and  F riedm an , 1993) 

though  Th2 responses were la te r  shown to be susceptible to long term  

exposure of an tigen  in  d rink ing  w ater (M elam ed e t al. 1996).

In  th is  study, suppression  of in vivo and  in vitro responses w ere a ttrib u ted  

to both  Th subsets  in  agreem ent w ith  o ther stud ies  (G arside e t al. 1995b; 

F u rrie , 1993; Peng et al. 1989b; Mowat, 1987; S trobel a n d  Ferguson, 

1986). The em ergence of regu latory  cells Th3 and  T r l  could explain  why
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some stud ies  concluded th a t  the  Th2 cytokines IL-4 and  IL-10 w ere no t 

susceptib le to OT induction since e ith er both cytokines, or IL-10 alone 

w ere secreted  from th en  un iden tified  sources (O 'G arra, 1998; G roux e t al. 

1997; Chen and  W einer, 1996; Powrie et al. 1996). N evertheless, b ased  on 

th e  lite ra tu re , th ere  is  no consensus as to which cell is responsib le  for OT 

induction  an d  i t  is un likely  th a t  only one cell type w ould be responsib le  

for th is  im p o rtan t biological m echanism .

The re ticu loendothelia l system  and  the  APC have been a reas  of th e  

im m une response im plicated in OT (Mowat, 1994; M owat, 1987). 

D isrup tion  of OT by the  adm in istra tion  of ISCOM S (M owat e t al. 1993), 

oestrogen (Mowat, 1987; M owat et al. 1987), th e  tre a tm e n t of g ra ft verses 

h o st d isease (GvHD); (Mowat et al. 1986), m uram yl di-peptide M DP ( 

S trobel an d  Ferguson 1986) and  whole body rad ia tio n  tre a tm e n t (Bruce 

e t al. 1987b) all ind icate  th a t  th e  h an d lin g  of th e  an tigen  is  im p o rtan t. 

B ased  on these observations the  role of the  APC m ay deserve m ore 

scientific a tten tio n  th a n  previously thought.

The technique of m esenteric lym phadenonectom y allow ed access to 

m ucosal cells after the  direct adm in istra tion  of OVA in tra in te s tin a lly  in  

mice. In  addition w ith  OVA feeding, com parisons of an tig en  specific 

dendritic  cells induced  by these two d ifferent an tigen  exposures w ere 

m ade possible (Liu and  M acPherson, 1993). D endritic  cells recovered from  

both  se ts  of mice were able to prim e naive T cells and  s tim u la te  sen sitised  

cells in vivo and  in vitro in  a MHC class II restric ted  m anner. T h is s tu d y  

concluded th a t  dendritic  cells recovered from to le ran t mice d id  no t lose 

th e ir  ab ility  to s tim u la te  effector cells. This in troduces a  degree of 

inconsistency w ith the  suppression of system ic DTH responses by 

dendritic  cells iso lated  from the  lam in a  propria  of to le ran t mice found  by 

an o th er group (H arper et al. 1996). As little  as 103 of th ese  cells w ere 

needed  to suppress system ic DTH responses, w ith  both B lym phocytes an d
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m acrophages found to be ineffective a t inducing  suppression . S upport for 

a tolerogenic role by dendritic  cells was in troduced  w hen th ese  m a tu re  

cells w ere shown to be expanded by the  grow th factor F lt3  ligand. Mice 

tre a te d  w ith  F lt3  ligand  w ere m ore susceptible to OT th a n  those receiving 

control PBS injections an d  th is  w as dem onstra ted  by suppression  of OVA 

specific p ro liferation  in vitro an d  in vivo DTH, to ta l IgG, Ig G l and  IgG 2a 

antibody responses (Viney et al. 1998, S trobel an d  M owat, 1998; M owat 

an d  Viney, 1997). In teresting ly  th e  expression of the  co-stim ulatory 

signal, B7.1, for these tre a ted  dendritic cells w ere rela tive ly  low as 

m easu red  by FACS.

How th e  role of the  dendritic cells could fit w ith in  th e  TGF-P:IL-12 

regu la tion  of OT is cu rren tly  unclear. Especially as these  cells are the  

p rincip le  producers of IL-12 (Trinchieri, 1996) w hile TGF-P, in  th is  

context, h a s  been shown to be secreted by T cells (M arth  et al. 1996). The 

d a ta  w ith in  C hapters 6 & 7 indicate  th a t  an  inverse re la tionsh ip  is 

possible betw een these  two cytokines during  oral to lerance induction  and  

sensitisa tion . I t  would appear th a t  TGF-p is able to suppress  im m une 

responses in  the  absence of IL-12 or th a t  IL-12 is unab le  to trigger pro- 

in flam m atory  reactions due to TGF-P’s Th2 like responses.

In  th e  quest to identify  which cells of the  im m une system  influences the  

developm ent of tolerance, a cen tra l role of APC ra th e r  th a n  T lym phocytes 

m ay need  to be considered. S tudies using  depletion an d  selection of cell 

populations (Mengel e t al. 1995; G arside et al. 1995b), SCID (F urrie  et 

al. 1994), transgen ic  (Chen et al. 1997; Chen and  W einer, 1996) and  

knockout (G arside et al. 1995c) mice have allow ed the  in vivo analysis  of 

tolerogenic responses to both d ietary  and  au toan tigens (Strobel and  

M owat, 1998; W einer et al. 1994). These system s have provided a 

controlled and  reg u la ted  environm ent w ith in  which adoptively tran sfe rred  

to le ran t and  sensitised  cells can po ten tially  be traced, charac terised  and
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quantified . W ithin  th e  context of th is  study, donor mice w ould be exposed 

to th e  tolerogenic (OVA) or p rim ing  (WP) feeding regim ens to see i f  th e  

la t te r  can be tra n sfe rred  to recip ient an im als, by e ith e r se ra  or 

splenocytes. The response could th en  be m easu red  by DTH an d  antibody 

responses and/or in vitro m ononuclear cell function. The system ic 

ad m in istra tio n  of anti-IL-12 and  anti-TG F-p for the  rev ersa l of e ith e r 

response w ould be inform ative for the  endogenous role of th ese  cytokines 

d u rin g  p rim ing  (M arth e t al. 1997; M arth  e t al. 1996). F u rtherm ore , th e  

ad m in istra tio n  of dendritic  cell growth prom oter, F lt3 ligand, in  to le ra n t 

OVA/OVA/alum and  sensitised  W P/W P/alum mice would help  decipher if  

th e  sam e population  of dendritic  cells are capable of both p rim ing  an d  OT 

induction  (Viney et al. 1998, M owat and  Viney, 1997).

In  fu tu re  stud ies  positive selection and  charac terisa tion  of cell surface 

m ark ers  (CD4+/CD8+, a(H7y5+ or F4/80 and  NLDC-145) by FACS should  

be in troduced  a t some po in t in  any protocol. Especially w hen com paring 

th e  system ic and  m ucosal com partm ent.

8.2 C oncluding rem arks
T he overall d a ta  p resen ted  in  th is  thesis  supports th e  ab ility  of OVA to 

induce OT regard less of the  im m unisation  schedule an d  th e  global 

suppression  of both in vivo and  in vitro p a ram eters . This an tigen  achieves 

th is  by th e  an tigen  specific release of the  im m unosuppressive cytokine 

TGF-P, w ith  possibly IL-10, from m ucosally derived T cells. WP, as a m ilk  

p ro te in , h as  a lim ited  ability  to induce OT since it  h as  an  unknow n b u t 

in trin s ic  p roperty  of re leasing  IL-12 w ith  both its  an tigen  specific and  

in n a te  pro-inflam m atory properties. This balance betw een th e  cytokines 

TGF-P an d  IL-12 is considered to be im p o rtan t for the  generation  of e ith e r 

a tolerogenic or p rim ing  response. They are no t only in fluenced  by th e ir
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own an tagon istic  functions b u t on the  s ta te  of th e  local m icro-environm ent 

w hich, in  th e  case of WP, induced  prim ing, caused  probably  by th e  

rec ru itm en t of non T cell sources of IL-4. R esearch in  OT w hich tries  to 

iden tify  an d  investigates th e  functions of d ifferent populations of APC 

could be very  inform ative. The overall suppression  of both Th cell subsets 

(OVA) an d  th e  effects of ad juvan ts  to change a tolerogenic response to one 

th a t  p rim es (WP) reported  in  th is  thesis  would favour such an  approach.

A t th e  tim e of w riting  th is  thesis, the  relevance of TGF-P h as  been 

questioned  since i t  w as found th a t  OT, p articu la rly  w ith  low dose feeding, 

w as successfully induced in  TGF-p 1 -/- mice (Barone e t al. 1998). Though 

it  is a significant piece of research , certa in  poin ts need  to be addressed, 

such as th e  possibility of com pensatory m echanism s, p a rticu la rly  by the  

TGF-P isoform s TGF-P2 and  TGF-p3 acting on th e  h igh  an d  low affinity 

receptors, TpRI/TpRII and  TpRIII. T his w as p a rticu la rly  tru e  for -/- 

system s such as for IL-2, IL-4 and  IL-4R (Kelso 1995). F u rtherm ore , in  

order to keep these  mice alive a mAb ag ain st th e  in teg rin  C D lla /L F A -1  

h a d  to be system ically  given continuously th ro u g h o u t the  life-span of the  

an im al. As i t  is found on lym phocytes and  therefore affects th e ir  

m igration  a m easure  of re levan t T cell populations in to  lym phoid tissues 

w ould be in terestin g , both  system ic and  local.

The m an ipu la tion  of th e  vast and  in trica te  p roperties of th e  m ucosal 

im m une system  to tre a t  food allergies, au to im m une diseases or to pro tect 

ag a in s t infections, is th e  u ltim ate  goal for m ucosal im m une suppression. 

I t  w ould provide an efficient and  easy m ethod of en try  in to  th e  im m une 

system , especially as such therap ies  would allow for repetitive  self 

adm in istra tion , and  one th a t  is not traum atic . C linical tr ia ls  u sin g  orally 

ad m in istered  an tigens to au to im m une p a tien ts  are a lready  in  progress. 

These include a double blind, placebo-controlled, p h ase  III tr ia l 

encom passing 515 re lapsing-rem itting  m ultip le sclerosis (MS) p a tien ts

219



Chapter 8

General discussion.

an d  phase  II tria ls  for rheum ato id  a r th r itis  (RA), uveitis an d  type I 

d iabetes (W einer, 1997). However th e  dose requ irem en ts  for some of these 

s tu d ies  w ere generally  m uch h ig h er th a n  previously though t, m g ra th e r  

th a n  pg d a y 1 (Strobel and  M owat, 1998). Also im m unity  to the  

au to an tig en  w as discovered in  some p a tien ts  suffering  from MS and  RA 

(Vischer, 1995).

Im m uno therapy  w ith  dendritic  cells h as  been an a ttrac tiv e  prospect for 

m any  types of cancer (D unussi et al. 1998; Specht et al. 1997; Y ang e t al.

1997). The possible role of dendritic  cells in  OT induction  could be an  

im p o rtan t factor th a t  needs to be considered for fu tu re  an im al models. 

Any tre a tm e n t which expands th is, as yet unidentified , population  of 

to lerance inducing  dendritic cells, in  conjunction w ith  an  an tigen  of 

in te re st, could help w ith the  efficiency as well as the  quality  of response. 

T he fu tu re  use of autologous APC, p reloaded w ith  tolerogens, could extend  

th e rap eu tic  approaches for food allergies, atopic an d  au to im m une diseases 

an d  asthm a.

“Science: forever in  p erp e tu a l m otion fuelled  by the  reoccurring  questions

w hen, how and  why.”

Adeyemi O. Afuwape

Ph.D student (1995-1998).
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