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ABSTRACT

Thisworkwascarriedouttofurthercharacterizethecell-mediated

immune fesponse ø salmonella infection in mice, by comparing the antigen (Ag)

presenting cell (APC) activity of peritoneal cells (PCs) obtained from infected mice

(IPCs) with that of Pcs from normal mice (NPCs) and analysing the T cell subsets

induced by primary and secondary Salmon¿l/a infections'

To evaluate the effect of intraperitoneal (ip) immunization on the APC

activity, IPCs harvested from mice 1-3 days after ip injection of

105 Salmonellaenteritidis llRX (11RX; D 1-3IPCs) and NPCs were used to stimulate

primary allogeneic responses and secondary Salmonella-specific responses in vitro'

Intraperitoneal immunization with live 11RX (L11RX) clearly had dramatic effects on

the Pc population, increasing the PC yields and altering the cell profiles' mainly due to a

large influx of inflammatory neutrophils' A distinct change in the appearance of

macrophages was also noted. A population of "inhibitory" adherent cells were detected

when large numbers of D 3 IPCs were used as APCs, which prevented the stimulation of

boththeallo-Agand,salmonellaAg-specificTcellresponses.Thisinhibitoryeffectdid

not appea.r to be due to the release of prostaglandins' as indomethacin was routinely

added to all cultures, nof to the pfesence of large numbers of neurophils' However' the

inhibition of proriferation of LllRX-primed r cets courd be, at least partially, explained

by an increase in the degradative capacity of the macrophages and the neutrophils in the

D 3IpC suspension. This was suggested from experiments using large amounts of

various Ags in culture, as well as in vivo and in vitro Ag-pr¡lsed APCs and treatment of

Ag-pulsedAPCswithparaformaldehyde.CytospinsmealsoftheinvivoAg-pulsed

APCs, showed that invlvo Ag-pulsed NPCs had more cells containing bacteria' with

more bacteria per cell than invlvo Ag-pulsed D 3IPCs' Interestingly' in vivo pulsing

withAgalsoensuredthatthelargernumbersofD3IPCs,whichwerenormally

inhibitorybecamestimulatoryintheallogeneicSystem,furtheremphasizingthefactthat



the inhibitory effect was not Salmonella-specific and only partially due to increased

degradation of Ags.

UsingNPCsorD3IPCsastheAPCsoufce,onlyL3T4+Tcellsin

LllRX-primed T cell populations wefe induced to proliferate in response to Ags plus

APCs or to invivo andin vitroAg-pulsed APCs' Similarly' NPCs and D 3 IPCs induced

the same pattern of proliferation in response to allo-Ags with most of the proliferation

being due to Lyt2.2+ T cells, although some proliferation of L3T4+ T cells was also

detected.Inaddition,bothAPCpopulationsinducedconsiderablenumbersof

allo-Ag-specific Lyt2.2+ cytotoxic T cells (cTLs)' Therefore' other than the obvious

phenotypicchangesandtheappearanceof''inhibitory''adherentcells,ipinfectionwith

LllRxdidnotmodifytheAPCactivityofthePCs,asassessedbythemagnitudeofthe

T cell responses and the T cell subset(s) they induced'

AcomparisonwasalsomadeoftheabilityofprimedTcellsobtainedfrom

mice immunized with L11RX and mice which were given a secondary ip challenge of

LllRxorlivesalmonellatyphimu,riumC5(LC5)toproliferateandreleasel|-2invitro,

tomediatecytotoxicityinvitroandtotransferDTHreactivitytoSa,lmonellaAgsto

normal mice. Secondary immunization with either L1lRX or LC5 did not alter the

ability of PCs or spleen cells (SCs) to release lL 2 ot proliferate in response to formalin

k'red 1lRx G1lRX). Even though the magnitude of the proliferative responses and the

amounts of r-Zreleased by all T cells obtained from the peritonear cavities were similar,

most of the proliferative fesponse of cells obtained from mice given only a primary or

both a primary and a secondary ip challenge of L1lRX was due to L3T4+ T cells' whilst

bothL3T4+andLyt2.Z+Tcellsproliferatedinsuspensionsobtainedfrommicereceiving

a secondary charlenge of Lc5. IL 2 producrion by T cells obtained from the spreens of

primary and secondary immunized mice was not detected and proliferative responses of

all these populations to F1lRX were very inconsistent' However' when splenic T cells

from secondary infected mice did respond, both the L3T4+ andLytz'2+ T cell subsets

were induced to Proliferate'
.I'he ability of T cells obtained from the peritoneal cavities or spleens of



primary and secondary immunized mice to mediate DTTI reactivity to a variety of

salmonellaAgs was very similar and involved L3T4+ effector T cells' Lyt2'2+ DTH

effector T cells were detected when P815 cells which had been infected with LC5 were

used as the Ag source to stimulate T cells from the peritoneal cavities of mice immunized

with LllRX (but not early after infection) and T cells obtained from the peritoneal

cavities and spleens of mice given a secondary challenge of LC5'

Because suitable Ag-pulsed targets were not available until late in this

study, lectin-mediated cytotoxicity assays were used to detect cytotoxic activity induced

byimmunizingwithLllRx.Thisanalysisrevealedthatthepeakoflectin-mediated

cytotoxicactivityoftheTcellspresentintheperitonealcavityoccurredbythefifthday

of infection with Ll1RX and was mediated by Lyt2.2+ T cells. secondary infection with

eitherLllRxorLC5resultedinalongerlastingincreaseinthecytotoxicitytolevels

which were comparable to that of the IPcs obtained from mice infected with LllRX

5 days earlier. P815 cells infected with L1LRX were used to detect salmonella-specific

crls and it was demonstrated that sarmoneua-specific cytotoxic activity accounted for

up to 5O7o of the cytotoxic activity detected by the lectin-mediated assay' on the

contfÍìry, T cells obtained from the spleens of primary and secondary immunized mice

contained no detectable cytotoxic activity, unless they were cultured invitro' conA

cultured SCs (from normal and immu nized mice) contained Lyt2'2+ cTLs with

comparable levels of lectin-mediated cytotoxicity' however salmonella-specifrc

Lya.2+CTLs (accounting for approximately 50vo of the lectin-mediated activity) were

onlypresentinthelsCpopulationobtainedfrommicewithasecondaryinfectionofLC5.

lnconclusion,itwasestablishedthatSalmonellainfectioninduced

Ag-specifi cL3T4+T cells andLyt2.2+ T cells in the peritoneal cavity and spleen' with

the activity of the Lyt2.2+ T cell subpopulation being increased during secondary

salmonella infections. However, ip i munization with Ll1RX did not induce any

detectable change in the Apc function which courd account for the induction of particular

T cell subsets and/or for the induction a cell-mediated immune lesponse'
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1.1

CHAPTER 1

CELLULARREQUIREMENTSFORINDUCTIONoF
T CELLS INVOLVED IN IMMUNITY TO

INTRACBLLULARBACTERIALPARASITES

Immunity to intracellular bacterial parasites

1.1.1 Introduction

Althoughitwasknownforforquitesometimebeforethe].940'sthat

antibodies (Abs) did not provide as effective immunity to intracellurar bacterial parasites

(IBPs)astoextracellularbacterialparasites,itwasonlyinlg42thatluriereportedthe

imponanceofcell-mediatedimmunity(CMI)inresistancetothelBP

Mycobacteriunt tuberculosis (M. tuberculosis). over many yeam numefous groups have

studied the immune responses to infection with various IBPs and the involvement of cMI

in protection against Listería and, salmonella' has also been established (Mackaness'

|962: Collins, 1969a and 1969b). As with Mycobacteria (I-urie, |942), it was

established that resistan ce to Listeria infection courd be ffansferred with lymphoid ceils

but not with serum, indicating the role of CMI (Mackaness, 1971). However, the

importanceofthehumoralimmuneresponseappearstovarybetweenlBPs.

Humoral immunitY to IBPs
1.1.2

AsaresultofinfectionwithlBPslikeMycobacteria,Listeriaor

salmonellae, specific Abs are incluced, but they alone cannot provide immunity (Lurie'

t94\;Collins, l969aand 1969b; Mackaness, 1971). The role Abs play in immunity has

beeninvestigatedandithasbeenshownthattheyplayamajorroleinimmunitytosome'

but not all IBPs. Although infections with Listeri¿ induce specific Abs' they are not
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requircd for resistance to infection against homologous challenge (Miki and Mackaness'

1964;North, lgl5),whereas, expression of CMI to Salmonellae may be ineffecient when

Abs are limiting (Davies and Kotlarski, 1976)'

provided a possible explanation' They

Work done bY CooPer et al. in 1983

demonstrated that the binding of

Listeriamonocytogenes (Lm) to macrophages in vitro and the subsequent killing of the

organisms by activated macrophages, did not require Abs'

ln contrast, Salomonel/ø-specific Abs are required for effective immunity

to salntonella. In 1g64, Jenkin et al. demonstrated that specific Abs had an important

role in determining the resistance of mice to salmonella typhimuriulal c5 (c5). Further

investigation reveared that infection of mice with salntonella enteritídis 1lRx (1lRX)

provided immunity to the normally virulent C5 and such immunity required the presence

of the specific Abs (Rowley et a1.,1968). In 1970, Collins proposed that Ab production

in response to immunization with killed Salmonella vaccine played a major part in

survival following oral challenge with virulent Salmonellae, by reducing the size of the

inoculum and prolonging dissemination of organisms to the spleen and liver' In addition'

Davies and Kotlarski (1976) demonstrated the need for Abs' in conjunction with the CMI

response, for the clearance of large doses of C5 in mice' Preimmunization of mice with

alcohor killed C5 folrowed by infection wirh l1RX resurted in increased ability to clear

high challenge doses of C5 ensuring the survival of the mice' Both CMI and Abs were

essential for expression of immunity, as mice immunized with killed vaccines or live

l1Rx alone were as susceptible as unimmunized animals (Collins, 1969a and 1969b;

Davies and Kotlarski, 1976).

1.1.3 T cells are necessary for effective immunity to IBPs

In addition to the role(s) played by specific Abs, cMI responses to IBPs

were found to be necessary for immunity and actually require the use of live vaccines for

induction. Examination of the lymphoid populations capable of transferring resistance to

Listeria revealed the involvement of Tcells (Blanden and Langman' 1972; Lane and

IJnanue, lg72). Immunity and/or delayed type hypersensitivity (DTH) to listerial
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antigens (Ags) were similarly shown to be T cell dependent (North' 1973)' Similarly'

Davies and Kotlarski (1976) demonstrated that in vivo depletion of T cells resulted in

decreased clearance of avirulent 11RX and lack of protection against c5, normally

provided by immunization with live 11RX. More recently, ín vivo T cell depletion has

been found to decrease the control of mycobacterial growth in mice (Brett and Butler,

1986). Hence, it is obvious that T cells play an important part in immunity to IBPs'

1.2 T cell characteristics

1.2.1 Requirements for T cell activation

Several pieces of evidence Suggest that interactions between at least two

T cell subsets and between T cells and other accessory cells, such as B cells' macrophages

or dendritic cells, are necessaly for activation of T cells' In 1976'Doherty et al' repotted

that activation of unprimed T cells requires presentation of Ags in association with major

histocompatibility complex (MHC) coded class I or class II molecules on the surface of

Ag presenting cells (APCs). In addition, numerous workers including Rosenthal and

Shevach (1973) and smith (1980) have shown that stimulation of T cells, expressing the

L3TF+phenotype,toproliferateandreleaselL2requiresAgpresentedbyaccessory

cells. In 19g0,Larsson etal.fot¡dthatthelectindependentproductionof aTcell

gowth factor, which is involved in the maintenance of T cell proliferation, involves two

cell types, the Thyl+ T cells and MHC Class II + 1I-A+), Thyl- macrophages' corley

(1982) reported that in the presence of specific Ag the interaction between T cells and

macrophages was essential for the release of a soluble factor(s) by the macrophages

which promoted the growth of IL 2 producing T cells. Further studies revealed the

existence of at least two secondafy nonspecific signals, IL 1 and IL 6, necessary for T Cell

stimulation (oppenhei m et a|.,1986; Hurme, 1987; Unanue and Allen, 1987; Kawakami

etal',19s9).similarly,theinductionofexpressionoflIL2receptorsonL3T4+Tcells

has been shown to require the interaction between T cells and accessory cells (Malek

et al., 1985). Several pieces of evidence have shown different accessory cell
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requirements for the induction of T cell proliferation and IL 2 secretion than for the

activation of specific T helper cells which provide help for B cells (Ramila and Erb'

1983; Ramila et a1.,1983; f1rb et al., 1985; Shigeta et al'' 1986)' The T cell-accessory

cell contact required for T cell activation is facilitated by adhesion between a variety of

cell surface molecules on the T cells and their respective ligand on the accessory cell

surface (reviewed by Springer et al',1987)'

The Ag-specific T cell receptor (TCR) complex on the T cell binds to the

Ag-MHCcomplex,providingthefirstsignalforactivationandthesecondarynonspecific

signal(s) are supplied by the APCs, initiating a cascade of complex intracellular

metabolic events ultimately responsible for the activation of genes encoding various

cytokines and their receptors which are essential for T cell activation and subsequent

clonal expansion (reviewed by Altman et a1.,1990)' The first signal alono' provided by

the binding of Ag_MHC comprexes to TCR comprexes, is not sufficient for the activation

of T cells. A second signal, delivered by IL 1 (and possibly other cytokines like IL 6)' is

necessary to induce responsiveness to the cytokine lL2 (Meuer and Meyer zum

Büschenfelde, 1986). For T cells to utilise IL 1 they must expless IL 1 receptors on their

cell surface. In 19g7, using human peripheral blood lymphocytes (PBLs), Shirakawa

et al. demonstrated that IL 1 receptors are expfessed in the early stage of T cell activation

as the result of monocyte-T cell interactions and requires the accessory function of

HLA DR+ (MHC Class II+ equivalent) monocytes. Furthermore, in 1989 Weaver et al'

identified two pathways of T cell-mediated induction of expression of membrane

associated IL 1 by Ag presenting macrophages. one pathway was

lymphokine (LK)-independent and mediated by cell contact' the other was dependent on

a T cell derived LK belonging to rhe tumour necrosis factor (TNF) family'

Themajorroleofll-lappearstobetopromotethesynthesisand

expressionofhighaffinityn-2receptorsontheTcellsurfaceandtheproductionorlL2

molecules (Kaye et a1.,1984; Meuer and Meyer zum Büschenfelde, 1936)' In 1986'

shirakawa et al. demonstrated that IL 1 exerts its activity at the level of gene

transcription, inducing genes for the IL 2 receptor g chain in appropriate IL 1 responsive
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cell types. Furthermore, Hagiwar a et al. (1987) found that IL 1 upregulated mRNA

levelsofLKs,suchasl--2andothermoleculesassociatedwithTcellactivationina

T cell lymphoma, Supporting the theory that this cytokine may behave aS a co-stimulator

of T cell activation. Production of the IL 2 receptor c[ chain is required to form high

affinitylLZreceptorsbyassociationwiththeconstitiutivelyexpressedpchainand

expression of the IL2 recept-or Cr chain is used routinely as a marker of T cell activation

(reviewed by Greene et a1.,19s9). A complex mechanism of action of IL 1 has been

postulated possibly involving several secondary messengers required for induction of

specirrc gene tfanscription and maybe other intracellular activities (reviewed by Mizel,

1990; O,Neill et al',1990). Furthermore, in 1990 Fischer et al, demonstrated that the

optimal production of interferon-1(IFN-1) by T cells is dependent on the "second signal"

monokine,IL 1, but not on IL 6'

Tosummarize,considerableevidenceexistsfortheinvolvementoflLlin

T cell activation, although there are some exceptions' It now appeafs that both IL 1 and

IL 6 (also produced by Apcs) may be required to provide the "second signal" essentiar

forTcellactivation(reviewedbyWongandClark,lgss).IL6hasbeenreportedtoact

in synergy with IL 1 (Ceuppen s et al'.,1988; Holsti and Raulet, 1989; Kawakami et al.,

1989; Mizutani et a1.,19s9) and IL 2 (Garman et al,, |987;Tosato and Pike, 1988) in the

mitogen induced proliferation of T cells' Furthermore' Houssiau et al' (1989) proposed

that IL 6 induces T cells to pass from the Gg to the G1 phase of the cell cycle' rendering

them more sensitive to the action of IL 1 and resulting in IL 2 production and T cell

proliferation.

1.2.2 T cell surface molecules involved in T cell activation

1.2.2.1 T celt recePtors (TCRs)

TCRs exist in two forms, consisting of heterodimeric complexes of either

cr and B chains (TCR aB) or y and õ chains (TCR 1õ) (Marrack and Kappler, 1986;

Allison and Lanier , r9g7;Davis and Bjorkman, 1988). The majority of r cells express



6

TCR c[B and either cD4 or CD8 molecules, whilst the TCR yõ are found predominantly

on cD4-, CDg- T cells. TCR chains are encoded by four genes ü, B, T and õ, located at

threeloci,c/õ,Band1(reviewedbyAllisonandLanier'1987)'andarerearrangedusing

a mechanism similar to immunoglobulin (Ig) gene rearangement (eg. Hedrick et al'

1984a and 1984b; Yanagi et a1.,1934). Structurally, TCR crB and TCR yõ are very

similar, consisting of two extracellular Ig-like domains, each containing Ig-like variable

and constant regions. A short connecting peptide region, important in the formation of

the heterodimer, separates the constant region from the lipid bilayer, joining it to the

fiansmembrane domain and the cytoplasmic tail (reviewed by Allison and Lanier' 1987)'

particular residues in the ffansmembrane region of the G and p chains are highly

conserved and are believed to have a functional role, perhaps interacting with similarly

conserved residues in the transmembrane regions of the peptide chains of the cD3

complex. The TCRs afe noncovalently associated with the cD3 complex (Samelson

et a1.,1985; Oettgen et a1.,1986), which together form the TCR complexes required for

recognition of Ags. TCR crB complexes bind antigenic peptides presented in association

with either class I or class II MHC molecules, as demonstrated by the finding that

transfection of T cell lines with the TCR cr and B chain genes conferred Ag specificity

(Dembic et al., 1986; Saito ¿l al., 1987). Much less is known about the antigenic

dererminants bound by TCR 1ô complexes (Allison and Havran, 1991)'

1.2.2.2 CD3 comPlexes

cD3 complexes ¿ìfe essontial for the expression of functional TCR

complexes on T cells. In the mouse, the CD3 complex consists of at least five

glycoprotein chains, T, õ, e, ( and q (reviewed by Manolios, 1992). The 1, õ and e chains

are structurally related, consisting of an extracellular Ig-like constant domain' a

ffansmembrane region and a cytoplasmic tail. The presence and location of negatively

charged residues in the transmembrane region suggest that they play a functional role' It

is postulated that these regions of the CD3 complex, in conjunction with the highly

conserved basic residues in the TCR transmembrane region are critical for cell surface
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expression of functional TCR complexes. It is proposed that the cD3 complex assists

the asssembly of the TCR and its transport to the cell membrane and stabilizes the

complex via the formation of salt bridges with the lipid bilayer. The other less well

characteized ( and f¡ chains each possess an external, transmembrane and a very long

cytoplasmic region. Unlike the short cytoplasmic tails of the TCR' functional roles for

the cytoplasmic domains of all CD3 chains have been implied' most probably via

interactions with cytoprasmic components involved in signal transduction. Evidence that

the cytoplasmic chains of CD3 are involved in signal transduction was provided by the

discovery that within minutes of occupancy of the TCR complexes with Ag-MHC

complexes or mitogen, phosphorylation of CD3 T cytoplasmic chain occurs (Cantrell

et al., 1981; Friedrich and Gullberg, 1988). Phosphorylation of the 1, and to a lesser

extent e and õ chains, occurs as a result of a reaction catalysed by protein kinase C

(PKC),viadiacylglycerol(DAG)producedbythephosphatidylinositol4,5-biphosphate

(PIP2) pathway. Phosphorylation of the less well characterized ( chain results from

tyrosine kinase activity, the definite natuÍe of which is still uncertain (samelson et al''

1986; Patel et al.,1987). Possible candidates for this tyrosine kinase activity have come

to light since the discovery of high levels of expression of the p56lck tyrosine kinase' a

member of the src family, and its association with the CD4 and CD8 molecules in T cells

(Rudd eta1.,1988; Viellette eta1.,1988) and the association of the cD3 complex with

another member of the src family of protein tyrosine kinases,fn (Samelson et al'' 1990)'

This has important implications in TcR complex function as both tyrosine kinases and

PKC have been associated with T cell mitogenesis (reviewed by Alexander and cantrell'

1e8e)

1.2.2.3 The CD2 molecule

cD2 is a single glycosolated polypeptide chain expressed on the majority

of T cells and most natural killer (NK) cells (Howard et al',1981; Kamoun et al'' l98I1,

van wauwe etal., 1981; Krensky etal., 1983; Martin etal., 1983)' It consists of

external, Ig-like transmembrane and cytoplasmic domains (Sewell et al'' 1986; Sayre
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et al., |987; Seed and Aruffo, 19s7). The natural ligand for CD2 is the Leukocyte

Functional Antigen-3 (LFA-3), a glycoprotein present on most nucleated cells (Hünig'

1985; Shaw et a1.,1986; Hünig et a1.,19s7). The strong interaction between CD2 and

LFA-3 is postulated to enhance contact between T cells and accessory or target cells' In

addition, it is postulated that cD2 magnifies the proliferative signal primarily induced as

a result of Ag binding to the TCR complex' At least some of the amplification is

achieved by an increase in CD2 surface expression after signalling via the TCR (Springer

etal.,19S7).Initially,aroleforcD2inTcellactivationwasindicatedbythefrndings

thar parricurar pairs of anti(a)-cD2 monocronal antibodies (MoAbs) induced r celr

proliferation and effector functions (Meuer et al', 1984; Brottier et al'' 1985; Yang et al''

19s6). T cell acrivarion via this cD2 pathway,like the TCR complex pathway, involves

elevated intrace[ular ca++ levels and production of inositol triphosphates (reviewed by

Alcover et a1.,19S7). Furthermore, Ag independent T cell activation via cD2 interacting

with LFA-3 has been reported (Tiefenth alet et al',1987; Bierer et al'' 1988)' supporting

the theory that this interaction amplifies the preliminary signals delivered as a result of

Agbinding.ExtensiveinvitroevidenceisavailablewhichdemonstratesthattheAg

independen t cDzpathway and the Ag dependent TCR complex pathway afe interrelated

(Krensky et al., 1983; Meuer et al., 1984; Brottier et al'' 1985; Yang et al'' 1986;

Breitmeyeretal.,lgS7;Morettaetal.,1987;Pantaleoetal''1987;Biereretal''1988)'

ThestructureofCD2anditslargecytoplasmicdomainfavourthe

possibility that it is involved in signal transduction' In support' cD2 mutant molecules

with truncated cytoplasmic domains were expressed in a murine T cell hybridoma and

such cells showed variable responsiveness to pairs of a-cD2 MoAbs which normally

induced signal transduction (Chang et al',1989; Moingeon et al', 1989). Hence, the

cytoplasmic tail of the cD2 molecules may possess a number of functional zones and

when some of these are deleted, a cleficiency in signal transduction results. Furthermore,

for maximal response to Ag, signal transduction by cD2 is necessarY' as demonsnated by

the finding that cells possessing the CD2 with a mutated cytoplasmic region were unable

to respond to the antigenic stimulus, but could still bind to LFA-3 (Bierer et al'' 1989)'
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|.2.2.4Leucocytefunctionalantigen.l(LFA.I.)andintercellularadhesion

molecules'l and'2 (ICAM-L and'2)

In addition to the adhesive interaction between LFA-3 and CD2, the

binding of LFA_I ro ICAM-I 12 may also be important in the initial cell-ce[ conracr

required for T cell activation (Dustin et a1.,1986; Rothlein et al', t986)' The adhesive

interactionbetweenthesetwomoleculescanbebidirectionalbecausebothLFA-Iand

ICAM-l/zaleexpressedbyTcellsandsomeAPCpopulations(Kurzingeretal.,1981;

Krensky et a:.,1983; Dustin et a:.,1986). The adhesion pathway for LFA-l/IC^M-llz

interactionsisMg++andtemperaturedependent.FollowingTCRmediatedsignallingit

has been proposed that an increase in the avidity of LFA-1 for ICAM-l/2' movement of

LFA-1 to the zone of contact between the cells and association of LFA-1 with

cytoskeletalcomponents,stabilizethecellularinteractions(reviewedbyMaleetal',

1991)

1.2.2.5 CD4lL3T4and CD8/Lyt2 molecules

The CD4 molecule is a single 55kDa glycosylated polypeptide chain,

comprising an extracellular region which is subdivided into four domains' an

hydrophobic transmembrane region and a basic cytoplasmic domain (Littman' 1987)'

The cD4 molecule is expressed on the main portion of mature T cells not expressing the

CDSmolecule.CDSmoleculesarestnrcturallydifferentfromtheCD4molecules,and

are made up of two distinct glycoprotein chains, cr and Þ (Lyt2 and Lyt3 respectively)'

which usually associate in clp complexes. The cr and B chains are similarly structured

members of the rg superfamily, having an externar variable-rike region, an hydrophobic

transmembrane region and a highly basic cytoplasmic tail' The external domain is linked

totheffansmembranesegmentviaaprolinerichregion(Littman'1987)'CD4andCD8

molecules on'I'cells bind to monomorphic determinants of the class II (Greenstein et al''

1984; Doyle and strominger, 1987) and I MHC molecules (Ratnofsky et al" 1987;

Norment et al.,1ggg; Rosenstein et o1.,1989), respectively, thereby enhancing the avidity

of the T cell-APC interactrons
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several groups have demonstrated the importance of the GD4/8-MHC

interaction(s), especially under suboptimal conditions for T cel| stimulation' such as when

Ag is limiting, or the affinity of the TCR complex for the Ag is low and it is believed that

the adhesive interaction between CD4 or CD8 molecules and the respective MHC

molecules enhances T cell-Apc interactions which may be essential for T cell activation

(Biddisonetal.,I98l;MacDonaldetal.,tgS};Marracketal''1983;Wildeetal''1983;

Moretta et al., 1984; Greenstein et al., 1985; Shimonkevltz et al'' 1985)' Antigenic

stimulation of r cells has been reported to induce phosphorylation of CD4 and CD8

molecules (Acres et a1.,19S6). It has been postulated that the binding of CD8 or CD4

molecules to the class I or class II MHC molecules induces intracellular signals involved

in the regulation of signals transduced by the TCR complex (reviewed by Bierer et al''

1989). Another possible regulatory role for CD4 and CD8 molecules' was proposed

when it was found that CD4 and CD8 associate with the p56lck tyrosine kinase on the

inner aspect of the plasma membrane (Rudd et a1.,1988; Viellette et al'' 1988)' The

p56tctcis expressed at high levels only in matufe resting T cells (Marth et al'' 1985) and

fifty to eighty percent of pÍ$lck in murine T cells is associated with the CD4 molecules

(Veilleue et a1.,19S8). During T cell activation, p56lck is regulated at both the mRNA

and protein levels (Marth etal., Ig87), suggesting that it may be involved in functions

unique to T cells. Furthermore, Rudd et ar. (r9gg) and viellette et al. (1988) reported

that p56lck was specifically down-modulated by crosslinking of cD4 or CD8 with Abs'

and the majority of the p56tck co-immunoprecipitated with cD4 or CD8 molecules' The

TCR complexes on T cells interact with antigenic peptides in association with class I or

class II MHC molecules presented by APC and cD4 or cD8 molecules bind to the

invariable parts of the crass II or crass I MHC determinants, therefore bringing the cD4

andCDSmoleculestotheimmediatevicinityoftheTCR-CD3complexes(Saizawa

et al.,I9g:,;Rivas et a;.,1988). Recenr studies by Chalupny et al. (1991) demonstrated

that the presence of a functional p56/ct binding site on the cD8 molecule is essential for

the early signalling evenrs transduced by cD8, including increased [ca2*]l and protein

tyrosine phosphorylation. Similarly, Glaichenhaus ¿/ al' (199t) found that T cell
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activation occurred only when cD4 was associated with p56/cft.

Therefore, p56lc*bound to the CD4 or CD8 molecules' is brought closer to

the TCR complex favouring the possibility that p56tck is responsible for phosphorylation

of the cD3 q chain, as ploposed by Marth et at' (1985) and voronova and Sefton (1986)'

This was further supported by the finding that cD4 and cD8 molecules interact with

TCR complexes during T cell activation (Kupfer and singer' 1988) as a consequence

rofCD8moleculesbinclirrgtoClasslMHCproductsarrciCD4moleculesbindingto
I 

arurr ll MHC pr.od'crs f Gtomenu erg et al.,1983;Fazekas de St' Groth

et a1.,1986; Aparicio et al',1987;Jones et al'' 1937)' Furthermore' crosslinking of CD4

was found to induce p56lck activation and elevated cD3 ( chain phosphorylation

(reviewed by Alexander and cantrell, 1939). consequently' Mustelin and Altman (1989)

postulated that cD4 and cD8 molecules may have an important role in controlling the

phosphorylarion of the CD3 E chain by preventi ng p56lck from phosphorylating it in a

resting T cell and, conversely, by bringin E p56t',t', to the immediate vicinity of the

TCR-CD3complexandthe(chainwhenAgispresentedtotheTcellontheappropriate

MHC molecule.

1.2.2.6 CD45 molecules

TheCD45goupofmoleculesaresinglechainglycopeptidesalsoreferred

to as leucocyte common antigens, and arc expressed in a variety of forms (eg' Woollett

et a1.,19S5). The various forms of the cD45 molecules have different molecular

weights and possess both common and restricted epitopes (reviewed by Thomas' 1989)'

MoAbsdirectedagainstdifferentformsofCD45moleculeshavebeenidentifiedandhave

allowedthedetectionofseveraldifferentmolecularformscalledcD45R'GD45RAand

CD45RO. Expression of the various isoforms of these molecules is controlled in a cell

type-specific manner antl a complex pattern of expression has been detected on mature

T cells, with at least four different molecular weight forms detected' The form being

expressedonaparticularTcellisdependentonthesubsetanddifferentiationStateofthe

T cell (reviewed by Sanders et al'' 1988; Thomas' 1989)' A short stretch of amino acids
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at the N-terminal end of the mature protein is common to all forms and is encoded by a

discrete exon within the gene encoding the cD45 protein' However' generation of the

various isoforms occurs via differential splicing of three particular exons on the CD45

gene(reviewedby l/raleetal.,lggl).DuringTcellactivationthepatternofexpression

of these molecules has been reported to vary'

These molecules have an extracellulaf segment which is divided into three

domains, a transmembrane region and an extremely large globular cytoplasmic domain

(reviewed by Thomas, 1989). This group of molecules has been implicated in a variety

offunctionalactivities,includingafegulatoryrole'Apartfromthesizeofthe

cytoplasmicdomainofCD45molecules,suggestingpossibleinteractionswith

intracellular molecules involved with signal transduction' these molecules poSSeSS

phosphotyrosinephosphataseactivity(Tonksetal',198s).Ledbetteretal'(1988)

reported that cD45 modifies signal transduction via the cD\ CD3 and cD4 molecules'

ThatCD45moleculesmayhavearegulatoryrolewasalsoinferredfromexperiments

whichdemonstratedthatmutantmurineTcellcloneslackingCD45moleculesfailedto

proliferateinresponsetoAgorcross.linkedCD3.Effectiveproliferativoresponseswefe

restored in CD45 reveftants' emphasizing the important role these molecules may play in

assisting activation of T cells in response to antigenic stimuli' Consequently CD45

morecures can have considerabre influence over intrace[ular signa'ing by altering the

phosphorylationstateofregulatoryproteins(reviewedbyMaleetal',1991).

1.2.3 Summary of the mechanism of T cell activation

For activation of T cells metabolically active APCs are required to provide

Ag presented in association with class I and/or II MHC molecules and secondary soluble

signals, called LKs or cytokines. This triggers a complex series of metabolic events in

the T cells, culminating in initiating both the effector functions of the cell and the

proliferation required to expand the specific T cell pool (reviewed by Altman et al''

1990).Notunlikeactivationpathwaysinothermammaliancells,thecomplexseriesof

metabolic events which occur include changes in the concentration of intracellular free
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Ca++,pH,proteinphosphorylation,genetranscription'mRNAprocessingandprotein

synthesis.

The initial T cell-ApC contact, via TCR cx,B binding to specific antigenic

peptide-MHC complexes, is essential for subsequent T cell activation and is enhanced by

the interaction of the various molecules on T cells with their respective tigands on the

APCs. As stated above, the main contributors increasing the avidity of the cell-cell

contact are the LFA-IÆCAM-I, LFA- UICA]¡i¡-z and the CDZILFA-3 interactions' The

CD4MHC Class II or cDgÆr4HC Class I intefactions also contribute to the T cell-APC

adhesion. Interactions between the CD4 or CD8 molecules and the MHC Class II or

Class I molecules may, however, have a more important role in signalling' Further

stabilization of the ce[ular interacrion results from the increased avidity of LFA-1 for its

ICAM-I (or ICAM-2) following occupancy of the TCR complex, movement of the

LFA-1 molecules to the cell contact zone and association of the LFA-I with cytoskeletal

components, thereby maximizing the chance for T cell triggering' Following these initial

cellular interactions a variety of metabolic events occur which ultimately result in the

activation of T cell proliferation, resulting in expansion of the cell pool, and induction of

T cell effector functions.

Thenumerous,complexeventstakingplaceafteroccupancyoftheTCR

complex are not completely understood, but the initial signal is believed to be mediated

by the cD3 molecule of the TCR complex (reviewed by Alcover et al',1937)' Adding to

the complexity of T cell activation, contributions from the cD2 activation pathway and

signals mediated by cD4 or CD8 molecules also occur. The initial signal received by

the cell is believed to activate a cascade of hydrolysis' phosphorylation and

dephosphorylation events of memebrane bound molecules (Altman et aI'' 1990)'

Phospholipase c, known to bind cD3, hydrolyses membrane bound PIP2 generating

secondary molecules, one of which, 1, 4, 5-triphosphate (IP3), influences the intracellular

Ca++ levels and the other, DAG, the activation state of PKC. Phosphorylation of the IP3

provides anothff molecule involved in regulating membrane Ca++ channels' contributing

to the increased levels of intracellular ca++. The importance of elevated internal ca++
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levels in T cell activation have been reported although the specific role is unclear, as is

the significance of the efflux of Mg++ from the cells'

DAG, which is the second messenger generated by hydrolysis of PIP2, can

also be generated by hydrolysis of other phospholipids and is known to activate PKC'

Activation of the Ca++ dependent enzyme PKC provides an avenue for modulation of a

vast affay of proteins via phosphorylation. synergistic activity between PKC and

calcium ionophores, which increase inuacellular ca++ levels' have been reported

indicating the importance of both PKC and increased Ca++ levels in T cell activation'

The imporrance of pKC in T cell acrivarion is supported by the finding that PKC is

involved in the induction of expression of genes required for T cell activation' including

IL2 andIL2 receptof genes. It is proposed that expression of these genes resulting in

production of IL 2 and expression of IL 2 receptors is directed by a cascade of PKC

mediated phosphorylation signals @röge' 1986)'

As mentioned previously, it has been postulated that another kinase

involved in the phosphorylation events occurring during T cell activation is the T cell

specific p56tct< ryrosine kinase. On interaction of TCR complexes with Ag-MHC

complexes residues on the cytoplasmic tails of several cell surface molecules become

phosphorylated,includingcD3,CD2,CD4,CDSandcD45'Phosphorylationofall

these molecules occurs as a result of PKC activity, which may be involved in regulating

the surface expression of these molecules (cantrell et al', 1985; Krangel' 1987)'

However, phosphorylation of a tyrosine residue on one of the cD3 chains is carried out

by a tyrosine kinase, possibly the p56/ck tyrosine kinase' This was supported by the

finding thatp56lck associates with CD4 and CD8 molecules (Rudd et al'' 1988; Viellette

et a1.,1988), which are known to bind to MHC molecules, to which the TCR complex is

bound, thereby bringing the tyrosine kinase in closer proximity to the cD3 molecule'

Further imprications for the rore of the pSg/ct in T cell activation came from the findings

that activation of human T cens to produce IL 2 correlated with arterations in the amount

orpS$IckmRNAandproteininthecells(Marthetal.,1987).

AdditionalenzymicactivityisprovidedbytheCD45molecule,which
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possesses phosphotyrosine phosphatase activity within its large cytoplasmic tail region

(Tonks et a1.,19S8). A possible role for this phosphatase in the dephosphorylation and

subsequent activation of the P56Ick ryrosine kinase was postulated when CD45 mutants

showed increased phosphorylation of p1$lck' At this level there appeafs to be little

evidence to suggest that there are different signals for the different T cell subsets' since

CD45 molecules are present on both subsets (Thomas, 1989) and p56/ck can associate

with both CD4 and CD8 molecules (Rudd et a1.,1988; Veillette et al', 1988)' Hence'

following interactions of TCR complexes with their ligands' a complex network of

enzymatically catalysed metabolic events occuf' resulting in phosphorylation of

regulatory proteins ultimately influencing the activity of a variety of genes involved in

mediating T celt responses, such as genes for cytokines and their receptors crucial to the

subsequent activities of the cell'

1.2.4 T cell subsets in CMI

T cells are divided into subsets on the basis of expression of the cD4 and

CD8 molecules. In general, CD4+ T cells respond to Ag presented in association with

class II MHC molecules and afe described as class II MHC restricted' whilst

CDg+ T cells respond to Ag presented in the context of Class I MHC molecules and are

class I MHC lestricted (Swain, 1gg3). This division was initially berieved to also

represent a functional grouping, where CD4+ T cells provided "help"' in the form of LKs

such as n-2, for the activation of effector CD8+Tcells and the LKs necessary for

proliferation and differentiation of B cells (revieved by Fitch' 1986)' However'

functional overlap between the subsets has been reported' where both CD4+ and

CDg+ T cell subsets possess cytotoxic activity and the ability to proliferate and release

L2 invitro (MacDonald et a1.,1980; Andrts, et al.,l98I; Tite and Janeway, 1984; Heeg

et al., L987aand 1987b). For instance, in 1987 Kaufmann et al' reported the detection of

Listeria_specific class II MHc resrricted L3T4+/]D4+ cyrotoxic T ceils (crl-s). several

groups have reported that cD4+ clones also express specific cytolytic effector function

upon activation (Lukacher et a'1., 1985; Tite et al,, 1985; h et al', |986 and 1990;
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NakamuraetaI.,1986).Analysesofthecharacteristicsofvirus-specifichumanCTLs

have revealed that both Class I restricted CD8+ CTLs (reviewed by Biddison' 1982) and

Class II restricted CD4+ CTLs exist (Jacobson et al', 1984; Kaplan et 4l'' 1984;

yasukawa andzar\ing, 1984; Gomard eta1.,1986; Torpey etal',1939)' However' the

frequency of cTL precursors in the class II MHC-specific cD4+ T cell population had

been reported to be less than that of the class I MHC-specific cD8+ T cells (MacDonald'

et a1.,1980; Beretta et a1.,1986)'

In view of the often reported finding that cD4+ T cells act mainly as

helpers to deliver IL 2 to cD8+ precursor T cells (or a series of signals to induce B cells

to develop into plasma cells), it was somewhat surprising to find that the precursor

frequencies of IL 2 producing cD4+ T cells and cD8+ T cells feactive to mutant class II

and class I MHC a!lo-Ag, respectivelY, were similar (Heeg et al'' 1987a and 1987b)'

Several repofrs have indicated that Lyt2+lcD}+ T cells could proliferate and release IL 2

invitroin response to mitogenic (Guerne et at.1983; Andrus et al',1984 Moretta' 1985;

Granelli-Piperno eta1.,1986) and antigenic (von Boehmer et al'' 1984; Mizuochi etal''

1985 and 1986; Sprent and Schaefer, 1985; Sprent et al', 1986; Heeg et al'' 1987a)

sdmulation. In addition, cytotoxicLyt2+ T cell clones were also reported to be able to

release lL2 in response to Ag (Roopenian et al', 1983; Andrus et al'' 1984)' These

findings suggested that in addition to cD4+ T ce[ dependent activation of cD8+ T cells

(Cantor and Boyse, L975; Bach et aI., 1977: Wagner and Röllinghoff, 1978),

CDg+ T cells can porentially function independently of the T cells belonging to the CD4+

subset. Several groups have observed the autonomous activities of cD8+ T cells (eg'

von Boehm er et a.1.,19g4; Mizuochi et a1.,1985 and 1986; Sprent and Schaefer, 1985 and

1936). In 1985, Sprent and Schaefer demonstrated that when purified' unprimed

LytZ+T cells were exposed in vitro to APCs with H-2 differences in the absence of

L3T4+T cells, high cell-mediated lympholysis and strong mixed lymphocyte reactions

were induced. By employing the mutant mouse strains' bm1 and bm12' which differ

fromtheC5TIJL|6(B6)strainonlyatClasslorClassllloci,respectively,theyfoundthat

B6 Lyt2+T cells responded selectively to allo-Class I differences (bml), whereas 86
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L3T4+T cells responded only to the Class II differences (bm12). In the case of the

Lyt}+ T cells, inclusion of 0,-L3T4 MoAb in the cultures did not reduce the responses

observed. This, in conjunction with data provided by singer et al. (1984), suggests that

the in vitro pnrnuy allogeneic response of Lyt2+ T cells can occur in the absence of

L3T4+T cells. Further work by Sprent et al. in 1986 revealed that, independent of

L3T4+ T cells, Lyt2+ T cells can mediate alloaggressive functions ín vivo. Similarly, in

1988, Heeg et al. reporled that in vivo depletion of L3T4+ T cells by injection of a-L3T4

MoAbs abolished reactivity toward class II MHC allo-Ags in vivo and in viffo' brut not

toward crass I MHC ailo-Ags. upon in vivo priming of L3T4+ T cen-depleted mice

with class I MHC allo-Ags, the frequencies of class I MHC-specific precursors of IL 2

producing and cytoly ic Lyt2+ T cells increased up to twenty fold' clearly, grouping of

T cells into the cD4+ and cDg+ subsets does not reflect a functional dichotomy, as both

helper T cell (IL 2 production) and cTL function can be executed by L3T4+ as well by

Lyt2+ T cells.

1.2.4.1 Subpopulations of CD4+ T cells

CD4+ T cells have been further subdivided into two populations called

Th1 and Th2. Using CD4+ T cell clones, Mosmann et ctt' (1986) demonsüated the

existence of two separate CD4+ T cell populations, Th1 and Th2, divided on the basis of

their LK profiles and functional capacities. Thl cD4+ T cell clones are characterized by

their ability ro produce the LKs IL 2, IFN-1and TNF-B and their ability to induce DTH

responses (cher and Mosmann, 1987). on the other hand, Thz T cell clones are

characteized by their ability to produce IL 4,IL 5, IL 6 and IL 10 and can induce IgE

synthesis which mediates immediate type hypersensitivity (Kim e/ al', 1985; Coffman

and carty, 1986; Mosmann et al., 1986; Cher and Mosmann, 1987; Fiorentino et al'',

1939). Hence, 'tht T cell clones are preferentially involved in cell-mediated responses'

such as DTH reactivity and activation of macrophages (cher and Mosmann, 1987; Stout

and Bottomly, 1989), whilst the Th2 clones aIe more efficient at' and sometimes

exclusively responsible for, inducing humoral responses (Killar et al',1987; Boom et al''
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1g8S). The possibilty of "rhltThzcross-regulation has been inferred from several pieces

of data. IFN_T produced by Thl ceils was found to inhibit proliferation of rh2 clones

invitro (Fernandez-Botran et a1.,1988; Gajewski and Fitch, 1988)' In 1986' Horowitz

et al. detected an activity produced by Th2 cells which inhibits Th1 proliferation'

Furthermore, Fiorentino et al. (lgg9) identif,red a cytokine produced by Th2 clones that

inhibits synthesis of several cytokines by Th1 clones. In 1990, Swain et al' reported that

n- 4, acytokine secreted by Th2 clones, can markedly affect the development of Th1

and/or Th2 clones in culture. The presence of IL 4 directs the preferential development

of IL 4Æ, 5 secreting Th2-like effector cells, suppressing the development of IL 2 and

IFN-y-secreting effector cells.

The in vivo relevance of the in vllrz distinction between Thl and Th2

CD4+ T cells is not as clear cut, as CD4+ T cell clones isolated from immunized mice or

human peripheral blood release a combination of the Thl and Th2 LKs' IL 2' IL 4 and

IFN-T (Maggi et al.,1988; Paliard et al.' 1988; Street et al.' 1990)' However' sreet

et at. (1990) reported that prior immunization of the mice from which responder cells

were derived strongly affected the type of Th clone obtained' whereas the source of

stimulator cells had much less effect, suggesting the commitment of Th cells to the Th1

or Th2 phenotypes occurred mainly in vivo. on the basis of their own data and the

findings of others, Street et al. proposed a simple model of Th cell differentiation' which

is outlined in Fig. 1.1. They have posturated thar a Th cell precursor population exists,

which can differentiate into either the Th1 and Th2 subset, depending on the signals

received from Ag and/or Apcs and that intermediate form(s) that exhibit an "atypical"

LK profile exist during the transformation into one or other of the subsets' Data

provided by swain et at. (1988) and street et al. (I99O), implied the existence of a Th

precursor cell (Thp cell) which secretes only IL 2 aftet activation' The presence of the

ThO cell, which produces IL 2, IFN-Y, IL 4, U- 5, granulocyte-macrophage colony

stimulating factor (GM CSF) and IL 3, has been inferred from cloning experiments

showing that some short term clones invitro demonstrate this phenotype (Street etal''

1990).TheproposedmodelSuggeststhattheThocellcandifferentiateintoeitherThl
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or Thz phenorypes, depending on the Ag,/APC signals that it receives' However' it is

possible that some Th ce's are precommitted to differentiate into either Thl or Th2

phenotypes before exposure to Ag'

There is evidence supporting the possibility that differential activation of

T cells that produce distinct cytokines occurs as a result of stimulation by Ag presented

by different APCs. In 1990, Simon et al. reported that low dose ultraviolet B-irradiated

Langerhans cells preferentially activate cD4+ Th2 cells. Lichtman et al' (1988) and

Greenbaum et al. (Ig88) found that for optimal proliferative responses to a variety of

stimuli, ThZ clones require the addition of IL 1, whereas Th1 clones do not'

Furthermo re, ThZ clones were reported to proliferate suboptimally in response to Ag

presented by B cells unless IL 1 is added, whilst proliferation in response to Ag presented

by macrophages does not require additional IL 1 (Chan g et al',1990)' In confrast' Thl

clones responded to Ag presented by both B cells and macrophages' without the

requirementforlLl.ThiscanbeexplainedatleastpartiallybythefactthatTh2cells'in

contrast to Thl ce||s, express IL L receptors (reviewed by Bottomly' 1988)' Data

provided by Fiorenti no et al. in 1989, suggested that IL 10 produced by Th2 clones may

suppress Thl function indirectly, via APC. More detailed analysis by Fiorenrino et al'in

lgglrevealedthatlLl0impairstheabilityofsplenicandperitonealAPCstostimulate

cytokine production by Thl clones, but not Th2 clones' obviously' stimulation of

T cells which secrete different amounts or types of cytokines have important implications

on the particular type of reponse that could be induced'

Identification of cytotoxic cD4+ T cells introduced the possibility that

these cells repfesent a distinct population of cells or may be included in either the Th1

and Th2 cell groups. Some virus-specif,rc cD4+ CTLs have been shown to be

murtifunctionar in rhat they display both cytotoxic and specific proriferative responses

includinghelperactivity,asdemonstratedbytheirabilitytoproducelL2(Yasukawaand

Zar|ing, 1984) and humoral factors which help autologous B cells to produce

virus-specific Abs (Yasukawa et al., 1983). Many CD4+ clones exhibit cytotoxic

activity upon activation with mitogens, Ags or MoAbs' Tlte et al' (1985) reported that



20

after stimulation with Ag or mitogen, some Th2 clones which secreted low levels of TNF

and undetectable amounts of IFN-y, were noncytolytic' consequently' they proposed

that TNF and IFN-1 are the soluble mediators for talget celt lysis' However' many

targets killed by cD4+ CTLs are resistant to high concentrations of IFN-Y and TNF'

suggesting the induction of a TNFÂFN-1 independent cytolytic mechanism (Ju et al''

1939). Analysis of the cytotoxic activity of activated Th1 and Th2 clones revealed that

all rhl clones tested wefe strongly cytolytic, whilst Th2 clones were either noncytolytic

or weakly cytolytic (Iu et at., 1990). Supporting their earlier data (Iu et al'' t989)'

MoAb blocking experiments revealed the existence of two distinct TNF-mediated

cytolytic mechanisms among the cD4 T cell subsets - one IFN-y-dependent and the other

IFN-y-independent. Further evidence that CD4+ CTLs belong to the Thl cell gfoup'

wasthatcytotoxicCD4+TcellsproducedIFN-IandlymphotoxinÆNF,while

CD4+ T cells that ,,helped" specific Ab responses produced IL 4, but not TNF or IFN-1'

which coincides with the Thl and Th2 subsets respectively (reviewed by Bottomly'

1988).

Studies carried out in the human, rat and mouse have shown that

cD4+ T cells can also be subdivided on the basis of expression of restricted populations

ofCD45molecules(T200orleukocytecommonantigen),referredtogenericallyas

cD45R (reviewed by Bottomly, 1988). There is evidence to suggest that the level of

expression of cD45R molecules distinguishes naive and memory cD4+ T cells @ricsson

et a1.,1990). They reported that cD45R- CD4+ T cells and cD45R+ CD4+ T cells have

the characteristics of memory and naive cells, respectively' Clement et al' (1988)

provided evidence supporting this possibility, by demonstrating that after polyclonal

activation cD45R+ cD4+ T cells acquire both the phenotypic and functional

characreristics of cD45R- cD4+ T ce[s. cD4+ T cells expressing little or no cD45R

(cD45-low) provide help to B cells, whereas cD4+ T cells expressing high levels of the

CD45R(CD45-high)donotplovideBcellhelpbutreleaselL2.Furtheranalysis

demonstrated that in addition to helping B cell responses' CD45-1ow cells producelL 4

protein and IL 4 mRNA, but secrete no IL 2 andproduce no mRNA for IFN-1 orILZ' In

a
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contrast, cD45-high cells produce mRNA encoding IFN-1 and IL 2, secretes IL2 and

provide no B cell help (reviewed by Bottomly, 1988). Henca, cD4+ T cells can be

subdivided into the two functional groups Thl and Th2, which are distinguished on the

basis of LK production and on the expression of a restricted form of CD45R'

1.2.4,2 Evidence for CD8+ T cell subsets

Little data for functional grouping of cD8+ T cells into Thl and Th2

equivalents is available. In 1987, Fichtner and colleagues reported that cD8+ T cells

could be divided on the basis of expression of the cell surface marker Ly6C and more

recent investigations have reveared that cDg+ T cells can be divided into four different

subpopulations based on the level of expression of Ly6c. Ly6Cne8, Ly6Clow' Ly6çint

and Ly6Chigh çpg+ T cells showed specific differences in their responses to mitogenic

and alloantigenic stimulation (Kung et a1.,1991)' Highly purified populations of these

cell subsets were stimulated with o-CD3 MoAbs or allogeneic stimulator cells to induce

proliferation and II-2 production. Greatest responses were obtained with

Ly1C\eElLy6Clow CD8+ T cells, moderate responses with Ly6Cint f ssll5, and Ly6ChiEh

T cells responded minimally. Similarly, allogeneic stimulation induced a strong

cytoroxic response from Ly6CnegÂow T cells but not Ly6Qhigh T cells. Addition of

excess IL 2 enhanced the proliferation and cytotoxic activity induced by cr-cD3 in all

CD8+ T cell populations, whereas in the presence of excess IL 2 allo-Ag elicited an

approximately five-fold higher response by Ly6ChiEh than Ly6Cnee/low CD8+ T cells'

Furthermore, coculturing experiments demonstrated that help provided by Ly6Qneclow

T cells can be utilized by both Ly6Çneg/low and Ly6Çhieh T cells'

V/iththeknowledgethatnaiveandmemoryCD4+Tcellscanbe

distinguished on the basis of expression of the CD45R molecule (Powrie and Mason'

1988; Sanders et a1.,1988), Ericsson et at. (1990) investigated whether such dichotomy

arso appries to cDg+ T cells. After immunization with either tumour celrs or a[ogeneic

spleen cells, tumour-selective cytolytic CD8+ T cells express the CD45R molecule' while

a|lo-Ag-specific cytolytic CD8+ T cells are found in both the CD45R+ and CD45R-
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populations. Ilence, these very recent, preliminary experiments suggest that it may be

possible to subdivide cD8+ T cells into functional groups on the basis of cell surface

expression of cell surface markers'

1.2.5 Role of T cetl subsets in immune responses to IBPs

1..2.51 Introduction

To successfully detect specific primed T cells of a particular subset(s), the

appropriate assay systems must be employed. over the years a number of detection

systems have been established including, in vitro antigenic or mitogenic stimulation of

T cells to proliferate and release various LKs, the in vi¡o 51Cr release assay for the

detection of cTLs and the adoptive transfer of resistance or DTH reactivity to normal'

unimmunized recipients. To induce either T ce[ subset to proliferate, it is obvious that

unless the appropriate Ag and/or APC populations are used, the observed responses can

be biased toward a pafticulil T cell subset (Ramila et al',1985; Townsend et al'' 1986)'

Similarly, the form of Ag used to elicit DTH reactivity is equally important' to allow the

detection of all cells in the population capable of mediating DTH reactivity (Leung and

Ada, 1980; Ertl, 1981; Attridge and Kotlarski, 1985b; Chen-Woan et al'' 1985; Kaufmann

et a|.,1985). Furthermore, to asceftain the plesence of Ag-specific CTLs of the CD4+ or

CD8+ phenotype, target cells expressing the relevant antigenic determinants and Class II

or I MHC molecules, respectively are required (Kaufm ann et al', 1986 and 1987)' Not

surprisingly, in the absence of suitable assay systems the observed results can be

distorted, implicating only one of the T cell subsets, when they both may play a role'

This probably provides the explanation for discrepancies reported between different

gïoups studying the T cells involved in immunity to IBPs'

1.2.5.2 T cells incluced by infection with Listeiø

Immune responses to Listeria have been extensively studied. Earlier

work carried out to determine the H-2 restriction of the immune responso induced by
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listerial infection was conffadictory. First reports on the H-2 restriction of the immunity

to Lmclaimed that the fesponse was H-2I (Class II) resticted (Zinkernagel et al'' 1977)'

Similarly, Farr et al. (lg7g) reported that lg'-zl region homology between the

macrophages and T cells, was required for expression of cytocidal activity by

macrophages. Using Listeria-specific T cell lines, Kaufmann and Hahn (1982) found

that the expression of DTH and immunity to Lm was dependent on class II restricted

Listeria-specific T cells. Listeria-specific class II MHC restricted T cells capable of

killing Listeria-\nfected target cells have also been also detected (Kaufmann et al'' 1987)'

However, contradicting these reports, both Lytl+ and LytI23+ T cells

were feported to be involved in the immune response to Lm (Kaufmann et al'' 1979 and

lgSZ). This supported the data of Cheers and Sandrin (1983), which demonstrated that

passive transfer of immuni ty to Lísteria was class I MHC restricted' The importance of

cDg+ T cells in protective immunity to Listeriahad also been suggested by other workers

(Czuprynskiand'Brown,1987).studiesontheTcellsubsetsinvolvedintheimmune

response to Listeriainfection in rats suggested cooperation between class I and class II

MHC restricted T cell subsets is necess¿ìry for effective resistance to infection

(Chen-Woa n et a1.,1985). Treatment of T cells from immunized animals with various

MoAbs and complement prior to transfer to unimmunized recipients demonstrated that

the DTH effectors were W3/25+ T cells (CD4+ equivalent) and the mediators of

protective immunity were OX8+ T cells (CD8+ equivalent)' The T cells capable of

conferring protection could not mediate DTH reactivity, but the DTH effectors were able

to enhance the protective capacity of the OX8+ protectivo T cells' suggesting cooperation

between the two T cell subsets could occur'

Further analysis of the cells mediating DTH leactivity and immunity to

Listeriain mice has arso provided information for a cooperative role between L3T4+ and

Lyt|+'f cells (Kaufmann et a1.,1985). Cooperation betweeen Ag-specificL3T4+ T cells

andLyt2+ T cells was necessary for effective clearance of Listeria' with theLytz+ T cells

being ultimately responsible for clearance of a secondafy listerial infection (Kaufmann

et al., 1985; Bishop and Hinrichs, 1987; Mielke et al., 1938)' The discovery of
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Listeria-specific Lyt2+ CTLs reinforced the evidence that listerial infection induces

LyO* T cells (Kaufmann et a1.,1986)'

In 1989, Orme demonstrated that cyclophosphamide-sensitive

LyA+rcD8+ T cells were responsible for the passsive transfer of immunity to Lm' In

conrrast, cyclophosphamide-resistant L3T4+lcD4+ T cells mediated immunological

memory to Lm. Similarly, different T cell subsets were found to be responsible for

expression of systemic protection and DTH to Lm' Pretreatment of ConA stimulated

Listeria-specific spleen cells with cr-cD8 MoAb and complement abrogated the ability to

transfer systemic immunity to Listeria, but had no influence on the ability to transfer

DTH reactivity (Baldridge et al., 1990). Conversely, treatment with a-CD4 and

complement abolished the ability to transfer DTH reactivity with little impact on the

capacity to transfer resistance. Invivo depletion of either T ce[ subset confirmed these

observations; cells responsible for mediating resistance weÍe cyclophosphamide-sensitive

whilst those mediating DTH were cyclophosphamide-resistant' These data provide

substantial evidence that both L3T4+Tcells and Lyt2+ Tcells are induced and are

required for immunity to listerial infection'

Further analysis of the T cell Îesponse to infection with Lm in mice

revealed another factor contributing to the type of immune response induced' virulent

strains of Lnt are known to secrete an exotoxin called listeriolysin O (Njoku-Obi et al"

1963; Groves and v/elshimer, 1977), which has been identified as a major virulence

factor (Skalka et al., 1982; Gaillard et al., 1986)' Several reports indicate that

risteriorysin o mediates bacterial virurence by enhancing bacterial multiplication within

macrophages (Gaillard et al., 1986; Portnoy et al., 1988; Camllli et al', 1989; Cossart

etal.,1939) and by instigating inhibition of Ag processing and presentation (cluff and

Ziegler, 1987; Cluff et a1.,1990). Expression of listeriolysin O has been found to play a

major role in immunity ïo Lm, as immunization with either heat killed or listeriolysin O

non-producing strains of Lm does not protect mice from subsequent challenge with

virulent, listeriolysin O producing strains (Wirsing von Koenig et al'' 1982; Berche et al''

L9Llaand 1987b). In 1991, Safely et al. reported a correlation between listeriolysin o



25

production by infecting bacteria and generation of protective immunity and that

production of listeriolysin O was necessary to induce Ag-specific T cells' as assessed by

IL 2 production in vitro. Mutants expressing inactive listeriolysin o were reported to be

unable to gfo,w intracellularly (Gaillard et aI., 1987; Portnoy et aI'' 1988)' possibly

explaining their inability to induce protection. An explanation for the effectiveness of

listeriolysin o producing strains as vaccines was provided by Berche et al' (1987a) and

Tilney and Porrnoy (1989), who reported that listeriolysin o producing Lm organisms

escaped from the endosomal compartment and entered the cytosol where they underwent

bacterial replication, whilst non-producing strains remained within the phagolysosome

and were unable to divide. This localization of Lm into the cytosolic comp¿ìrtment

provides a mechanism for these bacteria to induce cD8+ T cells, as it has been reported

previously that CD8+ T cell responses occur preferentially to Ags derived from the

endogenous (cytoplasmic) compartment (Morrison et al., 1986; Moore et al'' 1988; see

Sections 1.4.1 and 1.4.4.1). This was confirmed by Brunt et at' (1990) who found that

only those Lm organisms which expressed listeriolysin o entered the class I Ag

processing pathway, as determined by the ability of infected macrophages to induce

proliferation and IFN-T release from cD8+ T cell clones in vitro' Therefore' these data

provide an explanation for the involvement of both CD4+ and CD8+ T cells in immunity

to Listeria

1.2.5.3 T cells induced by mycobacterial infection

Pioneering work by Lurie (1942) demonstrated the importance of cMI in

resistance to infection with Mycobacteria and twas supported by the finding that cells

obtained from guinea pigs immune to mycobacterial infection could passively transfer

DTH to the tuberculin protein to normal recipients (Chase, 1945)' Confirmation that

acquired immunity to tuberculosis infection is cell-mediated was provided by North

(1,973)andLefford(1975).LefforddemonstratedthatTcellsfromspleensof

BCG-immune donors could adoptively ffansfer protection to sublethally irradiated

recipients. Protection, determined by the numbers of infectious organisms which could
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be recovered from the spleen two weeks after challenge, was conferred equally against

BCG reinfection and intravenous challenge with M' tuberculosis' In 1983' Orme and

collins reported that spleen cells obtained from mice at the height of the primary immune

response to inffavenous infection with M. tuberculosis, were able to transfer protection to

M. tuberculosis-infected T cell-deficient recipients' Furthermore, a population of splenic

T cells taken from naturally susceptible (C57BL/6) mice, but not resistant (A/J) mice,

infected with M. avium conferred significant protection against a subsequent challenge

inoculum of M. avium to syngeneic recipient mice (Stokes and Collins' 1990)'

Replication of M. aviu.min donor mice, which did not occur in the resistant (A/J) mice'

was necessary for the development of protective T cells' In addition' BCG' which

replicates in A/J mice, stimulated a population of splenic T cells which protected

recipient mice from subsequent infection with M. tuberculosis. Having established that

T cells play an important role in immunity to Mycobacteria, attempts to type the T cell(s)

involved were made and conflicting data have been obtained.

In 19g5, Denis et al. demonstrated that four to six weeks after infection

with a low dose of M. bovis BCG, Lytl+ T cells were generated in the spleens of

BCG-susceptible (Bcgt) mice, but not of BCG-resistant (Bcg\ mice' concomitantly'

there was a marked decrease of LytI23+ cells in the spleens of Bcgs mice' Detailed

analysis of the T cell subsets required for resistance of Bcgs mice (c57BLl6) to infection

with M. bovis BCG revealed that the major effectors in controlling bacterial division

were L3T4+ T cells (Pedrazzini et a1.,1937). In vivo depletion of L3T4+ T cells by ip

administration of c,-L3-14 MoAb caused a dramatic increase in the number of viable

Mycobacteria recovered, whilst depletion of Lyt2+ T cells in vivo had virtually no effect

on the recovery of bacteria. This was suppofted by adoptive transfer experiments' where

featment of immune spleen cells with MoAb and complement demonstrated that

L3-f4+T cells were mediating resistance to the mycobacterial infection. Whereas,

similar depletion or L3T4+ and Lyt2+ T cells from thymectomized mice indicated that

both L3T4+ and Lyt2+ T cells participate in resistance against tuberculosis (Müller et al',

1987). Furthermor e, L3T4+ MHC Class II restricted BcG-specific T cell lines and
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clones have been shown to release macrophage activating factors (MAF or IFN-1) upon

antigenic stimulation in víto and to inhibit mycobacterial gowth in infected

macrophages both inviffo andínvivo (Rook eta\.,1985; Pedrazzinl andLouis, 1986)'

Kumararatne etal. (1990) reported that Mycobacteria-specific human Tcell lines kill

target cells pulsed with mycobacterial Ags, to a gleater extent than unpulsed cells or cells

pulsed with irrelevant Ags. This cytotoxic activity was blocked by MoAb to class II

MHC Ag, confirming the induction of Class II MHC restricted L3T4+ T cells on infection

with Mycobacteria.

Conversely, in 1984 Orme and Collins reported that adoptive transfer

experiments provided evidence that Lyt2+lcD8+ T cells from immune mice are able to

protect normal animals against an infectious challenge with M. tu.berculosis. In addition,

M. Ieprae-specific Lyt2+ CTLs have been detected in the draining lymph nodes of

intradermally infected mice (Chiplunkar et al., 1986)' Further evidence for the

involveme nt of Lyt2+lcD8+ T cells in immunity to Mycobacteria was provided by Roch

and Bach (1990), when they examined several immunological parametefs of mice with

varying susceptibilty to mycobacterial infection after subcutaneous infection with either

M. lepraenturium or M. bovis BCG. All BCG-infected mice controlled the infection and

developed early and large granulomas, whereas M' lepraenturium-infected mice exhibited

major strain variations in their resistance to the infection and in granuloma formation'

Analysis of the draining lymph nodes revealed that BcG and M' lepraemuril¿n infections

both induced a decrease in the percentage of B cells and a decrease in the CD4/CD8 ratio

in the three mouse strains used. Stimulation with the Mycobacteria and IL 2 induced an

increase in the number of CD8+ T cells in the draining lymph nodes of all three mouse

strains. However, this increase was most pfonounced in the M' lepraemurium-tes\stant

mice. Consequently, Roch and Bach (1990) proposed that the ability of the

M. Iepraentu,riu.m-resistant mice to genelate an early and persistent CD8+ T cell response

to Mycobacteriamay contribute to their resistanco to M. lepraemurium'

Thus, evidently both CD4+ and CD8+ T cells appeil to be involved in the

immune responses generated after mycobacterial infection. The rate of progression of a
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mycobacterial infection has been reported to vary depending on the route and dose of

infection (eg.Turcotte, 1980; Patel, 1981) and on the genetic constitution of the host

(Brown et al., 1982: Curtis et al., 1982). Similarly, the development of acquired

immunity seems to differ between mice, as resistant mice infected with M' bovis BCG

take longer to develop acquired resistance to M' tuberculosis (Orme et al'' 1985) than

susceptible mice (orme and collins, 1934). In vítro responsiveness of spleen cells from

M. lepraemuríum-\nfected mice also varies, depending on the genetic constitution of the

mice (Brett, 1984). Therefore, it does not seem unreasonable to suggest that the

induction of cD4+ and/or cDg+ T cells as a result of mycobacterial infection may also be

influenced by the genetic constitution of the host, as evidence for the involvement of

CDg+ T cells was gïeatest in the mycobacteria-resistant mouse sffain, whilst

mycobacterial infection of susceptible mouse sffains appeared to induce mainly

CD4+ T cells

1.2.5.4 T cells induced by Salmonelløinfection

The involvement of T cells in resistanc e to Salmonellae infection became

evident in studies carried out by Davies and Kotlarski (1976)' where they reported that

in vivodepletion of T cells by thymectomy resulted in decreased clearance of the vaccine

strain 1lRX and lack of protection against C5. The phenotype of the T cells required for

immunity was not established, but adoptive transfer experiments with cells from mice

previously immunized with live llRX have shown that the cells mediating DTH

reactivity induced by an Ag extract of 11RX were Lytl+ T cells and that the response was

H-zI (class II) resfficted (Attridge and Kotlarski, 1985b). These nonadherent

Lytl+ T cells in the presence of specific Ag and adherent accessory cells were induced to

release lfl-Z andMAF in vitro (Attridge and Kotlarski, 1985a). Again, the interaction

between the T cells and accessory cells was restricted by theH-2I-A locus' Hence' it is

possible that on exposure to salmonella,T cells are induced to proliferate and to release

Il-2 and MAF which activates macrophages and maintain proliferation of Tcells

required for clearance of the bacteria. Similarly, salmonella-specific T cell lines were
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established by paul et al. (lgg5) which were capable of Ag-specific proliferation in vitro

and tran sferrin g effective protection again st infection.

Recently, the phenotype of the T cells mediating protection against

Salmonellahas been investigated. Nauciel (1990) demonstrated that in vivo depletion of

cD4+ T cells by infusion of cr-cD4 MoAb, abrogated the ability to clear an infection of a

temperature sensitive mutant of Salmonella typhimuríum' Similarly, in vitro treatment of

immune T cells with o-cD4 and complement removed their capacity to adoptively

transfer immunity, whilst ct-cD8 and complement had little effect' Resistance to

reinfection was equally reduced after treatment with cr,-cD4. Hence, this preliminary

investigation suggests that cD4+ T cells and not cD8+ T cells are responsible for

mediating resistance to Salmonellae'

At the commencement of my work, work carried out by other members of

our laboratory provided indirect evidence for the induction of LytZ+/CD8+ T cells after

infection with 1lRX (unpublished data). Nylon wool (NW) nonadherent peritoneal cells

(PCs) harvested from mice immunized with 11RX, were able to kill lectin-treated

target cells, as measured in the standard lectin-mediated cytotoxicity assay' The cells

responsible for this activty were identified as LyO'Z+, Thyl'2+ cells' No cytotoxic

activity was detected in the cells from normal, unimmunized mice or mice immunized

with formalin killed llRX (F11RX). Even though the Ag specificity of these

Lyt2+ CTLs was not established, the data suggested that salmonella-specific

LyA* T cells may be induced as a result of infection with live 1lRX' Therefore' the

relevance of these ce[s to sarntoneila-specific immunity required further investigation.

1.2.5.5 SummarY

The extensive studies carried out on the T cells induced after infection

with IBPs, especially Listeria and Mycobacter'ía, have demonstrated the involvement of

both cD4+ and cD8+ T cells, possibly in a cooperative manner. considerably fewer

studies of the T cell responses to salmonellae infections have uncovered a major

contribution by the CD4+ T cells. It is possible that the lack of a detectable
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listeriolysin o-equivalent in salmonella may explain the induction of cD4+ T cells only'

as the Salmonellaorganisms may remain confined to the endosomes, hence accessing the

class II Ag processing pathway, but not the class I Ag processing pathway' However' no

listeriolysin o-equivalent has been identified in Mycobacteria eithet, yet both cD4+ and

cDg+ T cells are induced following mycobacterial infection, suggesting at least some

Ags of Mycobacteria may be able to entef the Class I Ag processing pathway via an

arternative route. consequentry, additional study of the T cens induced after infection

with salm.onella \s warranted to establish whether salmonella-specific cD8+ T cells can

be detected.

The role of macrophages in resistance to IBPs
1.3

L.3.1 Introduction

It is now clearly established that Ag-specific T cells play an important

role as effector cells in immunity to at least some IBPs. It is also well established that

macrophages play a significant paft in the initial control of the infection' Activation of

macrophages is accompanied by increased cytocidal activity and by the synthesis'

expression and/or Secretion of enzymes' Some complement proteins' membrane proteins

such as the MHC class II molecules and soluble products like IL I (lJnanue' 1981;

Adams and Hamilton, 1984). Activation of macrophages which can be detected shortly

after IBP infection, enhances their ability to conffol bacterial multþlication and therefore'

clear the infection. Such contror of bacterial infections shortly after cha[enge is under

the control of particular genetic loci and since the genetic status of animals has been

reported to have considerable influence ovor the immunity to IBPs' it is not surprising

that it was previously believed that activated macrophages induced early in the immune

response provided the only major effector population responsible for clearance of the

bacteria.
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1.3.2 Genetic control of resistanceto Listeriø

Resistance to various IBPs is determined by a single gene locus (eg. Plant

and Glynn ,lgTg). Early resistance to Lm infection was found to be controlled by the Lr

locus in mice (Che ers et at., 1980) and it is believed that such resistance is due to

nonspecific effector cells (Skamene, 1983). The accumulation of inflammatory

macrophages in the peritoneal exudates early after ip challenge with Listeria has been

associated with the Lr locus controlled resistance (Stevenson et al', 1980; Czuprynski

et a1.,1985).

Goossens et at. (1988) concluded that the early resistance to listerial

infection which is under the control of the Lr locus is ultimately due to the rapid influx of

inflammatory macrophages, possibly recruited by Listeria reactive T cells which released

LKs able to recruit bone marrow derived monocytes to the site of infection, thereby

resulting in the control of bacterial growth in the initial stages of the infection. The more

rapid influx of Listeria reactive T cells to the site of infection ln Listeria resistant mice

than in Listeria susceptible mice supported this hypothesis.

l.3.3GeneticcontrolofresistancetoMycobøcteria

The early response of mice to infection with low dose of M. bovis BCG is

under the control of the Bcg gene (Forget, eta1.,1981; Gros etal', 1981)' Similarly'

resistance to M. Iepraemurium vanes depending on the genetic constitution of the mice

(Brown et al., 1982; Curtis et al., Ig82). The genes determining resistance to

Mycobacteria have been shown to control the innate capacity of macrophages in the

spleen and liver to allow multiplication of intracellular bacteria during the early phase of

the host tesponse to BCG infection (Gros et a1.,1931). The growth rates of M' avium

within normal, resident macrophages account for the differences in the growth pattern of

M. aviumin susceptible and resistant mice (Stokes et a1.,1986; Stokes and collins, 1988)'

Since products of the Bcg gene control the resultant bacterial load in

infected mice, they also have considerable influence on the immune response induced in

rhe later phase of the infection. For example, Pelletier et al. (1982) discovered that there
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were noticeable differences between the development of various immunological

parametefs after infection with low doses of M. bovis BCG' The finding that a low dose

or M. bovís BCG induced Lytl+ T cells and an increase of phagocytic cells in the spleens

of BCG-susceptible and not BCG-resistant mice, illustrates the influence that the bacterial

load has on the ensuing immune response induced (Denis et al'' 1985)' Even more

convincing is the demonsffation that splenic T cels from susceptibre mice infected with

M. aviunr,but not similarly challenged resistant ones, were able to transfer protection to

normal syngeneic recipient mice, to subsequent challenge with M' avium (Stokes and

collins, 1990). Evidently, control of mycobacterial growth by the Bcg gene in the early

phase of infection has marked influence on the T cells induced in the later stages of the

infection; persistence of the IBP is essential to provide immunity to reinfection'

1.3.4 Macrophages in immunity to sølmonelløinrection

Considerably less work has been carried out on the detailed analysis of the

response of lymphocytes to salmonella infections, although, it is known that cMI' in

conjunction with an humoral immune response' provides effective resistanco to

salntonella, with the cMI playing a critical role. Data available suggest that the

mechanism is likely to be similar to that for Lm and Mycobacteria since it has been

shown that early in the infection resistance is under the control of the Ity gene which

controls the growth rate of salmonella ryphimurium in macrophages (o'Brien' 1986)'

Resistance to reinfection and infection with heterologous bacteria is present within a few

days of infection of effective, live vaccines able to persist in the tissues (Blanden et al"

1966;Naucieletal.,1985).Thisnonspecificformofimmunityhasbeenattributedto

activated macrophages (collins ,1.g74),whilst the ce[s responsibre for initiating bacterial

clearance in immunized animars rong after primary immunization are reported to be

T cells (Collins, 1979; North, 1981)'

suppressive effects of macrophages foltowing infection with IBPs

In addition to the role macrophages play in the immunity generated

1.3.5
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following infection with IBPs, they have also been reported to behave in a suppressive

manner, diminishing T cell responsiveness. Mice systemically infected with large doses

of M.lepraemurium show diminished responsiveness to specific Ags and to nonspecific

mitogens (eg. Navalk ar et a1.,1930) as the infection progresses . In vitro responses such

as IL 2 production (Hoffenbach et al., 1983a), MLRs (Hoffenbach et al', 1983b) and

T cell-dependent Ab responses to sheep elythrocytes (watson et al', 1975: Bullock et al',

197g) are also reduced some time after infection. Ktimpel and Henney (1978)

demonstrated that the development of unresponsiveness after BCG infection was

paralleled by the onset of suppressive activity detectable in viffo. such unresponsiveness

was not induced by heat killed BCG. The suppressive activity was associated with

adherent, phagocytic, Thyl- spleen cells which could be removed by passage on a NW

column, suggesting the development of a suppressive macrophage-like population in the

spleen of BCG-infected mice. Analysis of the responsiveness of splenic T cells from

M.lepraemu,riu,m.-infected resistant and susceptible mice strains, revealed that decreased

responsiveness to mitogens and specific Ags appeared earlier and was more profound in

the susceptible strain than in the resistant strain (Brett, 1984). This nonspecific

immunodepressive activity was associated with NW adherent spleen cells.

Similarly, macrophages from mice infected with Listeria inhibit the

invitro proliferation of Listeri¿-immune T cells stimulated by normal macrophages and

Ag (Kaufm ann et al., 1982). A decrease in the proliferativo response of spleen cells

from Bru.cella abortus-infected mice was also reported to be paralleled by an increase in

the proportion of macrophage-like cells and could be overcome by increasing the amount

of mitogen in culrure (Riglar and cheers, 1980). Tewari et al. in 1982 reported that on

infection with Histoplasma capsalatum the in viffo response of such primed lymphocytes

to mitogen was suppressed early in the infection'

In 1986, Des chenes et al. demonstrated that spleen cells from mice

infected with live Salmonella typhimu,riunt hadreduced responsiveness to T (and B) cell

mitogens and that this activity was at least partially mediated by adherent cells'

similarly, the responsiveness of cells from mice infected with live 1lRX have been found
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to be unresponsive in in vitro proliferativo assays unless the adherent cells are removed

by passage on NW columns (Kotlarski et al., 1989). Unfractionated spleen cells

obtained from mice following mycobacterial infection have been reported to show

diminished responsiveness to antigenic and,/or mitogenic stimuli in vitro

(orbach-Arbouys and Poupon, 1978; Brett, 1934). Both soluble and pafticulate

mycobacterial Ags have been reported to induce suppression, the extent of which was

inversely proportional to the proliferative response of T cells to Ag (Kaplan et al',1987)'

clearly, the effect of macrophages on the T cell responsiveness of cell suspensions

obtained from mice infected with IBPs must be taken into consideration when analysing

the functional capacities of T cells obtained from IBP-infected mice'

l.3.6TheroleofactivatedmacrophagesintheimmunitytolBPs

As previously mentioned, it was initially thought that activated

macrophages were the major effector population required for resistance to infection with

IBPs. Extensive studies by many gÏoups have revealed that macrophages ¿ìre involved in

the cellular respsonse to IBPs. For example, in 1957 Elberg et¿l' found that the

bactericidal activity of macrophages is enhanced on infection and this increase in activity

is nonspecific and can be expressed against various IBPs. It has also been shown that

in vivo depletion of macrophages in recipient mice abolished the ability to transfer

immunity with immune T cells, suggesting interactions between the macrophages and the

T cells were necessary for clearance of the infection (Mackaness, 1969; North, 1973)' It

is also well established that macrophages activated by infectious and certain

noninfectious agents have been shown to have increased immunologically nonspecific

tumouricidal and microbicidal activity (Hibbs et al., 1972; Cleveland et a|.,1974; Meltzer

et al., 1975; Meltzer and Oppenheim, 1977; Ashley and Kotlarski, t982; La Posta et al''

Igg2). cheers et al. (1978) reported that as a result of the bacterial infection

macrophages become activated, assessed as enhanced bactericidal activity' It was

proposed that these cells were one of two major effector populations required for the

expression of cMI and that macrophage-T cell interactions were essential for the
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activation of macrophages. Substantial evidence is now available demonstrating that

T cells are essential for activation of macrophages (discussed in more detail in the

following section).

In addition to tumouricidal activity, PCs from mice immunized with BcG

have enhanced chemotactic activity and enhanced ability to induce effector T cells

(Meltzer and Oppenheim, 1977; B1j¡tz et al., 1982). Furthermore, Denis et al' (1985)

reported that following challenge with a low dose of BCG, specific Lytl+ T cells were

detected in the spleens of mice in parallel with an increase in the proportion of phagocytic

cells. Supporting this, PCs from l1RX-infected mice were shown to kill tumour cells

invitro and in vivo in a nonspecific fashion (Ashley and Kotlarski, 1982) and La Posta

et at. (I9g2) demonsrrared that most of this cytotoxic activity could be attributed to

activated macrophages. Detailed analysis of the macrophages activatedby salmonella

infection, demonstrated the existence of macrophage subpopulations defined on the basis

of their tumoricidal and bactericidal activities and the persistence of these activities after

immunization (Hopper and cahill, 1983). Further evidence for the role of activated

macrophages in immunity to salmonella was provided by Killar and Eisenstein in 1985'

They reported that adoptive transfer of immunity to salntonella ryphimurium could be

achieved using cells from immunized mice and that the protective capacity of these cells

resided in the adherent portion of the population and were therefore macrophages. This

was supported by observations of Hopper and Cahill (1933) who discovered that the

development of immunity induced by 1lRX was dependent on the relative proportions of

effector T cells and macrophages. The nonspecific immunity mediated by activated

macrophages was found to be transient and the long term Ag-specific immunity has been

shown to be due to the persistence of memory T cells able to activate macrophages after

re-exposure to Ags (Collins, 1979; North, 1981)'

Thc ratio of macrophages to T cells was also shown to be critical for

establishing immunity to Listeria (Jungi, 1980). Kaufmann and Hahn (1982) and Havell

et al. (19g2) concluded that activated T cells proliferate and release LKs required for

expression of cMI to Lm, such as MAF which activates macrophages at the site of
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infection (North, 1981). Subsequently, it was shown that they also release the n-2

required for expansion of the specific T cell pool (Unanue, 1984)' At least one of the

factors required for macrophage activation which is released by activated T cells has been

identified as IFN-1 (Schultz and Kleinschmidt, 19g3). T cells harvesred from mice

immunized with llRX have also been shown to release MAF after stimulation with

specific Ag and accessory cells in viffo (Attndge and Kotlarski, 1985a). similarly'

Mycobacterla-specific T cells released MAF and IFN-1on stimulation with a mitogen or

specific Ag in vitro (Btett, 1984; Brett and Butler, 1936). In support, Listeria-specific

T cell clones or the supernatants produced by stimulating these clones with specific Ag'

afforded protection to normal mice against infection wlth Listeriø (Magee and 'Wing'

19S8). Neutralization of IFN-T in the supefnatants with MoAb to IFN-y abolished the

ability to transfer resistance, implicating IFN-1 as at least one of the mechanisms

responsible for T ce1l-mediated resistan ce to Lísteria. consequently, IFN-Y is a likely

candidiate for mediating the activation of macrophages following infection with IBPs'

l.3.TFunctionalactivationofmacrophagesbyinterferon.y

Macrophage activation following infection with IBPs is essential for the

killing of intracellular parasites which otherwise persist and multiply within the normal

macrophages. Considerable evidence exists supporting the possibility that IFN-y induces

activation of macrophages invorved in the early nonspecific immunity observed following

infection with IBps. pace et al. (1983 and 1985) demonstrated that the tumouricidal

activity of macrophages was induced by treatment with IFN-T, and could be neutralized

by an g-IFN-y MoAb (Spitalny and Havell, 1984). Similarly, IFN-T has been shown to

induce bactericidal activity in macrophages'

In vitro experiments studying the survival of the intracellular parasite

Leishntania within macrophages indicated that IFN-I enhanced the macrophage killing of

these organisms (eg. Nacy et al., 1981; Murray et al., 1'982, 1983 and 1987)'

Administration of a-IFN-y MoAb in vivo, abrogated resistance to Leishmania maior

confirming the importance of IFN-T activity at least in the initial stages of an infection
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(Belosevic et al., 1989). It has also been demonstrated that infusion of ct'-IFN-1

markedly reduces murine resistance to infection with Listeriø (Buchmeier and Schreiber,

1985), whereas administration of recombinant IFN-T provides significant protection

against Listeria challenge (Kiderlen et al., 1934). In vitro studies demonstrated the

production of MAFIIFN-y and macrophage inhibitory factor (MF) by Listeria-specific

T cells and T cell clones in response ro stimulation with specific Ag (Sperling et al',

1gs4). MIF appears to play an essential role in vivo becatse it influences inflammatory

responses which recruit macrophages to the site of infection and it follows that production

of both these LKs at the site of infection would have great influence over the ensuing

clearance of the bacteria.

More detailed analysis of the role of IFN-T in immunity to primary and

secondary Listeriainfections was provided by Nakane et al' (1989)' They reported that

intravenous administration of 
'-IFN-T 

MoAb suppressed resistance to Listeria when

given at day 0 or 1 of infection and inhibited the production of another cytokine, TNF,

suggesting IFN-T may also be involved in the upregulation of TNF production' TNF has

also been shown to be important in the immune response to Listeria (Havell, 1988;

Nakane etal.,1938) and also has a synergistic effect with IFN-1on various biological

activities of macrophages. In secondary listerial infection, suppression of resistance only

occurred when o-IFN-y and a-TNF MoAbs were given together' indicating the

importance of both in the clearance of a secondary infection (Chang and Lee' 1986;

Esparza et a1.,1987).

One mode of action of IFN-y on bacterial multiplication within

macrophages was proposed by Portnoy et at. (1989). They found that treatment of

macrophages with IFN-y did not initially alter bacterial killing, but restricted bacterial

multiplication within macrophages, in contrast to the considerable bacterial division

detected in nonactivated macrophages. Examination by electron microscopy revealed

that IFN-y was pleventing access of Lisf¿ ria to the macrophage cytoplasm' an event

which has been recently shown to be essential for cell-cell spread of the bacteria (Tilney

and Portnoy, 1989). This supported earlier reports that in vivo induction of peritoneal
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macrophages with IFN-T did not enhance the intracellular killing of Lm (or

Salmonellatyphimurium)ínvitro(vanDisseletal.,1987).

In 1987, Flesch and Kaufmann confirmed the work done by Rook er a/.

(1986a and 1986b) who observed inhibition of mycobacterial gÏoìwth by IFN-y activated

human monocytes. They found varying susceptibility to killing by IFN-y activated

macrophages among different strains o1 M.tuberculosis, suggesting that IFN-1 activated

macrophages have an important role in the acquisition of resistance to tuberculosis'

Evasion of this mechanism may enhance virulence'

1.3.S Activation of macrophages by interleukin 6 (IL 6)

IFN-T is not the only LK able to enhance macrophage activity' More

recently, IL 6 has been shown to activate the anti-mycobacterial activity of bone ma1¡ow

derived macrophag es in vitro (Flesch and Kaufmann, 1990)' IL 6 is produced by a wide

range of cells, including macrophages, T cells, fibroblasts and endothelial cells

(Kishimoto and Hirano, 1988; O'Garra et a\.,1983) and acts on a variety of cells' A role

for IL 6 in conjunction with IL 1, in augmenting Ag presentation has also been proposed

(reviewed by wong and clark, 1983). As infection of macrophages with Mycobacteria

induced IL 6 secretion by macrophages, Flesch and Kaufmann (1990) proposed that a

T cell independent autocrine activation system may exist, where infection of

macrophages induces production of IL 6, which in turn activates the infected

macrophages to kill the bacteria. IL 6 preferentially activates infected macrophages,

whilst IFN-T acts on noninfected macrophages. Consequently, IL 6 and IFN-1may both

be necessary for the optimum protection at the site of infection (Flesch and Kaufmann'

1990).

L.3.9 Regulation of the expression of MHC products on macrophages

1.3.9.L Introduction

one of the characteristics accompanying macrophage activation is the
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increased expression of MHC molecules on the surface of these cells' A variety of

stimuli have been reported to induce the enhanced expression of MHC molecules

(particularly Class II) on macrophages. These include IBPs, bacterial lipopolysaccharide

(LPS) and IFN-y. Modulation of the cell surface expression of MHC molecules may

have significant affects on tho Ag presenting ability of these cells and possibly on the

types of T cells induced. upregulation of the expression of class I or Class II MHC

molecules could result in preferential induction of either LytZ+/CD8+ T cells or

L3T4+lCD4+ T cells, respectively. However, virtually all work has concentrated on the

modulation of Class II MHC expression, as at the time of most these studies, it was

generally accepted that Ag presentation to T cells required MHC Class II+ accessory

cells, implicating L3T4+!CD4+ T cells as the major T cells induced'

L.3.g.2 Structure of Class I MHC molecules

Studies by Bjorkman etal. (1987) on the HLA A2 molecule provided

information on the detailed sffuctufe of the Class I MHC molecules' Class I MHC

molecules are made up of a glycoprotein heavy chain and a non-covalently bound light

chain, p2-microglobulin. The heavy chain has an extracellular region containing Ag

peptide binding sites, an hydrophobically charged transmembrane region and an

hydrophilic cytoplasmic region. The hydrophobic transmembrane region is believed to

form an cr-helical conformation transversing the membrane. Among the hydrophobic

residues is a cluster of highly positively charged residues positioned such that they can

interact with negatively charged inner membrane phospholipid headgroups, thereby

assisting in anchoring the molecule to the membrane. It is proposed that phosphorylation

of serine residues on the cytoplasmic region has a role in signal transmission between the

MHC molecule and some intracytoplasmic mediators'

The extacellular region has three domains, U"1, U"2 and Cr3, each consisting

of an anti-parallel B-pleated sheet arrangement. The B2microglobulin, also with the

anti-parallel B-pleated sheet arrangement, interacts with the cr3 domain' The anti-parallel

B-pleated sheets of the ü,1 and o2 domains ale spanned by an a-helical region' The

a
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domains are aranged such that a B-sheet topped by cr-helical regions forms for each

domain. The large gïoove found between the a-helices of the ct,1 and cr2 domains

provides the putative binding site for the processed Ag peptides'

Association with the B2-microglobulin and peptide is necessary for the

stabilization and subsequent expression of the Class I molecules on the. cell surface

(Townsend et a:.,1989 and 1990; Schumacher et a\.,1990). The finding that additional

p2-microglobulin molecules enhanced the binding of peptide to both soluble class I MHC

molecules and Class I molecules on cells, suggested that p2-microglobulin may have a

role in augmenting the formation of Ag-class I MHC complexes necessary for T cell

acrivarion (Kozlowski et a1.,1991). Similarly, in 1990 Rock et al' repotted that peptide

pulsing of H-2Kb+ cells was enhanced by B2-micrgolobulin. Therefore, the presence of

B2-microglobulin stabilizes the Class I MHC structure, optimizing the binding of

antigenic peptides. This is supported by the finding that cells from mice with

non-functional B2-microglobulin genes express little if any Class I MHC products on the

cell surface (Williams et al., 1989;Zijlstra et al',1990)'

1.3.9.3 Structure of Class II MHC molecules

Class II MHC molecules are heterodimers consisting of heavy (a) and

light (Þ) glycoprotein chains. Like the Class I MHC molecules, the external structure

consists of four domains with each chain of the Class II MHC molecules providing two of

these - the so called Cr1 and o.2and the B1 and B2 domains' Each chain also has a

ffansmembrane region and a small cytoplasmic domain and a short hydrophylic region

which links the extracellular regions to the transmembrane region' In the transmembrane

region, as in the class I molecule, the cl and B chains form cr-helices and possess a cluster

of positively charged residues to assist in anchoring the class II molecule to the cell

membrane.

During assembly of the Class II MHC in the endoplasmic reticulum (ER),

the crB-heterodimeric complex transiently associates with another chain' the invariant

chain, forming a heterotrimeric complex (Machamer and Cresswell' 1984; Cresswell
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et a1.,1987). The proposed structure of the Class II MHC molecule has been based on

the studies of the stnrctufe of the class I MHC molecule, assuming the four domains of

the class II MHC molecule associate in a similar manner to the class I heavy and

B2-microglobulin chains. Such a model uncovered an arangement which has a cleft

between the C-terminal o-helices of the cx,1 and B1 domains, the bottom of which is

created by rhe N-terminal B-strands of the domains, this cleft probably creating the Ag

binding site for the Class II MHC molecule'

It has been postulated that association of the crp heterodimer with the

invariant chain in the ER regulates binding of endogenous peptides to the class II MHC

molecules in the ER, and/or targeting the Class II MHC molecules to the endocytic

pathway (Koch et a1.,1989; Long, 1989). The basic difference between the types of

peptides Class I and II MHC molecules will bind, has been proposed as being due to the

transient association of the class II molecules with the invariant chain (cresswell et al.,

l98l;Hämmerling and Moreno, 1990). The association of the invariant chain with the

crp heterodimers prevents the binding of endogenous peptides to the class II molecules'

as dissociation of the invariant chain reveals the peptide binding sites on class II MHC

molecules (Roche and Cresswell, 1990; Teyton et al., 1990). Further support for the

importance of the invariant chain in the peptide binding was provided by Peterson and

Miller (1990) when they found that class II molecules formed in the absence of the

invariant chain possess differently folded peptide binding domains, thereby' influencing

the binding ability of some peptides (stockinget et al., 1939)' Dissociation and

degradation of the invariant chain from the heterodimers occurs in an acidic cellular

compartment (Nowell and Quaranta, 1985; Nguyen et al., 1939)' Exogenous Ags are

also degraded in acidic endosomal compartments prior to pfesentation in association with

Class II MHC molecules (eg. McCoy et al-, 1989). Hence, exposure of the peptide

binding sites of class II MHC molecules in an acidic cellular compartment would ensure

that binding of exogenous antigenic peptides would occur and result in subsequent

expression of these complexes on the cell surface. Supporting this' Guagllatdi et al'

(1gg0) found that within two minures after endocyrosis of internalized surface Ig labelled
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with gold patticles, gold-labelled Igs were detected inside endocytic compartments'

These compafiments contained all the requirements for Ag processing and presentation'

including proteolytic enzymes, Class II MHC molecules and invariant chains' Hence'

the Ag "import" and the class II MHC molecule "expoft" pathways unite in a peripheral

endocytic compartment.

production and cell surface expression of functional Class II MHC

molecules does not appeü absolutely dependent on association with the invariant chain'

however, it does appear to influence transport of the Class II MHC molecules from the

ER and their subsequent association with peptides. Evidence exists for the involvement

of the invariant chain in the intracellular transport of Class II molecules (Claesson-Welsh

and Peterson, 1985; Miller and Germain, 1986). Contradicting these reports' sekaly

et at. (19g6) found that in transfected cells not expressing the invariant chains, Class II

molecules were still transported from the ER to the cell membrane and these cells were

capable of presenting Ag (Sekaly et al., 1986; Peterson and Miller, 1990)' Recently'

however, detailed analysis of the invariant chains has revealed three structural motifs of

the invariant chain which have all been shown to influence intracellular transport of the

class II molecules (Lotteau et al., 1990). By analysis of transfected invariant chain

deletion mutants, the signal responsible for directing the complex to the endocytic

intracellular compartment was located to the cytoplasmic domain of the invaraint chain

(Bakke and Dobberstein, 1990; Lotteau et a\.,1990). Consequently, although association

with the invariant chain is not critical for expression of functional Class II molecules, it

does have significant influence over the intracellular location of the Class II and the

peptides which these molecules will bind. Association with the invariant chain prevents

class II MHC molecules from binding endogenous Ag, and ensures that once these

molecules afe transported to the endocytic compartment they will be exposed to a vast

array of exogenous antigenic peptides. Recent studies by Roche et al' (1991) have

demonsÍated that the class II "crB-invariant chain" complex is a nine subunit

transmembrane protein that contains three cx,B dimers associated with an invariant chain

trimer. They have proposed that the organization of the cr- and B-subunits into this
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multimeric conformation may have a role in the ability of the invariant chain to inhibit

the binding of peptides to Class II molecules and that formation of the nine-chain

complex could induce stmctural changes which ensure the release of the

"Class Il-invariant chain" complexes for transport to the endosomes'

I.3.g.4 Expression of MHc motecules after exposure to IFN'Y

Although macrophages, like most other cells express class I MHC

molecules, expression of Class II MHC molecules by these cells can be a transient event

(Beller and Unanue, 1981). IFN-y has been found to increase the expression of Class II

MHC molecules on a wide range of cell types, including macrophages, endothelial cells,

tumour cells and Langerhans cells (Wong et a.1., 1983), although expression of Class II

MHC molecules reportedly differs between macrophage populations (eg' Schwartz et al''

1976; Beller etal., 1930). For instance, cowing and her colleagues reported that a

macrophage population lacking class II MHC molecules predominated in the

peritoneum, whereas MHC Class II+ macrophages were the major type found in the

spleen (Cowing et a1.,1978).

Because the importance of MHC products in the induction of immune

responses is well documented, it has been postulated that IFN-y may have an

immunoregulatory role via modulation of the expression of Class II MHC molecules on

macrophages and other cell types. Substantial evidence is available indicating that

modulation of Class II MHC expression on macrophages influences their ability to

srimulate Tceus (Beller and unanue, r9g2). After activation of rcells in vivo the

number and percentage of Class II+ macrophages increases (Beller et a1.,1980). Such a

response involves an influx of phagocytes, induction of Class II MHC expression (Scher

et al., lg82) and is modulated by IFN-y (steeg et a\.,1982; King and Jones, 1983; Virgin

et a1.,19g5). There aÍe numerous reports that the expression of Class II MHC products

is one of the requirements necossary for cells to act as APCs to stimulate T cells. For

example, Beller (1984) found that maintenance of macrophages in vitro resulted in loss of

the ability to activate Listeria-specific T cells in parallel with a loss of expression of
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class II molecules. subsequent incubation of the macrophages with IFN-T, increased the

expression of Class II MHC and restored their Ag presenting ability. Similarly treatment

of the macrophage cell line P388D1 with IFN-lrendered these cells capable of presenting

specific Ag to T cells, as assessed by IL 2 release (Zlontik et al',1983)' The mechanism

by which IFN-T induces MHC Class II gene expression reportedly involves either the

Ca++ dependent pathway (Koide et a1.,1938) or the PKC dependent pathway (Fan et al',

1988; Koide et a1.,1988), although it has been reported that the induction of expression

of class II MHC genes by IFN-y appeared independent of the PKC pathway, possibly

involving a ca++ dependent process (celada and Maki, 1991).

l..3.g.5ModulationofmacrophageClassIIMHCexpressionbyLPS

Another noninfectious agent which influences the expression of Class II

molecules on macrophages is LPS. LPS has wide ranging effects on macrophage

function (Morrison and Ryan, 1g7g), including considerable influence on the expression

of MHC products on these cells. In a numbet of in viAz studies, LPS has been recorded

as inhibiting the expression of MHC coded molecules. LPS has been shown to inhibit

expression of Class Il-like molecules by human monocytes and to reduce their Ag

plesenting ability (Yem and Parmely, 1981). Similarly, LPS inhibited the murine

macrophage class II MHC expression induced by IFN-T in vítro (Steeg et al., 1982)'

However, Beller and Unanue, (1980) demonsffated little or no alteration in

the expression of Class II MHC molecules on peritoneal exudate macrophages 3-4 days

after ip injection of LpS andziegler et al. (1984) reporred that peritoneal macrophages

harvested from mice at least 1 week after intraperitoneal administration of LPS had a

considerable increase the expression of Class II (I-4, I-E) and Class I (H-2K) MHC

coded products and enhanced Ag presenting ability. In contrast to induction of murine

macrophage Class II expression by IFN-y, which is T cell dependent (Beller et al'' 1980;

Scher et al., 1980; IJnanue, 1984), at least one mode of LPS induced Class II MHC

expression is reported to be T cell independent. Peritoneal macrophages from athymic

nude mice showed increased Class II MHC product expression 1 week after stimulation
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wirh LpS ip (\ù/enrwofih and Ziegler,1987), a treatment which did not induce mature

T cell function. Therefore, it is possible that there is at least one T cell independent

mechanism able to influence the induction of L3T4+|CD4+ T cells'

Evidence for a T cell dependent and possibly cooperative role for IFN-1

and LPS in immunoregulation was provided by Le et al. ln 1986' They reported that

LPS induced production of IFN-T by human peripheral blood mononuclear cells' T cells

produced IFN-1only in the presence of monocytes and IL 2. Furthermore, they found

that LPS induced IL 1 production by the monocytes and elevated expression of n-2

receptors on the T cells, and proposed that this accounted for the monocyte and IL 2

dependent production of IFN-T by the T cells. Hence, in vivo stimulation with LPS may

have the additional affect of inducing IFN-T production by T cells, which together induce

increased expression of Class II MHC molecules. Therefore, on infection with IBPs any

LpS of the bacteria may play a direct role in the initial enhancement of Class II MHC

expression on macrophages prior to activation of T cells to release other factors, like

IFN-y, which can further enhance the expression of MHC products and also activate these

cells.

l-.3.9.6 Macrophage Class II MHC expression after infection with IBPs

Not surprisingly, infectious agents like IBPs have been found to induce the

expression of Class II MHC molecules on macrophages' In 1980, Bellet et al'

discovered that ip infection of mice with Listet'ia caused a considerable increase in

Class II+ peritoneal macrophages, particularly after secondary challenge of immune mice

with heat-k illed Listeria. Confirmation that induction of Class II MHC expression by

macrophages following injection of Listeria was T cell dependent, was provided by Lu

et al. (l9g|). Similarly, infection of mice with Mycobacteria has been reported to cause

an increase in macrophage class II MHC (I-A and I-E) expression (Kaye and Feldmann,

19g6). Ilowever, this respon se to Mycobacteria was longer lasting than that to Listeria

and not dependent on the viability of the organisms. The increased expression of Class II

MHC molecules on macrophages correlated with their enhanced ability to stimulate T cell
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proliferatio n in vitro in response to specific Ag. Interestingly, the majority of cells

showing increased levels of expression of Class II products did not contain intracellular

organisms. Further examination revealed that live Mycobacteria and to a lesser extent

killed bacteria, suppressed IFN-T induced Class II MHC expression by macrophages in a

dose dependent manner (Kaye et al., 1986). Therefore, infections with at least some

IBps have significant effects on class II MHC expression by macrophages and may play

an important role in the modulation of the T cell responses to these bacteria.

There is also evidence for IBPs inducing the expression of Class II MHC

products by macrophages in a T cell independent manner' In 1987, Wentworth and

Ziegler discovered that ip infection of athymic nude mice with live l¡71 resulted in a

dramatic increase in the expression of Class II MHC molecules on peritoneal

macrophages, and showed that the development of mature T cell function was not

responsible for the induction of Class II expression. Similarly in mice with the severe

combined immunodeficiency (scicl) mutation, which possess no detectable T cell

funcrions (Bosma et a1.,1983; Dorshkind et al., 1984), infection with Listeri¿ induced

Class II MHC expression and a slight increase in bactericidal activity in macrophages

(Bancroft et a1.,1986). Pretreatment of scid mice with an ü-IFN-T MoAb abolished all

Listeria induced Class II MHC expression in vivo, demonstrating that IFN-T was the

mediator inducing class II Ag expression (Bancroft et aI., 1937). In vivo G-IFN-y

treatment also resulted in an increase in the bacterial growth. Therefore, production of

IFN-y in a T cell independent manner appears to be important in the induction of

Class II+ macrophages and activation of macrophages, enhancing the resistance to

Listeria. It is yet to be established whether in mice with a normal complement of T cells,

the T cell independent and T cell dependent mechanisms both contribute to modulation of

macrophage Class II MHC expression and whether this is actually necess¿lly for induction

of an effective immune rosponse to IBP infection'
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1.4 Antigen processing and presentation

1.4.1 Introduction

The manner of Ag presentation and the type of Ag being presented have

substantial influence over the type of immune response induced, as outlined in

Section I.2.5.1. An explanation for the detection of mainly Class II restricted T cell

responses in the early work, is that mainly exogenous Ags were employed, thereby

biasing the responses which could be induced. This view is supported by the data

provided by Ramlla et al. (1985) and confirmed by the more fecent reports that

endogenously derived Ags and IBPs can be presented in association with Class I MHC

molecules to induce Class I restricted CD8+ T cell fesponses.

Class I and Class II MHC molecules expressed on the surface of APCs

bind peptides which can be presented to T cells. T cell receptors have been reported to

bind processed Ag presented in association with either Class II or Class I MHC products

(unanue, 1984;Townsend and Bodmer, 1989, respectively). Earlier work demonstrated

the imporrance of the products encoded by the H2-I region of the MHC (Class II MHC

molecules) in Tcell priming in vivo (Rosenthal and Shevach, 1973) and invitro the

interaction between macrophages and primed T cells was initially shown to be H-2I

(class II) restricted @rb and Feldm an,I975), requiring Ag to be presented in association

with class II MHC molecules (Kappler and Marrack,1976; Schwartz, 1985a and 1985b)'

In 1981, Germain reported that T cell activation requires Ag presentation by

metabolically active ApCs, which provide the Ag in association with the Class II MHC

molecules and a second, nonspecific signal. This is consistent with earlier suggestions of

a ,,two signal" model of in vitro lymphocyte activation (eg. Lafferty and Cunningham,

Lgl5) and provided a satisfactory explanation for the need for "processed" Ag on APCs,

which could also deliver the second signal, to stimulate T cells.

As stated before, the division of T cells into subsets on the basis of

expression of various surface markers, also represents a division based on the context in

which they recog nize Ag. cD4+lL3T4+ T cells bind Ag presented in association with
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class II MHC molecules (eg. Unanue and Allen, l98l), whilst Ag presented bound to

class I MHC molecules is recognized by cD8+lLyO+ T cells (Townsend and Bodmer,

19g9). It has also been established that the Ag peptides binding to Class I MHC

molecules are largely of endogenous origin (Townsend et a1.,1989), while Class II MHC

molecules preferentially bind exogenously derived Ag peptides (Yewdell and Bennink'

1990).

Using the appropriate Ags has enabled the detection of Class I restricted

T cell responses. Class I restricted "recognition" of viral proteins on the surface of

virally infected APCs by T cells has been reported (Morein et al., t979; Parham, 1984;

Morrison et a1.,1936). In 1986, Townsend and his colleagues showed that T cells could

recognize antigenic peptides presented by APCs in association with class I MHC

molecules. Similarly, APCs transfected with the ovalbumin (OVA) gene and

consequently endogenously producing ovA, induced ovA-specific, class I restricted

CTLs ín vivo (Moore et al., 1938). Predigested OVA peptides were also found to

stimulate specific CTLs invivo andinvitro (Carbone et a\.,1988; Moore et al',1988)'

1.4.2 Separate pathways for Class I or Class II presentation of Ags

With the knowledge that antigenic peptides can be presented in association

with either Class I or Class II MHC molecules, it was of interest to determine whether the

acquisition of the antigenic peptides by the MHC molceules occurred via the same or

sepafare pathways. It is possible that both class I and class II Ag processing pathways

are required to ensure the "presentation" of both endogenous and exogenous antigenic

peptides. Considerable data has been provided showing that processing and presentation

of the Ag on the surface of the APC in association with class II MHC molecules are

required for effective stimulation of T cells (Grey and Chestnut, 1985)' For example'

evidence exists tbr the recognition of linear sequential determinants on the primary

protein sffucture of the Ag, protein fragments or denatured Ag by class II restricted

T cells (Ellner et al., 1977; Shimonkevitz et al., 1984; Streicher et al', 1984), suggesting

that for recognition of Ag by H-21(Class II) restricted T cel|s, accessory cells must take
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up, sequester and re-express the antigenic peptides in association with the Class II

molecules on the cell membrane. Whole body UV irradiation of mice was found to

result in a defect in the ability of adherent spleen cells to induce T cell activation (Letvin

et a1.,1930). This functional defect correlated with changes in the ability of irradiated

animals to mount DTH responses and primary in vitro plaque forming cell (PFc)

responses to T cell dependent Ags. Similarly, Weinberger et al. in 1981 reported that Ag

processing was needed to induce helper T cells for a CTL response, and showed that UV

irradiated splenic adherent cells could not stimulate such a response. Further support for

the presentation of Ag by metabolically active APC capable of processing the Ag was

provided by Falo et al. (1985). In 1983, Shimonkevitz et al. reported that enzymatically

degraded proteins could be presented by metabolically inactive cells expressing the

appropriate Class II MHC molecules.

Work carried out on the affect of the lysosomotropic drugs, chloroquine

and ammonium chloride, on ApC function revealed that they interfere with the generation

of mature surface Class II MHC molecules (Nowell and Quaranta, 1985). Because these

drugs raise the pH of intracellular compartments and interfere with the degradation of

endocytosed material (eg. Zlegler and Unanue, 1982), this suggested that the pathway for

processing Ag and Class II molecule biosynthesis are similar, or that the reduction in Ag

presenting ability simply represented a decrease in Class II MHC Ag required for

effective presentation of foreign Ag. Confirming the importance of the endocytic

pathway for presentation of Ag in association with Class II MHC molecules, McCoy

et al. (I9g9) reported that cell mutants which fail to acidify endosomes were deficient in

their capacity to process and present Ag. In addition, Ag processing was blocked by

Íeatment with drugs, such as leupeptin, which are known to inhibit cysteine acid

proteases (Streicher et al., 1984; Buus and'Werdelin, 1986). Endosomes and lysosomes

had been previously identified as the two collular compartments possessing acidic pH

value and protease activity (Helenius et a1.,1983; Seglen, 1983; Diment and Stahl' 1985)'

supporting the idea that processing of Ag for presentation with class II MHC occurs in an

endocytic compafiment.
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There is substantial evidence that processing of exogenous Ag in an

endocytic pathway is required for subsequent presentation of the antigenic determinants

in association with Class II MHC molecules on the APC surface. Endogenously

synthesized proteins, however, can also be presented by Class II MHC molecules' These

include a variety of viral and histocompatibility Ags (Jacobson ¿t al., 7989; Chen et al''

1990; Jaraquemada etal., 1990; Nuchtern etal', 1990). Further examination of the

presentation of endogenous Ags in association with Class rI MHC molecules revealed the

existence of at least two distinct processing pathways. Class II presentation of certain

endogenous Ags, which were sensitive to chloroquine, was less sensitive to treatment

with Brefeldin A, a compound known to inhibit Class I presentation' Class II

presentation also required a greater Ag load than was needed for presentation by Class I

molecules (Jaraquemada et a1.,1990). Together, these results implied the existence of

another Ag processing pathway besides the endocytic pathway.

The "classical" evidence for the existence of a separate processing

pathway for Class I presentation was provided by Townsend et al' (1986)' They were

able to show that T cells could recognize antigenic peptides presented by APCs in

association with Class I MHC molecules. Further evidence for the presentation of

endogenously derived Ag in association with Class I MHC molecules was provided by

Morrison et al. (1988) and Townsend and Bodmer (1939). In 1986, Morrison et al. had

reported that Class II, but not Class I, restricted presentation of influenza Ag was

inhibited by chloroquine treatment, whilst treatment of the cells with the protein synthesis

inhibitor emetine, completely abrogated Class I restricted presentation, but not Class II

presentation. Similarly, presentation of cytoplasmic Ag in association with Class I MHC

molecules was inhibited by Brefeldin A, which interfers with normal vesicular traffic

between the ER and the golgi (Nuchtern et al., 1989; Yewdell and Bennink' 1989)'

Clearly, in addition to rhe endocytic pathway followed by Class II presented Ags, there is

a separute cytoplasmic pathway which Class I presented Ags appear to follow' This is

further supported by work presented by Neefjes et al. in 1990, which demonstrated that

class I MHC molecules do not encounter the endocytic compartment during export from
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the ER ro the cell surface. It is believed that the difference in the manner of acquisition

of antigenic peptides by the Class I and Class II MHC molecules may reside in their

structural assembly and subsequent transport to the cellular membrane'

Furthermore, evidence that Ag processing is required for the induction of

an immune response to Listeria was provided by ziegler and unanue (1982)' as the

ability of macrophages to pfesent specific Ag to Class II restricted T cells was inhibited

by treatment with chloroquine or ammonium chloride. Intracellular processing of Lm

was reported to be sensitive to the lysosomotropic drugs and that such processing after

internalization of the IBPs was essential for providing the immunogenic molecule to be

recognized by the T cells (Allen and Unanue, 1984). Hence, impaired degradation

within endosomes of macrophages correlated with a reduction in the Ag presenting ability

of these cells and was interpreted as suggesting that fragmentation or processing of the

Ag is required for presentation of the appropriate antigenic determinants by the APC'

1.4.3 Cellular heterogeneity of APC populations

APC populations encompass a vory heterogeneous soup of cells,

including macrophages (Beller and unanue, 1981), dendritic cells (Dcs) (steinman et al"

1986), B cells (eg. chestnut and Grey, 1986), endothelial cells (Pober et al" 1986) and

Langerhans cells (Streilein and Bergstresser, 1984; Stingl et al. 1989). Considerable

evidence is available demonstrating the capacity of macrophages and DCs in presenting

Ags to T cells, however the efficiency of these cells to behave as APCs is dependent on

the assay system used (Unanue, 1984; Ramila et al., 1985; Macatonia et al'' 1989)'

Although all APCs express class I MHC products, the expression class II MHC products

by these cells is regarded as highly significant since upregulation of the expression of

class II MHC molecules has been associated with increased Ag presenting ability'

However, as described earlier, whether Ag is presented in association with class I or

class II MHC products appears to be largely determined by the origin of the A'g (ie'

endogenous or exogenous Ag).
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1.4.3.1 Denclritic cells as APCs

DCs have been reported to be potent stimulators of in vito primary

allogeneic T cell responses and secondary Ag-specific T cell responses to small soluble

peptide Ags. Class II+ DCs can present soluble Ag to T cells and this response is under

Ir gene control (Sunshine et al., 1980). strong evidence for the role of DCs in the

induction of primary MLR was provided by steinman et al. (1986). They proposed that

Class II+ DCs were exclusively controlling the induction of primary MLR, as treatment

with cr-DC MoAb, 33D1 and complement killed only l7o of the population yet reduced

the Ag presenring ability by approximately 80vo. In addition, Dcs have been reported to

be extremely potent stimulators of both CD4+ and CD8+ T cells (Inaba et al',1987)'

In 1986, Kapsenberg et al. discovered that DCs alone could not present

OVA to primed helper T cells to activate them to induce B cells to secrete Ab and

required the presence of macrophages. This is the type of evidence which has indicated

that DCs are not the only APCs and that the APC population may represent a

heterogeneous gtoup of cells. Guidos et al. (1984) found that splenic DCs were less

effective at processing and plesenting CorYnebacterium parvttm than macrophages'

whilst both presented a soluble Ag equally well. Consequently, it has been been

suggested that DCs have an important role in presenting small soluble Ags and

macrophages have a major role in the processing and presentation of particulate or large

soluble Ags to T cells.

DCs have also been shown to be extremely successful in stimulating

Class I MHC restricted CD8+ T cells. DCs effectively stimulated an allogeneic

CDg+ CTL response, in the absence of CD4+ T cell help, whilst macrophages did not

acrivate allogeneic CTLs (Inaba et a.1.,1987). Similarly, purified populations of DCs

induced allogeneic and male Ag-specific class I MHC restricted cD8+ cTL responses,

almost entirely independent of CD4+ T cells (Boog et al-, 19SS)' The Ag presenting

function was found to reside in the DC subpopulation expressing the Jlld- phenotype

(Sprent and Schaefer, 1989). Ramila et al. (1985), showed that although DCs and

macrophages could both stimulate Ag-specific T cell proliferation, only macrophages
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could activate specific helper T cells that helped B cells to produce specific Ab'

1.4.3.2 MacroPhages as APCs

It was initially believed that macrophages had a purely phagocytic role,

but it has since been shown that they possess the capacity to process and present Ag to

T cells (Möller, l9l};IJnanue, 1981 and 1984). Critical to the Ag presenting capacity of

macrophages, is the presentation of foreign Ags in the context of MHC molecules'

providing the first specific signal (Schwartz, 1985a and 1985b) and to provide secondary

nonspecific signals, such as IL 1 and IL 6 (as described earlier).

MHC Class tr+ macrophages have been widely reported as able to present

Ags to Class II MHC restricted T cells (eg. Minami et al., 1980; Sunshine et al.' 1982:

Guidos et al., 1984). For instance, in 1977, Yamashita and shevach reported that

Class II+ porcine macrophages possessed Ag presenting ability. Class II MHC+ murine

peritoneal exudate macrophages were demonstrated to induce an invityo pnmary MLR'

the magnitude of which reflected the expression of Class II MHC molecules on these

cells (Beller and lJnanue, 1931). In addition to stimulating allogeneic responses,

Class II+ macrophages have been shown to present specifìc Ags to primed T cells invitro,

srimulating T cell proliferation (Kaye and Feldmann, 1986).

In contrast to reports from Inaba et a.l. (1987), who found that DCs but not

macrophages stimulated considerable allo-Ag specific cD8+ T cell responses'

preliminary evidence for the activation of class I restricted cD8+ T cells by MHC

Class II- macrophages has been provided by Sprent and Schaefer (1983)' They showed

that depletion of J11d+, Thyl+ and MHC Class II+ cells from spleen cell suspensions

provided a population of APCs which were extremely srong stimulators CD8+ T cells'

Characterization of these APCs revealed that at least some of the cells were

macrophage-like. Thioglycollate induced peritoneal exudate cells have also been

reported to contain APC with potent stimulatory activity for CD8+ T cells, again residing

in the J11d-, MHC Class II- subset of cells (Sprent and Schaefer, 1989 and 1990)'

Approximately 99.57o of these cells were typical esterase positive macrophages and at
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low doses showed comparable APC potency to DCs'

An explanation for the discrepancy with Inaba's (Inaba et a1.,1987) work

may lie in the "type" of macrophage used. In vitro cultured exudate cells or fresh

peritoneal macrophages lack the ability to stimulate CD8+ T cells, whilst induced

peritoneal exudate cells have potent APC function for CD8+ T cells. A noticeable

difference is that induced exudate cells are of recent bone marrow origin, whereas the

majority of resident peritoneal cells are long lived. Accordingly, Sprent and schaefer

(19g9 and 1990) proposed rhar the Ag presenting function of macrophages for

CD8+ T cells may reside in the "young" subpopulation of these cells'

I.4.3.3 Other APCs

As stated above, in addition to macrophages and DCs, a wide variety of

cell types have been shown to present Ags to primed T cells. The significance of these

various cell types as APCs appears to depend on the type of response being induced, the

type of Ag used to elicit the response and also the anatomical location of the cells.

Consequently, although these cells possess tho ability to stimulate T cells, their relevance

in inducing T cells required for immunity to bacterial infections may be questioned since

have only been shown to present Ag to primed T cellslnOST

(ù APCs in the skin

It is likely that the rype of cells initially presenting Ag to the immune

system plays an important role in determining the strength, type and duration of the

immune response being induced (Britz et a1.,1982). Exposure of the skin of mice to low

amounts of UV irradiation results in the inability to sensitize these mice with contact

sensitizing reagents applied to the site of irradiation, although activation of suppressor

T cells does occur (Granstein et aI., tg84). Hence, the murine epidermis has APCs

which are resistant to, or are modulated by uv inadiation and are able induce suppressor

T cells. Similarly, effects of uv exposure have been reported with human skin

(Baadsgaar d et a\.,1990). UV exposed epidermal APC activated the suppressor-inducer
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CD4+ T cell subset, CD45RA+, known to assist in the activation of CD8+ suppressor

T cells. Removal of either T cell subset abolished the suppressive activity.

Based mainly on in vivo studies where it was found that Langerhans cells

are important in the induction of immunity to cutaneous Ags, it is generally accepted that

Langerhans cells are the main APCs in mammalian skin (Streilein and Bergstresser, 1984;

Stingl et a1.,19g9). Studies of the Ag presenting capabilities of Langerhans cells in vitro

have demonstrated that after 2-3 days in vitro cultured Langerhans cells show greater

ability to induce MLR than uncultured or fresh Langerhans cells (Shimada et al., 1987).

This increase in Ag presenting capacity correlated with an increase in Class II MHC

expression on the surface of cultured Langerhans cells'

Further work revealed that there were distinct functional differences

between fresh and cultured Langerhans cells with respect to their ablility to present either

foreign Ags or allo-Ags to T cells (Streilein and Grammer, 1989). They found that only

cultured cells were able to induce autologous T cell proliferation and that cultured cells

were more effective in stimulating allogeneic T cell proliferation, whilst fresh Langerhans

cells were more efficient at processing and presentation of OVA to an OVA-specific

T cell hybridoma.

(íù B cells øs APCs

Under more restricted conditions, B cells have been shown to act as APCs

both i¡z vitro and invivo (eg. Schwartz et a\.,1980; Chestnut and Grey, 1986)' In 1982,

Glimcher et al. f<'¡nd that a B cell lymphoma could present allo-Ags and a specific

protein Ag to T ce1ls, in an MHC restricted manner. Diminished Ag presenting ability of

a B cell lymphoma expressing truncated Class II MHC molecules was reported by Nabavi

et al. (1989), indicating the importance of Class II MHC Ag expression for the

stimulation of at least some T cell responses'

The role for B cells in an APC capacity in vivo was indicated by Janeway

et al. (19g7), when they showed that the APCs responsible for initiating a T cell

proliferative response in peripheral lymph nodes were B cells' In support of B cells
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having a role as ApCs in vivo, injection of pure B cell populations into B cell depleted or

irradiated mice restored T cell priming in the lymph nodes of these mice (Ron and Sprent,

1937). However, using a sensitive T helper assay in viffo, they detected low but

significant T cell function in B cell depleted lymph nodes, suggesting all APC activity

had not been removed and that the T cells were primed. They proposed that non-B cell

ApCs may have initiated the T cell responses but that B cells were responsible for

expansion of the T cell populations.

Further ín vitro studies reinforced the role of B cells as APCs. Gosselin

et al. (l9BB) reported that resting B cells were capable of presenting rabbit anti-mouse Ig

to Ag-specific T cell lines. Whilst, in 1988 Grammer and her colleagues found that

activated, but not resting, B cells were able to stimulate the generation of secondary

Herpes simplex virus-specific CTLs. Therefore, it seems obvious that B cells must be

able to present Ag to Th cells, at least, to ensure that they receive the secondary signals

they require to be activated or to differentiate'

(iíù Other tYPes of APCs

A variety of non-lymphoid cells have also been reported to have APC

function. These include murine thyroid-derived epithelial cell lines (Stein and

Stadecker, 1987; Gaulton et al., 1989), astrocytes (Fontana et al., 1984), human

melanoma cell lines (Alexander et a\.,1939) and fibroblasts (Umetsu et al', 1985). The

murine mastocytoma, P815, which expfesses only Class I MHC molecules' has been

shown to have strong ApC function assayed by stimulation of Class I restricted allogeneic

CD8+ T cell proliferation and CTL induction (Sprent and Schaefer, 1986).

There is even evidence for Ag presentation by human T cells. Activation

of human T cells in viyo (eg. Ko et al., 1979) or in vivo (Yu et al., 1980) induces the

expression of Class II MHC molecules on these cells. This is also a characterisitic of

human T cell clones which have been shown to be able to present specific peptide Ags in

a dose dependent, Class II MHC restricted manner, as assessed by the T cell proliferation

induced (Hewitt and Feldmann, 1989).
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I.4.3.4 SummarY

A variety of cells are capable of behaving as APCs in particular assay

systems. Virtually any of the cell types included in the role of APC have been reported

to srimulate either Class I or Class II MHC molecule-specific primary, MLR responses.

However, limitations in their Ag presenting abilities become apparent when their ability

to pfesent large, particulate Ags is examined. DCs and macrophages seem to be good

candidates as ApCs for these Ags, although the efficiency of either population as APCs

depends on the assay system used (Unanue, 1984; Ramila et a1.,1985; Macatonia et al',

lgsg). Dcs are potent stimulators of primary allogeneic responses and can present small

soluble Ags to primed T cells, but are less effective than macrophages at processing and

presenting large, palticulate Ags, such as whole bacteria. Consequently, macrophages

are the most likely candidates for the APCs involved in the presentation of bacterial Ags

to T cells which results in induction of immunity to IBPs. Macrophages express both

Class I and Class II MHC molecules and have the ability to process large, particulate Ags

for presentation in association with both these types of MHC products (Möller, 1978;

lJnanue, 1gg1 and 1gg4). The marked effect on function which IBP infection has on

macrophages, makes it tempting to infer that these cells play a dual, important'

immunomodulatory role by direct control of bacterial multiplication and/or indirectly by

modulation of T cell responses.

1.4.4 Antigen processing PathwaYs

1.4.4.I Class I antigen presentation pathway

Having established that antigenic peptides presented by APCs in

association with Class I and Class II MHC molecules are processed via two distinct

pathways, it is important to determine what dictates this difference. Endogenously

derived Ag is presented in association with Class I MHC molecules (eg. Moore et al.,

19gg; yewdell et al.,19SS). peptides bind to Class I MHC molecules in the ER, thereby

assisting in the assembly of stable complexes (Townsend et al., 1989), and binding'of
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peptides to Class I molecules is augmented by the presence of the B2-microglobulin'

These interactions ensure the formation of stable antigenic peptide-Class I complexes

(Townsend et a\.,1989 and 1990; Rock, et al.1990; Schumacher et al',1990; Kozlowski

et a1.,1991). In 1985, Townsend et al. postrlated that the transport of antigenic peptides

from the various cellular compaftments to the ER involved a specific transpolt

mechanism. Consistent with this suggestion was the characterization of "regulatory"

genes within the MHC which influence the assembly and transport of class I MHC

molecules to the cell surface (Salter and Cresswell, 1986; Powis et al',1991a)' Several

groups have provided further support for the existence of a transport system, by defining

genes within the MHC homologous to a family of ATP-driven membrane transporters

(reviewed by Parham, 1991). Several groups have suggested that the products of two

MHC-encoded ATp-binding cassette transportef genes function to deliver peptides,

degraded in the cytoplasm by cytoplasmic proteases (Dice, 1990), across the membrane

of the ER (Deverson ¿/ al.,l99o; Spies er a\.,1990; Trowsdale et al',1990). The data of

spies and DeMars (1991), has provided strong evidence for a transporter system' as

transfection with one of the putative peptide transporter genes cures some, but not all'

cells which are defective in the expression of Class I MHC molecules' A recent report

from Powis etal. (1991b) demonstrates that the complete phenotype of the mouse

mutant cell line RMA-S, in which lack of surface expression of stable Class I molecules

correlates with an inability to present viral peptides originating in the cytosol (Townsend

eta1.,1989 and 1990; Ljunggren eta1.,1990; Schumacher etal',1990 and I99l; Elliot

et al., lgg|), is repaired by the cDNA of the other transporter gene and they have

proposed that for efficient transport of peptides across the ER membrane that the two

transpofier polypeptides may form a heterodimer. The antigenic peptide-class I MHC

complexes afe then transported directly to the cell surface for presentation to the immune

system, bypassing the endocytic compartments (Neefjes et aI.,1990).

Class II antigen presenting pathway

In contrast to the processing pathway for Ags presented in association with

1.4.4.2
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Class I MHC molecules, Class II MHC molecules bind antigenic peptides in an endocytic

compartment in the cell periphery, prior to expression on the cell surface. As already

mentioned above, assembled Class II MHC dimers associate with lhe invariant chain in

the ER (Machamer and Creswell, 1984) and from here they ile transported to acidic

endocytic compaftments in the cell periphery containing processed Ag (Guagliudi et al',

1990; Neefjes et a1.,1990). Association with the invariant chain may influence the

intracellular transport of Class II molecules (Bakke and Dobberstein, 1990; Lotteau et al.'

1990) and prevents the binding of endogenous Ag. This has been proposed as the basis

for the difference between the manner of peptide acquisition by Class I and II molecules

(Creswell et al., 1987; Hämmerling and Moreno, 1990). Once in the endocytic

comp¿ìrtment, the invariant chain dissociates and is degraded (Nowell and Quaranta,

1985; Nguyen et al., 1989), thus revealing the peptide binding site of the Class II

molecules (Roche and Creswell, 1990; Teyton et a\.,1990), which allows the binding of a

wide range of degraded (antigenic) peptides which will be subsequently expressed on the

cell surface. This was supported by the findings of Guagliardi et al' (1990) who

demonstrated that the pathways for Ag uptake and Class II molecule export merged in a

peripheral endocytic compartment. Similarly, the fact that tafgeting the exogenous Ag to

the endocytic pathway enhanced the presentation of processed Ag to T cells reinforced

this theory (Lanzavecchia, 1985; Pierce et a1.,1988; Snider and Segal, 1989)'

Summary

a

1.5

The type of Ag and the manner of Ag processing and presentation by

ApCs have considerable influence on the T cell subset(s) induced and determine whether

T cell-mediated immunity is induced. The understanding of the cellular events which

occuÍ during immune responses induced by Salmonella infection is incomplete. Analysis

of the T cell subsets induced by this infection may provide insights into the relative

functional roles they play in immunity to Salntonella' Of equal interest is the Ag

presenting and processing capacity of APC populations from Salmonella immunized
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mice, as immunization with live Salmonella may modulate the function of normal APCs,

enabling them to induce CMI. Furthermore, the capacity of APCs to induce particular

T cell subsets may also be affected by infection with llve Salmonella. Examination of

these parameters would assist in clarifying the cellular interactions occurring in the

immune fosponse induced as aresult of infection with Salmonella'
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CHAPTER 2

MATBRIALS AND METHODS

2.1 Animals

(BALB/c x c57BLl6) F1 (F1), BALB/c, C57P,L16 and cBA mice and

semi lop-eared rabbits ,were obtained from the Central Animal House, University of

Adelaide. Mice 8-10 weeks of age, were sex matched in all experiments and normal

rabbit serum was used as a source of complement (C)'

2.2 Tissue culture media and reagents

To harvest and prepare most cell suspensions, Hanks' balanced salt

solution (HBSS) supplemented with 100 pglml Streptomycin and 5 pglml Penicillin was

used. HBSS not supplemented with Streptomycin and Penicillin was also used, where

indicated.

For the majority of the cell culture work the culture medium used was

RPMI 1640 (Gibco) with 2 mM glutamine, 5 pglml Indomethacin'

0.1 mM B mercaptoethanol, I\Vo heat inactivated foetal calf serum (FCS, Flow

Laboratories), 100 pglml Streptomycin and 5 pglml Penicillin, and this is referred to as

culture medium. Culture medium not supplemented with Penicillin and Streptomycin

was also employed for certain experiments and 40 pglml Gentamycin (Garamycin,

Fauldings) was sometimes added in preference to tho other antibiotics.

Eagles' Minimal Essential Medium (EMEM, Gibco) containing

0.1 mM B Mercaptoethanol, 26 mM NaHCO3 and 2 mM glutamine was used to prepare

3H-Thymidine ([3H] -TdR).

Dulbecco's modified Eagles' medium (DMEM, Flow Laboratories) was

supplemented with 2 mM glutamine, 26 mM NaHCO3, 5 ¡t'glml Penicillin,
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100 pglml streptomycin and 107o FCS (Flow Laboratories) and used for the in viffo

culture of the P388D1 cell line'

For preparation of phosphate buffered saline (PBS) pH 7'4, NaCl

(0.139 M), KCI (0.0027 M), Na2HPO4 (0.00s M) and KH2POa (0.0015 M) were

dissolved in milliQ ware , the pH adjusted and the solution subsequently sterilized by

autoclaving.

PBS/bovine serum albumin (BSA' \'l%o)lazide (Ù'l%o) solution was

prepared by dissolving 1 g BSA (Cytosystems) and 1 g azide in 1L PBS and

supplemented with l}Voheatinactivated (20 minutes at 56oC) normal rabbit seÍum. This

solution will be referred to as PÆ/A and was used for the preparation of cell suspensions

and Ab dilutions for immunofluorescent labelling'

lTo and 0.5Vo paraformaldehyde (PFA) solutions were prepared by

dissolving the pFA in sterile pBS, in a steaming waterbath. The solutions were sterilized

through a 0.22 pM millipore f,rlter unit (Millipore) and kept at 4oc. The 17o PFA

solution was used for resuspending immunofluorescently labelled cells to run on the

FACScan (Becron Dickenson) and the 0.57o PFA solution for the fixation of APC

populations, before or after Ag pulsing.

Metrizamide solutions (187o and 227o Metrizamide, Nyegaard) were

prepared by dissolving centrifugation grade, Metrizamide powder in sterile HBSS'

Discontinuous Metrizamide gradients were used for the removal of neutrophils from cell

suspensions.

The Mitomycin C (Sigma) stock solution was made to 1 mg/ml in sterile

saline and stored in the dark at 4oC. To metabolically inactivate va¡ious cell

suspensions, Mitomycin C was used at a final concentration of 10 pg/ml'

Giemsa buffer was prepared by dissolving 1 g of a mixture of Na2HPO4

(5.447 g) and KH2POa Ø.75 Ð in2L of milli Q water (pH 7'0)'
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2.3 Bacteria and bacterial antigens (Ags)

Overnight cultures of Salmonella enterítidis 11RX (1lRX) or

salmonella typhimurium c5 (c5) were prepared by growing single colonies (picked from

nutrient agar plates) overnight at37oC with shaking in 10 ml of nutrient broth' The

overnight cultures were diluted 1/10 in nutrient broth and grown for a further 2 U2 ot

3 hours at 37"c with shaking, giving approximately 5x108 or 2x109 live bacteria/ml

respectivelY.

et al. (1.989).

itt vivo assays

Formalin killed llRX (F1lRX) was pfepafed as described by Kotlarski

F11RX was used in the in vitro functional assays and also for some of the

Soluble l1RX Ag (SllRX) was prepared as decribed by Ashley and

Kotlarski (19g2) and was used in some of the in vitro proliferative assays and as an

eliciting Ag in some of the DTH studies.

11RX flageltin was prepared from motile llRX organisms selected by

craigy tube culture. Motile organisms wele grown in 10 x 50 ml broths, which after

overnight incubation (standing) were used to inoculate 10 x 1 L volumes of nuffient broth

in 5 L conical flasks, which were incubated with continuous shaking for a further 3 hours

at 37"C and another t hour as standing cultures. The bacteria were then harvested by

centrifugation at 4K for 15 minutes, washed once in 250 ml sterile saline by

centrifugation at 6K for 15 minutes and resuspended in a f,rnal volume of 250 ml saline'

The flagella were sheared from the bacteria using the ultra-taurax for 1 minute at full

speed and the supernatants harvested after centrifugation of this suspension at 8K for

20 minutes were centrifuged again for t hour at 36K in an ultra-centrifuge and the pellet

resuspended in 25 ml saline (referred to as "crude" 11RX flagellin)' To depolymerize

the flagellin, 1.25 ml of 1M HCI (1 in20N final) was added to this suspension and

incubated for t hour af 3ioc, with shaking every 20 minutes before centrifugation for

t hour at 36K and collecting the supernatant. (To neutralize the HCl, 1.25 ml of

1 M NaOH and 100 pl of 0.5 M phosphate buffer (pH 7'4) were added')

Repolymeri zation of the flagellin was achieved by adding an equal volume of saturated
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ammonium sulphate and incubating at 4oC for 2 hours, when the precipitated proteins

were harvested by centrifugation at 12K for 20 minutes and resuspended in 25 ml saline.

To remove the ammonium sulphate, the suspension was dialysed against 5 L of saline at

4oC overnight and the protein concentration determined using Folin's method and by

measuring the OD2gg. The purity of this material was confirmed by running the sample

on a 167o polyacrylamide slab gel with molecular weight markers (Low Molecular

Weight Calibration Kit, Pharmacia) (as described by Lugtenberg et al., 1975; see

Fig.2.1).

Lipopolysaccharide (LPS) was prepared from Salmonella enteritidis l1RX

using the phenol/water exrraction method described by Westphal and Jann (1965).

Salmonella enteritidis SA9 (SA9) an 1lRX strain which expresses the

E. coli K99 Ag was constructed by Dr. Stephen Attridge. Briefly, the 1lRX strain was

first made thymine dependent by selection on trimethoprim, before a plasmid containing

the E coli gene for thymidylate synthetase and the structural gene for K99 (described by

Morona et al.,in preparation) was mobilized into this derivative strain using the standard

transformation method. fsalntonella enteritídis SA5 (SA5) was similarly constructed by

transforming the thymine-dependent 1lRX snain with a plasmid expressing the gene for

thymidylate synthetase, but not the structural gene for K99 (Morona et al'' in

prepararion).1 Using an inhibition of ELISA assay, the expression of the K99 protein on

the surface of the bacteria was confirmed, with 40 pg of fimbrial Ag being obtained per

1010 SA9 organisms (<0.1 Lrg per 1010 SA5 organisms). [,og phase cultures of the SA9

gïown in CBT broth were used for immunization of F1 mice by ip injection of 105 live

organisms.

preparation of K99: A 10 ml CBT broth was inoculated with a single

colonly of SA9 grown on CBT agar and incubated for approximately 8 hours at 37oC

with shaking before using this broth culture to seed four 30 cm CBT agar plates

(containing 250 ml of agar) which were then incubated overnight at37oC. Bacteria were

harvested using 15 mt of PBS (pH 7.Ð by gently scraping the agar surface and all

suspensions were pooled and washed once by centrifugation at 6K for 10 minutes. The



FIGURE 2.1 Analysis of the purity of l lRX flagellin

The purity of the l1RX flagellin preparation was determined by running an

llRX flagellin sample (and the appropriate controls) on a 16%o polyacrylamide slab gel

and aphotograph ofarepresentative gel is provided. The lanes contained:

A: "crude" 11RX flagellin

B: 1lRX flagellin

C: molecular weight markers (including 94,67,43,30,20 and 14.4 V'Da molecular weight

subunits)

D: whole 1lRX organisms

"Arro\ry 1" indicates the 1lRX flagellin proteins and "Arrow 2" shows the contaminating

low molecular weight proteins.
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bacteria we e resuspended in 60 ml PBS before being incubated at 65oC for 30 minutes

and centrifuged at 7K for 1.5 minutes. The supernatant was recovered, azide added (at a

finat dilution of 1 in 5000) and stood overnight at 4oC, after which the aggregated K99

was harvested by centrifugation at 12000 g for 20 minutes at 4oc, resupended in

5 ml pBS and saline p1g-7.4 (P04 0.01 M) and dialysed against water overnight. K99 was

further purified by polyacrylamide gel electrophoresis as described by Johnstone and

Thorpe (1982), where 1 ml of this dialysed preparation in 1 ml of 2times Lugtenberg

buffer was run on a 167o linear acrylamide gel and the 17 KD band was carefully cut out

of the gel. A slight modification of the procedure used to elute the protein from the

acrylamide was used. This involved the addition of 10 ml0.1 M TRIS/HCI pH 7.I and

0.12o SDS ro the sample, incubation at3ToCovernight and centrifugation at 2500 rpm for

5 minutes before harvesting the supernatant. The K99 was precipitated by adding

20 parts of "precipitin mix" (containing acetone, acetic acid and triethylamine at a ratio of

g0:5:5) to 3 parts of the sample and incubating at -20"c for at least t hour. The

precipitated proteins were harvested by centrifugation at 2500 rpm for 10 minutes, the

pellet drained well and dried at 37oC, resolubilized in saline and the amount of protein

determined using Folin's method.

2.4 CBT broth and CBT agar

CBT broth and CBT agar were prepared by supplementing 450 ml of

milli Q water and 450 mI I.5Vo water agar (respectively) with 50 ml of minimal salts

[K2Hpo4 70 glL, KH2PO4 30 glL' (NHa)2SOa l0 glL' pH 7.5], 12.5 ml20vo Casamino

acids, 5 ml I7o MgSO4, 5 ml tryptophan, 5 ml507o glucose and 0'5 ml vitamin B1'

2.5 Cell lines

The murine mastocytoma, P815, which expresses class I MHC molecules

of the H-2d haplotype and the T cell lymphoma, EL4, which expresses class I MHC

molceules of the H-2b haplotype, were maintained in vitro by continuous passage in

RPMI 1640 containing lT%o FCS, 5 pglml Penicillin and 100 pglml Streptomycin, in
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25 cm3 or 75 cm3 tissue culrure flasks (Corning 25t00-25 and25Ll0-75, respectively).

The murine macrophage cell line, P388D1,,which expresses both class I and class II

MHC molecules of the H-2d haplotype, was maintained in vitro by continuous passage in

DMEM supplemented with 107o FCS, 5 pg/ml Penicillin and 100 pglml Streptomycin, in

75 cm3 tissue culture flasks (Corning 251'10-75)'

2.6 Immunization schedules

Mice were immunized with log phase cultures of Ll1RX, and where

indicated live SA9, by intraperitoneal (ip) injection of 105 organisms in 200 pl of cold,

sterile saline. At various times after the initial challenge cells were harvested from these

primed animals and their functions examined. In addition, mice were challenged ip with

a secondary dose of either 3x10a c5 3 weeks or 8x106 llRX 6 weeks aftertheprimary

infection with LllRX. Cells from mice receiving secondary challenge with Salmonella

were also examined.

2.7 Preparation of cell suspensions

Peritoneal cell (PC) suspensions were obtained by washing out the

peritoneal cavity of each mouse with 5 ml of HBSS and the washouts from similar mice

were pooled, centrifuged at approximately 1500 rpm for 5 minutes in a bench centrifuge

(Econospin, Sorvall Instmments), washed once in HBSS, counted and adjusted to the

required concenffation in culture medium'

Spleen cell (SC) suspensions were prepared as described by Attridge and

Kotlarski (1984) and again were washed, counted and adjusted to the appropriate

concenffation in culture medium.

Mesenteric lymph node cell (MLNC) suspensions were prepared in the

same way as SCs, washed, counted and adjusted to the appropriate concentration in

culture medium.
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2.8 Preparation of adherent monolayers of PC suspensions

To obtain adherent monolayers of PCs, 100 pl aliquots of various PC

populations at the appropriate concentration in culture medium were dispensed into the

wells of 96-well flat-bottomed trays (Falcon, 3072), each set up in quadruplicate' The

trays were incubated for t hour at 37"C in an atmosphere of 5-t07o CO2 in air, after

which the trays were shaken briefly (Titertek Trayshaker, Flow Laboratories) prior to

removing the nonadherent cells. To the remaining adherent cells, 100 pl of warm culture

mediumwereadded/well.ThenonadherentcellsweÍeremovedinoneoftwoways.

Firstly, when only the adherent cells of the population were required, the nonadherent

cells were carefully removed by suction through a suction line. Alternatively, when both

the adherent and nonadherent cells of the population were required, 8 replicate wells were

initially set up and the 100 pl of culture medium containing nonadherent cells were

removed from half of them with a Gilson and transferred to four empty wells, providing

the nonadherent subpopulation of these cells.

2.9 Preparation of nonadherent lymphoid cell suspensions

2,9.1 Adherence to Plastic

pC suspensions at a concentration of no more than 107 cells/ml in 5 ml of

culture medium (ensuring no more than a monolayer of cells would form on each dish)

were incubated in sterile 9 cm Costar dishes for t hour at 37oC in an atmosphere of

5-l0¿o CO2 in air. Following the incubation, nonadherent cells were resuspended by

gentle shaking of the dish, then transferred to 50 ml sterile, polypropylene centrifuge

tubes @isposable Products, Lab Supply) with a pasteur pipette and the dish was carefully

washed with warm culture medium to remove any remaining nonadherent cells. Similar

cell suspensions were pooled, centrifuged in a MSE bench centrifuge, resuspended,

counted and diluted to the required concentration in culture medium'
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2.g.2 Adherence to nylon wool columns

Removal of adherent cells by passage on a nylon wool (Ntw; Pacific

Diagnostics) column was carried out as described by Attridge and Kotlarski (1985a).

Briefly, no more than 108 cells in 2.5 ml of warm culture medium were carefully loaded

onto each NW column. After t hour incubation at 37oC in an atmosphere of 5-107o CO2

in air, the nonadherent cells were harvested by washing through l0-I2 ml of walm culture

medium into a sterile centrifuge tube @isposable Products, Lab Supply)' After

fractionation, like populations were pooled, the cells were washed, counted and adjusted

to the appropriate concentration in culture medium'

2.10 Monoclonal antibodies

The monoclonal antibodies (MoAbs) used in this study include: MK-D6,

cr-Iad; 34-4-ZOS, g,-1g.-2Dd; B8-24-3, g-H-2Kb; 3O-lgI2, cx,-Thyl.2; GK1.5, g-L3T4;

lÊt}2.2, u-Lytl.2; YTS169.4, 0.-Lyt2. YTS169.4 ascites fluid and tissue culture

supernatant were kindly donated by Dr. Tony Simmons, Herpes Research Laboratory,

Institute of Medical and Veterinary Science, Adelaide, South Australia' 30-H12, GK1'5

and Ho-2 .2 were generously donated by Dr. Lindsay Dent, Flinders Medical centre,

Adelaide, South Australia. MK-D6, 34-4-2OS and,B8-24-3 were purchased from ATCC.

MoAbs conjugated to fluorescein isothiocynate (FITC) were purchased from PharMingen

and included FITC rat q,-mouseLy-2 (CD8a), FITC rat G-mouseL3T4 (CD4)'

FITC o(-mouse I-Ad and FITC o(-mouse IH-zDd'

2.tL Monoclonal antibody and complement treatment of cell

suspensions

2.ll.l One step treatment of bulk cultures

Cell suspensions at 107 ce[s/ml were placed into 10 ml sterile, conical

polystyrene tubes (Disposable Products, Lab Supply) and spun at 1500 rpm for 5 minutes

in a bench centrifuge (Econospin, Sorvall Instruments)' The supernatants were removed
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and the cells resuspended to 107 cells/ml in culture medium containing the appropriately

dilured MoAb (1 in 10 final dilution) and complement (c; 1 in 20 final dilution).

[Normal rabbit serum was used as the source of C for all these studies.] The suspensions

were incubated for one hour at 37oC, with shaking every 20 minutes, before the cells

were washed with waÍn culture medium and resuspended to the required concentration in

culture medium, assuming no cell loss had occurred'

2.11.2 Treatment in tissue culture trays 
wp

Replicate cell suspensions (20-24 wells) were setiand cultured in 96-well

flat-bottomed trays as described in sections 2.16.I and 2.16.2 and appropriate

dilutions of the various MoAbs (1 in 10 final dilution) and C (1 in 20 final dilution), C

alone or an equal volume of culture medium, were each added to four replicate wells'

The trays were carefully shaken (Titretek Trayshaker, Flow Laboratories) and incubated

for t hour at 37.,C in an atmosphere or 5-1070 CO2 before measuring the amount of

t3ffl-f¿n incorporated during a subsequent 4 hour incubation at37oc'

2.12 Immunofluorescent tabelling of cell suspensions

2.12.1 Indirect immunofluorescence

Cell suspensions were diluted to 107 cells/ml in P/B/A and 50 pl aliquots

dispensed into conical plastic tubes (Disposable Products, Lab Supply)' To each

suspension, 50 pl of the appropriate primary MoAb (neat) was added and the suspensions

incubated for t hour at 4oC (shaking every 20 minutes). At the end of the incubation, the

cells were washed twice in 0.5 ml fresh PEII', by centrifuging for 5 minutes at 1500 rpm

in a bench centrifuge (Econospin, Sorvall Instruments). The cells ïvere resuspended in

50 pl of p/B/A and 50 pl of a 1/10 dilution of SHAM-FITC (Silenus) was added to each

suspension and the cells reincubated for 45 minutes at 4oC in the dark (shaking every

15 minutes) before rhey were washed twice with 0.5 ml fresh P/Bl1^ and resuspended in

1 ml cold 17o PFA solution for analysis on the FACScan (Becton Dickenson).
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2.12.2 Direct immunofluorescence

Cell suspensions were adjusted to 107 cells/ml in PIB/A and 50 pl aliquots

were dispensed into conical plastic tubes @isposable Products, Lab Supply)' 50 pl of

1/100 dilutions of the FITC conjugated MoAbs (FITC-MoAbs, PharMingen) were added'

the cells mixed and incubated for t hour at 4oC in the dark, with mixing every

20 minutes. The cells were thoroughly washed in 0.5 ml volumes of fresh PÆlA, then

resuspended in 1 ml cold, sterile lfto PFA' and analysed on the FACScan (Becton

Dickenson).

2.13 Fixation of Pc populations using paraformaldehyde

pCs were resuspende d, in 0.5Vo paraformaldehyde (PFA) solution in 10 ml

srerile centrifuge tubes @isposable Products, Lab Supply) and incubated at 37oC for

4 minutes before an equal volume of culture medium containing 107o FCS (Flow

Laboratories) was added and the cells were centrifuged at 1500 rpm for 5 minutes in a

bench centrifuge @conospin, Sorvall Instruments). Each suspension was washed three

times in culture medium, resuspended in fresh culture medium and allowed to stand for a

further t hour at37"C. Finally, the cells were recounted and adjusted to the appropriate

concentration in culture medium.

2.14 MitomYcin C treatment

Cell suspensions at l0'7 cels/ml in culture medium were incubated in the

presence 10 pg/ml of Mitomycin C (Sigma) for t hour at 37oC, with shaking every

20 minutes. At the end of the one hour incubation, the cell suspensions were washed

three times in warm culture medium, counted and adjusted to the appropriate

concentratlon

2.15 Metrizamide density gradient centrifugation

Removal of polymorphonuclear cells (neutrophils) was achieved by

centrifugation of PC populations on Metrizamide (Nyegaard) density gradients' To
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creare the density gradient, 2 ml of an lSVo Metrizamide solution (in sterile HBSS) was

carefully layered onto 2 ml of a22Vo Metrizamide solution (in sterile HBSS) in a sterile,

conical polystyrene tube @isposable Products, Lab Supply). The PC suspension

(containing 2xI07 cells) was carefully layered onto the gradient in 2 ml of culture

medium and the tube was then centrifuged at 1200 g for 45 minutes in a MSE bench

centrifuge. The cells located at the first interface were harvested using a sterile pasteur

pipette, transferred to a fresh centrifuge tube (Disposable Products, Lab Supply), washed

once, counted and readjusted to the appropriate concentration in culture medium.

2.16 In vitro proliferation assays

2.16.1 Using Sølmonella Ãgs

primed T cells (105 or 2xI05 cells/well) were mixed with accessory cells

and specific Salmonella A,gs [Fl1RX, Sl1RX or l1RX flagellin], K99 Ag or the

nonspecif,rc T cell mitogen Concanavatin A (ConA, Pharmacia) as a positive control, or

with Ag-pulsed accessory cells, in 96-well flat-bottomed trays (Falcon 3072) land

somerimes 96-well round-bottomed trays (Linbro 76-042-05)1. Cell suspensions were

set up in quadruplicate with each stimulus and cultured for 3 days at 37oC in a sealed box,

in a gas phase of I07o CO2,7Vo 02 and 83Vo N2. On the third day of incubation, the

amount of proliferation was measured by adding 50 pl of EMEM containing 1 pCi of

3H-Thymidine ([3H]-TdR, Amersham) to each well and incubating for another 4 hours at

37oC in an atmosphere of 5-107o CO2 in air. The cells were then harvested onto glass

fibre filter discs (Titertek) using a Flow cell harvester (Flow Laboratories) and the

amount of radioactivity incorporated by the cells was measured with the aid of a Beta

countef (Beckman) using standard procedures. Results are expressed as the cpm

(mean * sem) for each quadruplicate set of cultures. To determine the phenotype(s) of

proliferating cells, 20-24 replicate wells were set up in the 96-well trays and treated with

MoAbs and C as described in Section2.Il'2'
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2.16.2 Using allo-Ags

NW nonadherenr MLNCs obtained from BALB/c (H-2d¡, C57BL!6 (H-Zt¡

or CBA (H-2t¡ mice were cultured at 2xLOs cells/well in quadruplicate with varying

numbers of pCs obtained from (BALB/c x C57BL!6) Fl mice (H-zbld¡ for 5 days at37oC

in 96-well flat-bottomed trays (Falcon 3072) or 24-well flat-bottomed trays (Corning

25820),in a sealed box in a gas phase of l\vo CO2,77o O2and83%oN2. W'hen MLNCs

from CBA mice were used, the Fl PCs were pretreated with Mitomycin C (Sigma) as

described in Section 2.14. On the fifth day, the amount of proliferation was determined

by adding 50 pl of EMEM containing 1 pCi of ¡3¡t-tUR to each well of a 96-well tray

and incubating for a further 4 hours at 37oC in an atmosphere of 5-707o CO2 in air before

harvesting the cells using the Flow cell harvester (Flow Laboratories) onto glass fibre

filter discs (Titretek) and measuring the amount of radioactivity incorporated with the aid

of a Beta counter (Beckman). Results are expressed as the cpm (mean * sem) of

t3ffl-1'¿n incorporated by each replicate set of cultures. Cells cultured in the 24-well

trays were harvested, counted and the presence of allo-Ag-specific cytotoxic cells

measured using the standard 51Cr release assay, described in Section 2.20.3- The

phenotype(s) of proliferating cells was determined as described in Section2.Il-2.

2.17 IL 2 assay

2.L7.L PreParation of samPles

Culture conditions employed for the IL 2 assays were similar to those

described by Attridge and Kotlarski (1985a). 2xI06 primed T cells were cultured at

37oC overnight in the presence of 10 pglml F11RX in duplicate 1 ml volumes ln 24-well

flat-bottomed trays (Corning 25820), to produce culture supernatants. The cell free

supematants were harvested with a sterile pasteur pipette, like samples pooled into sterile

5 ml plastic vials @isposable Products, Lab Supply) and stored at -20oC until assayed.
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2.17.2 IL 2 maintenance assay

This assay measures the ability of the test supernatants to maintain the

proliferation of 3 day ConA stimulated T blasts. ConA blasts were prepared by culturing

1ml volumes normal SCs (106 cells/ml) with 1 pdml ConA in 24-well flat-bottomed

trays (corn ing 25820) for 3 days at 37"C in a sealed box, in a gas mix of I07o co2,

77o O2and g37o N2. The test supernatants rwere assayed for the presence of fl-2 activity

in duplicate, using 6 two-fold dilutions in culture medium in 96-well flat-bottomed trays

(Falcon 3072), as described by Attridge and Kotlarski (1984). To the diluted samples,

100 pl volumes containing 2.5xl0a washed ConA blasts were added/well and incubated

overnight ar 37oC in an atmosphere of 5-I0Vo CO2. T cell proliferation was determined

by measuring rhe amount of ¡3111-t¿* incorporated (cpm) during the final 4 hours of

culture at37"C in the usual way and the results expressed as the units of IL 2 released,

calculated as previously described (Attridge and Kotlarski, 1984).

2.Ig Nonspecific expansion and/or activation of T cells in vitro

T cell populations obtained from PC or SC suspensions harvested from

mice immu nizedip with Salmonella, were cultured at 2x106 cells/ml with 1 Lrglml ConA

(pharmacia) or 10 units/ml recombinantlL 2 (U'2; Boehringer Mannheim) in 25 cm3

rissue culture flasks (Corning 25100-25) for 3 days in an atmosphere of 5-107o CO2'

After culture, the numbers of viable cells were determined and the cells resuspended to

the concentration(s) required for use in particular assays to evaluate their functional

status.

2.19 Delayed type hypersensitivity (DTH)

2.Ig.l Transfer of D'IH using primed lymphoid cells

pC and SC populations obtained from mice previously immunized with

Salntonella were used to transfer DTH reactivity locally to normal, unimmunized mice'

The T cell suspensions were partially purified by fractionation on plastic petri dishes or



74

N'W columns or further purified by treating NW fractionated cells with cr-Ia and C and

1x106 cells were mixed with Ags and 50 pl of each mixture were injected subcutaneously

(sc) into the left hind footpads of groups of at least 3 normal mice. Control suspensions

of cells alone and Ag alone were also injected sc in 50 pl into the left hind footpads of

groups of 3 normal mice. The right and left hind footpads measured 24 hours (and

sometimes 48 hours) later using Micrometer dial guage calipers (Model 130, Mercer,

England) and the results expressed as the percent increase in footpad size (mean t sem),

calculated with respect to the size of the uninjected right footpad for each group.

2.\g.2 Induction of DTH in LL1RX immunized mice

Groups of 4-5 normal mice or mice which had been immunized ip with

L11RX 2-3 weeks earlier were injected sc in the left hind footpads with 50 pl of culture

medium containing either 10 pg S 1lRX or 10 pg 1 lRX flagellin and the size of both the

right and left footpads measured 24 and 48 hours later using Micrometer dial guage

calipers (Model 130, Mercer, England). The percent increaso in footpad size was

determined as described in the previous section and expressed as the percent footpad

swelling (mean I sem) for each group of mice used'

2.20 In vitro cYtotoxicitY assaY

2.20.1 Target cells

Cells employed as target cells in the invitro cytotoxicity assay were: P815,

a murine mastocytoma cell line expressing class I MHC Ag of the H-2d haplotype; EL4, a

murine T cell lymphoma expressing class I MHC of the H-2b haplotype; P388D1, a

murine macrophage cell line expressing class I and II MHC of the H-2d haplotype; and

3 day ConA cultured SC blasts of the lF.-zdlb haplotype (which were obtained when SCs

harvested from normal Fl mice (NSCs) were cultured for 3 days at 106 cells/ml with

1 pglml ConA iu I ml volumes in 24-well flat-bottomed trays (Corning 25820), in a

sealed box, in a gas mix of lOTo CO2,77o O2and837o N)'
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2.20.2 Target celt labetling with slCr

Target cell suspensions were adjusted to 5x106 cells/ml in culture medium

and 0.5 ml aliquots added to sterile, siliconized glass centrifuge tubes. To each

suspension, 50 pCi of Na251CrO4 (Amersham) was added, the suspensions mixed and

incubated for t hour at 37oC, with shaking every 20 minutes. After the incubation,

additional fresh culture medium was added and the suspensions were underlaid with

approximately 1.5 ml prewarmed FCS (Flow Laboratories) and centrifuged for 3 minutes

at 1500 rpm @conospin, Sorvall Instruments). The pelleted cells were resuspended in

5 ml fresh culture medium and reincubated for a further t hour aL 37oC, with shaking

every 20 minutes. The suspensions were again underlaid with FCS (Flow Laboratories),

centrifuged (Econospin, Sorvall Instruments), the cells resuspended in fresh culture

medium, counted and adjusted to 2x10s cells/ml.

2.20.3 In vitro 51Cr release assay

The in vitro cytotoxicity assay was employed to detect the presence of

cytotoxic T cells (CTLs) in various effector cell populations. The effector populations

used includ ed in vivo primed T cells that were obtained by NW fractionating PC and SC

populations obtained from Salmonella immunized mice, or in vitro stimulated T cell

blasts, obtained by culturin g Salm.onelta-pimed (and unprimed) T cells with ConA or

IL 2 (Section 2.18), or in vitro allo-Ag primed T cells harvested from 5 day MLR cultures

described in Section 2.16.2. The effector cells were harvested, counted and adjusted to

5x106, 106 and 2xI05 cells/ml in culture medium and 100 pl of each suspension were

added in quadruplicate to rhe wells of a 96-well round-bottomed tray (Linbro 76-042-05),

to which 100 ¡r1 containing 2xl0a Slcr-labelled target cells were added and the tray

incubated for 4hours at 37oC in an atmosphere of 5-l0%o CO2' At the end of the

4 hours, 100 ¡rl of the supernatant from each well were harvested and each transferred to

a plastic tube (Disposable Products, Lab Supply) and the amount of radioactivity released

into the supematant was measured (cpm) using a Gamma counter (Packard Auto-Gamma

s6s0).
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Three controls were also included in each assay,

1: 100 pl of 5lcr-labelled target cells with 100 pl of culture medium were added in

quadruplicate to the trays to determine the amount of spontaneous release of 5lcr into the

Supernatants during the 4 hour incubation at 37oC, (spontaneous release values of

approximately 5-107o were usually observed)'

2: roir 100 pl aliquots of Slcr-labelled target cells were dispensed directly into four

plastic tubes and the amount of radioactivity measured to define the total cpm of 5lCr

incorporated into the cells.

3: duplicate 1 ml volumes of the Slcr-labelled target cells were placed into two plastic

tubes and two drops of l7o sDS were added to lyse the cells during a subsequent t hour

incubation aÍ 3loc before centrifuging for 5 minutes at 1500 rpm, splitting the

supematants in half and measuring the amounts of 51Cr present in each, to indicate the

total amount of 5lCr that could be released and the amount which remained in cell debris

after this treatment. A total release value of 85Vo was routinely observed and the percent

various concentrations of cytotoxicity was calculated for the experimental cultures using

the following equation:

vo cytotoxicity = 100 x experimental release cpm - spontaneous release cpm
total cpm - spontaneous release cpm

Both lectin-dependent and Ag-specific cytotoxicity assays were used. In

lectin-mediated assay, a portion of the 5lcr-labelled target cells was pretreated with the

lectin ConA (pharmacia) during the last 20 minutes of the labelling procedure and the

remainder left untreated. To detect Salmonella Ag-specif,rc CTLs, target cells were

pulsed with killed or live Salmonella prior to labelling with 51Cr (Amerham) and

incubated with the effector population(s) in the normal way, whilst the specificity of the

allo-Ag primed CTLs was determined using target cells which expressed the appropriate

MHC coded products.
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2.21 Ag pulsing of various cell populations

2.21.1 Pulsing cell lines with killed Salmonellø Lgs

Adherent monolayers of P388Dl in75 cm3 tissue culture flasks (Corning

25110-75) were pulsed with Jo þglml F1lRX overnight at 37"C. The adherent cells

were dislodged using a sterile pasteur pipette, transferred to centrifuge tubes, centrifuged

for 5 minutes at 1500 rpm (Econospin, Sorvall Instruments). The number of viable cells

were counted, adjusted to 5x106 cells/ml in culture medium and labelled with 5lCr

(Amersham) following the standard procedure'

To pulse the nonadherent P815, 1 ml containing 106 P815 cells was mixed

with 200 pl of 108F11RX in a centrifuge tube @isposable Products, Lab Supply) and

centrifuged at 3700 rpm for 10 minutes @conospin, Sorvall Instruments). The

"pelleted cells/bacteria mix" was incubated for 30 minutes at 37oC before resuspending

the cells, pooling similar populations and washing thoroughly with culture medium to

remove extracellular Ags. The cells were resuspended in culture medium, transferred to

sterile 25 cm3 tissue culture flasks (Corning 25100-25), incubated overnight at 37oC,

after which the number of viable cells recovered rwas determined and the cell

concenrration adjusted to 5x106 cells/ml for labelling with 5lct (Amersham)'

2.21.2 Pulsing cell lines with live SøImonella

To pulse with live Salmonella, both adherent and nonadherent cells were

adjusted to 106 cells/ml in antibiotic free culture medium and 1 ml of cells was mixed

with 200 pl of 10s bacteria in a 10 ml centrifuge tube (Disposable Products, Lab Supply).

[An overnight culture of bacteria was diluted 1/10 in nutrient broth and subcultured for

another 2I/2 hours at 3'7"C, to obtain log phase bacterial suspensions at

5x108 bacteria/ml. 1 ml aliquots of bacteria were pelleted in an Eppendorf centrifuge

and resuspended to 5x108 bacteria/ml in antibiotic free culture medium.l The

cell/bacteria mixes were centrifuged for 10 minutes at 3700 rpm (Econospin, Sorvall

Instruments), incubated for 30 minutes in a 37oC waterbath, resuspended and like
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suspensions pooled. The cells were washed thoroughly in culture medium without

antibiotics, to remove any contaminating extracellular bacteria, resuspended to

approximately 106 cells/ml in culture medium supplemented with 40 pglml Gentamycin

(Garamycin, Fauldings) and transferred to sterile 25 cm3 tissue cultutre flasks (Corning

25100-25), in which they were cultured overnight at 37oC. After overnight culture, the

cells were washed and adjusted to the required concentration after determining the

number of viable cells Present.

2.21.3 Ag putsing of PC populations

2.21.3.1 In vitro Ag Pulsing

In vitro Ag pulsing was carried out in two ways; in sterile, conical

polystyrene tubes (Disposable Products, Lab Supply) or in the 96-well flat-bottomed trays

(Falcon 30iZ). In the tubes, PC suspensions of 5x106 cells/ml in warm culture medium

were incubated in the presence or absence of 20 or 100 pg/ml Fl1RX fot 2-3 hours at

3loc,with shaking. After the incubation, the cells were washed 2-3 times, counted and

adjusted to the required concentration in culture medium'

In the trays, replicate 100 pl volumes of PC suspensions at the appropriate

concenffation in warm culture medium containing 10 pglml FllRX, were placed into the

wells of a 96-well flat-bottomed tray and incubated for 2 hours at 37oC. At the end of

the incubation period, the trays were shaken briefly (Titretek Trayshaker, Flow

Laboratories) and the medium, containing free Ag and nonadherent cells, was sucked off

using a suction line and the Ag-pulsed adherent cell monolayers were washed twice with

100 pl aliquots of fresh, walm culture medium'

2.21.3.2 In vivo Ag Pulsing

To pulse Pcs with Ags in vivo, I0 ot 250 pg of F1lRX or 107 LllRX

organisms were injected ip into mice and fifteen minutes later the mice were sacrificed

and the pCs harvested, as previously described, with PC suspensions from similar mice
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being pooled. The PC suspensions were then prepared following the normal procedure

described in Section 2.6.

2.22 Preparation of Cytospin cell smears

pC suspensions were diluted to 5x105 cells/ml in FCS, 100 ¡rl loaded into

the holders already secured in the Cytospin centrifuge (Shandon Southern) with the slides

and centrifuged for 8-12 minutes at setting 60. The slides were then removed, air dried

and the smears were fixed in methanol and stained with a Il25 dilution of Giemsa stain

(BDH, Lab Supply) for 10-25 minutes and quickly destained in Giemsa buffer.

2.23 Estimation of protein concentration using Folin's method

A protein standard, BSA, was diluted in water to concentrations ranging

from 0.1 mg/ml to 1 mg/ml and duplicate 100 pl aliquots of each dilution, the test sample

and the diluent were each added to separate glass test tubes. 2.5 mI of a mixture

containing 50 parts of Na2CO3 in 0.1M NaOH, 1 part 0.57o CuSO 4.5H2O and l7o sodium

t¿rtrate, were added to each tube and the contents mixed well before being left at room

temperature for 15 minutes. 250 ¡l of Folin and Ciocalteus phenol reagent which had

been diluted 1 in 3 in water were added to each tube, the tubes mixed once more and

30 minutes later the absorbance at 650 nm was measured for each sample. To determine

the amount of protein present, the absorbance of the test sample was compared to that of

the standards.

a
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CHAPTER 3

CHARACTERIZATION OF PRIMED POPULATIONS OF

RBSPONDING T CELLS

3.1 Introduction

To srudy the T cells and APCs induced following infection of mice with

salmonella, appropriate assay systems had to be established to evaluate their functions.

parameters commonly used to assess the functional capacity of primed T cells include

their ability to mediate resistance to bacterial infection, DTH reactivity to specific Ags,

lysis of specific target cells and ability to proliferate and release LKs in vitro ln response

to antigenic srimuli (see Chapter 1, Section 1.2.5). The function of APCs is usually

investigated by assaying their ability to induce purified suspensions of T cells to release

LKs and/or to proliferate Ìvhen these cell populations are cultured in vitro together with

Ags or mitogens (ChaPter 1).

Obviously, induction of primary Ag-specific T cell responses would

provide the most accurate measure of the functional capabilities of particular APC

populations. However, the standard assay systems which have been developed use

primed T cells as the responding populations, because most unprimed T cells are not

readily stimulated by Ags invitro. In other words, the requirements for initial

stimulation of T cells appear to be more stringent than those needed for secondary

stimulation of primed T cells and may reflect the involvement of various ill-defined

secondary signals in T cell priming. In vitro responses of T cells to allo-Ags provide the

most obvious exceptions to this "rule" - primary responses to these Ags are easily induced

in vitro and are known as MLRs (e.g. Wagner et al., 1972; MacDonald et al', 1973).

While the induction of a primary MLR may provide some information about MHC
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molecules and the secondary signals that different APC populations used for stimulation

can deliver (Sunshine et al., lg82), more information about the Ag processing and

presentation capacity of APCs would be gained by examining their ability to present

other foreign Ags to syngeneic, unprimed T cells.

It is interesting to note that such an approach has been used successfully

by a number of groups. For example, in 1988, Carbone et al. wete able to elicit strong,

Ag-specific, MHC restricted CTL responses by culturing normal spleen cells in vitro for

5 days rogether with defined antigenic peptide fragments of purified proteins. Use of

pepride fragments probably ensured that a relatively high density of identical antigenic

determinants could be presented on APCs. The importance of this for induction of

primary T cell responses in vitro is indicated by the work of others who have succeeded

in inducing strong primary T cell responses in vitro using various well defined Ags (eg.

Bevan, l9B4; Owen et al., 1990). It follows that failure to induce primary T cell

responses in vi¡o with more complex Ags may reflect the inability of APCs to process

such Ags and,/or ro present a relatively high density of any individual antigenic

determinant on their surface. lWhether this means that the "wrong" APCs are being

studied in vitro or that tissue culture conditions alter APC function has not been

addressed.l The possibility that the functional T cell subsets stimulated is determined by

the particular secondary signals that an APC can deliver adds another level of

complication to the ín vitro study of primary T cell responses.

At the commencement of these studies the Salmonella Ags available were

formalin killed preparations of llRX and C5 GllRX and FC5), a soluble extract of

11RX (S11RX), 1lRX flagellin (11RX flag) and live 11RX and C5 organisms (LllRX

and LC5). With the exception of flagellin, they are all complex Ags and therefore

unlikely to elicit in viffo responses from normal, unprimed T cells. Hence, in vivo

primed T cells were used as the responding populations in studies designed to compare

the functional activity of APC populations harvested from mice immunized with Ll1RX

with those obtained from normal, unimmunized mice. Development of an efficient

method of removing APCs from primed T cell populations was essential, to ensure that
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3.2

Ag presentation occurred via the APCs added to T cell cultures and not by APCs

contaminating the T cell populations.

It was evident that large numbers of mice would have to be used to

provide the lymphoid cells needed. Accordingly, initial studies were designed to define

the most appropriate approach which would guarantee a reliable source of purified T cells

primed with Salmonella Ags while keeping the numbers of animals needed to a

minimum. This Chapter describes these investigations, the methods used to remove

ApCs from these populations and a preliminary characterization of the primed T cells'

Results

3.2.1 IPCs as a source of Primed T cells

3.2.1.1 Initiat characterizalion of PCs

pCs obtained from mice immunized with LI1RX ip (IPCs) have been

found to contain primed T cells which can mediate DTH reactivity and can be induced to

proliferate and release LKs in response to specific Ags in viffo (Ãttndge and Kotlarski,

19g5a and 19g5b). A more detailed analysis of IPCs obtained at various times following

infection with L11RX was carried out to establish the quality of this population as a

reliable source of primed T cells and part of this study has already been published

(Kotlarski et al., 1989).

At particular timepoints after infection the IPCs were harvested and the

yields from each mouse were recorded. Fig. 3.1 shows the PC yields obtained per mouse

(average of at least 5 mice) and illustrates the initial increase in yield with time after

infection. Between days 8-15 a maximum of approximately 4-5x107 cells/mouse were

harvested. After this the yields gradually decreased and by day 28 were comparable to

those harvested from normal, unimmunized mice (5x106 cells/mouse). Hence, between

days g-15 after immunization fewer mice were required to obtain a standard number of

IPCs than the number needed earlier or later after immunization.
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Cytospin smears of at least three samples of IPCs harvested at all the time

points were prepared, stained with Giemsa, viewed under oil immersion microscopy and

photographed. The various cell types present in each smear were identified and their

numbers recorded. The results obtained with smears from mice 14 and 56 days after

infection with LI1RX (D 14 and 56IPCs) and PCs from normal mice (NPCs) are

presented in Table 3.1 and serve to illustrate the considerable heterogeneity of the

D 14IPCs compared to NPCs and D 56IPCs. Following infection with LllRX there

was a vast incfease in the proportion of neutrophils and a relative decrease in the

percentage of lymphocytes in PC suspensions, presumably reflecting an ongoing acute

inflammatory response. By day 56 the IPCs were more homogeneous' containing

virtually no neutrophils and approximately equal numbers of macrophages and

lymphocytes(Fig.3.2tA-C]).[Itisimportanttonotethatthefractionated,nonadherent

Ipcs which could be induced to proliferate and release LKs in vito (Attndge and

Kotlarski, 1gg5a and 1gg5b) contained few macrophages and neutrophils (Table 3.3 and

Fie.3.3)1.

It is now well established that to stimulate T cells of IBP-infected animals

to prolifera te itt vitro adherent cells must be removed prior to culture (orbach-Arbouys

and Poupon, 1978; Riglar and cheers, 1980; Brett, 1984; Deschennes et aI', 1986;

Kotlarski et a1.,1989). Table 3.2 shows data confirming these observations with IPCs of

L11RX immunized mice. Unfractionated IPCs (U IPCs) were unable to proliferate in

response to closes of various itt t,itro stimtlli which inclucecl significant 
\

proliferative responses by NW nonadherent IPCs (NW IPCs)' This was shown by

culturing U IPCs and NW IPCs l¡r vitro for 3 days with a range of doses of a variety of

stimuli, in the presence and absence of NPCs as a source of additional APCs' On the

third day of culture proliferation was measured by the amount of ¡3¡1-tU* incorporated

by the cells over a 4 hour period at 37"C. Clearly, U IPCs could not be stimulated by

either Ag or T or B cell mitogenic stimuli, even in the presence of additional APCs'

whereas NW IPCs proliferated in response to all the stimuli used' Addition of NPCs

enhanced the proliferative responses to Ag, indicating that NW fractionation produced



TABLE 3.1 Cell profiles of pCs obtained from normal F1 mice and Fl mice immunized

with L1lRX

* Cytospin smears of NPCs, D I4IPCs and D 56 IPCs were prepared from 3-5 animals,

stained with Giemsa and examined using oil immersion microscopy. A total of at least

200 cells (per smear) were counted, the proportions of the various cell types identified

recorded and the percent (mean t sem) represented by each cell type was calculated'

Percent (mean + sem) of each cell type*:

Macrophages Lymphocytes Neutrophils Eosinophils MastcellsPopulation

34+ l.r

33 + 1.5

46+2

63 + 1.4

23 !0.8

49 + t.g

r+0.2

43 + 2.5

4+O.1

1+0

1+0.1

1r0.4

1+0.3

0+0

0+0

NPCs

D 14IPCs

D 56IPCs



FIGURE 3.2 Cell profiles of PCs from normal mice and mice ip immunized with

L1lRX

Cytospin smears of NPCs, D 14IPCs and D 56 IPCs were stained with Giemsa stain and

studied under oil immersion microscopy. Representative populations were photographed

at 1000 times magnification and examples ate presented showing typical populations of

NPCs (A), D 14 IPCs (B) and D 56IPCs (C).
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TABLE 3.2 Proliferative responses by unfractionated versus NW fractionated IPCs

t94 !25

953 ! 167

9227 + 470

248 + 38

342+ 94

2225 !389

508 r 139

227 !25

r79 + 28

296!44

r78 + 36

77r !68

23351 + 1195

205 !23

210t27

259 t 50

2t0 !14

17e+ 25

r82!23

ND#

136 318 !3969

89 652 t 3550

35 368 t4433

27 828t388

440021 3048

4637 !334

25 Il4 t2272

t27 893 + 3513

t54 582+ 4157

20 02r !329

164 505 r 4805

t34 130 + 7853

62 t& + 7719

42 083 + 3078

69 535 + t796

18 907 + 3474

t24 2r9 t 1757

t20706 r ls 099

160971!4097

ND#

+ NPCs+ NPCs NPCsNPCsStimulus

dose (pg/ml)

10

10

100

-,1

2

20

100

0.3

F1lRX

S1lRX

1lRX LPS

ConA

NW IPCSU IPCs

Stimulus

t3Hl-TdR uptake (cpm + sem) by primed T cells*

after 3 days of culture with various stimuli + 2x104 NPCs:



* u pcs and NW Ipcs were used as a source of primed r cells and 105 cells of each suspension

cultured for 3 days with varying concentrations of FllRX, S1lRX' ConA and llRX LPS' in the

presence or absence of Npcs (each combination assayed in quadrupricate). on the third day of

culture, proliferation was determined by measuring the amount or [3g]-roR taken up by these cells

and the resurts expressed as the cpm (mean + sem) or [3g]-r¿n incorporated for each quadruplicate

set.

# ND : not done

IPCs were harvested from mice immunized with 1lRX 14 days earlier.
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3e Addendum

omnlent I

IPC suspensions which contained limiting numbers of APCs. Not surprisingly,

examination of Cytospin smeals of the NW IPCs revealed that they were more

homogeneous than the U IPCs, containing mainly lymphocytes (Table 3.3 and Fig. 3.3)

It was interesting to observe that, despite differences in their ability to

respond to Ags and mitogen in the proliferative assays, both U IPCs and NW IPCs

released comparable levels of l- 2. To induce IL 2 releas e, 2x106 U IPCs and NW IPCs

were mixed with 10 pg/ml FllRX and cultured for 20 hours at 37oC. The test

supomatants were harvested from these cultures and assayed for the presence of fl-2

which was detected by the ability of the test supernatants to maintain the proliferation of

day 3 ConA induced SC blasts overnight at37oC. Proliferation of the ConA blasts was

assessed by measuring the amount of ¡3¡tr-td* incorporated by the cells during the final

4 hours of culture at37oC and the amounts of IJ-2 released was calculated in the normal

manner. Table 3.4 shows an example of the levels of IL 2 released by U IPCs and

NV/ IpCs after overnight stimulation with F1lRX and illustrates the fact that U IPCs

were consistently found to release greatef amounts of IL 2 than N\ü/ IPCs, even when

additional ApCs were added to the fractionated cell suspensions. Hence, the inability to

respond to various stimuli in vitro only applies to proliferative responses of these cells'

3.2.1.2 Removal of neutrophils using Metrizamide density gradient

centrifugation

Since NW fractionarion of IPCs yielded populations of nonadherent cells

which were responsive to Ags and T cell mitogens, it was likely that either the

macrophages or neutrophils present in U IPC suspensions (or both cell of these types)

prevented cell proliferation. The possibility that neutrophils were the cells mainly or

entirely responsible for this inhibition was investigated by determining the effect of

selectively removing virtually all neutrophils from the U IPC population with

Metrizamide gradients instead of NW, which removes both macrophages and neutrophils

The technique described by l-opez et al. (1933) was adapted for this

purpose. Aliquots of 2x107 PCs were loaded onto hypertonic Metrizamide gradients,



TABLE 3.3 Differential cell counts of u IPCs and NV/ IPCs

n Cytospin smears of U IPCs and NW IPCs were prepared, stained with Giemsa stain and

viewed under oil immersion. A total of approximately 200 cells (per smear) were counted

and from the numbers of the particular cell types identified, the percent (mean * sem)

represented by each type was determined and typical data are presented'

Percent (mean * sem) of each cell type*:

Macrophages Lymphocytes Neutrophils Eosinophils MastcellsPopulation:

33 + 1.2

15 + 0.5

23 !0.9

81 + 2.1

43 + 2.3

4+0.3

1 10.1

0+0

0+0

0+0
U IPCS

NW IPCS



FIGURE 3.3 Examination of the homogeneity of NW IPCs

IPCs harvested from mice 14 days after ip injection of LllRX were fractionated on NW

columns, Cytospin Smeals prcpafed, stained and viewed using oil immersion microscopy'

photographs taken at 1000 times (A) and 400 times (B) magnification illustrate the

characteristic, more homogeneous population obtained following NW fractionation'
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TABLE 3.4 IL2releasedbyunfractionatedandNWfractionatedD14IPCs

* 2x106 U IPCs or NW IPCs were mixed with FI1RX in the presence or

absence of additional 2x105 NPCs and incubated in L ml volumes at 37oC in

anatmosphereof5ToCo2overnight.Cellfreesupernatantswerethen

harvested and like samples pooled. The presence of IT 2 in the supernatants

was determined by their ability to maintain the proliferative losponses of 3 day

conA blasts and the titres were calculated as described in the Materials and

Methods

Units of lL2released by primed T cells*

after overnight culture with:

Fl1RX + NPCsF11RXPrimed T cell source:

84

30

72

50

U IPCS

NW IPCS
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consisting of an l87o Metrizamide top layer and a 22Vo Metnzamide bottom layer and

after centrifugation for 45 minutes at1200 g the cells remaining at the first' low density

interface were harvested. To determine the efficiency of removal of the neutrophils,

cytospin smears of these suspensions were made, stained with Giemsa and viewed under

oil immersion microscopy. Differential cell counts were made and expressed as the

pefcentages of the total population. They established that this procedure reduced

neutrophil contamination by approximately 957o (Table 3'5 and Fig' 3'4)' However'

examination of the celrs harvested from the second interface of the Metrizamide gradient

and the cell pellet revealed that some loss of lymphocytes and macrophages from the first

layer had occured, although these losses were not as large as those regularly obtained

using NW fractionation, where most of the macrophages and a significant portion of

lymphocytes were removed (data not shown)'

'lhe in vitro rcsponsiveness of the cells harvested from the first interface of

the Metrizamide gradienr was determined by culturing these cells with 1 pglml FllRX or

conA in the presence or absence of NPCs, for 3 days 
^t 

37"C' Following the 3 days

incubation, the amount of proliferation was measured by the amount of ¡3¡q-t¿*

incorporated during the final 4 hour period at 37oC' Table 3'6 contains repfesentative

data from several experiments which demonstrated that the removal of the majority of

neutrophils had no effect on unresponsiveness of u IPCs' Even in the absence of

neutrophils no proliferative responses could be induced, suggesting that the most likely

candidates as cells with inhibitory activity were (activated) macrophages'

Similar conclusions have been made using Listeria immune PCs'

Removal of adherent cells from such populations was reported to be essential for

induction of proliferation in vitro in response to listerial Ags (Jungi' 1980)' The

macrophages present in unfractionated Pc suspensions were deemed to be responsible for

this inhibition, although no direct evidence for their involvement was provided and the

mechanism responsible for inhibition was not defined. The possibility that macrophages

were fesponsible for the rapid and complete degradation of Ag was dismissed because

increasingtheconcentrationoflisterialAgshadnoeffectontheresponsivenessof



TABLE 3.5 Efficiency of removal of neutrophils by Metrizamide density gradient

centrifugation

# p t4 IPCs were fractionated on a discontinuous Metrizamide density gradient and the cells at

the first, low density interface were harvested and arc refened to as Metrizamide u IPCs'

* cytospin smears of four preparations of u Ipcs and Metrizamide u IPCs were prepared,

stained with Giemsa and studied using oil immersion mrcroscopy ApproximatelY 200 cells

were counted (per smear) and the percent (mean + sem) of each cell type identified was

calculated for each smear

33 + 0.7

6l + 2.3

23 + t.I

30 + 1.5

43 + I.4

3r0.5

1+0.3

0t0

0+0

0+0

Lymphocytes Neutrophils Eosinophils Mastcells
Macrophages

U IPCS

Metrizamide U IPCs#

Population:

Percent (mean I sem) of each cell type*



FIGURE 3.4 Effect of Metrizamide density gradient centrifugation on the cell

prolfiles of D 14IPCs

D 14 IpCs were fractionated on a Metrizamide density gradient (Metrizamide

fractionated u Ipcs), or left untreared (u Ipcs) and cyrospin smears of each population

were prepared and stained with Giemsa. Photographs taken at 1000 times magnification

show the typical populations pfesent in U IPCs (A) and Metrizamide fractionated U IPCs

(B).
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TABLE 3.6 Effect of fractionation on Menizamide density gradients on the in vitro

proliferative responses of unfractionated D 14 IPCs

* Unfractionated D 14 IPCs (U IPCs) were fractionated or not on a discontinuous

Metrizamide density gradient (refeffed to as: Metrizamide u IPCs and untreated u IPCs'

fespecrively) and their ability to proliferate was tested' Each suspension (105 cells) was

cultured in quadruplicate with varying concentrations of F11RX for 3 days at 37oC'

before assessing the proliferation by measuring the amount of [391-1dR incorporated in

the final 4 hours of culture. Results afe expressed as the cpm (mean t sem) of ¡39'-tU*

incorporated for each quadruplicate set'

t3nl-r¿n uptake (cpm t sem) by U IPCs*

after 3 days of culture with F11RX + 2xl(f NPCs

+ NPCs- NPCsFllRX

(Pelmt)

Cells

Cultured

186 t 14

3549 + 564

1296 + 841

3812 + tz5

11 879 +935

1025 t 103

302l.54

4245 + 628

30 842+ t7820

2368!302

19495 + 1047

3979 + 999

1

1

I00

1

1

10

00

Untreated U IPCs

Merizamide* U IPCs
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unfractionated immune PCs.

3.2.I.3 SummarY

It was possible to induce NW IPCs, but not u IPCs, to proliferate in vi¡o

in response rc Salmonella A.gs and the T cell mitogen ConA' APC function in the NW

fractionated IPC populations was somewhat limiting and could be enhanced by the

addition of adherent NPCs. In contrast, u IPCs could be induced to release somewhat

larger amounts of lfl-Zthan NW IPCs. The significance of the latter finding has not been

examined, but could indicate that NW fractionation removes some of the T cells able to

release IL 2.

3.2.2 ISCs as a source of immune T cells

Another potential soufce of L1lRX primed T cells was SCs prepared from

mice previously immunized with Ll1RX (ISCs). Since appproximately 2x108 cells

could be obtained from the spleens of immunized mice taken within a few weeks of

infection, such an approach appeared to offer the obvious advantage of reducing the

numbers of animals needed to obtain large numbers of primed T cells' Accordingly' the

ability of ISCs to proliferate in response to F11RX and ConA and to release lL2 after

stimulation with Fl1RX were examined with the same assay systems used for IPCs' The

observations made from this series of experiments revealed an obvious and sometimes

confusing difference between the responses of IPCs and ISCs' Table 3'7 provides data

showing the proliferative responses of U ISCs in response to ConA (1 pg/ml)' NW

fractionation of IScs reduced proliferative responses to conA but these could be restored

by addition of NPCs (data not shown). However, the proliferative responses of both

NV/ISCsandUlsCstoFllRXwereveryinconsistent,showingquitehighresponsesin

some assays and little or no responsiveness in others (data not shown)' The low

responses observed on numerous occasions were not due to the responses having peaked

earlier than day 3 of culture, because on microscopic examination of the cultures it was

obvious that no proliferation had been induced' The finding that FllRX did not induce



TABLE 3.7 Lectin-induced proliferation of SCs obtained from normal and

Ll1RX immunized mice

* Mixrures of 105 unfractionated NSCs, D 14 ISCs or D 21 ISCs and ConA

were culrured (in quadruplicate) for 3 days at 37oC and the proliferative

responses wero measured by the uptake of ¡3gr-tuR during the f,rnal 4 hours

of incubation. Presented alo typical results expressed as the cpm

(mean + sem) of ¡3gr-tuR incorporated by each replicate culture.

[3rr]-r¿n uptake (cpm + sem) by SCs*

after 3 days of culture with I pg/ml ConA

53 178 t 519

5628r t 899

47 0r3 + 6566

NSCs

D 14ISCs

D 21 ISCs
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IL 2 release from either U ISCs or NW ISCs, even when cell suspensions which were

able to proliferate in respons e to Salmonella Ags were used (data not shown), was

consistent with an earlier observation that, although ISCs released MAF, no IL 2 release

could be detected (Attridge and Kotlarski, 1985a)'

In conclusion, this data indicated that ISCs were unlikely to provide a

reliable soufce of Ag-primed T cells, even though it had been shown previously that

salmonella-specific T cells capable of mediating DTH and activating macrophages were

present in rhe spleen following ip or iv immunization with Ll1RX (Ashley et al',1974;

Attridge and Kotlarski, 1985b). Thus, it was decided that IPCs taken from mice shortly

after a primary ip infection with LllRX would be the more useful source of primed

T cells, especially since two in vitro parameters of T cell stimulation could be measured

with these cells. The inevitable consequence of this was that quite large numbers of

mice would be needed in these studies. In an attempt to boost cell yields/mouse (and,

possibly, the responsiveness of the T cells), LllRX immunized mice were challenged

with a second dose of live Salmonella'

3.2.3 secondary immunization with live s. enteritidis ll'Rx

3.2.3.1 Establishing the challenge inoculum

To determine the maximum nonlethal dose of L11RX which could be

administered, a mnge of doses were given to mice 6 weeks after the primary ip

immunization with 105 LllRX, when virtually all the primary infection had been cleared

(data not shown). This series of experiments revealed that a second challenge dose of

gx106 LllRX could be administered quite safely. A detailed characteization of the

peritoneal and spleen cells (PCs and scs) from these mice was then carried out' The

PCs and SCs were harvested from mice 1,2 and 3 weeks after receiving a second dose of

gx106 L1lRx, administered 6 weeks after the primary immunization, and the numbers of

viable bacteria and total cells recovered were recorded. Not surprisingly, the ISC

suspensions contained higher numbers of cells than cell suspensions prepared from the
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spleens of normal or primed animals, yielding approximately 3x108 cells/spleen' The

IPC yields were also elevated compared to those obtained from mice only receiving the

single dose of L11RX 6 weeks earlier. As early as one day after the second challenge the

IpC yield had increased approximately 3-fold, yielding around 1.5x107 cells from each

mouse. The yields gradually increased to a peak of approximately 3'2xl}7 by the

seventh day after challenge, after which the yields began to decrease (Fig' 3'5)' On

analysis of the number of bacteria recovered from the peritoneal cavities and spleens of

these mice it was observed that the numbers of viable bacteria decreased with time after

challenge, with complete clearance by the third week (Table 3'8)' The functional

capabilities of these cells were then studied'

3.2.3.2InvitroproliferativeresponsesoflsCsandlPCs

IPCs and ISCs were harvested from mice 1, 2 and 3 weeks after the

secondary challenge, aliquots of these suspensions were fractionated on NW columns and

both fractionatod and unfractionated suspensions of IPCs and ISCs were cultured with

FllRX and conA in the presence and absence of NPCs as additional APCs' Three days

later the amount of proliferation was determined by measuring the level of t3Hl-f¿n

incorporated by pulse-labelling during the last 4 hours of incubation. The proliferative

responses obtained wero very similar at the three timepoints examined' The U ISCs'

NW ISCs and NV/ IPCs of these mice usually responded well to conA' although the

response by NW fractionated cells was somewhat variable (Table 3.9). This variation

could be attributed to inconsistencies in the removal of APCs by adherence to NW

(encountered reasonably often) because responses were always restored by addition of

NPCs. In contrast, the responses of UISCs and NWISCs to FllRX were unusually

inconsistent, and similar to those observed with ISCs from mice given only a single dose

of LllRX. [Microscopic examination of the cultures again suggested that the lower

responses were not due to the peak of proliferation occurring earlier than the third day of

culture.l As expected, FllRX induced significant proliferation of NV/ IPCs which was
(¿-çã t*k s%."'*)

increased by the addition or 2x104 Npcsland u IpCs did not proliferare in response ro

a
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FIGURE 3.5 PC yields following a secondary ip challenge of LllRX

PCs were harvested from mice at various times after a second ip dose of 8x106L11RX

andthenumbersofviablecellsrecoveredfromindividualanimalswerecounted.For

each timepoint, the average cell yields per mouse (mean * sem) from at least f,tve mice

are provided.



TABLE3.SRecoveryofbacteriafromthespleensandperitonealcavitiesofmice

given a secondary ip challenge of 8x106 Lt tRX

n The peritoneal cavities of five mice with a secondary infection of L1lRX were washed

out with 5 ml antibiotic free HBSS. Half of each spleen from these mice was also

removed and homogenized in 5 ml of sterile saline. Duplicate 100 pl aliquots of the neat

and diluted samples of the washouts and spleen cell suspensions were plated onto nutrient

agar plates, the numbers of colonies after overnight growth at3l"C wefe recorded and the

total numbers of bacteria recovered were calculated for each suspension' The results are

expressed as the total numbers of bacteria recovered per mouse (mean * sem)' for similar

groups of mice.

Total number of bacteria recovered* from mice

receiving a second ip dose of 8x106 L11RX:

Time after challenge (DaYs)

2lt47Source:

225 + t7

1667 + 98

0+0

233 t21

0t0
0+0

Peritoneal cavitY

Spleen
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TABLE 3.9 Proliferative responses of primed T cells obtained from mice

14 days after a secondary ip challenge of L11RX

# NR: No results are presented because the amount of [3q-1dR incorporated in

repeat experiments was

t76 398 X2094.

n Primed T cells were obtained from the spleens and peritoneal cavities of mice

14 days after they were given a second ip dose of 8x106 Ll1RX and the PCs and

SCs were fracrionared on NW (NW IPCs and NW ISCs), or left untreated (U IPCs

and u ISCs). Mixtures of each cell suspension (2x105 cells/well) with Fl lRX or

ConA were cultured (in quadruplicate) for 3 days at3'7"C, before the proliferation

was measured by the amount of ¡3U1-tdR incorporated (cpm) during the last

4 hours of culture. Typical data are presented with the results expressed aS the

cpm (mean + sem) for each replicate set'

highly variable, ranging from 2372+ 167 to

t3ul-r¿n upÞke (cpm t sem) by Ll1RX secondary

primed T cells* after 3 days of culture with:

1 pglrnt ConA1 pglml Fl1RXT cell source:

417 + 192

123908 + 1336

NR#

NR#

266+ 82

r75 039 + 14 816

324 tr3 + 14238

298 548 + 10 573

U IPCS

NW IPCS

U ISCS

NV/ ISCs
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either Fl1RX or ConA. In other words, all responses detected were comparable to those

observed with cells from mice receiving only a primary dose of LllRX 14 days earlier'

3.2.3.3 IL 2 release by IPCs and ISCs

The ability of these IpCs and ISCs to release n-2 inresponse to 10 pg/ml

of Fl1RX i¡¿ vitro was also measured using the standardlL2 maintenance assay' The

patterns of tL2release detected were similar to those observed using IPCs and ISCs from

mice receiving only one dose of L1lRX (Table 3.10)' Both UIPCs and NWIPCS

rereased considerable amounts of IL 2 and there were no significant differences in the

amounts released at each timepoint examined, whilst IL 2 secretion by ISCs was

undetectable. Hence, secondary immunization of mice with L11RX did not alter the

ability of Iscs obtained from these mice to release IL2 in vito, nor did it appear to

enhance the resPonses of IPCs'

3.2.3.4 Transfer of DTH Reactivity

Another parameter often used to detect the induction of a cell-mediated

immune response is the ability to transfer DTH reactivity' Attridge and Kotlarski

(19S5b) reported that IPCs and ISCs from mice immunized ip or iv with L1lRX could

transfer DTH reactivity to salmonella Ãgs to normal mice' To determine whether a

second dose of LllRX affected the ability of these cells to ffansfer DTH, NW IPCs and

NWISCs from mice given a second dose of LllRX 1, 2 of 3 weeks earlier

(L11RX 2o NW IPCs and ISCs) were used to transfer DTH reactivity to normal mice'

Mixrures of 106 NW IPCs or NW ISCs and 2'5 lteof F1lRX in 50 pl were

injected sc into the left hind footpads of normal mice' Footpad swelling was measured at

24 and48 hours as described by Attridge and Kotlarski (1985b)' In accordance with the

in vítroexperiments, the ability of the NW IPCs or NW ISCs to transfer DTH to FllRX

was not enhanced by the secondary challenge, when compared with cells from mice given

only a primary dose of L1lRX (Fie' 3'6)'



TABLE3.l.0L2releasedbyprimedTcellsharvestedfrommicewithasecondary

infection of L1lRX

* Mixtures of 2x106 U IPCs or U ISCs (harvested from mice at various times after a

secondary ip challenge of 8x106 L11RX) and F11RX in 1 ml volumes' were cultured

overnight af 3JoC and the supernatants harvested. The presence of IL 2 was

determinecl by the ability of these supernatants to maintain the proliferation of 3 day

ConA blasts. The titres of lL 2 were calculated for each suspension as described in

the Materials and Methods and characteristic data are presented showing the units of

IL 2 detected'

Units of lL2released by Ll lRX secondary primed T cells*

after overnight culture with 10 Lrg/ml F1lRX

Time after challenge (DaYs):

2lT47T cell source

204

<4

255

<4

109

<4

U IPCS

U ISCS



FIGURE 3.6 Transfer of DTH reactivity using Ll1RX 2o NW IPCs and ISCs

Mixrures of 106 day 74 L1lRX 2o NW IPCs or ISCs and 2.5 ltg Fl1RX were each

injected sc into the left hind footpads of groups of 3 normal, unimmunized Fl mice

(control suspensions of cells alone and Ag alone were also included). The sizes of the

right and left footpads were measured 24 and 48 hours later and the percent increase in

footpad size was determined in the normal way for each mouse; data presented show the

percent footpad swelling (mean + sem) for each group and are characteristic of the results

obtained on several occasions. Groups of mice recieved:

A: NV/ IPCs + FllRX

B: NW ISCs + Fl lRX

C: NW IPCs alone

D: NV/ ISCs alone

E: FllRX alone

i-
DTHresporrses(at24hours)witlr106IPCsarrclISCsfromllRXpr.irnedanimals

rangeclfi.orn30-407oand15.227o,r.espectively(clatarrotslrowrr).
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3.2.3.5 SummarY

BythecriteriausedtoassessTcellfunction,asecondarydoseof

gx106 LllRx did not induce a more effective popuration of r cells than the population

induced by just one ip dose of LllRX. A possibte explanation for these results was that

the second dose of Ll1RX was killed so quickly that it was handled more like a dose of

killed llRX, reported to induce only an humoral immune response and not r

cell-mediated one (e.g. Rowl ey et a1.,1968; Collins, 1970)' This was supported by the

finding that rhe enhanced PC yields obtained from these mice coincided with the recovery

of live organisms - that once the bacteria were cleared, the PC yields decreased'

Hence, in an attempt to provide a longer lasting live inoculum' which may

be more affective in boosting a cMI response, it was decided to examine the

effectiveness of the normally highly virulent LC5 as the secondary challenge' This

approach was possible because it is well established that infection with LllRX provides

effective T cell-mediated immunity to challenge with LC5 and that LC5 persist in such

mice for a longer time than LllRX (Davies and Kotlarski, 1974 and 1976)'

3.2.4 Secondary immunization with live S' typhimurium C5

3.2.4.1 Numbers of IPCs, ISCs and bacteria recovered

If secondary infections were able to induce a more effective responding

population of T cells, practical considerations demanded that this had to be achieved in

no more than 6 weeks. Therefore, it was decided to challenge mice with virulent LC5

organisms3weeksaftertheprimaryinfection,whenmicewerestillinan''active''state

(Phase 1) of immunity. Mice used in these experiments were immunized ip with the

standard dose of 105 L11RX. A range of doses of Lc5 were used to determine the

maximum nonlethal dose which could be administered ip 3 weeks after a primary

immunization with L1lRX and it became evident that a maximum of 3x104 LC5 could be

used without killing the recipients'

ThefateoftheLC5organismswasfollowedtoestablishtherateof
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clearance of bacteria from the peritoneal cavity and spleen. Up to 3 weeks after the

challenge significant numbers of viable c5 could still be recovered from these two sites'

demonstrating the increased persistence of the LC5 in comparison to a secondary dose of

L1lRX(Table3.1l).Thecellyieldsrecoveredfromthespleensandperitonealcavities

were also recorded. Approximately 3x108 cells were harvested from each spleen at the

various timepoints. After challenge with Lc5 the Pc yields gradually increased to

approximate ly 4.2x107 cells by day 7 and, unlike the yields from mice with a secondary

Ll1RX infection, this level was maintained up to day 2l and corelated with the

maintenance of C5 infection (Fig' 3'7)'

3.2.4.2 Protiferative responses of ISCs and IPCs

NWfractionationofIPCsandISCsfromLllRX-immunizedmice

challenged with LC5 established that the secondary challenge did not result in any

increase in nonadherent cell yierds. Nevertheress, both fractionated and unfractionated

cells were assessed for their ability to proliferate in response to F1lRX and ConA' using

the established procedure of measuring proliferation after 3 days of culture by the amount

of ¡lgr-ruR taken up during a 4 hour pulse with radioactive thymidine' Three repeat

experiments using cells harvested 1, 2 and'3 weeks after C5 challenge established that the

proliferative responses of these cells did not alter with time after challenge and that they

were no more responsive than the IpCs or ISCs harvested after a primary dose of L1lRx'

that NW fractionation of ISCs again yielded cells which were somewhat variable in

response and that U IPCs still did not proliferate in response to F|1RX or ConA' The

results of one of these experiments is presented in Table 3'12'

3.2.4.3 IL 2 release

IPCs and ISCs obtained from mice challenged with Lc5 3 weeks after

immunization with Ll1RX were also tested for their ability to release Il-2 \n response to

invítro culture with FllRX, using the standardll-2 maintenance assay to detect IL2'

This experiment was repeated three times, using cells harvested 1' 2 and 3 weeks after



TABLE 3.11 Recovery of c5 from the peritoneal cavities and spleens of L11RX

immunized mice given a secondary ip challenge of 3x104 LC5

* At various rimes after challenging LllRX immunized mice with a secondary dose of

LC5, the mice were sacrificed and their peritoneal cavities washed out with 5 ml

antibiotic free HBSS. The spleens were also removed from these mice and half of

each was homogenized in 5 ml of sterile saline. Duplicate 100 pl aliquots of neat and

diluted samples of both the washouts and spleen homogenates wele plated onto nutrient

agar plates and the number of c5 colonies were recorded after overnight incubation at

370C. Typical data are presented showing the total numbers of c5 recovered

(mean * sem) from the spleen and peritoneal cavity of each group of similar mice'

Total number of C5 recovered* from mice receiving

a secondary ip challenge of 3x104 LC5:

Time after challenge (DaYs):

2Tt47Source:

2010 r 65

6143 !209

1586 t 101

6400 + 315

2201 + tzl

8550 + 623

Peritoneal cavitY

Spleen
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FIGURE 3.7 PC yields following secondary ip challenge with LC5

PCswereobtainedfrommiceatanumberoftimepointsafterasecondaryipchallengeof

3x10a LC5 and the yields of viable cells were recorded' At least 5 mice were examined

at each timepoint and the cell yields from individual animals (mean I sem) are presented'



TABLE 3.12 Proliferation of T cells obtained from mice with a secondary ip

infection of C5

# NR: No results ale presented due to the inconsistencies in the responses

observed in repeat experiments, with the amount of ¡3u]-TdR incorporated

ranging from 5097 + 109 to 298 316t. 9823 cpm'

* Primed T ceiis were obtained from the peritoneal cavities and spleens of mice

given a secondary ip challenge of 3x104 LC5 t4 days earlier and fractionated on

NW (NW IPCs and NW ISCs), or left unffeated (u IPCs and u ISCs)' Each cell

suspensionwascultured(inquadruplicate)withFllRXorConA

(2x105 cells/well) for 3 days at 37"C, before measuring the amount of

proliferation by the t3gl-r¿n incorporated (cpm) during the last 4 hours of the

incubation. Data from one of several reproducible experiments are presented'

with the results expressed as the cpm (mean + sem) of [3H]-TdR incorporated for

each quadruPlicate set.

l3Fll-f¿n uptake (cpm t sem) by LC5 secondary

primed T cells* after 3 days of culture with:

1 ¡rg/ml ConA1 pglml F1lRXT cell source:

207 t55

265 452+ 9440

NR#

NR#

212!42

212 612 + 5301

309 821 !9043

242298 + 3978

U IPCS

NW IPCS

U ISCS

NW ISCS
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cha'enge with Lc5. consistent with the resurrs previousry obtained with IPcs and ISCs

of mice given one or two doses of LL 1RX, quite large amounts of TL 2 were released by

Ipcs whitst no IL 2 release was detected from ISCs and this appeared not to change

significantly with time after challenge with LC5' The results of one experiment are

shown in Table 3.13.

3.2.4.4 Transfer of DTH reactivity

NW Ipcs and NW ISCs harvested from mice ar different timepoints after

secondary infection with LC5 (LCs 2'NW IPCs and ISCs) were also used to transfer

DTHtonormalmice.Fourseparateexperimentswerecarriedoutwithcellsharversted

1,2 or 3weeks after infection, using an identical experimental design' Mixtures of

106 Nw Ipcs or NW ISCs and2.5 pg FllRX in 50 ¡rr were injected sc into the left hind

footpad of groups of 3 mice and the amount of footpad swelling was measuted24 hours

later, in the usual way. The responses elicited were explessed as an average of the

percentage change in size of the left hind footpad when compared to the right' control

hind footpad. DTH was transferred with both cell types and the levels of reactivity

measured were very similar to those obtained with NW fractionated cells of mice injected

once or twice with L1lRX. Data obtained from one experiment using cells harvested

2 weeks after LC5 challenge are shown in Fig' 3'8 and arc representative of the data

obtained for all this series of experiments'

3.2.4.5 SummarY

Secondary immunization with live Salmonella did not enhance the invitro

or in vivoresponsiveness of IpCs or ISCs to Salmonella Ags nor provide higher yields of

unfractionated or nonadherent IPCs than those obtained from mice given a primary dose

of 105 LllRX 14 days earlier (D 14 IPCs). Hence, for convenience, D 14 IPCs were

routinely used to provide the T cells needed to assess the in vitro actlvity of APCs'



TABLE 3.13 IL 2 released by primed T cells harvested from L||RX immunized

mice given a secondary ip challenge of 3x1041-C5

# Three weeks after a primary ip immunization with 105 L1lRX' mice were

challenged ip with 3x104 LC5. The PCs and SCs were harvested from these mice 7'

14 and 21 days after receiving the secondary challenge and examined for their ability

to release IL 2.

* Zxl06 LCs 2" U ISCs and U IPCs (used as a source of primed T cells) were cultured

in a 1 ml volume with FllRX overnight, and the presence of IL 2 in the cell free

supematants of these cuitures was studied by testing their capacity to maintain the

proliferation of 3 day conA blasts. The arbitrary units of IL 2 released were

calculated for each suspension as described in the Materials and Methods and a

summary of one set of results is presented'

Units of ll--Zreleased by LC5 secondary primed T cells*

after overnight culture with 10 pglml FI lRX

Time after challenge with C5 (Days)#:

2Tt47T cell source

151

<4

250

<4

96

<4

U IPCS

U ISCS



FIGURE3.sTransferofDTHfeactivitywithLC52oNwIPCsandISCs

Mixtures of 106 LCs 2o NW IPCs or ISCs and,2.5 pg FllRX were transferred in

50 pl volumes to the left hincl footpads of groups of 3 normal Fl mice and the amount of

fooçad swelling measured 24 and 48 hours later. [The normal controls were also

included.l The percent (mean * sem) of footpad swelling was calculated for each group

in the usual manner and typical results are shown for mice receiving:

A: NW IPCs + F1lRX

B: NW ISCs + FllRX

C: NW IPCs alone

D: NW ISCs alone

E: F1lRX alone
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3.2.5 Removal of APCs from D 14 IPC suspensions

To use T cells of D 14 IpCs for assessing APC activity it was necessary to

develop a protocol for removing APC function from these cell suspensions' The

experiments already described had established that NW fractionation yielded T cell

preparations with limited APC activity, but clearly further purification was still required'

Besides adherence, the other characteristic of many APCs is their ability to express

class tr MHC (Ia) molecules. consequently, treatment of the plastic or NW

nonadherent cells with an a-Ia MoAb and C is commomly used to deplete the APC

function of lymphoid cell suspensions. This approach was also used to treat nonadherent

IPC populations, which wefe then tested for their ability to respond to Fl1RX and ConA'

NW or plastic fractionated IPcs were incubated with ü-Ia (1 in 10 final

dilution) and c (1 in 20 final dilution) for one hour at37oc. The cells were then washed

and adjusted to the required concentration and cultured with 1 pglml FllRX or ConA for

3 days at 3|oCwhen the amount to T cell proliferation was measured using the standard

established procedures. Although some variation was obtained from experiment to

experiment, differences in the efficiency of removal of APC activity were observed with

the treatments used (Table 3.14). clearly, removal of adherent cells by passage on N\il

for one hour at 37oC, followed by g-Iad + C treatment provided a reasonably efficient

removal of ApCs from D 14IpCs, as assessed by the ability of NPCs to restore their

responsiveness to both F11RX and conA (supported by vordermeier and Kotlarski'

1990).

ThiswasconfirmedbycomparingtheabilityofFllRXtoinduce

proliferation of NW IPCs treated with *-Iad + C when cultured together in flat- and

round-bottomed wells. Various numbers of these cells' ranging from

to4-txt05cells/well(inquadruplicate)weleincubatedwithFllRXinflat-and

round-bottomed trays for 3 days at 37uC before measuring the proliferative responses

induced. Control, replicate cultures which contained 2xl0a NPCs/well to provide an

additional source of Apcs were arso incruded. The data obtained (Table 3.15) indicated

that, as might be expected for the dose range of IPCs used, APC function was more



TABLE 3.14 Purification of primed T cells

# D l4lpCs were fractionated in va¡ious ways in an attempt to purrfy the T cells and remove the bulk of the APC activity' Initially, a

large propofion of the adherent cells were removed by incubating the cells on plastic petri dishes or NW columns for I hour af 37oc'

The nonadherent cells were harvested and subsequently treated or not with o-Ia and C for I hour at 37oC'

* 
105 fractionated IpCs were mixed with FIlRX or conA in the presence or absence of NPcs and incubated in a 96-well flat-bottomed

tray at 37"C for 3 days (each "mix,, was set up in quadruplicate). The proliferative responses were assessed by measuring the amount of

t3Hl-TdR (cpm) raken up by the cells during the hnal 4 hours of culture and the results expressed as the cpm (mean + sem) for each

t25 958 + 8225

75 81r + 3133

101 568 t 10 985

1.469 + 234

r42 467 t 10 230

107 355 t 4889

103 450 + 6439

45 837 + 4276

148 061 + 15 630

74 3r3 + 3251

86 408 + 5541

11 398 +2994

tr4 828 + 8559

r29 629 + 3497

84 146!3478

II4 464+ 4230

++

Piastic

Plastic, cr-Ia + C

NW

NW, a,-Ia + C

Fractionation#

-TdR uptake (cpm + sem) by primed T cells* after 3 days of culture with:
t3Hl

1 pg/ml ConA + 2xl0a NPCs
1 pglml F11RX l:2xl}a NPCs

quadruplicate set.



TABLE 3.15 Proiiferation of purified, primed T cells in round- and flat-bottomed trays

* Varying numbers of NW. s-Ia + C IPCs were mixed with FI lRX (1 pg/ml) and cultured in the presence and absence

of Npcs (in quadruplicare) i' either a g6-well t-lat-bottomed or round-bottomed tray for 3 days. before proliferation was

measured by the amount of [aq-r* incorporated (cpm) during the last 4 hours of incubation. Results are expressed

as the cpm (mean + sem) of t3Hl-r¿n incorporated for each quadruplicate set'

2111 !1355

t131 + 231

4M!91

202+ 62

r49 096!6103

54 608 + 2918

61 484 t 6093

11491 !2586

29 821 + 1910

t7 521t24

8085 + 909

592+ 98

85 886 !269

52 052 + 536

40 191 I 3118

41 887 !1344

+ NPCS- NPCs+ NPCs- NPCs

105

5x104

2xl0a

104

No. cells/well

Round-bottomed traYs
Flat-botton-red traYs

[3H]-r¿n uptake (cpm t sem) by primed T cells*

after 3 days of culture with F11RX I 2xl0a NPCs in
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limiting in flat-bottomed than round-bottomed wells. At the lowest cell dose used' no

proliferation was induced in either set of cultures unless APCs were added las NPCs], but

with doses ranging from 2x10a-1x105 cells/well significant responses were detected in

round-bottomed wells, even in the absence of NPCs. This indicated that some APCs

wefe still contaminating the T cell population' Presumably' APC activity' although

limiting, was expressed more efficiently when IPCs were cultured in round-bottomed

wells because the chances of the required cell-cell contacts being made were greater'

Similar contacts in flat-bottomed wells evidently required larger numbers of cells or

additional NPCs. However, the response observed when 105 T cells cultured in the

round-bottomed trays (in the presence of NPCs) was smaller than that by the same

number of T cells (when APCs were present) cultured in the flat-bottomed trays and was

probably due to the peak of proliferation occurring earlier (in the round-bottomed trays)

than the third day of culture, as a result of the increased cell-cell contact in the rounded

wells

3.2.6 Analysis of ApC depteted IPCs following immunofluorescent labelling

NW fractionated and cr-Iad + C treated IPCs were labelled with

immunofluorescence using the indirect method to further analyse the cell composition of

this suspension and to determine which T cell types were present' This experiment was

done on three separate occasions and the results obtained were quite reproducible' To

label the cells they were incubated with a-Thyl'2, g,-L3T4, g,-Lyt22' cx'-Iad or cr-H-2d

MoAbs, folowed by incubation with the sHAM-FITC (as described in the Materials and

Methods). Fig. 3.g tA-Fl illustrates that most of the fractionated IPCs were

ThyI.2+ cells of the L3T4+ phenotype, that detectable numbers of Lyt2'2+ T cells were

also present and that very few contaminating Ia+ cells remained in the population'

Hence, NW fractionation followed by treatment with g-Iad + C appeared to provide a

satisfactory protocol for the plepafation of reasonably pure populations of T cells' which

could be used for analysing the Ag presenting capacity of various APC populations'

From now on these cells will be referred to as purified, primed T cells'



FIGURE 3.9 FACScan analysis of purified, primed T cells

NVy', cr-Ia + C treated IPCs were indirectly labelled with immunofluorescence, using

cr-Thyl.2 (B), cr-L3T4 (C), a-Lyt2.2 (D), ct-Ia (E) and a-H-2K (F) as the primary Abs.

Cells incubated with PlBlA for the first hour were also included as a negative control (A).

All groups were then incubated with the SHAM-FITC secondary Ab for t hour ar 4oC in

the dark and the fluorescence intensities of these populations obtained by analysis on the

FACScan are presented in Fig. 3.9 tA-Fl.
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3.2.TPhenotypeoftheTcellsproliferatinginresponsetoFllRx

Two different approaches were used in these studies' The first involved

Ag-activated T cells and was reproduced on several occasions' Purified' primed T cells

were cultured with F1lRX and NpCs for 3 days at 37oC. On the third day of culture, C

(1/20 final dilution) + MoAbs (1/10 final dilution) specific for markers expressed on all

T cells or particular T cell subsets were added to four replicate cultures at 37oC one hour

priortopulse-labellingwith[3H]-tdR,usingthestandardmethod.Representativedata

from one such experiment (Table 3.16) indicate that the ceils responsible for the majority,

if nor all of the proliferation in response to Fl1ttx and NPCs expressed the phenotype

Thy1.2+, L3T4+. [Control suspensions incubated with the various MoAbs alone showed

similar responses to untreated cultures and cultures incubated with c alone (data not

shown).1 Additional results, included in the paper by Kotlarski et al' (1989)' also

showed that the bulk of this response was class II MHC (I-A) restricted. Although

treatment with cr-ThyI.2 and c almost completely abolished the proliferative response'

treatment with cr-L3T4 and C (or a-L3T4, a-Lyt}'2 and C) did not reduce the response

by the same amount, suggesting that a double negative T cell population (possibly

yõ T cells) may have been induced to proliferate in these cultures' Possible explanations

for this will be discussed in Chapter 7'

The second approach was to test the effect of adding cr-Ia MoAbs to

cultures of these cens and F11RX. This experiment was repeated twice and was carried

out using the following design. A range of doses of NPCs were cultured with purified'

primedTcellsfor3daysinthepresenceofincreasingamountsofFllRX,withand

withour the addition of a-Ia. All cultures were then pulse-labelled with [3H-TdR and

the proliferation induced was msasured in the usual way' The results were quite

reproducible and only set are afe shown (Table 3.I7)' In the absence of Cr-Ia' the

optimal response was observed with 1 ¡rg/ml Fl1RX in the presence of 2x104 NPCs, with

reduced responses to higher and lower doses of Fl1RX and NPCs' Addition of cr-Ia at a

finaldilutionofl/l0,completelyblockedalloftheseresponsesapartfromtheresponse

of IPCs cultured with 100 pglml FllRX in the presence of 2x105 NPCs' Furthermore' a



TABLE 3.16 Phenotype of the cells proliferating in the LllRX purified' primed T cell

suspensron

* NW, cr-Ia + C IPCs (105) were cultured with NPCs and F1lRX for 3 days' before

measuring rhe amount of proliferarion by the t3Hl-r¿n incorporated (cpm) during the

final 4 hours of culture.

# prior to pulsing with the [3g]-tdR, diluted mixrures of the MoAbs (1/10 final) and c

(1/20 final) or C alone (1D0 final) were added to 4 replicate cultures and the tray

incubated for t hour at 37oC. Presented are the results of a representative experiment

showing the cpm (mean t sem) for each replicate set'

t3rrl-r¿n uptake (cpm + sem) by purified, primed T cells*

s of culture with 2x10a NPCs and 1 ¡rg/ml F11RX:after 3 dayTreatment#

52 0r5 t3lr7

48 183 + t371

t526+ 139

t6 678 ! 1217

41 990 + 1019

11 804+ 1151

None

C alone

cr-Thyl .2 + C

cl-L3T4 + C

a-Lyt2.2 + C

u-L3T4, a-LYt2.2 + C



TABLE 3.17 Effect of a-Ia in culture on the proliferation of Ll1RX primed T cells

100l00.1 1

3525 !382

57 189 t 2781

23t !48

315 t62

5561 l9

451 + 38

1189 t 465

19 620+ 1259

538t2

4t 62t t3993

126081 !428r

369 +39

586 + 108

3187 +217

&8!76

7053 ! 523

62 592t2'7t2

19 rll + 2688

t2178! 1399

Bj Z6t + 4434

t] 852+ 832

113 + 126

2496!264

4629 x 156

3136 !331

2978s r 1598

60981 t2584

4914+ 825

2',7 937 + 629

66310t794

617 !71

1738 + 185

56 898 + 2Ml

4880 + 313

2t t97 t 3987

98 190 +2657

2x103

2xl0a

2x 105

2x 103

2xl}a

2x105

2x 103

2xl}a

2xl0s

No. NPCs

(/well)

1/10 diln

1/100 diln

None

o-Ia in

culture

FIlRX (pg/ml):

t3gl-ron uphke (cpm + sem) by primed T cells* after 3 days of culture

with NPCs and FllRX in the presence or absence of cr-Ia MoAb:



* 2x105 NW, cr-Ia + c Ipcs were mixed with varying amounts of FllRX and NPcs and loaded into a 96-well

flat_bottomed ray. Appropriately diluted s-Ia MoAb or curture medium, were added to each of these mixtures in

quadruplicate and cultured for 3 days, before the amount of proliferation was determined by measuring the

incorporation of [3H1-TdR (cpm) and results expressed as the cpm (mean + sem) for each quadruplicate set'
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1/100 dilution of the cr-Ia did block the response induced by Fl1RX in the presence of

2xlF3NpCs, whilst the responses induced by 2xlÚ NPCs were only partially blocked by

a l/100 dilution of the cr-Ia and the responses induced by 2x105 NPCs in the presence of

1, 10 and 100 pg/ml of F1lRX were actually enhanced. This finding was consistent with

the observarions of Matis et al. (1983) that the amounts of antigenic determinants and

MHC molecules available for presentation to T cells determine the magnitude of the

response induced (this will be djscussed in more detail in chapter 7)'

3.2.g Effect of depleting Lyt 2+ T cells on proliferative responses of IPCs

Because the T cells induced to proliferate 'üere of the L3T4+ phenotype' it

was possible to carry out experiments to determine whether the inability of U IPCs to

proliferate was caused by the presence of Ag-specific, suppressor T cells' There have

been several reports which demonstrated the induction of Lyt2+lCDï+ suppressor T cells

following infection with Mycobacteria (eg. Collins and Watson' 1979; Turcotte' 1981)'

In addition, stimulation of peripheral blood adherent cells with Mycobacteriø causes the

production of a suppressor cell activating factor which activates cD8+ suppressor T cells

that inhibit lymphocyte proliferation and LK production (Wadee et al'' 1980 and 1983;

Wadee and Rabson, 1981). More recently, Sussman and Wadee (1991) also

demonstrated that following activation with mycobacterial components in vitro

CDg+ T cells released a suppressor factor which inhibited lymphocyte blastogenesis'

Therefore, it was possible that a similar mechanism was acting in the Salmonella system

and removal of the Lyt2.2+ T cells prior to invitro culture' would clarify this point'

Accordingly,UlPCswerepreparedfrommice14daysafterLllRX

immunization and ,were treated with c and MoAbs specific for various T cell markers

prior to culrure with Fl1RX or conA. Treatment with cx'-Thy I'2 or g-L3T4 and c was

carried out simply as a control, since cells expressing both these markers ale normally

responsible for the proliferation induced by FllRX (and ConA)' After three days' the

amount of proliferation was measured by the uptake or t¡gl-rdR in the usual way'

Table 3.18 clearly illustrates that removal of various T cel| populations had no effect on



TABLE 3.18 Investigation into the presence of Lyt2'2+ "suppressor" T cells in U IPC

suspensions

* Mixtures of 2x105 u IPCs and FllRX or conA in the presence and absence of

2xl0a NpCs were incubated in a 96-well flat-bottomed tray for 3 days aï- 3'7oC' On the

third day the proliferation was measured by the amount of ¡3gr-tOR incorporated (cpm)'

# prior to culrure, appropriately dilured mixtures of MoAbs (1/10 final) and C (1/20 final),

or C alone (1¡20 fina1), were added to aliquots of the U IPC suspensions at 107 cells/ml'

mixed thoroughly and incubated for t hour rl3'7"C' Each suspension was cultured in

quadruplicate and representative data are provided showing results expressed as the cpm

(mean + sem) for rePlicate set.

t3gl-ron upmke (cpm + sem) by U IPCs* after

3 daYs of culture with:

1 pglml FllRX t NPCs 1 pg/ml ConA t NPCs

++Pretreatment#

323 + 21

265 Xr3

2t0 + 34

3r4 + 53

297 !27

299 + t2

212+ 24

299 + t7

359+ 4I

243+ 19

267 !34

301!22

245 + 54

212!23

3r3 !28

245 ! 42

343!33

280+ 64

298 + t4

310 + 30

None

C alone

cr-Thy1.2 + C

o-L3T4 + C

a-Lyt2.2 + C
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the proliferarive response of u IPCs. Therefore, the inability of u IPCs to proliferate in

response to antigenic or mitogenic stimuli in vitro was not likely to be due to the presence

of ,,classic al,, Lyt|+ suppressor T cells. Similar results were obtained with U IPCs from

mice receiving two doses of LllRX and mice receiving a dose of LllRX followed by

challenge with LC5. Pretreatment with C and MoAbs specific for the Lyt2 marker of

T cells did not render these cells responsive to either FllRx or ConA (Tables 3'19 and

3.2O).

3.2.g Immunogenicity of LlRX flagellin

A preparation of flagellin extracted from llRX organisms and purified

usingstandardmethodswastestedforitsabilitytostimulateLllRXprimedTcells.

This was done to assess the usefulness of this protein for detailed studies of the Ag

processing and presentation by various APCs, where a well defined Ag would be very

useful.

Accordingly, purified, primed T cells were cultured with a range of doses

ofllRXflagellininthepresenceandabsenceofNPCsandtheamountofproliferation

induced was measured on the third day of culture (Tabte 3.21). Littlo or no proliferation

was detected in the absence of NPCs even when F1lRX was used as Ag' HOwever' in

the presence of NPCs a significant response to FllRX was observed as expected' whilst

little response to the flagellin preparation was observed unless 100 pg/ml was used' a

dose so high that it seemed likely that the proliferation had been induced by a minor

contaminant in the flagellin preparation. The rationale for this interpretation is as

follows. A concentration of 10 pg/ml of S1|RX induces maximum proliferation of

primed T cells and the immunogenic component of this preparation resides in the low

molecularweightfraction(16-18kDa;VordermeierandKotlarski'1990)'which

fepresents only a minor proportion of the s11RX pfeparation' It follows' that a

concentration less than 10 pglml of a purified protein, like 1lRX flagellin' should induce

maximum T cell responses. Accordingly, the lesponses observed with 100 pg/ml of

1lRX flagellin were attributed to small amounts of contaminating low molecular weight



TABLE 3.19 Examination of the presence of the Lyt2'2+ "suppressor" T cells in the IPC

suspensionsobtainedfrommicewithsecondaryLllRXinfection

* 2x105 u Ipcs were mixed with conA or FllRX in 96-well flat-bottomed trays and

cultured for 3 days aL3Joc,before measuring the proliferation by the uptake of t3Hl-TdR

in the final 4 hours of culture'

# Before culture, combinations of the T cell specific MoAbs and C, or C alone, were

added to aliquots of u Ipc suspensions (107 ce[s/ml) and incubated for I hour 
^t 

37oC-

Results expressed as the cpm (mean + sem) were calculated for each group of treated

cells and a representative set ofdata are provided'

t3ffl-f¿n upÞke (cpm t sem) by LllRX secondary

U IPCs* after 3 daYs of culture with:

1 pglml ConA1 pgiml Fl1RXTreatment#

4r1 ! 192

201 + 32

238 t 80

273 + 87

21d, + 42

266+ 82

295 + 46

r53 !46

26t + 58

r54!34

None

C alone

cr-Thy1.2 + C

a-L3T4 + C

a-Lyt2.2 + C



TABLB 3.20 Investigations into the existence of Lyt2'2+ "suppressor" T cells in IPCs

harvested from mice with a secondary C5 infection

* 2*105 LC5 2"U IPCs were mixed with FllRX or ConA in a 96-well flat-bottomed tray

(in quadruplicate) and incubated for 3 days af 3'1"c, before the proliferation was

measured by the uptake of [3H]-TdR (cpm) during the final 4 hours of culture'

# prior to being cultured, mixtures of T cell-specific MoAbs (1/10 final) and C (U20

final), or C alon e (U20 final), were added to aliquots of the U IPC suspensions

(107 cells/ml), the tubes shaken and incubated for t hour aÏ' 37oC' Typical results

expressed as rhe cpm (mean t sem) of ¡3gr-t¿R incorporated by each replicate set are

presented.

[3FI]-r¿n uptake (cpm + sem) by LC5 secondary

U IPCs* after 3 daYs of culture with:

1 pg/ml ConA1 pg/ml Fl1RXTreatment#

207 + 55

764t25

r54!3r

t7r + 34

r47 !24

272+ 42

20r !26

195 t 40

208 + 59

t51 + 20

None

C alone

cr,-Thy1.2 + C

g-L3T4 + C

a-LytZ2 + C



TABLE3.2lImmunogenicityofllRXflagellinforLllRxprimedTcells

* 2xI05 purified, primed T cells were cultured in quadruplicate with FllRX or

11RX flag (#: 11RX flagellin) in the presence and absence of NPCs for 3 days a't'3loc

before the proliferative response was determined by measuring the amount of

t3rrl-r¿n incorporated (cpm) during the final 4 hours of culture. For each cell-Ag

mixturethecpm(mean+sem)wascalculatedanddataillustratingacharacteristic

response are Presented.

t3Hl-r¿n uphke (cpm + sem) by primed T cells* after

3 days of culture with Salmonellae Ags + 2xl0a NPCs

+ NPCs- NPCsAg concuAg

1135 t 115

606!31

1054+ 201

5716! 416

t6 453 + 3728

6s58 t 2519

3567 + t27

8523 + 836

58 531 t 4035

83 781 !3479

0.1

1

10

100

1

1lRX flag#

F11RX
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pfoteins present in the llRX flagellin preparation (see Fig' 2'1)' The IL 2 released by

Ipcs stimulated with flagellin was also measured using the standard technique' Neither

u IPCs nor NV/ IPcs released any detectable levels of IJ-2in response to 1lRX flagellin

(data not shown).

Another parameter used to assess the immunogenicity of the preparation

was its ability to elicit DTH reactivity in immunized mice' 10 pg of 1lRX flagellin or

S l1RX was injected sc into the left hind footpad of groups of five normal mice and five

mice which had been immunized with LllRX 2-3 weeks earlier' The hind footpads

were meas ured24and 4g hours later and the percentage footpad swelling was determined

as previously described. Fig. 3.10 presents the amount of swelling elicited by these Ags'

SllRXelicitedsignifrcantDTHreactivityintheimmunizedmice,withapeakat

4g hours, whilst the flagellin elicited much less swelling, further emphasizing the fact that

1lRX flagellin preparation was not immunogenic enough to be useful for further studies'

Since no orher well defined Ags of 1lRX were available, the studies which could be done

to anaryse the Apc function of pcs of 11RX immunized animals were severery restricted.

Another Ag which was initially considered for use in these studies was S1lRX' but was

rejectedfortwomainreasons.First,anunusual''inhibitory''effectofSllRX,

manifested as abolition of a proliferative response of normal SCs cultured with conA and

a standard dose (10-20 pg/ml) of s1lRX, has been derecred quite consistenrry (Kotlarski

et al. wpublished), and second because the major T cell stimulatory activity of sllRX

was associated with a minor proportion of the total protein present in the S1]RX

preparation (vordermeier and Kotlarski, 1990). obviously, a purified preparation of the

peptides present in the 16-18kDa region of SllRX would have been useful' but the

quantities of this Ag needed were not availabre before these studies were completed.

Accordingly, whole killed (and live) organisms were used as the stimulating Ags'

Summary and conclusions3.3

These stutlies established that ip immunization of mice with L11RX
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FIGURE 3.10 DTH reactivity induced by 1lRX flagellin

Groups of five normal mice and mice ip immunized with 105 LIlRX 2-3 weeks earlier

wereinjectedscwithl0pgofsllRX(A)orllRxflagellin(B)inthelefthindfootpads

and the right and left fooçads were measured 24 and4g hours later. The percent footpad

swelling (mean + sem) was calculated for each group, with respect to the size of the right'

uninjected footpad and representative data from one of four experiments are provided'
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induced Salmonella-specific T cells in the peritoneal cavity and in the spleen' However'

on further analysis it became evident that spleen cells did not provide the best source of

primedTcells,becausetheycouldnotbeinducedtoreleasedetectableamountsoril-2

and their proliferative response to FllRX was highly variable' The effect of secondary

infection with Salmonella was investigated and revealed no enhancement of the

responsiveness by T cells recovered from the peritoneal cavity or spleen' However'

secondary infection did induce an increase in IPC yields to levels similar to those induced

early after primary infection. Increased IPC yields were maintained following secondary

infection with Lc5 but not LllRX and correlated with the persistence of bacteria' It was

concluded that D 14 IPCs would provide a reliable source of primed T cells'

A protocol for preparing T cells with little or no APC function was also

developed. NW fractionated, cr-Ia and C neated IPCs showed minimal proliferative

fesponses to Fl1RX or conA in the absence of Npcs and consisted of mainly T ce[s, as

indicated by the FACScan analysis. Furthermore, since both L3T4+ and Lyt2'2+ T cells

were present, this population was likely to contain cells specific for Salmonella A'gs

presented in association with both class I and class II MHC products' if such Ag

presentationdidoccurinvivo.Inotherwords,thesepurif,redsuspensionsofD14IPCs

seemed satisfactory for assessing differences in the Ag presenting capacity of various

APC poPulations.
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CHAPTER 4

ACTIVITY OF APCS FROM NORMAL MICE AND MICE

IMMUNIZ,F,D WITH LllRX

Introduction4.1

ImmunizationofmicewithLllRXhasbeenshowntoinducebothcellular

and humoral immune responses (Rowley et a1.,1968), whilst immunization with Fl1RX

induces only an humoral immune response (collins, 1970)' obvious explanations for

this difference incrude the possibilty that antigenic determinants crucial for the induction

ofCMlmaybedamagedduringthepreparationofthekilledbacterialvaccineorthat

Apcs ,,handle" or process live IBPS differently from killed ones' until recently the

explanation favoured by most was that the MHC coded molecules involved in the

presentation of the bacterial Ags to the immune system determined the type of response

elicited. This interpretation was based on rhe generally held view that Ag presentation in

association with class I MHC products favoured induction of T cells able to mediate cMI

responses (Te cells), whereas presentation of Ag complexed to Class II MHC products

resulted in induction of Th cells (reviewed by Fitch, 1936). This view is no longer

tenable and alternative explanations for differences in the immunogenicity of IBPs must

be considered. An attractive alternative is the possibility that live bacteria modulate

Apc function in such a way that they are able to stimulate celular as well as humoral

immune rcsponses. In support of this possibility, it has been reported that BCG infection

does modulate APC activity of mouse PCs, as determined by their enhanced ability to

induce Te cells (Meltzer and Oppenheim' 1977;Brltz et aI'' 1982)'

To investigate whether infection with L1lRX did induce modulation of

ApC function, PCs were harvested from mice immunized ip with 105 L11RX 1-3 days
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earlier (D 1-3 IPCs) and their APC activity was compared with that of Pcs obtained from

normal mice (NPCs). This period after immunization was chosen for study because

Ashley and Kotlarski (1982) feported that CMI n Salmonella Ãgs was detoctable

2-3 days after ip infection with L11RX'

4.1.1 Outline of experimental approaches used

The Ag presenting capacity of these PC suspensions was studied by

analysing their ability to stimulate LI lRX primed T cells to proliferate in vi¡o in

fesponse to specific Ags and to induce primary allogeneic responses in vitro' Purified'

L1lRX primed T cells, obtained by treating Nw D 14 IPCs with cr-Ia and c' were

cultured for 3 days with the various APCs in the pfesence of specific Ags (in

quadruplicate), before determining the proliferation induced by measuring the amount of

t3Hl-r¿n taken up during the final 4 hours of culture. The cpm (mean t sem) of

t3ffl-1'¿n incorporated by the cells was calculated for each replicate set. To study the

ability of all four PC populations to induce a primary MLR, each F1 PC population was

incubated in quadruplicate for 5 days (unless stated otherwise) rt37"Cwith an allogeneic

T cell population, obtained by NV/ fractionating the MLNCs harvested from normal

BALB/C,C5]BLl6orCBAmice.Againtheproliferationinducedwasdeterminedby

measuring the ¡3g1-tdR taken up by each population during the last 4 hours of culture

and results expressed as the cpm (mean * sem) of ¡3g,-td* incorporated' Measurement

of cytotoxicity generated by culture of allogeneic populations was accomplished by

incubating these "effector,,cells with Slcr-tabelted target ceils (atratios of 25..1,5:1 and

1:1, in quadruplicate) for 4 hours at31oc,before measuring the amount of 51Cr released

into the supefnatants. Results are expressed as the percent cytotoxicity (mean * sem) for

each quadruPlicate set.

Tocharacterizethephenotypeoftherespondinglymphoidcells,MoAb

and c depletion techniques were employed. To define the cells induced to proliferate'

T cell-specific MoAbs (1 in 10 final dilution) and c (1 in 20 final dilution)' or c (1 in 20

final dilution) alone were added to 4 replicate cultures which were incubated for t hour at
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37oc before being pulsed wirh [3H]-TdR. To characterize cytotoxic cells, MLR blasts,

generated in 1 ml bulk cultures in Z4-well trays' were adjusted to 107 cells/ml and

incubated for t hour at3l"cwith the MoAbs (1 in 10 finar dilution) and c (1 in 20 final

dilution), or C alone (1 in 20 final dilution), before incubating them with Slcr-labelled

PSl5.ThesestandardprocedureswereemployedtoassesstheAPCactivityofthefour

PC suspensions studied and any exceptions are noted in the text' Each type of

experiment was carried out at least three times and data shown afe representative of the

results obtained.

Results

4.2.1 Cell proflrtes of NPCs and day L-3IPCs

(BALB/cxC57BL!6)Flmicewereinjectedipwithapproximately

105 Ll1RX and the cellular composition of PCs harvested l, 2 ot 3 days later (D 1,2 ot

3IPCs)wascompafedwithNPCssuspensions.Themostobviouseffectofipinfection

with L1lRX was the marked increase in PCs that could be recovered from the peritoneal

cavity (Table 4.1).

To define the cell types present, cytospin smeaIs of all four types of Pc

suspensions wefe made, stained with Giemsa stain and viewed by oil immersion

microscopy. At least 250 cells/smear were counted and categorized and the numbers of

the various cell types present were expressed as a percentage of the total population

(Table4.2).InfectionwithLllRXinducedverymarkedchangesinthePCprofiles.

Even as early as 1 day after challenge, the cells present in the peritoneal cavity were

dramatically different to those characteristic of NPC suspensions' An influx of

neutrophils was observed, with a resultant large decrease in the relative numbers of

lymphocyteswhiletherelativenumbersofmacrophagesremainedfairlyconstantinall

four populations. Photographs of the cell smears wele taken to show representative

populations of the cells present and to illustrate the increased heterogeneity of the

D l,zand 3 IPCs (Fig. 4.1 tA-Dl). A considerable increase in the size of macrophages'



TABLE 4.1 Total cells recovered ftom the peritoneal

cavities of normal or LllRX immunized mice

* The peritoneal cavities of normal and LllRX immunized

mice were washed out with approximately 5 mI HBSS and like

suspensions pooled. The average numbers of viable cells

recovered from groups of at least fifteen mice are provided.

PC yields/mouse (mean + sem)*

5.5x106 t 4.3x10s

1.3x107 t 2.0x106

l.7xl]í7 + 2.9x106

2.Ixl07 + 2.6xr06

NPCs

D I IPCs

D 2IPCs

D 3 IPCs



TAB.LE 4.2 Cell profites of PCs recovered from normal mice and mice injected with L1lRX 1' 2

or 3 daYs earlier

n At least 250 cells (per smear) were examined and the relative proportions of the various cell types

were recorded as the average percentage of the totar population. These data represent the averages

of 2 or 3 smears for each PC suspension'

33

47

42

36

62

20

19

19

I

33

39

44

1

0

0

0

J

0

0

1

Macrophages Lymphocytes Neutrophils Eosinophils Mast cells

NPCs

D 1 IPCs

D 2IPCs

D 3IPCs

Population examined:

Percentage of each cell tYPe*:
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FIGURE 4.1 Cells present in various PC populations

cytospin smears of Npcs, D r, z and 3 Ipcs were fixed and stained with Giemsa stain in

the usual manner and photographs of representative populations were taken at 1000 times

magnification ; NPCs (A), D 1 IPCs (B), D 2 IPCs (C) andD 3 IPCs (D).
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See Addendum

Conrnlent I

with their cytoplasm becoming foamy in appearance, was the other marked change

induced by L1lRX infection, suggesting that these macrophages had become activated'

Whether these changes in cell profiles were associated with any major

modification in their ability to stimulate T cells remained to be esrablished and studies

addressing this issue constitute the remainder of this Chapter'

4.2.2 Stimulation of Primed T cells

4.2.2.|ComparisonofNPCsandD1.,2or3IPCsasAPCs
preliminary experiments \ryere carried out to assess the ability of NPCs and

D I, 2 and 3IPCs to induce primed T cells to proliferate in vitro ln response to

I pg/mlFllRX. Two concentrations of the four types of PCs (2x10a and 1x105/well)

were cultured with lg5purified, primed T cells in the presence of 1 pg/ml FllRX for

3 days at 37oC and the amounts of proliferation induced by these APCs was determined

by pulsing the cells with ¡391-tdR as described'

Significant proliferative responses were induced in the presence of all four

pc populations, and the number of Pcs added determined the magnitude of the responses

obtained (Tabte 4.3). NPCs stimulated marked responses at both cell concentrations

used. D 1 and 2IPCs induced responses which usually were similar to those induced by

NPCs, although 105 D 2IPCs sometimes did not induce responses which wele as high as

those induced in the presence of 2x!04 ce[s, with some variability between experiments.

In contrast ,2xIÚ D 3 IPCs consistently induced good responses, whilst 105 failed to do

so. Hence, NPCs, D 1 and D 2IPCs appeared to have very similar APC capabilities'

whilst D 3IpCs were nonstimulatory or inhibitory in larger numbers. consequently,

more detailed analysis of the Ag presenting capacity of D 3IPCs was caried out' using

the NPCs as control APCs. There are a number of possible explanations for the lack of

fesponse observed in the plesence of larger numbers of D 3IPCs' One obvious

alternative is that insufficient Ag was being presented to the T cells, as a consequence of

increased Ag degradation by APCs in the D 3IPC suspensions' Another is that the lack



t3ul-r¿n uprake by primed T cells* after 3 days of culture with

1 pglml F1lRX in the presence of various APC populations:

No. APCs (/wetl)

10s2xl0aAPC type

169 445 + 3083

r27 533+392

t4t r3l + 256

t}o924 + 199

155 036 t 705 1

r05 213 + 140

94 496+ 3648

r174+ 66

NPCs

D I IPCs

D 2IPCs

D 3 IPCs

TABLE 4.3 APC activity of NPCs and D 1-3 IPCs

* Mixtures of 105 purified, primed T cells, F1lRX and the various APC populations were

incubated for 3 days, after which proliferation was measured in the usual manner and the

cpm of [3H]-r¿n incorporated (mean * sem) are provided. Each APC suspension and

the primed T cell suspension were incubated in cuiture medium, in the presence and

absence of F11RX. The cpm of 3H-thymidine incorporated by these control cultures

were : ranging from 200 to 1100 cpm, for all APC suspensions cultured in culture

medium t F1lRX; 361 t 25, for purified, primed T cells in culture medium; 5001 t 308'

for purified, primed T cells cultured with F1lRX'
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of response was due to inhibition of T cell proliferation by activated macrophages and/or

the large numbers of neutrophils present in the peritoneal cavity following L11RX

infection. These possibilities wefe addressed in the following sections'

4.2.2.2 Adherent and nonadherent PCs as APCs

In an attempt to identify the cells which were responsible for the

nonsrimulatory/inhibitory effect observed with D 3IPCs, the total PC population and the

adherent and nonadherent subpopulations were examined for their abitity to stimulate

proliferation of LllRX-primed T cells in five separate experiments' various numbers of

Npcs and D 3Ipcs ranging from 4x103-1x105, were added to the wens of a 96-well

flat-bottomed tray (100 pl/well, 8 wells with each concentration) and incubated for at

least t hour at 37"C. After the incubation the trays were shaken and the 100 pl of

medium (containing nonadherent cells which represented approximately 50vo of the total

population) were removed from half of the wells originally set up and transferred

individually to an unused set of wells. Fresh culture medium (100 pl/well) was added to

the adherent cells left behind. The other half of the pc cultures were left untoucned (ie.

these wells conrained unfractionated PCs). Purified, primed T cells (105/well) and

F11RX (0.2pglwell) were then added in 100 pl/well and the trays were incubated for

3 days at3T"Cbefore measuring the amount of proliferation induced'

Table 4.4 presents results representative of several repeat experiments

which provided very similar data. The results indicate that all the concentrations of

unfractionated, adherent and nonadherent subpopulations of NPCs (plus F1lRX) used

induced significant proliferative responses by the purifred, primed T cells' Although

varying from experiment to experiment, the nonadherent cells usually induced slightly

smaller fesponses than the other two populations of NPC5 suggesting that fewer

"classical" APCs were present in this population' The variation in responses was

probabaly due to slight, but significant, variations in the separation of the adherent and

nonadherent subpopulations and was more noticeable with the NPCs' Presumably this

occurred because NpCs contain fewer adherent cells, resulting in lower contamination of



TABLE 4.4 Proliferation of primed T cells induced by unfractionated populations and the

adherent and nonadherent subpopulations of NPCs and D 3 IPCs

20r478 + 11 368

206 948 + r0 297

87 819 t 9004

236 + 40

207 553 + 9887

1.25 392!4032

191 803 + 9115

200744+ 3196

81 792+ 3754

270 + 60

112135 + 4605

120 482t4519

60 482 t 6810

41 501 + 8251

22046+2433

131 839 +3642

38 839 + 1893

2203013089

unfractionated APCs Adherent APCs Nonadherent APCs

10s

2xl0a

4x103

10s

2xl0a

4x103

No. APCs

(per well)

D 3IPCs

NPCs

APCs

t3gl-f¿n uptake (cpm + sem) by primed T cells* after 3 days

of culture with 1 Lrg/ml F11RX in the presence of:



* Mixtures of 105 primed, purified T cells and the various APC suspensions were cultured in

quadruplicate for 3 days at 3locbefore determining the amount of proriferation by measuring the

amount of ¡3gr-rd* incorporated during the final 4 hours of culture' Data from one of four repeat

experiments are presented, the results expressed as the cpm (mean t sem) of ¡31¡1-tO*

incorporated. Minimar amounts of radioactive thymidine were incorporated by control

suspensions: primed T cells in culture medium, 1007 t 32; primed T cells + FllRX' 1562t25;

primed T cells + APCs, ranged from 107-376 cpm; APCs in culture medium + F1lRX' ranged from

85-208 cpm.
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the nonadherent population with "APC-like" cells. In conffast, no T cell proliferation

was induced in the presence of the largest numbers of unfractionated and adherent

D 3 IPCs. However, all concentrations of the nonadherent D 3IPCs and lower doses of

the unfractionated and adherent D 3 IPCs induced significant responses which were quite

similar to those induced by the Npcs. This suggested that the lack/inhibition of r cell

proliferation observed was due to a subpopulation of adherent cells which were induced

by the third day of infection with LllRX. It appeared that the inhibitory subpopulation

was a minor one because no inhibitory effect was observed when the IPC numbers used

were reduced five-fold.

unfractionated NPCs and D 3IPCs and adherent and nonadherent

subpopulations of these cells were also compared for their ability to induce IL 2 release

from primed T cells. L1lRX primed T cells were cultured with the various APCs in the

presence of FllRX for 20 hours and the amount of IL2 released into the culture

supernatants was measured using the standard lL2 maintenance assay' Because the

results of all four of the experiments rwore very similar, Table 4'5 shows only one set of

data. It was interesting to find that NPCs and D 3 IPCs had very similar APC activities;

they induced the release of virtually identical amounts of IL 2, with the nonadherent

subpopulations of these cells being less effective than the adherent subpopulations'

In summary, the only difference between the NPCs and IPCs obtained

shortly after immunization with LllRX that was detected in this series of experiments

was the inability of purifred, primed T cells to proliferate in the presence of large

numbers of D 3 IPCs despite the fact that these PCs were shown to be able to act as

ApCs, as assessed by the release of Il-2from a comparable primed T cell population' In

other words, the inability of primed T cells to proliferate in the presence of D 3 IPCs was

not due to a lack of n- 2 production and was mediated by the adherent subpopulation of

D 3 IPCs. The following section presents further intbrmation about the APC function of

these cells which were pulse d in vivo with salmonella Ags and then examined for their

ability to induce proliferation when cultured with purified, primed T cells'



TABLE 4.5 IL 2 released by primed T cells stimulated with F1lRX and NPCs or

D 3 IPCs

# 4x105 unfractionated NpCs and D 3 IPCs, and the adherent and nonadherent

subpopulations of these cells, were used as APCs to stimulate IL 2 release in the

presence of F11RX.

* Duplicate 1 ml volumes of 2x106 purified, primed T cells, 10 pg/ml F1lRX and the

various APC suspensions were cultured for 20 hours at 37"C in an atmosphere of

5Vo CO2. The cell free supernatants were harvested, like samples pooled and the

presence of IL 2 determined by the routine assay for IL 2 using ConA blasts as the

indicator cells. The units of n- 2 were calculated for each sample' as described in

Materials and Methods.

Units of lL2released by primed T cells*

after stimulation with FllRX and APCs#:

unfractionated APCs Adherent APCs Nonadherent APCs
APC source

19

2t

59

57

40

JJ

NPCs

D 3 IPCs
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4.2.2.3 In vivo Pulsing with FllRX

(Ð Introduction

Earlier preliminary work in our laboratory had shown that NPCs harvested

from mice injecred ip with 250 ¡tg of FllRX 15 minutes earlier were able to induce

primed T cells to proliferate without the addition of any more Salmonella Ags to culture

medium (Attridge and Kotlarski, unpublished). several experiments were carried out to

confirm these observations, they were all successful in showing that in vivo pulsed NPCs

induced signihcant proliferation of purified, primed T cells at both the cell concentrations

tested. The addition of extra Ag to the cultures had little or no affect on proliferation

(data not shown). This approach was adopted for the further investigation of the APC

activity of Pcs harvested from mice immunized with Ll1RX 3 days earlier'

(iÐ PC ProftIes

Before examining the stimulatory capacity of Pcs pulsed with salmonella

Ags in vivo, the types of cells present in these suspensions were defined' Groups of

3 normal mice and mice immunizedwith LllRX 3 days previously were injected ip with

250¡tgF11RX fifteen minutes before they were sacrificed and their Pc suspensions

harvested. cytospin smears of the Pc suspensions were made, stained with Giemsa stain

and viewed under oil immersion to categorize the cell types present and to detect bacteria

present. Table 4.6 shows the PC profiles of these Ag-pulsed NPCs and D 3 IPCs '

In vivo pulsing had little influence on the proportions of the various types

of cells detected in either pc suspension. Photographs taken of the cytospin smears

i'ustrated the rerative proportions of cell types seen and confirmed that considerable

numbers of bacteria were present in the macrophage-like cells of both NPCs and

D3IPCs(Fig.4.2[AandB]).Itdidappeilthatalargerproportionofthe

macrophage-like cells recovered from the normal mice had engulfed more bacteria than

those recovered from mice immunized 3 days earlier, and that the normal cells contained

larger numbers of bacteria per cell as well' 
:::iLïT"-



TABLE 4.6 Cell profites of ir¿ vivo Ag-pulsed and non-pulsed PCs

* Cytospin Smears were prepaled of PCs obtained from normal mice and mice immunized with

L1lRX 3 days earrier (Npcs and D 3 Ipcs) and from normar and immunized mice which had been

injected ip with 250 pg F11RX 15 minutes earlier (in vivo pulsed Npcs and in vivo pulsed

D 3IpCs). The smears were fixed, stained with Giemsa stain and viewed using oil immersion

microscopy. At least 300 cetls were counted (per smear), the cells categorized and the numbers of

all cell types present were recorded and expressed as the percent of the total population'
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FIGURE 4.2 Analysis of invivoFltRX pulsedNPCs andD 3 IPCs

Normal mice and mice immunized with 105 LI lRX 3 days earlier were injected with

250 ¡tgF11RX ip and 15 minutes later the mice were sacrificed and their PCs harvested

in the usual mannet. cytospin smeals of both in vivo pulsed NPCs and D 3 IPCs were

made, stained with Giemsa and photographs wefe taken at 1000 times magnification ;

invivo Ag-pulsed NPCs [A] and invivo Ag-pulsed D 3 IPCs [B]'
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(äÐ APC øctivity of in vívo FI|RX pulsed PCs

Groups of four normal mice or mice immunized with L11RX 3 days

previously were ip injected with 250 pg of FllRX. Fifteen minutes later these mice

were sacrificed and their PCs were harvested, counted and adjusted to the required cell

concentrations. The APC activity of these cells was assayed as usual, by culturing them

for 3 days with purified, primed T cells before pulse-labelling with t3gl-f¿n during the

final 4 hours of culture at 37oC and measuring the uptake of radioactivity. Both in vivo

pulsed populations of PCs induced proliferation of the primed T cells at the two

concentrations used (Table 4.7). [Control suspensions of APCs or primed T cells in

culture medium alone incorporated minimal amounts of ¡3gr-tdR (data not shown).1 In

other words, in vivo pulsing with Fl1RX removed the inhibitory effect observed with

large numbers of D 3 IPCs.

Although these experiments did not reveal the reason why ln vívo pulsing

with FllRX removed the inhibitory activity from D 3IPCs, several explanations can be

provided. For example, in vívo pulsing with Ag may have resulted in the selective

adherence of the cells responsible for inhibition, thus ensuring that they would not be

recovered when the PCs were harvested. This possibility was consistent with the finding

that the numbers of PCs recovered from in vivo Ag pulsed mice were slightly reduced

when compared to cell recoveries from non-pulsed mice. It was likely that such an

adherent, inhibitory population represented only a minor proportion of the total

population because in vivo pulsing with Ag had virtually no influence on the PC profile

observed. Alternatively, if the lack/inhibition of response by purified, primed T cells

was caused by rapid removal of Ag due to increased degradation by activated

macrophages and/or the large numbers of neutrophils which were present in the

unfractionated D 3 IpCs, it follows that in vivo pulsing of these cells provided sufficient

Ag to stimulate T cell proliferation, despite any degradation that did occur. In any case,

an analysis of the effect of removal of neutrophils from D 3IPCs of APC function

seemed warranted.



TABLE 4.7 Proliferation of purified, primed T cells stimulated by in vlvo Ag-pulsed

APCs

# pcs were harvested from normal mice and mice immunized with LllRX 3 days earlier

(NpCs and D 3 IPCs) and from normal and immunized mice 15 minutes after they had

been injected ip with 250 pg F11RX (i¡¿ vlvo Ag-pulsed NPCs and D 3 IPCs). Two

doses of NpCs and D 3 IPCs + F11RX (1 pg/ml), or the in vívo Ag-pulsed APCs were

used to stimulate primed T cells.

* 
euadruplicate cultures of 105 purifîed, primed T cells and the various APC suspensions

were incubated for 3 days at 37"C before the amount proliferation was determined by

measuring rhe amount of [3H]-TdR incorporated (cpm) during the final 4 hours of culture.

Representative data are shown, with the results expressed as ths cpm (mean * sem) of

radioactive thymidine incorporated for each replicate set.

[3u]-f¿n uptake (cpm + sem) by primed T cells*

after 3 days of culture with various APCs#:

No. APCs (per well)

APCs# 2x104 10s

In vivo Ag-pulsed NPCs

NPCs + F1lRX

In vivo Ag-pulsed D 3 IPCs

D 3IPCs + FllRX

224 367 + 4291

r45 789 + 8916

199 805 + 15 246

t96783 + 9311

r1.8 428 r 10 948

206 861 + 10 596

209 948+ 8127

1327 r.lo7
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4.2.2.4 Removal of neutrophils on Metrizamide density gradients

(Ð Initial chørøcterizøtion

purification of cell populations using density gradients is widely practiced.

For example, Lopez et al. (1983) have reported that Metrizamide density gradients can be

used to remove neutrophils from heterogeneous PC populations. Following

centrifugation of pCs at 1200 g for 45 minutes on discontinuous Metrizamide gradients,

mononuclear cells were located at the first interface and neutrophils at the second.

The same approach was used to fractionate NPCs and D 3 IPCs (see

Materials and Methods section). Cytospin smears made of the cells harvested from the

first interface were stained with Giemsa, examined for contaminating neutrophils and

photographed. The results obtained (Table 4.8 and Fig. 4.3 tA-Dl) illustrate the success

of this procedure. As expected, the composition of NPC populations was virtually

unchanged, whereas most of the neutrophils normally present in the D 3IPC suspension

had been removed. The removal of neutrophils from D 3 IPCs was reproducible and was

consistently effective in reducing their numbers by 85-957o'

(iù Stimuløtion of primed T celts by PCs fractionøted on Metrizømide

densitY grødients

The total, adherent and nonadherent subpopulations of NPCs and D 3 IPCs

were used in these studies. Varying numbers of Metrizamide fractionated and

unfractionated suspensions of these cells were cultured in vitro with primed T cells and

1pg/ml FI1RX and the proliferation induced was measured. Clearly, removal of

neutrophils had little, if any effect on the APC function of D 3IPCs (Table 4.9 A).

Removal of neutrophils from the total and adherent subpopulations of D 3 IPCs did not

enhance the ability of large numbers of these cells to induce T cell proliferation. The

slight increase in responses induced by 5x104 cells fractionated on the Metrizamide

gradients probably reflected the relative increase in APC numbers in the total and

adherent populations. The reduced levels of ¡391-tU* incorporation obtained in the



TABLE 4.8 Cell profiles of unfractionated and Metrizamide fractionated NPCs and D 3 IPCs

* NpCs and D 3 IpCs were fractionated on a Metrizamide density gradient by centrifugation at

1200 g for 45 minutes, before the cells at the first interface were harvested to provide the

Metrizamide fractionated NPCs and D 3 IPCs (Metrizamide NPCs and D 3 IPCs, respectively).

# Cytospin smears were prepared of the Metrizamide fractionated cells and unfractionated NPCs

and D 3 IpCs, stained with Giemsa stain and viewed under oil immersion microsocopy. At least

250 cells were counted per smear, the cells categorized and the data presented are typical of several

repeat experiments, with the results expressed as the percent of the total cell population represented

by each cell type.

Macrophages Lymphocytes Neutrophils Eosinophils Mast cells

JJ

34

36

62

62

66

T9

3t

I

0

0

I

-J

0

1

06

44

1

0

NPCs

Metrizamide NPCs*

D 3IPCs

Metrizamide D 3IPCs*

Percent of each cell tyPe#

Population:



A

FIGURE 4.3 The effect of fractionation on Metrizamide density gtadients on the

cell types present in the NPC and D 3 IPC populations

NpCs and D 3 IPCs were fractionated by centrifugation for 45 minutes at 1200 g on

Metrizamide density gradients. Cytospin smears of fractionated and unfractionated NPC

and D 3 IPC suspensions were prepared, stained with Giemsa and viewed using oil

immersion microscopy. Photographs wore t¿rken at 1000 times magnification and show

unfractionated NPCs [A], Metrizamide fractionated NPCs [B], unfractionated D 3 IPCs

[C] and Metrizamide fractionated D 3 IPCs [D].
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TABLE 4.9 AProliferation of primed T cells induced by D 3 IPCs and Metrizamide fractionated D 3 IPCs

t3Hl-r¿n uphke (.cpm + sem) by primed T cells* after 3 days

of culture with 1 Lrglml Fl1RX in the presence of:

Unfractionated APCs Adherent APCs Nonadherent APCs

13 519 + 1562

17 359+ 1679

183 758 + 16239

251 257 + 3872

2604t47

65 365 + 10 868

187 365 + 8533

t78 041 + t2 r38

1268! 520

z7 715 + 8166

r74 892! 16 944

239 863+1149

1859 !296

37 003 + 9890

158 009 + 6638

188 260 +1r23

208 465 + 5937

169 783 !8427

t32 412+ 4036

115 003 !5787

t97 r73+ 13 475

161 780 + 14 5r9

93 929 + 7061

63 45r + 5356

No. APCs

(/well)

10s

5x104

2xl0a

104

105

5x104

2xl0a

t04

APCs

Unfeated D 3 IPCs

Metrizamide D 3 IPCs#



# pcs were obtained from mice immunized ip with LllRX 3 days earlier (D 3 IPCs) and half were fractionated on

a Metrizamide density gradient by centrifugation at 1200 g for 45 minutes and the cells located at the fint

interface were harveted to provide the Metrizamide fractionated suspension (Metrizamide D 3 IPCs). The

unfractionated populations and the adherent and nonadherent subpopulations of untreated D 3IPCs and

Metrizamide D 3 IPCs were used as the APCs for this study.

* 
euadruplicate mixtures of 105 purified, primed T cells and a range of concenffations of the various APC

suspensions were cultured for 3 days at 37"C before determining the proliferation induced by measuring the

amount of [3H]-TdR incorporated (cpm) by the cells during the final 4 hours of culture at37"C. A representative

set of results are presented, showing results expressed as the cpm (mean + sem) of ¡3¡1r-td* incotporated by the

replicate cultures.
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presence of 105 unfractionated and, to a lesser extent, 105 adherent NPCs are misleading

(Table 4.g B) because they suggest that a larger response has been induced by

105 nonadherent NPC subpopulation. Microscopic examination of the cultures

containing 105 unfractionated or adherent NPCs indicated that T cell proliferation had

"peaked" earlier, because all these cultures contained many more cells than were

originally added to the cultures. In addititon, this set of results further illustrates the

variation which was often observed with these cultures, although overall the responses

induced in the presence of the nonadherent NPC subpopulation were lower than those

induced when either the unfractionated or adherent populations were used.

Because the presence of neutrophils did not account for the inability of

large numbers of D 3 IPCs to present Ag to primed T cells, it seemed more likely that this

effect was macrophage mediated. The next set of experiments were designed to

distinguish berween the possibility that the inhibitory effect was exerted directly on the

T cells was mediated indirectly, by reducing the amount of Ag(s) available for

presentation to the primed T cells.

4.2.2.5 The effect of increasing Ag dose on the stimulation of proliferation by

NPCs and D 3IPCs

The Ag presenting capacity of total and the adherent and nonadherent

subpopulations of NPCs and D 3IPCs, with and without fractionation on Metrizamide

density gradients, were compared using the standard proliferation assays involving

purified, primed T cells and 1-100pg/ml F11RX as Ag. Table 4.10 A shows data

representative of several experiments using NPCs and D 3IPCs not fractionated on

Metrizamide gradients. V/hen 2x104 NPCs or D 3 IPCs and 1 or 10 pglml FllRX were

used, the responses induced were very similar in magnitude and increasing the

concenfation of FllRX to 100 þg/ml reduced the responses induced by up to 757o fot

both types of PCs. [This was confirmed by microscopic examination which revealed

small numbers of cells/well on day 3 of culture.l This reduction in response was not

seen in the presence of 105 NPCs - the proliferation induced in the presence of total,



TABLE 4.9 B Proliferation of primed T cells induced by NPCs and Metrizamide fractionated NPCs

t3gl-r¿n uptake (cpm t sem) by primed T cells* after 3 days

of culture with I pg/rnl FllRX in the presence of:

Unfractionated APCs Adherent APCs Nonadherent APCs

t7 049 + 4849

302 350 + 7836

269 224+ t4004

222744+ rt776

2r3 690+2432

27t 253 + t2 r83

205 038 + 14 030

167 677 + 3275

87 424+9474

320 340+ 8797

26t 890 + 9058

220 040+ 6877

168 470+ 4938

262203+ 12094

217 085 + 5203

r78 52r + 4678

t58 674+ 9760

t7t 635+7292

133 806 +7783

rt&728 + 8641

7r 0M+ 15 258

r43 346+ 6823

131 458 + 6303

120 950+7691

No. APCs

(/well)

10s

5x104

2xlÚ

IÚ

10s

5x104

2xIÚ

IÚ

APCs used

Untreated NPCs

Metrizamide NPCs#



# pcs were harvested from normal mice (NPCs) and half were fractionated on a Metrizamide density

gradient by centrifugation at 1200 g for 45 minutes, when the cells at the first interface were harvested

providing the fractionated population (Metrizamide NPCs).

* 
105 purified, primed T cells were mixed (in quadruplicate) with a range of doses of the unfractionated

populations and adherent and nonadherent subpopulations of the untreated and Metrizamide NPCs and

cultured for 3 days at 37oC before determining the proliferation induced by measuring the amount of

t3gl-f¿n taken up (cpm) by the cells during the final 4 hours of culture. Representative data are

presented showing the cpm (mean t sem) of ¡3¡1-tUR incorporated by each replicate set.



TABLE 4.10 A Proliferation of primed T cells induced by various APCs and a range of doses of Fl lRX

t3gl-f¿n uphke (cpm + sem) by primed T cells* after 3 days

of culture with va¡ious APCs and FllRX:

Unftactionated APCs Adherent APCs Nonadherent APCs

27',t 375 + 18 161

21663r!.9213

161901 t3966

t94 67t !2623

167 5521 8636

158 16ót ll 537

2t8373 + 5546

188 733 !7484

34517 r 12051

2250!33s

3484!439

32550r ll89

269 ffi r 4078

217 930 t 431 l

r3t 275 r s9l8

183 675 + 3750

185 078 r 5584

t93975 t 83sl

196897 !9497

150 134 ! t7 99r

24821 t 3980

2t95 ! 620

1345 t 108

24 0lt ! t787

r20 20t + 9144

136''t56 + ll 149

55 290 r 4865

196 568 !t0392

ztt 087 r 9860

tw 767 t t3 462

t42916!14457

88992!167

24 427 + 5181

189 806 ! t2 653

186 117 t 3875

49 800 + 2020

FIIRX

Gg/ml)

I

l0

100

I

r0

100

I

l0

100

I

l0

100

No. APCs

(/well)

2xlú

1d

Zxlú

1d

APCs

NPCs

D 3 IPCs



* 
euadruplicate cultures of 105 purifred, primed T cells and the various APC suspensions (including the

unfractionated populations and adherent and nonadherent subpopulations of NPCs and D 3 IPCs) in the presence

of 1, 10 or 100 pgrnl FllRX, were incubated for 3 days at37oC before establishing the proliferation induced, by

measuring the amount of ¡3H1-1dR taken up (cpm) by the cells during the last 4 hours of culture at 37"C- A

characteristic set of results are presented, expressed as the cpm (mean t sem) for each replicate set.

I
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adherent or nonadherent NPCs was approximately the same for all F1lRX concentrations

studied, with one exception; the response to 100pg/mlF11RX in the presence of

nonadherent NPCs showed a reduction of approximately 507o. Interestingly, in this

particular experiment the responses of T cells cultured with 105 nonadherent NPCs and

1-10pg/ml FllRX were almost identical to those induced by lOsadherent or

unfractionated NPCs (unlike the responses shown in Tables 4.4 and 4.9 B), again

illustrating the variations frequently observed using these cells as APCs. The

proliferation induced in the presence of 105 D 3IPCs was quite different. Consistent

with the results reported previously, addition of 105 nonadherent D 3IPCs induced

proliferative responses similar to those observed with nonadherent NPCs and this applied

to all three F|1RX concentations used. Similarly, 1 or 10 pglml F11RX induced no

proliferation when 105 total D 3 IPCs and 105 cells of the adherent subset were used and

only marginal responses were detected with 100 pglml F1lRX. In other words,

increasing the Ag concenffation up to 100-fold did not completely overcome the lack of

repsonse induced by large numbers of D 3 IPCs. :::,Î:1iÏ'
Table 4.10 B illusrrates the effect of removing neutrophils on the ability of

the NpCs and D 3IPCs to stimulate T cell proliferation in the presence of varying

amounts of FllRX. The data obtained suggested that the neutrophils may contribute to

the enhanced degradation of Ag because, in the presence of 100 pglml Fl lRX, 105 total

and adherent subpopulations of Metrizamide fractionated D 3 IPCs induced significantly

higher responses than those induced by unfractionated D 3 IPCs. Removal of neutrophils

had no detectable effect on any of the other responses.

In conclusion, the large numbers of neutrophils present in the D 3IPC

suspensions were not d.irectly responsible for the lack of response when 105 D 3 IPCs

were used as APCs in the T cell proliferation assays with I pglml F11RX. The major

factor contributing to the inability of large numbers of D 3 IPCs to stimulate T cells was

the presence of an "inhibitory" adherent cell population, and the mechanism of inhibition

could be partialty explained by increased degradation of Ag by adherent macrophages,

but the neutrophils normally present also played a contributing role in Ag degradation.



TABLE 4.10 B Proliferation of primed T cells stimulated by Metrizamide fractionated APCs and FllRX

t3Ul-f¿n uphke (cpm t sem) by primed T cells* after 3 days

of culture with various APCs and a range of doses of F I IRX:

Unfractionated APCs Adherent APCs Nonadherent APCs

279358 r l0 886

t9223t + l3 206

t52424 + 3925

301 250 + 5460

2624c0+ 2206

240573 1 1335

297 650 r 8683

t24 832 + 5416

74966 + 4864

6315 ! 1449

t2834 + 1336

123 529 + 8942

256 556 t 5846

180 838 t 1039

147 s10 !21810

306 385 ! rs 296

246306+ 7622

238320 r 6687

2't t 444 !.7 545

t25 386+ t375

58 076 ! 5s23

5248 t 1053

22699!3'7&

r25 894 !3136

r99 989 t7606

136 836 r 15 897

65747 + 18 888

2s9250 r 4903

202 870 r 889

166 383 t t5 472

156389r 11 386

85 703 r 3519

u 883 !2253

273 687 t 4370

237 873 r 639s

73 999 r 8933

FIlRX

(pg/ml)

I

l0

100

I

l0

100

I

l0

100

I

10

r00

No. APCs

(/well)

2xl}a

ld

2xlú

ld

APCs

Met. NPCs#

Met. D 3IPCS



# NPCs and D 3 IPCs were fractionated on Metrizamide density gradients by centrifugation at 1200 g for 45

minutes and the cells located at the first interface were ha¡¿ested to provide the Metrizamide fractionated NPC and

D 3 IpC suspensions (Met. NPCs and Met. D 3 IPCs). Two doses of the unfractionated/total populations and the

adherent and nonadherent subpopulations of these suspensions were used as the APCs for this study.

* 
105 purified, primed T cells were mixed in quadruplicate with each of the APC suspensions and the various

concentrations of F11RX, and cultured at 37"C for 3 days before determining the proliferation induced by

measuring the amount of [391-1dR incorporated (cpm) by the cells during the last 4 hours of culture. Presented

are a typical set of results expressed as the cpm (mean + sem) for each quadruplicate set.
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These results are consistent with previous reports that infection with various IBPs,

including Salmonella, enhances the metabolic activity of macrophages. Since

macrophages become activated following infection with LllRX (Ashley and Kotlarski,

l9B2;La Posta et al.,lg82), it seems reasonable to expect that these cells can degrade Ag

more efficiently than NPCs. However, a result which was not predicted was the finding

that increasing the concentration of Fl1RX to 100 þglml induced less proliferation than

I or 10 ftg/mlFllRX when NPCs were used as APCs. The following experiments were

caried out to determine whether such large amounts of excess Ag were somehow

inhibiting the T cells if present during in vitro culture.

4.2.2.6 Pulsing of APCs with FllRX in vitro

NpCs and D 3IPCs (5x106 cels/ml) were incubated in the presence of

20-100pg/ml FllRX for 2-3 hours in a shaking waterbath at 37oC before thoroughly

washing them and resuspending them to 106/ml and 2x105/ml. Purified, primed T cells

(2x106/m1) were mixed with these Ag-pulsed APCs and four 200 pl aliquots of each

mixture were cultured for 3 days at 37oC before measuring the uptake of ¡3¡1t-td*

during the frnal 4 hours of culture ú37oC.

Initial experiments indicated that pulsing with 20 pglml F1lRX for

2 hours was sufficient to produce APCs able to induce proliferation of purified, primed

T cells in the absence of additional Ag during culture (Table 4.11).. Proliferation induced

by 2xIú invitro Ag-pulsed NPCs was grsater than that induced by the 2xl0a Ag-pulsed

D 3 IpCs when 20 or 100 pglml FllRX were used for a 2 hour pulse. However, in the

presence of 105 Ag-pulsed cells the responses by NPCs and D 3IPCs were very similar,

especially when the PCs were pulsed with 100 pg/ml FllRX for 3 hours, when

Ag-pulsed D 3IPCs induced larger responses than Ag-pulsed NPCs. Obviously,

providing more Ag to the APCs and then washing away any excess Ag not taken up by

the ApCs, ensured greater stimulation of the T cells than providing the same levels of Ag

in culture. It is important to note that it is possible that some adherent cells may have

been lost during this 2-3 hour incubation (even though the cells were shaken



TABLE 4.11 Proliferative responses induced by in vitro Ag-pulsed APCs

# euadruplicate sers of 2x\0a and 105 NPCs and D 3 IPCs with 20 or 100 pglml F11RX,

were added to the wells of a 96-well flat-bottomed tray and incubated for 2 ot 3 hours at

370C in an atmosphere of 570 CO2. After this, the trays were gently shaken, the nonadherent

cells and any free Ag removed and the adherent monolayers washed with fresh culture

medium.

* 
105 purified, primed T cells were added to the Ag-pulsed monolayers and incubated for

3 days at 3J"C before determining the amount of proliferation induced by measuring the

amount of ¡3g,-tOR uptake (cpm) by the cells during the f,rnal 4 hours of culture at 37"C.

presented arc representative results expressed as the cpm (mean + sem) of radioactive

thymidine incorporated for each replicate set.

t3Hl-r¿n uptake (cpm t sem) by primed T cells*

after 3 days of culture with in vitro Ag-pulsed APCs#

No. APCs (/well):

10s2xlÚPulsing

time (hours)

APCs Ag dose

(lt9ml)

Bt 904+ ZB20

206813 + 10 388

235 255 + 3525

49 t52+ 2469

t22 05O + t6t7

303 875 + rt 623

136 066 + 1387

269 3r7 t 4105

r82 53r ! 12790

143 470 + 3178

247 706+ 2531

27t 437 + 18 439

2

2

Ĵ

2

2

J

20

100

100

20

100

100

D 3IPCs

NPCs
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continuously) and could explain why larger numbers of D 3 IPCs were stimulatory (this

was supported by a reduction in cell numbers after pulsing with Ag).

previous workers have established that for Ag presentaúon to occur, Ag

must be taken up by APCs and processed/degraded to provide the antigenic determinants

which are expressed on the APC surface in association with MHC molecules (Rosenthal

and Shevach,1973; Doherty et al.,1976>. Clearly, more Ag was required to induce the

same amount of T cell stimulation by the in vitro A,g-pulsed D 3 IPCs as that induced by

Ag-pulsed NPCs, supporting the view that D 3IPCs had enhanced degradative capacity

and therefore required more Ag to provide sufficient antigenic determinants to induce

T cell responses of similar magnitude. More information on the degradative capacity of

these j¡r vitro A,g-pulsed cells was obtained by assessing the effect of paraformaldehyde

(PFA) fixation on their APC activity.

4.2.2.7 Examination of APC activity of cells after PFA treatment

(ù LllRX-prímed T cell resPonses

Presentation of Ags has been shown to require metabolically active APCs

(reviewed by Grey and Chestnut, 1985). Preliminary experiments established that

treatment of PCs with 0.5Vo PFA resulted in the inactivation of APC function, as

demonstrated by the inability of such cells to induce T cell proliferation (reponed by

Vordermei er et a1.,1990). Consequently, treatment of APC populations with PFA prior

to or after exposure to Ags allowed further analysis of the Ag processing/degradative

capacity of NPCs and D 3 IPCs.

In the first series of experiments, in vitro incabation of 5x106 PCs/ml with

21¡tglml Fl1RX for 2 hours was the procedure used for Ag pulsing. Aliquots of

unpulsed and Ag-pulsed NPCs and D 3 IPCs were fixed with 0.57o PFA (as described in

the Materials and Methods section) and the remainder left unfixed. Following thorough

washing, the ability of all these PC suspensions to stimulate T cell proliferation was

assessed by culturing them with purified, primed T cells. Table 4.12 illustrates that PFA



TABLE 4.12 The effect of PFA fixation on the APC activity of 20 ttg/ml FllRX pulsed APCs

ÉHl-f¿n uphke (cpm + sem) by primed T cells* after 3 days of culture with

NPCs + FllRX# D 3 IPCs t Fl lRX#

+ +

2369 + 522

87 904!2820

1015 + 199

617 !68

5849 !239

136 066 !1381

$3rn6

5266!446

30 420 + 2058

99 560 X4661

9U!79

t55I !257

I22 428!12t4

160 464 I 803

110 ! 132

2419 ! r72

889 !201

49 t52+2469

369 !r2

958+ 2

r8r2!169

t43 470 t 3178

428!16

9s39 !1797

23 82r + 1078

47 734 !t363

1165 +2

1892+298

8749 + 158

83 s88 !128t

2383 !269

8582+216

PFA

treated>

+

+

+

+

FllRX

pulsed"

+

+

+

+

No. APCs

(/well)

2xlÚ

105



n NpCs and D 3 IpCs (5x106 cells/ml) were incubated in culture medium containing 20 pg/ml FllRX or culture medium alone for 2

hours in a shaking 37.C waterbath. After this, the cells were washed with fresh culture medium, counted and adjusted to the

required concentrations for use as the APCs in this assay.

> Aliquots of the Fl lRX pulsed and non-pulsed APCs were treated with 0.5% PFA solution for 4 minutes at37oC. An equal volume

of culture medium + lOVo FCS was then added to each suspension and the cells were washed 3 times by centrifugation and allowed

to stånd for a further I hour al 37oC. Following this, the cells were washed for a f,rnal time, counted and adjusted to the required

concentration.

# The various ApC suspensions of the NPC and D 3 IPC populations were added to 4 replicate wells of a 96-well flat-bottomed Eay

in the presence and absence of I ¡rg/ml Fl lRX.

* 
1g5 primed, purihed T cells were added to the various populations of APCs (in the presence and absence of additional Fl lRX) and

incubated at 37oC for 3 days prior to determining the proliferation induced by measuring the amount of [3H]-TdR incorporated (cpm)

during the last 4 hours of culture at 37"C. A characteristic set of data are presented, showing the cpm (mean + sem) of t3IIl-TdR

incorporated by each replicate set.
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fixation did inhibit the APC function of both NPCs and D 3 IPCs. Both cell populations

were unable to induce proliferation of T cells when F1lRX was added during culture,

whereas a response was induced with unfixed cells. Exposure of either cell type to

20þg/mlFllRX for 2 hours did not result in sufficient Ag uptake and,/orprocessing to

induce significant T cell proliferation, unless 105 D 3 IPCs were used'

Consequently, these experiments were repeated using lffi pglml FllRX

for 2 or 3 hours for in vitro Ag-pulsing the NPCs and D 3 IPCs. The results obtained

(Tables 4.I3 l^ and Bl) showed that both types of Ag-pulsed PCs stimulated significant

T cell proliferation and that the 3 hour Ag-pulse rendered them more stimulatory than the

2 hour pulse, particularly when the lower number of D 3 IPCs was used. An important

point to note is that some T cell proliferation was induced when 105 "control" D 3IPCs,

which had been incubated for 2-3 hours at 37oC in culture medium without Ag, were

used. Although the response detected was lower than the responses detected using the

same number of NPCs or fewer D 3IPCs, these data supported the possibility that

adherent cells were lost during the 2-3 hour incubation required for Ag pulsing. Fixation

without Ag pulsing again abolished the APC function of the PC populations but PFA

fixation of Ag-pulsed cells did not entirely abolish their APC function. It was interesting

to note that the responses induced by Ag-pulsed and fixed D 3IPCs were greater than

those induced by Ag-pulsed and frxed NPCs, supporting the conclusion that D 3IPCs

could degradeþrocess the F1lRX Ag more rapidly then NPCs. This conclusion was

further supported by work ca¡ried out in our laboratory which demonstrated that addition

of IL 1 to these cultures did not enhance the responses observed, suggesting that the

reduction in the proliferation induced by PFA-treated APCs was not simply due to the

failure to provide important secondary signals, such as IL 1 (Vordermeier et a1.,1990)'

(iÐ Primed MLR blast resPonses

Fixation of cells with PFA may alter the MHC molecules on the cell

surface and therefore affect the ability of the cells to present Ag to T cells. In other

words, the reductions in stimulation of T cells by the PFA treated APCs may have been



TABLE 4.13 L The effect of PFA fixation on the APC activity of PCs pulsed with 100 U.g/rnl FllRX for

2 hours

t3gl-f¿n uphke (cpm t sem) by primed T cells* after 3 days of culture with:

NPCs + FllRX# D3IPCs+FllRX#

+ +

671+ |

206873 + 10 388

497 +75

7489 t694

2rt9 + r98

269 3t7 r 4105

608 t 56

26 r08r.562

46763 + 1636

16620t !5462

4505 r 138

t3 890!'137

t63 695 r l1 589

223 975 + 9rl9

tt 441 t 1191

t9 t07 + 1703

t2t9 + t05

r22 050 + 1617

733 + 88

43 295 !1465

1316+ 111

241706!2537

48s r 65

329831 1800

164 818 + 7242

80 005 r 976

16423X1799

32339 + 4199

56023t4587

178 656 + 5372

8t43 !20

31 911 + l2l0

PFA

freated>

+

+

+

+

FllRX

pulsedn

+

+

+

+

No. APCs

(/well)

2xl}a

105



TABLE 4.13 B The effect of PFA fixation on the APC ability of PCs pulsed with 100 pglml for 3 hours

t3Hl-TdR upta,lic (cpm + sem) by primed T cells* after 3 days of culture with

NPCs + FI lRX# D3IPCstFllRX#

+ +

542s t 1333

235 255 t 3525

721 + 163

26288!4136

2983 t r31

182 531 ! 12790

850 + 92

7tlll!38'72

1267081 1408

r98 131 r6855

7890 r 300

u 3141387

t25 214 !38/9

196 4M !9182

l1 107f1080

68 2& !3296

1885 t220

303 875 !rt623

2600!232

44 3n t 1382

2253 t 2',7

271 43'.7 t t8 439

152'.7 t ll0

t07 002t2495

2t2859 r 15 012

257 880 + &87

6'766t306

24 840 !2702

38 556 !27s',|

234 700 + 14 463

26'710!2562

102 109 !2651

PFA

trcated>

+

+

+

+

FI IRX

pulsedn

+

+

+

+

No. APCs

(/well)

2xlú

105



n NPCs and D 3 IPCs (5x106 cells/ml) were incubated in culture medium containing 100 ¡rglmt FllRX or culture

medium alone for 2 (Tabl e 4.13 A) or 3 (Table 4. 13 B) hours in a shakin g 37oC waterbath. After this, the cells

were washed with fresh culture medium, counted and adjusted to the required concentrations for use as the APCs

in this assay.

Footnotes >, # and 
* 

are identical to those listed for Table 4.12.
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: Addendunl

mntent I

caused by alterations to the MHC molecules or possibly even toxicity of PFA-treated

cells, rather than inhibition of metabolic/processing activity. For this reason the ability

of pFA treated PCs to restimulate allo-Ag-specific, primed T cells was compaled with the

activity of unfixed cells.

NW nonadherent mesenteric lymph node cells (NtW MLNCs) harvested

from C57BL16 mice (H-Zb haplotype) were cultured with NPCs derived from

(C57BL/6x BALB/C) Fl mice (H-Zbß haplotype) for 9 days at37oc. On the ninth day

of culture the MLR blasts were harvested, washed, readjusted to the required

concentration and aliquots of these cells were mixed with three different concentrations

of pFA-frxed and unfixed Fl NPCs and D 3 IPCs and cultured for a further 3 days. A

dose of 2xIú unfixed NpCs and D 3 IPCs induced similar levels of proliferation, which

were reduced when 4x103 PCs were used (Table 4.14). However, somewhat

surprisingly, although 105 unfixed NPCs were more stimulatory than 2x104 unfixed

NpCs, 105 unfixed D 3 IPCs exhibited similar nonstimulatory activity to that observed

with the Salmonella-primed T cells. This suggested that lack of stimulation by the

D 3 IpCs could not be enrirely explained by enhanced Ag degradation, since it could also

be observed in a situation where "processing" of exogenous Ag was not required.

However, a possible alternative is that it may reflect differences in the cell metabolism,

resulting in changes in the association of "self peptides" with self-MHC molecules, which

may alter the amounts of effective allo-Ag detected in MLR cultures. It is possible that

the lack of response to the PFA-fixed cells is simply due to the toxicity of PFA still

prosent in the fixed cell suspensions, however the steps taken in the fixation procedure

have been reported to minimize this effect. Furthermore, since responses were induced

in the Salmonella-primed T cells by Ag-pulsed and fixed cells and could be increased

when cells were pulsed with more Ag for a longer period of time, suggested that the toxic

effect of residual PFA could not entirely account for these observations.

Summøry

It was concluded that ip immunization with L1lRX induced considerable

(üù



TABLE 4.L4 Invitro secondary MLR induced by PFA fixed vs unfixed PCs

# pcs were harvested from normal mice (NPCs) and mice immunized with L11RX

3 days earlier (D 3 IPCs), counted and adjusted to the required concentrations. Half

of each of these populations were treated with PFA (the others remaining untreated) by

incubating the cells in a solution of 0.57o PFA at 37"C fot 4 minutes. The PFA was

inactivated by the addition of an equal volume of culture medium + l07o FCS, the

cells were washed thoroughly and reincubated for a further t hour at 37oC' Finally,

the cells were washed, counted and adjusted to the appropriate concentrations'

* 9 day MLR blasts generated by culturing 2x106 c57BLl6 NW MLNCs with

4x105 F1 NpCs for 9 days at3l"C,were washed, counted and adjusted to 106 cells/ml.

Four replicate 200 pl aliquots of 105 MLR blasts and each concentration of the APC

populations were cultured for a further 3 days at37"C before pulsing the cultures with

l3rrl-r¿n in the final 4 hours of culture and measuring the amounts of ¡3II1-tu*

incorporated (cpm). Typical data are presented showing the cpm (mean * sem) of

t3frl-r¿n taken up by each replicate culture'

t3Hl-f¿n uptake (cpm + sem) by 9 day C57B.L|6

MLR blasts* restimulated with Fl NPCs or D3 IPCs:

D3IPCSNPCsPFA

treated#

No. APCs

(/well)

2r7 350+ 6944

4166 + 297

140 004 + t268

361 + 40

99 132!1577

133 + 46

t3 655 + 44027

19 423 + 2t70

t43 019 ! 1842

2065 + 84

21 278 t 4865

236+22+

+

+

105

2xIÚ

4x103
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changes in the PC profiles, cell yields and the functional capacity of PCs harvested from

such mice. Alterations in their functional capacity were detected (using relatively large

numbers of these cells) by their inability to induce proliferative alloresponses and

Salmonella Ag-specific responses in cultures of FllRX and purified, primed T cells.

Their inability to induce T cell proliferation may be explained (at least partly) by their

enhanced metabolic/degradative ability. Attempts to further charactenze changes in PCs

after infection with LllRX using surface markers and FACScan analysis has been carried

out and will be reported in a later section.

4.2.2.8 Phenotype of the T cells induced to proliferate in response to

Sølmonellø Ags presented by NPCs or D 3 lPCs in vitro

(Ð T cell subsets responding to Salmonella Ags

Since it has been concluded that the Te cells responsible for mediating

immunity to other IBPs belong to the Lyt2+ phenotype, it was of interest to dotermine

whether there is a difference in the phenotype of the T cells induced in vitro by NPCs and

D 3IpCs in response to various Salmonella Ags. The purified, primed T cells appeared

to be a reasonable source of T cells to use for these studies because it had been

demonstrated that such preparations contained cells of both the L3T4+ and Lyt2.2+

phenotypes (Fig. 3.9 tA-Fl).

Initial experiments were carried out to determine whether the phenotype(s)

of the T cells stimulated by NPCs (+ FllRX) was the same as those stimulated by

D 3 IpCs (+ F1lRX). Twenty four wells of a 96-well tray containing 2x104 NPCs/well

and another 24 containing 2x10a D 3 IPCs/well were incubated in the presence of 1 pglml

FI lRX and 105 purified, primed T cells for 3 days ît 37"C when proliferation was

assessed using the standard procedure used to measure t3gl-f¿R uptake. One hour prior

to addition of ¡3gr-t¿R, various combinations of MoAbs and C at the appropriate

dilutions were added to the cultures to determine the phenotype(s) of the proliferating

cells. Control suspensions incubated with MoAbs alone showed almost identical
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fesponses to those cultured with culture medium or C alone (data not shown).

Table 4.15 contains data illustrating the effect of these treatments on the

proliferative responses induced. Clearly, the cells responsible for the majority of the

proliferation induced by NPCs and FllRX were T cells of the L3T4+ phenotype, because

both cr-Thy 1.2 + C and g-L3T4 + C reduced the amount of proliferation quite markedly,

although not completely. Similarly, the cells proliferating in response to FllRX +

D 3IpCs were mainly of the L3T4+,Thy1.2+ phenotype. Incomplete removal of activity

was routinely encountered when proliferating populations of purifred, primed T cells

were treatod in this way. A possible explanation for the incomplete depletion of the

proliferative responses induced was simply that in this system the amount of MoAbs and

C were insufficient to abrogate such large responses, since even cr-Thyl.2 and C

treatment, which was virtually l00Vo effective in other systems such as DTH transfers

and in vitro cytotoxicity assays (which involved treatment of "bulk" cultures of cells

using the procedure described in Section 2.11.1), did not abolish the response entirely.

[However, the numbers of mice required to obtain sufficient cells for such "bulk" cultures

were too great for this procedure to be employed for all proliferation assays.

Consequently, cells were treated in the tissue culture trays and the trends of the effect of

the MoAb and C treatments on the proliferative responses were recorded.l The finding

that treatment with u-Thyl.2 and C reduced the proliferation to a grcater extent than

treatment with a-L3T4 and C suggested that aThyl.2+,L3T4-,Lyt2.2- population may

have also been induced to proliferate in these cultures and possible explanations will be

discussed in Chapter 7. Hence, this approach did not eliminate the possibility that there

may be a difference between the ability of NPCs and D 3 IPCs to present Ags and

indicated that alternative assay systems had to be employed to determine whether L1lRX

did induce any differences in APC function.

(iÐ T cell subsets proffirating in response to in vitro pulsed APCs

ApC populations were pulse d in vitro with FllRX by adding 2xl}4 NPCs

or D 3 IpCs ro a series of wells and incubating them in the presence of 2O pglml FI lRX



TABLE 4.15 phenorype of the T cells proliferating in response to stimulation with

Fl1RX and various APCs

* Twenty four replicate cultures of 105 purified, primed T cells with either 2x1.Oa NPCs or

2x\0a D 3 IpCs were incubated in a 96-well flat-bottomed tray for 3 days ar37oC before

determining the proliferation induced by measuring the amount of ¡3gr-tdR taken up

(cpm) by the cells during the final 4 hours of culture'

# prior to pulsing with the [3H]-TdR, MoAbs specific for T cell markers (1 in 10 final

dilution) and c (1 in 20 final dilution), c (1 in 20 final dilution) alone or culture medium

were added to 4 replicate cultures of each suspension, the trays shaken and incubated for

t hour at 31"C. Representative results expressed aS the cpm (mean * sem) for each

replicate set are presented.

¡:fl-TdR uptake (cpm + sem) by primed T cells* after

culture for 3 daYs with F11RX and:

D 3IPCsNPCsTreatment#

236 683 + 13 493

236 805 + 6908

53 318 + \281

92 433 + 5619

209 101 + 11 095

87 892+ rr 944

245 992 + 13 006

230 146+ t3 267

52 884 + 4801

98 585 t35r4

zto 360+ 1164

115 190 +3862

None

C alone

o-Thy1.2 + C

cx,-L3T4 + C

a-Lyt22 + C

a-L3T4, u-LytL.2 + C
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for 2 hours at37oC before shaking the trays and removing the nonadherent cells and free

Ag. The cell monolayers were washed a couple of times in fresh culture medium before

adding the standard numbers of purified, primed T cells to each well in 200 pl of culture

medium and incubating the trays for 3 days at37oC. On the third day the various MoAbs

and C were added to the trays, as previously described, and the trays incubated for an

hour at 37oC prior to pulsing with ¡3¡1-t* for a further 4 hours.

The results presented in Table 4.16 demonstrate that the bulk of the cells

proliferating in response to the FllRX pulsed NPCs or D 3 IPCs also expressed the

L3T4+,T\y1.2+ phenotype. A slight reduction in the proliferation following treatment

with cr-Lyt2.2 and C was observed on a few occasions, suggesting thatLyt2.2+ T cells

had been induced to proliferate. However, when both a-L3T4, u-Lyt2.2 and C were

used little difference between this and fieatment with only 0-L3T4 and C was observed'

[Again treatment with the various MoAbs alone had no effect on the proliferative

responses.l Therefore, using FllRX in the form of Ag-pulsed cells did not appear to

alter the type of T cell induced, again indicating that no significant differences between

NpCs and D 3IpCs could be detected. Obviously, a likely explanation is that the

antigenic pepticìes clerivecl frorn F11RX clo not entel' the approPt'iate Processtng

pathway, irrespective of the cell type used to present them to the T cells. Observations

consistent with this conclusion were provided using the in vivo Ag-pulsing protocol'

(iiÐTcellresponsestoAPCspulsedwithFllRXinvivo

The phenotype of the T cells induced to respondto in vívo Ag-pulsed PCs

which were harvested from normal mice and mice immunizedwith L1lRX 3 days earlier

was determined using the experimental design used in the previous two sets of

experiments. pCs were in vivo pulsed with FllRX as previously described, then

harvested and 2xlo4 ApCs were added to the standard number purified, primed r cells

and cultured for 3 days at 37oC before establishing the phenotype of the proliferating

cells.

Data presented in Table 4.17 indicate that pulsing with FllRX in vivo did



TABLE 4.16 phenorype of the T cells proliferating in response to in vitro Ag-pulsed

APCs

n 100 pl aliquors containing ZxlÚ NPCs or D 3 IPCs and 10 pglml F11RX were each

added ro twenry four replicate wells of a 96-well flat-bottomed tray, incubated for 2 hours

at3i"Cbefore removing the nonadherent cells and any free Ag and washing the adherent

monolayers with fresh culture medium.

* 105 purified, primed T cells were added to these Ag-pulsed APC populations and

culrured at3J"Cfor 3 days before pulsing the cells with ¡34-tdR for the final4 hours of

culrure and proliferation was determined by the amount of ¡3H1-tdR taken up (cpm) by

these cells during this time.

# Before pulsing with radioactive thymidine, mixtures of appropriately diluted MoAbs (1

in 10 final) and C (l in 20 final), C alone (1 in 20 final) or culture medium alone were

added to 4 replicate cultures and incubated for t hour at 37"C. A characteristic set of

data are presented, showing the cpm (mean * sem) of ¡3¡1-tUR incorporated for each

replicate set.

¡lq-TdR uptake (cpm t sem) by primed T cells* after

culture for 3 days with in vitroFI1RX pulsed APCsn:

D 3 IPCsNPCsTreatment#

183 567 + 4052

t99 044 + 14 150

24309 + 1405

60149 + 8184

73r r25 t3975

53 641 + 2382

r82 264 + 35 034

r33 376 + 8885

t3 r77 !1172

68 196 + 5839

106 884 t 6565

6t 4r3 + 3460

None

C alone

cr-Thy1.2 + C

o-L3T4 + C

u-LytZ.Z + C

u-L3T4, a-LytZ2 + C



TABLE 4.17 Phenorype of the T cells proliferating in response to in vivo

Fl1RX-Pulsed APCs

# Normal mice and mice immunized ip with L11RX 3 days earlier were injected ip

with 250 pg of F11RX and 15 minutes later the mice were sacrificed and the PCs

harvested. These in vivo Ag-pulsed PCs were counted and adjusted to 2x105 cells/ml

for use as the APCs in these studies.

* Mixrures of 105 purified, primed T cells and 2x104 Ag-pulsed NPCs or D 3 IPCs

were each dispensed into 24 wells of a 96-well flat-bottomed tray and incubated for

3 days at3i"Cbefore determining the proliferation induced by measuring the amount

of ¡3gr-toR incorporated (cpm) during the final4 hours of culture.

n Before adding the ¡3q-tdR, C (l in 20 final dilution) and MoAbs specific for T cell

markers (1 in 20 final ditution), C alone (1 in 20 f,rnal dilution) or culture medium

alone were added to 4 replicate cultures of each mixture. Results from one of several

repeat experiments are presented, showing the cpm (mean + sem) of t3ffl-fdn

incoporated for each replicate group.

t3rrl-r¿n uptake (cpm + sem) by primed T cells*

after 3 days of culture with in vivo FI1RX pulsed APCs#

Invivo pulsed APCs:

D 3 IPCsNPCsTreatment^:

122 404 + 3680

69 081 + 3301

93 144 + 1116

t34 t69 + 4506

7238r r 9960

115 561 + 3800

36 086 + 1935

75 466+ 3067

137 801 + 5969

6t 614+ 2142

C alone

cr-Thy1.2 + C

a-L3T4 + C

a-Lyt22 + C

a-L3'14, u-Lyt2.Z + C
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not effect the resultant responses induced by either APC population; as the majority of the

proliferating cells again expressed the L3T4+, Tltyl.2+ phenotype, indicating that

exposure of the APCs to FllRX in vivo presumably again did not allow access to the

Class I presentation pathway. Since llve Listeriø organisms had been shown to be

presented in the context of Class I and II MHC molecules (Jungi et al., 1982a and 1982b)'

LllRX was used as the Ag in the next set of experiments'

(iv) In vivo Pulsing with LllRX

Normal and day 3 immune mice were injected ip with approximately

lO7 LI1RX (equivalent to 10 pg of bacteria). After 15 minutes the mice were sacrificed

and the pC suspensions harvested to provide the APC populations used in these

experiments. The PCs were washed, counted and resuspended to allow addition of

2xlú ApCs to 105 purified, primed T cells/well and these suspensions were cultured in

culture medium containing gentamycin, to control the growth of extracellular bacteria, for

3 days at 31oC. On the third day of culture the phenotypes of the cells proliferating in

response to these stimuli were examined using the standard technique.

In vivo pulsing with LllRX provided PC populations capable of inducing

T cells to proliferaTe in vitro, although the levels of proliferation induced were lower than

in rhe previous sets of experiments (Table 4.17 vs Tables 4.18 A and B). This reflected

the lower Ag dose used for Ag-pulsing, as indicated by the response induced by control

pCs pulsed with equivalent numbers of killed bacteria (10 pg FllRX). It was somewhat

disappointing to find that the T cells which proliferated in response to both

L11RX-pulsed PC suspensions expfessed the L3T4+, Thy1.2+ phenotype. Again the

MoAb and C depletions were incomplete, suggesting either that this method was not

optimal for removal of all proliferating cells (as described earlier) anüor that a double

negative T cell population was also proliferating in these cultures (the possibility of

which will be discussed in the final Chapter).

In conclusion, it was not possible to induce proliferation of Class I MHC

restricted Lyt2.2+ T cells using either NPCs or D 3IPCs as APCs to present FIIRX or



# Normal mice and mice immunized ip with LllRX 3 days earlier were injected ip

with 10 pg FllRX or 107 LllRX and 15 minutes later the PCs were harvested,

counted and adjusted to 2x105 cells/ml.

* Mixtures of 105 purified, primed T cells and either in vivo Ag-pulsed NPCs

(Table 4.1S A) or D 3 IPCs (Table 4.18 B) were each loaded into 24 wells of a

96-well flat-bottomed tray and incubated at 37"C for 3 days before determining the

amount of proliferation induced by measuring the amount of [3tt]-tdR taken up

(cpm) during the last 4 hours of the incubation.

> Before adding rhe [391-tdR, mixtures of appropriately diluted MoAbs (1/10 final)

and C (l/2O final), C alone (l/20 final) or culture medium alone were added to

quadruplicate cultures of each T cell-APC mixture, and incubated for t hour at 37oC.

The data presented are representative of several experiments and are expressed as the

cpm (mean * sem) of ¡3gt-td* incorporated for each quadruplicate set.



TABLE 4.18 A

TABLE 4.18 B

Phenotype of the proliferating T cells induced by in vivo

Ag-pulsed NPCs

Phenotype of the proliferating T cells induced by in vivo

Ag-pulsed D 3 IPCs

t3Hl-r¿n uptake (cpm + sem) by primed T cells*

after 3 days of culture with in vivo Agpulsed NPCs#:

NPCs from mice pulsed with:

107 L1lRX10 Ltg Fl lRXTreatment>

45 822+ 2084

16 530 + 2492

27 311 + 2440

40993 +2028

22744 + 880

36 r39 + 1001

2 801 !1025

6 311 + 1033

31 556 + t226

5 427 !1209

C alone

a-Thy1.2 + C

o'L3'14 + C

a-LytL.Z + C

a-L3T4, a-Lyt2.2 + C

t3Hl-r¿n uptake (cpm + sem) by primed T cells*

after 3 days of culture w\th in vivo A'gpulsed D3 IPCs#:

D3 IPCs from mice Pulsed with:

107 L11RX10 pg FllRxTreatment>:

96 068 +763r

19 811 + 308

36 54r t r40l

100 289 + 3461

39 179 + 1262

29 528 + 1053

2087 + t9O

10 380+ 1039

21 7t7 + 1163

8720l.609

C alone

cr-Thy1.2 + C

o-L3T4 + C

u-Lyt2.2 + C

a-L3'14, u-Lyt2.2 + C
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L11RX to purified, primed T cells. Only L3T4+ T cells were induced to proliferate.

This could be interpreted to indicate that infection with Ll1RX does not induce

modulation of ApC activity which results in the invitro induction of primed T cells of the

LyO.2+ phenotype and/or that Ag-specific LyO.2+ T cells are not induced by Salmonella

infection. However, it was also possible that the assay system employed to study APC

activity was not optimal, because the Ags used or the Ag-pulsing protocols failed to

ensure that Ag was presented in the form required for stimulation of Salmonella-specific

LyO.2+ T cells. However, the Ags used were the only preparations available at the time

these studies were caried out. As discussed in the Chapter 1, it has now become evident

that presentation of Ag by APCs can be manipulated to ensure presentation with either

Class I or Class II MHC products. The characterization of Salmonella Agpreparations,

to provide a well defined, low molecular weight Ag, which can be introduced to or

directly access the Class I processing pathway, would obviously be very useful for

extending these studies. It may resulr in the detection of Lyt2.2+ T cells proliferating in

response to such Ags and/or the recognition of differences in the APC function of NPCs

and IPCs harvested shortly after infection with Salmonella.

4.2.2.9 Presentation of K99 to primed T cells

(Ð Introduction

As stated above, use of a well defined Ag which contains fewer antigenic

determinants than the more complex formalin killed or live bacterial Ag preparations,

may provide more information on the Ag processing and presenting capacities of APCs.

In the absence of a well defined Salmonella Ag, a "model system", using a hybrid

Salmonella enterítidis 1lRX strain expressing a well defined Ag of Escherichia coli

(K99) was used to t'urther examine the Ag presenting capacity of NPCs and D 3IPCs.

An 1lRX srrain expressing the K99 pilin (SA9) was constructed by Dr. Stephen Attridge

and used to immunize mice following the standard procedure established for

immunization with L1lRX. Since LI lRX induces a cMI response, it was expected that
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SA9 would be able to induce a similar CMI response and that the K99 pilin expressed by

11RX might also be able to induce Ag-specific Te cells which could be analysed in vitro

using K99 protein purified from SA9.

(iÐ K99 in culture

Mice were immunized with 105live SA9 ip and 14 days later the PCs were

harvested and purified, primed T cells (SA9 IPCs) were prepared using the standa¡d

technique established with IPCs of llRX immunized mice. SA9 IPCs were cultured

with NpCs or D 3IPCs in the presence of varying concentrations of K99 for 3 days at

37oC. Each combination was assayed in quadruplicate and on the third day of culture the

amount of proliferation was measured by the level of [3gl-f¿n incorporated over a

4hour period. Table 4.19 presents data representative of several experiments,

illustrating that, although the proliferative responses induced by K99 were considerably

lower than those induced by F1lRX, they were quite significant when sufficient K99 was

added. [The proliferative response of SA9 IPCs to K99 was K99-specific, because when

purified, primed T cells were obtained from mice immunized with a hybrid 11RX strain

which did not express K99 (SA5) no proliferation could be induced in response to NPCs

+ purified K99 (data not shown)1.

(äù In vitro Pulsing with K99

A range of doses of NPCs and D 3IPCs were mixed with 20 and

50 pg/ml K99, or 20 pglml FllRX and 100 pl volumes of each of these mixtures were

added to two sets of four wells of a flat-bottomed nay and incubated for 2 or 4 hours at

370C. After the incubation the trays were shaken, the nonadherent cells removed and the

adherent monolayers washed twice with fresh culture medium. The standard number of

SA9 IpCs were added ro those K99-pulsed APCs and cultured for 3 days at 37oC before

pulsing with ¡391_tdR during the final 4 hours of incubation.

Table 4.20 illustrates thar all the Ag-pulsed NPCs induced proliferation of

SA9 IPCs. Increasing the dose of K99 and the length of time for Ag-pulsing



t3Hl-r¿n uptake (cpm + sem) by primed T cells* after

3 days of culture with specific Ags and 2x104:

D 3 IPCsNPCsAg Ag concn

(pelml)

15 203 + t794

18 203 + 2068

49 616+ 2907

21.3 9r7 ! 13 1,96

t2 1,89 ! 1479

16 409 !2434

31 011+ 4591

2r4 680 + 2036

50

1

1

5

F1lRX

K99

TABLE 4.19 Presentation of the K99 Ag to primed T cells by NPCs and D 3 IPCs

* purified, primed T cells were prepared using the standard techniques from the PC

suspensions harvesred from mice which had been immunized ip with 105 live SA9

organisms 14 days earlier. Quadruplicate mixtures of 105 primed, purified T cells, Ag

and either NPCs or D 3 IPCs as APCs, were cultured for 3 days at 37oC before being

pulse-labelled with t3¡1l-1.¿n during the final 4 hours of culture. Proliferation was

deterimined by the amounr of ¡39,-tOR incorporated (cpm) by the cells and the results

expressed as the cpm (mean * sem) for each replicate set of cultures. Minimal amounts

of ¡3¡t-tOR were taken up by control suspensions: primed T cells in culture medium,

2g3 t12; primed T cells + Fl1RX, 1089 + 64; primed T cells + 50 pg/ml K99, 473 + 2l;

primedT cells + NPCs, 123+ 10; primedTcells +D 3IPCs,81 + 12; APCs alone or

with either Ag,134-250 cPm.



TABLE 4.20 Proliferation induced by K99-pulsed APCs

t3ul-r¿n uptake (cpm + sem) by primed T cells*

after 3 days of culture with in vitro Ag-pulsed# APCs

No. APCs (/well):

10s 5x104 2xl0a

44 503 + 3619

45 566+ r0 269

53 590 + 5259

73 103 + 8463

269 525 t4252

1623 ! r09

1529 + 83

2979 + 334

r66s ! t94

13 240 + 34n

70 885 + 415r

66 396!6454

92 548 + 5845

t26 8t6 + 3508

222 640 + 11 810

5183 + 666

9272+ 1435

r0 370 + 380

10 178 !837

181 346 + 6150

25747 + 718

41 895 !4113

28 363 + 2659

50 s60 + 5489

r59 029 + 9765

724r +743

8346 t 981

22 566 + 1809

3t 632 + 8346

r82 490 + 8183

Pulsing

time (hours):

2

4

2

4

2

2

4

2

4

2

Pulsed

with:

20 ¡t"g/mlK99

50 ¡tg/ml K99

20 ¡tglml FllRX

20 ¡tglnú,K99

50 pglml K99

20 ¡t"glml F1lRX

APCs

NPCs

D 3IPCs



# Mixtures of the various concentrations of NPCs and D 3 IPCs with the appropriate dilutions of the Ags were

each loaded in quadruplicate 100 pl volumes into the wells of a 96-well flat-bottomed tray and incubated for 2 or

4 hours, as indicated. Following the incubation, the trays were shaken gently, the nonadherent cells and free Ag

removed and the adherent monolayers were washed with fresh culture medium.

* 
105 SA9 purified, primed T cells were added to the various APC populations and the trays incubated at 37"C for

3 days before determining the proliferarion induced by measuring the amount of ¡3gr-tuR taken up (cpm) by the

cells during the last 4 hours of culture at 37"C. A representative set of results are presented showing the cpm

(mean + sem) of ¡3g1-tUR incorporated by each replicate set. Negligible amounts of ¡3gr-t* were again

incoporated by control suspensions: all APC suspensions in the range of 120-381 cpm; primed T cells +

10 pglml Kgg, 1026 + 36; primed T cells + 10 pg/ml FllRX, 2590 ! 126-
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coresponded to an increase in the proliferation induced, with the optimal responses

occurring in the presence of 5x104 Ag-pulsed NPCs. In contrast, 105 K99-pulsed

D 3 IpCs were nonsrimulatory at both doses of K99 used and 5x104 K99-pulsed D 3 IPCs

induced only marginal responses which were only slightly greater when the dose of K99

and the length of time used for Ag-pulsing was increased. As previously observed with

llRX primed T cells, FllRX-pulsed APCs stimulated quite large responses. Hence,

both K99-pulsed NPCs and D 3 IPCs could stimulate SA9 IPCs, but more Ag was

required to pulse D 3 IPCs to observe significant responsos. This was consistent with the

earlier conclusion that the D 3IPCs may be degrading the Ag faster than the NPCs,

presumably reflecting the increased metabolic activity of these cells. The phenotype of

the proliferating cells was again L3T4+ in both cases (data not shown).

4.2.2.L0 SummarY

Intraperitoneal immunization of mice with LllRX had considerable

effects on the PC population. Infection with LI1RX resulted in a large influx of

inflammatory neutrophils into the peritoneal cavity and an increase in overall yield of

pCs which could be harvested from infected mice. Analysis of the Ag presenting

capacity of these cells revealed that L11RX infection rendered the PCs nonstimulatory

when used in large numbers. This nonstimulatory effect was mediated by a minor

population of adherent cells, which were probably macrophages, with some contribution

from the neutrophils. At least some of this effect could be explained by an increase in

the capacity of the D 3 IPCs to degrade Ags. No other differences were detected by the

assays used. In response to NPCs or D 3IPCs + Ags in culture or invitro or in vivo

Ag-pulsed NpCs or D 3IPCs, the T cells induced expressed the L3T4+, Thy1.2+

phenotype. Since Salmonella-specific primary T cell responses could not be induced

with the Ag preparations available, the assay which could be used to compare the APC

function of normal and immune PCs was their ability to induce a primary MLR. An

analysis of the induction of a primary MLR may provide valuable information about the

stimulatory capacity of these APCs with respect to the magnitude of responses and the
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T cell subsets induced to resPond.

4.2.3 Anatysis of primary MLRs stimutated by NPCs and D 3 IPCs

4.2.3.1 FACScan analysis of NPCs and D 3 IPCs

Before studying the ability of NPCs and D 3IPCs to induce primary

MLRs, the levels of expression of MHC molecules by these cells were examined. NPCs

and D 3 IPCs were labelled using immunoflurescent reagents and analysed on the

FACScan. pCs were incubated with FlTC-conjugated MoAbs directed against Class I

and Class II MHC molecules, washed, fixed and analysed on the FACScan. Preliminary

experiments had demonstrated the need to use the direct immunofluorescent labelling

technique as these heterogeneous PC populations showed considerable background

staining with the developing SHAM-FITC used in the indirect labelling method (data not

shown).

Fig. 4.4 tA-Hl illustrate the data generated by FACSCan analysis of these

populations. The dor plot diagrams in Fig. 4.4l^ and Bl illustrate the heterogeneity of

the NpCs and D 3IPCs respectively. Both populations are virtually all Class I MHC+

(Fìg.4.4[G and H]), with the D 3 IPCs appearing more heterogeneous in their levels of

expression of these molecules and significant proportions of each express the Class II

MHC molecules (Fig. a.4 [E and F]). Close examination of these data suggested that

D 3IpCs contained fewer Class II+ cells, but with slightly greater fluorescence. Hence,

3 days afær Salm.onella infection only marginal, if any, alteration in the expression of

MHC molecules had occurred. With this in mind, the ability of NPCs and D 3IPCs to

induce primary MLRs was comPared.

4.2.3.2 Proliferation induced in a primary MLR

Initial experiments were carried out using MLNCs obtained from BALB/c

or C57BL16 mice as the responding populations to determine which were more suitable

for these studies. The MLNCS were passaged on NW columns (NW MLNCs) to provide



FIGURE 4.4 FACScan analysis of NPCs and D 3 IPCs

NPCs and D 3 IPCs were directly labelled with FITC conjugated MoAbs for t hour on

ice and examined by FACScan analysis. Cells were incubated with PlBlA [A-D], FITC

conjugated cr-I-A [E and F] or o-H-2D [G and H]. Both the forward scatter vs side

scager diagrams [A and B] and the fluorescence intensities of these cells [C-H] are

shown.



aa ¡

a -¡

o

,.:
aa

B25

t-
o,

E(t)
€,Ìt
U)

A

C

0
2s0

Folvard Scatter

101 102 103

Fonrard Scatter

tor 102 103

250

100 D

H

o,
(¡,o
óz

FE100

0

0

a^

G'o
oz

G100

ç^

€¡o
dz

0

Fl uo¡cscence Interu itY Fluoresce¡rce Intensi tY



123

semi-purified T cell preparations. The stimulator cells were PCs obtained from normal,

unimmunized (BALB/cx C57BL!6) F1 mice (NPCs) or PCs from Fl mice immunized

with 105 Ll1RX ip 3 days prior to use @ 3 IPCs). The capacity of the unfractionated

populations and the adherent and nonadherent subpopulations of these PCs to stimulate

proliferation in response to allo-Ags, was examined to establish whether the adherent cell

population of D 3IpCs was also unable to induce proliferation of unprimed allogeneic

responder cells, as had been observed with secondary MLR and Salmonella-speciftc

responses. Total, adherent and nonadhefent populations of Fl NPCs and D 3 IPCs were

obtained as previously described and a range of cell numbers from 2x104 to 2x105 were

examined for their stimulatory capacity, each cell population being assayed in

quadruplicate. 2xI05 NW fractionated MLNCs from BALB/c or C57BL|6 mice were

cultured with the various APC populations for 5 days at 37"C before the amount of

proliferation was determined by measuring the amount of ¡3gr-td* taken up during the

final 4 hours of culture at37"C.

Both D 3IPCs and NPCs induced considerable proliferation of BALB/c

and C57BL/6 NW MLNCs, the actual level being determined by the number of APCs

used (Tabl es 4.21[A and B]). Consistent with earlier observations, 1x105 and 2x105

total or adherent D 3IpCs induced little or no proliferation of either responding

population and removal of the adherent cells rendered the remaining nonadherent cells

highly stimulatory for both responder cell types used. In contrast, NPCs induced

considerable responses at all doses used, despite the fact that less [3H]-tdR incorporation

was usually observed with the largest dose of NPCs. Microscopic examination of these

cultures showed that considerable increase in cell numbers had occurred, indicating that

proliferation had peaked prior to the time of pulsing. It was also consistently observed

that fewer nonadherent APC populations induced smaller lesponses in both systems,

especially when D 3IPCs were used, indicating that this subpopulation contained fewer

,'ApC-like" cells necessÍìry for activation of T cell proliferation. It is important to note

that although this was a consistent observation, the degree to which these responses were

reduced (as a result of decreasing the numbers of "nonadherent APCs") varied between



TABLE 4.2I A Proliferation of BALB/c MLNCs stimulated by (BALB/c x C57BL/6) FI

APCs

[3H]-r¿n uphke (cpm t sem) by Nw BALB/c MLNCs after 5 days

of culture with Fl APCs*:

Unfractionated APCs Adherent APCs Nonadherent APCs

29 587 + 8219

200 676 + 55 339

248 660+ t3 r23

137 550+24232

785 + 29

1496+ r73

72 516+ 6205

80 928 + 23 880

40 889 r l1 570

r4r 867 +7485

162 621 + 14 881

70 497 + 17 203

'760 + 47

530r !259

105 495 + 8603

39 965 + 8485

1947t5 ! t2755

t3r 629 + 3581

33 r75+ 5739

12060 + 3835

268 r37 !t6 flo
2t5820+ 10 161

69 358 + 7639

14 540+ 3520

No. APCs

(/we11)

2x105

10s

4xl0a

2xI0a

2x1,0s

10s

4xl0a

2xl0a

APCs

NPCs

D 3IPCs

I



* 
2x105 Nw BALB/c MLNCs were mixed with varying numbers of the unfractionated populations

and adherent and nonadherent subpopulations of either F1 NPCs or D 3 IPCs, and each combination

was loaded into 4 replicate wells of a 96-well flat-bottomed tray. The tray(s) was incubated at

370C for 5 days before the amount of proliferation was determined by measuring the ¡3¡4-tu*

incorporated (cpm) during the final 4 hours of culture. A typical result is presented, showing the

cpm (mean + sem) for each group of cells. Small amounts of ¡3gr-tdR were taken up by control

suspensions: MLNCs + culture medium, 376 + 14; all APCs + culture medium, in the range of 100

to 356 cpm.

ThedatapresentedinthisTableandinTable23wereobtainedusingthesamegroupof

immunized mice.

a



TABLE 4.218 Proliferation of C57BL/6 MLNCs stimulated by (BALB/c x C57BLI6) Fl

APCs

[3H]-r¿n upmke (cpm + sem) by NW C57BL/6 MLNCs

after 5 days of culture with Fl APCs*:

Unfractionated APCs Adherent APCs Nonadherent APCs

19 603 + 2685

20t924+ 11 113

243 605 + 14 826

271 3r4+23245

18 678 + 4283

44289 + 11859

267 903 + 28 821

228 3r5 + 13 452

t8 642!2251

223 6t3 + 10 887

28r204+ 18 117

198 948 r 6828

6325 + 8r9

75 7t2+ 15 266

311 650 + 10 683

234 523 + 16 113

238 674+ 21 358

188 456 + 10 390

1t707 + 13 988

11 005 r.3406

262723 + 4713

r45 042+ 20 297

19 267 + 6759

5261 + t643

No. APCs

(/well)

2xI0s

105

4xl0a

2xl0a

2x105

10s

4xl0a

2xI0a

APCs

NPCs

D 3IPCs



* 2x105 Nw C57BL/6 MLNCs were cultured in quadruplicate with varying numbers of the

unfractionated population and adherent and nonadherent subpopulations of both F1 NPCs and

D 3 IpCs for 5 days at 3l"C,prior to establishing the proliferative responses induced by measuring

the amount of [3g1-1dR incorporated (cpm) during the last 4 hours of culture- The results from

one of several repeat experiments are presented, with the results expressed as the cpm (mean + sem)

for each group of 4 replicate cultures. Again minimal uptake of ¡3¡1r-tuR by control suqpensions

occurred: Nw MLNCs + culture medium, 2r3 + 25; allAPC suspensions, in the range of 87 to 186

cpm-

ö
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experiments.

These data are similar to the secondary Salmonella Ag-specific responses

already presented and reinforce the earlier conclusion that this nonstimulatory effect

observed when using large numbers of D 3 IPCs is at least partially nonspecific, as it was

detected using Salmonella Ags, K99 and also allo-Ags. Further examination of the cells

responsible for this effect was carried out by studying the effect that fractionation on

Metrizamide density gradients had on the ability of D 3 IPCs to induce proliferation of

allogeneic lymphoid cells. The following series of experiments were caried out to

identify the cells responsible for the nonstimulatory effect and since BALB/c and

C57BL16 MLNCs responded similarly, only the responses of BALB/c Nw MLNCs will

be presented.

4.2.3.3 Stimutation of MLRs by Metrizamide fractionated NPCs and

D 3IPCs

NpCs and D 3IPCs were loaded onto discontinuous Metrizamide

gradients, and centrifuged at 1200 g for 45 minutes before harvesting the cells at the first

interface. As described in Section 4.2.2.4 (i) this procedure had virtually no effect on the

proportions of cell types present in the NPCs, whilst removing almost all neutrophils

from the D 3 IpCs. These cells were adjusted to the required concentrations and the total

suspensions and the adherent and nonadherent subpopulations of these cells were cultured

with NW MLNCs for 5 days before measuring proliferation by the uptake of [3H]-TdR,

in the standard way.

Removal of neutrophils by fractionation on Metrizamide gradients had no

effecr on rhe ability of D 3IPCs to induce a MLR (Table 4.22 A) and the responses

induced by NpCs were also unchanged, as expected (Table 4.228). This was consistent

with the results of the secondary Salmonella-specific responses mounted by primed

T cells, indicating that the presence of large numbers of neutrophils was not responsible

for the inability of these cells to induce T cell proliferation in response to allo-Ags.

One u-eatment which ensured that the D 3IPCs were stimulatory when

b



TABLE 4.22 A The effect of fractionation of D 3 IPCs on Metrizamide density gradients on their ability to

induce allogeneic proliferation

t3gl-r¿n uptake (cpm + sem) by NW BALB/c MLNCs#

after 5 days of culture with Fl D 3 IPCs:

Unfractionated APCs Adherent APCs Nonadherent APCs

17 243 + 1325

261 895 + 31 366

207 623+27 116

t6 t33 + 1911

310 365 + 33 456

324 427 + 33 751

58 250 + 1283

r80 912!34rr

151 517 + 14 818

4t 824 + 4000

361 622+ 2131

130 301 +22455

295 449 + 24 967

182747 !16182

56 700 + 4250

413 458 + 7598

304 590 + 26 959

51 557 + 6389

No. APCs

(/well)

2x105

10s

5x104

2x105

10s

5x104

APCs used

Untreated D 3 IPCs

Metrizamide D 3IPCsx



* Fl D 3 IpCs were harvested, half were used in this form (untreated D 3 IPCs) and to provide the adherent and

nonadherent subpopulations. The remainder were fractionated by centrifugation on a Metrizamide density gradient

at 1200 g for 45 minutes. The cells localized at the hrst interface were harvested, washed and used as unfractionated

Metrizamide D 3 IpCs and to provide the adherent and nonadherent subpopulations of Metrizamide D 3 IPCs.

# zx\05 NW BALB/c MLNCs were cultured with the unfractionated populations and the adherent and nonadherent

subpopualtions of both untreated and Metrizamide D 3 IPCs for 5 days at37ocprior to determining the proliferation

induced by measuring the amount of ¡3gr-tdR taken up (cpm) during the last 4 hours of culture at 37oC. Typical

results are presented expressed as the cpm (mean * sem) for each group of replicate cultures. Again the background

levels of ¡3gr-t¿R incorporated was no more tharl245 cpm for MLNCs or any of the APC suspensions alone.



TABLE 4.22 B The effect of fractionation of NPCs on Metrizamide density gradients on their ability to induce

allogeneic proliferation

t3Hl-r¿n uptake (cpm + sem) by Nw BALB/c MLNCs#

after 5 days of culture with Fl NPCs:

Unfractionated APCs Adherent APCs Nonadherent APCs

317 167 + 9090

292 342+ 3802

404 375 + 4810

329 258!12 549

404 5t7 + 16 938

327 046!4730

356275+ 5446

280 869 + 8167

374 r02+ 21772

364 325 + 13 984

403 515 + 8829

242252 + 30 366

394 500 + 8253

r71 244+ 22316

66 866 + 3778

r94367 r 13 308

t82 244 + 31 507

rDt 982+ 825r

No. APCs

(/well)

2x105

105

5x104

2xI05

10s

5x104

APCs used

Untreated NPCs

Metrizamide NPCs*



* 
F1 NpCs were either fractionated on a Metrizamide density gradient by centrifugation at 1200 g for 45 minutes and

the cells localized at the first interface were harvested (Metrizamide NPCs), or left untreated (Untreated NPCs)'

unfractionated populations and adherent and nonadherent subpopulations of both of these suspensions were prepared

in the usual way and used as the APCs.

# zxl05 Nw BALB/c MLNCs were cutlured in quadruplicate with each of the APC suspensions for 5 days at 37"C

before the amount of proliferation induced was determined by measuring the amount of ¡3¡1r-tuR incorporated (cpm)

during the final 4 hours of culture at 37oC. A characteristic set of results are presented expressed as the cpm

(mean * sem) of ¡3gr-t¿R taken up by quadruplicate set of cells. No more than 300 cpm of [3H]-tdR was

incorporated by control suspensions of either the MLNCs or APCs alone.



t25

Addendun'¡

rrnrent I

tested for their ability to induce secondary Salmonella-specific responses was in vivo

Ag-pulsing and the capacity of the APCs pulsed with F1lRX in vivo ¡o induce allogeneic

lymphoid cells to proliferate was investigated.

4.2.3.4 MLRs stimulated by in vivo FllRX pulsed APCs

Normal F1 mice and Fl mice immunized ip with LllRX 3 days earlier

were pulsed with 250 ¡tg of FllRX ip. After 15 minutes the mice were sacrificed and

the pC suspensions harvested, counted and adjusted to the required concentrations. A

range of cells from 4x104 to 2x105/we11 were used. The total populations and the

adherent and nonadherent subpopulations of PCs at the various concentrations were

cultured with 2x105 NV/ MLNCs obtained from BALB/c mice, with each combination

assayed in quadruplicate. On the f,rfth day the proliferation was measured by the amount

of ¡3gr-tu* incorporated during the 4 hours of incubation at 37oc.

Table 4.23 illustrates that in vivo pulsed NPCs were again stimulatory at

all cell concentrarions and that pulsing D 3 IPCs with F11RX in vivo reduced their

inhibitory activity, although 2x105 total and adherent cells usually induced only very

small allogeneic responses, with some variation from experiment to experiment. This

implied thar ln vivo pulsing with FI lRX failed to remove all the cells responsible for

preventing optimal stimulation of allogeneic responses, whilst successfully removing

those inhibitin g stimulation of S almo ne I I a-specific response s.

possible explanations for the "inhibitory" effector function of the adherent

cells present in the D 3IpCs could be that they release inhibitory or suppressive factors.

Macrophages are known to release prostaglandins during in vitro culture which are

known to have suppressive effects on T cells (Chouaib et a1.,1985). However, this was

not a likely explanation for the results presented here as indomethacin, which counteracts

prostaglandin activity (Webb and Nowowejski, 1977), was routinely included in the

culture medium.

Alternatively, lack of stimulation could be attributed to a change in the

level of MHC products expressed on the D 3 IPCs. There is evidence to suggest that as a



TABLE 4.23 Allogeneic proliferation induced by invivo Ag-pulsed Fl APCs

70 804 + 6408

36t 536 + 17 865

193 543 t 20 558

6933 + 1506

t76 423 + 22 957

234 331 + 29 02r

360 r44+ 11 254

33rl7l+4707

218 480 + 4112

9637 + 1035

184 156 + t9 435

t6t 512 + 25 850

302991+ 35 502

237 636!15727

83 384 + 636r

r90 037 + 20 479

24r 613 r 14 901

rt3 147 + 8935

Unfractionated APCs Adherent APCs Nonadherent APCs

2xl0s

105

4xlÚ

2x105

10s

4xl0a

No. APCs

(/well)

D 3IPCs

NPCs

t3Hl-r¿n uprake (cpm + sem) by Nw BALB/c MLNCs# after 5 days

of culture with i¡¿ vivo FI1RX pulsed Fl APCs*:

In vivo

pulsed APCs



* Normal mice and mice immunized ip with 105 Ll lRX 3 days earlier were injected ip with

250 vgFl lRX and 15 minutes later the mice were sacrificed and the PCs harvested. various numbers

of the unfractionated populations and the adherent and nonadherent subpopulations of these in vivo

Ag-pulsed pCs were examined for their ability to induce allogeneic proliferation.

# euadruplicate mixtures of 2x105 NW BALB/c MLNCs and the various Fl APC populations were

incubated at 37oC for 5 days before determining the amount of proliferation induced by measuring the

amount of ¡3gr-t¿R incorporated (cpm) by these cells during the final 4 hours of culture. Results

presented here are representative of several individual experiments, showing the cpm (mean * sem) of

t3gl-r¿n incorporated for each replicate set. Control suspensions containing the NW MLNCs or APCs

alone in culture medium incorporated little t3gl-f¿n (approximately 300 cpm as a maximum) and the

NìV MLNCs culrured with 1 pglml Fl1RX incorporated only l3g4+ 108 of [3H]-f¿n.

The data presented in this Tabre and in Table 2l.A were obtained using the same group of

immunized mice.
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consequence of infection with IBPs, modulation of the expression of MHC molecules

does occur. It has also been reported that the density of antigenic determinants on the

surface of ApCs, which in this case are the MHC molecules, $eatly affects the level of

response induced (Matis et a1.,19S3). Hence, changes in the level of expression of MHC

molecules, as a result of infection with LllRX, could effect the magnitude of responses

induced to either allo-Ags or specific Ags, or both. Although the FACS analysis of

Npcs and D 3Ipcs indicated that ip infection with Ll1RX induced no drastic change in

the level of expression of Class I or Class tr MHC molecules, more subtle changes, due to

differences in "processing" of the self-peptides which associate with these MHC

molecules, may be responsible for the differences observed.

Since a difference in the subset(s) of T cells induced to proliferate may

reflect a modulation of function and/or a change in the level of expression of MHC

molecules, the phenotypes of the T cells induced by NPCs and D 3IPCs wero

determined. These experiments were carried out in parallel with the studies on the

cytotoxic responses induced by allo-Ags land will be discussed in the following sections]

and required the use of C57BL/6 MLNCs as the responder populations'

4.2.3.5 Identification of the T cell subsets protiferating in response to the

alto-Ags presented by NPCs and D 3IPCs

4xlú Fl NpCs and D 3 IPCs were cultured with 2x105 NW MLNCs from

c57BLl6 mice for 5 days at 37oC in 20 replicate cultures in 96-well flat-bottomed trays.

On the fifth day MoAbs and C were used (at 1/10 and l/20 final dilution, respectively) to

identify the phenoytpe(s) of the T cells induced to proliferate, using the procedure

previously described. After treatment, the amount of proliferation was determined using

the standard procedure.

Table 4.24 shows data repesentative of several experiments. From

previous reports, it was not surprising to find that both L3T4+ and Lyt2'2+ T cells

proliferated in response to allo-Ags presented by NPCs and D 3IPCs, but it was

somewhat unexpected that the majority of the T cells responding to both types of PCs



TABLE 4.24 phenorype of the T cells proliferating in response to allo-Ags on

Fl NPCs andD 3IPCs

# Mixtures of 2x10s NW C57BL!6 MLNCs and 4x104 Fl NPCs or D 3 IPCs

(20 wells of each) were cultured for 5 days at 3l"C prior to determining the

proliferation induced by the amount of ¡3¡1-tOR taken up (cpm) during the last

4 hours of culture.

* Before pulsing with the [3H]-TdR, mixrures of C (1 in 20 fînal dilution) and MoAbs

specific for T cell markers (1 in 10 final dilution), C alone (1 in 20 f,rnal dilution), or

culture medium were added to 4 replicate cultures of each and incubated for I hour at

37oC. Typical data from one of several repeat experiments are presented, with the

results expressed as the cpm (mean * sem) of ¡3¡1r-tUR incorporated for each group

of treated ceils.

t3gl-r¿n uptake (cpm + sem) by C5lBLl6 MLNCs#

after 5 days of culture with F1 APCs

APCs

D 3IPCsNPCsTreatment*

57 095 + 267

52 558! 1366

2019 + ttg

47 856+2857

5683 + 233

61 048 r 258

65 602+ 452

134)+ t45

54 353 + 2127

12 893 + 554

None

C alone

cr-Thyl.2 + C

cr-L3T4 + C

a-LytL2 + C
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expressed theLyt2.2+ phenotype. This is contrary to many reports which have shown a

major involvement of the L3T4+ T cells in the proliferative rcsponse. These results were

confirmed by the FACScan analysis of the MLR blasts induced by NPCs and D 3IPCs

which had been immunofluorescently labelled using the indirect method (Fig. 4'5 tA-Hl).

These cells were virtually I007o Thy1.2+, and approximately 857o wereLyt2.2+ cells'

To define the phenotype(s) of the cells involved in the initiation of the

response, NW MLNCs were prepared and half of them were treated with various MoAbs

specific for T cell markers and C in a one step procedure, as indicated in Table 4.25. The

untreated and MoAb + C treated NW MLNCs were cultured with NPCs and D 3 IPCs for

5 days at 37"C before measuring the proliferation in the usual way. The results are

shown in Table 4.25 and indicare that the stimulation of MLR responses required both

L3T4+ andLyt2.2+ T cells, although removal of L3T4+ T cells reduced the proliferative

responses only slightly (though consistently), whilst removal of Lyt2.2+ T cells reduced

the proliferation induced by either NPCs of D 3IPCs by approximately 8070'

pretreatment with a mixture of cr-L3T4, a-Lyt2.2 and C resulted in very little response,

and was similar to 0-Thy1.2 and C treatment. Therefore, although the majority of the

cells induced to proliferate were Lyt2.2+ T cells, a minor involvement of L3T4+ T cells

was necessary, presumably to provide some form of "help" for the Lyt2'2+ T cells'

Again, rhere appears no difference in the ability of NPCs and D 3IPCs to

act as ApCs because they both induced comparable levels of proliferation by allogeneic

T cells, most of which were Lyt2.2+ T cells. However, as well as stimulating cells to

proliferate, allo-Ags are also able to induce CTLs. Consequently, the ability of F1 NPCs

and D 3 IPCs to induce cytotoxic activity in suspensions of allogeneic lymph node cells

was investigated.

4.2.4 In vítro cytotoxicity of c57BL/6 MLNCs induced by Fl PCs

Detection of cYtotoxicitY

Initial experiments were ca¡ried out to establish the peak of cytotoxic

4.2.4.I



FIGURE 4.5 FACScan analysis of NPC andD 3IPC stimulated MLR blasts

MLR blasts generated by culturing 106 c57B'L/6 Nw MLNCs with 2x105 Fl NPCs or

D 3 IPCs for 5 days at 3JoC, were labelled with immunofluorescence using the indirect

method. The information obtained following FACScan analysis of the blast populations

is presented, illustrating the fluorescence intensities of NPC or D 3 IPC stimulated MLR

blasts after incubation with P/B/^ [A and B] or u-Thyl.2 [C and D], q-L3T4 [E and F]

andu-Lyt2.2 [G andH].

NPC stimulated MLR blasts - left panels; D3 IPC stimulated blâsts - right panels
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T LBL¡. 4.25 Characterization of the T cell subset(s) required for induction of

allogeneic proliferation in response to Fl APCs

* Aliquors of NW C57BL16 MLNCs were either incubated for I hour ar.37oC with the

various MoAbs (1/10 final dilution) and C (U20 final dilution) or C alone (U20 ftnal

dilution), or left untreated prior to using them as the responding cells in the standard

MLR assay. Quadruplicate mixtures of 2x105 treated or untreatod NV/ MLNCs and

4xl0a F1 NpCs or D 3 IPCs, were incubated for 5 days ar.3JoC before measuring the

proliferative responses induced by measuring the amount of ¡3gt-tdR incorporated

(cpm) by the cells during the f,rnal 4 hours of culture. Results from one of three

identical experiments are presented, expressed as tho cpm (mean * sem) of [3H]-TdR

taken up by each quadruplicate set ofcultures.

t3Hl-rOn upake (cpm + sem) by C57BL/6 MLNCs*

after 5 days of culture with F1 APCs

APCs

Pretreatmen t* NPCs D 3IPCs

None

C alone

a-Thy1 .2 + C

cr-L3T4 + C

u-Lyt2.2 + C

a-L3T4, u-Lyt2.Z + C

95 248 + t5 734

100 770 + 6539

826 + 104

92964 + 2844

23 830+ 5268

3014!211

75 434+ 5319

72 552+ 9012

925 + t5

63 259 + 3226

11 148+2003

2485 + 844
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response induced by F1 NPCs and D 3IPCs. The target cells chosen for these

experiments were the murine mastocytoma cell line P815 which was maintained in viffo

and had been found previously to provide very reliable target cells. As P815 expresses

MHC molecules of the H-2d haplotype, the MLNCs used in these experiments were

obtained from the C57BL!6 mice of the H-2b haplotype, ensuring that any response that

was induced by the p1-2bld Fl cells was H-2d-specific. Mixtures of 106 NW MLNCs,

harvested from C57BL/6 mice, and 2x105 Fl NPCs or D 3IPCs were cultured in

1 ml volumes in 24-well tray for up to 6 days at37oc. On days 3,4,5 and 6 of culture,

the cytotoxic activity of the populations was measured using the standard 51Cr release

assay. The MLR blasts induced were counted, adjusted to appropriate concentrations

and incubated with 5lcr-labelled P815 cells for 4 hours at 37oC. After this incubation,

100 pl of each supernatant were harvested, transferred to separate tubes and the amount

of radioactivity present measured in a gamma counter.

The data in Fig. 4.6 tA and Bl demonstrate the levels of cytotoxic activity

generated in response to both APC populations at different times after culture.

Significant levels of cytotoxicity were induced by both NPCs and D 3 IPCs with the peak

of cytotoxic activity occurring after 5 days of culture. Although exhibiting similar

responses by day 5 of culture, in the experiment presented here the response induced by

D 3IpCs by the fourth day was considerably lower than that induced by NPCs and may

reflect a difference in the kinetics of the responses induced by these populations, however

it is important to note that this pattern was not consistently observed. For more detailed

analysis of cytotoxic activity induced, 5 day cultured MLR blasts were used and the Ag

specificity of these responses was investigated.

4.2.4.2 Determination of the Ag specificity of the CTLs

The specificity of cytotoxic activity of 5 day cultured MLR blasts

stimulated by allo-Ags of either Fl NPCs or D 3IPCs was demonstrated by incubating

these cells for 4 hours with either Slcr-labelled P815 0r Slcr-labelled EL4, before

measuring the amount of radioactivity released, as previously described. Fig. 4.7 shows



FIGURE 4.6 Kinetics of cytotoxic activity induced by allo-Ags on NPCs and

D 3 IPCs

Mixrures of 106 C5lBLl6 NW MLNCs and 2x105 F1 PCs were incubated in 1 ml

cultures in 24-well flat-bottomed trays for 3-6 days at 37oC. To assay cytotoxicity, the

MLR blasts were harvested and adjusted to three standard concentrations, added to

4 replicate wells of a 96-well round-bottomed tray and mixed with 5lCr-labelled P815 at

ratios of 25:1, 5:1 and 1:1 and incubated for 4 hours at37oC. Following the incubation,

100 pl of each supernatant was harvested and the amount of 51Cr present in each was

measured and the percent cytotoxicity (mean + sem) was calculated for each

quadruplicate set. The results shown are representative of five similar experiments and

indicate the cytotoxicity induced by either Fl NPCs [A] or Fl D 3 IPCs [B] after 3,4,5

and 6 days of culture.
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FIGURE 4.2 Analysis of the specificity of the cytotoxicity induced in the MLR

C57BL!6 NW MLNCs (106 cells) were cultured with 2x105 Fl NPCs or D 3 IPCs for

5 days, when 5x105 MLR blasts were mixed (in quadruplicate 200 pl volumes) with

2x\úSlcr-labelled p815 or 5lcr-labelled ELzl and incubated at 37oC for 4 hours. The

amounts of 5lCr released were measured and the cytotoxicity calculated using standard

techniques.
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rhe amount of cytotoxic activity of NPC or D 3IPC stimulated MLR blasts against

Slcr-labelled p815 and SlCr-labelled EL4. As expected, neither NPC nor D 3IPC

stimulated MLR blasts showed cytotoxic activity against Slcr-labelled F,L4, whilst

considerable lysis of SlCr-labelled P815 occurred in the presence of both blast

populations. This is because EL4 is a T cell lymphoma which expresses only Class I

MHC molecules of the H-2b haplotype and C57B'L16 MLR blasts generated against the

Fl cells should be anti-H-2d and therefore, not lyse the SlCr-labelled EL4. Clearly,

Fl NpCs and D 3Ipcs induced significant allo-Ag-specific cytotoxic responses after

5 days of culture with C57BLi6 NW MLNCs.

4.2.4.3 PhenotYPe of the CTLs

(Ð In vitro tysis of stCr-løbelled P815

Five day C57B'L/6 MLR blasts stimulated by F1 NPCs or D 3IPCs were

incubated with the MoAbs, a-Thyl.2, o,-L3T4 or u-Lyt2.2 and C for t hour at 37oC,

before being adjusted to tho required concentration. Either untreated or the various

MoAb and c treated MLR blasts were incubated in quadruplicate with Slcr-labelled

pg15 (at a rario of 25:1) for 4 hours at37"C and the amount of cytotoxicity determined as

previously described.

Fig. 4.8 shows that the cells responsible for the majority of the cytotoxic

activiry induced by either NPCs or D 3IPCs, were of the Thy1.2+,LyO.z+ phenotype'

Hence, considerable amounts of proliferation and cytotoxicity were induced in the

C57p¡L16 MLNC popularion after culture with Fl NPCs or D 3 IPCs. The magnitude of

the responses induced by either APC suspension ìwere comparable and cells of the same

phenotype were induced. The involvement of the T cell subsets in the activities induced

was also comparable. Because the target cells used so far expressed only Class I MHC

molecules, target cells expressing Class II MHC molecules were used in an attempt to

detect L3T4+ CTLs.
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FIGURE 4.8 Phenotype of the allo-Ag-specific cytotoxic cells

Day 5 MLR blasts generated by culturing C57BL|6 NW MLNCs with Fl NPCs or

D 3IPCs in "bulk" cultures, were adjusted to 10? cells/ml and incubated with the

T cell-specific MoAbs and C, C alone, or culture medium alone for I hour at 37oC.

After incubarion, each population of cells was mixecl with Slcr-labellctl P8l5 at a ratio of

25:l (in quadruplicate) and standard aliquots incubated for a further 4 hours in a

round-bottomed wells. The 5lCr released into the supernatants was measured artd the

percent cytotoxicity (mean * sem) was calculated. Effector cells received treatment with

either: culture medium (A), C alone (B), a-Thyl.2 + C (C), q-L3T4 + C @) or

a-Lyt2.2 + C (E).
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(iÐ In vitro tysis of stCr-løbelled ConA bløsts

One possible candidate for the Class II+ target cells was the cell line

p388D1, however, because these cells often exhibited relatively high spontaneous release

values and also were susceptible to considerable lysis by nonspecific cytotoxic cells (see

Chapter 5), another target cell population was used. Target cells expressing both class I

and II MHC molecules were obtained by culturing normal spleen cells (obtained from

Fl mice) with ConA for 3 days at37oc. Confirmation of the expression of both Class I

and Class II MHC molecules was obtained from the FACScan analysis caried out on

ConA blasts which had been labelled indirectly with immunofluorescence

(Fig. 4.9 IA-EI). Ir was clearly evident that this population contained both Class I+ and

Class II+ cells and therefore, derection of any L3T4+ CTLs should be possible when using

these cells as the targets. After 3 days culture, the ConA blasts were counted and

labelled with 51Cr as previously described. Five day C57BL|6 MLR blasts treated with

the various MoAbs and C were mixed with the 5lCr-labelled ConA blasts (at a ratio of

25:1) and each combination was assayed in quadruplicate by incubating for 4hours at

37oC prior to assaying for 5lCr release in the usual manner'

The Slcr-labelled conA blasts were shown to be suitable tafgets because

the levels of cytotoxicity detected were comparable to those found against Slcr-labelled

pgl5 (Fig. 4.10). Clearly, C57BL16 MLR blasts stimulated by either Fl NPCs or

D 3IpCs contained no L3T4+ CTLs because only Lyt2.2+ CTLs were detected.

Therefore, there appeared to be no detectable differences in the ability of NPCs or

D 3IPCs to induce allogeneic responses in the C57BL/6 MLNCs' Finally it was decided

to determine whether this applied to other allogeneic combinations. Accordingly, the

ability of F1 NpCs and D 3 IpCs to induce a MLR in MLNCs obtained from CBA mice

was examined.



FIGURE 4.9 FACScan analysis of ConA blasts

NSCs (106 cells/ml) were cultured for 3 days at37"C in the presence of 1 pg/ml ConA

before being labelled with immunofluorosecence using the indirect method.

50 ¡rl aliquots containing 5x105 ConA blasts were each incubated with a particular

MoAb, or PIB/A for t hour at 4oC (with shaking at 20 minute intervals) before being

washed in PÆlA and incubated with a 1 in 10 dilution of SHAM-FITC for 45 minutes at

4oC in the dark. The suspensions were washed thoroughly, resuspended in 1 ml volumes

of lVo PFA and analysed on the FACScan. The fluorescence intensities are presented for

cells incubated with: PlBlA (A); PÆlA + SHAM-FITC (B); u-Thyl.2 + SHAM-FITC

(C); a-Iad + SHAM-FITC (D) and a-H-2Dd + SHAM-FITC (E).
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FIGURE 4.10 Detection of cytotoxic activity towards ConA blasts

MLR blasts harvested from 5 day cultures of C57BL/6 NV/ MLNCs with Fl NPCs or

D 3IPCs were treated with CM, various MoAbs and C or C only at 37oC for I hour.

Four aliquots of 5x105 cells of each Eeated population were mixed in 200 pl volumes

with 2x104 Slcr-labeled ConA blasts and incubated for 4 hours at 37oC. The percent

cytotoxicity (mean + sem) was calculated for each replicate set and the results from a

typical experiment are presented, illustrating the cytotoxicity of both MLR blast

populations after treatment with CM (A), C (B), a-Thyl.2 + C (C), cr-L3T4 + C (D) or

a-Lyt2.2 + C (E).

A
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4.2.5 Induction of MLR responses by CBA MLNCs in response to

(BALB/c x C57BL|6) FL PCs

4.2.51 Proliferation of Nw cBA MLNCs induced by Fl PCs

CBA mouse MLNCs were fractionated on N'W columns to provide the

responder population. NPCs and D 3IPCs from (BALB/c x C57BL|6) Fl mice were

adjusted to 107 cells/ml and treated with 10 pglml Mitomycin C for t hour at 37oC before

being washed thoroughly, counted and adjusted to the required concentration. Twenty

aliquors of 2x105 NW MLNCs were mixed with 4x104 PCs and cultured for 5 days at

37oC. On the frfth day appropriate dilutions of cr-Thyl.2, u-L3T4, a-Lyt2.2 (TIB 150)

and cr-Lyt2 (yTS169.4) MoAbs and C were added to quadruplicate cultures, which were

shaken and incubated for t hour at37"C before measuring proliferation in the usual way.

The two types of u-Lyt2MoAb were used because CBA cells express theLytZ.I surface

marker, not Lyt2.2 and therefore treatment with cr-Lytz.2 (TIB 150) and C would not

deplete the Lyt2+ T cell population. Consequently, a different MoAb specific fot Lyt2

(yTS 169.4), which is not allotype restricted, was used to deplete any Lyt2+ T cells

proliferating in rhe CBA MLR blasr population (a-Lyt2.Z, TIB 150 was included as a

control). In addition, the C57BL/6 MLR blasts (generated as described previously) were

examined in Parallel.

The effects of the various MoAb and C treatments on the proliferation of

either CBA or C57F|L/6 MLR blasts are summarized in Tables 4.26 lA and Bl. As

previously, mentioned the majority of the response by C57BL|6 MLNCs induced by

either Fl pC population expross theLyt2.2+, Thy1.2+ phenotype, with some involvement

of L3T4+, Thyl.2+ cells and both MoAbs specific for the Lyt2 marker were effective in

removing most of the proliferativo activity. In contrast, only the YTS169.4 u-Lyt2

MoAb was effective in removing a large proportion of the prolit'erative activity of the

CBA MLR blasts, illustrating that the majority of the CBA cells induced to proliferate by

either F1 pC population also expressed the Lyt2+,Thyl.2+ phenotype and confirms that

TIB 150 is specific for the allelic form of Lyt} notexpressed on CBA cells. Again, there



* 2x105 NW MLNCs obtained from CBA mice (Table A) or C57BL/6 mice (Table B)

were culrured with 4xl0a (BALB/c x C57BL16) Fl PCs (20 replicate wells for each

mixture) for 5 days at 37oC before determining the proliferation induced by measuring

rhe amount of ¡3gr-tdR incorporated (cpm) during the final 4 hours of culture.

# Prior to addition of the [3H]-TdR, mixtures of appropriately diluted MoAbs (1/10 final)

and C (U20 final), C alone (1/20 final) or culture medium were added to 4 replicate wells

for each MLNC-APC combination and the rays incubated for t hour at37oC. Presented

are the results from a typical experiment expressed as the cpm (mean + sem) of ¡3¡1r-tU*

taken up by each quadruplicate group.



TABLE 4.26 Phenorype of the T cells induced to proliferate in different allogeneic

systems

A

t3ul-r¿n uptake (cpm + sem) by CBA Nw MLNCs*

after 5 days of culture with Fl NPCs of D 3 IPCs:

D 3IPCsNPCsTreatment#

255 099 + 25 r42

t2 t33 + 3624

162074 + 19 186

235 r2r + 29 301

96 189 + 8968

205 654+ 7094

6114 t398

136 980 + 31 142

249 426 + 45 810

t28 054 + 26 r23

C alone

cr-Thy1.2 + C

a-L3T4 + C

a-LytZ.Z (TIB 150) + C

u-LytZ (YTS 169.4) + C

B

t3ul-r¿n uptake (cpm + sem) by C5IBL/6 NV/ MLNCs*

after 5 days of culture with F1 NPCs of D 3 IPCs:

D 3IPCsNPCsTreatment#

r32 009 ! 1399

8411 + 520

rt3730 + 5036

31 190 +2162

30047 + 1328

98 703 + 2548

4661 + 349

74303 + 2723

20 543 + 2074

12 r83 + 467

C alone

cr-Thy1.2 + C

a-L3T4 + C

a-Lyt2.2 (TIB 150) + C

a-Lyt2 (YTS 169.4) + C
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was litrle or no difference in the response of CBA MLNCs to the Fl NPCs or D 3 IPCs.

4.2.5.2 cytotoxic activity of cBA MLNCs cultured with Fl PCs

(Ð In vitro tysis of slCr'labelled P815

MLNCs harvested from CBA mice were cultured with

Mitomycin C treated Fl NpCs or D 3IPCs and on the fifth day of culture the blasts

induced were treatod with the MoAbs and C, adjusted to the required concentrations and

incubated with the 51Cr p815 for 4hours at 37oC before measuring the amount of

radioactivity released into the supernatant in the usual way'

Fig.4.11 shows that significant cytotoxic activity was induced by both

ApC populations. It is clear that both NPCs and D 3IPCs induced Lyt2+, Thyl.2+ cells

with considerable cytotoxic activity. To investigate the possibility of cytotoxic

L3T4+ T cells in these populations their cytotoxic activity against 5lcr-labelled ConA

blasts was also examined.

(iù In vitro tysis of s|Cr-labelled ConA stimuløted bløsts

ConA blasts of Fl mice were labelled with 51Cr following the normal

procedure and then used in the standard 5lcr release assay. CBA MLR blasts generated

by culture with Mitomycin C treated Fl PCs and pretreated with MoAbs and C or

untreated, were mixed with the SlCr-labelled ConA blasts and incubated for 4 hours at

37oC when 100 pl of each supernatant was harvested into separate tubes and the amount

of radioactivity measured.

The SlCr-labelled ConA blasts made good targets as levels of cytotoxicity

comparable to those observed with 5lCr-labelled P815 were detected (Fig. a.12). The

only cytotoxicity detected was due toLyt2+, Thy1.2+ cells. It seemed therefore, that

srimulation of MLR by Fl NpCs or D 3 IPCs in CBA MLNCs induced only Lyt2+ CTLs,

a conclusion already reached with C57BL/6 MLR blasts'
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FIGURE 4.lL Cytotoxic activity of CBA MLR blasts

Mixtures of 106 CBA NW MLNCs with 2x105 Fl NPCs or D 3 IPCs were cultured in

1 ml volum es in 24 well flat-bottomed trays for 5 days at 37oC. The MLR blasts

generated were adjusted to 107 ce[s/ml and incubated with the T cell-specific MoAbs and

C, or C alone, for t hour at 37oC. Four aliquots of these populations were mixed with

5lcr-labeued P8l5 at ratios of 25:1 and incubated at 37oC for a further 4 hours in a

96-well round-bottomed tray. The amounts of 5lCr released into the supernatants were

measured and the percent cytotoxicity (mean t sem) was calculated for each replicate set.

The cytotoxicity of a typical population of CBA MLR blasts pretreated with C (A),

u-Thylj+ C (B), q'-L3T4+ C (C), u-LyO.2ffIB 150 + C (D) or a-Lyt2/YTS 169.4 + C

(E) are provided.

20

0
A
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FIGURE 4.12 Detection of L3T4+ CTLs in the CBA MLR blast populations

Five day CBA MLR blasts obtained by culturing 2x10s F1 NPCs or D 3 IPCs with

106 CBA NW MLNCs, were treated with either C (A), a-Thyl.2 + C (B), c¡-L3T4 + C

(C), o-Lytz.2t[IB 150 + C (D) or u-Lyt2lYTS 169.4 + C (E) at37oC for t hour. The

treated blast populations were each mixed with 2x104 5lcr-labelled ConA blasts at ratios

of 25:I (in quadruplicate) in 200 pl volumes in a 96 well round-bottomed tray and

incubated for 4 hours. The levels of 5lCr released were measured and the percent

cytotoxicity (mean t sem) calculated for each replicate set.

0
A
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4.3 Summary and conclusions

: Addenduur

ilntent I

The effect of ip immunization of mice with LllRX was investigated.

Preliminary experiments revealed that infection with LllRX induced considerable

changes in the PC population. Cell yields were increased and there was also a large

influx of neutrophils into the peritoneal cavity. The ability of PCs from mice injected ip

with LllRX 3 days earlier to stimulate various T cell activities in viffo was examined and

compared to that of PCs from unimmunized mice'

It was shown that large numbers D 3 IPCs exhibited a reduced capacity to

induce both Salntonella.- and allo-Ag-specific T cetl responses in vitro' The inability to

induce fesponses was mediated by adherent cell population(s) and attempts were made to

identify the cause(s) of this effect.

pulsing w\th Salmonella Ags in vivo removed the inhibitory effect of

D 3IPCs and it was concluded that in vivo pulsing probably removed inhibitory cells

and/or provided sufficient Ag to induce proliferation. The latter possibilty was supported

by the in vitro experiments using PFA. Fixation with PFA after pulsing cells with Ag

in vitroreduced the ability of these cells to stimulate T cells although Ag-pulsed D 3 IPCs

showed greater ability to stimulate, suggesting the cells were processing Ag faster than

NpCs. This implied that the D 3IPCs had increased degradative capacity which might

partially explain the lack of responses induced in the presence of large numbers of these

cells and relatively small amounts of Ag. However, this did not account for their

inability to induce allogeneic responses. In vivo pulsing with Ag not only provided

sufficient Ag for T cell stimulation, but also removed a population(s) of inhibitory cells

allowing the cells to induce a MLR (although nor at the highest cell number), as well as

the S alm o n e I I a- specific re spon se'

These "inhibitory" cells were not neutrophils, because removal of

neutrophils had no effect on the ability of PCs to stimulate either Salmonella- or

allo-Ag-specific responses. The cells responsible for this inhibition were adherent, with

a demonsrrable increase in Ag degradative abitity. The likely candidates for these cells
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are macrophages, which have been reported to show enhanced metabolic activity and

inhibitory acriviry, following infection with an IBP (see Chapter 1). The slight increase

in the responses induced by larger amounts of FllRX in the absence of neutrophils

suggests that neutrophils may also contribute to this effect.

The other responses induced by NPCs or D 3IPCs which were studied

were very similar. No difference in the cha¡acteristics of the secondary responses

induced in the Salmonella-purifred, primed T cells nor the responses induced in

allo-Ag-specific unprimed T cells were detected. Both APC populations induced

L3'î4+ T cells to proliferate in response to Salmonella Ags ín vitro. The majority of the

T cells induced to proliferate in response to allo-Ags of NPCs or D 3 IPCs expressed the

Lyt2*, Thy1.2+ phenotype and both populations also induced allo-Ag-specifrc

Lyt2+ CTLs. In other words, no modulation of APC activity as a result of immunization

with L1lRX was detected by the approaches used. consequently, to further examine the

involvement of the T cell subsets in the immune response to Salmonella, the

characteristics of the T cells induced following Salmonella infection were analysed in

some detail, and the results are presented in the following Chapters.
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5.1

CHAPTER 5

ANALYSIS OF THE FUNCTIONAL CAPACITIES OF

T CELLS FROM MICE CHALLENGED WITH

SALMONELLA

Introduction

Studies on the immunity to IBPs have demonstrated roles for both cellular

and humoral responses and the importance of CMI to infection of mice w\th Listeria ls

particularly well documented. In 1973, North demonstrated that T cells are required for

immunity and DTH reactions to listerial Ags. Earlier work on the MHC restriction of the

immune response to Listeriaprovided conflicting data from several groups. However, it

is now clear that both Class II restricted CD4+ T cells and Class I restricted CD8+ T cells

are involved. Studies using T cell clones have indicated that both CD4+ T cells and

CDB+ T cells are required for effective immunity to Listeria (Kaufmann et al., 1982 and

1986; De Libero and Kaufmann, 1986). Cooperation between the T cell subsets is

necessary for clearan ce of Listeria, with the CD8+ T cells being ultimately responsible for

clearance of secondary infections (Kaufmann et al., 1985; Bishop and Hinrichs, 1987;

Mielke et a1.,1988). The identification of the production of an exotoxin, listeriolysin O,

by virulent srrains of Listeria (Njoku-Obi et a\.,1963; Groves and Welshimer, 1977) and

its role in enabling organisms to escape from the phagolysosome into the cytosol (Berche

et al.,I987a; Tilney and Portnoy, 1989) provided a perfect explanation for the induction

of both Class I and Class II MHC restricted T cell responses, since the Class I Ag

processing pathway involves the cytosolic degradation of "endogenously" derived Ags

whilst "exogenously" derived Ags are generally processed in endososmal compartmonts

and presented in association with Class II MHC products (Allen and Unanue, 1984; Grey
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and Chestnut, 1985; Morrison et al., 1986; Nuchtern et al', 1989; Yewdell and

Bennink, 1989; Guagli ardi et al., 1990).

The importance of T cells for protection against Salmonella infection was

demonstrated by Davies and Kotlarski in 1976, when they found that depletion of T cells

decreased the capacity of mice to clear an infection of LllRX and abolished protection

against LC5 normally provided by immunization with LllRX. It could be assumed that

the type of response induced by Salmonella infection is the same as that induced by

Listeria, but this may not be the case because there is no evidence for production of a

,,listeriolysin-equivalent" by Salmonella and it is generally accepted that Salmonella

normally remain localized inside phagolysosomes and are not found in the cytosol.

Nonadherent,Lytl+2- T cells obtained from L11RX immunized mice, had been shown to

release the LKs, lL 2 andMAF in response to specific Ags and accessory cells in vitro in

an H-2I (Class II) restricted manner (Attridge and Kotlarski, 1985a). The same cells

were also able to transfer DTH reactivity to Salmonella Ags to normal, unimmunized

mice (Attridge and Kotlarski, 1985b).

The only evidence that infection with live Salmonella indtced Class I

MHC restricted Lyt2+ T cells was provided by some preliminary experiments ca¡ried out

in our laboratory. T cells with cytotoxic activity 'were detected in IPc suspensions of

L11RX immunized mice using a lectin-mediated cytotoxicity assay and it was found that

such Lyt2+ CTLs wore not present after immunization with killed 1lRX nor in normal,

unimmunized mice (unpublished data). These observations were extended in the present

study to establish whether Salmonella-specific LyA* T cells were induced after infection

with L1lRX. This included the analysis of the T cell subsets induced by secondary

Salmonella infections because it has been reported that the activity of Ag-specif,rc

Ly7*T cells was increased during secondary infection with Listeria (Mielke et al.,

1988).

whenever the mouse strain used is not specified, Fl mice were used in the experiments

described in this CltaPter'
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5.2 Results

5.2.I Transfer of DTH reactivity to sølmonella antigens

Ir is well established that development of the ability to mediate DTH

reactivity to specific Ags is associated with the induction of CMI (eg. Mitsuyama et al',

lgg2). Consequently, measurement of the capacity to mediate DTH can provide useful

information regarding the form of immune response induced. Infection of mice with the

avirulent organism llRX induces both humoral and CMI responses and provides

protection against infection with virulent C5 organisms (Davies and Kotlarski, 1974).

The induction of immunity following infection with LllRX has been shown to correlate

with the induction of T cells capable of mediating DTH reactivity to C5 Ags (Davies and

Kotlarski, lg74) and to 1lRX Ags (Attridge and Kotlarski, 1985b).

More detailed analysis of the cells responsible for the DTH reactivity was

carried out to define the T cell subsets induced by LllRX infection and their functional

capacities. In 1985, Attridge and Kotlarski reported that PCs and SCs of mice

immunized ip 2l days previously with LllRX (D 21 IPCs and ISCs respectively) were

capable of transferring DTH reactivity to soluble llRX Ags to normal, unimmunized

mice. For both the D 21 IPC and D 21 ISC populations, the cells responsible for the

reactivity were found to express the Lytl+ Thyl.2+ phenotype. Since Attridge and

Kotlarski (19S5b) found that SCs usually ffansferred less DTH reactivity than the PC

populations, the present, more extensive study initially concentrated on the ability of the

D 21 IPCs to transfer DTH reactivity to various Salmonella Ags.

To partially purify the D 21 IPCs, they were incubated on a plastic dish for

t hour at 37oC to remove most of the adherent cells. The plastic nonadherent IPCs

(p IpCs) were counted, adjusted to the required concentration and mixed with Salmonella

Ags. The Ags used were FllRX (2.5 tte),LllRx (10s organisms) andLC5 (5x103

organisms). F11RX was used as the "control" Ag and was expected to confirm the

resulrs obtained using soluble l lRX Ag (Attridge and Kotlarski, 1985b), as killed or inert

Ags are presented in association with Class II MHC molecules and generally react with
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L3T4+ T cells. In contrast, live Ags can induce both Class I and Class II restricted T cell

responses @rtl, 1981; Jungi et al.,l982a and 1982b; Iæung and Ada, 1982>. Therefore,

use of live Ags to elicit DTH reactivity may allow the detection of Class I restricted

LyO* T cells capable of mediating reactivity to Salmonella A'gs. [Optimal Ag doses

were chosen which induced significant responses in the presence of T cells and minimal

swelling when injected alone (data not shown).1 Each mixture was transfered into the

teft hind foolpads of 3-4 unimmunized mice in a 50 pl volume per mouse. As controls,

50 pl of P IPCs alone or Ag alone were each injected into the left hind fooçads of

3-4 normal mice. The right, uninjected footpads, acted as the negative control for each

mouse. The left and right footpads wero measured24 and 48 hours later and the percent

swelling calculated with respect to the size of the right footpad.

Representative results from one of a set of three experiments are presented

in Fig. 5.1, which show the percent footpad swelling (mean + sem) elicited by

2.5 lteFl lRX, 105 L1lRX and 5x103 LC5 at 24 hours. Clearly, all three Ags elicited

significant responses, with the responses to LC5 andLllRX being consistently smaller

than the response induced by FllRX. The swelling observed by 48 hours after the

rransfer of P IPCs and FllRX had decreased, whilst in the presence of either L11RX or

LC5 swelling had increased. Most of this was attributable to growth of bacteria in the

footpad because rnice in jectecl with live bacteria only showed a similar amount of swelling

at 48 hours (compaled to 5Vo at 24 hours, clata not shown).

5.2.2 Characterization of the T cell subsets mediating DTH reactivity in

response to Sølmonella antigens

5.2.2.1 Summary of experimental design

Treatment with various MoAbs and C was used to establish the

phenotype(s) of the cells mediating DTH activity. The MoAbs employed were

a-Thyl.2, a-L3T4 and a-Lyt2.2 andwere all used at a final dilution of 1 in 10 and C was

used at a final dilution of 1 in 20. Treatment of P IPCs with these MoAbs and C should



FIGURE 5.1 Transfer of DTH reactivity with D 21 IPCs

The T cells in D 2l IPC suspensions were partially purified by removing a large

proportion of the adherent cells by allowing them to adhere to plastic during a I hour

incubation at 37"C. The numbers of plastic nonadherent cells (P IPCs) were adjusted

and mixed with the Salmonellae Ags to ensure that 106 P IPCs were transferred with one

of the three different forms of Ag in 50 pl volumes to the left hind footpads of normal Fl

mice. The right and left footpads were measured 24 hours later and the relative increase

in footpad size was recorded. For each P IPC-Ag combination at least 3 mice were used

as recipients and the percent footpad swelling (mean + sem) was calculated for each

group and the results from one representative experiment are presented. The

combinations of P IPCs and Ags transferred and the appropriate controls were as follows:

A: P IPCs +2.5 ¡tg FllRX

B: P IPCs + 105 L11RX

C: P IPCs + 5x103 LC5

D:2.5 pg Fl1RX

E: 105 LllRX

F: 5x103 LC5

G: P IPCS

Error bars indicate the sem value for each group of data.
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deplete the p IpCs of either all T cells or only those responding to Ag in association with

Class II MHC molecules (L3T4+ T cells) or Class I MHC molecules (Lyt2.2+ T cells),

respectively. Therefore, local transfer of these treated cells plus specific Ags to the

footpads of normal mice, allows the determination of the phenoþye of the cells

responsible for the DTH responses induced. Accordingly, the effect of MoAb and C

treatment of p IpCs was assessed by mixing the treated cells with various Salmonella

Ags, before transferring them to the left hind fooçads of groups of 3 or 4 normal mice

and taking footpad measurements 24 (and sometimes 48) hours later. The percent

footpad swelling obtained for each group was calculated in the usual way.

5.2.2.2 L3T4+ T cells mediate DTH reactivity to F1IRX

\Vith the knowledge that killed or inert vaccines are (usually) presented to

T cells in association with Class II MHC molecules it was not surprising to find that the

cells mediating rhe DTH reactivity elicited by Fl1RX expressed the L3T4+, ThyI.2+

phenotype. Fig. 5.2 provides data representative of the observations recorded on

3 separate occasions and illustrates that depletion of either all T cells or only

L3T4+ T cells virtually abolished the ability to transfer DTH reactivity to FllRX. These

data support the findings reported by Attridge and Kotlarski (1985b) and also the more

recent work carried out using IPCs cultured with FllRX in vitro for 3 days, which were

also capable of transferring specific DTH reactivity (Kotlarski ¿/ al',1989).

5.2.2.3 L3T4+ T cells also mediate DTH reactivity to LI1RX

In an attempt to detect Class I restricted Lyt2.2+ DTH effector cells

L11RX organisms were also used as the eliciting Ag in this system. Somewhat

unexpectedly, the cells mediating DTH activity in response to stimulation with LI lRX

were found to express the L3T4+, Thyl.2+ phenotype (Fig. 5.3). This experiment was

repeated three times and pretreatment with cr-Thyl.2 or 0-L3T4 and C was consistent in

removing virtually all of the ability of the P IPCs to transfer aresponse to LllRX Ags,

while u-Lyt2.2 and C U'eatment had no effect. Hence, even in the presence of LllRX,
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FIGURE 5.2 Phenotype of the T cells mediating DTH to Fl lRX

P IPCs were prereated with T cell specific MoAbs and C for t hour at 37oC, before

mixtures containing 106 treated cells and 2.5 lt1 F11RX in 50 pl were prepared and each

injected sc into the left hind footpads of 3 normal mice. 24 hours later the footpads were

measured and the percent footpad swellings (mean + sem) from a representative

experiment are provided. P IPCs were treated with C alone (A)' a-Thyl.2 + C (B),

ç¡-L3T4 + C (C) or u-Lyt2,2 + C (D). Error bars indicate the sem value for each group

of data.
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FIGURE 5.3 Phenotype of the DTH effectors induced by Ll1RX

Results of a typical experiment using P IPCs pretreated with C alone (A), ct-Thyt.2 + C

(B), a-L3T4 + C (C) or s,-Lytz.2 + C (D) before mixing with LllRX to provide

suspensions that contained 106 cells and 105 LI IRX in 50 pl. These were injected into

the footpads of groups of 3 mice and the percent increase in footpad size (mean * sem) at

24 hours was determined in the usual way. Error bars show the sem values for each

group of results.
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DTH was mediared by Class II restricted L3T4+ effector T cells. This implied that either

there were no specific Class I restricted DTH effector cells induced by Salmonella

infection or that theLyt2.2+ T cells represented a minor population which was masked by

a larger response by the L3T4+ T cells. Another possibility was that the assay system

used was not appropriate for detecting Class I restricted T effector cells because of

preferential presentation of Ll1RX Ags in the context of ClassII MHC molecules'

Furthermore, a certain amount of "killed" Ag, which may be provided with the live

suspension of microorganisms and/or as a result of some killing of Ll1RX by normal or

activared cells in the p IpC population, may have provided sufficient killed organisms for

preferential presentation of 1lRX Ags with Class II MHC products, resulting in the

stimulation of L3T4+ T cells. A way of overcoming this could be to use a virulent

organism, like C5, which is more resistant to killing (Davies and Kotlarski, 1976) and

should thereby provide a longer lasting source of live Ag'

5.2.2.4 Examination of the T cells mediating DTH in response to LCS

Because immunization of mice with Ll1RX provides protection against

infection with the virulent C5 strain and induces DTH reactivity towards C5 Ags @avies

and Kotlarski, 1974) and since it has been shown that LC5 persist longer than Ll1RX

organisms lin 1lRX immunized animals] (Davies and Kotlarski, 1976), LC5 was used to

elicit DTH by transferring it locally with P IPCs pretreated with the C and MoAbs.

These cells were mixed with LC5 and 50 pl volumes of each Ag-cell mix (containing

106 p IpCs and 5x103 LC5) were transferred to the left hind footpads of groups of

3 normal mice and their hind footpads were measured 24 hours later. The same

experiment was carried out on three separate occasions and proved to be quite

reproducible. Fig. 5.4 presents the data from one of these experiments. Treatment with

u-Thy1.Z or q'-L3T4 and C removed the ability to transfer DTH reactivity to LC5,

whereas removal of the Lyt2.2+ T cells prior to transfer had no influence on the amount

of DTH reactivity induced by LC5. Therefore, even when a persisting "live Ag" was

used, the DTH response elicited was mediated by Class II resnicted L3T4+ T cells.
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FIGURE 5.4 Phenotype of the DTH effectors induced by LC5

Mixrures of 106 MoAb and C treated P IPCs and 5x103 LC5 were injected sc into the left

hind footpads of gloups of 3 normal Fl mice and the amount of footpad swelling

measured 24 hours later and expressed as the percent fooçad swelling (mean * sem) for

each group. Treatment of the P IPCs involved an incubation for I hour at 37oC with C

alone (A), o-ThyI.2 + C (B), ø-L3T4 + C (C) or a-LyQ.2 + C (D).
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[persistence of live Ags was confirmed by bacteria recovery experiments (data not

shown).1

5.2,3 Detection of DTH effectors early after immunization with L1IRX

It was of interest to determine the level of activity of DTH effector cells

induced early after ip immunization with LllRX, because different T cells subsets may

be induced at different times during infection. Since a CMI response can be detected by

2-3 daysfollowing infection with LllRX (Ashley and Kotlarski, L982), the ability of PCs

and SCs harvesred from mice ip immunized with LllRX 4 days earlier (D 4 IPCs and

ISCs) to transfer DTH reactivity to normal mice was investigated. Furthermore,

preliminary data (reported in Section 5.2.5.1 (ii)) demonstrated that as early as two days

after infection with llve Salmonella a population of Lyt2.2+ CTLs were induced (their

peak activity occurring around the fifth day and declining thereafter). Therefore, it

seemed reasonable to postulate that Lyt2.2+ DTH effector T cells may be present and/or

have greater activity earlier than 21 days after immunization.

Before transfer, most of the adherent cells present in these populations

were removed by adherence to plastic Petri dishes during a t hour incubation at 37oC-

The nonadherent cells recovered provided the P IPC and P ISC populations which were

counted, adjusted to the required concentration and injected sc into the left hind footpads

of groups of 3 normal mice, together with various Ag preparations. Control suspensions

of cells or Ag alone were also injected into groups of 3 normal mice. Both hind fooçads

of all the groups of mice were measured24 and 48 hours later and the percent swelling

induced calculated as normal. The Ag preparations used were F11RX (2.5 pg), 51lRX

(10 Lrg), Ll1RX (105 organisms) and LC5 (5x103 organisms). Fl1RX and 511RX were

included as controls to detect L3T4+ T cells and live organisms were used as the Ags to

attempt to detect the presence of Class I resfficted LyO.2+ T cells able to mediate DTH

responses.

Data typical of the results obtained in a set of five individual experiments

are outlined in Fig. 5.5 l(i) and, (ü)1. Both P IPCs li) and P ISCs lii) transferred DTH to



FIGURE 5.5 Transfer of DTH reactivity with D 4IPCs and ISCs

Plastic nonadherent D 4 IPCs and ISCs (P IPCs and P ISCs) were mixed with the various

Salmonellae Ags, to ensure that 106 cells with the appropriate amount of Ag (see below)

could be injected sc in a 50 ¡rl volume. For each cell-Ag mixture and the control

preparations, gtoups of 3 mice were used as recipients and the percent footpad swelling

(mean + sem) at 24 hours was calculated for each group. Data illustrating typical

responses transferred with either P IPCs or P ISCs are outlined in Fig. 5.5 Í(i) and (ii)1,

respectively. The test inocula transferred included:

A: Cells +2.5 ¡tg Fl1RX

B: Cells + 10 Lrg 51lRX

C: Cells + 105 L1lRX

D: Cells + 5x103 LC5

E:2.5 pg FllRX

F: 10 pg SIlRX

G: 105 LllRX

u: 5x103 LC5

I: Cells
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all Ags used, though the responses to F11RX transferred with PISCs were somewhat

lower. peak responses with both cell types occurred around 24 hours (the swelling

elicited by FllRX and S1lRX had virtually disappeared by 48 hours, whereas by this

time LC5 and L11RX had usually induced a significant amount of swelling even in the

absence of cells, indicating that the swelling was caused by bacterial growth within the

footpad; data not shown). All responses were lower than those transferred by IPCs or

ISCs obtained from mice later after immunization, as reported by Attridge and Kotlarski

(1985b) and also shown in Fig. 5.1. However, investigation into the phenotype of the

cells mediating the DTH reactivity in these populations yielded inconclusive results.

Depletion experiments using MoAb and C, almost completely removed the entire

Lyt2.2+ T cell population from these cells, however removal of the L3T4+ T cells was not

as complete (as suggested from the data described in Sections 5.2.8-l and 5.2.8.2).

Using these depleted populations to transfer DTH almost identical responses were

induced in absence of Lyt2.2+ T cells, even when live organisms were used as the

eliciting Ags, suggesting that the L3T4+ T cells were mediating DTH (data not shown).

However, depletion of the L3T4+ T cell subset did not consistently reduce the DTH

responses transferred, implying that although the numbers of L3T4+ T cells were reduced,

sufficient numbers remained to transfer a response (data not shown). Whether the

inability to completely abrogate the ability to transfer DTH reactivity simply reflects

incomplete depletion of the L3T4+ T cells or the fact that the DTH effector cells were

double negative T cells remains to be determined. It is interesting to note that larger

numbers of L3T4-,Lyt2- Tõ T cells appear early after infection with Listeria (by

approximately day 3) and by the eighth day after infection the proportion of these cells is

greatly reduced (Ohga et a1.,1990). Similarly, yô T cells have been found to appear

early during infection with BCG (Inoue et a1.,1991). Therefore, these results could be

taken to suggest that by the fourth day after infection with Salmonella an Ag-specific

L3T4-,Lyt2.2- yõ T cell population was induced, which was capable of transferring DTH

to normal mice in the presence of Salmonella Ags. However, more detailed analysis

would be required to establish if yõ T cells were induced by infection with Salmonella
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and whether they were capable of mediating DTH'

Additional investigations revealed that in vitro culture of these cells with

ConA, which may have expanded the DTH effector subset and therefore allowed larger

responses to be transferred, did not enhance the ability of either of these populations to

transfer DTH reactivity (an example representative of several reproducible experiments is

provided in Fig.5.6) Again MoAb and C treatment of these populations yielded

inconclusive results (data not shown).

5.2.4 SummarY

T cells obtained from the peritoneal cavities of mice immunized with

L11RX were able to transfer DTH reactivity to normal, unimmunized mice, with larger

responses being transferred when cells harvested late after immunization were used (this

also applied for T cells obtained from the spleens of these mice). The cells responsible

for mediating this activity were L3T4+ T cells, with no evidence for the involvement of

Lyt2+ DTH effector cells even when live bacteria were used to elicit the response. The

most obvious interpretation of these data is that primary immunization with L11RX did

not induco Class I restricted Lyt2.2+ DTH effector T cells. However, it was possible that

a response by a minor Lyt2+ T cell population may have been masked by the Class [I

restricted L3T4+ T cell response (or a 1õ T cell response). In other words, a more

appropriate assay system for detection of effectors of theLyt2.2+ phenotype may need to

be developed - one in which presentation of Ags in association with Class I MHC

molecules is favoured.

5.2.5 Detection of CTLs in the PC population from Lt IRX immune mice

5.2.51 Introduction

Summary of assaY sYstems used

Measurement of cytotoxic activity of a T cell population is often used as

(Ð



FIGURE 5.6 DTH reactivity transferred using ConA cultured P ISCs

The ability of ConA cultured P ISCs prepared from F1 mice 4 days after immunization

with Ll1RX to transfer DTH reactivity was analysed by transferring 106 cells with the

various Ags to the left hind footpads of normal Fl mice and measuring the footpad sizes

24 hours later. Groups of 3 mice were used for each cell-Ag mixture, as well the control

suspensions used and the precent increases in footpad size (mean + sem) were recorded.

The mice received one of the following stimuli:

A: Cells + 2.5 ¡tg FllRX

B: Cells + 10 pg S11RX

C: Cells + 105 LllRX

D: Cells + 5x103 LC5

E:2.5 pg FllRX

F: 10 pg SllRX

G: 105 LllRX

H: 5x103 LC5

I: Cells
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an indication of activation of a CMI response. Measurement of cytotoxic activity usually

involves mixtures of effector cell populations and Slcr-labelled target cells being

incubated (in quadruplicate) for 4 hours at 3'loC, after which the amount of 5lCr released

into the supernatants is measured. Generally, a range of doses of effector cells (5x105,

105 and 2xlú) is incubated with 2xl0a target cells and the results are expressed as the

percent of cytotoxicity (mean * sem), calculaæd as described in the Materials and

Methods. To detect cytotoxic cells generated following bacterial infection, Ag-pulsed

cells are normally used as the target cell population (eg. De Libero and Kaufmann, 1986).

However, cytotoxicity can also be detected using a lectin-mediated assay where the target

cells are pretreated with the lectin ConA. ConA binds to non-polymorphic regions of

MHC molecules on the target cells, enabling them to interact with the TCRs of the

T effector cells. Therefore, the lectin-mediated cytotoxicity assay will detect both L3T4+

and, Lyt2.2+ CTLs of any specificity, and the phenotype of any cytotoxic cells detected

can be determined using MoAbs and C. This procedure was adopted to look for

cytotoxic activity of cells from L11RX immunized mice since appropriate Salmonella

Ag-pulsed target cells were not available at this time. Methods of preparing suitable

Salmonella Ag-pulsed target cells were being investigated at the same time, with the

intention of using these cells to determine whether any Ag-specific CTLs were present in

suspensions with demonstrable cytotoxic activity in the lectin-mediated lysis assay. The

routine procedure used to define the phenotype of the CTLs involved the pretreatment of

NW IpCs with various T cell-specific and subset-specific MoAbs and C. NW IPCs were

incubated for t hour at 37oC with culture medium, C alone, cr-Thyl.2 + C, cr-L3T4 + C,

or u-Lyt2.2 + C prior to incubating the cells with various target cell populations and

determining the cytoroxicity of each effector subpopulation.

(iÐ Preliminøry observøtions

CMI can be detected by the second or third day of infection with LllRX,

as measured by the clearance of tumour cells i¿ vivo and tumour cell killing in vitro

(Ashley and Kotlarski, 1982), with the majority of this in vivo and ín vitro actlvity being
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attributed to activated macrophages (La Posta et al', 1982). Accordingly, it was

concluded that macrophages were activated by LKs released from activated T cells which

were present by the second to third day after ip immunizatioî with LllRX. The

demonstation that Lyt2+ T cells were able to mediate lectin-mediated cytotoxic activity

as early as two or three days after immunization with LllRX (unpublished data,

presenred in Fig. 5.7 tØ and (ü)l), whilst NPCs and IPCs of animals given killed llRX

did not (exhibiting maxima of only SVo cytotoxicity against ConA-treated and untreated

Slcr-labelled P815), was consistent with the conclusion that T cells are activated at this

early stage of immunization. These observations also indicated that the peak of activity

was likely to occur by the fifth day of infection and showed that Lyt2.2+ CTLs were

induced as a result of infection with Ll1RX. The experiments which follow were

designed to further characterize these CTLs.

A standard assay system was developed for the detection of CTLs, which

involved incubation of NW fractionated D 4 or 5 IPCs with Slcr-labelled targets cells at

ratios of Z5:1, 5:1 and 1:1 (in quadruplicate) in round-bottomed wells for 4 hours at37o C

before measuring the amount of 51Cr released into the supernatant. The bulk of the

assays were carried out using ConA-treated target cells, although target cells pulsed with

salmonellaAgs were also used when they became available.

5.2.5.2 Lectin-mediatedcytotoxicityagainstvarioustargets

Initially, the ability of the effector cells to lyse ConA-treated P815 was

confirmed and compared with the lysis of other target cell populations. Therefore, in the

first set of experiments, three different cell lines were used as the target cells. These

included the murine mastocytoma P815 which expresses Class I MHC molecules of the

H-2d haplotype, P388D1, a murine macrophage cell line expressing both Class I and II

MHC molecules of the H-2d haplotype and the murine T cell lymphoma El-21, which

expresses Class I MHC molecules of the H-2b haplotype. The ability of the NW IPCs to

lyse each of the three target cell populations (pretreated with ConA or untreated) was

analysed on at least two occasions and the results from one set of these experiments are



FIGURE 5.7 Cytotoxicity of LllRX IPCs

The cytotoxic activity of NW IPCs harvested from mice at various times after ip

immunization with L11RX 'was assessed using the lectin-mediated cytotoxicity assay.

The NW IPC suspensions were incubated with ConA-treated SlCr-labelled P815 in

quadruplicate for 4 hours at 31"C and the percent cytotoxicity (mean * sem) was

calculated for each cell suspension. Data typical of several experiments are presented in

Fis. s.7 (i).

The phenotype of the cytotoxic cells was determined by treating the NW D 5 IPCs with

T cell-specific MoAbs and C before incubating them with the target cells. Cells were

treated with culture medium (A), C (B), o-Thyl.2 + C (C), q-L3T4 + C (D) or u-Lyt2.2

+ C (E) and representative data illustrating their cytotoxicity are shown in Fig. 5.7 (ii).
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summarized in Fig. 5.8 tA-Cl. NW IPCs were able to lyse all three target cell types

when they were pretreated with ConA. However, for reasons which were not explored,

considerable background lysis of the untreated P388D1 and particularly EL4 cells was

also observed and the spontaneous release of 51Cr by F,L4 cells was routinely higher (up

to 25Vo) than that of either P815 or P388D1 (averaging approximately 47o or lÙVo

respectively). For this reason, subsequent analysis of the cell types responsible for target

cell lysis was carried out using only the P815 and P388D1 cell lines.

5.2.5.3 Phenotype of the cytotoxic cells

To establish which cells were mediating the cytotoxic activity detected,

Nrü/ IpCs were pretreated with the MoAbs and C, prior to incubating them with the

ConA-treated or untreated Slcr-labelled P815 or P388D1 cells at ratios of 25:1. These

mixtures were incubated for 4 hours at 37oC before measuring the amount of 51Cr

released into the supernatants and calculating the percent cytotoxicity detected in the

standard way. Typical results obtained are presented in Fig. 5.9 [A and B], which clearly

demonstrates that the cells responsible for the lysis of conA-treated Slcr-labelled P815

were LytZ.Z+ T cells and support our previous frndings (unpublished). Similarly,

LyO.2+ T cells are responsible for approximately 307o of the lysis of the ConA-treated

5lcr-labelled p388D1. The remaining activity correlates with the background killing

observed against untreated P388D1. Daø in Fig. 5.9 C also indicate that Thy1.2+ cells

were rcsponsible for only small proportion of the cytotoxic activity detected using

untreated P388D1.

It is unlikely that the cells responsible for killing of untreated P388D1

were activated macrophages, known to be present after immunization with LI1RX,

because La posta et al. (Igg2) demonstrated that both the target cell populations used in

this assay were susceptible to lysis by these cells and N\ù/ fractionation should have

removed them. The kinetics of killing were also not characteristic of activated

macrophages. High levels of cytotoxicity were detected in a 4 hour assay which is much

less than the 10-20 hours macrophages require to exert such levels of cytotoxic activity



FIGURE 5.8 In vitro lectin-mediated cytotoxicity of NW IPCs

NW fractionated D 5 IPCs (NV/ IPCs) were examined for their capacity to lyse various

5lcr-labelled target cell populations which were pretreated with the lectin ConA or left

unffeated. NW IPCs were mixed with the SlCr-labelled target cells at ratios of 1:1, 5:1

and 25 1 (each in quadruplicate) and incubated for 4 hours at 3'7"C in an atmosphere of

5Vo CO2. The amount of 5lCr released into the supernatants of these cultures over this

4 hour period was measured using the gamma counter and the percent cytotoxicity

(mean * sem) was calculated for each effector cell-target cell combination. The data

from a typical experiment are provided, illustrating the level of cytotoxic activity against

51Cr-labelled p815 (A), 5lcr-labelled P388D1 (B) and 5lcr-labelled ELa (C).
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FIGURE 5.9 Phenotype of the cytotoxic cells in NW IPC suspensions

The phenotype of the cytotoxic cells responsible for the lysis of 5lcr-labe[ed

ConA-treated p815 (A¡, slCr-labelled ConA-treated P388Dl (B) and 5lcr-labelled

untreated P388D1 (C), was characterized using the standard MoAb and C depletion

technique. NW IPCs wele treated with either C alone (l), cr-Thyl.2 + C (2), a-L3T4 +

C (3) or g,-Lyt2.2 + C (4) before being added to the Slcr-labeiled target cells and

incubated for 4 hours at 37oC. The percent cytotoxicity (mean + sem) of each treated

population was calculated in the usual way.
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(Ashley and Kotlarski, 1982; La Posta et a1.,1982).

The most likely explanation is that the cytotoxic activity was due to

NK cells, because NW fractionation has been reported to enrich for NK cells if they are

presenr (Roder and Keissling, 1978). This would explain the lysis of untreated P388D1

and not P815 cells, since the latter have been shown to be resistant to killing by NK cells

(Roder et a|.,1979).

5.2.5.4 FI1RX pulsed P815 and P388D1as the target cells for the detection of

sPecific CTLs

The approach usually used to prepare Ag-pulsed targets suitable for lysis

by Lyt22+ T cells, is to use well defined Ags and Ag-pulsing methods designed to ensure

that target cells were loaded with sufficient Ags presented in association with Class I

MHC molecules to be lysed in an Ag-specific manner. Another approach which has

been used with Lm is to use live organisms as Ags (Kaufmann et al., 1986). Although

Ag-pulsing was unlikely to ensure Salmonella Ag presentation in association with Class I

MHC molecules unless live organisms were used, P388D1 and P815 cells were

Ag-pulsed by incubating them with 20 and 100 pglml Fl1RX respectively overnight at

37oCin an atmosphere of 5Vo CO2 to confirm that this was the case. The cells were

washed and labelled with 51Cr using the normal procedure before being mixed with

NW IpCs at the standard ratios and incubated for 4 hours at 37oC. The amount of

cytotoxicity was determined as previously described and Fig. 5.10 provides a summary of

the data obtained for the 25:l ratio of effector cells to target cells (representative of three

separate experiments). Pulsing the target cells with FllRX did not enhance their

susceptibility to lysis by the NV/ IPCs and did not alter their susceptibility to lysis in a

lectin-mediated lysis assay, indicating that this approach was not appropriate for the

detection of Salmonella-spec\fic CTLs or that few of the CTLs detected in the

lectin-mediated assays were specific for Salmonella Ags. The latter explanation seemed

unlikely, since these CTLs were generated by immunization with L1lRX. Since in the

DTH system it was possible thatLyt2.2+ T cells were not detected because of the excess
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a ratio of 25 effector cells : 1 target cell) and the amount of cytotoxicity measured 4 hours

later. Data from one of three experiments carried out is provided to illustrate the percent

cytotoxicity (mean * sem) detected against the various target cells in all these

oxperiments.
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of L3T4+ T cells, cells were cultured in vitro in an attempt to enrich the Lyt2.2+ T cell

subset.

5.2.6 In vitro expansion of CTLs

5.2.6.1 Purifying theLyØ.2+ T cells

With the knowledge that Lyt2.2+ CTLs were induced by immunization

with LllRX it is possible that if this population was enriched and,/or activated in vitro,

altbeit nonspecifically, it may provide a more sensitive means of detection of Ag-specific

cells once the appropriate specific targets became available. Analysis of the

NW D 4IpCs on the FACScan after labelling the cells indirectly with

immunofluorescence revealed that NW fractionation increased the homogeneity of the

D 4IpCs (Fig. 5.11 [4, B, E and F]), with the majority of these cells expressing Thy1.2+

and Class I MHC+ with very few Ia+ cells. Fig. 5.11 [C and D] show the relative

proportions of L3T4+ andLy2.2+ T cells in this population, indicating that there were

slightly more L3T4+ T cells than Lyt2.2+ T cells present. Therefore, removal of

L3T4+ T cells would increase the relative numbers of Lyt2.2+ T cells present and may

enhance the detection of cytotoxic activity.

Incubation of NW IPCs with o.-L3T4, g-Ia MoAbs and C was successful

in enriching for Lyt2.2+ T cells. FACScan analysis of these cells after labelling

indirectly with immunofluorescence (Fig. 5.12 tA-Fl) revealed that virtually all cells

expressed Class I MHC molecules (F) and that the majority of the cells were Thy1.2+ (B),

Lyt2.2+ (D), although a few contaminating Ia+ and L3T4+ cells did remain. The amount

of background fluorescence of cells incubated with PÆlA followed by the SHAM-FITC

is illustrated in Fig. 5.12 A. This procedure was used to prepare the cells used in the

following studies.

Proliferation induced by IL 2 or ConA in vitro

To expand already active populations or to activate and expand resting

a

5.2.6.2



FIGURE 5.11 FACScan analysis of NW D 4 IPCs

NW D 4 IPCs were indirectly labelled with immunofluorescence using a variety of

MoAbs. Fig.5.11 tA-Fl illustrate the typical fluorescence intensities observed with cells

incubated with: PÆlA (A), g-Thy1.2 (B), q.-L3'14 (C), cx,-Lyt2.2 (D), q-Ia (E) or a-H-2K

(F).
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FIGURE 5.12 FACScan analysis of NW D 4 IPCs treated with ct-L3T4, c-Ia + C

Lyt2.2+ T cell enriched D 4 IPCs labelled with immunofluorescence using a range of

primary MoAbs, were analysed on the FACScan. Using the indirect method for staining,

the cells were first incubated with PiBlA (A), cr-Thy1.2 (B), u-L3T4 (C), o-Lytz.z (D),

cr-Ia (E) or cx,-H-2K F) and then with SHAM-FITC. An example of characteristic results

are provided in Fig. 5.12 [A-F].
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populations of T cells, D 4 IPCs enriched for Lyt2.2+ T cells were incubated in bulk

culrures (10-20 ml volumes) with IL 2 or ConA respectively, for 3 days at 37oC. The

T cells proliferating in these cultures were characterized by incubating 4 replicate cultures

(105 cells/well) of each type with the MoAbs and C for t hour at 37oC, prior to

determining the amount of proliferation by pulsing with ¡3¡1-tdR for a further 4 hours at

37oC and measuring the ¡391-tU* incorporated by these cells. The results were

expressed as the cpm (mean + sem) of counts obtained for each set of treated cells and

very similar results were obtained on three separate occasions. One set of these results

are presented in Table 5.1 and they indicate that the 3 day cultures contained proliferating

L3T4+ T cells andLylú,,2+ T cells.

This was confirmed by FACScan analysis. After 3 days of culture with

either n-2 or ConA, the cells were first incubated with PÆlA (A), a-Thyl.2 (B), a-L3T4

(C) or q,-Lyt}2 (D), followed by a t hour incubation with SHAM-FITC and analysis on

the FACScan. Virtually identical results were obtained for cells cultured with either IL 2

or ConA and Fig. 5.13 tA-Dl shows histograms of the fluorescence intensities of cells

cultured with IL 2, which illustrate that approximately 807o of the cells present were

Thy1,.2+ cells and only approximately 15Vo were L3T4+ cells and 207o Lyt2.2+ cells,

suggesting that almost 407o of these cells expressed the Thy1.2+, L3'14-, Lyt2.2-

phenotype (fewer double negative T cells were present in the ConA cultured cells). The

identity of these cells was not investigated any further, but as mentioned earlier it was

possible that rhey were yõ T cells which had been expanded as a result of the in vitro

culrure. [The possibility of induction of 1õ T cells as a result of Salmonella infec¡on will

be discussed further in Chapter 7.1

5.2.6.3 Cytotoxic activity of in vitro cultured IPCs

To assess whether culture with IL 2 or ConA had altered the cytotoxic

activity of these cells their lytic potential was assessed using the lectin-mediated assay.

cultured cells were mixed with untreated or conA-treated 5lcr-labelled P815 (at the

standard ratios) and the cytotoxicity measured, Data which are typical of at least three



TABLE 5.1 Phenotypes of the proliferating cells in the Lyt2.2+ enriched D 4 IPC

suspenslons

* 
105 of the in vitro ct¡ltured cells were added to the wells of a 96-well flat-bottomed tray

containing rhe various MoAbs (1/10 final dilution) and C (1/20 final dilution) [each set up

in quadruplicatel. Trays were shaken and incubated for t hour af 37oC, before pulsing

wirh [3H]-TdR for a further 4 hours. The thymidine incorporated during this period was

measured in the usual way and expressed as the mean cpm * sem'

[39]-r¿n upnke (cpm + sem) by Lyt2-2+ enriched

D4 IPCs after 3 days of culture with:

Treatmon t* ConA (l pglml) rIL2 (10 units/ml)

None

C alone

cr-Thy1.2 + C

o-L3T4 + C

a-Lyt2.2 + C

a-L3T4, a-LytZ.2 + C

2t4790+ t4142

2r8 497 + 19 336

4t 287 + 3266

165 469 + 11 514

136 555 + 4656

99289 ! 14 969

r98 423 r 6986

r8t 454 + 12900

38 236! 1290

98 612 + 3788

79 003 !9023

50 92t + 2110



FIGURE 5.13 FACScan analysis of Lyt2.2+ T cell enriched IPCs after in vitro

culture

NW IPCs, treated with cr-L3T4, a-la + C, were cultured with IL 2 or ConA for 3 days at

37"C, before being examined on the FACScan. Cultured cells were indirectly labelled

with a-Thyl.2 (B), a-L3T4 (C) or u-Lyt2.2 (D) as the primary Abs (cells were also

incubated with P/B/A as a negative control (A)). The data shown in Fig. 5.13 [A-D] are

representative of the results obtained for cells cultured with IL 2.
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separare experiments are provided in Fig. 5.14 tA and Bl. In vitro culture of D 4 IPCs

enriched for Lyt2j+ T cells slightly enhanced the cytotoxic activity towards

lectin-treated and untreated P815 cells although it was unfortunate that the lysis of

untreated P815 was particularly increased following culture with IL 2.

The presence of exogenous n 2 and presumably some IL 2 endogenously

produced by ConA acrivated T cells, not only increased the activity of CTLs but also

activated a population of cells capable of lysing the tumour cells not treated with ConA.

It is likely that these cells were lymphokine activated killer cells (LAKs), which can be

expanded by in vitro c¡lïtre of cells in the presence of significant amounts of IL 2 (eg.

Gunji et al., 1989; Longley et al., 1989; Zychlinsky et al', 1990)' Addition of

10 units/ml of IL 2 to the cultures obviously provided sufficient levels of IL 2 for the

stimulation of considerable LAK activity, with minimal amounts being provided during

culture with ConA. Since yô T cells have been shown to possess cytotoxic activity

(Munk et a1.,1990) and such a large proportion of this population appeared to be double

negative T cells, the possibility that these cells contributed to the cytotoxicity observed in

these studies could not be dismissed.

5.2.7 In vitro cytotoxicity of ISCs

After ip immunization with Ll1RX both PCs and SCs have been shown to

contain Salmonella-specif,rc T cells capable of releasing LKs in vitro and mediating DTH

reactiviry in transfer experiments (Attridge and Kotlarski, 1985a and 1985b). Therefore,

it was possible that Lyt2.2+ CTLs may also be induced in the spleens of these mice.

Initially, a few experiments were caried out to measure the lectin-mediated cytotoxicity

of SCs from mice immunized with Ll1RX ip 4-6 days previously (D 4-6ISCs), using

unfracrionated and NW fractionated ISCs (U ISCs and NW ISCs) and ConA-treated and

unffeated Slcr-labelled P815. Unlike the D 4 IPCs, U ISCs and NW ISCs exhibited a

maximum of only approximately \Vo cytotoxicity against both untreated and

ConA-treated Slcr-labelled P815. These data suggested that ip immunization with

LI lRX either did not induce/generate a CTL population in the spleen, or activated CTLs



FIGURE 5.I.4 Cytotoxicity of in vitro cultured suspensions of D 4 IPCs enriched

forLyt2.2+ T cells

NW cr-L3T4, a-Ia + C IPCs cultured with IL 2 or ConA for 3 days ar.3'7"C were assessed

for their capacity to kill lectin-treated or untreated 5lCr-labelled P815. The amount of

51Cr released after 4 hours culture of effectors and targets at ratios of 1:1, 5:1 and 25:1,

was measured using the gamma counter. Data are presented as the percent cytotoxicity

(mean t sem) detected using ConA-induced (A) and IL 2-induced blasts (B).

The specificity of the cytotoxic responses w¿ìs corlfirrnecl since "LC5 P815" was lysed no

mo¡e thalt Lultreatecl P815 ivhen ConA stimulatecl uol'mal spleen cells were used as

effector cells. When cells fronr im¡nunized mice wele stimurlated í¡t t'itro with ConA

before being usecl as effectors, significant lysis of the infected target cells was observed

only wlre¡ the effectors were obtained frour ntice following a secondaty Salntonella

infection.
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that represented only a very minor population which could not be detected, and/or that a

minor population of CTLs was induced by infection but required activation to become

cytotoxic. Since DTH effector cells can be detected in the spleens of mice infected with

LllRX ip, it seemed reasonable to favour the latter possibility and to investigate whether

expansion and/or activation of the ISCs in vitro wolld enable the detection of CTLs in

these populations, since only activated cells express cytolytic function.

5.2.8 In vitro expansion of LyA+ T cells from ISCs

5.2.8.1 In vitro culture of U ISCs with ConA

Since ISCs did not require removal of adherent cells to proliferate in

response to ConA, it was of interest to determine whether NW fractionation and

enrichment of the Lyt2.2+ T cells prior to culture with ConA was necessary for the

selective expansion and,/or activation of the Lyt2.2+ CTLs. [Preliminary experiments

indicated that like the IPCs, culturing ISCs with IL 2 resulted in the activation of

nonspecific cytotoxic cells (data not shown) and was therefore not used in these studies.l

Accordingly, the experiment described above was repeated three times using U ISCs and

U ISCs which had been pretreated with either o,-L3T4 and C or a-Lyt2.2 and C using the

one step procedure. Since past experience had indicated that one troatment with cr-L3T4

and c was not sufficient to remove all L3T4+ cells, the MoAb and c treatments were

carried out twice in an attempt to improve the efficiency of depletion of the L3T4+ and

Lyt2.2+ subsets of T cells. Untreated SCs from a normal, unimmunized mouse (NSCs;

although not enriched for the T cell subsets) were also cultured with ConA to compare the

effect of culturing on unprimed T cells.

Examination of the proliferative responses of these populations revealed

that in vitro cultlre with ConA induced both T cell subsets in the ISC and NSC

populations to proliferate (Tables 5.2 [A and B]). Two treatments of U ISCs with

c'-L3T4 and C prior to culture did not remove alIL3T4+ T cells, as proliferating cells of

both L3T4+ and Lyt22+ phenotype were detected in these cultures, although the number



TABLE 5.2 APhenotypes of the cells proliferating in suspensions of ISCs cultured with

ConA

# Prior to culture with ConA, D 4 ISCs were subjected to two treatments with either

a-L3T4 + C or u-LytZ.2 + C (using the one step procedure), or left untreated.

* Each cultured ISC blast population was treated (in quadruplicate) as indicated for

t hour at3T"Cbefore being pulsed with [3H]-TdR. The cpm (mean + sem) of ¡3gr-td*

incorporated was calculated for each population.

t3Hl-f¿n uptake (cpm + sem) by ISCs

after 3 days of culture with 1 Ltglml ConA:

Pretreatment#:

Treatment* Culture Medium s-L3T4 + C a-Lyt2.2 + C

None

C

cr-Thy1.2 + C

o-L3T4 + C

aLyt2.2 + C

a-L3T4, a-LytZ.2 + C

35996+ r99

30 853 + r2r7

2218 + 72

18 785 + 317

19 836 !345

3560 + 56

64 56r + 967

63 610 + 5151

2428 + 55

41 050 + 889

22383 + \r7l

475t + 194

59 038 + 1548

58 223 + L49r

3865 !62

9230+ 392

58 758 !2385

9425 + 380



TABLE 5.2 B Phenotype of the proliferating cells of a NSC population cultured

with ConA for 3 daYs

* 
ConA cultured NSCs were incubated with the T cell specific MoAbs and C for

t hour at 3l"Cin a 96-well flar-bofiomed tray prior to being pulsed wittr [3U]-t¿R

for a further 4 hours. Each treatment was carried out in quadruplicate and results

are expressed as the cpm (mean * sem) of 3H-thymidine incorporated by each

population.

Treatment*

[3u]-r¿n uptake (cpm t sem) by NSCs after

3 days of culture with 1 Pglml ConA

None

C

o-Thyl.2 + C

cr-L3T4 + C

a-LytL.2 + C

a-L3T4, a-LytZ.2 + C

85 632 + 8309

90 326 + 4396

1094 + 238

48 633 + 276r

3t 824 t 1096

3889 + 288



t52

of L3T4+ T cells had been reduced. [It is possible that most had been removed and that

selective expansion had occurred during culture.l In this population L3T4+ were

responsible for approximately 3O7o of the proliferation, whereas approximately SOVo of

the proliferating cells of the untreated ISC population were L3T4+. Two pretreatments

with cr-Lyt2.2 and C did deplete aIILyt2.2+T cells, because none of the proliferation

detected in this population could be attributed to the Lyt2.2+ T cells. It is interesting to

note that the magnitude of responses induced in the two pretreated populations was

comparable, indicating that depletion of a particular T cell subset did not affect the

overall amounr of proliferation induced. The finding that Lyt2.2+ T cells, but not

L3T4+ T cells, could be removed from the population may reflect the fact that there are

less Lyt2.2+ T cells than L3T4+ T cells in the spleen, making it easier to deplete these

cells.

5.2.8.2 cytotoxicity of u ISCs cultured with conA in vitto

The standard lectin-mediated cytotoxicity assays using untreated and

ConA-treated 5lcr-labelled P815 were used to assess the amount of cytotoxicity induced

by culturing U ISCs, and U ISCs enriched for L3T4+ or Lyt2.2+ T cells with ConA for

3 days. Since similar proliferative responses were recorded for the NSCs and ISCs after

culture with ConA, NSCs cultured with ConA were also examined for their cytotoxic

activity and the phenotype of the cytotoxic cells detected in the cultured NSC suspension

was established by treating the cells with MoAbs and C prior to adding them to the target

cells (using only the 25:1 effector to target cell ratio). In three successive experiments

the percent cytotoxicity (mean + sem) was calculated for each effector cell/target cell

combination and Fig. 5.15 [(i) and fli)] shows the results from a typical experiment.

Clearly, in vitro culture of both U ISCs and NSCs with ConA induced populations of

cells with considerable cytotoxic activity (approximately 607o). These experiments also

confirmed that Lyt2.2+ T cells were responsible for all cytotoxicity induced by in vitro

culture of both ISCs and NSCs with ConA. Pretreatment of ISCs with 0-L3T4 and C did

not reduce the amount of cytotoxicity induced by culturing with ConA and the amount of



FIGURE 5.15 Lectin-mediated cytotoxicity of ConA-cultured SCs

D 4 ISCs (1) and populations enriched for either L3T4+ (2) or Lyt2.2+ (3) T cells were

cultured with ConA for 3 days at 3l"C in an atmosphere of 5Vo CO2 and the cytotoxicity

of these blasts was assessed using the standard technique. ConA-blasts were incubated

with 5lCr-labelled P815 at rarios of 1 : 1 , 5: 1 and 25: I and the amount of cytotoxicity after

4 hours at 37"C was measured and data characteristic of several experiments are

provided, showing the percent cytotoxicity (mean + sem) of these populations

(Fig. 5.15 (i)). Control NSCs cultured with ConA were also treated with C alone (A),

g-Thyl.2 + C (B), g-L3T4 + C (C) or u-Lyt2.2 + C (D) and their ability to lyse

ConA-treated 5lCr-labelled P815 (at a ratio of 25:1) was measured in the usual manner

and a typical result is presented in Fig. 5.15 (ii).
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cytotoxic activity detected in cultures of ISCs pretreated with cr-LytL.2 and C was

negligible (lyfto maximum). L3T4+ T cells with cytotoxic activity were not detected in

any of these experiments. The lysis of untreated P815 by all effector cell populations

was minimal (in the range of 3-5Vo). Because in vitro culture of both ISCs and NSCs

with ConA induced activation of Lyt2.2+ T cells with very similar levels of cytotoxic

activity these studies provided no evidence tha¡ Salmonella immunization induced

Ag-specificLyt2.2+ CTLs in the spleen.

5.2.8.3 SummarY

This series of experiments demonstrated that within a few days of ip

immunization of mice with L1lRX, Lyt2.2+ CTLs able to mediate lectin-mediated lysis

wero present in the peritoneal cavity but not in the spleen. Following in vitro culture of

the IpCs with ConA or IL 2 cytotoxic activity was maintained and even slightly

enhanced, but was accompanied by an increase in nonspecific cytotoxic activity,

particularly when IL 2 was added to the culture medium. il- 2 did not maintain or

expand the activity of the cells in a selective way and also possibly expanded a

population of "LAK-type" cells (and possibly some yõ T cells). Lyt2.2+ T cell-mediated

cytotoxic activity could be induced in the ISCs by in vitro culture with ConA, but the

significance of these findings was difficult to interpret because in vitro culture of NSCs

with ConA for the same length of time also generaæd Lyt2.2+ CTLs. V/hile it was

possible that at least some of the CTLs generated by in vitro culture of the ISCs with

ConA were Salntonella-specific, whereas those detected in cultures of NSCs were not,

this could not be confirmed because of the lack of Ag-specifìc target cells which were not

available at this time.
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5.2.9 Analysis of the functional capacities of T cells after secondary

challenge with S ølmonellø

5.2.9.1 Introduction

Outlined in Chapter 3 is a series of preliminary experiments which were

ca:ried out to assess the effect of a second dose of Salmonella given to mice primed with

105 LI lRX on cell yields and the responsiveness of these cells to Salmonella Ags. Mice

were given either 3x10a LC5 or 8x106LllRX ip 3 or 6 weeks (respectively) after the

primary ip immunization with 105 LllRX. As a result of the secondary infection the SC

and particularly the pC yields increased, although the ability of these cells to proliferate

and release I].2 invitro were very similar to the responses observed by cells obtained

from mice receiving only a single dose of LllRX. The following sections present data

on a moÍe detailed analysis of the phenotypes of the cells induced to proliferate following

secondary challenge and a charactenzation of the cells able to mediate DTH reactivity.

The induction of CTL activity following secondary challenge was also investigated.

5.2.9.2 Characterization of the T cells induced to prolifertle in vitro

pCs and SCs were harvested from mice 7,14 arrd 21 days after receiving a

secondary challenge of either LC5 or LllRX (LC5 or L11RX 2o IPCs and ISCs).

2o NV/ IpCs, 2o U ISCs or 2o NW ISCs were cultured in vitro for 3 days with F1lRX to

stimulate specific T cells or the nonspecific T cell mitogen, ConA to ensure T cell

responsiveness and the phenotype of the proliferating cells was determined in the usual

way. Interestingly, the results were the same for cells taken at any timepoint after a

secondary challenge with either L1lRX or LC5. The amounts [3gr-tU* incorporated by

cells harvested 14 days after challenge are provided in Tables 5.3 and 5.4. The

proliferative responses of L1lRX or LC5 2o NV/ IPCs to ConA were similar, involving

both L3T4+ T cells and,Lyt2.2+ T cells (Table 5.3), although there was an indication that

L3T4+ T cells contributed less to the proliferation observed for the LC5 2o IPCs. The

responses to F1lRX, however, were somewhat different. Ll1RX 2o NW IPCs



TABLE 5.3 Characterization of the proliferating cells present in the LllRX and

LC5 2o NW IPCs after culture with Fl1RX or ConA

# 2x105 LllRX and LC5 2o NW IPCs were each cultured in 96-well flat-bottomed trays

in the presence of ConA or FllRX for 3 days at 37"C. After 3 days, the amount of

proliferation was determined by measuring the incorporation of t3lll-f¿n during the final

4 hours of culture.

* Before pulsing with ¡3q-TdR, four replicate cultures of these cells were treated with

the various T cell-specific MoAbs and C for t hour at37oC. Results are expressed as the

amount of ¡3¡tr-tOR incorporated [cpm (mean + sem)] by each cell suspension and data

ropresentative of a set of five replicate experiments are provided.

'a

t3nl-r¿n uptake (cpm t sem) by

2o NW IPCs# after 3 days of culture with:

IPCs# tnTreatmen 1 pglml FllRX 1 Pg/ml ConA

L1lRX 2'

LCs 2"

None

C alone

o-Thyl .2 + C

cx,-L3T4 + C

a-LytL.Z + C

cr-L3T4, a-Lyt2.2 + C

None

C alone

o-Thyl.2 + C

cr-L3T4 + C

u-Lyt2.Z + C

cr-L3T4, u-Lyt2.Z + C

r23 908 + 1336

r31 435 + 8050

12617 !1240

54 083 + 5400

r29 341 + 2008

37 000 + 418

265 452+ 9440

252973 !2920

32 173 + 2410

76973 + 2rO9

173 889 !t4784

42 130 + 3772

175 039 + 14 816

r4t 228 + 3686

15 809 + 1591

52 566+ 2788

108 573 + 3937

35 015 + 2081

2r2 612 + 5301

t92747 + 5919

24 54t + 2951

139 841 + 3573

r32 637 + 3108

49 293 + 4315



TABLE S.4 Characterization of the proliferating cells present in L11RX and

LCs 2" NW ISCs after culture with F1lRX or ConA

# 2x105 LIlRX and LC5 2o NW ISCs were cultured with FllRX or ConA in 96-well

flat-bottomed trays for 3 days at 37oC, after which the amount of proliferation was

determined by measuring the uptake of ¡3¡1-tUR (cpm, mean + sem) during the last

4 hours of culture.

* prior to pulsirrg the cells with [3H]-TdR, appropriate dilutions of the va¡ious MoAbs

and C were added (in quadruplicate) and the trays incubated for I hour at 3JoC. Data

representative of a set of five replicate experiments a.re presented.

t3ffl-f¿n uptake (cpm + sem) by

2o NV/ ISCs# after 3 days of culture with:

ISCs# Treatment* I pglml FllRX I Pglml ConA

LllRX 2'

LC5 2"

None

C alone

oc-Thyl .2 + C

cr-L3T4 + C

u-Lyt2.2 + C

a-L3T4, a-Lyt2.2 + C

None

C alone

a-Thyl.2 + C

o-L3T4 + C

u-Lyt2.Z + C

a-L3T4, a-LytZ.Z + C

109 638 !6976

90 639 + 3164

37 998 + 557

58 071 !5957

70983 +2096

40 121 + 1959

42758+ 3204

40 193 !3735

14 9',74 ! 1176

24360!522r

28 886 + 2007

15 701 + t5z8

324 tt3 + 14238

255160+ 5443

27 241 t 1864

13 977 r 13 658

159 006 !4113

32 482+ 2537

242 298 + 3918

255 228 + 6805

21365 + 1568

186 300 + 5215

r49 605 + t236

31 603 + 1918
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proliferated well in response to Fl1RX and, not surprisinglY, the cells responsible for the

bulk of this proliferation expressed the L3T4+ phenotype. The proliferation induced by

F11RX in the LCs 2" NW IPCs was comparable. However, it appeared to be mediated

by both L3T4+ T cells andLyt2.2+ T cells, as fieatment with either t-L3T4 or a-Lyt2.z +

C significantly reduced the proliferation and when the two MoAbs were used together a

further decrease was observed.

As expected, the proliferative responses of U ISCs and NW ISCs to ConA

involved both L3T4+ T cells andLyt2.2+ T cells and representative data for NW ISCs are

provided in Table 5.4. Again, there appeared less involvement of the L3T4+ cells in the

proliferative response of T cells obtained from mice given a secondary challenge of LC5.

Similar to the responses observed in the SCs from mice receiving only a single dose of

L11RX, the 2" ISCs with and without NW fractionation exhibited very inconsistent

responses to F1lRX. Although no firm conclusions could be drawn from these data, it is

interesting to nore that when the ISCs did proliferate in response to F1lRX, both L3T4+

andLyt2.2+ T cells were responsible for this proliferation. Depletion with MoAbs and C

never completely abrogated the proliferative responses induced by either F11RX or ConA

and treatment with both G-L3T4 and a-Lyt2.2 + C did not reduce the responses to the

same extent that cr-Thyl.2 + C treatment did, particularly in the IPC populations. These

data suggested that a population of cells which express the Thy1.2+, L3T4-, Lyt2.2-

phenotype were responsible for this proliferation. It is possible that 1õ T cells were

responsible for this proliferation and the likelihood of this is discussed in the final

Chapter. The fact that treatment with o.-Tltyl.2 + C could not completely remove the

proliferation induced suggested either that a non-T cell population (possibly B cells) was

proliferating or simply that the numbers of proliferating cells in these assays were too

large to be destroyed by the treatment used.

Thus, in summary, following secondary Salmonella infection, particularly

with LC5, there was an increased proliferative activity of Lyt2.2+ T cells in the IPCs

which was sometimes also seen with the ISCs. It was surprising to find that in the

presence of a killed Ag Lyt2.2+ T cells were induced to proliferate (the implications of
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this will be discussed later). It was possible that more direct evidence for the existence

of Ag-specific Lyt2.2+ T cells in this population could be obtained using live organisms

as the Ag. As indicated previously, a system in which live organisms can be used to

elicit cellular responses is the transfer of DTH.

5.2.9.3 Transfer of DTH reactivity with LllRX and LCS 2" IPCs and ISCs

PCs and SCs were harvested from mice 7,14 and 21 days after receiving a

second dose of LllRX or LC5 and the T cells partially purifred by fractionation on NW

columns. Mixrures of 106 20 N-w IPcs or NW ISCs with 2.5 pg FllRX, 105 LllRX or

5x103 LC5 were each injected sc in 50 pl volumes into the left hind fooçads of groups of

3-4 normal F1 mice and the size of both hind fooçads measured 24 and 48 hours later.

The percent increase in footpad size (mean + sem) was calculated for each group in the

usual way, to allow comparison of the responses obtained from each group. This

experiment was repeated at least twice at all three timepoints and no significant

differences in the abilities of PCs and SCs to transfer DTH over this time period were

observed. Furthermore, there appeared to be no difference between the responses

transferred with cells from mice receiving either LllRX or LC5 as the secondary

challenge. For this reason, only the data showing the responses transferred with

LCs Zo NW IPCs and ISCs harvested 14 days after challenge are provided (Fig. 5.16 tlt)

and (íi)l).

Measurement of the footpads at24 hours revealed that all three Ags were

able to elicit significant DTH responses when mixed with the 2o NW IPCs or ISCs.

Responses transferred by the ISCs (approximately 20Vo maximum) were always slightly

smaller than those by IPCs (307o maximum). The amount of swelling induced by

FI1RX was always grcater than the responses to either Ll1RX or LC5 (although there

were variations in the maximal responses induced by these Ags between experiments).

These data are comparable to those obtained using cells from primary immunized mice,

indicating that a secondary infection of Salmonella evidently did not enhance the ability

of PCs or ISCs to transfer DTH.



FIGURE 5.I.6 Transfer of DTH reactivity using IPCs and ISCs from mice given a

secondary challenge of LC5 14 days earlier

PCs and SCs harvested from mice 14 days after they had received a secondary challenge

of LC5 were NW fractionated (LC5 2o NW IPCs and ISCs) and their ability to transfer

DTH was investigated. A mixrure of 106 LCs 2" NW IPCs or ISCs with either

2.5ttgF1lRX, 105LllRX or5x103 LC5 were each injectedin a 50 ¡rl volume into the

left hind footpads of groups of 3 unimmunized mice. The percent increase in footpad

size (mean + sem) was determined for each group 24 hours later and results of one

experiment using LC5 2o NW IPCs and ISCs are shown in Fig. 5.16 t(i) and (ii))

(respectively). The various groups of mice received the following:

A: Cells + F1lRX

B: Cells + L11RX

C: Cells + LC5

D: FllRX

E: LllRX

F: LC5

G: Cells
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The phenotype of the T cells responsible for the DTH responses obtained

in the previous set of experiments was established by using the standard approach

involving treatment with MoAbs and C (or C alone). Results using cells harvested from

mice 1, Z or 3 weeks after secondary challenge with either LllRX or LC5 were virtually

identical and reproducible. Accordingly, only one set of results using LllRX 2o IPCs

and ISCs obtained 14 days after secondary challenge are presented (Fig. 5.17 l(i) and

(ll)1, respectively).

It was clear that regardless of whether live or killed Ags were used to elicit

DTH, only Class II restricted L3T4+ T cells were involved in the response detected, again

imptying that either none, or very few, Class I restricted Lyt2+ T cells capable of

mediating DTH reactivity were induced by secondary Salmonellø infections.

5.2.9.4 SummarY

Following secondary infection with Salmonella, particularly C5, there was

enhanced proliferative activity of Ag-speclfic Lyt2.2+ T cells in both the PC and SC

populations. However, no Lyt2.2+ T cells capable of transferring DTH reactivity were

detected, even when live organisms were used as the eliciting Ags. This suggested either

that no Class I MHC restricted DTH effector cells were induced by infection with

Salmonella or that, although Ag-specific Lyt2.2+ T cells were induced to proliferate,

Ag-specifi cLyt2.2+ DTH effector T cells may not have been successfully induced in this

system because Ag was presented inappropriately or possibly because the response was

masked by a larger Class II restricted response. However, the Lyt2.2+ T cell response'

although nonspecific, which was readily detected was cytotoxic activity.

5.2.10 In vitro cytotoxicity of L1IRX and LC5 2o IPCs and ISCs

5.2.L0.1 Lectin-mediated cytotoxicity of 2" NW IPCs

Because the proliferative activity of Lyt2.2+ T cells was enhanced by

secondary challenge with Salmonella the effect on the activity of Lyt2.2+ CTLs akeady



FIGURE 5.17 Phenotype of the DTH effectors in the 2" NW IPC and NW ISC

suspensions

2o NW IPCs and ISCs treated with either C alone (A), ct-Thyl.2 + C (B), cr-L3T4 + C (C)

or u-Lyt2.Z + C (D) were each mixed with Fl1RX, LllRX and LC5, to ensure that in a

50 pl volume, 106 cells and the various Ags could be transferred to the footpads of

normal, unimmunized mice. Each mixture of cells + Ag was injected into groups of

3 mice and the percent footpad swelling (mean + sem) at 24 hours was calculated for each

group. The results from one experiment using D 14LI1RX 2o NW IPCs and ISCs are

shown in Fig. 5.17 l(i) and (ii)l respectively.
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present after primary immunization was investigated. Since peak CTL activity of

N\il IpCs was detected 5 days after immunization with Ll1RX ip, the cytotoxic activity

of 2o NW IPCs was measured at days 1-5 and days 7, 14 and 2l after a second dose of

Salmonella, using the standard lectin-mediated assay system.

At all timepoints examined, the CTL activity was measured at least twice

and the results shown in Fig. 5.1.8, expressed as as the percent cytotoxicity (mean + sem),

include representative data from several experiments. For all populations the amount of

killing of the untreated Slcr-labelled P815 was negligible (ranging from l-S%o, with a

mean of 3.5 t 0.9). Even one day after secondary challenge with either LC5 or LllRX,

NV/ IPC populations showed considerable cytotoxic activity towards the ConA-treated

targets (45-607o). This activity was significantly elevated above that of NW IPCs from

mice immunized with LIlRX ip 3 and 6 weeks previously (157o and 87o, respectively)

and equivalent ro that observed at the peak of response (day 5) after primary

immunization (Fig. 5.7 (i)). This increased cytotoxic activity was maintained at this

level for up to 7 days after secondary challenge and decreased slowly thereafter, as

indicated by the decreasing levels of activity by 14 and 21 days after challenge.

Undoubtedly, receiving a second dose of Salmonella boosted the cytotoxicity of

NW IpCs and this increased activity appeared earlier and was maintained for a longer

period of time than the peak activity of primary immunized NW IPCs. (V/hether LC5 or

L11RX was given as the second dose did not appeil to make any difference to the

response induced.)

5.2.10.2 Analysis of the phenotype of the cTLs in the 2o Nw IPCs

The standard procedure of treatment with MoAb and C was used to

characterize the cells responsible for the cytotoxicity of LC5 and LllRX 2o Ntil IPCs.

Reproducible results were obtained at least twice for each timepoint and they indicated

that the cytotoxic cells in both populations expressed theLyt2.2+,Thyl.2+ phenotype, as

trearment with cr,-Thyl.2 and, C or cr-Lyt2.2 and C removed all the lectin-mediated

cytoroxic acriviry. Fig. 5.19 shows the data obtained using NV/ IPCs harvested from



I
XâOE
ËE
>r+l
Q;
e¡f,

E5
trq)
È

100

80

60

40

El LllRX 2o IPCs

D LCS 2o IPCs

0
1234571421

Time After Challenge (Days)

FIGURE 5.18 Lectin-mediated cytotoxicity of LC5 and LI lRX 2o NW IPCs

IpCs harvested from mice 1-21 days after receiving a secondary challenge of 3x104 LC5

or 8x106 LIlRX were NW fractionated and their cytotoxic activity assessed using the

standa¡d lectin-mediated assay. At each timepoint, 5x105 20 NW IPCs were incubated

for 4 hours with 2x10a ConA treated 5lcr-labelled P815 in quadruplicate and the percent

cytotoxicity (mean + sem) was calculated for each suspension. Presented is

representative data from several experiments showing the levels of lectin-mediated

cytotoxiciry of LC5 and L1lRX 2o NW IPCs observed at each time point. The amount

of killing of untreated 5lCr-labelled P815 was also measured and was always in the range

of 0-5o/o cytotoxicity (data not shown) for each population.
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mice 4 days after a secondary challenge with LllRX or LC5 and illustrates the results at

all timepoints. Evidently, challenging mice with a second dose of Salmonella resulted in

the induction of enhanced and longer lasting cytotoxic activity which was mediated by

LyO* T cells.

5.2.10.3 In vitro cytotoxicity of ISCs from mice given secondary Søhnonella

infection

(Ð Lectin-mediøted cytotoxicity of 2o ISCs

Since no CTL activity could be detected in spleens of LllRX primed mice

unless the cells were culturedinvitro, it was of interest to establish whether secondary

Salmonella infection induced the activation of Ag-specific CTLs in the spleen, correlating

with increased activity observed in the PC suspensions. Consequently, the standard

lectin-mediated cytotoxicity assay was employed to assess the cytotoxicity of LC5 or

LllRX 2o ISCs. Because considerable cytotoxic activity could be detected in the IPCs

up to 7 days after a secondary Salmonella infection, U ISCs and NW ISCs were harvested

from mice 4 days after a secondary infection of LllRX or LC5, incubated with

ConA-treated and untreated Slcr-labelled P815 for 4 hours at37oC and the levels of 51Cr

released into the supernatants measured and the percent cytotoxicity (mean * sem) was

calculated. It became apparent from several experiments that secondary immunization

with either L11RX or LC5, had no effect on the cytotoxic activity of ISCs, as minimal

lectin-mediated cytotoxicity of approximately 8% (maximum) was observed (data not

shown). Hence, secondary immunization did not render the SCs cytotoxic. Since

ín vitro culture of ISCs from Ll1RX primed mice activated a population of Lyt2.2+ CTLs

(the specificity of which is uncertain), it was possible that invitro clultttre of ISCs from

secondary immunized mice would allow the expansion and/or activation of a minor

population of Ag-specific CTLs thus enabling their detection. Only LC5 2o ISCs were

used for these studies because the effect of secondary C5 infection appeared to enhance

the proliferative activity of Lyt2.2+ T cells more than a secondary challenge of L1lRX.
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(iù Lectin-mediøted cytotoxicity of in vitro cultured 2o Iscs

SCs were obtained from mice 4 days after secondary infection with LC5

and cultured with ConA for 3 days at37oC, before assessing their cytotoxic activity using

the standard lectin-mediated assay. 5x105 ConA cultured LCs 2" ISCs were mixed with

2xlú ConA-treated SlCr-labelled P815 and incubated for 4 hours at 37"C and the

amount of cytotoxicity was determined as previously described. To characterize the

phenotype of any CTLs present in the ConA cultured LCs 2" ISCs, aliquots of these cells

were tfeated with the usual MoAbs and c prior to assessing their cytotoxic potential

This experiment was repeated several times and data from one of these

experiments is shown in Fig. 5.20, demonstrating the significant level of cytotoxicity

(mean * sem) of the ConA cultured LC5 2" ISCs, observed on each occasion. The level

of activity (8OVo) was comparable to that observed in the primary ISCs and NSCs after
("lo.lcr- vetStl-*"-¡

invitroculture withbon,ôf ConA cuitured ISCs incubated with untreated 5lcr-labelled

p815 exhibited minimal cytotoxicity of 57o. As expected, treatment of the ConA

cultured LCs 2" ISCs with cr-Thy1.2 or u-Lyt2.2 and C abolished virtually all cytotoxic

activity. These experiments revealed fhat in vitro cultttre of LC5 2o ISCs with ConA

activated aLyt2.2+ population able to mediate lectin-mediated cytotoxicity.

5.2.10.4 SummarY

Secondary challenge of mice with Salmonella increased the cytotoxic

activity of Lyt2.2+ T cells in the PC suspensions, which remained elevated for up to

seven days after challenge. In contrast, there was no difference in the lectin-mediated

cytotoxic activity of the SCs from secondary infected mice, which exhibited no cytotoxic

activity unless they were first cultured in vitro. However, although these populations

were able to mediate lectin-mediated lysis of the target cells, this assay did not establish

whether Ag-specific CTLs were present.
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FIGURE 5.20 Cytotoxic activity of ConA cultured LC5 2o ISCs

LCs 2" ISCs (obtained 4 days after challenge) cultured for 3 days with ConA, were

mixed with ConA-rreated 5lcr-labelled P815 (at the ratio of 25:l,in quadruplicate) and

incubated for a further 4 hours at37oC. The levels of 51Cr released were measured and

the percent cytotoxicity (mean t sem) was calculated for each quadruplicate set. To

determine the phenotype of the cells mediating any cytotoxic activity detected, the ConA

cultured LC5 2o ISCs had been pretreated with C alone (A), cl-Thyl.Z + C (B), a-L3T4 +

C (C) or a-Lyt2.Z + C (D).
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5.3 Summary and conclusions

Secondary infection of mice with Salmonella, especially C5, induced

Ag-specificL3T4+ andLyt2.2+ T cells which could be stimulated to prolifetate in vitro,

whilst after a primary infection only L3T4+ T cells could be induced to proliferate.

Similarly, secondary infection increased the levels of cytotoxic activity of the PC

populations but not in SCs, which was again detected using the lectin-mediated

cytotoxicity assay and was mediated by Lyt2.2+ T cells. Cytotoxic activity of SCs was

detected only after in vitro culture and there appeared to be no difference between the

activity induced in the NSC and ISC populations. Comparison of the ability of cells

obtained from primary and secondary immunized mice to transfer DTH reactivity to

normal mice also revealed little difference between the magnitude of the responses and

the cells mediating the responses induced, because even when live organisms were used

as the eliciting Ag a significant Class II MHC restricted L3T4+ T cell response was

observed. Therefore, either no Lyt2.2+ T cells which can transfer DTH rcactivity were

induced by infection with Salmonella or they were present but a more sensitive system

was required for their detection, to prevent them being "masked" by the L3T4+ T cells

present.
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6.L

CHAPTER 6

SALMONELLA.SPBCIFIC CLASS I MHC RESTRICTED

T CELLS

Introduction

As in the immune response to Listería, it seemed possible that both the

L3T4+ andLyt2+ T cell subsets were induced following infection with Salmonellabtthe

Lyt1+ T cells may represent only a minor population or have more stringent requirements

for activation. Evidence for the presence of Class I MHC restricted T cells during

Salmonella infection was provided by the data presented in Chapter 5 which showed

increased involvement of Lyt2.2+ T cells in the proliferation induced by specific Ag in

cells obtained from mice with secondary Salmonella infections. Similarly, an increase in

the Lyt2.2+ T cells able to mediate lectin-mediated cytotoxicity was observed following

secondary challenge, although the specificity of these cells was not established.

However, on stimulation of these cells with specific Ag in the DTH system, responses by

a minor Ag-specific Lyt2.2+ T cell population may have been masked by a larger

response by the L3T4+ T cells, because simply supplying Ag to be presented by APCs

present in these suspensions may have favoured association with Class II MHC products

and subsequently preferentially induced L3T4+ T cells. To activate Lyt2.2+ T cells Ag

must be presented in association with Class I MHC molecules. Therefore, development

of a stringent transfer system in which Ag is only presented in association with Class I

MHC products, may allow Lyt2.2+ DTH effector T cells to be detected. The most

obvious approach would be to use Class I MHC+ (Class II-) cells which have been pulsed

with Salmonella A.gs as APCs and to use pure T cell populations. This approach was

employed in an attempt to detect Class I restricted Lyt2+ DTH effector T cells and the
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Ag-pulsed cells were also used to detect Ag-specifrc cytotoxic activity.

Results

6.2.1 Presentation of Salmonellø antigens in association with Class I MHC

molecules

6.2.1.1 Introduction

To preferentially activate Salmonella-specific Lyt2.2+ T cells, it was

necessary to chose a suitable stimulatory population of Class I+, Class II- cells pulsed

with the appropriate Salmonella Ags. Any Ag presented by these cells could only

associate with Class I MHC molecules and provided that the relevant antigenic

determinants were generated, such Ag-pulsed cells may detect Class I restricted

Ag-specifi c Lyt2+ T cells.

Some cell types have been used by others, including in vitro cultured bone

marrow derived macrophages which are known to be MHC Class I+ and Class II-, and

MHC Class I+ cell lines which are maintained by in vitro culture. Several groups have

also successfully used cell lines expressing specific Ags for activation or detection of

specific Lyt2+ T cells (eg. Townsend ¿/ al., 1986; Carbone and Bevan, 1989). One

successful approach involved the introduction of small soluble peptides of OVA into the

cytoplasm of the cells by the osmotic lysis of pinososmos or Ag-containing endosomes.

This ensured access of these Ags to the Class I presentation pathway and their subsequent

pfesentation as complexes of Ag and Class I MHC molecules on the surface of the cell

(Carbone and Bevan, 1989). Another approach was to produce a cell line constitutively

expressing a particular Ag. This was achieved by transfecting the APC cell line with a

gene encoding the expression of the peptide of interest, or by infecting the APCs with a

noncytopathic virus (Townsend et a1.,1936). Both result in the expression of specific

antigenic determinants on the cell surface in the context of Class I MHC molecules.

Similar success using Listeria-infected bone marrow derived macrophages

6.2
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for the detecrion of Listería-specific Lyt2+ T cells has been reported by De Libero and

Kaufmann (1986) and attempts to adopt this approach to detect Salmonella Ag-specific

Ly1f,.2+ T cells were made, but unfortunately were not successful. Introduction of small,

soluble Salmonella Ags into the cytoplasm of APCs was not an option which could be

used in these studies because such a preparation of Ag was not available.

6.2.L.2 Invasion of the cell line P815 with live Sølmonellø

Based upon a modification of the technique described by Isberg et al.

(1987) for the invasion of FIEp-2 cells, a technique of invading the in vitro muntained

cell line P815 with live Sa.lmonella was established. The murine mastocytoma, P815,

was chosen because it expresses only Class I MHC molecules of the H-2d haplotype and

is a good stimulator of MLRs, indicating that it can function as an APC (Sprent and

Schaefer, 1936). Another reason for this choice was that, being a mastocytoma, it was

unlikely to be activated by T cell LKs (eg. FN-y) which are known to enhance the

activity of macrophages, making them bactericidal for intracellular organisms such as

Salmonella. In addition, influenza A, virus internal Ags were found to be expressed on

the surface of infected P815 cells (Yewdell et al., 1981), suggesting that if infection of

the P815 cells with Salmonella was successful that specific Ags may be expressed on the

cell surface and be recognized by specific T cells.

Various techniques of infecting P815 with live Salmonella were used

before the procedure described in detail in the Materials and Methods section was

adopted. P815 cells were mixed with live Salntonella at a ratio of 1:100 and centrifuged

to ensure contact between the P815 and bacteria. The pelleted cells were incubated at

37oC for 30 minutes, before they were resuspended and washed several times to remove

any extracellular bacteria and resuspended in culture medium containing 40 pg/ml

Gentamycin to kill any bacteria which had not been completely internalized. After

overnightincubation at37oC, which increased the Ag load within the P815 cells due to

bacterial proliferation, the cells were washed, counted and adjusted to the required

concenrration. P815 invaded with L1lRX or LC5 will be referred to as "L1lRX P815"

a
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and "LC5 P815" respectively.

To verify that the bacteria had entered the P815 cells, Cytospin smears

were made of both "LllRX P815" and "LC5 P815", stained with Giemsa stain and

examined using oil immersion microscopy. Photographs of these smears demonstrated

that both L1lRX and LC5 had successfully entered the cells, and were localized within

vacuoles or were free in the cytoplasm (Fig. 6.1 [A and B]). An important fact to note, is

that the number of bacteria associated with the P815 cells varied considerably and ranged

from none to as many as 20 bacteria per cell. (None of the modifications used to try to

achieve a more even form of infection of P815 were successful.) There were virtually no

free bacteria outside the cells and none "stuck" around the edges of the cells, supporting

the conclusions that the cell-associated bacteria had been internalized.

To determine the viability of the l1RX and C5 organisms within the

"L11RXP815" and "LC5 P815", the cells were lysed with0.27o Triton in saline and

aliquots of the lysates were plated onto nutrient agar plates which were incubated

overnight at 37oC. The recovery of either LllRX or LC5 organisms was determined in

at least 10 separate invasion experiments and was found to be quite variable between

experiments and ranged from 1 to 6 bacteria per P815 cell (data not shown). However, it

did confirm the presence of live llRX or C5 organisms within the P815 cells. The

ability of the "LC5 P815" or "L1lRX P815" to stimulateLyt2.Z+ T cells was investigated

in the following set of experiments.

6.2.2 Detection of Class I MHC restricted Lyt2.2+ DTH effector cells

6.2.2.1 Lyt2.2+ T cells induced by secondary C5 infection

Because secondary infection should increase the chance of detecting

Class I restricted DTH effector T cells, cells harvested from mice given a secondary

challenge of LC5 (which increased the PC yields and the Lyt2.2+ T cell proliferative

activity to a gïeater extent than a secondary challenge with LllRX) were initially used to

establish whether "LC5 P815" would present Salntonella Ags in association with Class I



FIGURE 6.1 Photographs of "LllRX P815" and "LC5 P815"

Cytospin smoars of P815 cells infected with LllRX ("LllRX P815") or LC5

("LC5 P815") wers prepared, stained with Giemsa stain and viewed under oil immersion

microscopy. Photographs of representative populations of "LllRX P815" (A) and

"LC5 P815" (B) were taken at 1000 times magnification.
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MHC products. To reduce the chance of providing killed Ags to the T cells and

therefore inducing a Class Ilrestrictedresponse, "LC5 P815" were used as the Ag-pulsed

ApCs so that if any live organisms escaped from the P815 and were exposed to

macrophages remaining in the T cell population, C5 would be more resistant than l lRX

to killing by these cells, thereby increasing the possibility of inducing a Class I MHC

restricted Lyt2.2+ T cell response. The N\ù/ IPCs and NW ISCs of Fl mice used in these

assays were treated with a-Ia and C for t hour at 3'7"C, prior to mixing with the

"LC5 p815", to ensure removal of as many of the APCs present in these suspensions as

possible. To further limit the involvement of external APCs able to present Ag in

association with Class II MHC products, the recipient mice chosen for these experiments

were C57BL/6 mice. Theoretically, this should dramatically reduce the participation of

recipient APCs in the elicitation of DTH mediated by L3T4+ T cells, because C57BL/6

mice are H-2b haplotype and it has been shown previously that in the F1 mice used in

these studies Class II restricted responses to Salmonella A.gs are preferentially restricted

to rhe H-2d haplotype (Attridge and Kotlarski, 1985a). Therefore, any presentation of

Ags by recipient H-2b APCs in association with Class II MHC molecules should not elicit

significant L3T4+ T cell-mediated responses.

In the first instance, a range of numbers of "LC5 P815" were examined for

their ability ro elicit DTH responses in LC5 2o IPCs and ISCs and the footpad swelling

was measured24 and 48 hours after the cells were transferred. This was repeated twice

and it became evident that by 24 hours mixtures of "LC5 P815" and either IPCs or ISCs

elicited signifrcant responses, which were comparable to the DTH responses induced by

LC5 in the F1 system (Fig. 6.2 A). However, the swelling which resulted when larger

numbers of "LC5 P815" alone (1OS and 5x104) were injected accounted for

approximately 757o of the footpad swelling induced in the presence of IPCs and virtually

l1OVo of the responses in the presence of ISCs. For all doses of "LC5 P815" tested, by

48 hours the amount of swelling in the footpads injected with only "LC5 P815" was

comparable to that observed in the presence of the IPCs or ISCs and presumably

indicated bacterial growth (Fig. 6.2 B). The data suggested that 104 "LC5 P815" would



FIGURE 6.2 DTHreactivity induced by "LC5 P815"

A range of doses of "LC5 P815" were mixed with day 14 LC5 2" NW IPCs or ISCs

which had been treated with cr-Ia + C, to ensure that 106 [PCs or ISCs and 2x103, I04,

5x10a or 105 "LC5 P815" would be transferred in a 50 pl volume. Suspensions of

"LC5 P815" alone (all doses) were also transferred to determine the amount of swelling

induced by the injected "LC5 P815" cells alone. Each suspension was injected sc into

the left hind footpads of groups of 3 normal, unimmunized C57BL/6 mice and left and

right hind footpad sizes were recorded 24 and 48 hours later and results are expressed as

the percent footpad swelling (mean * sem). Representative results af 24 hours (A) and

48 hours (B) are presented from one of a set of three experiments.
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provide the optimum dose to induce significant swelling in the presence of the T cells,

with little background swelling in the absence of T cells at 24 hours. It was also

encouraging to note that when secondary primed IPCs and ISCs mixed with 104 or 5x103

LC5 were transferred to the C57BL!6 recipients, minimal DTH responses were observed

(5Zo maximum). Additional controls of IPCs and ISCs alone and uninfected P815 in the

presence and absence of IPCs or ISCs, resulted in only O-37o swelling. Together these

data suggested that the swelling induced in the presence of "LC5 P815" occurred as a

result of Salmonella Ags presented by the P815.

6.2.2.2 Phenotype of the T cells which mediate DTH to "LC5 P815"

The standard procedure for determining which T cells were responsible for

transferring the DTH reactivity was employed. During the cr-Ia and C treatment, used to

purify secondary primed T cells, IPCs and ISCs were also ffeated with cx,-Thyl.2, s"-L3T4

or u-Lytl.2. Mixtures of 106 treated cells and 104 "LC5 P815" were transferred to

groups of 3 normal C57BL!6 mice and their footpads were measured 24 hours later. The

percent footpad swelling (mean + sem) was calculated for each group. This was repeated

at least twice using IPCs and ISCs harvested from mice 7, 14 and 21 days after the

secondary challenge with LC5 and no significant differences with respect to time after

challenge were observed. The data presented in Fig. 6.3 from one of these timepoints

and are representative of all the results obtained. Treatment of IPC or ISC populations

with cr-Thy 1.2 or u-LyO.2 and C completely removed the ability of these cells to transfer

DTH reactivity, indicating that the cells mediating the DTH reactivity induced by

"LC5 p815" were Lyt2.2+ T cells. Hence, after secondary immunization with LC5 there

areLyt2.2+ T cells in both PC and SC populations capable of transferring specific DTH

reactivity to normal mice. Detection of these cells was made possible by the more

stringent assay system employed, which limited Ag presentation to the context of Class I

MHC products.
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FIGURE 6.3 Phenotype of the DTH effectors induced by "LC5 P815"

LCs 2o NW IPCs and ISCs (harvested 14 days after secondary challenge) reated wittt

cr-Ia and C were also treated (or not) with T cell specific MoAbs at the same time and

used ro determine the phenotype of the cells mediating the DTH responses induced by

"LC5 P815". The data presented were obtained using 106 LC5 2o IPCs and ISCs reated

withcx,-Ia+C(A),c-Ia,o-Thyl.2+C(B),cr-Ia,a-L3T4+C(C)ora-Ia,ct-LytZ.2+C

(D), mixed with 104 "LC5 P815" and transferred to the left hind footpads of groups of 3

normal C57BL/6 mice. The amount of fooçad swelling was measured 24 hours later

and data Íìre presented as the percent increase in footpad size (mean * sem) for each

population.
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6.2.2.3 Induction of Lyt2.2+ DTH effector T cells by primary immunization

(ù Detection of Class I restricted Lyt2.2+ DTH effector T cells øfter ip

immunizatia n with LI 1 RX

It was also of interest to determine whether specific Lyt2+ DTH effector

T cells could be detected after primary immunization with L1lRX. Since larger DTH

responses could be nansferred with PCs and SCs obtained from mice later after infection,

D 21 IPCs and ISCs were initially studied to determine whether Lyt2.2+ DTH effector

cells were present. NW D 21 IPCs and ISCs were treated with a-Ia and C and

106 purified cells were mixed with 104 "LC5 P815" and transferred in 50 pl volumes to 3

or 4 norm al C57BL/6 mice. To establish the phenotype of the cells mediating the

responses induced, the purifîed, primed T cells were also treated with the T cell-specific

MoAbs during the c-Ia and C treatment and were used in the local footpad transfer

experiments with the "LC5 P815" as described. Measurement of the footpads at 24 hours

revealed some very interesting results.

It was obvious that ffansfer of ISCs and "LC5 P815" resulted in little or no

footpad swelling (approximately 57o, the same as the swelling detected in response to the

lymphoid cells or "LC5 P815" alone) and the MoAb and C treatments had no influence

on this at all. In contrast, however, considerable DTH reactivity (357o) was detected

following transfer of IPCs and "LC5 P815" (Fig. 6.a). The cells mediating this activity

expressed the Lyt2.2+, Thy1.2+ phenotype, as treatment with u-Thyl.2 + C (B) or

g-Lyt2.2 + C (D) almost completely removed the ability to transfer DTH reactivity

(while rreatment with cr,-L3T4 + C (C) or C (A) alone did not). Again the transfer of

IpCs with LC5 resulted in minimal amounts of swelling (57o maximum), confirming that

the stimulation of the DTH effector cells occurred as a result of presentation of the

Salmonella Ags by the invaded P815. By 48 hours the swelling observed in all groups

injected with "LC5 P815" could be attributed to the growth of LC5 within the footpad

(data not shown). It appears, therefore, that by 21 days after a primary ip infection of

L1lRX, Lyt2.2+ DTH effector T cells were present in the peritoneal cavity but not in the



50

40

€),|5t,)
cÉq+t
Ë- 30
.Y cËl¡r 0)

q)

Ëf 20ô:=
q)

È(t)

10

tr N\ü IPCS

E NW ISCS

B

Treatment

FIGURE 6.4 Examination of the ability of "LC5 P815" to induce DTH responses

in IPCs and ISCs from L1lRX immunized mice.

D 2l IPCs and ISCs were fractionated on NW and treated with a,-Ia + C (A), a-Ia,

cx,-Thyl.2 + C (B), a-la, s"-L3T4 + C (C) or cr-Ia, cl-Ly2.2 + C (D). Each of these

populations was mixed with "LC5 P815" such that 106 cells and 104 "LC5 P815" could

be rransferred in 50 pl volumes to the left hind fooçads of 3 normal C57BL|6 mice.

24 hours later both the left and right footpads were measured and the percent footpad

swelling (mean t sem) was determined for each gtoup.
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spleen. From the earlier data presented in Sections 5.2.2 and 5.2.3 it is obvious that the

ability of L3T4+ T cells to transfer DTH is greater at 21 days than at 4 days after ip

infection with LllRX. It was particularly interesting, therefore, to determine whether

this also applied to the Lyt2.2+ DTH effectors.

(iù Are Cløss I restricted DTH effectors present early after itnmunizøtion?

With the knowledge that the peak of activity of Lyt2.2+ CTLs occuned

5 days after immunization with LllRX, the presence of Lyt2.2+ DTH effectors in

D 4IPC and ISC suspensions was investigated by assessing the ability of D4 IPCs and

ISCs to transfer DTH reactivity when stimulated with "LC5 P815".

Mixtures of NW D 4 IPCs or ISCs, treated with cr-Ia and C to remove

ApCs, (106) and 104 "LC5 P815" were each transferred in 50 pl volumes to the left hind

footpads of 3 normal, unimmunized C57BU6 mice. The appropriate controls of cells

and LC5, cells, LC5 and "LC5 P815" alone were also included. The thickness of both

the right and left footpads were measll":ed24 and 48 hours later and the percent of footpad

swelling (mean * sem) was calculated as usual. To evaluate the phenotypes of the cells

mediating any DTH reactivity observed, the NW, cx,-Ia + C IPCs and ISCs were also

treated with the T cell specific MoAbs. The results from a representative experiment

supplied in Fig. 6.5 clearly indicate that no DTH responses were transferred when T cells

purified from either the D 4IPC or ISC suspensions were used (experimental and control

suspensions resulted in only minimal footpad swelling [approximately 37o]). Treatment

with the T cell-specific MoAbs had no effect on these results. Again, the swelling

observed by 48 hours after transfer had increased (reaching almost 607o swelling) and

could be entirely atrributed to multiplication of C5 organisms (data not shown).

Therefore, Lyt2.2+ DTH effector T cells were not present in the PC or SC suspensions

obtained from mice 4 days after infection with LllRX.

Summary

LyO* T cells capable of transferring DTH reactivity to normal mice were

6.2.2.4
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FIGURE 6.5 Investigation into the presence of Class I restricted DTTI effector

cells early after immunization with Ll lRX

NW fractionated D 4 IPCs and ISCs were reated with ø-Ia + C (A), c,-Ia, cr-Thyl.2 + C

(B), a-Ia, a-L3T4 + C (C) or û,-Ia, u-Lyt2.2 + C (D) and each suspension mixed with

"LC5 P815" to ensure that 106 cells and 104 "LC5 P815" could be transferred in 50 pl to

the left hind footpads of groups of 3 normal C57BL|6 mice. Both hind footpads were

measured 24 hours later and the percent increase in foolpad size (mean * sem)

determined for each group in the usual way and a representative set of results is provided.

(u

É-
8+r
ËcoGlk9

S'l o¡Eqq)=
Èã

È
U)

5

0
DA



r70

present in both the spleens and peritoneal cavitites of mice after secondary immunization

with LC5 and in the peritoneal cavity after ip immunization with LI IRX (but not early).

However, the responses by the L3T4+ T cells were much stronger and/or more easily

induced than those by LyO+ T cells. Lyt2.2+ DTH effector T cells could only be

detected using a stringent system which restricted presentation of Ags to an association

with Class I MHC molecules. After a secondary challenge with Salmonella the

involvement of Lyt2.2+ T cells in mediating DTH reactivity was enhanced, whilst the

activity of L3T4+ DTH effector T cells remained unchanged-

6.2.3 Ag specificity of Lyt2.2+ CTLs induced by Salmonelløinfecfion

6.2.3.1 Analysis of the specificity of Lyt2+ CTLs generated in the peritoneal

cavity during secondary infection

Although very useful in detecting CTLs, the lectin-mediated cytotoxicity

assay provides no information on the specificity of the CTLs detected. Detection of

specific Lyt2+ CTLs requires an appropriate target cell expressing the relevant antigenic

determinants in the context of Class I MHC molecules. As "LC5 P815" were found to

reliably detect Class I restricted DTH effector T cells, it seemed reasonable to use the

"invaded P815" to detect specific Class I restricted CTLs.

Since considerable lectin-mediated cytotoxic activity was detected from

days l-7 after secondary infection, IPCs were harvested from mice 4 days after a

secondary challenge of LC5 or LllRX, NW fractionated and examined for their ability to

kill "L1lRX P815". [Preliminary experiments carried out revealed that "LC5 P815" and

"L11RXP815" were equally as effective as target cells (data not shown) and that

"LllRXP815" exhibited lower spontaneous release values than "LC5P815" and was

therefore used for the majority of this work.l "L11RX P815" were labelled with 51Cr in

the normal manner, mixed with a range of doses of the 2o NV/ IPCs and incubated for

4 hours at 37oC, after which the amount of 5lCr released was measured and the percent

cytotoxicity calculated. To assess the reproducibility of these data, this experiment was
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repeated at least five times and very similar results were obtained on each occasion.

Data from a typical experiment are shown in Fig. 6.6 [A and B];

significant amounts of cytotoxicity against "LllRX P815" were detected in both NW IPC

populations. This activity accounted for approximately 25-50Vo of the total activity

detected in the lectin-mediated assay. The Ag-specifrc cytotoxicity mediated by

LCs 2o NW IPCs was consistently greater than that detected in the L1lRX 2o NW IPCs.

These data indicated that the invasion of P815 with Ll1RX generated sufficient antigenic

determinants for the detection of Ag-specific CTLs. The finding that only 25-507o of the

cytotoxicity detected using the lectin-mediated assay was attributable to

Salmon.ella-specific cells could be interpreted as suggesting that the remaining activity

was nonspecific. Alternatively, a more likely explanation is suggested from the Cytospin

smears of the infected PS15 (Fig 6.1) which clearly illustates that a significant proportion

of these cells did not contain bacteria and would therefore not present the appropriate

antigenic determinants in association with Class I MHC molecules on their surface for

recognition by the Ag-specific CTLs. In contrast, virtually all ConA-treated P815 cells

would have the potential to be lysed because ConA nonspecifically binds to the invariant

portions of MHC molecules and this may account for the reduced amount of CTL activity

detected in the Ag-specific system.

To charactenze the CTLs mediating the Salmonella-specific cytotoxic

activity, the 2o NW IPC populations were pretreated with the various MoAbs and C

before being incubated with the "Ll1RX P815" (at a ratio of 25 effector cells to 1 target

cell) and the percent cytotoxicity was calculated for each suspension, as previously

described. This experiment was reproduced four times and representative data from one

of these experiments are shown in Fig. 6.7. The depletion of either all T cells or

LyO2+ T cells completely abrogated the cytotoxic activity of these cells, confirming that

the Salmonella-specific CTLs were undoubtedly Lyt2.2+ T cells. Therefore,

Salmonella-specific Lyt2.2+ CTLs were present in the peritoneal cavity after secondary

challenge with either LllRX or LC5.



FIGURE 6.6 Analysis of the specif,rcity of thc CTLs in the LC5 and

LllRX 2o NW IPCs

PS15 (1) and "L11RX P815" (2) were labelled with 5lCr in the usual manner and an

aliquot of the "L11RX P815" was also treated with ConA (3). 2o NW IPCs were mixed

with each of these target cell populations at effector:target cell ratios of 25:1,5:1 and 1:1

and incubated at 37oC for 4 hours. After this incubation, the amounts of 5lCr released

into the supernatants of these cultures were determined and the percent cytotoxic activity

(mean + sem) detected using D 4 LC5 2o NW IPCs (A) and D 4 Ll1RX 2o NW IPCs (B)

are shown.

The specificity of the cytotoxic responses was confirmed since "LC5 P815" was lysed no

more than unt¡eated P815 when ConA stimulated nolmal spleen cells were used as

effector cells. When cells from immunized mice wele stimulated in vin'o with ConA

before being used as effectol's, significant lysis of the infected target cells was observed

only when the effectol's were obtained fro¡n mice following a secondary Salntonella

infection.
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FIGURE 6.7 Phenotype of the Salmonella-specific cytotoxic cells of the

2o NW IPCs

Day 4 LC5 and LIIRX 2o NW IPCs were treated with C alone (A), a-Thyl.2 + C (B),

u-L3T4 + C (C) or u-Lyt2.2 + C (D) and their ability to lyse "LllRX P815" was

investigated. Combinations of 5x105 treated 20 NW IPCs and 2xl0a SlCr-labeiled

"LllRXP815" (in quadruplicate) were incubated for 4 hours at37oC, after which the

levels of 51Cr in the supernatants of these cultures were measured as usual. Simila¡

results obtained in several experiments are presented, showing the percent cytotoxicity

(mean * sem) for each population.
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6.2.3.2 Studies on the specificity of the CTLs induced after primary

immunization with LllRX

The same system was used to examine the specificity of the CTLs induced

by primary immunization with LllRX. NW IPCs harvested from mice 5 days after

immunization, were incubated with SlCr-labelled "L1lRX P815" for 4 hours, the amount

of 51Cr released measured and the percent cytotoxicity was calculated as described

previously.

The data shown in Fig. 6.8 represent the results from one of four separate

experiments, illustrating that IPCs obtained from mice ip immunized with LllRX 5 days

earlier contain some Salmonella-specific CTLs. The amount of activity detected using

the 5lCr-labelled "L1lRX P815" represented approximately 20Vo of the total activity

detected using the lectin-mediated assay. All CTL activity detected using the

lectin-mediated assay had been found to be mediated by Lyt2.2+ T cells, implying that

the CTLs able to kill the "LllRX P815" were also Lyt2.2+ T cells. This was confirmed

using the standard MoAb and C depletion treatments prior to incubating the NrW IPCs

with the 5lcr-labeued p815. A summary of the results observed in three individual

experiments are provided in Fig. 6.9. I{ence, even after a single dose of Salmonella

small numbers of specific Lyt2+ CTLs were induced'

6.2.3.3 Detection of specific cTLs inin vitro cultured scs

To determine the specificity of the LyO.2+ CTLs previously detected in

the ConA cultured SC suspensions using the lectin-mediated cytotoxicity assay, ISCs

harvested from mice receiving only a single dose or two doses of Salmonella and NSCs

were cultured with conA for 3 days and the cytotoxic activity towards 5lcr-labelled

"L11RX p815" (at a ratio of 25 effector cells to every target cell) was measured after a

4 hour period at37oC. Data typical of four experiments are presented in Fig. 6.10 and

illustrate that ConA cultured NSCs and ISCs from mice after a single dose of Ll1RX, did

not kill the 5lCr-labelled "LllRX P815". In contrast, however, cultured LC5 2o ISCs

had considerable cytotoxic potential, exhibiting approximately 45Vo cytotoxicity, which
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FIGURE 6.8 Analysis of the specificity of CTLs induced after primary

immunization with Ll lRX

NW D 5IPCs were incubated with 5lcr-labelled "LllRX P815", which had been treated

with ConA (3) or left unrreated (2), and uninfected Slcr-labelled P815 (1) at

effector:target cell ratios of 25:1,5:1 and 1:l (in quadruplicate) and the 51Cr released

after 4 hours incubation was measured, Results are presented as the percent cytotoxicity

(mean t sem) for each effector cell-target cell combination from a representative

experiment.
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FIGURE 6.9 Phenotype of the Salmonella-specific cytotoxic cells present in

NWD5IPCsuspensions

NW D 5 IPCs were treated with either C alone (A), a-Thyl.2 + C (B), o-L3T4 + C (C) or

a-Lyt2.2 + C (D) and their ability to lyse "LllRX P815" was measured. Mixtures of the

treated NW IPCs and the Slcr-labelled target cells at a ratio of 25:1 were incubated for

4 hours at 37oC, after which the amount of 51Cr released was measured. Typical data

from one of three identical experiments, expressed as the percent cytotoxicity

(mean + sem) for each effector cell population a¡e presented.
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FIGURE 6.10 Examination of the specificity of the cytotoxic activity of ConA

cultured SC populations

NSCs, D5 ISCs and Lc5 2o ISCs (obtained from mice 5 days after secondary challenge)

were cultured with ConA for 3 days, after which the ability of these populations to lyse

"L1lRX pgl.5" was determined. ConA cultured SCs were incubated in quadruplicate

with 5tCr-labelled "L1lRX p815" for 4 hours at37oC (at ratios of.25:1) and the amount

of 5lCr in each supernatant was measured. Results from a typical experiment expressed

as the percent cytotoxicity (mean + sem) for each suspension are provided.
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accounted for almost 507o of the total cytotoxic activity detected using the

lectin-mediated assay. The amount of killing of uninvaded P815 by all three populations

was minimal (approximately 3 -5Vo cylotoxicity)'

To determine the phenotype of these Salmonella-specific cytotoxic cells,

ConA cultured LCs z" ISCs were depleted of all T cells or either T cell subset by

treatment with MoAbs and C and the remaining cytotoxic activity towards the

',LllRXP815" was measured in the usual manner. Representative data from one of

three identical experiments showing the percent cytotoxicity (mean I sem) for each group

of cells are provided in Fig. 6.11. Not surprisingly, depletion of cells expressing either

the Thy1.2+ and/or theLyt2.Z+ phenotype removed all cytotoxic activity. Therefore, a

population of Salntonella-specífic Lyt2+ CTLs was induced by secondary immunization

with LC5, which required invitro culture with ConA to induce the activation of their

cytotoxic activity.

6.2.3.4 SummarY

Similar to the observations reported in the Listeria system, Ag-specific

Lyt2*T cells with cytotoxic activity were induced by infection with Salmonella, the

activity and/or numbers of which were enhanced during a secondary infection. such

Ag-specific CTLs were present in the peritoneal cavities of mice as early as five days

after primary immunization with LllRX, but did not appeff in the spleens until a

secondary challenge was given and require d in vitro activation to be detected'

6.3 Summary and Conclusions

Intraperitoneal immunization of mice with Salmonella induced specific

L3T4+ DTH effector T cells in the spleens and peritoneal cavities (Chapter 5), whilst

LyO.2+ CTLs andLyt2.Z+ DTH effectors were induced in the peritoneal cavities only.

Following a second dose of salmonella, the L3T4+ DTH effector T cells appeared

unchanged, but the involvement of the Lyt2.2+ T cells was enhanced. A secondary
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FIGURE 6.11 Phenotype of the Salmonella-specific CTLs in the ConA cultured

LCs 2o ISC suspension

To charac tenze the phenotype of the cytotoxic cells, ConA cultured LC5 2o ISC

suspensions were treated with C alone (A), cl-Thy|.2 + C (B), a-L3T4 + C (C) or

u-Lyt2.2 + C (D) before being incubated with the 5lcr-labelled "LllRX P815" (at ratios

of 25:1). presented are the results obtained from one of three similar experiments,

showing the percent cytotoxicity (mean t sem) of each population.
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infection with LC5 induced specific LyO.2+ DTH effector T cells in both the peritoneal

cavities and spleens of such mice. Coinciding with this, following a second dose of

salmonella, increased numbers of Ag-specifrcLyt2.2+ CrLs and/or Lyt2.2+ CTLs with

increased activity were found in the peritoneal cavity and persisted for up to 7 days'

Ag-specifi c Lyt2.2+ CTLs induced in the spleens of mice with a secondary c5 infection

were only detected after in vitro cul¡t¡;e with ConA. Therefore, during a secondary

salmonella infection, particularly c5, there was an increase in the activity and/or

numbers of Salntonel/ø-specific Lyt2.2+ T cells. The implications of these observations

will be discussed in the following Chapter'
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CHAPTER 7

DISCUSSION

This study was caried out to obtain a detailed understanding of the cells

involved in the immune response to Salmonellainfectlon. It followed two main avenues

of investigation. one approach was to look at the possibility that ip infection with

LllRX modulated ApC function of PCs, which resulted in the induction of cell-mediated

as well as humoral immune fesponses. The other involved the characterization of the

T cells induced by ip infection with Salmonella and the effect that secondary Salmonella

infections had on T cell responses.

7.1 Analysis of the APC activity after salmonell¿ infection

7.1.1 Introduction

Activation of unprimed T cells requires Ag processing and presentation by

APCs in association with Class I or Class II MHC products to ensure that appropriate

nonspecific secondary signals can be provided to the T cells (Doherty et al', 1976)'

Depending on the assay system used, these include IL 1 and/or IL 6 and other ill-defined

cytokines (Oppenheim et a1.,1986; Hurme, 1987; Unanue and Allen, 1987; Kawakami

et a1.,1989). Several groups have presented evidence indicating that the accessory cell

requirements for the induction of T cell proliferation and IL 2 release for cells which

mediate CMI are different from those necessary for the activation of T helper cells which

provide help for B cells (Ramila and Erb, 1983; Ramila et al', 1983; p¡b et al" 1985;

Shigeta et al., 1986), and there is also evidence suggesting that the form of immune

response(s) induced may be determined by the type of APCs involved in presenting any

particulil Ag (Ramil a et aI.,1985; Townsend et a\.,1986)' Therefore, in the context of



r76

immune responses to Salmonella Ags, it seemed reasonable to postulate that the APC(s)

normally pfesent in unimmuniz.ed animals are "programmed" to induce the "standard"

humoral immune responses and that modulation of APC function is required before CMI

responses are induced. As an extension, it follows that the live vaccines may be able to

modulate the function of the stimulating APC population so that both humoral and

cell-mediated responses afe induced. This would account for the often reported

observations that killed vaccines of Salmonetla (and other IBPs) usually induce only

humoral responses whereas live vaccines induce cMI responses as well.

The most tikely candidates for the APCs involved in the immune response

to ip infection with salmonella are macrophages, which are present in large numbers in

the peritoneal cavities of normal mice and are activated following ip infection with IBPs

like Salmonella, Listeria and Mycobacteria (Mackaness, 1969; North, 1973; Cheers et al',

197g) and show increased nonspecific bactericidal activity @lberg et al., 1957)'

Increases in the tumouricidal activity of peritoneal macrophages have also been reported

following infection with BcG and salmonella (Meltzer and oppenheim, 1977; Ashley

and Kotlarski, 1982; P,'irtz et a1.,1982; La Posta et al', t982)'

Macrophage activation has also been associated with an increase in

synthesis, expression and/or Secretion of enzymes' certain complement proteins'

membrane proteins like class II MHC products and soluble products such as IL 1

(Unanue, 19g1; Adams and Hamilton, 1984). In this context, it is interesting to note the

fecent report that infection of macrophages with Mycobacteriø induced IL 6 secretion by

these cells (Flesch and Kaufmann, 1990), because this cytokine (in conjunction with IL 1)

has been implicated in augmenting Ag presentation to T cells (reviewed by wong and

clark, 1983). A variety of agents, including IBPs, can modulate the expression of

Class II MHC products on the surface of macrophages. Intraperitoneal infection of mice

with Listeria has been reported to result in an increase in expression of Class II MHC

molecules on peritoneal macrophages (Beller et a1.,1980) in a T cell dependent manner

(La et al., lggl). IFN-T released by activated T cells has been identified as the major

cytokine involved in macrophage activation (North, 1981; Havell et al',1982; Kaufmann
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and Hahn, IggZ) and modulation of Class II MHC expression on macrophages (Beller,

1gs4). A correlation between an increase in class II MHC product (I-A and I-E)

expression by macrophages and an increase in their ability to stimulate Ag-specific

primed T cell proliferatio n in vitro has been found using mice infected with Mycobacteria

(Kaye and Feldmann, 1986). Interestingly, most of the cells with increased levels of

expression of Class II MHC products did not contain inracellular organisms

- presumably because \ive Mycobacteria (and to a lesser extent killed organisms) were

found to suppress IFN-y induced Class II MHC expression by macrophages (Kaye et al"

1986). It follows that it would be interesting to know whether modulation of the

expression of Class I MHC products on the macrophage (APC) populations of

IBp-infected mice also occurs because Class I restricted Ag-specificLyt2+ T cells have

been identified during infection of mice with Listeria andMycobacteria.

The changes in expression of Class II MHC products and the release of

cytokines required for T cell activation by macrophages of IBP-infected animals are

consistent with the possibility that these cells play an important role in the induction of

effective immune responses to these bacteria. Further support for the role of

macrophages as accessory cells involved in the induction of Class I and Class II MHC

restricted immune responses to infectious organisms is provided by a recent report from

Debrick et al. (1991). They showed that macrophages act as accessory cells for

CDg+ CTLs during in vivo priming with influenza virus and that macrophages have the

ability to ingest exogenous Ag in particulate form and present it in association with

class I MHC products. with this is mind, it seemed reasonable to compare the APC

function of PCs obtained from mice ip immunized with Ll1RX (IPCs) with that of PCs

from normal mice (NpCs). Since Ashley and Kotlarski (1982) reported that CMI could

be detected 2-3 days after infection with Salmonella. these studies concentrated on the

APC activity of Pcs obtained from mice ip immunized with LllRX 1-3 days earlier'

Responding T cell PoPulations

Ideally, analysis of APC activity should involve the induction of
7.1.2
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salmonella Ag-specific primary T cell responses. However, the induction of in vitro

primary T cell responses to Ags other than allo-Ags has proven quite difficult and most

studies of ApC function are, therefore, carried out using in vivo primed T cells as the

responding population. To ensure that Ags are presented to T cells only by the "test"

APCs, it is necessary to use purified T cell suspensions, with little, if any, contaminating

Apc activity. when these studies wefe commenced, the standard way to assess the APC

activity of cell suspensions was to determine their ability to restimulate primed T cells to

proliferate and release LKs (IL 2) invitro in response to specific Ags and T cell mitogens'

present studies indicated that a T cell suspension suitable for such in vitro experiments

could only be obtained from pCs, because IL 2 release was never detected from T cells

prepared from spleens (consistent with previous data of Attridge and Kotlarski, 1985a)'

lDetailed analysis of the cytokines released by SCs may clarify what "types" of T cells

were induced in the spleens during salmonella infection.] It was somewhat surprising to

find that secondary challenge of Lr lRX immunized mice with either LllRX or Lc5 did

not enhance the pC yields above those obtained from mice 14 days after a primary

infection with L11RX and that there was no expansion in the numbers of responsive

T cells.

Although these PC suspensions contained responsive T cells' it is

important to note that they could not be induced to proliferate unless adherent cells were

removed prior to in vitro culture. There are many reports that cell suspensions obtained

from IBp-infected mice exhibit diminished T cell responsiveness to antigenic and

mitogenic stimuli (Bona et al., 1976: Florentin et al., 1976; Bennet et al', 1978: Ellner'

I9l8;Orbach-Arbouys and Poupon, 1978; Allen and Moore,1979; Navalkar et al'' 1980;

Turcotte, 1981; Brett, 1984). Several gfoups have implicated an adherent

macrophage-like population of cells in this process' For instance, Klimpel and Henney

(197g) showed that SCs harvested from BCG-infected mice inhibited stimulation of

normal T cell proliferation by ConA and allo-Ags, that the cells mediating this activity

resided in an adherent, phagocytic cell population which lacked membrane associated

Thyl molecules and that they could be removed by passage on NW columns' They
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proposed that a "suppressor" macrophage-like population was induced following BCG

infection. Similarly, plastic or NW adherent, peritoneal exudate cells with macrophage

morphology obtained from Listeria-infected animals, inhibit Ag-specific T cell

proliferation (Jungi, 1980; Kaufmann et al., t982). In fact, Jungi (1980) was able to

demonstrate that PC suspensions containing more than IOVo macrophages always

inhibited T cell proliferation. Furthermore, spleen cells from mice infected with live

Salmonella typhimurium have been reported to exhibit reduced responsiveness to T (and

B) cell mitogens, which was at least partially mediated by an adherent population of cells

(Deschenes et al., 1986). Consistent with the conclusions of others, and based on

similar, circumstantial evidence it seemed likely that the cells involved in the suppressive

activity induced by llRX infection were macrophages' Although NW fractionation

removed the inhibitory effect, this procedure removed more than just macrophages and

neutrophils - some T cells were lost as well, since the amounts of IL 2 released by

NW IpCs were always less than those released by U IPCs. Therefore, selective removal

of the macrophages from the IPC suspension is necessily to positively identify

macrophages as the inhibitory population'

It is possible that the inability of the U IPCs to proliferate reflects the

heterogeneity of this population, because large numbers of macrophages and neutrophils

may have sterically interfered with the APC-T cell interactions necessary for activation of

T cell proliferation. In other words, NW fractionation may have simply ensured that

adequate T cell-accessory cell interactions could occur. However, since removal of most

of the neutrophils from the U IpC population had no effect on the proliferative responses

of these T cells, it seems unlikely that this is the explanation. It was also established that

,,classical" Lyti,.z+ suppressor cells were not involved. This possibility was examined

because it has been shown quite recently that the spleens of mice infected with BCG

contain a suppressor T cell population which belongs to the cD8+ subset (Sussman and

Wadee, 1991). Following in vitro activation of these CD8+ T cells with factors derived

from M. tubet'cttlosis, a soluble suppressive factor was released which was able to

suppfess lymphocyte proliferation. Furthermore, treatment of adherent cells harvested
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from the peripheral blood of Mantoux-positive individuals with Mycobacteria has been

reported to induce the release a suppressor cell activating factor (SCAF) that activated

CDg+ suppressor T cells; these in turn could suppress lymphocyte proliferation and LK

release by lymphocytes treated with a variety of mitogens or Ags (V/adee et a1.,1980 and

1983;'Wadee and Rabson, 1981).

The mechanism of suppression was not determined. Although

macrophages have been shown to release prostaglandin E (PGE) which is able to inhibit

T cell proliferation by blocking IL 2 secretion (Chouaib et a1.,1985), this was an unlikely

mediator because indomethacin, which inhibits PGE synthesis (Webb and Nowowejski,

lg11),was added to all cultures. In addition, FllRX induced the release of considerable

amounts of IL 2 from U IpCs, despite its failure to induce T cell proliferation. It is

unlikely that other factors, similar to SCAF were released by activated macrophages,

because supematants harvested from these cultures exhibited no suppressive activity

(Vordermeier et a1.,1990, and additional data, not shown)'

7.1.3 AnalYsis of the APC activitY

Although preliminary examination of the PCs harvested 1, 2 or 3 days

after ip injection with L1lRX revealed that infection induced a cellular exudate, an influx

of neutrophils and changes in the morphology of the peritoneal macrophages' no change

in the ApC activity of these PCs was detected until the third day of infection, when a

minor population of inhibitory, adherent cells was detected. A more detailed analysis

indicated that the inhibitory effect of D 3 IPCs was at least partially nonspecific and not

simply due to increased desfuction of Ag by macrophages with enhanced

metabolic/degradative ability because inhibition was also observed when D 3 IPCs were

used to stimulate primary allogeneic responses. It was also established that this

suppressive activity persisted for a reasonably long period of time (up to 6 weeks post

infection, data not shown) and was similar to the kinetics of appearance of the suppressor

cells induced by mycobacrerial infection (Turcotte et al., 1978; Collins and Watson,

1979).
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An altemative explanation for the lack of induction of T cell proliferation

is that it is mediated by the direct effects of the APCs. Since induction of T cell

activation requires Ag processing and presentation of adequate amounts of Ag-MHC

product complexes and the production of secondary signals by the APCs, it is possible

that alteration of one or more of these activities could affect the ability of these APCs to

stimulate T cell responses. There are three obvious ways in which this could occur.

Firstly, if the level of expression of MHC products by APCs is modulated by infection,

then this could change the amounts of Ag-MHC complexes presented by the APCs to the

T cells and therefore, modify their ability to stimulate T cell proliferation. Secondly, the

metabolic acrivarion of macrophages (APCs) following infection with Salmonella may

have increased their capacity to degrade Ags, subsequently limiting the amount of Ag

available for presentation to the T cells. Finally, it is also possible that infection with

Salmonella induced a change in the profile of cytokines released by the APCs and

although the signals required for T cell activation may still be being produced, other

cytokines could be released which antagonize the activity of the T cell stimulatory signals

thereby preventing T cell activation.

The fact that the first signal for T cell activation requires Ag processing

and presentation of adequate amounts of correct Ag-MHC complexes is supported by

work carried out by Matis et al. (1983), who concluded that the magnitude of the

proliferative response of specific T cell clones is a function of the product of Ag

concen[arion and the number of Class II MHC (Ia) molecules expressed on APCs. This

was based on the f,rndings that (i) there was an inverse relationship between the Ag

concentration required for maximum proliferation and the number of APCs present in

culture, (ii) a decrease in the number of relevant Class II MHC molecules per APC

resulted in the need for an increase in Ag concentration for a maximal response' and (üi)

in the presence of a-Ia Abs, higher concentrations of Ag were required for maximal

response. Results of adding large amounts of F1lRX to in vitro cultures were consistent

with these findings and also confirm reports that large amounts of Ag prevent the

induction of T cell proliferationinvi¡o (Hecht et a1.,1983; Matis etal',1983; Ceredig



r82

and Corradin, 1986; Suzuki et al.,19SS). Therefore, this suggests that if L1lRX did

induce modulation of expression of Class II MHC products on macfophages, different

amounts of Ag would be required when D 3IPCs, instead of NPCs, were used as APCs.

However, as mentioned, FACScan analysis revealed no remarkable changes in the cell

surface expression of Class II (nor Class I) MHC molecules on PCs following Salmonella

infection which could explain the inability of large numbers of D 3 IPCs to induce T cell

proliferation. lSince this effect appeared to be mediated by a minor population of cells it

is possible that the MHC expression on a minor population of cells was modulated by

11RX infection, but no evidence for this was obtained from the preliminary FACScan

analysis ca:ried our in these studies.l The possibility that infection with LllRX had

modulated the expression of MHC products on the APCs was also addressed by

measuring the Ag dose responses induced by the APCs and by their ability to induce

allogeneic responses. Although not accounting for the failure to induce allogeneic

responses, some evidence was obtained to suggest that the inability of D 3 IPCs to induce

proliferation of Salmonella-pirned Tcells was at least partly because insufficient

Ag-MHC product complexes were generated due to increased, rapid degradation of Ag by

the adherent cell population. Use of the fixative PFA provided more direct evidence that

D 3IPCs had enhanced Ag degradativeþrocessing activity, which may have contributed

to the lack of T cell responses observed in the presence of large numbers of these cells

and the standard (and reasonably low) dose of F1lRX. It follows that the inability to

induce allogeneic responses may occur as a result of differences in the processing of

,,selfpeptides", resulting in the generation of "different" MHC molecules on the APC

surface which could influence the magnitude of T cell proliferation induced. With this in

mind, it is importanr ro consider the possibility that the inability of D 3 IPCs to induce

salntonella-specific and allo-Ag-specific T cell responses may simply be coincidental and

might be mediated by completely unrelated mechanisms'

Interestingly, in vivo pulsing of D 3 IPCs with Ag resulted in the selective

removal of the inhibitory population observed with both the Salmonella- and

allo-Ag-specific T cell responses, suggesting that these effects at least were mediated by
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the same population of cells. Cytospin smeals of these suspensions showed that the

NpCs contained macrophages with large numbers of cell-associated bacteria, whilst the

macrophages of the D 3IPCs had fewer bacteria per cell. This suggested that the

inhibitory subpopulation present in D3IPCs had ingested large numbers of Fl1RX

before becoming attached to the surface of the peritoneal cavity. This conclusion was

supported by the finding that macrophages of in vivo Ag-pulsed D 14IPCs contained

only small numbers of bacteria, like those of D 3 IPCs, whereas the adherent population

of D 14IpCs pulsed with a similar amount of FllRX for I hour a¡ 37oC in vitro

contained a small portion of macrophages with very large numbers of bacteria per cell as

well as many macrophages with numbers comparable to those seen in suspensions of the

in vivo Ag-pulsed cells (data not shown). The cell yields recovered from mice following

ínvivo pulsing with Fll.RX were only slightly reduced and examination of the cell

prohles of these populations revealed little change, suggesting that only a minor portion

of cells had been removed and supporting the earlier conclusion that relatively small

numbers of inhibitory cells were present in the D 3 IPC population.

The final possibility that the inhibitory effect of the D 3IPCs was

mediated by soluble suppressive factors, or by the antagonistic activities of "new"

cytokines released by a minor adherent cell population was considered and although this

seemed the most logical explanation, no evidence was obtained to support this possibility'

See Addendutn

Conrment I

7.1.4 Characterization of the T cells stimulated by Ag presented by NPCs

and D 3IPCs

In the presence of Salmonella A'gs, both types of APCs induced mainly

salmonella-specific L3T4+ T cells to proliferate. There was no evidence that

Lyt22+ T cells were induced to proliferate, although all the proliferating T cells

(Thy1.2+) were never completely removed by treatment with u-L3T4, u-Lyt2'2 and C'

indicating the presence of a double negative T cell subset. The demonstration that most

yõ T cells belonged to the double negative T cell population (Meuer et a1.,1984), makes

it reasonable to postulate that Salmonella Ags induced some 1ô T cells to proliferate'
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These observations are consistent with the large amount of evidence from human and

murine systems which demonstrates that a significant proportion of yô T cells recognize

mycobacterial Ags, including mycobacterial heat shock proteins (Augustin et al., 1989;

Haregewoin et a1.,1989; Holoshitz et al',1989; Janis e/ al., 1989; Modlin et al', 1989;

O'Brien et a1.,1989; Kabelitz et a1.,1990; Pfeffer et a1.,1990; Havlir et al',1991; Inoue

et a1.,1991), and the suggestion that yô T cells may participate in host resistance against

these and other bacterial pathogens. Furthermore, recent work caried out by l{]mk et al'

(1990) showed that yô T cells exist in the peripheral blood of many healthy donors and

that these can be readily expanded and activated by in vitro stimulation with

Mycobacteria and several Gram positive bacteria. Such activated yõ T cells expressed

lL2 receptors, secreted IL 2 and lysed M.tuberculosls-pulsed target cells. using a

murine model, Griffin et al. (1991) were able to demonstrate that substantial numbers of

yõ T cells accumulated in mice given primary mycobacterial infections, in parallel to the

accumulation of gp T cells. Further supporting the possibility that yõ T cells play a part

in the defence against invasion by various pathogens, was the report ftorn Ohga et al.

(1gg0) that during an ip infection of Lm yõ T cells appear in the peritoneal cavity before

crp T cells can be detected. The fact that a significant proportion of the yõ T cells

recognize phylogenetically conserved stress/heat shock proteins, which have been

implicated as immunodominant Ags (Holoshitz et al.,1989, O'Brien et a1.,1989; Raulet,

19g9), raises the possibility that at least some of the 1õ T cells may be involved in the

first line of defence by recognizing and eliminating stressed autologous cells, such as

infected cells (Koga et a1.,1989; Young and Elliot, 1939). Recognition of these highly

conserved Ags may also account for the cross protection observed during the early stages

of infection. Recent work caried out by Hiromatsa et al. (1992) has demonstrated a

protective role for yõ T cells in the early stages of infection with Lrn. Depletion of

yõ T cells by in viyo administration of MoAbs against yõ-TCRs reduced the ability of

these mice to clear the bacteria during the early stages of the infection. In vitro analysis

of yõ T cells from Listeria-lnfected mice revealed that these cells released MAF and

macrophage chemotactic factor, and proliferated in vitro in response to PPD from
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M. tu.berculosjs or a heat shock protein of M. bovis (but not to heat killed Listeria;

Hiromatsu et al.,lgg1). S. ryphimurium orgaîisms inside macrophages have been shown

to respond by increasing their synthesis of a number a bacterial proteins, including the

two heat shock proteins GroEL and DnaK, which are immunodominant Ags for many

infectious organisms (Buchmeier and Heffron, 1990). Therefore, it is possible that ip

infection with Salmonella induced yõ T cells specific for various Salmonella Ãgs,

including the heat shock proteins, which could respond invitro to FllRX. Clearly, a

more detailed analysis of these responses is required to confirm the presence of

Salmonella-specific yô T cells, but preliminary experiments carried out in our laboratory

using cr-yð TCR MoAbs and C have indicated that such a population of 1õ T cells is

generated during Salmonella infection and can be induced to proliferate in vitro when

cultured with ConA (Berram, unpublished).

Because initial analysis of the role of MHC products in MLR reactions

inví¡o indicated that L3T4+ T cells played a major role in the response by providing

,'help,, in the form of LKs like L 2, which were required for the activation and/or

expansion of effector Lyt2.2+ T cells (reviewed by Fitch, 1986), MLR assays were

carried out with NpCs and D 3 IpCs to assess whether LllRX induced modulation of the

APC activity, as assessed by a change in the phenotypes of the T cells induced to

respond. It was somewhat surprising (and disappointing) to find that the allo-Ags

present on both Fl NpCs and D 3IpCs induced a large proliferative response involving

LyA.2+ T cells, with only a minor contribution from cells expressing the L3T4+,T\y1.2+

phenotype. All the cytotoxic activity generated was allo-Ag-specific and mediated by

LyO.2+ T cells and depletion of T cell subsets prior to culture revealed that the

L3T4+ T cells made only a small contribution to the initiation of the proliferative and the

CTL responsos. Even when none' or very few L3T4+ T cells were prssent'

Lyt2.2+ T cells were still induced to proliferate and become cytotoxic, indicating that

activation of the Lyt2.2+ T cells in this system could occur independently of the

L3T4+ T cell subset, although L3'r4+ T cells could provide some "help" for the activation

and/or expansion of the Lyt2.2+ T cells. These data and conclusions are consistent with
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the findings of others who have shown a functional overlap between the T cell subsets

- that both T cell subsets can express cytotoxic activity and have the ability to proliferate

and release TL2 in vi¡o (MacDonald et a\.,1980; Andrus et a|.,1981; Tite and Janeway,

1984; Heeg et al., 1987a and 1987b). Several groups have also observed

L3T4+ T cell-independent activities of Lyt2.2+ T cells ln in vitro culture of allogeneic

lymphoid cells (Singer et al.,1984; von Boehmer et a1.,1984; Mizuochi et al',1985 and

1986; Sprent and Schaefer, 1985 and 1986) and also using in vivo systems (Sprent et al',

1986; Heeg et a|.,1988).

As discussed in Chapter 1, likely candidates for the APCs involved in the

activation of unprimed T cells required for induction of CMI to IBPs (and for induction of

MLRs) were macrophages, which were present in large numbers in both NPC and

D 3IpC populations. Each PC suspension expressed both Class I and Class II MHC

products and therefore had the potential to stimulate both L3T4+ and Lyt2-2+ T cell

subsets. The identity of the APCs responsible for induction of allo-Ag-specific

responses in unprimed T cells remains controversial (Sprent and Schaefer, 1990), because

various T cell subsets appear to require different allo-APCs (Sprent and Schaefer, 1989)

producing different APC-derived costimulator molecules for the induction of maximal

responses (Weaver and Unanue, 1990). Although Inaba et al. (1987) were able to show

that in vitro cultured spleen or peritoneal macrophages possessed no APC function for

unprimed CD8+ T cells, Sprent and Schaefer (1989) found that fresh, thioglycollate

induced Class II- macrophage populations were able to elicit very strong MLRs by

CD8+ T cells, suggesting that activation of macrophages was required to generate a

Class I+, Class II- subset which could elicit allogeneic CD8+ T cell responses.

Therefore, if macrophages require activation to be able to induce Class I restricted

allogeneic responses then this would explain why the Lyt2.2+ T cell subset predominated

in the proliferation observed in response to the D 3IPCs. However, no direct evidence

demonsrrating that infection with LllRX induced a Class II- macrophage population

similar to thar characterized by Sprent and Schaefer (1989) was obtained. [Use of double

colour immunofluorescent labelling techniques would allow the detection of such a
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population (if present) on the FACScan.l flowever, since the NPCs used in these studies

were not activated and also induced mainly Lyt2.2+ T cell responses, activation of the

macrophages was not crucial for the induction of Lyt2.2+ T cells in this system'

Interestingly, a recent feport from McCorm ack et at. (199I) demonstrated that a subset of

normal mouse splenic macrophages could elicit atlo-Ag-specific CD8+ T cell responses

by unprimed CD8+ T cells. Hence, evidence is available which illustrates that in some

systems, macrophages are capable of inducing significant allo-Ag-specif,rc class I

restricted T cell responses, without the involvement of L3T4+ T cells. It was unforflrnate

that the NpCs of F1 mice induced mainly Lyt2.2+ T cells, because this did not permit the

analysis proposed - the possible modulation of APC function following Ll1RX infection

to favour the induction of Lyt2.2+ T cells'

7.2 LgT4+ T cells and Lyt2.2+ T cells are induced during

Salmonell¿ infections

Induction of both L3T4+ andLyt2+ T cells in mice infected with Listeria

is explained by the suggestion that production of listeriolysin O allows these organisms to

escape phagolysosomes and to enter the cytosol, thus providing ready access to the

Class I Ag processing pathway required for the induction of Lyt2+ T cells (discussed

extensively in Section I.z.5.z). Because no such factor has been described for either

Mycobacteria or salmonella it might be expected that Lyt2+ T cells are not induced

following infection with these organisms. However, this is not true because

Lyt2*T cells have been reported to play a role in immunity to infection with

Mycobacteria (orme and collins, 1984; Müller et a\.,1987; Roch and Bach, 1990)' In

this context, the demonstration that macrophages infected w\th M. microti had reduced

levels of expression of MHC Class II MHC products (Kaye et a\.,1986), despite the fact

that the level of expression of Class II MHC molecules on uninfected cells was increased

during infection (Kaye and Feldmann, 1986), nâY be highly significant and possibly,

could also apply to salmonella. It could be argued that class II- macrophages infected
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with IBps present specifrc Ags of these organisms only in association with Class I MHC

molecules.

Two obvious mechanisms can be proposed to explain how antigenic

determinants of IBps like Salmonella, which do not readily exit phagolysosomes as

immunogenic Listeria organisms do, may associate with Class I MHC products and

activate Lyt2+ T cells. One possibility is that bacteria multiplying within the infected

macrophages "break out" of the phagolysosomes into the cytosol of the cell and/or that

some bacterial Ags "leak" into the cytosol, thereby gaining access to the Class I Ag

processing pathway. Evidence obtained in the present studies support the possibility that

Salmonella organisms multþlying within vacuoles of infected cells can "break out" and

enter the cyrosol, as the Cytospin smears of P815 cells infected with 11RX or C5 clearly

show bacteria within vacuoles and also "free" in the cell cytoplasm. A second

mechanism may be provided by the direct binding of exogenous peptides to Class I MHC

products. Some evidence is available supporting both these possibilities. Recent work

carried out by Harding et al. (1991) has shown that small amounts of

liposome-encapsulated Ag were released from the endocytic compartments into the

cytosolic compartment and were subsequently presented in association with Class I MHC

products. Indirect evidence that small, exogenous antigenic peptides may be able to bind

to Class I MHC products is available. For example, Carbone et al. (1988), demonstrated

that small peprides of OVA appeared to associate directly with Class I MHC molecules of

Class II- cell lines (without being processed via the endogenous pathway), because such

Ag-pulsed cells were able to induce CD8+ Ag-specific CTLs. It follows that any

Salmonella-derived peptides released by macrophages during degradation of the bacteria

may associate with Class I MHC products directly and be presented to the appropriate

T cells. Another alternative is that at least some exogenously derived Ags degraded

within the endosomal compartment may be able to associate with Class I MHC products.

Because Class I MHC products on activated T cells can recycle through endosomes (Tse

and Pernis, 1984), it is possible that, whilst in endosomes, they may be able to bind to

exogenously derived antigenic peptides. The very recent work caried out by Hochman



189

et al. (1991) using fluorescent p2-microglobulin to label membrane Class I MHC

molecules, has demonstrated the constitutive endocytosis of Class I MHC molecules and

dissociation of B2-microglobulin within the endosomes of ConA activated T cells and

lymphoma cells of mice. They have proposed that although this process is reversible' it

is likely that in the recycling endosomes of T cells Class I MHC molecules undergo

conformational changes, with dissociation and reassociation of p2-microglobulin

resulting in changes in the peptide binding site. It follows that if this process occurs in

ApCs, it might play an important role in Ag presentation. Therefore, although there is

evidence for such recycling only in T cells, it is possible that during infection with IBPs

Class I MHC products of APCs may also recycle through endosomes, associate with

processed antigenic peptides presont in these compartments, be re-expressed on the cell

surface and subsequently induce specific Lyt2+ T cells'

However it happens, results presented from these studies show that

Salmonella Ags do access the Class I Ag processing pathway. Intraperitoneal infection

of mice with Salmonella induced Ag-specific L3T4+ and Lyt2.2+ T cells and, like

secondary infection with Listeria, the activity of Lyt2.2+Tcells was enhanced by

secondary immunization with Salmonella, particularly C5 which was shown to persist

longer than L11RX. Although secondary challenge with Salmonella increased the

involvement of Ag-specific Lyt2.2+ T cells, the detection of these cells proved to be more

difficult than the detection of Ag-speciftcLyt2+ T cells in other systems, in which the use

of live Ags was sufficient to demonstrate their presence. The use of live organisms to

elicit Ag-specific DTH reactivity has successfully detected Ag-specif,rc Class I restricted

DTH effector T cells in several other systems. For example, Jungi et al. (1982b)

reported that when live Listeria organisms were used as the eliciting Ag, transfer of DTH

to normal rats was restricted to the A region of the rat MHC (a region which is

homologous to the murine lF..-2K locus), whilst a listerial extract induced a B region

restricted response (which is equivalent to the mouse I or Class II region of the MHC).

Similarly, the cells responsible for the DTH to Sendai virus were found to be Class II

restricted T cells when killed virus was used as the eliciting Ag, while both Class I and
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Class II MHC restricted T cells were induced by live virus (Ertl, 1981). However, using

live Salmonella as the antigenic stimulus to elicit DTH induced similar responses in all

primed T cell populations, with L3T4+ T cells mediating all the activity observed. These

data were interpreted as indicating that fewer Lyt2+ T cells were induced by Salmonella

infection than Listerj¿ infection, (and were masked by the preferential induction of

Class II restricted responses) and therefore implied that a more stringent system was

needed to detect these cells. This was confirmed using a system where the presentation

of Salmonella Ags was restricted to an association with Class I MHC molecules, which

induced a response by Lyt2.2+ DTH effector T cells. Since approximately 357o footpad

swelling was the maximum response induced by the "LC5 P815", it is possible that all the

Ag-specifi c Lyt2.2+ DTH effector T cells present were not activated, because of

insufficient Ag and"/or inadequate processing and presentation of Ag by the invaded P815.

It was evident from the Cytospin smearc of the "LC5 P815" that only some of the cells

contained bacteria. In addition, although "LC5 P815" were able to induce

LytZ.2+ T cells, P815 is not regarded as a "classical" APC line and therefore, may not

possess all the attributes necessary for efficient processing and/or pfesentation of Ag to

T cells, despite the fact that such cell lines (including P815 and EL4) have been

successfully used by others to present specific Ags to Class I MHC restricted T cells (eg.

Carbone et aI.,1983) and allo-Ag to unprimed T cells (Sprent and Schaefer, 1986). The

presence of Lyt2.2+ T cells capable of mediating DTH reactivity was enhanced by

secondary Salmonella infection and although not much information is available with

other IBps, these data are consistent with the observations made with Listeria.

The in vitro cytor.oxicity assay also detected Lyt2.2+ T cells in cell

suspensions harvested from Salmonella-infected mice. Induction of CTLs following

infection with other IBps such as Listeria and, Mycobacteria has been reported by several

gloups. Recent studies have demonstrated that T cell populations from M.leprae- and

M. tubercu./osis-infected individuals contained CD4+ CTLs which lysed

monocytes/macrophages pulsed with mycobacterial Ags (Mustafa and Godal, 1987;

Ottenhoff et a1.,1988; Hancock et al., 1989; Kumararatne et al', l99O; Boom et al''
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1991). In addition, Ag-specificLyt2+ CTLs have been detected in the draining lymph

nodes of mice following intradermal infection with inadiated M. Ieprae (Chiplunkar

et a1.,1936). Similarly, Listeria-specific Class I and Class II restricted T cell clones,

established from T cell suspensions harvested 6-8 days after infection with Listeria and

capable of lysing Lísteria-infected target cells, were detected by Kaufmann et al. (1986

and 1987, resPectivelY).

The initial work to detect the presence of specific L3T4+ and/or

LyO.2+CTLs following infection with Salmonella was caried out using the

lectin-mediated cytotoxicity assay. This revealed that a peak Lyt2'2+ CTL (but no

L3T4+ CTL) response was induced in the PC population five days after infection with

L11RX and secondary infection with either C5 or 11RX enhanced their cytotoxic

acrivity. Although the kinetics of induction of CTLs by other IBPs has not been well

characterized, it is interesting to note that to establish Listeria-specific cytotoxic T cell

clones, T cells were also harvested from mice reasonably early (6-8 days) after infection

with Listetia (Kaufm ann et al.,1986 and 1987). Once an Ag-specific cytotoxicity assay

was developed, using 5lcr-labelled "Ll1RX P815" as the target cells, it was found that

up to 5OVo of the activity detected by the lectin-mediated assay was mediated by

Salmonella-specific Lyt22+ CTLs (with greater Ag-specific activity being detected

during secondary infection, particularly with C5). In contrast, no cytotoxic activity was

detected in the Sc suspensions obtained from mice following primafy or secondary

Salmonella infections unless the cells ,were activated by invitro culture with ConA'

LyO.2+ CTLs were detected in all conA cultured sc suspensions using the

lectin-mediated lysis assay, but Salmonella-speciflc Lyt2.2+ CTLs wofe pfesent only in

the SCs obtained from mice with a secondary infection of C5, suggesting that secondary

c5 infection had induced, but not activated, a population of Ag-specific Lyt2+ CTLs in

the spleen, since only activated cells express lytic activity. Similarly, Lyt2+ CTLs have

been detected in the spleens of Listeria-infected mice following in vitro cttltare of these

cells with irradiated, infected accessory cells and IL 2 (Kaufm ann et al., 1986)' As in the

DTH system, it was likely that not all the Ag-specifrc CTLs were detected using the
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"L11RXpg15" as targets, because a significant proportion of the P815 cells did not

contain any bacteria and therefore, were unlikely to be presenting specific Ags in the

context of Class I MHC molecules. Obviously, a more effective method of Ag-pulsing

needs to be developed to allow a more accurate study of the specific CTLs (and possibly

DTH effectors) induced. An obvious choice would be to "load up" an appropriate cell

population with well defined peptides of Salmonella Ags, via the osmotic lysis of

pinosomes (as described by Moore et a1.,1938) to ensure that virtually all cells present

Ag in association with Class I MHC products on their surface. A pure preparation of the

low molecular weight 11RX Ag described by Vordermeier and Kotlarski (1990) would be

useful for such an aPProach.

In addition to these functional assays which indicated an increase in the

activity of Ag-spec\ficLyt2.2+ T cells after secondary infection with Salmonella, it was

interesting to find that there was also an increase in the proliferative activity of

Lyt2.2+Tcells. As discussed earlier (Section 7.1,.2), initial examination of the

proliferative responses of the Salmonella primed T cells prepared from PC or SC

suspensions revealed no differences in their responsiveness to F1|RX or ConA'

However, more detailed analysis of the responding cells demonstrated that secondary

infection with Salm.onella,especially C5, induced an increase in the proliferative activity

of the Lyt2.2+ T cell subset. It was surprising to find that even in the presence of killed

Ag (a form of Ag which is usually presented in the context of Class II MHC products),

Class I restricted T cells were induced to proliferate, suggesting that, following secondary

infection ApCs able to present Ags in the context of both Class I and Class II MHC

products were present. As in T cell suspensions obtained after primary immunization

with L11RX, the resulrs obtained suggested that a population of yõ T cells may also have

been induced to proliferate in these cultures

Although both L3T4+ and Lyt2.2+ T cell subsets have been detected

following infection with Salntonella.,the roles played by these populations in the effective

clearance of bacteria remain to be established. It is possible that both may play a role in

controlling/eliminating Salmonella organisms and there are obviously two mechanisms
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by which this could be mediated. Firstly, Ag-specific L3T4+ and/or Lyt2+ CTLs could

induce the direct lysis of infected cells exposing the bacteria released to uptake and

killing by activated macrophages. [Only Ag-specific Lyt2.2+ CTLs, but no

L3T4+ CTLs, were induced following primary and secondary infections with

Salmonella.j A second mechanism involved in controlling bacterial infection may result

from the release of cytokines by T cells responsible for the activation of macrophages and

activation and,/or expansion of effector T cell subsets. Preliminary data from Nauciel

(1gg0) have indicated that L3T4+ T cells play a role in the clearance of an infection of a

temperature sensitive mutant of S. gphimurium and Boom et al. (1991) have established

the importance of the CD4+ T cells in controlling the $owth of M. tuberculosis- These

T cells activate macrophages by secreting cytokines and are also able to lyse Ag-pulsed

monocytes/macrophages. A likety role for the Lyt2.2+ CTLs in the control of the

infection, would be to lyse infected macrophages which are unable to kill the bacteria

they contain, thus releasing the bacteria for uptake and killing by activated macrophages.

The presence of Class I restricted CTLs would be particularly advantageous if the

expression of Class II MHC products was down-regulated on macrophages infected with

live organisms, as has been observed with Mycobacteria (Kaye et al',1986), because the

LyO2+ CTLs could still lyse these cells. It is possible that since all cells express Class I

MHC products, whilst only a proportion express Class II MHC molecules, Class II

restricted L3î4+ CTLs may not even be required for such a role in immunity to IBPs.

The fact that a large number of microorganisms, including Salmonella' have been shown

to enter mammalian cells other than macrophages (Finlay and Falkow, 1989), and that the

genetic determinan ts in Salmonella which are essential for expression of the invasive

phenotype have been identified @lsinghorst et al., 1989), suggest that Salmonella

organisms may have the potential to invade a wide range of (non-phagocytic) cell types

in vivo which do not express Class II MHC products. If this did occur, there would be an

even greater need for Class I MHC restricted CTLs and other T effector cells to be

induced.

As already suggested, cytokines released by Ag-specific T cells may play
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an important part in the clearance of bacterial infection. L3T4+ T cells may also play an

essential role by providing help for the activation and/or expansion of specific

LyO2+ T cells (as in the case of Listeria). L3T4+ T cells (and possibly the

LyO.2+ T cells) may release IFN-1 and other ill-defined cytokines which activate

macrophages which are required to kill IBPs more effectively (Nathan et a1.,1983; Khor

et a1.,1986; Weyser et al., 1987) and/or modify the Ag presenting function of APCs by

regulating Class II (and possibly Class I) MHC expression (eg. Sztein et al., 1984).

Support for this possibility has been provided by numerous groups who have evidence for

the participarion of the LKs IFN-T and TNF in the clearance of IBP infections (Bancroft

et a1.,1981 and 1987; Buchmeier and Schreiber, 1985; Havell, 1988; Kindler et al-,1989;

Nakano et al., L99O:'Tite et a1.,1991).

7.3 Concluding remarks

This study provides a basis for more detailed analysis of the functional

roles of T cell subsets in immunity to Salmonella. With hindsight, it may be useful to

analyse the APC function of IPCs using purified, primed T cells obtained from mice with

a secondary C5 infection, as such suspensions have been shown to contain larger numbers

of LyA.2+ T cells capable of proliferating in vitro. Furthermore, more detailed

examination of the APC activity of cells present following secondary infection may also

provide information related to the modulation of APC activity during infection with live

bacteria, because APCs present in the T cell suspensions prepared from mice with

secondary Salmonella infections were capable of induclngLyt2.2+ T cells to proliferate

even when F11RX was used as the Ag. It has become apparent that analysis of the

cytokines released by the various APC populations, using recently developed assays (eg.

Dallman et al., l99l; Feldmann et al., 1991; Sander et al', l99I), may provide a more

useful method for characteizing their ability to induce various T cell subsets.

Furthermore, it would be interesting to establish whether the L3T4+ and

LyO.2+T cells detected in these studies comprise distinct functional subpopulations
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within each subset, i¿. whether the Salmonella-specific L3T4+ T cells can be subdivided

into the Thl and Th2 groups proposed by Mosmann et al. (1986) and whether this also

applies for the Lyt2.2+ T cells. Recent work carried out by Tsukada et al. (1991)

demonstrated the dissociated development of T cells mediating DTH and T cells

responsible for immunity to Lm and that, although both populations were initially

categorized as Thl cells, T cells mediating protection were further characterized by their

ability to release IFN-y. Detailed characterization of the cytokines released by T cells

prepared from the spleens (and peritoneal cavities) of Salmonella-infected mice is

necessary since the existence of Class II MHC restricted T cells which are able to mediate

DTH reactivity and release MAFAFN-T, but which cannot release detectable amounts of

IL2,have been detected, and do not "fit" the proposed division of L3T4+ T cells into the

Thl and Th2 subsets (described by Mosmann et al.,1986). Therefore, identification of

other cytokines released by llRX primed splenic T cells would clarify the "types" of

T cells induced in the spleens following Salmonella infection. It is possible that the

T cells mediating Salmonella-specific DTH reactivity or cytotoxicity (or protection)

represent distinct subpopulations of cells, which could be categorized by cell surface

markers, such as the CD45 or Ly6C molecules (see Chapter L), and by the cytokines they

release.

Thus in summary, the new approaches for the analysis of APC and T cell

function which have become available since these studies were undertaken provide the

most obvious way to extend the studies reported in this thesis. Definition of the profiles

of cytokines released by both the APCs and T cells of Salmonella immunized mice,

obtained after both primary and secondary challenge with Salmonella, should indicate

whether ApCs are modified by Salmonella infection and enable further characterization

of the T cell subsets induced and their involvement in the clearance of infection.
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APPBNDIX

Certain material presented in this thesis has been published or manuscripts are in

preparation for Publishing.

Published material:

Koflarski, I., Pope, M., Doherty, K. and Attridge, s. R. (1989) The in vitro

proliferative response of lymphoid cells of mice infected with

salmonella enteritidis 11RX. Immunol. cell Biol.67z t9-29.

Vordermeier, H-M., Pope, M., and Kotlarski, I. (1990) Presentation of Salmonella

antigens by peritoneal cells of normal and Salmonella-infected mice.

Immunol. Cell Biol.68z t6l-172.

Manuscripts in Preparation:

pope, M. and Kotlarski, I. The effect of Salmonella infection on murine T cell

responses. I. Detection of Salntonella-speclftcL3T4+ andLyt2.2+ T cells which

can proliferate invitro andmediate DTH reactivity'

pope, M., Kogarski, I., and Doherty, K. The effect of Salmonella infection on murine

T cell responses. II. Induction of Lyt2.2+ CTLs following primary and secondary

Salmonella infection.

pope, M. and Kogarski, I. Antigen prosenting characteristics of peritoneal cells of

Salmonella enteritidis 1 lRX-infected mice.



197

BIBLIOGRAPHY

Acres, R. 8., Conlon, P. J., Mochizuki, D. Y.' and Gallis, B. (1986) Rapid

phosphorylation and modulation of the T4 antigen on cloned helper cells induced

by phorbol myristate acetate or antigen. J. Biol. Chem.26lz 16210-16214.

Adams, D. O., and Hamilton, T. A. (1984) The cell biology of macrophage activation.

Ann. Rev. Intmu,nol. 2z 283-318.

Alcover,4., Ramarli, D., Richardson, N. E., Chang, H. S., and ReinherzrE. L. (1987)

Functional and molecular aspects of human T-lymphocyte activation via T3Æi

and T11 pathways . Imntunol. Rev- 95: 5-37 .

Alexander, D. R., and Cantrell, D. A. (1939) Kinases and phosphatases in T-cell

activation. Intmnuology Today 10: 200-205.

Alexancler, M. 4., Bennicellir J.r ârd Guerry IV., D. (1989) Defective antigen

presentation by human melanoma cell lines cultured from advanced, but not

biologically early, disease. J. Intmunol. L42z 4070-4078.

Allen, E. M., ancl Moor€, V. L. (1979) Suppression of phytohaemagglutinin and

lipopolysaccharride responses in mouse spleen cells by Bacillus Calmette-Guérin.

.1. Reticuloendothel. Soc. 262 349-356.

Allen, p. M., and Unanue, E. R. (1984) Antigen processing and presentation by

macrophag es. The American Jou.rnal of Anatomy. l70z 483-490.



198

Allison, J. P., and Havran, W. L. (1991) The immunobiology of T cells with invariant

yõ antigen recoptors. Ann. Rev' Immunol.9z 679-705.

Allison, J. P., and Lanier, L. L. (1937) The structure, function, and serology of the

T cell antigen receptor complex. Ann. Rev.Immunol.S: 503-540.

Altman, 4., Coggeshall, K. M., and Mustelin, T. (1990) Molecular events mediating

T-cell activation. Adv. Intntunol. 482 227 -360.

Andrus, L., Granelli-Piperno, 4., and Reich, E. (1984) Cytotoxic T cells both produce

and respond to interleukin 2. J. Exp. Med..159: 647-652.

Andrus, L., Prowse, S. J., ancl Lafferty, K. J. (1981) Interleukin 2 production by both

Lyt2+ andLyt2- T-cell subsets. Scand. J. Intmunol. l3z 291-301.

Aparicio, P., Jaraquemacla, D., and López de Castro, J. A. (1987) Alloreactive

cytolytic T-cell clones with dual recognition of HLA-B27 and HLA-DR2

antigens. J. ExP. Med.165: 428-443.

Ashley, M. P., ancl Kotlarski, I. (1982) In vitro and in vivo cytotoxicity induced by an

attenuated Salntonella: Relation to bacterial carier state and resistance to tumour

growth. Attst. J. Exp. Biol. Med.' Sci.60z l-21.

Ashley, M. P., Kotlarski, I., and Hardy, D. (1974) Recall of tumour resistance in

long-term Salmonella enteritidis 1lRX immunized mice.

Aust. J. Exp. Biol. Med. Sci.52: 859-871.



r99

Attridge, S. R., and Kotlarskir l. (1934) The effects of amicon and millipore membranes

upon the lymphokine tiües of culture supernatants. Aust.J.Exp.Biol.Med.Sci.

62:541-55O.

Attridge, S. R., and Kottarski, I. (1985a) In vitro lymphokine release by lymphocytes

from mice infected with Salmonella. Aust. J. Exp. Biol. Med. Sci.63z 489-502.

Attridge, S. R., and Kotlarski,I. (l9S5b) Local transfer of delayed-type hypersensitivity

after salntonella infection in mice. Infect. Imm.un.50: 807-812.

Augustin, 4., Kubo, R. T., ancl Sim, G. K. (1989) Resident pulmonary lymphocytes

expressing the y/ô T-cell receptor. Nature 3402 239-241'

Baaclsgaard, o., salvo, 8., Manni€, 4., Dass,8., Fox, D. 4., and cooper, K. D. (1990)

Invivo ultraviolet-exposed human epidermal cells activate T suppressor cell

pathways that involve CD4+CD45RA+ suppressor-inducer T cells. J. Immunol.

145:2854-286r.

Bach, F. H., Grillot'Courvalin, C., Kuperman' L. J., Sollinger' H. W., Hayes, C.,

Sondel, p. M., Alter, B. J., and Bach, M. L. (1977) Antigenic requirements for

triggering of cytotoxic T lymphocytes. Imntunol. Rev.35z 76-96.

Bakke, O., and Dobberstein, B. (1990) MHC class II associated invariant chain contains

a sofiing signal for post golgi compaftments. cell 63:707 -716.

Batdridge, J. R., Barry, R. 4., and Hinrichs, D. J. (1990) Expression of systemic

protection and delayed-type hypersensitivity to Listeria monocytogenes is

mediated by different T-cell subsets. Infect.lmmun.53: 654-658.



200

Bancroft, G. J., Bosma, M. J., Bosma, G. C., and Unanue' E. R. (1986) Regulation of

macrophage Ia expression in mice with severe combined immunodeficiency:

induction of Ia expression by a T cell-independent mechanism. J. Immunol'

l37z 4-9.

Bancroft, G. J., Schreiber, R. D., Bosma, G. C., Bosma, M. J., and Unanue, E. R.

(1937) A T cell-independent mechanism of macrophage activation by interferon-1.

J. Intntttnol. 139: I 104- 1 107.

Bancroft, G. J., Sheehan, K. F., Schreiber, R. D., and Unanue, E. R. (1981) Tumour

necrosis factor is involved in the T-cell-independent pathway of macrophage

activation in SCID mice. J.lntmu,nol.l43z I21-I30.

Beller, D. I. (1984) Functional significance of the regulation of macrophage Ia

expression . Eu.r. J . l ntntu,ttol. l4z 138- I43.

Beller, D. I., ancl Unanue, E. R. (1930) Ia antigens and antigen-presenting function of

thymic macrophag es. J . I mntuno l. l.24t | 433-1439.

Beller, D. I., and Unanue, E. R. (1981) Regulation of macrophage populations. II.

Synthesis and expression of Ia antigens by peritoneal exudate macrophages is a

transient event. J. Imntunol. 126z 263-269.

Beller, D. I., and Unanue, E. R. (1982) Regulation of the expression of macrophage Ia

antigens. In: Self Defence Mechanisms. Role of Macrophages. D. Mizuno,

Z. Cohn, K. Takeya, and N. Ishida, eds. University of Tokyo Press, Elsevier

Biomedical, Tokyo. P.167.



201

Beller, D. I., Kiely, J-M., and Unanue, E. R. (1980) Regulation of macrophage

populations. L Preferential induction of Ia-rich peritoneal exudates by

immunologic stimuli. J. Immunol. l24z 1426-1432.

Belosovic, M., Finbloom, D. S., Van Der Meide, P. H., Slayter, M. V., and Nacy'

C. A. (1989) Administration of monoclonal anti-IFN-Y antibodies in vivo

abrogates natural resistance of C3ÍI/FIeN mice to infection with

Le is hnt ani, a. m ai o r. J . I m nt u no l. l43z 266-27 4.

Bennet, J. 4., Rao, V. S., and Mitchell, M. S. (1973) Systemic bacillus Calmette-Guérin

(BCG) acrivates natural suppressor cells. Proc. NatI. Acad. Sci. U.S'4.

752 5142-5144.

Berche, P., GaillarrJ, J-L., ancl Sansonetti, P. J. (1987a) Intracellular growth of

Listeria monocytogenes as a prerequisite for in vivo induction of T cell-mediated

immunity. J. Intm.tt,rtol. 138: 2266-227 1.

Berche, P., Gaillard, J-L., Geoffroy, C., and Alouf, J. E. (1987b) T cell recognition of

listeriolysin O is induced during infection with Listeria monocytogenes.

J. Intntunol. I39z 3813-382I.

Beretta, 4., Langlacle-Demoyen, P., ancl Larrson, E'L. (1986) The cytotoxic T-cell

response to Ia antigens: Lack of correlation between the level of specific

cyrotoxicity obtained in primary mixed lymphocyte reaction and the frequency of

specific cytotoxic T lymphocyte. Scand. J. Immunol.24z 643-651.

Bevan, M. J. (1984) High determinant density may explain the phenomenon of

alloreactiv ity . Intntu no lo gy T oday 5 : I 28- I 30.



202

Bicltlison, W. E. (1982) The role of the human MHC in cytotoxic T cells responses to

virus-infected cells. J. Clin. Imntunol. 2z I-9.

Biddison, W. 8., Rao, P. E., Talle, M. 4., Goldstein, G., and Shaw, S. (1982) Possible

involvement of the OKT4 molecule in T cell recognition of class II HLA antigens.

Evidence from studies of cytotoxic T lymphocytes specific for SB antigens.

J. Exp. Med.156z 1065-1076.

Bierer, B. E., Barbosa, J., Herrmann, S., and Burakoff' S. J. (1988) The interaction of

CDz with its ligand, LFA-3, in human T cell proliferation. J. Immunol.

140: 3358-3363.

Bierer, B. E., Sleckman, B. P., Ratnofsky, S. E., and Burakoff' S. J. (1989) The

biological roles of CDz, CDA and CD8 in T-cell activation. Ann. Rev. Immunol'

7:579-599.

Bishop, D. K., ancl Hinrichs, D. J. (1987) Adoptive transfer of immunity to

Listeria monocytogenes. The influence of in vltz stimulation on lymphocyte

sub set requiremen ts. J . I m m u.no l' 139 : 2005 -2009 .

Bjorkman, P. J., Saper, M. 4., Samraoui,8., Bennet, lY. S., Strominger, J. L., and

Wiley, D. C. (1937) Structure of the human class I histocompatibility antigen

Ín-A-Az. Nature 329: 506-512.

Blanden, R. V., ancl Langman, R. E. (1972) Cell-mediated immunity to bacterial

infection in the mouse. Thymus-derived cells as effectors of acquired resistance to

Listet'ia monocyloS¿¡r¿s. Scand. J- Immunol.lz 379-391.



203

Blanden, R. V., Mackaness, G. 8., and Collins, F. M. (1966) Mechanisms of acquired

resistance in mouse typhoid. J. Exp. Med. I24:585-600.

Bona, C., Audibert, F., Juy, D., and Chedid, L. (1976) Cell suppression in

PPD-induced blast specific response of human peripheral blood lymphocytes.

C lín. Exp. Intmu nol. 262 258-266.

Boog, C. J. P., Boes, J., and Melief, C. J. M. (1938) Stimulation with dendritic cells

decreases or obviates the CD4+ helper cell requirement in cytotoxic T lymphocyte

responses. Eur. J. Intntunol' l8z 219-223.

Boom, W. H., Liano, D., ancl Abbas, A. K. (1988) Heterogeneity of helper/inducer

T lymphocytes. II. Effects of interleukin 4- and interleukin 2-producing T cell

clones on resting B lymphocytes.,/. Exp. Med' 167z I350-L363'

Boom, W. H., Watlis, R. s., and chervenak, K. A. (1991) Human

Mycobacteriu.ntuberculosis-reactive CD4+ T-cell clones: Heterogeneity in

antigen recognition, cytokine production, and cytotoxicity for mononuclear

phagocytes . Infect. Intnttttt. 592 2737 -2743.

Bosma, G. C., Custer, P. R., ancl Bosma, M. J. (1983) A severe combined

immunodeficiency mutation in the mouse. Natu.re 30Lz 527-529.

Bottomly, K. (1938) A functional dichotomy in CD4+ T lymphocytes.

InmtunologY TodaY 9z 268-274.

Breitmeyer, J. 8., Daley, F. J., Levine, H. 8., and Schlossman' S. F. (1987) The T11

(CD2) molecule is functionally linked to the T3ffi cell receptor in the majority of

T cells. J. Intntu.nol. I39z 2899-2905.

a



204

Brett, S. J. (1984) T-cell responsiveness in Mycobacterium lepraemuriunt infections in a

"resistant" (CBA) and a "susceptible" (BALB/c) mouse strain. Cell. Immunol.

89:. 132-143.

Brett, S. J., and Butler, R. (1986) Resistance to Mycobacterium lepraemurium is

correlated with the capacity to generate macrophage activating factor(s) in

response to mycobacterial antigens in vitro. Immunology 592 339-345.

BritzrJ. S., Askenase, P. W., Ptak, W., Steinman, R. M., and Gershon, R. K. (1982)

Specialized anrigen-presenting cells. Splenic dendritic cells and

peritoneal-exudate cells induced by mycobacteria activate effector T cells that are

resistant to suppression. "/. Exp. Med.I55z 1344-1356'

Brottier, P., Boumsell, L., Gelin, C., and Bernard, A. (1935) T cell activation via CD2

(T, gp50) molecules: Accessory cells are required to trigger T cell activation via

cD2-D66 plus CD2-9 .6fr1,l1 epitopes. J. Imntunol. 135: 1624-163I.

Brown, I. N., Glynn, A. 4., ancl Plant, J. (1982) Inbred mouse strain resistance to

Mycobacteriu.m lepraentu,riunt follows ItyILsh pattern. Imnrunology 47: 149-156.

Brunt, L. M., Portnoy, D. 4., ancl Unanue, E. R. (1990) Presentation of

Listeria nl.onocytogenes to CD8+ T cells requires secretion of hemolysin and

intracellular bacterial growth. J . Inmmno l. 145: 35 40-3546.

Buchmeier, N. 4., antl Heffron, F. (1990) Induction of Salmonel/a stress proteins upon

infection of m acroph ages. S ci e nc e 248: 7 30-7 32.



205

Buchmeier, N. 4., ancl Schreiber, R. D. (1985) Requirement of endogenous interferon-y

production for resolution of Listeria monocytogenes infection.

Proc. N atl. Acad. Sci. U.S.A. 822 7 404-7 408 -

Bullock, W. E., Carlson, E. M., and Gershon, R. K. (1978) The evolution of

immunosuppressive cell populations in experimental mycobacterial infections.

J. Intmu nol. L20:. 17 09-17 16.

Buus, S., and Werclelin, O. (1986) Oligopeptide antigens of the angiotensin lineage

compete for presentation by paraformaldehyde-treated accessory cells to T cells.

J . Intntu.ttol. 136z 459 -465.

Camilli, 4., Paynton, C. R., and Portnoy, D. A. (1989) Intracellular methicillin

selection of Listeria monocytogenes mrrtaÍrts unable to replicate in a macrophage

cell line. Proc.Natl. Acad.. Sci.U.S'A.862 5522-5526-

Cantor, H., and Boyse, E. A. (1975) Functional subclasses of T lymphocytes bearing

different Ly antigens. II. Cooperation between subclasses of Ly+ cells in the

generation of killer activity. J. Exp. Med.I4l: 1390-1399.

Cantrell, D. 4., Davies, A. 4., and Crumpton, M. J. (1985) Activators of protein

kinase C down-regulate and phosphorylate the T3ff-cell antigen receptor complex

of human T lymphocytes. Proc. Natl. Acad. Sci. U.S.A. 82: 8158-8162.

Cantrell, D., Davies, A. 4., Londei, M., Felttmann, M., and Crumpton, M. J. (1987)

Association of phosphorylation of the T3 antigen with immune activation of

T lymphocytes. Natul'e 3252 540-542.



206

Carbone, F. R., and Bevan, M. J. (1939) Induction of ovalbumin-specific cytotoxic

T cells by invivo peptide immunization. "/. Exp. Med.169z 603-6t2.

Carbone, F. R., Moore, M.W., Shiel, J. M., and Bevan, M.J. (1988) Induction of

cytoroxic T lymphocytes by primary in vitro stimulation with peptides.

J. Exp. Med.L67z 1767-1719.

Celada, 4., and Maki, R. A. (1991) IFN-1 induces the expression of the genes for MHC

class II I-AB and tumor necrosis factor through a protein kinase C-independent

pathway. J. Intmunol. 146z ll4-120.

Ceredig, R., ancl Corraclin, G. (1986) High antigen concentration inhibits T cell

proliferation but not interleukin 2 production: examination of limiting dilution

microcultures and T cell clones. Eur. J. Intmunol. 16z 30-34-

ceuppensrJ.L, Baroja, M. L., Lorre, K., Van Damme, J., and Balliau, A. (1988)

Human T cell activation with phytohemagglutinin. The function of IL-6 as an

accessory signal. J . I ntmu.no l. l4lz 3868-387 4 -

Chalupny, N. J., Ledbetter, J. 4., and Kavathas, P. (1991) Association of CD8 with

p56lct is required for early T cell signatling events. EMBO,I. L0: l2Ol-I207.

Chang, H-C., Moingeon, P., Lopez, P., Krasnow, H., Stebbins, C., and Reinherz,

E. L. (1939) Dissection of the human CD2 intracellular domain. Identification of

a segmenr required for signal transduction and IL2 production. J. Exp' Med'

169:2013-2083.



207

Chang, R., J., ancl Lee, S. H. (1936) Effects of interferon-T and tumour necrosis factor-cl

on the expression of and Ia antigen on a murine macrophage cell line. 
"I. 

Immunol.

l37z 2853-2856.

Chang, T-L., Shea, C. M., Urioste, S., Thompson, R. C., Boom, W. H'r and Abbast

A. K. (1990) Hererogeneity of helper/inducer T lymphocytes. III. Responses of

lL-2- andll-4-producing (Thl and Th2) clones to antigens presented by different

accessory cells.,I. Imntu nol - 145:. 2803-2808.

Chase, M. W. (1945) Cellular transfer of cutaneous hypersensitivity to tuberculin

Proc. Soc. Exp. Biol. Med. Sci' 59: 134-135.

Cheers, C., and Sandrin, M. S. (1983) Restriction in adoptive transfer of resistance to

Listeria. nxonocytogenes II. Use of congenic and mutant mice show transfer to be

H-zKrestricted. C ell. Imnunol. 7 8: I99 -2O5.

Cheers, C., McKenzierl. F. C., Manclel, T. E., and Chan, Y. Y. (1980) A single gene

(Lr) controlling natural resistance to murine listeriosis. In: Genetic Control of

Natu¡al Resistance to Infectiort and Malígnancy. E. Skamene, P. A. L. Kongshavn

and M. Landy, eds. Academic Press, New York,p. 141'

cheers, c., McKenzierI., F. c., Pavlov, H., Waid, c., and York, J. (1978) Resistance

and susceptibilty of mice to bacterial infection: Course of Listeriosis in resistant

or susceptible mice. Infect. Imntun. l9z 763-770.

Chen, W., Reese, V. 4., and Cheever, M. A. (1990) Adoptively transferred

antigen-specific T cells can be grown and maintained in large numbets in vivo fot

extended periods of time by intermittent restimulation with specific antigen plus

lL-7. J . Intmuno l. l44z 3659-3666-



208

Chen-Woa¡, M., Sajewski, D. H., and McGregor' D. D. (1985) T-cell cooperation in

the mediation of acquired resistance to Lísteria monocytogenes. Immu.nology

562 33-42.

Cher, D. J., and Mosmann, T. R. (1937) Two types of murine helper T cell clone. II.

Delayed rype hypersensitivity is mediated by THl clones. J. Immunol'

L38: 3688-3694.

Chestnut, R. W., and Grey, H. M. (1986) Antigen presentation by B cells and its

significance in T-B interactions. Adv ' Inmtunol' 392 5l-94.

Chiplunkar, S., De Libero, G., and Kaufmann, S. H. E. (1986)

Mycoba.cteriu.nt leprae-specific Lyt-2+ T lymphocytes with cytolytic activity.

Inþct. Inmtun. 542 793-797 .

Chouaib, S., Welte, K., Mertelsmann' R., and Dupont, B. (1985) Prostaglandin E2 acts

at two distinct pathways of T lymphocyte activation: inhibition of interleukin 2

production and down-regulation of transferrin receptor expression. J. Immunol.

135: 1172-1179.

Claesson-Welsh, L., and Peterson, P. A. (1985) Implications of the invariant y-chain in

the intracellular transport of class II histocompatibility antigens. J. Immunol.

135:355r-3557.

Clement, L.T., Yamashita, N., and Martin, A. M. (1988) The functionally distinct

subpopulations of human CD4+ helper/inducer T lymphocytes defined by

anti-CD45R anribodies derive sequentially from a differentiation pathway that is

regulated by activation-dependent post-thymic differentiation. J. Immunol.

I4l:1464-1470.



209

Cleveland, R. P., Meltzer, M. S., and Zbat, B. (L974) Tumor cytotoxicity in vitro by

macrophages from mice infected with Mycobacterium bovis, strain BCG.

J. Natl. Cancer Inst. 522 1887-1894.

Cluff, C. W., and Ziegler, H. K. (1987) Inhibition of macrophage-mediated antigen

presentation by hemolysin-producing Listeria monocytogenes. J. Immunol.

139:3808-3812.

Cluff, C.W., Garcia, M., and Ziegler, H. K. (1990) Intracellular hemolysin-producing

Listería nxonocytogenes inhibit macrophage-mediated antigen processing.

I nfe ct. Int nrult. 582 3601 -3612.

Coffman, R. L., and Carty, J. (1986) A T cell activity that enhances polyclonal IgE

production and its inhibition by IFN-y. J.Im.nrunol. L36z 949-954.

Collins, F. M. (1969a) Effect of specific immune mouse serum on the growth of

Salntonella. enterítid.is in nonvaccinated mice challenged by various routes.

J. Bact.97:667-675.

Collins, F. M. (1969b) Effect of specific immune mouse serum on the growth of

Salmonella enteritidis in mice pre-immunized with living or ethyl alcohol-killed

vaccines. J. Bact.97t 676-683.

Collins, F. M. (1970) Immunity to enteric infection in mice. Infect.Immun.lz 243-25O

Collins, F. M. (I974) Vaccines and cell-mediated immunity. Bacteriol. Rev.38z 37I-402.

Collins, F. M. (1979) Cellular antimicrobial immunity. Crit. Rev. Miuobiol.Tz 27-9L.



2r0

Collins, F. M., and Watson, S. R. (1979) Suppressor T-cells in BCG-infected mice.

I nfu ct. Immu.n. 25 : 49 | -49 6.

Cooper, J. McA., Johnson, R. 8., and Rowley' D. (1983) The role of antibody in the

interaction of Salmonella and Listeria with peritoneal macrophages.

Aust. J. Exp. Biol. Med. Sci.6lz 63-77.

Corley, R. B. (1982) The regulation of T cell growth: Requirements for the activation

and replication of antigen-specific interleukin 2 producing cells. Intmunobiol.

163:63-76.

cossart, P., vicent€, M. F., Mengaucl, J., Baquero, F., Perez-Diaz, J. c., and

Berche, P. (1989) Listeriolysin O is essential for virulence of

Listeria nxonocytogenes. Direct evidence obtained by direct gene

complementation. I nfe ct. I ntmun. 57 z 3629 -3636.

Cowing, C., Schwartz, B, D., ancl Dickler, H. B. (1978) Macrophage Ia antigens. I.

Macrophage populations differ in their expression of Ia antigens. J. Immunol.

l20z 378-384.

Cresswell, P., Blum, J. S., Kelner, D. N., ancl Marks, M. S. (1987) Biosynthesis and

processing of class II histocompatibility antigens. Crit. Rev. Intmunol.7: 3l-53.

Curtis, J. Adu, H. O., and Turk, J. L. (1982) H-2 l\nkage control of resistance to

subcutaneous infection with Mycobacteriu.nt lepraremurium. Infect. Immun.

38:434-439.



211

Czuprynski, C. J., and Brown, J. F. (1987) Dual regulation of antibacterial resistance

and inflammatory neutrophil and macrophage accumulation by L3T4+ and

Lyt2* Listeria-\mmune T cells. Immunology 602 287-293.

Czuprynski, C. J., Canono, B. P., Henson, P. M., and Campbell, P. A. (1985)

Genetically determined resistance to listeriosis is associated with increased

accumulation of inflammatory neutrophils and macrophages which have enhanced

listericidal activity. Intmunology 55: 5 1 1-5 18.

Dallman, M. J., MontgomerY, R. 4., Larsen, C. P., Wanders, 4., and Wells, A. F.

(1991) Cytokine gene expression: Analysis using Northern blotting, polymerase

chain reaction and in slra hybridization. Intmunol. Rev . ll9 z 163 -17 9.

Davies, R., ancl Kotlarski, l. (1974) The effect of immunization with a rough strain of

Salmonellu enteritidis on the fate of Salmonella ryphimurium in mice.

Aust. J. Exp. Biol. Med. Sci. 522 779-789-

Davies, R., and Kotlarski, l. (1976) The role of thymus-derived cells in immunity to

Salntonella infection. Aust. J. Exp' Biol' Med. Sci' 542 227-236.

Davis, M. M., and Bjorkman, P. J. (1983) T-cell antigen receptor genes and T-cell

recognition . Nature 334: 395-402.

De Libero, G., and Kaufmann, S. H. E. (1986) Antigen-specific LytZ+ cytolytic

T lymphocytes from mice infected with the intracellular bacterium

Listeria monocytogenes. J. Intntunol. 137: 2688-2694.

Debrick, J. E., Campbell, P.4., and StaerzrU.D. (1991) Macrophages as accessory

cells for Class I MHC-restricted immune responses. J.Imm.unol.l47z 2846-2851.



212

Dembic, 2., von Boehmer, H., ancl Steinmetz, M. (1986) The role of T-cell receptor cL

and B genes in MHC-restricted antigen recognition. Immunology Today

7:308-311.

Denis, M., Forget,4., Miailhe, A-C., Pelletier, M., and Skamene, E. (1985) Evolution

of cell types and T-cell subsets in the spleens of Mycobacterium bovis

BCG-resistant and M. bovis BCG-susceptible strains of mice after infection with

M. bovis BCG. Infect.Inmtun.4Sz 253-255.

Deschenes, M., Guenounou, M., Ronco, 8., Vacheron, F., and Nauciel, C. (1986)

Impairment of lymphocyte proliferative responses and interleukin-2 production in

susceptible (C57BL/6) mice infected with Salmonella ryphímurium. Immunology

58:225-230.

Deverson, E. V., Gow, I. R., Coadwell, W. J., Monaco, J. J.' Butcher, G. W.r and

Howard, J. C. (1990) MHC class II encoding proteins related to the multidrug

resistance family of transmembrane transporter s. N atu re 348: 7 38 -7 41.

Dice, J. F. 1990 Peptide sequences that target cytosolic proteins for lysosomal

proteolysis .TIBS. L5: 305-309.

Diment, S., ancl Stahl, P. (1935) Macrophage endosomes contain proteases which

degrade endocytosed protein ligands. J. Biol. Chent.260z 15311-15317 .

Doherty, P. C., Blanden, R. V., and Zinkernagel, R. M. (1976) Specificity of

virus-immune effector T cells for H-2K or H-2D compatible interactions:

implications for H-antigen diversity. Transplant. Rev. 291. 89-124.



2t3

Dorshkind, K., Keller, G. M., Phillips, R. 4., Miller, R. G., Bosma, G' C''

O'Toole, M., ancl Bosma, M. J. (1984) Functional status of cells from lymphoid

and myeloid tissues in mice with severe combined immunodeficiency disease.

J. Intntunol. L32t 1804-1808.

Doyle, C., ancl Strominger, J. L. (1987) Interaction between CD4 and class II MHC

molecules mediates cell adhesion. Nature 3302 256-259-

Dröge, W. (1986) Protein kinase C in T-cell regulation. Immunology Today

7:1350-1363.

Dustin, M.L., Rothlein, R., Bhan, A. K., Dinarello. C. 4., and Springer' T. A. (1986)

Induction by IL 1 and interferon-gamma; tissue distribution, biochemisffy, and

function of a natural adherence molecule (ICAM-l). J. Immunol' 137:.245-254.

Elberg, S. S., Schneider, P., and Fong, J. (1957) Cross-immunity between

Bru.cella. ntelitensis and Mycobacteríu.nx tuberculosis: intracellular behaviour of

Bru.cella melitensis in monocytes from vaccinated animals. J. Exp' Med'

106: 545-554.

Elliot, T., Townsend, 4., ancl Cerunclolo, V. (1990) Naturally processed peptides.

Nature 348: 195-191

Ellner, J. J. (1978) Suppressor adherent cells in human tuberculosis. J. Immunol'

l2lz 2573-2579.

Ellner, J. J., Lipsky, P.E., ancl Rosenthal, A. S. (1977) Antigen handling by guinea pig

macrophages: Further evidence for the sequestration of antigen relevant for

acrivation of primed T lymphocytes. "f. Imntu.nol.1l8: 2053-2056.



214

Elsinghorst, E. 4., Baron, L. S., and Kopecko, D. J. (1989) Penetration of human

intestinal epithelial cells by Salmonella: Molecula¡ cloning and expression of

Salmonella typhi invasion determinants in Escherichia coli.

Proc. Natl. Acad. Sci. U.5.A.86: 5173-5177 .

Erb, P., and Feldmann, M. (1975) The role of macrophages in the generation of T-

helper cells. II. The genetic control of the macrophage-T-cell interaction for

helper cell induction with soluble antigens. J. Exp. Med.l42z 460-472.

Erb, P., Ramila, G., Sklenar, I., and Kennedy, M. (1985) Functional aspects of

accessory cell heterogeneity. In: Imnm.ne Regulation. M. Feldmann, ed. The

Human Press, New Jersey, P.311.

Ericsson, P. O., Hetlluncl, G., Hanssotr, J., Dohlsten, M., and Sjögren, H. O. (1990)

Tumor-selective cytolysis is executed exclusively by CD45R+ CTL whereas

allo-specific cytotoxicity can be executed also by CD45R- CTL. Cell. Immunol.

126z 69-79.

Ertl, H. C. J. (1981) Adoptive transfer of delayed-type hypersensitivity to Sendai virus.

I. Induction of two different subsets of T lymphocytes which differ in H-2

restriction as well as in the Lyt phenotype. Cell. Immu.nol.622 38-49.

Esparza, I., Männel, D., Ruppel, 4., Falk, A. W., and Krammer, P. (1987)

Interferonl and lymphotoxin or tumour necrosis factor-c act synorgistically to

induce rnacrophage killing of tumour cells and schistosomula of

Schistosoma mansoni. J. Exp. Med.166z 589-594.



215

Falo Jr., L. D., Sullivan, K., Benacerraf,8., and Mescher, M. F. (1985) Analysis of

antigen presentation by metabolically inactive accessory cells and their isolated

membrane s. P ro c . N at I. Ac ad. S ci. U .S.A. 822 6647 -665 1.

Fan, X. 4., Golclberg, M., and Bloom, B. R. (1988). Interferon-y-induced transcriptional

acrivation is mediated by protein kinase C. Proc. Natl. Acad. Sci. U.SA.

852 5122-5125.

Farr, A. G., Wechter, W. J., Kiely, J-M., and Unanue, E. R. (1979) Induction of

cytocidal macrophages after in vitro interactions between Listeria-immune T cells

and m acrophages-role of H-2. J . I ntmuno l. 122: 2405 -2412.

Fazekas de St Groth,8., Gallagher, P. F., and Miller, J. F. A. P. (1986) Involvement

of Lyt-Z and L3T4 in activation of hapten-specific Lyt-Z+ L3T4+ T-cell clones.

Proc. Natl. Acad. Scl. U.S.A .83: 2594-2598.

Feldmann, M., Brennan, F. M., ChantrY, D., Haworth, C., Turner, M., Katsikis, P.,

Londei, M., Abney, 8., Buchan, C., Barrett, K., Corcoran, 4., Kissonerghis,

M.rZheng, R., Grubeck-Loebenstein,8., BarkleY, D., Chu,4., Fieldr M., and

Maini, R. N. (1991) Cytokine assays: Role in evaluation of the pathogenesis of

autoimmunity. Imntu.rto l. Rev. ll9z 105 -123.

Fernandez-Botran, R., Sanders, V. M., Mosmann, T. R., and Vitetta, E. S. (1988)

Lymphokine-mediated regulation of the proliferative response of clones of

T helper 1 and T helper 2 cells. J. Exp. Med. 168:.543-558.

Fichtner, A. T., Anderson, S., Mage, M. G., Sharrow, S. O., Thomas III' C. 4., and

Kung, J. T. (1987) Subpopulations of mouse Lyt-2+Tcells defined by the

expression of an Ly-6-linked antigen, 8482. J. Imntnuol, 138: 2024-2033.



216

Finlay, B. 8., and Fatkow, S. (1989) Common themes in microbial pathogenicity.

Microbio I. Rev. 532 210-230.

Fiorentino, D. F., Bond, M. W., and Mosmann, T. R. (1989) Two types of mouse

helper cell. IV. Th2 clones secrete a factor that inhibits cytokine production by

Thl clones. J. Exp. Med.l70:2081-2095.

Fiorentino, D. F., Zlotnik,A., Vieira, P., Mosmann, T. R., Howard, M., Moore,

K. W., and O'Garra, A. (1991) IL-10 acts on the antigen-presenting cell to

inhibit cytokine production by Thl cells. ,/. Immunol.1461.3444-3451.

Fischer, H., Hedluncl, G., Kalland, T., Sjögren, H. O., and Dohlsten, M. (1990)

Independent regulation of IFN-y and tumor necrosis factor by IL-1 in human

T helper cells.,I. Intmtt.no l. 145:. 37 67 -377 2.

Fitch, F. W. (1936) T-cell clones and T-cell receptors. Microbiol. R¿v. 50: 50-69

Flesch, I. E. 4., and Kaufmann, S. H. E. (1987) Mycobacterial growth inhibition by

interferon-y-activated bone marrow macrophages and differential susceptibility

among srrains of Mycobacteriu.nt tubercu.losis. J. Intm.unol. L38: 4408-4413.

Flesch, I. E. 4., ancl Kaufmann, S. H. E. (1990) Stimulation of antibacterial

macrophage activities by B-cell stimulatory factor 2 (interleukin 6).

Infect. Intntun. 58: 269-21L

Flomenberg, N., Naito, K., Duffy, E., Knowles' R. N., Evans, R. L., and Dupont'

B. O. (1933) Allocytotoxic T cell clones: both l-et 2+3- and Leu 2-3+ T cells

recognize class I histocompatibility antigens. EuropeanJ.lmntunol. 13: 905-911.



2t7

Florentin, I., Huchet, R., Bruley-Rosset, M., Halle-Pannenko, O., and Mathé' G.

(1976) Studies on the mechanisms of action of BCG.

C qnc er Immunol. Immunother. l: 3l-39.

Fontana, 4., Fierz, W., and Wekerle, H. (1984) Astrocytes present myelin basic protein

to encephalitogenic T cell lines. Nature 3072 273-276.

Forget,4., Skamene, E., Gros, P., Miailhe, A-C., and Turcotte, R. (1981) Differences

in response among inbred mouse strains to infection with small doses of

Mycobacteriu.nt bovis BCG. Infect. Intmu.n.32z 42-47 -

Friedrich, 8., and Gulberg, M. (1983) The role of protein kinase C in early activation

vs. growth of T lymphocytes. Eur. J ' Inmtunol. 18: 489-492.

Gaillard, J-L., Berche, P., and Sansonetti, P. (1986) Transposon mutagenesis as a tool

to study the role of hemolysin in the virulence of Listeria nxonocytogenes.

Infuct. Immun. 52: 50-55.

Gaillarcl, J-L., Berche, P., Mounier, J., Richard, S., and Sansonettir P. (1987) In vitro

model of penetration and intracellular grovvth of Listeria monocytogenes in the

human enterocyte-like cell line Caco-2 . I nfe c t. I ntmu,n. 55 z 2822-2829.

Gajewski, T. F., and Fitch, F. W. (1988) Anti-proliferative effect of IFN-} in immune

regulation. I. IFN-y inhibits the proliferation of Th2 but not Thl murine helper

T lymphocyte clones. J . Intntuno I. 140: 4245 -4252.



2r8

Garman, R. D., Jacobs, K. 4., Clark, S. C., and Raulet, D. H. (1987)

B-cell-stimulatory factor Z (þz interferon) functions as a second signal for

interleukin 2 production by mature murine T cells. Proc. Natl. Acad. Sci. U.S.A.

84:7629-7633.

Gaulton, G. N., Stein, M. E., Safko, B., and Stadecker, M.J. (1989) Direct induction

of Ia antigen on murine thyroid-derived epithelial cells by reovirus. J.Immunol.

l42z 3821-3825.

Germain, R. N. (1981) Accessory cell stimulation of T cell proliferation requires active

antigen processing, Ia-restricted antigen presentation, and a separate nonspecific

2tìd signal. J. lmntttnol. f.27 t 1964-\966.

Glaichenhaus, N., Shastri, N., Littman, D. R., and Turner, J. M. (1991) Requirement

for association of p56lct with CD4 in antigen-specific signal transduction in

T cells. Cell64z 511,-520.

Glimcher, L. H., Kim, K-J., Green, I., and Paul, W. E. (1982) Ia antigen-bearing

B cell tumour lines can present protein antigen and alloantigen in a

MHC-restricted fashion to antigen-reactive T cells. J . Exp. Med. 155:. 445-459.

Gomarcl, E., Hénin, Y., Sterkers, G., Masset, M., Fauchet, R., and Lévy, J. M. (1986)

An influsnza A virus-specific and HLA-DRw8-restricted T cell clone

cross-reacting with a transcomplementation product of the HLA-DR2 and DR4

haplotypes . J. Intntu.nol. 136z 3961-3967 .

Goossens, P. L., Marchal, G., and Milon, G. (1988) Early influx of Listeria-reactive

T lymphocytes in liver of mice genetically resistant to listeriosis. J. Immunol.

l4lz 2451-2455.



219

Gosselin, E. J., Tony, H-P., and Parker, D. C. (1988) Characterization of antigen

processing and presentation by resting B lymphocytes. J. Immunol.

140: 1408-1,413.

Grammer, S. F.,Ishioka, G. Y., and Chesnut, H. M. (1988) Studies on the capacity of

B cells as well as T cells to serve as accossory cells for the activation of

herpes simplex- specific cytotoxic T cells. J . I mmunol. l40t 2016-2022.

Granelli-Piperno, 4., Andrus, L., and Steinman, R. M. (1986) Lymphokine and

nonlymphokine mRNA levels in stimulated human T cells. Kinetics, mitogen

requirements and effects of Cyclosporin A. J. Exp. Med.163z 922-937.

Granstein, R. D., Lowy, 4., and Greene, M. I. (1984) Epidermal antigen-presenting

cells in activation of suppression: Identification of a new functional type of

ultraviolet radiation-resistant epidermal cell. /. Intmu.nol. 132: 563-565.

Greenbaum, L. A., Horowitz, J.8., Woods, 4., Pasqualini, T., Reich, E'P., and

Bottomly, K. (1983) Autocrine gowth of CD4+ T cells. Differential effects of

IL I on helper and inflammatory T cells. J.lntmu.nol.140l.1555-1560.

Greene, W. C., Böhlein, E., and Ballard, D. W. (1989) HIV-I, HTLV-I and normal

T-cell growth: transcriptional strategies and surprises. Imnmnology Today

l0:272-278.

Greenstein, J,L., Kappler, J., Marrack, P., and Burakoff, S. J. (1984) The role of

L3T4 in recognition of Ia by a cytotoxic, H-2d-specific T cell hybridoma.

J. Ex¡t. Med.159: 1213-1234.



220

Greenstein, J. L., Malissen, 8., and Burakoff, S. J. (1985) Role of L3T4 in

antigen-driven activation of a class I-specific T cell hybridoma. J. Exp. Med.

162:369-374.

Grey, H. M., and Chesnut, R. (1985) Antigen processing and presentation to T cells.

Inmrunology TodaY 6: 101- 106.

Griffin, J. P., Harshan, K. V., Born, \il. K., and Orme, I. M. (1991) Kinetics of

accumulation of yõ receptor-bearing T lymphocytes in mice infected with live

Mycoba.cteria. Infect. Immun. 59z 4263-4265.

Gros, P., Skamene, E., and Forget, A. (1981) Genetic control of natural resistance to

Mycoba cterium bovis (BCG) in mice. J . Immunol. 127 : 2417 -2421.

Groves, R. D., and Welshimer, H. J. 0977) Separation of pathogenic from apathogenic

Listeria monocytogenes by three ín vito reactíons. ,I. Clin. Microbiol. 5z 559-563.

Guagliarcli, L. E., Koppelmatr, 8., Blum, J. S., Marks, M. S., Cresswell, P., and

Broclsky, F. M. (1990) Co-localization of molecules involved in antigen

processing and presentation in an early endocytic compartment. Nature

343:133-139.

Guerne, P-4., Piguet, P-F., and Vassalli, P. (1983) Positively selected Lyt-2+ and

Lyt-2- mouse T lymphocytes are comparable, after Con A stimulation, in released

IL2 andlymphokines acting on B cells, macrophages, and mast cells, but differ in

interferon production . J . Imntu n o/. 130: 2225 -2230.



22t

Guidos, C., Wong, M., and Lee, K-C. (1984) A comparison of the stimulatory activities

of lymphoid dendritic cells and macrophages in T proliferative responses

to various antigens. J . Immunol. l33z lt7 9-1184.

Gunji, Y., Vujanovic, N. L., Hiserodt, J. C., Herberman' R. 8., and Gorelik, E.

(1989) Generarion and cha¡acterization of purified adherent lymphokine-activated

killer cells in mice. J.Imntunol. L42: 1748-1754.

Hagiwara, H., Huang, H-J., S., Arai, N., Herzenberg, L. 4., Arai, K'I.r and

Zlotnik, A. (1937) Interleukin I modulates messenger RNA levels of

lymphokines and of other molecules associated with T cell activation in the T cell

lymphoma LBRM33- 1A5. /. Imntttnol. l38z 2514-2519.

Hämmerling, G. J., ancl Moreno, J. (1990) The function of the invariant chain in

antigen presentation by MHC class II molecules. Immunology Today llz 337-340.

Hancock, G. E., Cohn, Z. 4., and Kaplan, G. (1989) The generatian of

antigen-specific, major histocompatibility complex-resüicted cytotoxic

T lymphocytes of the CD4+ phenotype. J. Exp. Med. 169: 909-919.

Hartling, C. V., Collins, D. S., Kanagawa, O., and Unanue, E. R. (1991)

Liposome-encapsulated antigens engender lysosomal processing for Class II

MHC presentation and cytosolic processing for Class I presentation. .I. Immunol.

l47z 2860-2963.

Haregewoin, A., Soman, G., Hom, R. C., and Finberg, R. W. (1989) Human yõ T cells

respond to mycobacterial heat-shock protein. Nature 340: 309-313'



222

Havell, E. A. (1988) Role of tumour necrosis factor in murine Listeriosis. J.lmmunol

l39z 4225-4231

Havell, E. 4., Spitalny, G. L., and Patel, P. J. (1982) Enhanced production of murine

interferonTby T cells generated in response to bacterial infection. J. Exp. Med.

156:112-127.

Havlir, D. V., Ellner, J. J., Chervenak, K. A., and Boom W. H. (1991) Selective

expansion of human yõ T cells by monocytes infected with live

My cob a cteriunt tuber ctt Io sis. J . C lin' I nv e st. 87 : 7 29 -7 33.

Hecht, T. T., Longo, D. L., and Matis, L. A. (1983) The relationship between immune

interferon production and proliferation in antigen-specific, MHC-restricted T cell

lines and clones. J.Immunol.l3lz 1049-1055.

Hedrick, S. M., Cohen, D. I., Nielson, E. 4., and Davis, M. M. (1984a) Isolation of

cDNA clones encoding T cell-specific membrane associated proteins. Nature

308: 149-153.

Hedrick, S. M., Nielson, E. 4., Kavaler, J., Cohen, D., and David, M. (1984b)

Sequence relationships between putative T-cell receptor polypeptides and

immunoglobulins. Nature 308: 153- 158.

Heeg, K., Steeg. C., ancl Wagner, H. (1988) L3T4+ T-cell-independent reactivity of

Lyt2+ T cells itt vivo. Cell. Intmltnol. LLI: 148-157 .



223

Heeg, K., Steeg, C., Hardt, C., and Wagner, H. (1987a) Identification of Interleukin 2

producing T helper cells within murine Lyt-2+ T lymphocytes: frequency,

specificity and clonal segregation from Lyt-2+ precursors of cytotoxic

T lymphocytes. Eur. J.lmmunol.l7z 229-236.

Heeg, K., Steeg, C., Schmitt, J., and Wagner, H. (1987b) Frequency analysis of class I

MHC-reactive Lyt-2+ and class II MHC-reactive L3T4+ IL 2-secreting

T lymphocytes.,/. Immunol. l38z 412l-4127 .

Helenius, 4., Mellman, I., Wall, D., and Hubbard, A. (1983) Endosomes. ZBS.

8:245-250.

Hewitt, C. R. 4., and Feldmann, M. (1989) Human T cell clones present antigen.

J. Intntu.nol. l42z 1429 -1436.

Hibbs, J. B. Jr., Lambert, L. H. Jr., and Remington, S. M. (1972) Possible role of

macrophage mediated nonspecif,rc cytotoxicity in tumour resistance. Nature

2352 48-50.

Hiromatsu, K., Yoshikai, Y., Matsuzaki, G., Ohga, S., Muramori, K., Matsumoto,

K., Bluestone, J. 4., and Nomoto, K. (1992) A protective role of /õ T cells in

primary infection with Listeria ntonocytogenes in mice. J . Exp. Med. 17 5z 49-56.

Hochman, J. H., Jiang, H., Matyus, L., Edidin, M., and Pernis' B. (1991) Endocytosis

and dissociation of class I MHC molecules labeled with fluorescent

p-2 microglobulin. J. Inmtunol. 146z 1862-1867 .

'a



224

Hoffenbach, 4., Lagrange, P. H., and Bach, M-4. (1983a) Deficit of interleukin-2

production associated with impaired T-cell prolferative responses in

My c oba.cterium lepr aemu.riu.m infection. I nfe ct. Immun. 39: 1 09- 1 1 6.

Hoffenbach, 4., Lagrange, P. H., and Bach, M-4. (1983b) Surface Lyt phenotype of

suppressor cells in C57BL/6 mice infected with Mycobacterium lepraemurium.

C lin. Exp. Immunol. 542 I5I-157 .

Holoshitz, J., Koning, F., Coligan, J. E., Bruyn, J. D., and Strober, S. (1989) Isolation

of CD4- CD8- mycobacteria-reactive T lymphocyte clones from rheumatoid

arthritis synovial fluid. Natu.re 3392 226-229.

Holsti, M. 4., and Raulet, D. H. (1989) IL-6 and IL-l synergize to stimulate IL-2

production and proliferation of peripheral T cells. J. Imm.unol. I43z 2514-2519.

Hopper, K. E., and Cahill, J. M. (1983) Immunoregulation by macophages II.

Separation of mouse peritoneal macrophages having tumoricidal and bactericidal

activities and those secreting PGE and interlôukin l. J. Reticuloendothel. Soc.

332 443-456.

Horowitz, J. 8., Kaye, J. 8., Conrad, P. J., and Katz, M. E. (1986) Autocrine gowth

inhibition of a cloned cell line of helper T cells. Proc. Natl. Acad. Sci. U.S.A.

83: 1886-1890.

Houssiau, F. 4., Coulie, P. G., and Van Snick, J. (1989) Distinct role of IL-1 and IL-6

in human T cell activation. J.lntmunol. L43z 2520-2524.



225

Howard, F. D., Leclbetter, J. 4., Wong, J., Bieber, C- P., Stinson, E. 8., and

Herzenberg, L. A. (1981) A human T lymphocyte differentiation marker defined

by monoclonal antibodies that block E-rosette formation. J. Immunol.

L26:2117-2122.

Hünig, T. (1935) The cell surface molecule recognized by the erythrocyte receptor of

T lymphocytes. ,/. Exp. Med.162: 890-901.

Hünig, T., Tiefenthaler, G., Meyer Zum Buschenfelde, K. H., and Meuer, S. C.

(1987) Alternative pathway activation of T cells by binding of CD2 to its cell

surface ligand. Natu.re 326: 298-30I.

Hurme, M. (1937) Membrane-associated interleukin 1 is required for the activation of

Tcells in the anti-CD3 antibody-induced T cell response. J. Immunol.

139:1168-1172.

Inaba, K., Young, J. W., and Steinman, R. M. (1987) Direct activation of

CD8+ cyrotoxic T lymphocytes by dendritic cells.,I. Exp. Med.166z I82-I94.

Inoue, T., Yoshikai, Y., Matsuzaki, G., and Nomoto, K. (1991) Early appearing

y/õ T cells during infection with Calmette-Guérin bacillus. J. Immunol.

L46:2754-2762.

Isberg, R. R., Voorhis, D. L., ancl Falkow, S. (1987) Identification of Invasin: A protein

that allows enteric bacteria to penetrate cultured mammalian cells. Cell

50:769-718.



226

Jacobson, S., Richert, J. R., Biddison, W. E., Satinsky, 4., Hartzman, R. J.' and

McFarland, H. F. (1984) Measles virus-specific T4+ human cytotoxic T cell

clones are restricted by class II HLA antigens. ,[. Immunol.f.33:. 754-763.

Jacobson, S., Sekaly, R. P., Jacobson, C. L., McFarland, H. F., and Long, E. O.

(19S9) HLA class Il-restricted presentation of cytoplasmic measles virus antigens

to cytotoxic T cells. J.Vírol.63:.1756-1762.

Janeway Jr., C. 4., Ron, J., and Katz, M. E. (1987) The B cell is the initiating

antigen-presenting cell in peripheral lymph nodes. J.lmm.u.nol. 138: 1051-1055.

Janis, E. M., Kaufmann, S. H. E., Schwartz, R. H., and Pardoll, D. M. (1989)

Activation of T/õ T cells in the primary immune response to

My c o b a c t e riu.m tub er cu I o si s . S c i e nc e 244 z 7 13 -7 16.

Jaraquemacla, D., Marti, M., and Long, E. O. (1990) An endogenous processing

pathway in vaccinia virus-infected cells for presentation of cytoplasmic antigens

to class Il-restricted T cells. J. Exp. Med. l72z 947 -954.

Jenkin, C. R., Rowley, D., and Auzins, l, (1964) The basis for immunity to mouse

typhoid. I. The carrier state. A¿¿sr. J. Exp. Biol. Med. Sci.42t 215-228.

Johnstone, 4., ancl Thorpe, R. (1982) Isolation of purified proteins. Preparative

SDS-polyacrylamide gel electrophresis. In: Intmunochenistry in Practice

(Blackwell Scientific Publications) pp 195-197,'lhe Alden Press, Oxford.

Jones, 8., Khavari, P. 4., Conrad, P. J., and Janeway Jr., C. A. (1987) Differential

effects of antibodies to Lyt-2 and L3T4 on cytolysis by cloned, Ia-restricted

T cells expressing both proteins. J. Intmunol. L39z 380-384.



227

Ju, S-T., Dekruyff, R. H., ancl Dorf, M. E. (1986) Induced T-cell-mediated killing of

antigen-pre senting cells. C ell . Immuno l. l01z 613 -624.

Ju, S-T., Rudclle, N. H., Strack, P., Dorf, M. E., and Dekruyff' R. H. (1990)

Expression of two distinct cytolytic mechanisms among murine CD4 subsets.

J. Intmu.nol. l44z 23-31.

Ju, S-T., Strack, P., Stromquist, D., and Dekruyff' R. H. (1989) Cytolytic activity of

Ia-restricted T-cell clones and hybridomas: Evidence for a cytolytic mechanism

independent of interferon-y, lymphotoxin and tumor necrosis factor-o.

C e Il. Intnutnol. lI7 : 399-413.

Jungi, T. W. (1980) In vitro proliferation of T lymphocytes from Listeria-infected

rodents: Assay conditions for rat peritoneal exudate cells and characterization of

an inhibitor . I nfect. Intntttn. 30: 7 4l-7 52.

Jungi, T. W., Gill III., T. J., Gunz, H. W., and Jungi' R. (1982a) Genetic conffol of

cell-mediated immunity in the rat. II. Sharing of either the RTI.A or RII.B locus

is sufficient for the transfer of antimicrobial resistance. J. Immunogenetics

9:433-443.

Jungi, T. W., Gill IIL, T. J., Gunz, H. W., and Jungi, R. (1982b) Genetic control of

cell-mediated immunity in the rat. III. T cells restricted by the RT1.A locus

recognize viable Listeria but not isolated bacterial antigens. J. Immunogenetics

9:445-456.



228

Kabelitz, D., Bender,4., Schonclelmaier, S., Schoel, 8., and Kaufmann, H. K. (1990)

A large fraction of human peripheral blood y/ô+ T cells is activated by

Mycobacterium tu.berculosis but not by its 65-kD heat shock protein. J. Exp. Med.

l7lz 667-670.

Kamoun, M., Martin, P. J., Hansen, J. 4., Brown, M. 4., Siadakr A. W.r and

Nowinski, R. C. (1981) Identification of a human T lymphocyte sudace protein

associated with the E-rosette receptor. J. Exp. Med. l53z 207 -212.

Kaplan, D. R., Griffith, R., Braciale, V. J., and Braciale, T. J. (1984) Influenza

virus-specific human cytotoxic T cell clones: heterogeneity in antigen specificity

and restriction by class II MHC products. Cell. Immu.nol.88: 193-206.

Kaplan, G., Ganclhi, R. R., Weinstein, D. 8., Levis, W. R., Pantarroyo, M. E.'

Brennan, P. J., ancl Cohn, Z, Ã. (1987) Mycobacteríu.nt leprae antigen-induced

suppression of T cell proliferation in vitro. J. Intntu.nol. 138: 3028-3034.

Kappler, J. W., and Marrack, P. C. (1976) Helper T cells recognize antigen and

macrophage surface components simultaneously. N ature 2622 7 97 -7 99.

Kapsenberg, M. L., Teunissen, M. B. M., Stiekema, F. E. M., and Keizer, H. G.

(1986) Antigen-presenting cell function of dendritic cells and macrophages in

proliferative T cell responsos to soluble and particulate antigens. Eur. J. Immunol.

16: 345-350.

Kaufmann, S. H. 8., ancl Hahn, H. (1982) Biological functions of T cell lines with

specificity for the intracellular bacterium Listeria monocytogenes in vitro and

ínvívo. J. Exp. Med.155: 1754-1765.



229

Kaufmann, S. H. E,., Hug, 8., and De Libero, G. (1986) Listeria monocytogenes

reactive T lymphocyte clones with cytolytic activity against infected target cells.

J. Exp. Med.164z 363-368.

Kaufmann, S. H. E., Hug, E., Vath, U., and De Libero, G. (1987) Specific

lysis of Li.rteria monocytogenes-infected macrophages by class Il-restricted

L3T4+ T cells. Eu.r. J . Inmunol. 17 z 237 -246.

Kaufmann, S. H. E., Hug, E., Vath, U., and Muller, I. (1985) Effective protection

against Listeria monocytogenes and delayed-type hypersensitivity to listerial

antigens depend on cooperation between specif,rc L3T4+ and Lyt 2+ T cells.

I nfect. Intm.un. 48: 263-266.

Kaufmann, S. H. 8., Simon, M. M., and Hahn,H. (1979) Specific Lyt 123 T cells are

induced in protection against Listerianxonocytogenes and delayed type

hypersenstitivity to listerial antigens. J. Exp. Med.' l50z 1033-1038.

Kaufmann, S. H. E., Simon, M. M., and Hahn, H. (1982) Regulatory interactions

between macrophages and T-cell subsets in Listeria monocytogenes-specifrc

T-cell activation. I nfect. Intntun. 38: 907-913.

Kawakami, K., Yamamoto, Y., Kakimoto, K., and Onoue, K. (1989) Requirement for

delivery of signals by physical interaction and soluble factors from accessory cells

in the induction of receptor-mediated T cell proliferation. Effectiveness of IFN-y

modulation of accessory cells for physical interaction with T cells. J. Immunol.

l42z 181.8-1825.



230

Kaye, J., Gillis, S., Mizel, S. 8., Shevach, E. M., Malek, T. R., Dinarello, C. A.'

Lachman, L. 8., and Janeway Jr.r C. A. (1984) Growth of a cloned helper T cell

line induced by a monoclonal antibody specific for the antigen receptor:

interleukin 1 is required for the expression of receptors of interleukin 2.

J. Inmrunol. 133: 1339-1345.

Kaye, P. M., and Fetdmann, M. (1936) Regulation of macrophage accessory cell

activity by Mycobacteria.I. Ia expression in normal and irradiated mice infected

with Mycoba.cterittnt nticroti. Clin. Exp. Imntu.nol.64z 20-27 .

Kaye, P. M., Sims, M., and Feldmann, M. (1986) Regulation of macrophage accessory

cell acriviry by Mycobacteria. II. In vitro inhibition of Ia expression by

Mycobacterium. ntiu'oti. CIin. Exp. Imntunol. 64t 28-34.

Khor, M., Lowrie, D. 8., and Mitcheson, D. A. (1986) Effects of recombinant

interferon-gamma and chemotherapy with isoniazid and rifampicin on infections

of mouse peritoneal macrophages with Listeria monocytogenes and

Mycobacterium núcroti in vitro. Br. J. Exp' Pathol. 67:707-717 .

Kiclerlen, A. F., Kaufmann, S. H. E., and Lohmann-Matthes, M'L. (1984) Protection

of mice against the intracellular bacterium Listeria monocytogenes by

recombinant immune interferon. Eur. J' Intmunol.l4z 964-967 -

Killar, L. M., and Eisenstein, T. K. (1985) Immunity to Salmonella typhímurium

infection in C3HÆIeJ and C3FIÆIeNCrIBR mice: Studies with an

aromatic-dependent live S. typhimuriu.nt strain as a vaccine. Infect. Immun.

472 605-612.



23r

Killar, L., MacDonald, G., West, J., Woods, 4., and Bottomly, K. (1987) Cloned,

Ia-restricted r cells that do not produce interleukin 4 (IL 4)Æ cell stimulatory

factor 1 (BSF-1) fail to help antigen-specific B cells. J. Intmunol. 138: 1674-1679.

Kim, J., Woods, 4., Becker-Dunn, 8., and Bottomly, K. (1985) Distinct functional

phenotypes of cloned Ia-restricted helper T cells. J. Exp. Med.162z 188-201.

Kindler, V., Sappino, A-P., Grau, G. E., Piguet, R. F., and Vassalli' P. (1989) The

inducing role of tumour necrosis factor in the development of bactericidal

granulomas during BCG infec rion. C e I I 56: 7 3l -7 40.

King, D. P., ancl Jones, P. P. (1983) Induction of Ia and }f-2 antigens on a macrophage

cell line by immune interferon. J. Intntunol. I3lz 315-318.

Kishimoto, T., ancl Hirano, T. (1988) Molecular regulation of B lymphocyte rssponse.

Ann. Rev. Intnrunol. 6: 485-512.

Klimpel, G. R., and Henney, C. S. (1978) BCG-induced suppressor cells. I.

Demonstration of a macrophage-like suppressor cell that inhibits cytotoxic T cell

generation in vitt'o. J . Intntunol. l20z 563-569.

Ko, H-S., Fu, S. M., Winchester, R. J., Yu, D. T.Y., and Kunkel, H. G. (1979) Ia

determinants on stimulated T lymphocytes. Occurrence on mitogen- and

antigen-activated T cells. J. Exp. Med. L50:246-255.

Koch, N., Lipp, J., Pessara, U., Schenck, K., Wraight, C., and Dobberstein, B. (1989)

MHC class II invariant chain in antigen processing and presentation. TIBS.

L4: 383-386.



232

Koga, T., Wantl-Württenbergerr 4., DeBruYn, J., Munk, M. E., Schoel, 8., and

Kaufmann, S. H. E. (1989) T cells against bacterial heat shock protein recognize

stressed macrophag es. S cienc e 2452 lll2-lll5.

Koide, Y., Ina, Y., Nezu, N., and Yoshida, T. Q. (1988) Calcium influx and the

Ca2+-calmodulin complex are involved in interferon-y-induced expression of

HLA class II molecules on HL-60 cells. Proc. Natl. Acad. Sci. U.S.A.

852 3120-3124.

Kotlarski, I., Pope, M., Doherty, K., and Attridge, S. R. (1989) The in vitro

proliferative response of lymphoid cells of mice infected with

Salntonella enteritid.is l lRX. Intntunol. Cell Biol. 67: 19-29.

Kozlowski, S., Takeshita, T., Boehncke, W'H., Takahashi, H., Boyd, L. F., Germain,

R. N., Berzofsky, J. 4., and Margulies, D. H. (1991) Excess B2 microglobulin

promoting functional peptide association with purified soluble class I MHC

molecules. Nature 3492 74-77 .

Krangel, M. S. (1937) Endocytosis and recycling of the T3-T cell receptor complex. The

role of T3 phosphorylation. J Exp. Med. 165:. 114l-1159.

Kratz, S. S., and Kurlander, R. J. (1988) Characterization of the pattern of

inflammatory cell influx and cytokine production during the host response to

Listeria monocytogenes. J. Intmunol. 141: 598-606.

Krensky, A. M., Sanchez-Madrid, F., Robbins, E., Nagy, J. 4., Springer, T. A.t and

Burakoff, S. J. (1983) The functional significance, distribution, and sffucture of

LFA-1, LFA-}, and LFA-3: cell surface antigens associated with CTl-target

interaction s. J. Intnttt.nol. l3l: 61 1-616.



233

Kumararatne, D. S., Pithie, A. S., Drysdale, P., Gaston, J. S. H., Kiessling, R., Iles,

P. 8., Ellis, C. J., fnnes, J., and Wise, R. (1990) Specific lysis of mycobacterial

antigen-bearing macrophages by class II MHC-restricted polyclonal T cell lines in

healthy donors or patients with tuberculosis. CIin. Exp. Immunol. S0:314-323.

Kung, J. T., Castillo, M., Heard, P., Kerbacher, K., and Thomas III, C. A. (1991)

Subpopulations of CD8+ cytotoxic T cell precursors collaborate in the absence of

conventional CD4+ helper T cells. J.Immunol.146z 1783-1790.

Kupfer, 4., and Singer, S. J. (1988) Molecular dynamics in the membranes of helper

T cells. Proc. Natl. Acad. Sci. U.S.A. 85: 8216-8220.

Kürzinger, K., Reynolds, T., Germain, R. N., Davignon, D., Martz, E., and Springer,

T. A. (1981) A novel lymphocyte function-associated antigen (LFA-1): Cellular

distribution, quantitative expression, and structure. J.Intntunol.l2T:596-602.

La Posta, V. J., Ashley, M. P., and Kotlarski, I. (1982) Characterization of the effector

cells responsible for tumour resistance in Salmonella enteritidis 11RX-immunized

mice. Aust. J. Exp. Biol. Med. Sci.60z 23-39.

Lafferty, K. J., and Cunningham, A. J. Q975) A ne\ry analysis of allogeneic

interactions. Aust. J. Exp. Biol. Med. Sci. 53: 27-42.

Lane, F. C., and Unanue, E. R. (1972) Requirement of thymus (T) lymphocytes for

resistance to listeriosis. J. Exp. Med. L35z 1104-1112.

Lanzavecchia, A. (1985) Antigen-specific interactions between T and B cells. Nature

3L4:537-539.



234

Larsson, E-L., Iscove, N. N., and Coutinho, A. (1980) Two distinct factors are required

for induction of T-cell growth. Nature 2832 664-666.

Le, J., Lin, J-X., Henriksen-DeStefano, D., and Vilcek, J. (1986) Bacterial

lipopolysaccharide-induced interferon-T production: Roles of interleukin 1 and

interleukin 2. J. Immu.nol 136: 4525-4530.

Ledbetter, J. A., Tonks, N. K., Fischer, E. H., and Clark, E. A. (1988) CD45 regulates

signal transduction and lymphocyte activation by specific association with

receptor molecules on T or B cells. Proc. Natl. Acad.. Sci. U.S.A. 85: 8628-8632.

Lefford, M. J. [975) Delayed hypersensitivity and immunity in tuberculosis.

Am. Rev. Respir.Dis. 111: 243-246.

Letvin, N. L., Fox, I. J., Greene, M. I., Benacerraf, 8., and Germain, R. N. (1980)

Immunologic effects of whole body. ultraviolet (UV) irradiation. II. Defect in

splenic adherent cell antigen presentation for stimulation of T cell proliferation.

J . Inmunol. I25z 1402-1403.

Leung, K. N., ancl Ada, G. L. (1980) Generation of Influenza virus specific delayed type

hypersensitivity T cells in vitro. Secondary effector cells.

Aust. J. Exp. Biol. Med. Sci.58:457-469.

Leung, K. N., and Acla, G. L. (1952) Different functions of subsets of effector T cells in

murine Influenza viru s infec tion. C e I I. I mntu.no l. 67 z 312-324.

Lichtman, A. H., Chin, J., Schmidt, J. 4., and Abbas. A. K. (1988) Role of

interleukin 1 in the activation of T lymphocytes. Proc. Natl. Acad. Sci. U.S.A'

852 9699-97O3.



235

Littman, D. R. (1987) The structure and function of the CD4 and CD8 genes.

Ann. Rev. Immtt.nol. 5: 561-584.

Ljunggren, H. G., Stam, N. J., Ohlen, C., Neefjes, J. J., Hogland, P., Heemels, M. T.,

Bastin, J., Schumacher, T. N., Townsend, 4., Karre, K., and Ploegh, H.

(1990) Empty MHC Class I molecules come out in the cold. Nature 3462 476-480.

Long, E. O. (1939) Intracellular traffic and antigen processing. Immunology Today

L0z 232-234.

Longely, R. E., Stewart, D., Roe, K. G., and Good, R. A. (1989) Inhibition of murine

lymphokine-acrivated killer (LAK) cell activity by adherent cells. Cell.Immunol.

l2lz 225-236.

LopezrA. F., Nicola, N.4., Burgess, A. W., Metcalf, D., Battye, F. L., Sewell, W'A't

and Vaclas, M. (1933) Activation of granulocyte cytotoxic function by purified

mouso colony- stimulating facrors. J . I ntntunol. l3lz 2983 -2988.

Lotteau, V., Teytoî, L., Peleraux, 4., Nilssotr, T., Karlsson, L., Schmid, S' L',

Quaranta, V., antl Peterson, P. A. (1990) Intracellular transport of class II MHC

molecules directed by invariant chain. Nature 348: 600-605.

Lu, C. Y., Peters, E., ancl Unanue, E. R. (1981) Ia-bearing macrophages in athymic

mice: antigen presentation and regulation. J . Intntu.n.o l. 126:. 2496-2498.

Lugtenberg, 8., Meijers, J., Peters, J., van der Hoek, P., and van Alphenr L. (1975)

Electrophoretic resolution of the "major outer membrane protein" of

Escherichia coli K12 into four bands . FEBS Letters 582 254-258.



236

Lukacher, A. E., Morrison, L. 4., Braciale, V. L., Malissen,8., and Bracialer T. J.

(1985) Expression of specific cytolytic activity by }l-2I region-restricted,

influenza virus-specific T lymphocyte clones. J. Exp. Med. lr62t 17 7-187 .

Lurie, M. B. (1942) Studies on the mechanism of immunity to tuberculosis. The fate of

tubercle bacilli ingested by mononuclear phagocytes derived from normal and

immunized mice. J. Exp. Med.75z 247-267.

Macatonia, s. E., Taylor, P. M., Knight, S. c., and Askonas, B. A. (1989) Primary

stimulation by dendritic cells induces antiviral proliferative and cytotoxic T cell

responses in vitro. J . Exp . Med . 169z 1255-1264.

MacDonald, H. R., Cerottini, J-c., Ryser, J-E., Marayanski, J. L., Taswell, c.,

Wiclmer, M. 8., and Brunner, K. T. (1930) Quantitation and cloning of cytolytic

T lymphocytes and their precursors. Intmttnol. Rev.5l:93-123.

MacDonald, H. R., Glasebrook, A. L., Bron, C., Kelso, 4., and Cerottini, J. C. (1982)

clonal heterogeneity in functional requirement fot Lyt-213 molecules on cytolytic

T lymphocyres (CTL): possible implications for the affinity of CTL antigen

receptors. Intntunol. Rev. 682 89-115.

MacDonald, H. R., Phillips, R. 4., ancl Miller, R. G. (1913) Allograft immunity in the

mouse. I. Quantitation and specificity of cytotoxic effector cells after in vitro

sensitization. J. Intnttt nol. lll: 565 -57 4.

Machamer, C. I)., ancl Cresswell, P. (1934) Monensin prevents terminal glycosylation

of the N- and O-linked oligsaccharides of the HlA-DR-associated inva¡iant chain

and inhibits its dissociation from the o-B chain complex.

Proc. Natl. Acad. Sci. U.S'A.8lz 1287-1291-



237

Mackaness, G. B. (1962) Cellular resistance to infection . J . Exp . Med. Ll6z 38 1-406.

Mackaness, G. B. (1969) The influence of immunologically committed lymphoid cells

on macrophage activity invivo. J. Exp. Med. L29:973-992.

Mackaness, G. B. (L971) Resistance to intracellular infection. J. Infect. Dis.

I23z 439-445.

Magee, D. M., ancl Wing, E. J. (1988) Cloned L3T4+ T lymphocytes protect mice

against Listeria nonocytogenes by secreting IFN-y. 1988. J. Immunol'

l41.z 32O3-3207.

Maggi, E., Del Prete, G., Macchia, D., Parronchi, P., Tiri, 4., chrétien,I., Ricci, M.,

ancl Romagnani, S. (198S) Profiles of lymphokine activities and helper function

for IgE in human T cell clones. Eur' J. Intmtt.nol.18: 1045-1050.

Male, D., Champion, 8., Cooke, 4., and Owen, M. (1991) Advanced Immunology,

Second edition. Gower Medical Publishing, London.

Malek, T.R., Schmiclt, J. 4., ancl Shevach, E. M. (1985) The murineÍL2 receptor. III.

Cellular requirements for the induction of lL 2 receptor expression on T cell

subpopulations.,/. I mnt tt n o I. l34 t 2405 -2413.

Manolios, N. (1992) T-cell antigen receptor and its assembly. Today's Life Science

4:32-43

Marrack, P., and Kappler, J. (1986) The antigen specific, major histocompatibility

complex-restricted receptor on T cells. Adv. Imntunol- 382 L-3O.



238

Marrack, P., Endres, R., Shimonkevitz, R., Zlotnik, 4., Dialynas, D., Fitchr F., and

Kappler, J. (1933) The major histocompatibility complex-restricted antigen

recepror on T cells. II. Role of the L3T4 product. J. Exp. Med.I58: I077-lO9l.

Marth, J. D., Lewis, D. 8., Wilson, C. 8., Gearn, M. E., Krebs, E. G., and

Perlmutter, R. M. (1937) Regulation of p5flck during T-cell activation:

functional implications of the src-like protein tyrosine kinases. EMBO J.

6:2727-2734.

Marth, J. D., Peet, R., Krebs, E. G., and Perlmutter, R. M. (1985) A

lymphocyte-specific protein-tyrosine kinase gene is rearranged and overexpressed

in the murine T cell lymphoma LSTRA. Cell 432 393-404.

Martin, P. J., Longton, G., Ledbetter, J. 4., Newman,'W., Braun, M. P.r Beatty'

P. G., ancl Hansen, J. A. (1983) Identification and functional characterization of

two distinct epitopes on the human T cell surface protein Tp50. J.Immnuol.

131:180-185.

Matis, L.M., Glimcher, L.H., Paul, W. 8., and Schwartz, R. H. (1983) Magnitude of

response of histocompatibility-restricted T-cell clones is a function of the product

of the concentration of antigen and Ia molecules. Proc. Natl. Acad. Sci. U.S.A.

80: 6019-6023.

McCormack, J. M., Sun, D., ancl Walker, W. S. (1991) A subset of mouse splenic

macrophages can constitutively present alloantigen directly to CD8+ T cells.

J. Intntttnol. 147 : 421-427 .



239

McCoy, K. L., Miller, J., Jenkins, M., Ronchese, F., Germain, R. N., and Schwartz,

R. H. (1989) Diminished antigen processing by endosomal acidification mutant

antigen-presenting cells. ./. I m.muno l. L43z 29 -38.

Meltzer, M. S., and Oppenheim, J. J. Q977) Bidirectional amplification of

macrophage-lymphocyte interactions: Enhanced lymphocyte activation factor

production by activated adherent mouse peritoneal cells. "/. Immunol.l.1.Sz 77-82.

Meltzer, M. S., Tucker, R. W., Sandford, K. K., and Leonard, E. J. (1975) Interaction

of BCG-activated macrophages with neoplastic and non-neoplastic cell lines

in vitro: quantitation of the cytotoxic reaction by release of tritiated thymidine

from prelabelled target cells.,I. Na.tl. Cancer Inst.54: ll77-1184.

Meuer, S. C. and Meyer zum Büschenfelde, K-H. (1986) T cell receptor triggering

induces responsiveness to interleukin 1 and interleukin 2 but does not lead to

T cell proliferatio n. J . I ntntu nol. 136: 4106-4112.

Meuer, S. C., Hussey, R. E., Fabbi, M., Fox, D., Acuto, O-, Fitzgerald, K. A.t

Hodgdon, J. C., Protentis, J. P., Schlossman, S. F., and ReinhetzrE. L. (1984)

An alternative pathway of T-cell activation: A functional role for the 50 kd T11

sheep erythrocyte receptor protein. Cell36z 891-906-

Mielke, M. E. 4., Ehlers, S., and Hahn, H. (1988) T-cell subsets in delayed-type

hypersensitivity, protection and granuloma formation in primary and secondary

Listeria. infection in mice: Superior role of Lyt-2+ cells in acquired immunity.

I nfect. Intmun. 562 1920-1925.

Miki, K., ancl Mackaness, G. B. (1964) The passive transfer of acquired resistance to

Listeria nxonocytogenes. J. Exp' Med. l20z 93-103.



240

Miller, J., ancl Germain, R. N. (1986) Efficient cell surface expression of class II MHC

molecules in the absence of associated invariant chain. J. Exp. Med.

164z 1478-1489.

Minami, M., Shreffler, D. C., and Cowing, C. (1980) Characterization of the stimulator

cells in the murine primary mixed leukocyte response. J. Immunol.

l24z L3l4-1321.

Mitsuyamâ, M., Nomoto, K., and Takeya, K. (1982) Direct correlation between

delayed footpad reaction and resistance to local bacterial infection. Infect.lmmun.

362 72-79.

Mizel, S. B. (1990) Cyclic AMP and interleukin 1 signal transduction.

Intntunology TodaY 11: 390-391.

Mizuochi, T., Golcling, H., Rosenberg, A. S., Glimcher, L. H., Malek, T. R., and

Singer, A. (1985) Both L3T4+ and Lyt-Z+ helper T cells initiate cytotoxic

T lymphocyte responses against allogeneic major histocompatibility antigens but

not a gainst trinitrophenyl-modified self. ./. Exp . M e d.. 162z 427 - 443.

Mizuochi, T., Ono, S., Malek, T. R., and Singer, A. (1986) Characteization of two

distinct primary T cell populations that secrete interleukin 2 upon recognition of

class I or class II major histocompatibility antigens. J. Exp. Med.163t 603-619.

Mizutani, H., i\Iay, L. T., Seghal, P. 8., and Kupper, T. S. (1989) Synergistic

interactions of IL-l and IL-6 in T cell activation. Mitogen but not antigen

receptor-induced proliferation of a cloned T helper cell line is enhanced by

exogenous IL-6. J. Imnttnol. 143: 896-901.



24t

Modlin, R. L., Pirmetz, C., Hofman, F. M., Torigian, V., Uemurâ, K., Rea, T. H.,

Bloon, B. R., and Brenner, M. B. (1939) Lymphocytes bearing antigen-specific

yõ T-cell recoptors accumulate in human infectious disease lesions. Nature

3392 544-546.

Moingeon, P. Chang, H-C., Wallner, B. P., Stebbins, C., Frey, Ã.2., and Reinherz,

E. L. (1939) CD2-mediated adhesion facilitates T lymphocyte antigen recognition

function. Natu.re 3392 312-314.

Möller, G. (1973) Role of macrophages in the immune response. Immunol. Rev

40:1,-255.

Moore, M. M., Carbone, F. R., and Bevan, M. J. (1988) Introduction of soluble protein

into the class I pathway of antigen processing and presentation. Cell 542 777-785.

Morein, 8., Barz, D., Koszinowski, U., ancl Schirrmacher, V. (1979) Integration of a

virus membrane protein into the lipid bilayer of target cells as a prerequisite for

immune cytolysis. Specific cytolysis after virosome-target cell fusion.

J. Exp. Med.1^50z 1383-1398.

Moretta, A. (1935) Frequency and surface phenotype of human T lymphocytes

producing interleukin 2. Analysis by limiting dilution and cell cloning.

Ettr. J. Immunol.15: 148-155.

Moretta, A., Pantaleo, G., Mingari, M. C., Moretta, L., and Cerottini, J'C. (1984)

Clonal heterogeneity in the requirement for T3, T4, T8 molecules in human

cytolytic T lymphocyte function. J. Exp' Med..l59l. 921-934.



242

Moretta,4., Poggi, A. Olive, D., Bottino, C., Fortis, C., Pantaleo, G., and MorettarL-

(1987) Selection and characterization of T-cell variants lacking molecules

involved in T-cell activation (T3 T-cell receptor, T44, and T11): Analysis of the

functional relationship among different pathways of activation.

Proc. Natl. Acad. Sci. U.5.A. 84: 1654-1658.

Morona, R. et ø1. (manuscript in preparation)

Morrison, D. C., and Ryan, J. L. (1979) Bacterial endotoxins and host immune

rosponses. Adv. Immunol. 28: 293-450.

Morrison, L. 4., Braciale, V. L., and Braciale, T. J. (1988) Antigen form influences

induction and frequency of influenza-specific class I and class II MHC-restricted

cytolytic T lymphocytes.,I. Imntu.nol. l4lz 363-368.

Morrison, L.4., Lukacher, A. E., Braciale, Y.L., Fan, D. P., and Braciale, T. J.

(1936) Differences in antigen presentation to MHC class I- and class ll-restricted

influenza virus-specif,rc cytolytic T tymphocyte clones. J. Exp.Med.

L63:903-921.

Mosmann, T. R., Cherwinski, H., Bond, M. W., Giedlin, M. 4., and Coffman, R. J.

(1986) Two rypes of murine helper T cell clone. I. Definition according to profiles

of lymphokine activitie s and secreted proteins. J . I ntmuno l. 136:. 2348-2357 .

Müller, I., Cobbold, S. P., Walclmann, H., and Kaufmann, S. H. E. (1987) Impaired

resistance to Mycoba.cteriunt tubercu.losis infection after selective in vivo

depletion of L3T 4+ and Ly t-2+ T cells. I nfect. I ntm un. 551. 2037 -2O4I.



243

Munk, M. E., Gatrill, A. J., and Kaufmann, S. H. E. (1990) Target cell lysis andl--2

secretion by /ô T lymphocytes after activation with bacteia. J. Immunol.

l45z 2434-2439.

Murray, H. W., Masur, H., and Keithly, J. S. (1982) Cell-mediated immune response

in experimental visceral leishmaniasis. I. Correlation between resistance to

Leishntania donovani and lymphokine-generating capacity. J. Immunol.

l29z 344-350.

Murray, H. W., Rubin, B. Y., and Rothermel, C. D. (1983) Killing of intracellular

Lesihntania clonovani by human mononuclear phagocytes. Evidence that

interferon-1is the activating lymphokine. J. Clin. Invest. T2z 1506-1'51O.

Murray, H. W., Stern, J. J., Welt€, K., Rubin, B. Y., Carriero, S. M., and Nathant

C. F. (1987) Experimental visceral leishmaniasis: production of interleukin 2 and

interferon-y, tissue immune reaction, and response to treatment with interleukin 2

and interferon-T. J. Intntu¡tol. 138: 2290-2297 -

Mustafa, A. S., ancl Goclal, T. (1987) BCG induced CD4+ cytotoxic T cells from BCG

vaccinated healthy subjects: relation between cytotoxicity and suppression

in vitro. C lin. Exp. Intnunol. 692 255-262.

Mustelin, T., ancl Altman, A. (1989) Do CD4 and CD8 control T cell activation via a

specific tyrosine protein kinase? Intmunology Today l0: 189-192.

Nabavi, N., Ghogawala' 2., Myer,4., Grifflrth, I. J., Wade, W. F., Chen, Z. 2.,

McKean, D. J., and Glimcher, L. H. (1939) Antigen presentation abrogated in

cells expressing truncated Ia molecules. J. Imntunol. l42z 1444-1447 .



244

Nacy, C. 4., Leonard, E. J., and Meltzer, M. S. (1981) Macrophages in resistance to

rickettsial infections: Characterization of lymphokines that induce rickettsiacidal

activity in macrophages. "I. 
Immunol.126z 204-207.

Nakamura, M., Ross, D. T., Briner, T. J., and Gefter, M.L. (1986) Cytolytic activity

of antigen-specifrc T cells with helper phenotype. J.Immunol.136:.44-47.

Nakane, A, Minagawat T.r Kohanawa, M., Chen, Y., Sato, H., Moriyama, M', and

Tsuruoka, N. (1939) Interactions between endogenous gamma interferon and

tumor necrosis factor in host resistance against primary and secondary

Listeria nonocytogenes infections. Infect. Imn14n. 57: 3331-3337 .

Nakane, 4., Minagawa, T., Yasucla, I., Yu, C., and Kato, K. (1988) Prevention by

gamma interferon of fatal infection with Listet'ia monocytogenes in mice neated

with cyclosporin A. Inþct.Intmun. 56z 2011,-2015.

Nakano, Y., Onozuka, K. Teracla, Y., Shinomiya, Y., and Nakano, M. (1990)

Protective effect of recombinant tumour necrosis factor-d, in murine

Salmonellosis.,I. Intnunol. I44z 1935-194I.

Nathan, C.F., Murray, H.W., Wiebe, M.E., and Rubin, B. Y.(1983) Identification of

interferon-gamma as tho lymphokine that activates human oxidative metabolism

and antimicrobial activity. J. Exp. Med.l58z 610-689.

Nauciel, C. (1990) Role of CD4+ T cells and T-independent mechanisms in acquired

resisrance to Salntonella typhimuriunt infection. ,I. Inmru.nol.l45z 1265-1269.



245

Nauciel, C., Vilcle, D., and Ronco, E. (1985) Host response to infection with a

temperature-sensitive mutant of Salntonella ryphintu.riunt in a susceptible and a

resistant strain of mice. Infect. Intmttn' 49t 523-527 .

Navalkar, R. G., Patel, P. J., and Kanchana, M. V. (1980) Studies on immune

responses To Mycobacterium lepraemurium. Int. Arch. Allergy appl. Immunol.

62:423-432.

Neefjes, J. J., StollorzrY., Peters, P. J., Geuze, H. G., and Ploegh, H. L. (1990) The

biosynthetic pathway of MHC class II but not class I MHC molecules intersects

the endocytic route. Cell6l: 171-183.

Nguyen, Q.V., Knapp, W., ancl Humphreys, R. E. (1989) Inhibition by leupeptin and

antipain of the intracellular proteolysis of li. Hu.m. Intmunol.24z 153-163.

Njoku-Obi, A. N., Jenkins, E. M., Njoku'Obi, J. C., Adams, J., and Covington, V.

(1963) Production and nature of Listeria monocytogenes hemolysins. J. Bact.

86: 1-8.

Norment, A. M., Salter, R. D., Parham, P., Engelhard, v. H., and Littman, D. R.

(1988) Cell-cell adhesion mediated by CD8 and MHC class I molecules. Nature

336:79-81.

North, R. J. 0973) Importance of thymus-derived lymphocytes in cell-mediated

immunity to infection . Cell. Imntunol. 7 : 166-17 6.

North, R. J. 0975) Nature of "memory" in T cell-mediated antibacterial immunity:

Anamnestic production of mediator T cells. Infect. Inmtun. l2z 754-760.



246

North, R. J. (1931) Immunity to Listeria monocytogenes. In: Immunology of human

infection, part l, pp. 20I-220. A. J. Nahmias and R. J. O'Reilly eds. (Plenum

Publishing Co.p., New York).

Nowell, J., and Quaranta, V. (1935) Chloroquine affects biosynthesis of Ia molecules

by inhibiting dissociation of invariant ($ chains from cx,-B dimers in B cells.

J. Exp. Med.162:. l37l-1376.

Nuchtern, J. G., Bicldison, W.E., and Klausner, R. D. (1990) Class II MHC molecules

can use the endogenous pathway of antigen presentation. Nature 3432 74-76.

Nuchtern, J. G., Bonifacino, J. S., Bicldison, W. 8., and Klausner, R. D. (1989)

Brefeldin implicates egless from endoplasmic reticulum in class I restricted

antigen presentation. Nature 3392 223-226.

O'Brien, A. D. (1986) Influence of host genes on resistance of inbred mice to lethal

infection with Sa.lntonella ryphímuriunt. Curr. Top. Microbiol. Immunol.

L24:37-48.

O'Brien, R. L., Happ, M. P., Dallas, 4., Palmer, E., Kubo, R., and Born, W. K.

(19S9) Stimulation of a major subset of lymphocytes expressing T cell receptor yô

by an anrigen derived from Mycobacterium tuberctilosis. Cell 572 667-674.

O'Garra, 4., Umland, S., DeFrance, T., and Christiansen, J. (1988) "B-cell factors"

are pleiotropíc.lmmu'nology Today 9z 45-54.

O'Neill, L. A. J., Bircl, T. 4., and Saklatvala, J. (1990) Interleukin 1 signal

transductio n. I m nut.tto I o gy T o d ay ll: 392-39 4.



247

Oettgen, H. C., Pettey, C. Maloy, W. L., and Terhorst, C. (1986) A T3-like protein

complex associated with the antigen receptor on murine T cells. Nature

320t 272-275.

Ohga, S., Yoshikai, Y., Takeda, Y., Hiromatsu, K., and Nomoto, K. (1990) Sequential

appearance of /õ- and o/B-bearing T cells in the peritoneal cavity during an i.p.

infection with Listeria monocytogenes. Eur. J. Immunol.20: 533-538.

Okada, C. Y., and Reichsteiner, M. (1982) Induction of macromolecules into cultured

mammalian cells by the osmotic lysis of pinocytic vesicles. Cell 292 33-41-

Oppenheim, J. J, Kovacs, E. J., MatsushimãrK., and Durum, S. K. (1986) There is

more than one interleukin 1. Imnntnology Today 7:45-56.

Orbach-Arbouys, S., and Poupon, M-F. (1978) Active suppression of in vitro reactivity

of spleen cells after BCG treatment.Imnxuttology 34:.431-437.

Orme,I. M. (1989) Active and memory immunity to Listeria nxonocytoS¿n¿s infection in

mice is mediated by phenotypically distinct T-cell populations. Immunology

68:93-95.

Orme, I. M., and Collins, F. M. (1983) Resistance of various strains of mycobacteria to

killing by activated macrophages ln vivo. J.lmmunol.l3lz 1452-1454.

Orme, I. M., ancl Cotlins, F. M. (1984) Demonstration of acquired resistance in BCGr

inbred mouse strains infected with a low dose of BCG Montreal.

Clin. Exp. Intmunol. 56: 8 1-88.



248

Orme, I. M., Stokes, R. W., and Collins' F. M. (1985) Only two out of fifteen BCG

strains follow the bcg pattern. In Progress on Leukocyte Biology 3: p. 285.

Genetic Contt'ol of Host Resistance to Infection and Malignancy (ed. by E.

Skamene). Alan R. Liss, New York.

Ottenhoff, T. H. M., Kale, 8., Van Embden, J. D. 4., Thole' J. E. R., and

Kiessling, R. (19SS) The recombinant 65-kD heat shock protein of

Mycobacterium bovis BCGIM. tuberculososis is a target molecule for

CD4+ cytotoxic T lymphocytes that lyse human monocytes. "I. Exp. Med.

168z 1947-1952.

Owen, J. 4., Grahl, K. T., ZatJor,4., Dorer, D. R., Klein, L., and Rubin, M. B.

(1990) Antigenic requirements for stimulation and target cell recognition by

immune and non-immune cytotoxic T lymphocytes. Immunol. Cell Biol'

682 269-276.

pace, J. L., Russell, s. w., LeBlanc, P. 4., and Murasko, D. M. (1985) Comparative

effects of mouse interferons on macrophage activation for tumor cell killing.

J. Intmunol.l34: 977 -981.

Pace, J. L., Russell, S. W., Torres, B. 4., Johnson, H. M., and Gray, P' W' (1983)

Recombinant mouse y interferon induces the priming step in macrophage

activation for tumor cell killing. J.lntnuttol. 130: 2011-201'3.

paliard, X., Maleflrjt, R. D. W., Yssel, H., Blanchard, D., Chrétien, I., Abrams, J.,

DeVries, J., ancl Spits, H. (1988) Simultaneous production of lL-2, n--4, and

IFN-1 by acrivared human CD4+ and CD8+ T cell clones. J. Immunol.

141: 849-855.



249

Pantaleo, G., Olive, D., Poggi, 4., Kozumbo, W. J., Morettù, L-, and Moretta, A.

(1937) Transmembrane signalling via the Tll-dependent pathway of human

T cell activation. Evidence for the involvement of 1, 2-diacylglycerol and inositol

phosphates . Eur. J. Intmunol. 17 : 55-60.

Parham, P. (1984) A repulsive view of MHC-restriction. Immunology Today 5z 89-92.

Parham, P. (1991) Half of a peptide pump. Nature 35lz 271-272.

patel, M.D., Samelson, L.E., and Klausner, R. D. (1987) Multiple kinases and signal

transduction. J. Biol. Chem. 262: 5831-5838.

patel, P. J. (1931) Antibacterial resistance in mice infected with

My coba c ter.iu.m lepra en uriu.m. c lin. E¡t. Immu nol. 45 z 65 4-661.

Paul, C., Shalalâ, K., Warren, R., and Smith, R. (1985) Adoptive transfer of murine

host protection to Salmonellosis with T-cell $owth factor-dependent,

S a Int o ne I I a.- specific T-cell lines - I nfe c t - Immun. 482 4O-43'

pedrazzini, T., and Louis, J. A. (1986) Functional analysis írt vitro and in vivo of

Mycobacte.rium bovis strain BCG-specific T cell clones. J. Immunol.

136:1828-1834.

Pedrazzini, T., Hug, K., ancl Louis, J. A. (1987) Importance of L3T4+ and Lyt-2+ cells

in the immunologic control of infection with Mycobacteriunt bovis sttain bacillus

calmette-guérin in mice. Assessment by elimination of T subsets in vivo.

J . I ntmu no L L39z 2032-2037 .



250

Pelletier, M. Forget, 4., Bourassa, D., Gros, P., and Skamene, E. (1982)

Immunopathology of BCG infection in genetically resistant and susceptible mouse

sffains. J . Immu.nol. l29z 217 9-2185.

Peterson, M., and Miller, J. (1990) Invariant chain influences the immunological

recognition of MHC class II molecules. Nature 3452 172-174.

Pfeffer, K., Schoel, 8., Gulle, H., Kaufmann, S. H. E., and Wagner, H. (1990)

Primary responses of human T cells to Mycobacteria: a frequent set of Y/õ T cells

are stimulated by protease-resistant ligands. Eur. J . Intm.unol. 20: ll7 5-1179.

Pierce, S. K., Morris, J. F., Grusby, M. J., KaumaYâ, P., van Buskirk,4., Srinivasan,

M., Crump, 8., and Smolenski, L. A. (1983) Antigen-presenting function of

B lymphocytes. Immttnol. Rev. 1,06: 149-180.

Plant, J. E., and Glynn, A. A. (1919) Locating Salmonella resistance gene on mouse

chromosome l. Clin. Exp.Inmtu.nol.37: I-6.

Pober, J. S., Gimbrone Jr., M. 4., Lapierre, L. 4., Mendrick, D. L., Fiers, W.,

Rothlein, R., ancl Springer, T. A. (1986) Overlapping patterns of activation of

human endothelial cells by interleukin 1, tumor necrosis factor and immune

interferon. J. Intntunol. l37 z 1893-1896.

portnoy, D. 4., Jacks, P. S., ancl Hinrichs, D. J. (1988) Role of hemolysin for the

intracellular $owth of Lísteria nxonocytogenes. J. Exp. Med.167z 1459-147I.

Portnoy, D. 4., Schreiber, R. D., Connelly, P., and Tilney, L. G. (1989) l interferon

limits access of Listeria monocytogenes to the macrophage cytoplasm.

J. Ex¡t. Med.l70: 214I-2146.



25r

powis, S. J., Howard, J. C., and Butcher, G. W. (1991a) The major histocompatibility

complex class Il-linked cim locus controls the kinetics of inuacellular transport of

a classical class I molecule. J. Exp. Med. L73z 913-921.

Powis, S. J., Townsend, A. R. M., Deverson, E. V., Bastin, J., Butcher, G. W., and

Howard, J. C. (199lb) Restoration of antigen presentation to the mutant cell line

RMA-S by an MHC-linked transporter. Nature 354:528-531.

powrie, F., and Mason, D. (1988) Phenotypic and functional heterogeneity of

CD4+ T cells. Intmunology Today 9z 274-277.

Ramila, G., and Erb, P. (1983) Accessory cell-dependent selection of specific T-cell

functions. Natttre 304: 442-445.

Ramila, G., Sklenar, I., Kennecly, M., Sunhine, G. H., and Erb, P. (1985) Evaluation

of accessory cell heterogeneity. II. Failure of dendritic cells to activate

antigen-specific T helper cells to soluble antigens. Ettr. J. Immunol.15: 189-192.

Ramila, G., Stucler, S., Mischler, S., and Erb, P. (1933) Evaluation of Ia+ tumor cell

lines and peritoneal exudate macrophages as accessory cells: differential

requirements for the activation of certain T cell functions. J. Immunol.

I3Lz 2714-2718.

Ratnofsky, S. E., Peterson, 4., Geenstein, J. L., and Burakoff, S. J. (1987) Expression

and function of CD8 in a murine T cell hybridoma. J. Exp. Med. L66z 1747-1757.

Raulet, D. H. (1989) Antigens for 1ô T cells. Nature 3392 342-343.



252

Riglar, C., ancl Cheers, C. (1930) Macrophage activation during experimental

brucellosis. II. Inhibition of in vitro lymphocyte proliferation by

brucella-activated macrophag es. C ell. Immuno L 49z 154-167 .

Rivas, 4., Takadâ, S., Koide, J., Sonderstrup-McDevitt, G., and Engleman, E. G.

(1983) CD4 molecules are associated with the antigen receptor complex on

activated but not resting T cells. J.Immunol. L40:2912-2918.

Roch, F., antl Bach, M-4. (1990) Strain differences in mouse cellular responses to

Mycobacteriunt lepraemuriunt and BCG infections. I. Analysis of cell surface

phenotype in local granulomas. CIin. Exp. Imnrunol.80z 332-338.

Roche, P. 4., and Cresswell, P. (1990) Invariant chain association with HLA-DR

molecules inhibits immunogenic peptide binding. Nature 345: 615-618.

Roche, P. 4., Marks, M. S., and Cresswell, P. (1991) Formation of a nine-subunit

complex by HLA Class II glycoproteins and the invariant chain. Nature

354:392-394.

Rock, K. L., Gamble, S., and Rothstein, L. (1990) Presentation of exogenous antigen

with class I major histocompatibility complex molecules. Science 249:918-921.

Roder, J. C., and Kiessling, R. (1978) Target-effector interaction in the natural killer

cell system. I. Covariance and genetic control cytolytic and target cell-binding

subpopulations in the mouse. Scand. J. Intntunol. Sz 135-144.

Roder, J. C., Lohmann-Matthes, M-L., Domzig, W., Kiessling, R., and Haller, o.

(lglg) A functional comparison of tumour cell killing by activated macrophages

and natural killer cells. Eør'. J. Intntunol.9: 283-288.



253

Ron, Y., antl Sprent, J. (1987) T cell priming in vivo; A major role for B cells in

presenring antigen to T cells in lymph nodes. J.Immunol. 138: 2848-2856.

Rook, G. A. W., Champion, B. R., Steele, J., Varey, A. M., and stanford, J. L. (1985)

I-A restricted activation by T cell lines of antimycobacterial activity in murine

macrophag es. C Iín. Exp. Imnrunol. 592 414-420.

Rook, G. A. W., Steele, J., Ainsworth, M., and Champion, B. R. (1986b) Activation of

macrophages to inhibit proliferation of Mycobacterium tu.bet'culosis: comparison

of the effects of recombinant gamma interferon on human monocytes and murine

peritoneal macrophag es. I nt nttt no I o gy 59 : 333 -338.

Rook, G. A. W., Steele, J., FraheÍrL., Barker, S., Karmali, R., O'Riordin, J', and

Stanforcl, J. (19S6a) Vitamin D3, gamma interferon, and control of proliferation

of Mycobacteriunt tuberculosi.s by human monocytes.Immunology 572 159-163.

Roopenian, D. C., Widmer, M. C., Orosz, G. G., and Bach, F. H. (1983) Helper

cell-independent cytolytic T lymphocytes specif,rc for a minor histocompatibility

antigen. J. Inzntunol. L30: 542-545.

Rosenstein, Y., Ratnofsky, S., Burakoff, S. J., and Herrmann, S. H. (1989) Direct

evidence ¡or binding of CD8 to HLA class I antigens. J. Exp. Med..169: 149-160.

Rosenthal, A. S., ancl Shevach, E. M. (1973) Function of macrophages in antigen

recognition by guinea pig T lymphocytes. L Requirement for histocompatible

macrophages and lymphocytes. J. Exp- Med.l38z lI94-I212'



254

Rothlein, R., Dustin, M. L., Marlin, s. D., and springer, T. A. (1986) A human

intercellular adhesion molecule (ICAM-l) distinct from LFA-I. J. Immunol.

I37:1270-1274.

Rowley, D. R., Auzins, I., ancl Jenkin, C. R. (1968) Further studies regarding the

question of cellular immunity in mouse typhoid. Aust. J. Exp. Biol. Med. Sci'

462 447-463.

Ruttd, C. E., Trevillyan, J. M., Dasgupta, J. D., Wong, L.L., and Schlossman, S. F.

(1988) The CD4 receptor is complexed in detergent lysates to a protein

tyrosine-kinase (pp58) from human T lymphocytes. Proc. Natl. Acad. Sci. U.S.A'

85:5190-5194.

safely, s. 4., ctuff, c. w., Marshall, N. E., and Ziegler, H. K. (1991) Role of

Lysteriolysin-O (LLO) in the T lymphocyte response to infection with

Listeriamonocytogenes. Identification of T cell epitopes of LLO. J. Immunol.

146:3604-3616.

Saito, T., Weiss, 4., Miller, J., Norcross, M. A,., and Germain, R. N. (1987) Specific

antigen-Ia activation of transfected human T cells expressing murine Ti

øB-human T3 complexes. Nature 325: 125-130.

Saizawa, K., Rojo, J., and Janeway Jr., C. A. (1987) Evidence for a physical

association of CD4 and the CD3 : cr : B T-cell receptor. N(ttu.re 328:260-263.

Salter, R.D., and Cresswell, P. (1986) Impaired assembly and transport of HLA-A and

-B antigens in a mutant TxB cell hybrid . EMBO J. 5:943-949-



255

Samelson, L. 8., Harforcl, J. 8., and Klausner, R. D. (1985) Identification of the

components of the murine T cell antigen receptor complex. Cell 43: 223-23I.

Samelson, L. E., Patel, M. D., Weissman, A. M., Harford, J.8., and Klausnerr R. D.

(1936) Antigen activation of murine Tc cells induces tyrosine phosphorylation of

of a polypeptide associated with the T cell antigen receptor. Cell 46: 1083-1090.

Samelson, L. E., Phillips, A. F., Luong, E. T., and Klausner, R. D. (1990) Association

of the fyn protein-tyrosine kinase with the T-cell antigen receptor.

Pt'oc. Natl. Acad. Sci. U.S.A. 87: 4358-4362.

Sander, 8., Anclersson, J., and Anderssonr U. (1991) Assessment of cytokines by

immunofluorescence and the paraformaldehyde-saponin procedare.Immunol. Rev.

119: 65-93.

Sanclers, M. E., Makgoba, M. W., and Shaw' S. (1988) Human naive and memory

T cells: reinterpretation of helper-inducer and suppressor-inducer subsets.

I nmtu no I o gy T odaY 9 : I95 - I99.

sayre, P. H., Chang, H-C., Hussey, R. E., Brown, N. R., Richardson, N. E., Spagnoli'

G., Clayton, L. K., ancl Reinherz, E. L. (1987) Molecular cloning and

expression of T11 cDNAs reveal a receptor-like structure on human

T lymphocytes. Proc. Natl. Acad. Sci. U.5.A.84t 2941'-2945.

Scher, M. G., Unanue, E. R., and Beller, D. I. (1982) Regulation of macrophage

populations. III. The immunologic induction of exudates rich in Ia bearing

macrophages is a radiosensitive process. J.Intmunol.l28z 447-450.



256

Scher, M. S., Beller, D. I., and Unanue' E. R. (1930) Demonstration of a soluble

mediator that induces exudates rich in la-positive macrophages. .I. Exp. Med.

L52:.1684-1698.

Schultz, R. M., and Kleinschmidt, W. J. (1933) Functional identity between murine

y-interferon and macrophage activating factor. Nature 3052 239-240.

Schumacher, T. N. M., De Bruijn, M. L. H., Vernie, L. N., Kast, W. M., Meliefr C. J.

M., Neefjes, J. J., ancl Ploegh, H. L. (1991) Peptide selection by MHC class I

molecules. Nature 350: 703-706.

Schumacher, T. N. M., Heemels, M-T., Neefjes, J. J., Kast, W. M., Melief' C. J. M.t

ancl Ploegh, H. L. (1990) Direct binding of peptide to empty MHC class I

molecules on intact cells and in vitro. Cell 62:. 563-567 .

Schwartz, R. H. (1933) The role of gene products of the major histocompatibility

complex in T cell activation and cellular interactions. In:

Fundantental Intntynology.W. E. Paul, ed. Raven Press, New York, pp.379.

Schwartz, R. H. (1985a) Associations in T-cell activation. Nature 3L7:284-285

Schwartz, R. H. (19S5b) T-lymphocyte recognition of antigen in association with gene

products of the major histocompatibility complex. Ann. Rev. Immunol.

3z 237-261.

Schwartz, R. H.r Davicl, C. S., Sachs, D. H., and Paul, W' E' (1976)

T-lymphocyte-enriched peritoneal exudate cells. III. Inhibition of antigen-induced

T-lymphocyte proliferation with anti-Ia antisera. J . I mmunol. IL7 : 5 3 1 -540.



257

Schwartz, R. H., Kim, K. J., Asofsky, R., and Paul, W. E. (1980) Antigen-presenting

lymphoid rumors in the murine T lymphocyte proliferative response to

DNP-ovalbumin and poly(61o55¡t536phe9). In: Macrophage Regulation of

Immu.nity. E. R. Unanue and A. S. Rosenthal, eds. Academic Press, Inc. pp.277 .

Seed, B., and Aruffo, A. (1937) Molecular cloning of the CD2 antigen, the T cell

erythrocyte receptor, by a rapid immunoselection procedure.

Proc. Natl. Acad. Scl. U.S"4 .842 3365-3369.

Seglen, P. O. (1983) Inhibitors of endosomal function. In: Methods in Enzymology

962 p 737 . S. Fleischer and B Fleischer eds. Academic Press, New York.

Sekaly, R. P., Tonnelle, C., Strubitr, M., Mach, 8., and Long, E' O' (1986) Cell

surface expression of class II histocompatibility antigens occurs in the absence of

the invariant chain. J. Exp. Med..164z 1490-1504.

Sewell, W. 4., Brown, M. H., Dunne, J., and Owen, M. J. (1986) Molecular cloning of

the human T-lymphocyte surface cDz (T11) antigen.

Proc. Natl. Acad. Sci. U.S.A' 83: 8718-8722.

shaw, s., Ginther Luce, G. E., Quinones, R., Gress, R. 8., Springer, T. A.r and

Sanders, M. E. (1986) Two antigen-independent adhesion pathways usod by

human cytotoxic T cell clones. Natttre 3232 262-264'

Shigeta, M., Takahara, S., Knox, S. J., Ishihara, T., Vitetta, E. S., and Fathman,

C. G. (1986) Two independent pathways of helper activity provided by a single

T cell clone. J.lntnrutol.136z 34-38.



258

Shimada, S., Caughman, S. W., Sharrow, S. O., Stephany, D., and Katz, S. I. (1987)

Enhanced antigen-presenting capacity of cultured Langerhans' cells is associated

with markedly increased expression of Ia antigen. J.lmmunol.l39:2551-2555.

Shimonkevitz, R., Cerottini, J. C., and MacDonald, H. R. (1985) Variable requirement

for murine lymphocyte function-associated antigen-1 (LFA-1) in T cell-mediated

lysis depending on the tissue origin of the target cells. J. Immunol'

135:1555-1557.

Shimonkevitz, R., Colon, S., Kappler, J. W., Marrack, P., and Grey, H. M. (1984)

Antigen recognition by H-2-restrcited T cells. II. A tryptic ovalbumin peptide that

sub s titute s for proces sed antigen. J . l mnt tt.tto l. I33z 2067 -201 4.

Shimonkevitz, R., Kappler, J., Marrack, P., and Grey' H. (1983) Antigen recognition

by }J-2 rstricted T cells. I. Cell-free antigen processing . J. Exp' Med.

158: 303-316.

Shirakawa, F., TanakãrY., Eto, S., Suzuki, H., Yodoi, J., and Yamashitar U. (1986)

Effect of interleukin 1 on the expression of interleukin 2 receptor (Tac antigen) on

human natural killercells and natural killer-like cell line (YT cells). J.Immunol.

137:551-556.

Shirakawa, F., Tanaka, Y., Ota, T., Suzuki, H., Eto, S., and Yamashita' U. (1987)

Expression of interleukin 1 receptors on human peripheral T cells. J. Immunol'

138:4243-4248

simon, J. c., cruzJr., P. D., Bergstresser, P. R., and Tigelaar, R. E. (1990) Low dose

ultraviolet B-irradiated Langerhans cells preferentially activate CD4+ cells of the

T helper 2 subset. J. Intntttttol' I45: 2081 -2091.



259

Singer, 4., Kruisbeek, A. M., and Andrysiak, P. M. (1984) T cell-accessory cell

interactions that initiate allospecific cytotoxic T cell responses: existence of both

Ia-restricted and Ia-unrestricted cellular interaction pathways. J. Immunol'

l32z 2199-2209.

Skalka, 8., Smola, J., ancl Elischersova, K. (1982> Routine test for in viffo

differentiation of pathogenic and apathogenic Listeria monocytogenes.

J. Clin. Microbiol.15: 503-507.

Skamene, E. (1933) Genetic regulation of host resistance to bacterial infection.

Rev.Irtfuct Dls. 5: S823-5832.

Smith, K. A. (1930) T-cell growth factor. Immttnol. Rev.5|.z 337-357.

Snider, D. P., and Segal, D. M. (1989) Effrciency of antigen presentation after targeting

to surface IgD, IgM, MHC, FcyRII, and B.22O molecules on murine splenic

B cells. J. Intntunol. l43z 59-65.

Sperling, U., Kaufmann, S. H. E., and Hahn, H. (1984) Production of

macrophage-activaring and migration-inhibition factors in vitro by serologically

selected and cloned Listeria monocytogenes-speciftc T cells of the Lyt 12-

phenotype . Infect. Intntu.n. 46t lI1- 115.

Spies, T., and DeMars, R. (1991) Restored expression of major histocompatibility

class I molecules by gene transfer of a putative peptide transporter. Nature.

35lz 323-324.



260

spies, T., Bresnahan, M., Bahram, S., Arnold, D., Blanck, G., Mellins, E., Pious, D.,

and DeMars, R. (1990) A gene in the human major histocompatibility complex

class II region controlling the class I antigen presentation pathway. Nature

3482 744-747 .

Spitalny, G. L., and Havell, E. A. (1934) Monoclonal antibody to murine gamma

interferon inhibits lymphokine-induced antiviral and macrophage tumoricidal

activities. J. Exp. Med. 159:. 1560-1565.

Sprent, J., ancl Schaefer, M. (1985) Properties of purified T cell subsets. I. In vito

responses to class I vs. class IIIF.-} alloantigen s. J. Exp. Med. 162:2068-2088.

Sprent, J., ancl Schaefer, M. (1986) Capacity of purified Lyt-2+ T cells to mount

primary proliferative and cytotoxic responses to Ia- tumour cells. Nature

3222 541.-544.

Sprent, J., ancl Schaefer, M. (1983) Antigen-presenting cells for Lyt-2+ cells. I.

Stimulation of unprimedLyt-2+ cells by H-2 different Thy-1- Ia- cells prepared

from spleen and bone marrow. J.Intmunol.l40z 3745-3750.

Sprent, J., ancl Schaefer, M. (1989) Antigen-presenting cells for unprimed T cells.

Inmtuno lo gy T odaY l0: 17 -23.

Sprent, J., and Schaefer, M. (1990) Antigen-presenting cells for CD8+ T cells'

Intmttnol. Rev. LL7t 213-234.

Sprent, J., SchaefeÍ, M., Lo, D., and Korngold, R. (1936) Properties of purified T cell

subsets. Il. Ittvivo responses to class I vs. class II}J-2 differences. J. Exp' Med.

163:998-1011.



26r

springer, T. 4., Dustin, M. L., Kishimoto, T. K., and Marlin, s. D. (1987) The

lymphocyte function-associated LFA-I, CDz, and LFA-3 molecules: Cell

adhesion receptors of the immune system. Ann' Rev.Immunol' 5:223-252.

Steeg, P. S., Moore, R.N., Johnson, H. M., and Oppenheim, J. J. (1982) Regulation of

murine macrophage Ia antigen expression by a lymphokine with immune

interferon activity. J. Exp. Med.156z 1780-1793.

Stein, M. E., ancl Staclecker, M. J. (1937) Characterization and antigen-presenting

function of a murine thyroid-derived epithelial cell line. J. Immunol.

l^39z 1786-1791.

Steinman, R. M., Inaba, K., Schuler, G., and Witmer, M. (1986) Stimulation of the

immune ïesponse: contribution of dendritic cells. In: Mechanisms of Host

Resistance to Infectious Agents, Tuntors, and. Allografts, Steinman, R. M. and

North, R. J., eds. Rockefeller University Press, New York,p'71'

Stevenson, M. M., Kongshavn, P. A. L., and Akamene, E. (1980) Genetic linkage of

resistance to Listeria. ntonocytogenes with macrophage inflammatory responses.

J. Intntttttol. I27: 402-407 .

stingl, G., Hausef, c., Tschachlef, E., Groh, v., and wolff, K. (1989) Immune

functions of epidermal cells. In: Intntune Mecha.nisms in Cutaneous Disease'

D. A. Norris, ed., Marcel Dekker, New York,pp.3-72'

Stockinger, 8., Pessara, U., Lin, R. H., Habicht, J., Grez, M., and Koch, N. (1989) A

role of Ia-associated invariant chains in antigen processing and presentatton. Cell

56: 683-689.



262

Stokes, R. W., ancl Collins, F. M. (19SS) Growth of Mycobacterium avium in activated

macrophages harvested from inbred mice with differing innate susceptibility to

mycob ac terial infec tio n - I nfe c t . I mmun. 56 2 2250-225 4'

stokes, R. W., and coltins, F. M. (1990) Passive transfer of immunity to

Mycobacteriunt aviu.nr in susceptible and resistant strains of mice.

Clin. ExP. Immunol. 81: 109-1 15.

Stokes, R. W., Orme, I. M., ancl Collins, F. M. (1986) Role of mononuclear phagocytes

in expression of resistance and susceptibility to Mycobacteríu.m avium infection in

mice. Infect. Immutt 54: 81 1-819.

Stout, R., ancl Bottomly, K. (1939) Antigen-specif,rc activation of effector macrophages

by inrerferon-gamma producing (THl) T cell clones. Failure of IL 4-producing

(Tff2) Tcell clones to activate effector function in macrophages. J. Immunol.

l42z 76O-765

street, N. E., Schumacher, J. H., Fong, A. T., Bass, H., Fiorentino, D. F., Leverah,

J. A., and Mossman, T. R. (1990) Heterogeneity of mouse helper T cells.

Evidence from bulk culrures and limiting dilution cloning for precursors of Thl

and Th2 cells../. Intntunol. L44 1629-1639.

Streicher, H.2., Berkower, I. J., Busch, M., Gurd, F. R. N., and Berzofskyt J' A'

(1984) Antigen conformation determines processing requirements for T-cell

activation. Proc. Natl. Acad. Sci' U.S.A. 81: 6831-6835'

Streilein, J. W., and Bergstresser, P. R. (1984) Langerhans cells: Antigen presenting

cells of the epidermis. Intntunobiology 168: 285-300'



263

Streilein, J. W., ancl Grammer, S. F. (1989) In vito evidence that Langerhans cells can

adopt two functionally distinct forms capable of antigen presentation to

T lymphocytes. ,f. Immunol' t43z 3925-3933-

sunshine, G. H., Katz, D. R., and czitroh, A. A. (1932) Heterogeneity of stimulator

cells in the murine mixed leukocyte response. Eur. J. Immunol. l2z 9-15 '

Sunshine, G. H., Katz, D. R., ancl Feldmann, M. (1930) Dendritic cells induce T cell

proliferation to synthetic antigens under Ir gene control. J. Exp. Med.

L52z l8r7-1822.

Sussman, G., and Wadee, A. A. (1991) Production of a suppressor factor by

CD8+ lymphocytes activated by mycobacterial components. Infect- Immun.

592 2828-2835.

suzuki, G., Kawas€, Y., Koyasu, s., Yahara, I., Kobayashi' Y.' and schwartz, R. H.

(1988) Antigen-induced suppression of the proliferative response of T cell clones.

J. Intmtt.nol. I40z 1359 -1365.

Swain, S. L. (1933) T cell subsets and the recognition of MHC class. Immunol' Rev.

74:129-142.

swain, s. L., McKenzie, D. T., Weinberg, A. D., and Hancock, w. (1988)

Characterizarion of T helper I and 2 cell subsets in normal mice. Helper T cells

responsible for IL-4 and IL-5 production are present as precursors that require

priming before they develop into lymphokine-secreting cells. J' Immunol.

l4lz 3445-3455.



264

Swain, S. L., Weinberg, A. D., English, M., and Huston, G. (1990) IL-4 directs the

development of Th2-like helper effectors. J. Intntunol.l4Sz 3796-3806.

Sztein, M. 8., Steeg, P. S., Johnson, H. M., and Oppenheim, J. J. (1984) Regulation of

human peripheral blood monocyte DR antigen expression by lymphokines and

recombinant interferons. J. Clin' Invest. T3z 556-565'

Tewari, R. P., Khardori, N., McConnach¡er P., von Behren, L. 4., and Yamada, T'

(1932) Blastogenic responses of lymphocytes from mice immunized by sublethal

infection with yeasr cells of Histoplasma capsula.tum. Infect- Immun'

36: 1013-1018.

Teyton, L., O'Sullivan, D., Dickson, P. W., Lotteau, V., Sette, 4., Fink, P., and

peterson, P. A. (1990) Invariant chain distinguishes the exogenous and

endogenous antigen presentation pathways . Natu.re 3482 39-44.

Thomas, M. L. (1989) The leukocyte common antigen family. Ann. Rev. Immunol

7z 339-369.

Tiefenthater, G., Hünig, T., Dustin, M. L., Springer, T. 4., and Meuer, S' C' (1987)

purified lymphocyte function-associated antigen-3 and T11 target structures ale

active in CD2-mediated T cell stimulation. Ett.r. J.Intmu.nol. L7z 1847-1850.

Tilney, L. G., and Portnoy, D. A. (1939) Actin filaments and the glowth, movement and

spread of the intracellular bacterial parasite, Listeria nxonocytogenes. J. Cell. Bíol.

109: 1597-1608



265

Tite, J. p., and Janeway Jr., C. A. (1934) Cloned helper T cells can kill B lymphoma

cells in the presence of specific antigen: I-A restriction and cognate vs.

noncognate interactions in cytolysis. Eur. J.lmmunol. 14: 878-886.

Tite, J. p., Dougan, G., and Chatfield, S. N. (1991) The involvement of tumour necrosis

factor in immunit y to Salnrcne lla infection.,I. I mmuno l. 147 z 316I -3164 -

Tite, J. p., Powell, M. 8., and Ruddle, N. H. (1935) Protein-antigen specific

Ia-restricted cytolytic T cells: analysis of frequency, target cell susceptibility, and

mechanism of cytolysis. J' Intntuttol' L35:25-33.

Tonks, N. K., Charbonneau, H., Diltz, C. D., Fischer, E. H., and Walsh, K. A. (1988)

Demonstration that the leukocyte common antigen CD45 is a protein tyrosine

phosphatas e. Biochemisny 27 z 8696-8701.

Torpey III., D. J., Lindsley, M.D., ancl Rinaldo Jr., C. R. (1989) HlA-restricted lysis

of herpes simplex virus-infected monocytes and macrophages mediated by CD4+

and CD8+ T lymphocytes. "I' Intntu'nol. L42:1325-1332'

Tosato, G., and Pike, S. E. (1938) Interferon-B 2/interleukin 6 is a costimulant for

human T lymphocytes. 'r. Intntunol.14lz 1556-1562'

Townsend, A. R. M, Elliott, T., Cerundolo, v., Foster, L., Barber, 8., and Tse, A.

(1990) Assembly of MHC class I molecules analysed in vitro. Cell62z 285-295.

Townsend, A. R. M., and Boclmer, H. (1939) Antigen recognition by class I-restricted

T lymphoc ytes. Ann. R ev . I ntnttt no I . 7 : 60l -624'



266

Townsencl, A. R. M., Gotch, F. M., and Davey, J. (1985) Cytotoxic T cells recognize

fragments of the influenza nucleoprotein. cell 422 457 -467 .

Townsend, A. R. M., Öhlen, C., Bastin, J., Liungren, H'G., Foster, L., and Karre, K.

(1989) Association of class I major histocompatibility heavy and light chains

induced by viral peptides. Nature 3402 443-448.

Townsend, A. R. M., Rothbarcl, J. 8., Gotch, F. M., Bahadur, G., Wraith, D., and

McMichael, A. J. (1936) The epitopes of influenza nucleoprotein recognized by

cytotoxic T lymphocytes can be defined with short synthetic peptides. Cel/

44:959-968

Trowsclale, J., Hanson, I., Mockriclge, I., Beck, s., TOwnSend, 4., and Kellyr A.

(1990) Sequence encoded in the class II region of the MHC related to the "ABC"

superfamily of transporters. N a ture 348: 7 4l -7 44'

Tse, D. 8., ancl Pernis, B. (1934) Spontaneous internalization of Class I Major

Histocompatibility Complex molecules in T lymphoid cells. J. Exp' Med'

159: 193-207.

Tsukatla, H., Kawamura, I., Arakawa, M., Nomoto, K., and Mitsuyamar M. (1991)

Dissociated development of T cells mediating delayed-type hypersensitivity and

protective T cells against Listeria nxonocytogenes and their functional difference

in lymphokine produc tion. I nfe c t . I nt nt tt'n - 59 : 3 5 89-3 595'

Turcotte, R. (1930) Influence of route of Mycobacteriu.nt lepraemuriøn infection on

susceptibility to mouso leprosy and on lymphoblastic transformation.

I nfu ct. Intntun. 28: 660-668.



267

Turcotte, R. (1931) Evidence for two distinct populations of suppressor cells in the

spleens of Mycobacteriunt bovis BCG-sensitized mice. Infect. Immun.

34:315-322.

Turcotte, R., LafleulrL., and Labrèche, M. (1973) Opposite effects of BCG on spleen

and lymph node cells: lymphocyte proliferation and immunoglobulin synthesis.

I nfect. Intnru.n. 2lz 696-7 04.

umetsu, D. T., Pober, J. S., Jabara, H. H., Fiers, w., Yunis, E. J., Burakoffr s. J.t

Reiss, C. S., ancl Geha, R. H. (1935) Human dermal fibroblasts present tetanus

toxoid antigen to antigen-specific T cell clones. J. Clin. Invest.76:. 254-26O-

Unanue, E. R. (l9Sl) The regulatory role of macrophages in antigenic stimulation. Pat

two: Syrnbiotic relationship between lymphocytes and macrophages.

Ads¡. Intntuttol. 3lz 1 -136 -

Unanue, E. R. (1984) Antigen presenting function of the macrophage

Ann. Rev. Intntu nol. 2z 395-428.

Unanue, B. R., and Allen, P. M. (1987) The basis for the immunoregulatory role of

macrophages and other accessory cells. scíence 236: 551-557.

van Dissel, J. T., Stikkelbroeck, J. J. M., van den Barselaar, M. TH', Sluiter, W''

Leijh, p. C. J., ancl van Furth, R. (1987) Divergent changes in antimicrobial

activity after immunologic activation of mouse peritoneal macrophages.

J . I nmt tt n o l. 139 z 1665 - 167 2.



268

van Wauwe, J., Goosens, J., Decock, W., Kung, P., and Goldstein, G. (1981)

Suppression of human T-cell mitogenesis and E-rossette formation by the

monoclonal antibody OKT1 IA,.Immunology 442 865-872.

Veillette, 4., Bookman, M. 4., Horak, E. M., and Bolen, J. B. (1988) The CD4 and

CD8 T cell surface antigens are associated with the internal membrane

ryrosine-protein kinase p56lct. Cell 552 301-308.

Virgin IV., H. W., Wittenberg, G. F., ancl Unanue, E. R. (1985) Immune complex

effects on murine macrophages. I. Immune complexes suppress interferon-y

induction of Ia expression. J.Imntunol. L35: 3735-3743.

von Boehmer, H., Kisielow, P., Leiserson, w., and Haas, W. (1984)

LyI2T cell-independent functions of Lyt-2+ T cells stimulated with antigen or

concanavalin A. J. Intntuttol. l33z 59-64.

Vordermeier, H-M., and Kotlarski,I. (1990) Partial purification and characterization of

low molecular weight antigens of Salntonella enteritidis 1lRX.

Imntunol. Cell Biol.68: 307-316.

Vordermeier, H-M., Pope, M., ancl Kotlarski, I. (1990) Presentation of Salmonella

antigens by peritoneal cells of normal and Salm.onella-infected mice.

Imntunol. Cell Biol.68z 16l-172.

Voronova, A. F., ancl Sefton, B. M. (1986) Expression of a new tyrosine protein kinase

is stimulated by retrovirus promoter insertion. Natttre 319: 682-685.



269

Wadee, A. 4., and Rabson, A. R. (1981) Production of a suppressor factor by adherent

cells from Mycobacterium tuberculosis-infected guinea pigs. Clin. Exp. Immunol.

452 427-432.

Waclee, A. 4., Mendelsohtr, D., and Rabson, A. R. (1933) Characterization of a

suppressor cell-activating factor (SCAF) released by adherent cells treated with

M. tubercu.losis. J. Immunol. l30t 2266-2270.

Wadee, A. 4., Sher, R., ancl Rabson, A. R. (1980) Production of a suppressor factor by

human adherent cells treated with Mycobacteria. J.Intntunol.125: 1380-1386.

Wagner, H., and Röllinghoff, M. (1978) T-T cell interactions during in vitro cytotoxic

allograft responses. I. Soluble products from activated Ly2+ T cells trigger

autonomously antigen-primed Lyt 23+ T cells to cell proliferation and cytolytic

activity. J. Exp. Med. L48z 1523-1523.

Wagner, H., Harris, A. W., ancl Felclmann, M. (1972) Cell-mediated immune response

invitro.II. The role of thymus and thymus-derived lymphocytes. Cell. Immunol.

4z 39-50.

Watson, S. R., Sljivic, V. S., and Brown, f. N. (1975) Defect of macrophage function in

the antibody response to sheep erythrocytes in systemic

Mycobacterium lepra.emuriu,nt infections. Natu.re 256z 206-207 .

weaver, c. T., ancl unanue, E. R. (1990) The costimulatory function of

antigen-presenting cells. I ntntu no lo gy T od'ay lIl. 49 -55'



2t0

Weaver, C. T., Duncan, L. M., and Unanue' E. R. (1989) T cell induction of

macrophage IL-1 during antigen presentation. Characterization of a lymphokine

mediator and comparison of THl and TH2 subsets. J. Immunol. 142: 3469-347 6.

Webb, D. R. C., and Nowowejskirl. (1977) The role of prostaglandins in the control of

primary 19S immune response to SRBC. Cell. Immunol.33z l-10.

Weinberger, O., Herrmann, S., Mescher, M. F., Benacerraf,8., and Burakofft S' J'

(1981) Antigen-presenting cell function in induction of helper T cells for

cytotoxic T-lymphocyte responses: Evidence for antigen processing.

Proc. Natl. Acad. Sci. U.S'A.782 1796-1799.

Wentworth, P. 4., ancl Ziegler, H. K. (1987) The antigenic and mitogenic response of

murine T and B lymphocytes to soluble proteins of Listeria monocytogenes.

J. Imntuttol. 138: 267 l-267 8.

Westphal, O., ancl Jann, K. (1965) Bacterial lipopolysaccharides. Extraction with

phenol-water and further applications of the procedure. In: Methods in

carbohy¿ra.te chemisny (Whistler, R. L. ed.) 5: pp 83-91, Acdamic Press Inc.,

New York.

weyser, w.Y., van Neil,4., clarke, s.c., Davicl, J. R., and Remold, H. G. (1987)

Recombinant human granulocyte/macrophage colony stimulating factor activates

intracellular killing of Leishntanía cl.onovani by human monocyte-derived

macrophages. J. Erp. Med. 166: 1436-1446.



271

Wilde, D. 8., Marrack, P., Kappler, J., Dialynas, D., and Fitch, F. (1983) Evidence

implicating L3T4 in class II MHC antigen-reactivity; monoclonal antibody GK1.5

(anti-L3T4a) blocks class II MHC antigen-specific proliferation, release of

lymphokines, and binding by cloned murine helper T lymphocyte lines.

J. Intmu.nol. 131: 2178-2183.

williams, D. 8., Barber, B. H., Flavell, R. 4., and Allen, H. (1989) Role of

p2-microglobulin in intracellular transport and surface expression of murine

Clas s I histocompatibility molecules. J . I ntnt tt no t. 1l42z 2l 96-2806.

Wirsing von Koenig, C. H., Finger, H., and Hof, H. (1982) Failure of killed

Listeria monocytogenes vaccine to produce protective immunity. Nature

2972 233-234.

Wong, G. C., and Clark, S. C. (1983) Multiple actions of interleukin 6 within a cytokine

network. Intmtmology Today 9z 137-139.

wong, G. H. W., Clark-Lewis, I., McKimm-Breschkin, J. L., Harris, A. W., and

Schracler, J. W. (1983) Interferon-y induces enhanced expression of Ia and H-2

antigens on B lymphoid, macrophage, and myeloid cell lines. J. Immunol.

l3lz 788-793.

Woollett, G. R., Barclay, A. N., Puklavec, M., and Williams, A. F. (1985) Molecular

and antigenic heterogeneity of the rat leukocyte-common antigen from

thymocytes and T and B lymphocytes. Eur. J.Intmunol.I5z 168-173.

Yamashita, U., ancl Shevach, E. M. (1971) The expression of Ia antigens on

immunocompetent cells in the guinea pig. II. Ia antigens on macrophages.

J. Imntunol. I1.9: 1584- 1588.



272

Yanagi, Y., Yoshikai, Y., Legget, K., Clark, S. P., Alexander, I', and Mak, T' W'

(1984) A human T cell-specific cDNA clone encodes a protein having extensive

homology to immunoglobulin chains. Nature 308: 145-149.

Yang, S. Y., Chouaib, S., and Dupont, B. (1986). A common pathway for T lymphocyte

activation involving both the CD3-Ti complex and CD2 sheep erythrocyte

receptor determinan ts. J . Immuno I. 137 z I 097- 1 100.

yasukawa, M., and Zarling, J. M. (1984) Human cytotoxic T cell clones directed

against herpes simplex virus-infected cells. L Lysis restricted by HLA Class II

MB and DR antigens. J.Imntuttol.l33z 422-427.

Yasukawa, M., Inatsuki, 4., and Kobayashi, Y. (1988) Helper activity in

antigen-specific antibody production mediated by CD4+ human T cell clones

directed against herpes simplex virus. J . Immu.nol. I40: 3419 -3425.

yem, A. W., and Parmely, M. J. (19S1) Modulation of Ia-like antigen expression and

antigen-presenting cell activity of human monocytes by endotoxin and zymosan.

J . Immunol. L27 : 2245 -225I.

yewclell, J. W., and Bennink, J. R. (1989) Brefeldin A specifically inhibits presentation

of protein anrigens to cytotoxic T lymphocytes. Science 2442 1072-1075.

yewdell, J. W., anct Bennink, J. R. (1990) The binary logic of antigen processing and

presentation to T cells. Cell 622 203-206.

yewdell, J. W., Bennink, J. R., and Hosaka, Y. (1988) Cells process exogenous

proteins for recognition by cytotoxic T lymphocyhes. Science 2392 637-640.



273

Yewctell, J. W., Frank, E., anct Gerhard, W. (1981) Expression of influenza A virus

internal antigens on the surface of infected P815 cells. J. Immunol.

126:1814-1819.

young, R. 4., and Elliot, T. J. (1989) Stress proteins, infection, and immune

surveillance. Cell 59: 5-8.

Yu, D. T. Y., Winchester, R. J., Fu, S. M., Gibofsky,,{., Ko, H. S., and Kunkel, H. G.

(1980) Peripheral blood Ia positive T cells. Increases in certain diseases and after

immunization. J. Exp. Med.15L: 91-100.

Ziegler, H. K., and Unanue, E. R. (1932) Decrease in macrophage antigen catabolism

by ammonia and chloroquine is associated with inhibition of antigen presentation

to T cells. Proc. Natl. Acad. Sci. U.S.A .79: 175-178.

ZieglerrH. K., Staffileno, L. K., and Wentworth, P. (1984) Modulation of macrophage

Ia-cxpression by lipopolysaccharide. I. Induction of Ia expression ín vivo.

J . I nmtu.nol. 1^33z 1825 - 1834.

zijlstra, M., Bix, M., simister, N. E., Loring, J. M., Raulet, D. E., and Jaenisch' R.

(1990) B2-microglobulin deficient mice lack CD4- CD8+ cytolytic T cells. Nature

3442 742-746.

Zinkernagel, R. M., Althag€, 4., Acller, 8., Blanclen, R. V., Davidson, W. F.r Kees,

u., Dunlop, M. B. C., ancl Schreffler, D. c. (1977) H-2 restriction of

cell-mediated immunity to an intracellular bacterium. Effector T cells are specif,rc

for Listeria antigen in association with IJ-21 region-coded self-markers'

J. Exlt. Med.145: 1353-1367.



274

Zlotnik, 4., Shimonkevitz, R.P., Geftero M. L., Kappler, J., and Marrack, P' (1983)

Characterization of the y-interferon-mediated induction of antigen-presenting

ability in P388D1 cells. ,l'. Immunol.l3lz 2814-2820'

Zychlinsky, A., Kariñ, M., Nonacs, R., and Young, J. D'E. (1990) A homogenous

population of lymphokine-activated killer (LAK) cells is incapable of killing

virus-, bacteria-, or parasite-infected macrophages. Cell.Immunol.l25z 261-267.



I
H

.'

ADDENDUM

comment 1 - Re: Data presented in Table 3.2;3.17;4.3;4.4;4.10;4.14 and 4'20 and in Fig 4'4'

Although rîost of these data have been discussed extensively in the text, a

consistent finding which desewes some emphasis is that addition of high concentrations of

Ag (100 pglml) to in vitt'o cultures containing NW IPCs and NPCs resulted in smaller

proliferative responses than those obtained using lowel doses of Ag' These data are

consisrent with the earlier repofts of Matis et al. (1983) and Lamb et al' (1983; J' Exp'

Med.,15721434-1447) andthe recent observations of Kulkar ni et al. (1991; Imntttnol. Cell

Biol., 69.27- ), using other Ags. These workers concluded that the rnagnitude of Ag-

specific T cell proliferation incluced was dependent on the concenüation of the Class II

MHC coded products expressed on APCs and the amount of Ag available, with excessive

amounts of Ag bei¡g i¡hibitory. The finding that T cell proliferative responses to high

doses of FIIRX and NpCs were alterecl in the presence of anti-Ia monoclonal antibodies

supports this view (Table 3.11).

In contrast, the rcverse effect was observed when 105 D3 IPCs were used to

pr.esent Ag, wher.e low doses of Ag did not induce plolifelation, whilst incleasing Ag

concentration to 100 pg/ml resulted in some proliferation. Explanations based on

increased Ag degradation have been considered in the text and found to be inadequate,

since such doses of D3 IpC were also unable to stimulate allogeneic T cblls. V/ith

hindsight, these obsewatons may also be lelated to the observations highlighted above.

This is because reexamination of the data presented in Fig. 4.4 indicates that D3 IPC do

contain a subset (or subsets) of cells explessing high levels of both Class I and Class II

MHC products which are absent or at much lower levels in suspensions of NPC.

Therefore, it is possible that the inhibitory cells detected in D3 IPC suspensions were

these highly activared cells which express large amounts of MHC products on their

surface and remain in the peritoneum after Fl1RX iniection.

Finally, it is worth emphasising that different cells may be induced to proliferate in

response to large amounts of FllRX, and/ol tl'reir specificity may be different from the

specificity of the T cells induced to proliferãte with standard amounts of Ag. Vordermeier
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and Kotlar.ski (1gg0) have established that the T cells induced to proliferate in vítro are

specific for Salmottella Ags and that some of these are shared by other members of the

Enterobacteriaceae. As indicated in rhe rexr, unpublished observations indicate that

proliferating populations may also contain 1ô T cells' The proportion of these may

increase when lar-ge doses of FllRX afe used and some B cells may have also been

induced to prolifefate, especially when U IPC were used. Further detailed examination of

the cells induced to ploliferate and chalacterisation of D3 IPC subsets is obviously

required to distinguish between tllese possibilities'

comment 2 - Re: Difference in nurnl¡ers of bacteria associated with NPc and IPC (p' 106)'

It is unlikely that this differeence rcflects the larger numbers of cells in the

peritoneum following immunization since less that 1/10 IPC contained any bacteria and

those thar did usually contained only 3 or 4, with an absolute maximum of 20 organisms,

which was seen velY rarelY.

Comment 3 - Re: Data in'tal¡le 4.12.

It is imporrant to nore rhat tlìe inrerpretarion of these results is rnade difficult by

the possibility that some adherent cells wele losr duling the 2 hour incubation. If the cells

lost dur-ing the 2 hr incubation were actively phagocytic and were also responsible for

mediating the inhibitory acriviry, then the iclea of increased degradation of Ag by these

suspensions is weakened.

Comment 4 - Re: Data in Table 4.25.

An alternative explanation for these data is that the L3T4+ andLyt2+ subsets were

activated quite independently, with no synergism being requi¡ed' To distinguish between

these alternatives would require further experiments using highly purified suspensions of

the two T cell subsets.




