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Abstract

A working immune system requires that T cells respond to foreign antigen, then 

return to a homeostatic level and remain poised to respond to subsequent re-challenge. 

In situations where tolerance is induced in T cells as a means of maintaining 

homeostasis, it is necessary that these cells survive activation-induced cell death 

(AICD) and under certain circumstances serve to suppress subsequent aggressive 

immune responses. The work carried out in this thesis shows that fibroblasts and type I 

IFN could not only rescue activated T cells from AICD but could also inhibit 

proliferation and maintain T cells in a quiescent state. It is also shown that the active 

anti-apoptotic mediator secreted by fibroblasts was IFN-p. Activated antigen-specific T 

cells rendered quiescent by fibroblasts, type I IFN and TGF-Pi retained their function 

and could be reactivated to proliferate. These mediators may therefore have an 

important role in the induction of quiescence in memory T cell populations after initial 

activation.

To study this possibility the regulation of apoptosis in virus-specific memory 

CD8+ T cell populations was investigated using MHC class I tetramer staining. 

Throughout acute infection by Epstein Barr virus, virtually all antigen-specific T cells 

express a CD45RO phenotype. During chronic infection however, many cells revert to a 

CD45RA phenotype. Work carried out in this study shows that antigen-specific 

CD8+CD45RA+ revertant memory T cells were less susceptible to apoptosis than their 

CD45RO+ counterparts and represented a more stable memory population. These 

antigen-specific CD8+CD45RA+ T cells were not terminally differentiated and could 

be reactivated to proliferate. Neither fibroblasts, type I IFN nor TGF-P were capable of 

mediating CD45RO to CD45RA reversion in  antigen-specific CD8+ T cells. Finally, 

results presented also show that fibroblasts and type I IFN could rescue T cells from 

AICD during anergy induction and these unresponsive cells were capable of 

suppressing equivalent responder T cell activation. Collectively these results suggest 

that type I IFN and TGF-p might have a central role in induction of immune quiescence 

through their effects at multiple points during activation of responsive T cells.
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Chapter 1

Chapter 1

General Introduction

1.1 The immune system

The majority of vertebrate species have evolved acquired or specific immunity, 

which serves to complement and augment the defensive and protective capability of 

innate immunity. Higher vertebrates have developed highly organised lymphoid tissue, 

spleen, thymus and lymph nodes. In mammals, these tissues, in conjunction with cells 

of innate and acquired immunity, are collectively termed an immune system.

Specific immune responses are usually stimulated when an individual is exposed 

to foreign antigen. These responses are classified into two types, based on the 

components of the immune system that mediate the response. Humoral immunity is 

mediated by antibodies, which are secreted by activated B cells (plasma cells) and are 

responsible for specific recognition and elimination of antigens. Cell mediated 

immunity is mediated by T cells, where binding of surface receptors to specific epitopes 

of macromolecules results in either direct elimination of cells expressing such 

molecules, or recruitment of other cell types.

There are five cardinal features of specific immune responses. These include 

specificity for distinct antigens, diversity of antigen recognition (mammalian systems 

can discriminate for at least 10̂  distinct antigenic epitopes), memory for antigen 

exposure, self-limitation and the ability to be able to discriminate between self and 

foreign antigens (1).

The principle aim of this thesis was to focus on resolution of the immune 

response, and the maintenance and re-activation of memory T cells.
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1.1.1 T lymphocytes

T cells along with B cells are important in mediating specific immunity. T cells 

originate in the bone marrow and migrate from there to the thymus where their 

maturation process takes place.

T lymphocytes can be divided into two subsets based on the expression of CD4 

and CDS co-receptors. CDS binds to MHC class I molecules whereas CD4 binds to  

MHC class II. CDS+ T cells (cytotoxic T lymphocytes; CTL) recognise antigen in the 

context of MHC class I molecules. MHC class I molecules are present on all nucleated 

cells and in general bind peptides derived from cytosolic proteins such as viral peptides 

(2). The principle effector function of CDS+ T cells is to lyse the cell that displays the 

specific MHC class I/peptide complex. CD4+ T cells (helper T cells) recognise antigen 

in the context of MHC class II. MHC class II molecules present peptides derived from 

the endocytic pathway, for example phagocytosed bacteria (2). The expression of MHC 

class II molecules is generally restricted to professional antigen-presenting cells (APC) 

such as macrophages and dendritic cells. However, interferon (IFN)-y can induce MHC- 

class II surface expression on endothelial cells which are considered to be non

professional APC (3). CD4+ T cells can differentiate into Thl and Th2 cells, which 

differ in their cytokine-secreting patterns and effector functions. Thl cells tend to 

produce interleukin (IL)-2 and IFN-y and are involved in the induction of cell-mediated 

inflammatory reactions, while Th2 cells produce IL-4, IL-5, IL-6, IL-13 and are 

involved in induction of the humoral response (4,5). In conclusion, the primary function 

of CD4+ T cells is to provide ‘help’ to APC, CTL and activated B cells, whereas CD8+ 

T cells kill infected target cells.

1.1.2 Antigen-presenting cells

APC express either constitutively or inducibly very high amounts of MHC class 

I/II as well as sufficient amounts of co-stimulatory and adhesion molecules. Principle 

APCs include dendritic cells, macrophages and B cells. Dendritic cells are the most 

potent APCs and in some studies have been shown to be approximately 1000 times 

more efficient at antigen presentation than other APCs (6,7).
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Activated human (8) and rat (9,10) T cells express MHC class II molecules as 

well as high levels of B7 co-stimulatory molecules (11). It has been suggested that T 

cells can present antigen to other T cells and could be involved in amplification of the 

immune response (12-15). More recent reports however have shown that antigen- 

presentation by T cells (T:T presentation) leads to a state of unresponsiveness (anergy) 

rather than augmentation of the immune response (16-21).

Finally, whether a T cell encounters antigen presented by dendritic cell, 

macrophage, B cell or T cell depends on the amount, localisation and source of antigen 

as well as on the activation state of the T cells (22-25). It must also be pointed out that, 

as with T cells, dendritic cells, macrophages and B cells are involved not only with 

initiation of the immune response but can also be involved with tolerance induction (26- 

31).

1.1.3 T cell-APC interaction

T cell activation requires sustained T cell receptor (TCR) interaction with MHC- 

peptide complexes in the immunological synapse between the T cell and APC (Fig. 

1.1.) (32). The mature immunological synapse has been defined by the ‘bull’s eye’ 

arrangement of supramolecular activation clusters (SMACs) that form within a few 

minutes of T cell-APC context. The centre of the ‘bull’s eye’ or cSMAC is enriched for 

TCR and MHC-peptide complexes. The ring of the ‘bull’s eye or pSMAC contains an 

array of co-stimulatory and adhesion molecules (32). Bretscher et al and Lafferty et al 

originally described the ‘two-signal’ model of activation where both groups showed that 

TCR-MHC/peptide complex interaction was not sufficient to activate T cells. In order to 

breach the T cell activation threshold it is necessary for co-stimulatory molecules and 

adhesion molecules on both the T cell and APC to interact (33,34).

Well-described co-stimulatory molecules include B7.1 (CD86) and B7.2 (CD80) 

on the APC and their ligands CD28 and Cytotoxic T lymphocyte-associated antigen 4 

(CTLA-4) on the T cell (32,35-38). B7.2 -  CD28 interaction results in stabilisation of 

IL-2 mRNA and permits the cell to progress from Gq/G i phase of the cell cycle through 

to S-phase (36,39).
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CTLA-4 is a negative regulator of co-stimulation and is present on activated T 

cells and is the natural ligand for B7.1 on the APC (37). CTLA-4 -  B7.1 interaction 

results in termination of IL-2 production and proliferation in activated T cells (37). 

CTLA-4 is only transiently expressed on activated T cells and serves to down-regulate 

the immune response. Other co-stimulatory molecules include members of the tumour 

necrosis factor receptor (TNFR)/tumour necrosis factor (TNF) superfamilies (Fig. 1.1.) 

(40). These receptor/ligand pairs are involved in the regulation of cell-mediated 

activation and/or apoptosis. Other molecules involved with co-stimulation are illustrated 

in Figure 1.1.
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cSMAC

MHC
Peptide

TCR

Adhesion molecul

TCR-MHC

costimulatoiy
molecules

CD4+
TceU pSMAC

T e e  1

APC

Figure 1.1. T cell-APC interaction. (A) Signal 1 involves interaction between the 
TCR and MHC-peptide complex on the APC. In the case of CD4+ T cells the CD4 co
receptor serves to stabilise the TCR-MHC complex (CDS acts in the same manner in 
CD8+ T cells). (B) After signal 1 the immunological synapse between the T cell and 
APC is formed. (C) Signal 2 involves interaction between co-stimulatory and adhesion 
molecules on T cells and APCs.



_____________________________________________________ ________ Chapter 1

1.2 Regulation of immune responses

During the course of an immune response to antigen T lymphocytes are 

recruited and activated. Initially there is a dramatic increase in T cell numbers as clonal 

expansion combats the potential threat to the host. However, the lymphocyte 

compartment has a limited size, and for this reason activated T cells must be cleared 

from the microenvironment (41,42). Resolution of the immune response leads to a 

reduction in T cell numbers by homeostatic mechanisms (43). There are two processes 

that are involved in regulating homeostasis, namely apoptosis and tolerance induction in 

activated T cells (43-46). There are two main ways by which apoptosis can be induced 

in activated T cells. The first type of apoptosis is cytokine-deprivation-induced death 

(CDD), which occurs when activated T cells cannot gain access to key cytokines that 

are necessary for their survival. The second type of apoptosis is AICD, which is 

mediated primarily by ligation of cell surface CD95 on activated T cells (47-49). CD95- 

induced apoptosis may occur at any point during an immune response (49) whereas 

death as a result of cytokine-deprivation occurs generally towards the end (48). 

Homeostasis and regulation of immune responses can also be achieved by inducing 

tolerance in activated T cells. Tolerance in activated T cells is accomplished by 

inducing ignorance (in the aqueous humour of the eye and in the testes, where immune 

responses are prevented by various soluble factors) (50) and by inducing anergy 

(unresponsiveness) (51).

1.2.1 Apoptosis

Apoptosis is a form of programmed cell death, which is distinct from necrosis in 

that it is a coordinated and orderly process. Apoptosis results in controlled cellular 

damage, which includes deoxyribonucleic acid (DNA) fragmentation, mitochondrial 

membrane depolarisation, and increased proteolytic enzyme activity. It is completed by 

cell shrinkage and plasma membrane blebbing, which results in membrane-bound 

bodies that are rapidly phagocytosed, thereby preventing leakage of any dangerous 

intracellular contents (49). Apoptosis is an essential process and lack of apoptotic 

clearance can lead to neoplasia and a variety of autoimmune diseases, whereas 

unscheduled programmed cell death can contribute to the development of certain 

diseases such as Alzheimer’s and Parkinson’s diseases (52-55).
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Factors that induce apoptosis are widespread, reflecting it’s varied cellular roles, 

Apoptotic cell death may be induced by agents which cause DNA damage, such as 

ionising radiation and chemotherapy (56) and other inducers of apoptosis include 

hormones, mediators of CTL killing, perforin and granzyme and binding of specific 

death receptors including CD95, and TNFRl (49). These mechanisms act to eliminate 

the damaged or infected cells and prevent uncontrolled cell proliferation or growth.

The biochemical and ultrastructural features of apoptosis are highly conserved 

throughout the evolution of multicellular organisms (57). Apoptosis has been linked to 

Caenorhabditis elegans death gene {CED)9, CED4 and CED3 in C. elegans and their 

structural equivalents bcl-2, Apafl and caspase-9 genes in vertebrates respectively (58- 

60).

The biochemical events that occur during apoptosis, are carried out by a family 

of molecules cailed caspases ( cysteine-dependent aspartate specific proteases), which 

are homologous with interleukin converting enzyme (ICE) and CED-3 (Figure 1.2.) 

(61). At present 11 human caspases have been identified, all of which are initially 

expressed as pro-enzymes and subsequently converted into their active forms by 

proteolytic processing (61,62).

The primary roles of caspases in apoptosis include inactivation of proteins that 

protect living cells from apoptosis (63), direct disassembly of cell structures, for 

example the destruction of nuclear lamin (62,64), the cleavage of proteins involved in 

cytoskeletal regulation, including focal adhesion kinase (FAK) (65), and the 

inactivation of proteins involved in DNA repair, messenger ribonucleic acid (mRNA) 

splicing and DNA replication (66). The functions of individual caspases have been 

determined using gene knockout (KO) mice. Caspase-1 KO mice lose their ability to 

activate cytokines during septic shock (67), and caspases 3, 8 and 9 KO mice show 

severe developmental defects such as impaired heart development (68), or lack of cell 

death in neural cell precursors (69,70).

The caspase cascade may be activated by several initiator caspases, which are 

activated by different signals (Figure 1.3.) (62). Apoptosis caused by specific death 

receptors is mediated through caspase-9 (71). The activation of initiator caspases 

enables the activation of effector caspases and subsequently results in cell death. 

Caspases are regulated by caspase inhibitors, which block apoptosis. Caspase inhibitors
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include inhibitor of apoptosis (lAP) family of proteins (62,72-74) the poxvirus protein 

CrmA (75), and the baculovirus protein p35 (76).

As already described, mammals have evolved a mechanism that allows for 

directed apoptosis of individual cells, which is mediated through specific death 

receptors, including CD95 and TNFRl (49,77). These cell surface receptors allow the 

transmission of signals subsequently committing the cell to death. A large proportion of 

the death receptors have structures relating to the TNFR family, which share similar 

cysteine rich extracellular domains (49).

The ligand for CD95 is a homotrimeric molecule, which binds to three CD95 

molecules, thereby bringing the death domains (DD) of each individual receptor into 

close proximity (Figure 1.4.). An adaptor protein called Fas-associated death domain 

(FADD) is recruited upon CD95 activation and binds to the CD95 death domains using 

its own DD (78). FADD also contains a death effector domain (DED), which allows it 

to interact with caspase-8 (61). Caspase-8 is recruited as a zymogen (procaspase-8) and 

incorporated into the death-signalling complex, leading to self-processing and its 

activation. This results in a cascade of proteolytic events, including the activation o f  

caspase-3, which results in the inactivation of LAP, the disassembly of cell structures 

and the dysregulation of protein activity (49).
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Figure 1.2. Mechanism of pro-caspase activation. (A) Caspase proenzymes contain an 
amino terminal prodomain and the p20 and plO domains, which have aspartate cleavage 
sites. (B) Active upstream caspases cleave the prodomain and p20 and plO subunits at 
their aspartate cleavage sites to form two p20-pl0 heterodimers. (C) Each active 
caspase tetramer contains two active sites.
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The Bcl-2 family of proteins are also important regulators of cell death, and are 

comprised o f  both pro-apoptotic and anti-apoptotic members (Figure 1.3.). There are 

presently sixteen known members of the Bcl-2 family, of which six protect cells from 

apoptosis and ten promote cell death. All members o f  the Bcl-2 family share one or 

more conserved motifs, known as Bcl-2 homology domains (BHl to BH4). The first 

member of this family to be discovered was Bcl-2 (79). The bcl-2 gene is translocated 

in human follicular lymphoma (80). Elevated Bcl-2 expression results in the survival of 

cytokine-dependent haematopoietic cells that occurs due to the absence of growth 

factors and cytokines (81). The proteins of the Bcl-2 family act as dimers, and pro- and 

anti-apoptotic members can dimerise with each other to form homo- and heterodimers 

(8 2 ).

Bcl-2 family members such as Bcl-2 and B c 1 -x l are inserted in the outer 

mitochondrial membrane and appear to maintain mitochondrial integrity b y allowing 

the export of cations from the inner mitochondrial space (Figure 1.4.) (83). A growing 

family of Bcl-2 homologues that contain only the Bcl-2-homology domain 3 (BH3) 

region serve to counteract the action of Bcl-2 and B c 1 -x l (Figure 1.3 .). Members of the 

BH3-only family of proteins include Bid, Bad, Bak, Bax, Bim and noxa. These 

molecules are sequestered in the cytoplasm and once activated they can complex with 

Bcl-2 or B c 1 -x l and inhibit their function (84-86). Bax has been described as a 

cytochrome c transporter thereby promoting apoptosis whereas Bcl-2 and B c1 -x l inhibit 

the release of this molecule from the mitochondria (82).

Disruption of the outer mitochondrial membrane results in leakage of 

cytochrome c and the pro-apoptotic molecule, direct (lAP) binding protein with low pi 

(DIABLO) (Figure 1.4.). Cytochrome c can complex with apoptotic protease activating 

factor-1 (Apaf-1) and recruit caspase-9, forming the apoptosome (59,87). In the 

presence of dATP this results in a conformational change in caspase-9 to render it 

active. Another molecule that is released from mitochondria under duress is DIABLO. 

DIABLO inactivates lAPs and is also involved the recruitment of downstream caspases 

(8 8 ,8 9 ) .
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Figure 1.3. Members of the Bcl-2 family. Three groups have been identified. Group 1 
contains anti-apoptotic proteins such as Bcl-2 and B c 1 -x l that are characterised by 4  
short conserved BH domains, as well as a carboxy-terminal hydrophobic 
transmembrane tail domain, which localises the proteins to the outer mitochondrial 
membrane and endoplasmic reticulum. Group II members manifest pro-apoptotic 
activity. This group includes Bax and Bak and resembles group I except for the lack of 
the BH4 amino terminal domain. Group III contains a large group of pro-apoptotic 
molecules such as Bid and Bik that contain only the BH3 domain.
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Figure 1.4. Initiation of the apoptotic cascade by CD95/CD95L ligation. CD95 ligation 
results in activation of the pro-enzyme caspase-8, which results in a chain reaction that 
can lead to both caspase and mitochondrial-induced apoptosis. Negative regulators of 
apoptosis such as FLICE-like inhibitory protein (FLIP), Bcl-2, B c 1 -x l and various lAPs 
serve to inhibit these cascades.
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1.2.1.1 Apoptosis and the immune system

As previously mentioned, AICD, primarily mediated by surface CD95 ligation 

and CDD are involved in the resolution phase of immune responses. During the 

activation of mature T cells, transient expression of either CD95 ligand or TNF-a can 

result in apoptosis via the engagement of the relevant receptor on the same cell or 

adjacent cells (Figure 1.5.) (90,91). Despite the fact that CD95/CD95L interaction has 

been demonstrated as the primary death-inducing action in AICD, reports using Ipr 

mice, which are deficient in CD95, have shown that other molecules may also be 

involved in this type of apoptosis. Although Ipr mice do manifest delayed kinetics of T 

cell apoptosis following the in vivo administration of either superantigens or specific 

peptide nevertheless activated T cells are eventually deleted by AICD (92,93). Reactive 

oxygen species and perforin/granzyme-B have also been implicated in AICD (94).

A recent report has proposed that CD95 can also induce AICD in a caspase- 

independent manner and that this alternative route is mediated by the CD95 associated 

kinase, RIP (95). This study showed that caspase-8-deficient Jurkat T cells were killed 

by CD95 ligation and this was still not suppressed by the pan-caspase blocker zVAD. 

Jurkat T cells lacking RIP were completely protected from CD95-induced death by 

zVAD suggesting that the caspase-independent route of CD95 mediated death involved 

RIP (95).

It has also been suggested that the T cell growth factor IL-2, may have a crucial 

role to play in the progression of AICD (Figure 1.5.). Once activated, T cells are 

stimulated to divide and secrete IL-2. This abundance of IL-2 in the microenvironment 

results in activated T cells becoming sensitive to CD95-induced apoptosis. IL-2 secreted 

by activated T cells binds to its receptor (IL-2R(3) on the T cell surface and 

subsequently activates the signal transducer and activator of transcription (STAT) 5. 

Phosphorylation of STAT5 leads to the down regulation of the CD95 inhibitor, FLIP, 

and the up regulation of CD95L (96,97). IL-2 is therefore paradoxically required for 

CD95-induced apoptosis. Antigen stimulation of T cells in IL-2-deficient mice results in 

diminished CD95-induced cell death and the accumulation of T cells bearing a memory 

phenotype (98,99). CD95-induced death can occur throughout the immune response and 

culminates in the death of the majority of activated T cells leading to resolution of the 

immune response (49).

13
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CDD results from local depletion of vital cytokines and growth factors. CDD 

unlike CD95-induced death in T cells does not appear to be dependent on proximal 

caspases but rather on those more downstream (Figure 1.6.) (49). Mice lacking CD95 or 

FADD have been shown to display a certain degree of resistance to CD95-induced 

death but exhibit no reduction of death following cytokine deprivation (49). Transgenic 

mice that over express Bcl-2 or mice lacking Bim, Bak or Bax expression are 

susceptible to  AICD but not CDD (49). D espite the fact that this body o f  evidence 

points to the mitochondrion as the sole culprit in CDD, T cells bearing null mutations in 

either Apaf-1 or caspase-9 are not protected from cytokine deprivation death (49).

Apoptosis plays a vital role in culling the majority of activated T cells both 

during and upon resolution of an immune response. However, factors must exist which 

are capable of promoting the survival of a proportion of activated T cells from death in 

order to maintain a viable T cell memory pool.

14
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Figure 1.5. CD95-induced apoptosis in activated T cells. (A) A T cell becomes
activated when the TCR recognises specific peptide in the context of either MHC class I 
or II. TCR ligation results in up regulation of CD95 (B), which, once ligated by CD95L 
on another T cell leads to activation of caspases and ultimately apoptosis. Activation 
also leads to IL-2 production (C), which can act in both an autocrine and paracrine 
manner. Binding of IL-2 to its receptor results in phosphorylation of STATS (D) and 
subsequent down regulation of the CD95 inhibitor FLIP (E) and up regulation of 
CD95L (F). CD95 ligation by CD95 on an adjacent activated T cell results in apoptosis 
of that cell (G).
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Figure 1.6. Induction of apoptosis in activated T cells as a result of cytokine- 
withdrawal. Cytokine deprivation leads to activation of pro-apoptotic molecules such as 
Bid, which inhibit the protective action of both Bcl-2 and B c 1 -x l. The subsequent de
polarisation of the mitochondrial membrane results in release of both cytochrome c, 
which forms the apoptosome with Apaf-l and caspase-9 and DIABLO, which inhibits 
lAP. Cytokines that signal through the common y chain of the lL-2 receptor, such as 1L- 
2, can prevent CDD (red sun symbol). Type 1 IFN can also inhibit CDD by inducing the 
up regulation of B c I -x l  (red lightning symbol).
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1.2.1.2 Factors that inhibit apoptosis

In order to maintain a viable T cell memory p o o lit is vital that a portion of 

activated T cells escape apoptosis upon resolution of an immune response. Various co

stimulatory signals have been shown to prevent AICD in  T cells, in  particular those 

resulting from CD28/B7.2 ligation (100). Interaction between CD28 on activated T cells 

and B7.2 on antigen presenting cells enhances cytokine production (100), up-regulates 

B c 1 -x l (101) and FLIP (102) and down-regulates CD95L (103). Addition of cytokines 

that can signal through the common y-chain of the IL-2 receptor, the yc cytokines, (IL-2, 

IL-4, IL-7 and IL-9) (104,105) and type I IFN (106) have been shown to inhibit CDD in 

T cells. Furthermore type I IFN has also been shown to prevent AICD in murine T cells 

in vitro (107), however, no cytokines to date have been shown to be capable of 

preventing AICD in human T lymphocytes.

There are two major groups of soluble factors that can promote the survival of T 

cells from apoptosis namely yc cytokines and type I IFN. Inhibition of cell death by yc 

cytokines results in the proliferation of activated T cells, which in turn leaves these cells 

more susceptible to replicative senescence. Normal human adult somatic cells enter an 

irreversible state of growth known as replicative senescence after multiple rounds o f  

proliferation (108) (109). Each mitotic division leads to progressive erosion of telomeric 

repeats in DNA and once telomeres reach a critical length the result is senescence (110). 

On the other hand, rescue of activated T cells by type I IFN results in a stable quiescent 

population of memory T cells, which are less likely to be susceptible to replicative 

senescence.

Based on these facts the most advantageous way of promoting the survival and 

maintenance o f  a stable memory T cell pool is by using members o f  the type I IFN 

family namely IFN-a and IFN-p. As mentioned previously, it has already been 

demonstrated that type I IFN can promote the survival of both CD4+ and CD8+ murine 

T cells from AICD induced by injection of a high dose of superantigen (1 0 7 ). Type I 

IFN can also prevent CDD in human T cell clones (1 0 5 ). In the latter study it was 

shown that type I IFN-mediated rescue of T cells from CDD did not induce proliferation 

in surviving T cells whereas IL-2 did (1 0 5 ). Furthermore it has been demonstrated in 

another study that fibroblasts can inhibit CDD in human T cells without inducing 

proliferation, resulting in an up regulation of B c1 -x l (1 1 1 ). A report by Pilling et al
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confirmed this, and demonstrated that the predominant active anti-apoptotic agent 

secreted by fibroblasts was in fact IFN-P (106). Since memory CD4+ T cells have been 

shown to have elevated levels of B c1 -x l this indicates that type I IFN is potentially 

involved in promoting the survival of such cells in vivo (106,111,112). Several reports 

have demonstrated that type I IFN is capable of exerting an anti-proliferative effect on T 

lymphocytes and other cell types (39,113-116). The ability of type I IFN to rescue T 

cells from apoptosis and inhibit cell cycle progression, thereby inducing quiescence, 

provides a means of both promoting the survival and maintenance of a stable memory T 

cell pool.

Another cytokine, which may be involved in  both the rescue o f  T cells from 

apoptosis and the induction of quiescence in activated T cells, is transforming growth 

factor (TGF-p). Several reports have shown that TGF-P is capable of inhibiting AICD 

in human T cells by a variety of mechanisms including mediating the up regulation of 

B c 1 -x l (1 1 7 -1 2 0 ) . Furthermore, TGF-P has been shown to inhibit cell cycle progression 

in T cells and to induce quiescence by association with an intracellular molecule called 

Tob (1 2 1 -1 2 5 ).

It must be stressed however, that it has not been demonstrated whether yc 

cytokines, type I IFN and TGF-P can prevent CD95-mediated AICD in activated human 

T cells. Since yc cytokines, type I IFN and TGF-p act by either promoting or inhibiting 

cell cycle progression, it is necessary to briefly describe the mammalian cell cycle 

before examining in more detail the mechanism of action of these survival factors.
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1.3 The mammalian cell cycle

Following mitogenic signals, quiescent cells progress through the four phases of 

the cell cycle: Gq/G i, the first gap phase, S-phase, DNA-synthesis, Gi, the second gap 

phase and mitosis (Fig. 1.7.). Control of this cell cycle progression is mediated by a 

large number of molecules that either positively or negatively regulate cell division. 

Positive regulators include cyclins and cyclin-dependent kinases (cdk), while negative 

regulators include such molecules as cdk inhibitors (CKI) (126-130).

Mitosis Go (quiescence)

Early GiLate Gi

The mammalian cell cycle Restriction pointRestriction point

Late GiEarly G%

S-Phase

Figure 1.7. The mammalian cell cycle. Mitogenic stimuli initiate intracellular signalling 
which allows progression from Go to early Gi. Once the first restriction point has been 
passed, synthesis of the machineiy required for DNA replication is initiated. Passage 
through the second restriction point results in mitosis and ultimately cell division. Once 
the cell has divided, it will return to a quiescent state in the absence of subsequent 
mitogenic stimulus.
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Cyclins D (D1-D3) act in mid G] phase followed by cyclin E, which is involved 

in late Gi and entry into S-phase, whereas cyclins A and B act during S and G% phases 

of the cell cycle. Since type I IFN (113,114) and TGF-pi (131,132) have been shown to 

exert their effects during GI phase, this section will focus primarily on cyclins D and E 

(Fig. 1.8.). Cdks require association with cyclins as well as phosphorylation for activity. 

Cdk4 and cdk6 are associated with cyclin D whereas cdk2 is associated with cyclin E. 

The activity of cdk-cyclin complexes is inhibited by CKIs, which constrain entry into S- 

phase. On the basis of their cdk targets two types of CKIs have been defined. P I5, 16, 

p is  and p i9 are defined as INK4 (inhibitors of cdk4) and associate solely with cdk4 and 

cdk6. The other group of inhibitors include p21, p27 and p57 (Cip/Kip family), which 

interfere by binding to both cyclin and cdk subunits. p21 and p27 prevent binding of 

cyclin D and cyclin E respectively to their associated cdks (Fig. 1.8.) (126-130).

Gi to S-phase transition requires cyclin D-cdk4/6 complexes, which serve to 

phosphorylate the retinoblastoma protein (pRb), permitting entry into late Gi phase. 

Reduction in p27 leads to the association of cyclin E with cdk2 and further 

phosphorylation of pRb. Phosphorylation inactivates pRb permitting the release of the 

transcription factor E2F that is involved in transcribing genes required for progression 

in to S-phase (Fig. 1.8.) (126-130).

Balomenos et al produced a comprehensive list of the role of the cell cycle 

regulators already described in immune cell function (126). It is clear that control of 

these regulators is an essential part of many immune responses (Table 1.1.).

Now that the mammalian cell cycle has been described in part, it is necessary to 

discuss factors that can not only influence proliferation of T cells but also promote their 

survival from apoptosis. These factors include yc cytokines, type I IFN and TGF-p.
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Figure 1.8. Cell cycle regulators involved in G q /G i to S-phase transition. Binding of 
cdk4/6 to cyclin D displaces p21, pl5 and p i6 which allows the cyclin/cdk complex to 
phosphorylate pRb. Passage through the first restriction point leads to binding of cdk2 
to cyclin E and displacement of the inhibitory molecule p27. Cyclin E/cdk2 further 
phosphorylates pRb that subsequently releases the transcription factor E2F. E2F enters 
the nucleus where it initiates transcription of genes required for S-phase to Gi/mitosis 
progression.

2 1



Chapter 1

Table 1.1. The role of cell cycle regulators in immune cell function (list compiled by 
Balomenos et al) (126).

Molecule Cell

type

Effect/function

Cyclin D1 T Unlike D2/D3 cyclins, cyclin D1 is not up-regulated 

following primary T cell stimulation.

Cyclin D3 B Cyclin D3, but not D l, compensates cyclin D2 

deficiency following antigen receptor stimulation.

Cyclin A/cdk2 T,B Inhibition of Rag-2 accumulation and V(D)J 

recombination.

Cdk2/4/6 T Anti-CD3 activation of quiescent cells results in cdk up 

regulation.

pl5/16 T Accumulate in senescent cells.

pl8 T,B pi 8'̂ ' mice develop lymphoproliferative disorders

p27 T STAT6 controls IL-4-dependent proliferation by p27 

regulation.

p27 T CD28 co-stimulation leads to down regulation.

p27 T Elevated in anergic cells.

p21/27 T Decreased by IL-2.

p21/27 T Ageing-related unresponsiveness associated with 

elevated levels.

p21 B CD40 ligation increases expression.

p21 M(() Mediates IFN-y-dependent cell cycle arrest.

p21 T Deletion results in T cell hyper-proliferation, 

accumulation of m emory T cells, loss o f  tolerance a nd 

systemic lupus erythematosus
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1.4 Signalling mediated by yc cytokines

It has already been stated that cytokines that signal via the common y receptor of 

the IL-2 receptor (yc cytokines) are capable of promoting the survival of T cells from 

CDD, These cytokines, which include IL-2, IL-4, IL-7, IL-9 and IL-15 all activate 

specific members of the STAT family (Fig. 1.9.). STATs are latent cytoplasmic 

transcription factors that become activated once a specific tyrosine residue is 

phosphorylated. This phosphorylation leads to dimérisation of STAT molecules. STAT 

dimers migrate to the nucleus to regulate the transcription of many different genes

(1 3 3 ).

The IL-2 receptor is composed of 3 chains: the a  chain (IL-2Ra or CD25), p 

chain (IL-2RP or CD 122) and the y chain (IL-2Ry). IL-2Ry does not possess intrinsic 

tyrosine kinase activity and therefore cannot activate latent STAT molecules by itself. 

For this reason IL-2Ry is non-covalently linked to a member of the Janus kinase family 

that becomes activated upon cytokine signalling and is able to activate STAT molecules

(134). Binding of a yc cytokine to its receptor results in dimérisation of receptor chains 

bringing together two Janus activated kinases (JAK) that are activated by 

transphosphorylation. Once activated, JAK kinases can activate STAT molecules by 

phosphorylating tyrosine residues (134). JAKl phosphorylates STATl, 3 and 5 while 

JAK3 is capable of phosphorylating STAT3 and 5. STATS has been associated with IL- 

2 mediated signalling (135) and has been found to be involved in the induction of genes 

required for cell proliferation and survival.

Phosphorylation of the IL-2Rp results in the activation of two different 

intracellular pathways. Firstly, ligation of the IL-2Rp results in activation of the 

mitogen activated protein kinase (MAPK) pathway. Once activated, MAPK 

phosphorylates cdk2 allowing it to associate with cyclin E. Cyclin E/cdk2 complex 

phosphorylates pRb thereby releasing the transcription factor E2F, initiating Gi to S- 

phase transition. Activation of the MAPK pathway is also shown to be linked with up 

regulation of Bcl-2 and B c1-x l. Secondly, phosphorylation of IL-2RP has been shown to 

lead to the recruitment of phosphatidylinositol 3-kinase (PI3K). Activation of the PI3K 

pathway has been shown to result in the inhibition of apoptosis by regulating members 

of the Bcl-2 family (97).
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In summary, yc cytokines promote T cell survival by inducing cell cycle 

progression through initiation of the JAK/STAT pathway, and also by activating both 

the MAPK and P13K pathways leading to up regulation of anti-apoptotic members of 

the Bcl-2 family.

yc Cytokine
lL-2Ry

JAK JAK

STAT molecule

Dimérisation

Activation of transcription
Figure 1.9. ST AT/JAK signalling initiated by yc cytokine binding to IL-2Ry.
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1.5 Type I IFN

IFN was initially discovered as a substance able to induce an antiviral state in 

cells (136). IFNs are divided into two categories, type I IFN and type II IFN that share a 

large degree of homology and have overlapping functions (137,138). The type I IFN 

family is comprised of IFN-a, IFN-P, IFN-®, IFN-t (139) and the more recently 

described Limitin (140).

Type I IFN are capable of mediating antiviral (141), anti-proliferative (114), 

immunomodulatory (142-144) and anti-apoptotic effects (106,145) on lymphocytes and 

other cell types.

In humans, at 1 east 14 n onallelic genes e ncode structurally d ifferent forms of 

IFN-a (137,146,147) whereas only one gene encodes for IFN-p (146). All human type I 

IFN genes are clustered on the short arm of chromosome 9 (148). IFN-a and IFN-P 

proteins are 15-21kDa and 22kDa in size respectively (139). IFN-a and IFN-ro are 

produced by leucocytes and primary dendritic cells (79,149,150) while IFN-p is 

produced by fibroblasts and other stromal cells (139). In conjunction with those cell 

types already mentioned, specialised leucocytes termed natural IFN-producing cells 

(IPC) have also been described (i.e. plasmacytoid cells / type 2 dendritic cells [DC2]) 

(151). IPCs express CD4 and MHC class II but lack haematopoietic-lineage markers 

(79). It has recently been demonstrated that an average of 180 units/ml of type I IFN 

was produced by peripheral blood mononuclear cells (PBMC) stimulated by herpes 

simplex virus (HSV), whereas the amount produced by purified precursor DC2 was in 

the order of 20,000 to 638,000 units/ml (79).

1.5.1 IFN signal transduction
There is one receptor for all type I IFN and another for IFN-y. The type I IFN 

receptor is composed of two subunits, IFN receptor (IFNAR) 1 and IFNAR2 that 

possess extracellular, transmembrane and cytoplasmic domains. IFNAR 1 and IFNAR2 

associate in the cell membrane when either unit binds type I IFN (146). Interaction 

between two protein tyrosine kinases, Tyk2 on IFNRAl and JAKl on IFNRA2, results 

in a chain reaction leading to the phosphorylation of STATS (Fig. 1.10.). STATl and 2 

are bound to the cytoplasmic tail of IFNAR2 (152) and may form homodimer
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(STATl:STATl) or heterodimer (STATl:STAT2) complexes once phosphorylated 

(153). These activated STAT complexes form what is termed the ISGF3 complex by 

binding to an intracellular protein p48 (146). The ISGF3 complex migrates to the 

nucleus where it binds to a DNA element present in the promoter of all IFN-inducible 

genes (146). This chain of events is termed the classical pathway. Limitin, a recently 

described molecule with a degree of homology to type I IFN (32% to IFN-a and 26% to 

IFN-p), has also been shown to activate the classical pathway by tyrosine 

phosphorylation of JAKl, Tyk2, STATl and STATS but not JAK2, JAK3 or STAT3 

(139).

Alternative pathways have also been demonstrated (Fig. 1.10.). IFN-p has been 

shown to be involved with components of the MAP kinase pathway by inducing the 

phosphorylation o f  ERK2 ( 154). Furthermore, IFN-a has been shown to activate the 

TCR-associated proteins CD45 and Ick, by inducing their phosphorylation (131).
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Figure 1.10. Type I IFN-mediated signal transduction. Apart from the established 
classical pathway, alternative pathways of type I IFN-mediated signalling have been 
described. Both IFN -a /p  can activate insulin receptor substrate (1RS) 1 and 2, whereas 
IFN-a has been shown to activate by phosphorylation of TCR-associated molecules 
such as CD45, lyk and Zap70. Furthermore IFN-P has been shown to be involved with 
components of the MAP kinase pathway by inducing the phosphorylation of ERK2.
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1.5.2 Properties of type I IFN

1.5.2.1 Antiviral properties

Mice null for IFNAR are susceptible to certain kinds o f  viral infection when 

compared to wild-type mice (155), suggesting that type I IFN have a crucial role to play 

in antiviral immunity. This antiviral activity is mediated by IFN-a/(3 receptors and 

requires induction of 1 -5-oligoadenylate synthetase kinase as well as MxA. These two 

molecules inhibit viral replication and degrade viral components (139).

1.5.2.2 Anti-proliferative effects

Both IFN-a and IFN-p are capable of inhibiting the proliferation of many 

normal and transformed cells. Various reports in the literature suggest that type I IFN 

has either a positive or negative effect on several cell-cycle regulators. Evidence in the 

literature has shown that IFN-a can inhibit the proliferation of haematopoietic cell lines 

in early Gi phase of the cell cycle by negatively regulating cdks (113,114). IFN-a has 

also been shown to be involved in p53-independent up-regulation of p21 mRNA. Once 

transcribed, p21 binds to cdk4 thereby inhibiting cell progression (113). Furthermore, 

IFN-a induces the production of p i5, which binds to and negatively regulates the cell 

cycle promoter cdk4 (113). Subsequent reports have suggested that IFN-a can inhibit 

human T cell proliferation by preventing the up-regulation of cyclins, cdks and by 

increasing intracellular levels of the negative cell cycle regulator p27 (39,115).

1.5.2.3 Anti-apoptotic effects of type I IFN

Fibroblasts and fibroblast-conditioned media (FCM) can prevent CDD in human 

T cells (106). It was shown that the active anti-apoptotic agent in FCM was IFN-p since 

neutralising antibodies to IFN-P, abrogated the rescue capability of FCM. In the same 

study, supershift assays determined that addition of FCM resulted in the activation of 

STATl in human T cells thereby indicating that a type I IFN-like molecule was present 

in the fibroblast-conditioned media. This and previous reports have also shown that 

fibroblasts and IFN-p can up-regulate the anti-apoptotic molecule B c 1- x l  (43,106). A 

subsequent report showed that IFN-p partially m ediates its anti-apoptotic a ctivity by 

preventing the translocation of membrane-bound protein kinase C-5 (PKC-5) to the
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nucleus (145). Caspase-3 can activate PKC-5 resulting in migration to the nucleus 

where it serves to cleave nuclear lamins leading to nuclear breakdown (145). Another 

report has shown that type I IFN can prevent AICD in mice (107). It is unclear however, 

whether type I IFN is capable of rescuing T cells from CD95-induced death in humans.

A negative consequence of the anti-apoptotic activity of type IFN has been 

shown to occur in rheumatoid arthritis, where an over-production of IFN-(3 by 

fibroblasts in the synovium of patients suffering from the disease may lead to prolonged 

survival of activated T lymphocytes (156). This inappropriate survival and retention of 

lymphocytes has been suggested as one of the reasons for the chronic inflammation in 

rheumatoid joints. Despite this, type I IFN may be an important molecule involved in 

maintaining the survival of activated T cells upon the resolution of immune responses. 

It is possible that type I IFN may be involved in rescuing T cells from CDD and CD95- 

induced apoptosis thereby serving to maintain the survival of memory T cell 

populations.

Finally, it has already been mentioned that cytokines which signal through the 

common y-chain of the IL-2 receptor can rescue T cells from apoptosis by increasing 

intracellular Bcl-2 and inducing proliferation (1 0 6 ). Memory T cells isolated from 

PBMC of healthy individuals are found in a quiescent state and show elevated levels of 

B c 1 -x l (4 3 ,1 0 6 ) . This phenotype of memory T cells may be a clue indicating that type I 

IFN is involved in inhibiting apoptosis and maintaining T cell memory.

1.5.2.4 Immunomodulatory effects of type I IFN

In addition to its roles in controlling proliferation and differentiation of T cells, 

type I IFN can also mediate the destruction of virally infected cells (Fig. 1.11.). This 

antiviral activity is achieved partly by enhancing the proliferation and activity of natural 

killer (NK) cells (157,158). Type I IFN augments cytolytic activity not only in NK cells 

but also in CD8+ CTLs by activating both perforin and granzyme intracellular pathways 

(159). It has also been demonstrated that transgenic mice lacking IFNAR have 

decreased numbers of CTL indicating that IFN-a/p may be essential for the 

maintenance of cytotoxic lymphocytes (160). Paradoxically IFN-a/p can also suppress 

antigen-specific responses in murine CD4+ and CD8+ T cells (146), and has also been 

shown to induce IL-15 production by macrophages, which serves to induce proliferation
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in T cells (142). CD4+ and CD8+ T lymphocyte-mediated responses are aided by the 

presence of type I IFN which has been shown to up regulate both MHC class I and II on 

many different cell types (161). The newly discovered type I IFN-like molecule Limitin 

which is produced by stromal cells shares a degree of homology w ith murine IFN-a 

(32%) and IFN-p (26%) (139). Limitin has similar immunomodulatory effects as type I 

IFN, with the exception that it does not have any influence on myeloid and erythroid 

progenitors in the bone marrow (139). Finally, it is clear that Type I IFN and limitin are 

a pleiotropic group of molecules that have the capacity to effect many components of 

the immune system.
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1.6 TGF-p

Several reports have demonstrated that TGF-P is capable of inhibiting AICD by 

up regulating of B c 1 -x l (1 1 7 -1 2 0 ) . Furthermore, TGF-p has been shown to inhibit cell 

cycle progression in T cells and induce quiescence by association with an intracellular 

molecule called Tob (1 2 1 -1 2 5 ). Based on these reports, TGF-P may be involved in 

rescuing activated human T cells from apoptosis, thereby contributing to the 

maintenance of the memory T cell pool. TGF-P might also serve to inhibit replicative 

senescence in memory T cells.

1.6.1 TGF-P signalling

TGF-P exists in at least 5 isoforms (TGF-P 1-5) that are not related to TGF-a. 

All isoforms are synthesised initially as long precursor molecules containing a signal 

sequence, which permits transport through intracellular organelles. Once the signal 

sequence is removed, the remaining molecule forms a disulphide-bonded dimer. 

Subsequent proteolytic cleavage yields a complex in which the mature TGF-p protein 

remains associated with the rest of the pre-cursor molecule held together by means of a 

binding protein. Acid activation releases TGF-p from its latent form to yield a 

biologically active molecule. Members of the TGF-p superfamily include: Inhibins, 

Activin A, Müllerian inhibiting substance (MIS) and bone morphogenetic protein 

(BMP) (1 6 2 ).

TGF-p receptors can be distinguished from other growth factor and cytokine 

receptors by their specificity for phosphorylation of serine or threonine rather than 

tyrosine residues. Receptor complexes are heterotetrameric, consisting of two type II 

receptors (7 5 -8 5  kDa) which bind ligand and two signal transducing type I receptors 

(5 0 -6 0  kDa) (Fig. 1 .12 .). Assembly of heterotetrameric complexes is initiated by ligand 

binding and stabilised by interactions between cytoplasmic domains of type II and type 

I receptors. Signals from all five isoforms of TGF-p appear to be mediated by a single 

type II receptor called TpR-II and one type I receptor called TpR-I. Two other surface 

binding proteins also participate in TGF-p receptor binding in certain cell types. 

Betaglycan binds all TGF-P isoforms but may have a selective role in facilitating
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interaction of TGF-pz with TpR-II (Figure 1.12.). Another molecule, which shares 

homology with betaglycan, is endoglin. Endoglin is expressed at the highest levels on 

endothelial cells and selectively binds TGF-pi and TGF-Ps (162).

Smad (Sma from drosophila and Mad from C. elegans related proteins) are 

evolutionary conserved p roteins identified a sm  ediators of transcription activation by 

TGF-p, activins and BMP. Of the five receptor-activated Smads, Smad 2 and Smad 3 

mediate signals from TGF-p and activin receptors whereas Smad 1, 5 and 8 mediate 

signals from BMP. The type I receptor serine-threonine kinase of the TGF-p receptor 

phosphorylates an appropriate Smad molecule which hetero-oligomerises with Smad 4. 

This heterodimer is subsequently translocated to the nucleus where it binds to 

transcriptional complexes. Nuclear complexes involve both direct binding of Smad 

proteins to DNA, binding of transcription factors and or co-activators such as p300 

(162).
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Figure 1.12. Intracellular signalling mediated by TGF-p. Active TGF-P binds to the 
ligand binding domain (TpRII) of the heterotetrameric TGF-P superfamily receptor. 
The signal transducing component of the TGF-p receptor (TpRI) phosphorylates either 
serine or threonine residues on a signal-transducing molecule Smad 2 (in the case of 
TGF-p). Once activated Smad 2 complexes with Smad 4 and migrates to the nucleus 
where they participate in transcriptional complexes. Nuclear complexes involve (A) 
direct binding of Smad2/Smad4 to DNA, (B) binding of transcription factors or (C) 
binding to co-activators such as p300.
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1.6.2 Properties of TGF-p

1.6.2.1 Anti-proliferative effects of TGF-p

Several studies have proposed that TGF-P has a direct effect on cell cycle 

progression (Fig, 1.13.). It has been shown that TGF-P can inhibit the phosphorylation 

of pRb thereby preventing cell cycle progression in T cells (132). Other studies have 

demonstrated that TGF-P can inhibit Gi to S-phase transition in B cells (131) and up 

regulate the negative regulator of cell cycle progression p27 in oligodendroglial cells

(124). TGF-P can also inhibit cdk4 synthesis (122) and induce expression of pl5, a 

protein which abrogates cell cycle progression (123). In addition it has been shown that 

TGF-p decreases c-Myc expression in T cell hybridomas thereby halting Gi to S-phase 

transition (118).

1.6.2.2 Anti-apoptotic effects of TGF-P

Thymic and peripheral T cell apoptosis is increased in mice lacking TGF-Pi 

compared with wild type littermates (120), indicating that TGF-Pi has a role in 

preventing apoptosis in T lymphocytes. Work carried out has also shown that TGF-p) 

can promote the survival o f  phytohaemagglutinin (PHA)-activated PBMC ( 117). Re

stimulation of T cells with PHA in the presence of exogenous TGF-p i was shown to 

partially inhibit CD95-induced apoptosis (117). It has been proposed that TGF-P) 

protects T cells from apoptosis by indirectly inducing integrin expression on activated T 

cells (119). TGF-p) was shown in part to prevent TCR-mediated apoptosis and sustain 

cell growth by interfering with TCR signalling and increasing aSpi integrin (VLA5) 

expression. a5pl can bind to ligands such as the extracellular matrix (ECM) proteins 

fibronectin and collagen, thereby promoting cell growth and inhibiting AICD (119).

TGF-p) has also been shown to decrease the level of AICD in anti-CD3- 

activated human T cells by decreasing surface CD95 ligand (CD95L) expression but not 

by abrogating C D95 intracellular s ignalling ( 118). A s ubsequent r eport d emonstrated 

that TGF-p was responsible for preventing apoptosis in murine T cells by associating 

with the mitochondrial anti-apoptotic protein B c 1 -x l within the mitochondria of T cells 

(120). It was also found that TGF-p-dependent regulation of viability was dissociable
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from the TGF-pi membrane receptor-Smad3 signalling pathway (120). It is unclear how 

TGF-pi and B c 1 -x l interact to inhibit apoptosis. Perhaps both molecules are equally 

involved in preventing the release of cytochrome c thereby preventing the activation of 

Apaf-1 and/or caspase-9. TGF-P may therefore protect T lymphocytes at multiple sites 

in the apoptotic pathway.

1.6.2.3 TGF-P and quiescence

TGF-P has recently been associated with maintaining quiescence in T cells (Fig. 

1.13.) (125). Until recently, the only factor associated with maintaining quiescence in T 

cells was the Lung-Kriipple-like factor (LKLF) (163). A newly described nuclear 

protein named Tob appears also to play a role in maintaining quiescence (125). Tob was 

initially discovered by researchers attempting to elucidate genes associated with anergy

(125). Tob has been shown to interact with Smadl, 5 and 8, which are all signal 

transducers of BMP, a member of the TGF-P superfamily (164). Tob appears to 

enhance the ability of Smad4 to bind TGF-p target sites in T cells. Collectively Tob and 

Smads serve to inhibit transcription of the IL-2 promoter. Although it has been 

proposed that Tob/Smad inhibition of IL-2 promoter transcription is TGF-P 

independent, TGF-P may serve to augment this pathway (165) thereby contributing to 

the maintenance of a quiescent T cell memory pool.
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Figure 1.13. Immunomodulatory effects of TGF-p. TGF-(3 has many regulatory effects 
on cells of the immune system which include: inhibition of activation of mature CD4+ 
and CD8+ T cells but not naïve CD4+CD45RA+ T cells; Induction and maintenance of 
quiescence in CD4+ and CD8+ T cells by association with the intracellular signal 
transducer, Tob; inhibition of apoptosis in CD4+ T cells by decreasing CD95 ligand 
expression, increase in integrin expression and association with B c 1 -x l in the 
mitochondria; Th3 regulatory T cells (Treg) secrete large amounts of TGF-p; TGF-p 
can prevent autoimmune colitis in mice.
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1.7 Tolerance

The induction of tolerance or non-responsiveness in activated T cells represents 

an important part in the resolution of immune responses. Peripheral tolerance can be 

achieved by ignorance (for example, in the aqueous humour of the eye and in the testes 

where immune responses are suppressed by various soluble factors) (166) and by 

anergy (unresponsiveness) (167).

1.7.1 Anergy

Anergic T cells are characterised by the fact that they fail to proliferate or 

produce IL-2 in response to stimulation with antigen-pulsed AFC (168). Anergic T cells 

have also been shown to be hyper-responsive to e xogenous IL-2 (168). Much of the 

work in the field of T cell anergy is based upon the two-signal hypothesis (33,169,170). 

Ligation of the TCR (signal 1), in the absence of co-stimulation (signal 2), results in 

unresponsive/anergic T cells (169,170). A good example of anergy induction in vivo is 

in the induction of oral tolerance. Oral tolerance is induced by antigen passing across 

the gut wall in a monomeric soluble form and in the absence of inflammatory signals 

resulting in anergising local CD4+ T cells (171). A study carried out recently 

demonstrated that murine endothelial cells expressed self-peptide in the context of 

MHC class I in response to IFN-y treatment and that these non-professional AFC, which 

did not express co-stimulatory molecules, induced anergy in murine CD8+ T cells 

(172). There are however other instances where anergy can be induced in the presence 

of AFC or co-stimulatory help. T cells exposed to MHC class I complexed with altered 

peptide ligand (AFL) on the surface of AFC have been rendered unresponsive (173). 

Antagonistic antibodies, which target the IL-2 receptor, have also been shown to induce 

anergy in T cells in the presence of co-stimulation (174). Finally, T:T presentation has 

also been shown to lead to anergy induction (16,18,175). In this type of anergy 

induction activated CD4+ T cells present antigen in the context of MHC class II in the 

presence of co-stimulatory molecules (16,18,175).
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1.7.1.1 T:T presentation

T:T presentation-induced anergy is not prevented by the addition of autologous 

or allogeneic APC, B7-transfected fibroblasts or anti-CD28 antibodies (17-19,176). 

This type of anergy appears to be a phenomenon which is intrinsic to T:T presentation 

itself and might therefore occur under physiological circumstances even in the presence 

of APC. Initially it was proposed that this type of anergy was associated with TCR/CD3 

down-regulation (177). Subsequent reports have shown that T cells displaying normal 

levels of TCR/CD3 were also anergic (18,20).

There are several mechanisms by which T:T presentation may occur in vivo. 

Ligands presented by activated T cells might include partially degraded self-protein at 

the site of inflammation e.g. myelin basic protein (MB?) fragments in the brain, which 

are picked up by activated T cells and presented to other infiltrating T cells (18). T cells 

can also acquire MHC-peptide complexes from APC (178). Furthermore, T cells can 

present their own T cell-derived peptides to other cells. T cells have been shown to 

internalise, degrade and present their own TCR in the context of MHC class II to TCR 

peptide-specific T cells (179). T cells rendered anergic by T:T presentation have been 

shown not only to exist but also to persist in vivo for extended periods of time 

(167,180). Finally, unresponsive CD4+ T cells anergised by T:T presentation have been 

shown to possess regulatory function in humans (181), rats (51) and mice (182).

One of the consequences of T:T presentation is that a proportion of activated T 

cells is deleted by CD95/CD95 ligand interaction (CD95-induced apoptosis) (183). T:T 

presentation occurs simultaneously with CD95/CD95 ligand interaction during immune 

responses and initially it was proposed that anergy and apoptosis were overlapping 

phenomena (92). MRL Ipr mice, which lacked functional CD95 molecules, could not be 

anergised (92). A subsequent study by the same group demonstrated the induction of 

tolerance, in vivo in the same mice and in the absence of CD95-mediated death (93). 

These results were confirmed by another report which showed that CD4+ human T cell 

clones rescued from apoptosis by antagonistic anti-CD95 antibodies, remained 

unresponsive to subsequent challenge with antigen-pulsed APC (184). No evidence 

exists to date on naturally occurring factors, which are capable of promoting the 

survival of anergic T cells. It is possible that type I IFN and TGF-p, factors that are 

capable of inhibiting CDD in activated T cells, are also capable of promoting the 

survival of T cells anergised during the immune response. It is important to maintain the
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survival of these non-responsive T cells since evidence in the literature suggests that 

they are involved in regulation of subsequent immune responses (182,185-186).

1.7.2 Immuno-regulatory T cells (Tregs)

Two principle groups of Tregs have been described (however others also exist): 

naturally occurring and induced T cell populations. Naturally occurring Tregs, called so 

because they can be extracted from un-manipulated mice, express the co-receptor CD4 

and the IL-2 receptor a  chain (CD25) (187-189). Induced Tregs, which are also capable 

of suppressing responder T cell responses, include Th3 cells (190), Trl cells (191) and 

anergic T cells (181).

Induction of lymphopenia can lead to the development of organ-specific 

autoimmune diseases ( 192-194). I t was observed however, that transfer of peripheral 

CD4+ T cells to lymphopénie animals could inhibit disease. It was subsequently 

demonstrated that within this normal resting population of peripheral CD4+ T cells that 

approximately 10% of cells constitutively expressed CD25. This population of 

CD4+CD25+ Treg was initially identified by its ability to prevent autoimmune gastritis 

in mice following neonatal thymectomy. CD4+CD25+ T reg have since been shown to 

inhibit autoimmune diabetes in mice (195) and rats (196), prevent irritable bowel 

disease (197), impede anti-tumour immunity (198), inhibit Pneumocystis carinii- 

induced pneumonia (199), prevent graft versus host disease lethality (200) and prevent 

graft rejection (201). Naturally occurring CD4+CD25+ T cells have also been shown to 

inhibit T cell activation in vitro (188,189). In vitro studies using CD4+CD25+ T cells 

have demonstrated that purified Tregs are unresponsive to stimulation by TCR-derived 

signals even in the presence of co-stimulation (188,189). It has also been demonstrated 

that CD4+CD25+ T cells can adoptively suppress the responses of CD4+CD25- T cells 

in co-culture (202).

Induced Treg cells share some similar phenotypical and functional 

characteristics with their naturally occurring CD4+CD25+ counterparts. T rl cells are 

derived from the repetitive stimulation of naïve CD4+ T cells in the presence of 

exogenous IL-10 (203). The result is the generation of anergic T cells which produce 

large amounts of IL-10 and inhibit both Thl and Th2 T cells in vivo (203,204). 

Exogenous IFN-a in conjunction with exogenous IL-10 has also been shown to
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generate Trl T cells in vitro (205). A study carried out has shown that IL-10 production 

is suppressed in mice following the induction of oral tolerance with Ova. In addition, 

the Th2 T cell subset which is associated with this cytokine was not required for 

tolerance induction at least in the intestinal mucosa (206). Oral administration of 

antigen can result in Tregs, which secrete TGF-P predominantly. These Th3 T cells 

have been shown to inhibit autoimmune pathology in animals (190,207). One proposed 

way by which TGF-p mediates its tolerogenic action is by counterbalancing the Thl- 

associated cytokines IFN-y and IL-12 (208). This however has been discounted since 

normal oral tolerance can be induced in IL-12 KO mice, indicating that absence of IL- 

12 does not lead to abnormal or overwhelming suppression of T cells by TGF-P (209). 

Finally, anergic T cell clones have been shown to suppress T cell responses in vivo and 

in vitro via the modification of antigen presenting cells (182,185,186).

Tregs play a vital role in the regulation of immune responses however not all T 

cells which survive immune responses, are rendered anergic. In general, activated T 

cells, which survive immune responses are rendered quiescent and become part of the 

memory T cell pool. These memory T cells are capable o f  responding vigorously to 

subsequent antigenic re-challenge.

41



Chapter 1

1.8 T cell memory

The resolution of primary immune responses leads to the elimination of effector 

cells by apoptosis. This clearance is however incomplete and a small proportion of T 

cells survive. Those cells that are not rendered anergic or tolerised become long-lived 

memory cells, which are capable of responding to subsequent antigenic re-challenge.

1.8.1 Differences between effector and memory T cells

It has been proposed that memory cells were simply effector cells which failed 

to differentiate, proliferate and engage in effector function (210). This hypothesis seems 

unlikely since memory pre-cursors have been shown to proliferate during primary 

immune responses (211-213), express perforin (213) and granzyme B (214) and secrete 

IL-2 (215). If memory T cells are derived from effector T cells present during a primary 

immune response why do some effector T cells survive apoptosis whereas others do 

not? It may be simply a random process and there may be no differences in effector and 

memory T cells (216). Other studies have suggested that memory T cells are derived 

from a subset of precursors which arrive in the latter stages of the immune response. For 

example, T effector cells could arrive to the site of infection/inflammation from slow- 

draining lymph nodes. These T cells proliferate and develop effector function but due to 

less prolonged contact with antigen are less susceptible apoptotic signalling or may be 

able to reverse apoptosis thereby surviving the immune response (217,218).

This hypothetical scenario of late-arriving effector T cells subsequently 

developing into memory T cells has been used to explain the existence of non-polarised 

ThO memory T cells (219). It has been suggested that prior to resolution of the immune 

response exhausted APCs are incapable of secreting polarising cytokines such as IL-12. 

In this particular circumstance late-arriving T cells would not become polarised, retain 

the chemokine receptor CCR7 expression thereby giving rise to long-lived CCR7+ 

memory T cells. By contrast T cells recruited early in the immune response lose CCR7, 

are exposed to high levels of antigen and polarising cytokines (secreted by APC). The 

majority of these activated cells die resulting in the survival of a small polarised CCR7- 

population of memory T cells (219).
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It is possible that T cells arriving late to the site of an immune response might 

escape apoptosis and subsequently become memory T cells (217,218). It is also likely 

however, that limiting amounts of survival cytokines may be released towards 

resolution of an immune response, leading to the rescue of a proportion of activated T 

cells which could go on to become memory T lymphocytes. Type I IFN and TGF-p 

have been shown to inhibit apoptosis in T cells (43,106,118,120) and therefore may be 

important in mediating the survival of effector T cells at the end of immune responses. 

A report carried out using human skin as the experimental model, showed that 

fibroblasts secreted large amounts of IFN-p upon resolution o f  the immune response 

(48). It is possible that these cytokines may be involved either directly or indirectly in 

generating memory T cell populations after resolution of immune responses.

1.8.2 Phenotype of memory T cells

The study of CD8+ T cell memory has been greatly facilitated by the 

development o f  MHC class I tetramers. These reagents allow the direct visualisation 

and study of antigen-specific CD8+ T cells. It is because of this that existing knowledge 

of the phenotype of memory T cells is generally restricted to CD8+ T cells and little is 

known about CD4+ T cell memory. Memory T cells appear to display a marked 

heterogeneity in terms of their surface markers. Despite this, a number of markers have 

been commonly used to define memory T cells. Low levels of CD62L, CD45RA/B 

(humans) and CD45RC (rats) appear to be associated with memory. However, these 

markers have also been shown to be partly reversible (211,220-223). It is possible that 

such reversion is not real, but instead reflects the potential survival of cells that failed to 

lose these markers during a primary immune response (224). Whether or not reversion 

of these markers does in fact occur is still a matter of debate. Several studies have 

demonstrated that a stable CD45RA+ memory T cell population does exist in humans 

and rats (225-228). Rat T cells lacking CD45RC re-express it when introduced into 

nude recipients suggesting the potential for reversion in rats at least (225). In humans 

CD4+CD45RA+ revertant T cells have been shown to possess a degree of recall 

responsiveness when appropriate co-stimulation w as applied (226). Recently, several 

reports have shown that upon resolution of virus infection a proportion of CD8+ virus- 

specific T cells re-express CD45RA in Epstein Barr virus (EBV) infection (229-231)
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and cytomegalovirus (CMV) infection (227,232). Another report has shown that 

CD4+CD45RO+ recipient T cells transferred into patients with T cell-depleted bone 

marrow grafts re-expressed CD45RA (228). This re-expression was associated with co

expression of CD45RO. This phenotype was maintained up to 5 years after transplant 

indicating that true reversion may not be possible in humans (228). Virus-specific 

CD8+CD45RA+ and CD45RO+ memory T cells have been shown to be derived from 

the same clones and represent the same stages of differentiation/maturation (233,234). 

Human memory revertant CD8+CD45RA+ T cells may also be differentiated from 

naïve T cells by the relative expression of co-stimulatory molecules. A proportion of 

CD8+ T cells lose expression of CD28 after activation which would seem to place a 

restriction on the re-activation of these memory cells (235). It has subsequently been 

shown that memory T cells express lymphocyte function-associated antigen (LFA)-l, 

which may be substituted for CD28 as a co-stimulatory molecule (229). 

CD8+CD45RA+ memory T cells may also be differentiated from naïve T cells 

expressing the same marker (i.e. CD45RA) by relative expression of both LFA-1 and 

CCR7 (229). Memory CD8+CD45RA+ T cells have been shown to be LFA-1^', CCRV'° 

(229,230). At present it is unclear whether reversion is mediated by cell-to-cell contact 

or by soluble factors present in the microenvironment.

Two recent reports in the literature have suggested that primed CD8+ T cells 

which re-express CD45RA and are CCR7'°are approaching end-stage differentiation 

(236,237). Loss of CD27 has also been associated with end-stage differentiation in 

effector CD8+ T cells (238). It has also been shown that EBV-specific CD8+CD45RA+ 

T cells express high levels of CD27 (229) whereas another report has demonstrated that 

CMV-specific CD8+CD45RA+ T cells express lower levels of this marker (232).

The issue of determining phenotypic markers for defining T cell memory is still 

a contentious one. recently it has been demonstrated that distinct memory T cell 

populations are established in different viral infections which include those caused by 

human immunodeficiency virus (HIV), EBV, CMV and hepatitis C virus (HCV) (239). 

The authors of this study suggested that ascribing effector and memory functions to 

subsets with different differentiation phenotypes is no longer applicable (239).
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1.8.3 Maintenance of memory T cells

Memory T cells are clearly more active than naïve cells, it has therefore been 

suggested that memory T cells are continuously stimulated to proliferate by extrinsic 

factors. In cases where persistent antigen is present such as in EBV and CMV infection, 

it is likely that memory T cells are activated intermittently via MHC-TCR ligation 

(210). The situation is less clear in cases where antigen does not persist for long periods 

of time. It was initially proposed that trace amounts of antigen left over from primary 

immune responses could maintain a certain degree of activation (240). This theory has 

now been discounted since several studies have shown that memory CD4+ and CD8+ T 

cells can survive in the complete absence of antigen (112,241-245). Another theory 

proposed that cross-reactivity with environmental antigens could mediate activation of 

memory T cells (246). This would imply that all memory T cells not specific for cross

reactive environmental antigens would be depleted from the T cell memory pool, of 

which there is no evidence. Transfer of CD4+ and CD8+ memory T cells into MHC " 

mice did not abrogate the long-term survival of memory T cells implying that MHC- 

TCR interaction is not required for memory T cell survival (247-249).

The turnover of memory T cells in mice, though slow relative to effector T cells 

proliferating during an immune response, is still faster than that of naïve cells with 

inter-phase of division in murine CD8+ T cells being in the order of 1-3 weeks (250).

Evidence that cytokines effect background turnover of CD8+ T cells stemmed 

from experiments where poly EC and lipopolysaccharide (EPS) were injected into mice 

(42,251,252). The result was TCR-independent proliferation of a T cell subset with a 

memory phenotype, CD44^'. Subsequent studies using IFN-y'' '̂ and IFNAR' ' mice 

demonstrated that IFN played a role in maintaining this turnover. It was eventually 

elucidated that type I IFN induced the secretion of IL-15 by APC resulting in slow 

turnover of human memory T cells (253).

CD4+ memory T cells appear to proliferate independently of IL-15, which may 

be due in part to the fact that they have low IL-2 receptor p chain (CD 122) expression. 

CD 122 is required for IL-15 signalling (253). Furthermore, a report by Lantz et al 

demonstrated that long-lived CD4+ memory T cells can be generated in yc'' mice which 

indicating that yc-controlled cytokines (IL-2, IL-4, IL-7, IL-9 and IL-15) are not 

relevant to CD4+ memory T cell maintenance (254). However, it is unlikely that CD4+
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memory T cell maintenance is cytokine-independent, therefore other as yet undefined 

cytokines must be involved.

The numbers of CD8+ and CD4+ memory T cells remain constant throughout 

life with numbers only declining in old age (255). This would seem to  indicate that 

there is a constant balance between factors that mediate bystander proliferation and 

inhibit cell death, and those extrinsic or intrinsic factors that induce apoptosis.

To date, two groups of cytokines have been shown to mediate survival in 

memory CD8+and CD4+T cells, namely yc cytokines and type I IFN (210). IL-15 

appears to induce a certain degree of bystander proliferation in CD8+ T cells and can 

also up regulate the anti-apoptotic molecule Bcl-2 in the mitochondria (256). 

Interestingly IL-2 appears to have an inhibitory action on CD44^' CD8+ memory T cells 

(212,257). This may be due to the proliferation of IL-2-dependent CD4+ Tregs in the 

microenvironment (258,259) or to IL-2-mediated up regulation of FasL and down 

regulation of the anti-apoptotic molecule, FLIP (96,97). IL-7, another member of the yc 

cytokine family also appears to promote the survival of memory CD8+ T cells, since IL- 

7 transgenic mice accumulate CD44^‘ CD8+ T cells (210).

Type I IFN may mediate the survival of T cells by up regulating the anti- 

apoptotic molecule B c1 -x l (106). CD8+ memory T cells show an increase in 

intracellular Bcl-2 and to a lesser extent B c 1 -x l when compared to naïve T cells 

(106,260). In contrast CD4+ memory T cells show up regulation of B c 1 -x l but not Bcl-2 

(106,112). This would seem to indicate that yc cytokines play a role in maintaining 

homeostasis in CD8+ T cells where as type I IFN maintain CD4+ T cell memory.

Other factors may also be involved with maintaining homeostasis; for example, 

the transcription factor LKLF is involved in maintaining quiescence in T cells in a c- 

Myc-dependent manner (163). TGF-P coupled with the intracellular molecule, Tob, has 

been also associated in maintaining quiescence in T cells (125,165). It would be 

interesting to see whether other cytokines have an influence on the activation of these 

quiescence-maintaining transcription factors.

Finally, it must also be pointed out that inhibition of replicative senescence in T 

cells is essential in maintaining homeostasis in the CD8+ memory T cell pool (110). 

Viral infections particularly lead to very large expansions in T cell numbers. A natural 

consequence of such vast expansion would be progressive telomere loss and ultimately
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senescence; fortunately this is not the case. A recent report has demonstrated that CD8+ 

T cells up regulate telomerase, an enzyme that is capable of adding back telomeric 

repeats, during the course of the immune response (261,262). At present it is unknown 

whether yc cytokines, type I IFN or other cytokines can effect the up regulation of 

telomerase in CD8+ T cells. It is clear however that up regulation of telomerase in 

CD8+ T cells during acute infection prevents premature senescence and serves to 

contribute to homeostatic maintenance of the CD8+ T cell memory pool (262).

1.9 The biology of EBV

Since a component of the work carried out in this thesis uses EBV infection as a 

model of virus-specific memory it is necessary to briefly outline the biology of EBV 

infection.

Most EBV infections occur in young children and are asymptomatic, whereas 

those occurring in adolescents and young adults often present as acute infectious 

mononucleosis (AIM). Once AIM has resolved in humans, EBV infection persists in a 

latent form without symptoms despite an underlying vigorous immune response. In the 

presence of impaired immunity such as acquired immunodeficiency syndrome (AIDS), 

or with additional genetic changes in virus-infected cells, EBV is associated with 

symptomatic diseases. These diseases include lymphoproliferative disease in 

immunosuppressed individuals, Hodgkin’s disease, nasopharyngeal carcinoma and B 

cell lymphoma (263).

During acute EBV infection CD8+ T lymphocytes are directed towards both

latent and lytic viral antigens. Studies using tetramers of MHC molecules bearing EBV

peptides, have shown that during acute viral infection up to 40% of the total CD8+ cells

in peripheral blood are directed against a single lytic EBV epitope, while up to 2% of

CD8+ T cells are directed against a single latent epitope (264). Upon resolution of AIM,

the frequency of C D8+ memory T cells specific for latent EBV epitopes remains at

approximately 2% whereas CD8+ T cells specific for lytic EBV epitopes fall (1-18%)

(230,263). TCR analysis has shown that just a few highly expanded clonotypes

comprise the majority o f  CD8+ T cells involved in AIM (265). This would seem to

indicate that the large expansion of T cells in EBV infection is in fact antigen driven and

not simply bystander activation (264). The same group has also shown that the
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dominant CD8+ T cell clonotype present at the acute stage of disease may be lost and 

replaced by others in memory (265). A comprehensive list of the relevant antigens and 

their respective dominant epitopes from both lytic and latent stages of the viral life cycle 

are given in Table 1.2.

Table 1.2. EBV antigens and their relevant dominant epitopes expressed during 

lytic and latent phases of infection.

Expression EBV antigen Dominant epitopes HLA

restriction

Immediate early lytic cycle BZLFl RAKFKQLL B8

Early lytic cycle BMLFl GLCTLVAML A2

Latent nuclear antigens EBNA 3A FLRGRAYGL B8

QAKWRLQTL

EBNA 3B IVTDFSVIK A ll

AVFDRKSDAK
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1.10 Aims of thesis

A working immune system requires that T cells respond to foreign antigen, then 

return to a homeostatic level and remain poised to respond to subsequent re-challenge. 

In situations where tolerance is induced in T cells as a means of maintaining 

homeostasis, it is necessary that these cells survive AICD and under certain 

circumstances serve to suppress subsequent aggressive immune responses. The work 

carried out in this thesis investigates whether fibroblasts and type I IFN can rescue 

activated T cells from AICD. It also attempts to determine whether fibroblasts, type I 

IFN and TGF-p can inhibit the activation of T cells and whether the same factors can 

maintain these cells in a quiescent state. It will be also determined whether T cells 

anergised by T:T presentation can be rescued from AICD by fibroblasts and type I IFN. 

Furthermore, work carried out in this thesis will attempt to determine whether anergised 

T cells can suppress the activation of equivalent responder T cells. Finally, the survival 

characteristics and re-activation requirements of EBV-specific memory CD8+ T cells 

will be investigated.

1.10.1 Specific aims

1) To determine whether fibroblasts and type I IFN can promote the survival o f  

activated T cells and anergic T lymphocytes from CD95-induced apoptosis.

2) To determine whether anergic T cells can suppress the activation of non-anergic 

responder T cells.

3) To investigate whether fibroblasts, type I IFN and TGF-Pi can inhibit the 

activation of and induce quiescence in antigen-specific CD8+ T cells.

4) To investigate the re-activation requirements of antigen-specific CD8+ T cells in 

vitro.

5) To determine the survival characteristics and re-activation requirements of 

naturally occurring EBV-specific memory CD8+ T cells.
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Chapter 2
Type I IFN promotes the survival of 
human T cells from CD95-induced 
apoptosis

2.1 Introduction
During the course of an immune response to  antigen, T lymphocyte numbers 

fluctuate greatly leading to a considerable increase in T cell numbers (1,2). At the 

resolution of the immune response T cell numbers return to pre-infection levels by 

homeostatic mechanisms (3). The processes that regulate homeostasis however must 

remain under tight control, as dysregulation will have pathological consequences (3,4). 

One of the ways by which homeostasis is achieved is via apoptosis (5). Two apoptotic 

mechanisms are involved during an immune response, namely CDD and CD95-induced 

apoptosis (6-8). Another means of maintaining homeostasis is by rendering activated T 

cells unresponsive/anergic.

Up until now there have been no reports in the literature regarding naturally 

occurring factors which can rescue activated human T cells from CD95-induced death. 

If T cells are to survive apoptosis then such factors must exist in vivo. It is evident from 

previous studies that both fibroblasts and Type I IFN can promote the survival of 

activated T cells from CDD by a variety of mechanisms (11-13). Based upon these 

reports it was investigated whether fibroblasts and type I IFN could prevent CD95- 

induced cell death in activated human T cells.

In this study CD4+ human T cell clones were used as a model of primary cells 

that retain their antigen-specificity. CD4+ T cell clones are dependent on cytokines for 

survival and are therefore highly susceptible to CDD (Table 2.1.) (9). It has also been 

demonstrated that CD4+ T cell clones are prone to CD9 5-induced death when activated 

in the absence of co-stimulatory signals (9).
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Table 2.1. T cell clones both phenotypically and functional^ 
differentiated CD4+ memory T cells. Both cell types are CD45RO^ 
(406) and have shortened telomeres (433)

y resemble highly 
" (406), CD45Rb’°

Cell type CD45RO

expression

CD45RB

expression

Telomere length

CD4+ memory T cell +++ + short

CD4+ T cell clone +-H- -t- short

2.1.1 Specific aims
1) To determine if activated human T cells can be rescued from CD95-induced 

death by cytokines.

2) To investigate whether IFN-P is the principle anti-apoptotic agent in FCM.

3) To determine the potential mechanisms by which FCM and type I IFN promote 

T cell survival from CD95-induced death.
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2.2 Methods
2.2.1 Isolation of PBMC from whole blood

Blood was collected in standard heparinised tubes. The blood was diluted in a 

1:1 ratio with Hanks Balanced Salt Solution (HBSS, Life Technologies, Paisley, UK), 

and then separated by density centrifugation over Ficoll (Amersham Biosciences. 

Uppsala, Sweden). The resulting interface consisting of PBMC was removed and 

washed ( 2 x 5  minutes at 1200 rpm) first in HBSS, and then in complete medium 

(RPMI, 100 lU Penicillin, 100 pg/ml streptomycin, 2mM L-glutamine, and 10% foetal 

calf serum [Life Technologies]).

2.2.2 Purification of CD4+ T cells from PBMC using magnetic beads
CD4+ T cells were purified by negative selection using the MACS system of 

cell sorting developed by Miltenyi Biotec, Bisley, UK. Purified PBMC were placed in a 

75 cm  ̂ flask at 1 x 10^/ml and incubated at 37°C for 2 hours in order to remove 

adherent cells (monocytes and dendritic cells). Non-adherent cells were then washed 

(1800 rpm for 5 minutes) in buffer (PBS + 5% PCS + 2mM EDTA). 1 pi/10̂  cells of a 

hybridoma supernatant containing anti-CD 16 was added to the cell pellet after which 

the cells were gently vortexed and incubated for 20 minutes at room temperature (22°C). 

Cells were subsequently washed in buffer (1200 rpm for 10 minutes) and 20 pi/10̂  cells 

of the following hybridoma supernatants were added to the suspension: RFT8 (anti- 

CD8), RFB9 (anti-CD 19) and UCHM-1 (anti-CD 14). The cell suspension was then 

incubated for 20 minutes at room temperature followed by two washes (1200 rpm for 10 

minutes). 20 pi of goat-anti-mouse IgG microbeads (Miltenyi Biotec) were added per 

10̂  cells and the cell suspension was incubated for 15 minutes at 4°C. Cells were 

washed (1200 rpm for 10 minutes) in 10-20 times the antibody labelling volume of 

buffer, after which they were resuspended in 500 pi of buffer per 10* cells. This cell 

suspension was added to a pre-washed AS depletion column (Miltenyi Biotec) 

connected to a magnet and flushed through with buffer. CD4+ T cells, which were not 

labelled with beads, would be eluted from the column, leaving all other labelled cells 

remaining in the column. The purity of this depleted fraction was then assessed by flow 

cytometric analysis. A purity of >95% was accepted prior to experimentation.
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2.2.3 Generation and maintenance of CD4+ T cell line
0.5 fig/ml of anti-CD3 (0KT3 purified from hybridoma supernatant, ECACC, 

Salisbury, UK) in phosphate buffered saline (PBS) was immobilised onto 24 well plates 

(0.5 ml/well) and incubated for 2 hours at 37°C. The wells were subsequently washed 

three times with PBS to remove any excess anti-CD3. The CD4+ T cell number was 

adjusted to 1x10^ cells/ml in complete medium and 1ml of this suspension was added to 

each well of a 24 well culture plate pre-coated with anti-CD3. 20 units/ml of exogenous 

IL-2 (R&D systems, UK) and anti-CD28 (1/2000 dilution of K0LT2 hybridoma 

supernatant) were added to each well. The cells were incubated at 37°C in a humidified 

incubator with 5% CO2 . 20 units/ml of exogenous IL-2 were added to each well at 3 day 

intervals, and complete medium was replaced as needed. Cells were reactivated every 

14 days as previously described.

2.2.4 Stimulation and maintenance of CD4+ T cell clones
Human CD4+ clones (a kind gift from G. Lombardi, Dept, of Immunology, 

Hammersmith Hospital, London), 7p.24, 7P.41 and 7P.61, which are specific for 

influenza haemagglutinin HA-(307-319), restricted by HLA-DRB1*0701 and derived 

from an HLA-DRB1*0701 DRB1*1301 individual were stimulated with an irradiated B 

lymphoblastoid cell line (B-LCL) pulsed with specific peptide. B-LCL were pulsed with 

influenza haemagglutinin HA-(307-319) peptide (1 pg/lO^) for two hours at 37®C. The 

cells were subsequently irradiated (120 Gy) for 30 minutes using a y irradiator. 

Irradiated B-LCLs were washed twice by centrifuging for 5 minutes at 1200 rpm, after 

wihich, pulsed B cells were added to 1 x 10̂  of human T cell clones in a ratio if 1:1 per 

well of a 24 well plate (total volume/well was 1 ml). 20 units of exogenous human 

recombinant IL-2 were added to each well. CD4+ T cell clones were maintained in 

complete medium and 20 units of exogenous human recombinant IL-2 (added to each 

well every 3 days). T cell clones were subsequently re-stimulated every 21 days with 

pulsed, irradiated B-LCLs. Additional human CD4^ T cell clones which were used in 

this study include NF4, which is specific for HA-(307-319) and restricted by 

DRB1*0101 and HC3, specific for HA-(100-115) and restricted by D RBI*1010 and 

obtained from a DRB*0101, DRB 1*0403 individual.
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2.2.5 Induction of death in a polyclonal CD4+ T cell population using 

anti-CD3 in the absence of co-stimulation
1-20 |ig/ml of anti-CD3 (0KT3) were immobilised to the base of wells of a 96 

well plate in PBS (100 pl/well) and incubated for 2 hours at 37®C. All wells were 

subsequently washed three times with PBS to remove any excess anti-CD3. CD4+ 

polyclonal T cells, which had been re-stimulated twice and maintained in culture for at 

least six weeks, were washed twice in RPMI (1200 rpm for 5 minutes), counted and 

adjusted to 1 x lOVml. For those conditions that required the presence of FCM cells 

were pre-incubated 50:50 in FCM/complete medium at 2>TC for 1 hour before addition 

to anti-CD3-coated plates. All cells (in the continued presence of FCM) were added to 

wells of a coated 96 well plate at a concentration of 0.1 x 10^/200 pi and incubated 

overnight at 37°C. Viable cell recovery was assessed by diluting cell suspensions 1:1 in 

trypan blue and counting unstained (viable) cells under the microscope. Dead or dying 

cells lose membrane integrity and therefore allow the trypan blue dye to enter the 

cytoplasm.

2.2.6 Fibroblast cell culture
Human embryonic lung fibroblasts (HELF) were cultured using the same cell 

culture conditions stated in Table 2.2.1. For experiments, only confluent fibroblast cell 

lines were used similarly, conditioned medium from confluent fibroblasts was used to 

rescue T cells from apoptosis. Once seeded at the appropriate concentrations, healthy 

fibroblasts require approximately 72 hours to reach confluency. Confluent fibroblasts 

were washed twice with RPMI and subsequently detached from the base of the flask by 

adding a pre-titrated optimal concentration of trypsin (Life Technologies) (Table 2.2.1.). 

Cells were then incubated at room temperature for 3 minutes after which trypsin activity 

was quenched by the addition of an equal volume of FCS. The flask was agitated 

vigorously and detached fibroblasts were washed 3 times (1000 rpm for 5 minutes) in 

complete medium. Washed fibroblasts were seeded at the appropriate density (see Table 

2 .2 . 1.).
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2.2.7 Rescue of activated CD4+ T cell clones by fibroblasts in co

culture
HELF obtained from a 175 cm^ flask, were split into 6 well plates (Falcon) 

(Table 2.2.1.). IL-2-deprived CD4+ human T cell clones were placed into 6 well inserts 

with a 0.4 pm pore diameter (Falcon) at a concentration of 2 x lOVml/insert. Inserts 

containing T cell clones were subsequently placed in wells with confluent HELF (Fig. 

2.2.1). Cells were then incubated for 1 hour at 37°C prior to the addition of HA-307-319 

peptide at both 1 and 5 pg/ml in  the absence of professional APC or c o-stimulatory 

help. Control cells were incubated in complete medium plus/minus peptide or in co

culture with fibroblasts in the absence of peptide. All conditions were incubated for 18 

hours at 37°C after which viable T cells were counted using trypan blue exclusion. 

Viable cell recovery percentages (VCR %) were calculated based upon these viable cell 

counts.

Table 2.2.1. Seeding densities, total volume of medium and trypsin required for the 
culture of fibroblast cell lines.

Culture flask Seeding density 

(X 10")

Total volume of 

complete medium 

(ml)

Volume of trypsin 

(ml)

24 well plate 0.05 0.5-1.0 0.5

12 well plate 0.1 1 -2 1

6 well plate 0.3 3 -5 2

25 cm  ̂flask 0.7 3 -5 3

75 cm^ flask 2.1 5 -1 5 5

175 cm  ̂flask 4.6 15-30 10
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  6-well Insert

0.4 fim diameter pore

7p.24 CD4+ human T 
"" cell clones

(2 x1 0  /insert)

Confluent HELF 

1 X lOVwell

Figure 2.2.1. Co-culture system used for rescue of CD4+ T cell clones from apoptosis 
by fibroblasts. IL-2-deprived CD4+ human T cell clones were placed into 6 well inserts 
with 0.4 pm pore diameter at a concentration of 2 x 10^/ml/insert. Inserts containing T 
cell clones were subsequently placed in wells with confluent fibroblasts. Cells were then 
incubated for 1 hour at 3TC  prior to the addition of HA-307-319 peptide at both 1 and 5 
pg/ml in the absence of professional APC or co-stimulation. Control cells were 
incubated in complete medium plus/minus peptide or in culture with fibroblasts in the 
absence of peptide. All conditions were incubated for 18 hours at 37°C after which 
viable T cells were counted using trypan blue exclusion. VCR% were calculated based 
upon these viable cell counts.
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2.2.8 Harvesting of FCM from fibroblast cell lines
Fibroblasts were grown to confluency (usually reached after 3 days of culture 

when seeded at the appropriate concentration, see Table 2.2,1.). The confluent cells 

were incubated for 72 hours a t 37°C. Supernatants were harvested and stored at4°C 

(FCM is stable for up to 3 months at this temperature).

2.2.9 Enumeration of viable, apoptotic and cycling T cells
Viable cells were distinguished by their forward angle scatter and 90° side 

scatter profiles and were counted using a Cytoron Absolute flow cytometer (Ortho 

Diagnostics, High Wycombe, UK) and also by trypan blue exclusion.

Apoptosis and cell cycling were measured at particular time points by flow 

cytometry using propidium iodide (PI) as the DNA-specific label. T cells were washed 

(1200 rpm for 10 minutes) and permeabilised by adding 1 ml of 95% ethanol to the cell 

pellet in a drop-wise fashion over a vortex. Cell suspensions were subsequently 

incubated overnight at -20°C. After washing twice (1800 rpm for 5 minutes) T cell 

nuclei were stained with 50 pg/ml of PI (Sigma, Poole UK) containing RNase (0.2 

mg/ml; Sigma). Suspensions were subsequently incubated at room temperature for 15 

minutes. Cell cycle analysis was carried out by flow cytometric analysis where PI 

fluoresces in the FL-2 channel; Cells undergoing apoptosis are found in the sub Gq/G i 

peak.

The proportion of apoptotic cells present in cultures was also determined in 

cytocentrifuge preparations by their morphology, by c hromatin c ondensation, nuclear 

fragmentation and by a decrease of the nuclear/chromatin ratio after May-Grunewald- 

Geimsa staining. The cumulative proliferation of T cells was also measured in culture 

after various treatments by the sequential addition of ^H-thymidine followed by 

harvesting of radiolabelled cells 18-24 hours later.

2.2.10 Analysis of STAT proteins
Activated T cells were cultured in the presence of cytokines for 15 min and 

washed in ice-cold PBS before the extraction of nuclear proteins (10). To extract 

nuclear proteins whole cell pellets were lysed at 4°C in 100 pi per 10̂  cells in Dignam 

buffer (10 mM Hepes pH 7.9, 1.5 mM MgCh, 10 mM KCl, 0.5 mM PMSF). After 2 

minutes the nuclei were isolated by microcentrifugation at 12000 rpm. Nuclei were
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resuspended per 10̂  cells with 100 pi of Dignam buffer C (20 mM Hepes pH 7.9, 0.5 

mM DTT and 0.2 mM EDTA) containing 0.5 mM PMSF, ImM sodium vanadate and 

10 pg/ml aprotinin. After 15 minutes on ice, samples were micro-centrifuged at 12000 

rpm and aliquots of supernatant stored at -70°C until use.

Electrophoretic mobility shift assay was performed using the ^^P-labelled FcyRl 

DNA probe. Nuclear extracts were pre-incubated for 10 min at room temperature with 

H2O containing poly dl: dc (Boehringer Mannheim, Germany). The FcyRl DNA probe 

(GTATTTCCC AG A AAAGG AC and its complementary sequence) was added and the 

sample incubated for a further 20 min. Loading dye was added and the mixture loaded 

onto a 6% non-denaturing 30:1 acrylamideibisacrylamide gel made with 0.25x THE. 

After electrophoresis, the gel was dried without fixation and exposed at -70°C to X-ray 

film (Fuji). To identify the specificity of STAT protein activation, nuclear protein 

extracts were pre-incubated with polyclonal antibodies specific for STAT-1, -3 or -5 

(Santa Cruz Biotechnology).

A B

■ — ■■■

_ /

Antibody-bound STAT 
proteins do not migrate 

as far down the gel

Figure 2.2.2. Analysis of STAT proteins using electrophoretic mobility shift assay. 
Type I IFN induce the phosphorylation of intracellular STATl proteins that can 
translocate to the nucleus and activate a variety of transcription factors. T cells pre
treated with type IFN will therefore have STATl molecules present in their nuclei. 
Antibodies specific for STATl can be added to nuclear extracts isolated from these 
cells. Since antibody-bound STAT proteins have a greater mass than their un-bound 
counterparts they do not migrate as far in the agarose gel hence the antibody-bound 
STAT band appears to ‘shift’ upwards. This figure illustrates a hypothetical experiment 
where cells represented by lane A were not pre-incubated with type I IFN whereas those 
pre-incubated with type I IFN are represented by lane B.
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2.2.11 PKC-ô staining
T c ell clones, which had b een cultured u nder d ifferent c onditions, w ere s pun 

onto slides using a Cytospin Centrifuge (Shandon, Pittsburgh, PA), Slides were air- 

dried, fixed in acetone for 10 min at room temperature and stained in an indirect 

immunofluorescence assay using rabbit anti-human PKC-ô anti-sera (Santa Cruz 

Biotechnology). Biotinylated goat anti-rabbit IgG anti-sera (Southern Biotechnology, 

Birmingham AL, U.S.A.) was used as the secondary antibody which were detected with 

FITC-conjugated streptavidin (Gibco Chemical Corp.). The slides were then 

counterstained with 5 pg/ml PI in PBS and analysed by laser scanning confocal 

microscopy using a MRC 500 confocal microscope (Biorad). All experiments included 

slides stained with species- and isotype-matched irrelevant anti-sera as negative controls 

which showed no or very faint staining as described previously.

2.2.12 Statistics

The Student’s /-test was used to determine the significance of the results, /-tests 

applied were paired, two-tailed and parametric. Calculations were carried out using 

GraphPad Prism version 3.0 or Microsoft Excel2000.
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2.3 Results

2.3.1 Stimulation and maintenance of CD4+ human T cell clones

The human CD4+ T cell clone 7p.24 was expanded and maintained in culture 

and used in experiments carried out in this study. In order to determine the optimal 

concentration of specific peptide (derived from the influenza virus haemagglutinin 

protein - HA 307-319) required for maximum proliferation it was necessary to pulse B- 

LCL with a concentration range of peptide. Figure 2.3.1.A. illustrates that for this 

particular batch of clone, B-LCL pulsed with 0.1 pg/ml of HA 307-319 peptide induced 

maximum proliferation as determined by [^H]-thymidine incorporation 24 hours and 48 

hours post stimulation. A time course was also carried out for each batch of T cell clone 

in order to establish at which time point maximum proliferation occurred. Proliferation 

was assessed by [^H]-thymidine incorporation 24, 48, 72, 96 and 120 hours after 

stimulation with irradiated B-LCL pulsed with a pre-determined optimal peptide 

concentration plus 20 units/ml of exogenous IL-2. Figure 2.3.I.B. illustrates that for this 

particular batch optimal proliferation was achieved on day 3 (72 hours post stimulation).

It was also necessary to assess the functionality of T cell clones prior to using 

them in experiments by carrying out a lymphocyte stimulation tests (LST). LSTs were 

used to ensure that T cells were capable of responding to both exogenous IL-2 and the T 

cell mitogen PHA and not solely to peptide-pulsed APC. Figure 2.3.2. illustrates an 

example of a LST where 3 separate batches of 7p.24 T cell clones were exposed to B- 

LCL pulsed with a concentration range of HA 307-319 peptide, 20 units/ml of 

exogenous IL-2 and 5 pg/ml of PHA and proliferation was determined 72 hours later by 

[^H]-thymidine incorporation. All three batches responded to IL-2, PHA and peptide- 

pulsed B-LCL accordingly (Fig. 2.3.2.).

Once the optimal peptide concentration was determined 7p.24 T cell clones were 

maintained in culture, in some cases for 3 months, by re-stimulating with irradiated B- 

LCL pulsed with a pre-determined optimal concentration of peptide plus 20 units/ml of 

exogenous IL-2 every 14 days. Fresh medium and exogenous IL-2 was added to clones 

at regular intervals between re-stimulations. It is important to stress that peptide- 

titrations, proliferation time courses and LSTs must be carried out for each batch of 

7p.24 human CD4+ T cell clone.
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Figure 2.3.1. Dose response curve and time course o f 7p.24 human CD4+ T cell clone 
proliferation. B-LCL were pre-pulsed with a concentration range of HA 307-319 
peptide (0.01-20 fig/ml) and added to CD4+ T cell clone (7p.24) in a ratio o f 1:1 in the 
presence of 20 units/ml o f exogenous IL-2 (A). Proliferation was assessed on days 1 and 
2 by [^H]-thymidine incorporation. In this particular case 0.1 pg/ml o f peptide was 
found to be optimal. A proliferation time course was also carried out to determine the 
peak proliferative response (B). B-LCLs were pulsed with 0.1 pg/ml of specific peptide 
and added to CD4+ T clones as already described. Proliferation was assessed on a daily 
basis by [^H]-thymidine incorporation. Optimal proliferation was observed on day 3. 
Dose response curves and proliferation time courses were carried out on each new batch 
o f clone prior experimentation and once every 2 weeks for clones maintained in culture. 
These results are representative of several experiments.
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Figure 2.3.2. Lymphocyte stimulation test (LST) o f 3 different CD4+ T cell clone 
(7p.24) batches. Batches of 7p.24 were thawed and stimulated with irradiated peptide- 
pulsed B-LCL, 20 units/ml of exogenous IL-2 or 5 pg/ml o f PHA. Proliferation was 
assessed on day 3 by  [^H]-thymidine incorporation. LSTs were carried out every 14 
days for T cell clones maintained in culture. These results are representative of several 
experiments.
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2.3.2 Rescue of human CD4+ T clones from CD95-mediated death by 

fibroblasts

As already described, human CD4+ T cell clones are highly susceptible to 

CD95-induced death induced by the addition of specific peptide in the absence of co- 

stimulatoiy help (74), Since previous reports have suggested that fibroblasts and stromal 

cell-derived factors such as Type I IFN could rescue T cells from CDD (11-13) 

experiments were carried out to try and prevent CD95-induced apoptosis using these 

same factors. An anti-CD95 antibody, which blocks CD95-mediated death, was first 

added at a pre-titrated optimal concentration to IL-2-deprived 7p,24 T cells 1 hour prior 

to addition of peptide to confirm that apoptosis observed was CD95-mediated, T cells 

were harvested 24 hours later and prepared for PI staining and subsequent fluorescence 

activated cell sorter (FACS) analysis in order to determine the percentage of cells within 

the sub-Go/apoptotic peak. The percentage of apoptotic cells was dramatically reduced 

in conditions where T cell clones were pre-incubated with the antagonistic anti-CD95 

antibody when compared to controls (Fig. 2.3.3.). These experiments indicated that the 

apoptosis induced in this system was CD95-mediated.
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Figure 2.3.3. Reversal of CD95-induced cell death in human CD4+ T cell clones by 
CD95-blocking antibody. A neutralising anti-CD95 antibody, which blocks AICD, and 
the MR6 IgGl control antibody were added at pre-titrated optimal concentrations to IL-
2-deprived 7p.24 T cells 1 hour prior to the addition of peptide. After 24 hour culture 
with neutralising anti-CD95 antibody, T cells were harvested and prepared for PI 
staining and subsequent FACS analysis. Results are expressed as % apoptotic cells as 
determined by PI staining of the sub-Go peak. These results are representative of 3 
separate experiments.
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7p.24 CD4+ T cells were incubated in either medium alone or in the presence of 

fibroblasts in dual chamber cultures (Fig.2.3.4.A.). The addition of specific peptide to 

the medium in the absence of fibroblasts led to a significant reduction in viable cell 

recovery as compared to the controls over the 3-day culture period (p<0.001). When the 

T cells were co-cultured with fibroblasts and peptide, the peptide-induced death was 

significantly reduced after 1 (p<0.005), 2 (p<0.001) and 3 (p<0.001) days of culture 

respectively (Fig. 2.3.4.A.). It was also possible to prevent peptide-induced apoptosis in 

the 7P.41 clone by co-culturing these cells with fibroblasts (Fig. 2.3.4.B.; p<0.01) or in 

the 7P.61 clone by culture with 50% FCM (Fig. 2.3.4.C.; p<0.01). FCM also promoted 

the survival of three different CD4+ T cell clones from anti-CD3-induced AICD. (Table 

2.3.1. p<0.01 in all cases). In addition, FCM but not IL-2 could also inhibit anti-CD3 

induced death in a polyclonal CD4+ T cell line, which was tested at the same time 

(Table 2.3.1. p<0.05). From these experiments it was evident that fibroblasts and FCM 

but not IL-2 could inhibit both peptide- and anti-CD3-induced cell death in CD4+ T cell 

clones and a CD4+ polyclonal T cell line.
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Figure 2.3.4. Fibroblasts prevent peptide-induced death in CD4+ T cell clones. 7p.24 T 
cells were cultured in insert wells in the presence or absence of a confluent monolayer 
o f fibroblasts on  the bottom o f  24 well plates in  a dual chamber system for 1 hour. 
Specific peptide (Ipg/m l) was then added to the T cells. VCR was determined at 
different times and expressed as a percentage of the original cell input (A). The results 
shown are the mean +/- S.E.M. of 5 separate experiments. It is also shown that 
fibroblast co-culture prevents peptide-induced death in the 7P.41 clone (B) and that 
50% FCM prevents the peptide-induced death of the 7P.61 clone (C) after 24 hours of 
culture. These results are representative of 3 separate experiments.
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Table 2.3.1. The effect of FCM and IL-2 on CD95-induced death.

Clone Control* FCM IL-2 Control

+ anti-CD3 

FCM IL-2

7p.24 81 +/- 12 90 +/-6 124 +/- 9 39 +/- 8 62 +/- 7 34 +/-10

7P.41 89 +/- 7 93 +/- 5 147+/- 10 33 +/- 9 66 +/-11 21 +/-4

HC3 89 +/- 8 95 +/- 4 138+/- 13 35 +/- 5 60 +/- 5 30 +/- 5

CD4+ T cell line 68+/- 11 74 +/- 9 109 +/- 4 40 +/- 6 53 +/- 2 37 +/- 4

* CD4 T cell clones or a CD4+ T cell line were deprived of IL-2 for 24 hours and 
cultured alone, in the presence of IL-2 or FCM. Parallel cultures were activated by 
immobilised anti-CD3 antibody. Results are representative of 3 separate experiments.

2.3.3 IFN-P is the main anti-apoptotic mediator in FCM

Pilling et al identified the main anti-apoptotic agent in FCM as IFN-P, 

consequently in this thesis these results were confirmed by blocking IFN-P with a 

neutralising anti-IFN-P antibody (Fig. 2.3.5.). There was a significant reduction in the 

ability of FCM to prevent peptide-induced apoptosis at two different concentrations of 

antibody used (p<0.01. Fig. 2.3.5.). The control antibody, hepatocyte growth factor 

(HGF) had no effect. Although anti-IFN-p treatment abrogated the majority of survival 

promoting activity of FCM, a small amount of activity always remained, regardless of 

the amount of antibody used (Fig. 2.3.5.). This suggests that other fibroblast-derived 

factors may have a minor role in preventing peptide-induced death.
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To confirm that IFN-p was the main anti-apoptotic mediator in FCM, the ability 

of these agents to induce specific STAT signalling molecules was compared. STAT-1 in 

particular appears to be essential since IFN-mediated responses have been shown to be 

defective in STAT-1-deficient mice (13-15). These experiments were carried out in 

collaboration with D. Pilling at the Dept, of Rheumatology, University of Birmingham. 

Cytokine-deprived activated CD4+ T cell lines were treated with either IFN-p or FCM 

for 15 min before extraction of nuclear proteins and analysis of STATiDNA binding. 

There was a strong single band induced by both these agents, which was shown to be 

mainly STAT-1 by supershift assays (Fig. 2.3.6.A.). The pre-incubation of FCM with 

antibodies to IFN-p but not IFN-a or HGF substantially decreased its ability to induce 

STAT-1 (Fig. 2.3.6.B.). This confirms previous studies showing that the fibroblasts do 

not secrete IFN-a (13). A unique synovial fibroblast cell line, derived from a patient 

with self-limiting arthritis, is the only one that has been tested that does not prevent 

cytokine-deprived apoptosis of activated T cells but otherwise grows with normal 

fibroblastic characteristics (13). FCM derived from this line (NR-FCM) does not induce 

STAT-1 induction in T cells (Fig 2.3.6.A.), indicating that it has defective capacity to 

synthesize biologically active IFN-p. FCM derived from this line was used to 

investigate whether fibroblast-secreted mediators, other than IFN-p, might be involved 

in the rescue of T cell clones from peptide-induced death. The co-culture of 7p.24 T 

cells with FCM that was derived from fibroblasts that are defective in IFN-P secretion 

(13), showed markedly diminished rescue of these cells from apoptosis (Fig.2.3.7.). 

These observations suggest that IFN-p is the main mediator secreted by fibroblasts, 

which rescues T cell clones from peptide death. It is possible however that a minor 

contribution to survival is made by other as yet uncharacterised fibroblast-derived 

mediators.
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Figure 2.3.5. IFN-p is the active anti-apoptotic agent in FCM. The FCM was incubated 
with a 1:100 ((̂  or 1:200 (oo) dilution o f neutralizing anti-lFN-p antibody in the pre
titrated optimal range for 1 hour. The treated or untreated FCM was then added to the T 
cells in the absence of lL-2 for a further 1 hour before the addition o f I pg/ml of 
specific peptide. Viable cell recovery was determined after 24 hours. Anti-HGF 
antibody was used at similar dilutions as a control. Identical results were obtained in a 
second separate experiment.



Chapter 2

IFN-p FCM NR- FCM

1 3 5 - 1 3 5 - 1 3 5

B a b c d e f

Figure 2.3.6. IFN-P is the active anti-apoptotic agent in FCM as determined by 
supershift assay. (A) A CD4+ T cell line was deprived o f lL-2 and cultured for 15 min. 
in the presence of 100 units/ml of IFN-p or FCM (50%). In addition, the T cells were 
incubated with FCM from the only fibroblast line tested to date, which does not rescue 
these cells from cytokine-deprivation-induced death (NR-FCM). Nuclear extracts were 
analysed for the presence of STAT 1, STAT-3 and STAT-5 by the addition of 
polyclonal antibodies to these proteins in supershift assays (A). Treatment of FCM with 
polyclonal antibodies to IFN-P for 60 min. inhibits its ability to induce STAT-proteins 
(B). The antibody treated FCM was added to a CD4+ T cell line for 15 min and nuclear 
extracts were then tested for the presence o f STAT proteins. Lane (a) is the Control 
where the cells were not treated with FCM. FCM was added to the cells in lanes b-f. 
Lane (b) no antibody, lane (c) with antibodies to IFN-a and IFN-p, lane (d) with 
antibody to IFN-p, lane (e) with antibody to IFN-a, lane (f) with antibody to HGF. 
These results are representative o f 3 separate experiments.
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Figure 2.3.7. Fibroblasts with deficient capacity to secrete IFN-p cannot rescue T cells 
from peptide-induced death. 7p.24 T cells were deprived o f lL-2 and cultured in 
medium or FCM derived from a fibroblast line which was able to secrete IFN-P (FCM) 
and one which has deficient capacity to secrete this cytokine (NR-FCM) in the presence 
or absence o f 1 pg/ml of specific peptide. Viable cell recovery was determined and 
expressed as the percentage of the original cell input. The results shown represent the 
mean +/- S.E.M. of triplicate determinations of one o f two experiments, which show 
identical results.
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7p,24 T cells were treated with increasing concentrations of peptide in the 

presence or absence of FCM, IFN-a, IFN-P or IL-2 (Fig. 2.3.8.A.). Pre-incubation of 

the cells with FCM, IFN-a or IFN-p for 1 hour significantly increased the viable cell 

recovery after peptide activation at all concentrations tested (p<0.005 for FCM and 

p<0.05 for IFN-a/p respectively). Pre-incubation of the cells with IL-2 did not rescue 

from peptide-induced death as previously described (16). IFN-a/p and FCM also 

blocked the death and increased the cell recovery of the 7p.24 cells induced by the 

direct addition of an agonistic CD95-antibody rather than by peptide (Fig. 2.3.8.B.). 

Collectively these results indicate that IFN-p is the principle mediator that is secreted by 

fibroblasts and which prevents the peptide/CD95-induced death in specific T cells.
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Figure 2.3.8. Type-1 IFN prevents the death of peptide stimulated T cells. 7p.24 T cells 
were pre-cultured for 1 hour with either in medium alone or in the presence of fibroblast 
conditioned medium (FCM) diluted 1:1 with fresh medium, IFN-p (100 units/ml), IFN- 
a  (100 units/ml) or IL-2 (20 units/ml). Parallel cultures of these cells were then treated 
with a range of peptide concentrations (A). The viable cell recovery was determined 
after 24 hours. These results are representative of 3 separate experiments. 7P-24 T cell 
death was also induced by the addition of an anti-CD95 antibody for 24 hours (B). The 
effect of FCM (1:1 with fresh medium), IFN-p (100 units/ml) or IFN-a (100 units/ml) 
on the extent of apoptosis was determined after 24 hours of culture. Apoptosis was 
determined by flow cytometric analysis of the sub-Go peak after PI staining. The results 
shown are representative of 3 separate experiments.
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2.3.4 FCM does not induce proliferation of 7p.24 human CD4+ T cell 

clones

It was next investigated whether the rescue mediated by FCM could be due to 

the proliferation of a small sub population which was not induced to die by apoptosis. 

Cell proliferation was assessed by [^H]-thymidine incorpration. IL-2-deprived 7p.24 T 

cell clones incubated with either peptide-pulsed B-LCL or exogenous human 

recombinant IL-2 (20 units/ml) proliferated as expected over the 72 hour period (Fig. 

2.3.9.A.). T cells incubated in the presence of complete medium, peptide alone or FCM 

plus peptide did not proliferate at all (Fig. 2.3.9.A.). Despite the fact that T cells did not 

proliferate in the presence of FCM the rescue medium did promote the survival of 

clones from peptide-induced death when compared to cells incubated with peptide alone 

(p<0.001) (Fig. 2.3.9.B.).
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Figure 2.3.9. FCM does not induce proliferation of 7p.24 human CD4+ T cell clones. 
(A) IL-2-deprived T cell clones were incubated in the presence of complete medium 
alone (black diamonds), peptide-pulsed B-LCLs (black squares), 20 units/ml exogenous 
IL-2 (black triangles), HA 307-319 peptide alone (white diamonds) or FCM plus 
peptide (white circles). Cells were pulsed with [^H]-thymidine 48 hours later and 
harvested after a following 24 hours. Thymidine incorporation was measured using a 
beta counter and proliferation expressed as counts per minute (CPM). T cells incubated 
with either peptide-pulsed B-LCLs or exogenous IL-2 proliferated over the 72 hour 
period whereas those cells incubated in medium alone, peptide alone or FCM plus 
peptide did not. (B) FCM simultaneously rescued 7p.24 T cell clones from peptide- 
induced death. Results are representative of 3 separate experiments.
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2.3.5 IFN-P reverses the nuclear translocation of PKC-6
Previous studies carried out by Scheel-Toellner et al showed that the prevention 

of cytokine-deprivation- or CD95 ligation-induced death in activated T cells by IFN- 

a/p worked in part by the ability of these cytokines to prevent the translocation of PKC- 

5 from the cytoplasm to the nucleus of these cells (17). It is now shown, in agreement 

with previous observations, that IFN-P also prevented PKC-Ô translocation after rescue 

of 7p.24 T cells from peptide-induced death (Fig. 2.3.10.). This suggests that this 

translocation may be a common process, which occurs when apoptosis is induced by 

different routes, and that part of the broad range of anti-apoptotic activity mediated by 

IFN-a/p is related to their ability to block this translocation, regardless of the apoptosis- 

induction process. These experiments were carried out in collaboration with D. Scheel- 

Toellner (Dept, of Rheumatology, University of Birmingham).
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Control

2h peptide

2h peptide 

lOmin IFN-p

Figure 2.3.10. IFN-p reverses the nuclear translocation of PKC-ô. Cytospins were 
prepared from 7p.24 T cells cultured in medium for 2 hours in the absence of lL-2 
(control), with peptide or with peptide for 2 hours followed by 10 min. incubation 
with IFN-p. PKC-Ô localization was analysed by immunofluorescence staining 
followed by confocal microscopy. The colours shown represent the density of 
staining. High, medium and low density of staining are represented by the colours 
red yellow and blue respectively. The images are representative of 3 separate 
experiments performed.
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2.4 Discussion

Primary infection with foreign antigen leads to an acute T cell-mediated response 

characterised by the expansion of an effector population of antigen-specific T cells. 

Upon resolution of the immune response many effector T cells die by apoptosis but a 

small proportion survive to generate a long-lived memory T cell pool (1,18,19). One 

apoptotic mechanism that serves to maintain homeostasis, is CDD and recent reports 

have proposed that this type of apoptosis may be inhibited by cytokines that signal 

through the common y-chain of the IL-2 receptor, fibroblasts and type I EFN (6,7). To 

date there has been no report in the literature regarding inhibition of CD95-mediated 

death in activated human T cells by naturally occurring factors. It is now shown for the 

first time here that fibroblasts and type I IFN can promote the survival of antigen- 

specific CD4+ human T cells from CD95-mediated apoptosis.

FCM and type I IFN can inhibit apoptosis resulting from direct CD95 ligation 

and also CD95-mediated AICD induced by peptide or anti-CD3 antibody. This was a 

reproducible phenomenon in a panel of clones tested. It has also been shown that the 

AICD of CD4+ T cell lines induced by anti-CD3 antibody could be blocked by FCM 

but to a lesser extent than that observed in T cell clones.

Previous studies have shown that a wide range of fibroblasts can prevent 

apoptosis of activated T cells (11). The prevention of activated T cell death may enable 

the persistence of responding cells and contribute to the maintenance of T cell memory 

(20). Type I IFN may have a general role in  regulating the survival of T cells after 

resolution of the immune response. It must be pointed out however that type I IFN is not 

the only potential rescue factor in FCM. Blocking experiments carried out in this study 

where IFN-P was neutralised in FCM did not completely abrogate rescue from 

apoptosis. It must be proposed that other yet unrecognised factor(s) secreted by 

fibroblasts might be capable of maintaining the survival of CD4+ T cells. Recent work 

by Oritani et al has reported a novel IFN-like molecule, Limitin which shares sequence 

homology with type I IFN and binds to IFN-a/IFN-P receptors (21). This molecule also 

behaves similarly to Type I IFN with respect to anti-proliferative, immunomodulatory 

and anti-viral properties (21). Limitin will be a likely and promising candidate for 

rescue of T cells from apoptosis. It will be interesting to investigate whether Limitin is 

in fact secreted by fibroblasts.
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As already mentioned Type I IFN is a pleiotropic molecule that has anti-viral, 

anti proliferative and immunomodulatory functions. The type of function elicited may 

depend on the concentration of type I IFN, differentiation state of affected cells, or on 

whether these cytokines are released at the initiation or resolution phase of the immune 

response (3,7,22). Another factor that may determine the type of e ffect m ediated by 

IFN-a in particular is the subtype involved. Thirteen IFN-a subtypes have been defined 

to date with varying immunomodulatory effects (22,23).

It is unclear as to the mechanism by which type IFN mediates the survival of 

activated CD4+ T cells. It has been shown that type I IFN may have an anti

proliferative effect on activated T cells (24). It has also been suggested that cell death 

and proliferation may be intrinsically 1 inked (25,26). A recent report by Li et a 1 has 

proposed that AICD occurs at G la phase of the cell cycle, where TCR ligation leads to 

the up regulation of caspase-3, a member of the apoptotic cascade (27). In that study, 

caspase-3-inhibitors could inhibit up regulation of cell cycle promoters such as cyclin- 

dependent kinases 4/6 (cdk 4/6) and cyclin D, resulting in cell cycle arrest in early G1 

phase and inhibition of AICD (27). Studies by Sangfelt et al showed that type I IFN 

induces cell cycle arrest in early G1 phase of the cell cycle by decreasing cdk 4/6 and 

cyclin D expression (24). It is therefore possible that at certain times, the anti

proliferative and anti-apoptotic effects of type I IFN are interlinked and that the ability 

to mediate growth arrest is one of the mechanisms by which type I IFN exerts its anti- 

apoptotic effect. Type I IFN has also been shown to increase the anti-apoptotic protein 

B c1-xl (11,13), prevent PKC-ô translocation and activation (17) thereby inhibiting the 

induction, commitment and execution phases of apoptosis (3).

It would be important to clarify whether the efficacy of IFN treatment in various 

diseases is related to the anti-viral, anti-apoptotic or anti-proliferative activities of these 

cytokines. To date the treatment of disease, in particular chronic autoimmune 

conditions, with type I IFN has been controversial. For example, patients with multiple 

sclerosis treated with IFN-(3-la have been shown to develop subacute thyroiditis (28). 

Type I IFN are clearly pleiotrpic molecules, which exert their effects via different 

mechanisms depending upon the context into which they are introduced. It is vital to 

increase our knowledge as to how these molecules interact with the immune system in 

order to better treat such diseases.
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It is clear that FCM and type I IFN but not IL-2 can promote the survival of 

antigen-specific T cells from CD95-mediated apoptosis leading to the survival of a 

potential immunocompetent memory population. As already stated, apoptosis is one of 

the mechanisms by which immune homeostasis is maintained. Another mechanism 

involves the generation of an unresponsive immuno-regulatory population by means of 

anergy induction. Togetiier both apoptosis and anergy-induction serve to regulate 

immune response thereby contributing to peripheral tolerance (29-31). Hargreaves et al 

have recently proposed that apoptosis and anergy are not intrinsically linked, but are 

separate phenomena (9). Under certain conditions anergy and apoptosis occur 

simultaneously via T;T presentation, where TCR ligation results in CD95-mediated 

death in the majority o f  T cells and unresponsiveness in  surviving T cells (9). The 

addition of anti-CD95 neutralising antibodies to T cell clones during activation resulted 

in the abrogation of CD95-mediated death although all of the surviving cells were found 

to be anergic (9). It is unclear whether FCM and type I IFN can promote the survival of 

unresponsive and potentially immuno-regulatory T cells.
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Chapter 3
Type I IFN promote the survival of 
human anergic T cells from CD95- 
induced apoptosis

3.1 Introduction
Peripheral tolerance is achieved by ignorance (1), deletion (apoptosis) (2), active 

suppression/regulation (3) or by anergy (unresponsiveness) (4). Anergic T cells are 

characterised by the fact that they fail to proliferate or produce IL-2 in response to 

stimulation with antigen-pulsed AFC but are hyper-responsive to exogenous IL-2 (5). 

Anergy induced in this study is mediated by T:T presentation where activated T cells 

express specific peptide to one another in the context of MHC class II (6-8).

One of the consequences of T:T presentation-induced anergy is that a proportion 

of activated T cells will be deleted by CD95-induced apoptosis (9). As already 

mentioned apoptosis is another mechanism by which homeostasis of the immune system 

and peripheral tolerance are achieved (10), Activated T cell blasts bear elevated surface 

expression of both CD95 and CD95L and interaction between CD95L and CD95 on 

activated T cells leads to caspase activation and ultimately cell death (11). T:T 

presentation occurs simultaneously with CD95/CD95L interaction during immune 

responses and initially it was proposed that anergy and apoptosis were overlapping 

phenomena (12).

It has already b een shown in C hapter 2 that F CM and type 11FN c an r escue 

activated CD4+ antigen-specific T cell clones from CD95-mediated death induced by 

T:T presentation of peptide. The main aim of this chapter is to investigate whether 

rescued cells remain unresponsive to subsequent challenge with antigen-pulsed AFC 

and finally whether anergic T cells can suppress immune responses in vitro. To 

determine the relationship between apoptosis and anergy as a consequence of TCR 

ligation, specific peptide was added to human CD4+ T cell clones.
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3.1.1 Specific aims
1) To determine whether T cell clones that are rescued from CD95-induced cell 

death by FCM and type I IFN are responsive or anergic.

2) To investigate whether anergised T cells are capable of suppressing immune 

responses in vitro.
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3.2 Methods
3.2.1 Isolation of PBMC and purification of T cell subtypes from 

whole blood
PBMC were isolated from whole blood and T cell subtypes were purified from 

PBMC using the methods described in Section 2.2..

3.2.2 Generation and maintenance of CD4+ T cell line
0.5 pg/ml of anti-CD3 (OKT3) was immobilised to the base of wells of a 24 

well plate in PBS (0.5 ml/well) and incubated for 2 hours at 37°C. The wells were 

subsequently washed three times with PBS to remove any excess anti-CD3. The CD4+ 

T cell number was adjusted to 1x10  ̂ cells/ml in complete medium and 1ml of this 

suspension was added to each well of a 24 well culture plate pre-coated with anti-CD3. 

20 units/ml of exogenous IL-2 and anti-CD28 (1/2000 dilution of K0LT2 hybridoma 

supernatant) were added to each well. The cells were incubated at 37°C in a humidified 

incubator with 5% CO2 20 units/ml of exogenous IL-2 were added to each well at 3 day 

intervals, and complete medium was replaced as needed. Cells were reactivated every 

14 days using anti-CD3 (0KT3), anti-CD28 and exogenous IL-2.

3.2.3 Stimulation and maintenance of CD4+ T cell clones
Human CD4+ clones, 7p.24, 7p.41 and 7P.61, which are specific for influenza 

haemagglutinin HA-(307-319), restricted by HLA-DRB1*0701 and derived from an 

HLA-DRBl *0701 DRBl *1301 individual were stimulated with specific peptide-pulsed, 

irradiated B lymphoblastoid cell line. B lymphoblastoid cells (B-LCL) were pulsed with 

influenza haemagglutinin HA-(307-319) peptide (1 pg/10^) for two hours at 37°C. The 

cells were subsequently irradiated (120 Gy) for 30 minutes using a y irradiator. Pulsed 

irradiated B-LCLs were washed twice by centrifuging for 5 minutes at 1200 rpm, after 

which they were added to 1 x 10̂  T cell clones in a ratio if 1:1 per well of a 24 well 

plate (total volume/well was 1 ml). 20 units o f  exogenous human recombinant IL-2 

were added to each well. CD4+ T cell clones were maintained in complete medium and 

20 units of exogenous human recombinant IL-2 (added to each well every 3 days). T 

cell clones were subsequently re-stimulated every 21 days with pulsed, irradiated B- 

LCLs. Additional human CD4^ T cell clones which were used in this study include
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NF4, which is specific for HA-(307-319) and restricted by DRBl*0101 and HC3, 

specific for HA-( 100-115) and restricted by DRBl*1010 and obtained from a 

DRB*0101, DRBl*0403 individual.

3.2.4 Culture of IL-2-dependent CTL line (CTLL)

CTLL (a kind gift from G. Lombardi, Hammersmith Hospital) were cultured 

vertically in a 25 cm  ̂ flask at a concentration of 1 x 10̂  cells/ 4 ml complete culture 

medium supplemented with 20 units/ml of exogenous IL-2. Cells were split into new 

flasks under the same conditions when appropriate.

3.2.5 Detection of IL-2 secretion using CTLL

Supernatants from T cells stimulated in culture for 24 hours were frozen 

overnight (-20°C) in order to disrupt contaminating T or B cells. CTLL were washed 

twice (1400 rpm for 5 minutes) and cultured overnight in the absence of exogenous IL-

2. CTLL were then washed twice and re-suspended at 1.2 x 10  ̂cells/ml in fresh culture 

medium. 25 pi of this cell suspension (3000 cells) were then added to wells of a round- 

bottomed 96 well plate (Falcon). 50 pi of thawed supernatant was then added to the 

CTLL. It must be noted that a dose range of exogenous IL-2 diluted in complete 

medium was also added to CTLL (0-40 units/ml) parallel to each experiment. 10 pi of 

[^H]-thymidine (0.1 mBq) was added to each well 8 hours later and the proliferation of 

harvested cells was assessed as [^H]-thymidine incorporation after 24 hours.

3.2.6 Induction of anergy in CD4+ T cell clones
The stimulation and maintenance of 3 human CD4+clones, 7p.24, 7p.41 and 

7P.61, which are specific for influenza haemagglutinin HA-(307-319), restricted by 

HLA-DRBl *0701 and derived from an HLA-DRBl *0701 DRB1*1301 individual have 

been described in detail previously (2.2.4.)(13). Polyclonal CD4+ T cell lines were 

generated as described previously (2.2.3.). CTLL were used to determine IL-2 secretion 

of peptide-stimulated clones as described previously (2.2.10.). To induce apoptosis and 

anergy, 7p.24 and 7P-41 clones were cultured with 1 pg/ml of peptide in the absence of 

accessory cells for 18-24 hours. To test for anergy, the cells that were pre-cultured with
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peptide were washed (1200 rpm for 5 minutes) and re-cultured with irradiated B-LCLs 

pulsed with different concentrations of peptide and proliferation was measured by [^H]- 

thymidine-uptake after 72 hours (13). Apoptosis was also induced in T cell clones by 

stimulation with anti-CD3 antibodies. Anti-CD3 was immobilized on plastic (2.2.3.) in 

the absence of co-stimulation. T cells were added to coated wells and incubated at 37°C 

for 18-24 hours. Anergy was assessed by re-stimulating with irradiated peptide pulsed 

B-LCL. Proliferation was assessed by [^H]-thymidine incorporation after 72 hours.

3.2.7 Enumeration of viable, apoptotic and cycling T cells
See Section 2.2..

3.2.8 Dose-dependent induction of T cell anergy

7p.24 clones were anergised with a concentration range of HA 307-319 peptide 

(0.01-10 pg/ml) in the absence or presence of FCM (T cells were pre-incubated with 

FCM in a 50:50 ratio for 30 minutes at 37°C prior to addition of peptide). B-LCL were 

pulsed with a specific peptide range of 0.0-1.0 pg/ml and incubated at 37°C for 2 hours 

after which they were irradiated with 120 Gy using a y-irradiator. Irradiated, pulsed B- 

LCL were washed twice (1200 rpm for 5 minutes) and added to anergised clones plus 

non-anergised controls in a ratio of 1:1. Proliferation was assessed as CPM based upon 

[^H]-thymidine incorporation.

3.2.9 Suppression experiments

Clone 7p.24 was incubated for 24 hours in the absence or presence of specific 

peptide (0.1 pg/ml) without professional APC. In order to ensure that anergy was 

induced, a proportion of cells were washed and stimulated with irradiated, peptide- 

pulsed B-LCL. The proliferative response was measured by [^H]-thymidine 

incorporation. T cell anergy was confirmed by adding 5 pg/ml of PHA and 20 units/ml 

of exogenous IL-2. Non-anergic (responder) 7p.24 T cells were cultured alone, with 

non-anergic T cells, with T cells anergised with 0.1 pg/ml peptide or with T cells 

anergised with 1 pg/ml peptide at a 1:1 ratio. All conditions were stimulated with 

irradiated, peptide-pulsed B-LCL. The proliferative response was measured by [^H]- 

thymidine incorporation.
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3.2.10 Statistics

The Student’s /-test was used to determine the significance of the results, /-tests 

applied were paired, two-tailed and parametric. Calculations were carried out using 

GraphPad Prism version 3.0 or Microsoft Excel2000.
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3.3 Results

3.3.1 Induction of anergy in 7p.24 CD4+ human T cell clones

Since induction of anergy in T cells has been proposed as a means of regulating 

the immune response (14-17) the phenomenon of umesponsiveness was investigated 

using the experimental system already described. 7p.24 clones were rendered anergic by 

incubating T cells with HA 307-319 peptide in the absence of professional APC or with 

immobilised anti-CD3 in the absence of co-stimulatory help for 24 hours.

7p.24 T cells anergised with 1 pg/ml of HA 307-319 peptide (Fig. 3.3.I.A.) or 

0.5 pg/ml of immobilised anti-CD3 (Fig. 3.3.1 BJ in the absence of professional APC 

were re-stimulated with irradiated B-LCL pulsed with a concentration range of specific 

peptide. Neither T cells anergised with specific peptide (Fig. 3.3.1.A.) nor immobilised 

anti-CD3 (Fig. 3.3.I.B.) proliferated in response to peptide-pulsed APC when compared 

to non-anergised controls. T cells anergised with specific peptide remained 

umesponsive when stimulated with peptide-pulsed APC over a period of 5 days, 

indicating that this state of umesponsiveness could not be broken over the time elapsed 

during this experiment (Fig. 3.3.I.C.).
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Figure 3.3.1. Anergy induction in 7p.24 CD4+ human T cell clones. T cell clones were 
anergised with 1 pg/ml of HA 307-319 peptide (A) or 0.5 pg/ml of immobilised anti- 
CD3 (B) in the absence of professional APC or co-stimulatory help and incubated 
overnight at 37°C. T cells were subsequently washed and re-stimulated with irradiated 
B-LCL pulsed with a concentration range of specific peptide. Control conditions 
included T cell clones, which were not previously anergised. Proliferation was 
determined 72 hours later by [^H]-thymidine incorporation. In order to determine 
whether this unresponsive state was permanent T cells clones were anergised with 1 
pg/ml of HA 307-319 and incubated overnight at 37°C. T cells were subsequently 
washed and parallel cultures were set up in 96 well microtitre plates. Parallel cultures 
were then re-stimulated with irradiated B-LCL pulsed with 0.1 pg/ml of specific peptide 
(C). Proliferation, determined by [^H]-thymidine incorporation, was assessed 24, 48 and 
120 hours after re-stimulation. These results are representative of 10 separate 
experiments.
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Anergic/unresponsive T cells have been s hown to exhibit defective s ignalling 

through the IL-2 receptor y chain and do not secrete IL-2 in response to mitogenic 

stimulus (18-20). CTLL were used as another means of assessing anergy induction in 

our system. Prior to use in experiments CTLL were exposed to a titration of exogenous 

IL-2 and proliferation was assessed 24 hours later by [^H]-thymidine incorporation (Fig. 

3.3.2.A.).

7p.24 T cell clones were anergised with 1 pg/ml of HA 307-319 peptide or 0.5 

pg/ml of immobilised anti-CD3 (Fig. 3.3.2.B.) in the absence of professional APC and 

incubated overnight at 37°C. T cells were subsequently washed and re-stimulated with 

irradiated B-LCL pulsed with a concentration range of HA 307-319 peptide. 

Supernatants were removed from all conditions 48 hours after incubating at 37°C and 

added to CTLL in 96 well microtitre plates. The proliferation of CTLL in response to 

IL-2 present in the supernatants was assessed by [^H]-thymidine incorporation 24 hours 

later (Fig. 3.3.2.B.). T cell clones anergised with specific peptide or immobilised anti- 

CD3 did not secrete IL-2 in response to re-stimulation and therefore supernatants 

harvested did not generate proliferation in CTLL. Supernatants aspirated from non- 

anergic T cell controls did induce proliferation in the IL-2-dependent cytotoxic T cell 

line.
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Figure 3.3.2. Proliferation of a IL-2-dependent cytotoxic T cell line in response to 
exogenous IL-2. Prior to use in experiments CTLL were exposed to a titration of 
exogenous IL-2 and proliferation was assessed 24 hours later by [^H]-thymidine 
incorporation (A). CTLL were subsequently used to determine the presence of IL-2 in 
supernatants of anergic and non-anergic T cell clones re-stimulated with pulsed APC. T 
cell clones were anergised with I pg/ml of HA 307-319 peptide or 0.5 pg/ml of 
immobilised anti-CD3 in the absence of professional APC or co-stimulatory help and 
incubated overnight at 37°C. T cells were washed and re-stimulated with irradiated B- 
LCL pulsed with a concentration range of specific peptide. Control conditions included 
T cell clones that were not previously anergised. Supernatants from all conditions were 
harvested 48 hours later and added to CTLL in culture (B). Proliferation was assessed 
24 hours later by [^H]-thymidine incorporation. These results are representative of 10 
separate experiments.
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3.3.2 FCM or IFN-ct/p rescued T cells remain anergic to peptide- 

pulsed APC
The ability of T cells, which had been protected from peptide-induced death by 

FCM, to respond to challenge with antigen-pulsed APC (Fig. 3.3.3.) was tested next. 

Cells, which were cultured with FCM alone, without peptide, responded to antigen- 

pulsed APCs when tested after 1,2 or 5 days after culture (Fig. 3.3.3.A.). Cells which 

were exposed to Ipg/ml of peptide alone or peptide together with FCM in the first 

culture, were completely anergic and unresponsive to further challenge (Fig. 3.3.3.A.). 

This non-responsiveness was observed over a wide concentration range of peptide on 

APCs (Fig. 3.3.3.B.). In a further set of experiments, it was shown that CD4+T cells 

that were rescued from peptide-mediated death upon direct addition of IFN-a or IFN-p 

instead of FCM were also anergic to challenge with antigen-pulsed APC (Fig. 3.3.3.C.). 

The presence of IFN-a/p in the control T cell cultures, which were incubated without 

peptide, did not affect proliferation or IL-2 secretion of the CD4+ T cells in response to 

antigen-pulsed B-LCL in the second culture (Fig. 3.3.3.C.). These results were 

completely reproducible in  the 7p.41 T cell clone tested (see F ig. 3.3.6.). It must be 

pointed out that the proliferative response of anergised T cells to mitogenic stimulation 

increased when cells were activated with APC pulsed with high concentrations of 

peptide. This phenomenon was observed in the majority of experiments carried out. 

Collectively, these results suggest that IFN-P secreted by fibroblasts can maintain t^e 

survival of anergic CD4+ T cells after antigen-specific activation.
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Figure 3.3.3. T cells that are rescued from apoptosis by FCM and Type I IFN are 
anergic to re-challenge. 7p.24 T cells were incubated with 1 pg/ml of specific peptide, 
at a concentration of 5 x 10̂  cells/ well (48 well plate), in the presence or absence of 
FCM. At different times, the cells were washed and converted to 1 x 10̂  cells/well of a 
96 well plate and re-challenged with 3x10*  APCs, which had been pulsed overnight 
with 1 pg/ml of the same peptide (A). The uptake of [^H]-thymidine was determined 
after 72 hours. In (B), 7p.24 T cells, which had been pre-incubated with lug/ml of 
peptide for 24 hours, at a concentration of 5 x 10̂  / well (48 well plate), were washed 
and converted to I x 10"̂  cells/well (96 well plate) and re-challenged with 3x10* APCs, 
pulsed with a range of peptide concentrations. [^H]-thymidine uptake was measured 
after 72 hours. The results represent the mean and S.E.M of three separate experiments 
in both A and B. In (C), 7p.24 T cells were incubated, at a concentration of 5 x 10̂  / 
well (48 well plate), with 1 pg/ml of peptide in the presence or absence of IFN-a or p 
for 24 hours. The cells were then washed and converted to 1 x 10* cells/well (96 well 
plate) and re-challenged with 3 x 10* APCs pulsed with a range of peptide 
concentrations. Supernatants were harvested after 48 hours and IL-2 secretion was 
measured by the proliferation induced in a murine CTLL line. Similar results were 
obtained when the proliferation instead of IL-2 secretion of the 7p.24 T cells was 
measured upon re-challenge. These results are representative of three separate 
experiments.
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3.3.3 IL-2 secretion and responsiveness of peptide treated cells after 

rescue from death by FCM

It was then necessary to ensure that the profile of anergic T cells demonstrated in 

the previous experiments was not a phenomenon associated solely with the 7p.24 CD4+ 

clone. For this reason another clone, 7p.41, which is also specific for HA 307-319 

peptide was anergised and it was investigated whether this CD4+ clone behaved 

similarly. These experiments were also expanded to assess the functional capacity of 

unresponsive clones since evidence in the literature suggests that anergised T cells are 

hyper-responsive to exogenous IL-2 (21,22). Anergised 7p.41 (Fig. 3.3.4.A.) and 7p.24 

(Fig. 3.3.4.B.) T cell clones react similarly in response to mitogenic stimulus with B- 

LCL pulsed with a range of specific peptide concentrations i.e. they do not proliferate. 

Again, FCM had no effect positively or negatively on these unresponsive cells. Type I 

IFN was not added in these experiments since it has already been shown that FCM itself 

contains IFN-p a nd therefore experiments using this rescue factor a lone would have 

been redundant. Interestingly, as in Figure 3.3.3., the level of proliferation of anergised 

T cell clones (both 7p.41 and 7p.24) increased with increasing concentration of peptide 

on irradiated B-LCL. Hyper-responsive proliferation to exogenous IL-2 is a 

characteristic of anergic T cells (21,22) and anergised T cell clones 7p.41 and 7p.24 are 

no exception. 7p.41 anergised with specific peptide in the absence or presence of FCM 

proliferated to a much greater extent than non-anergised controls as shown in Figure 

3.3.4.C. Anergised 7p.24 responded similarly, particularly under those conditions where 

anergy was induced in the presence of FCM. Unfortunately 7p.24 anergised in the 

absence of rescue factor did not proliferate in a hyper-responsive manner to exogenous 

IL-2 (Fig. 3.3.4.D.). Since 7p.24 is much more susceptible to death than 7p.41 (23), it is 

possible that surviving 7p.24 T cell clones are less capable of responding normally than 

their 7p.41 counterparts. 7p.24 T cell clones anergised in the presence of FCM survive 

apoptosis to a much greater extent and are therefore subsequently hyper-responsive to 

exogenous IL-2 (Fig. 3.3.4.D.).
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Figure 3.3.4. IL-2 secretion and responsiveness of peptide treated cells after rescue 
from death by FCM. Clones 7p.4I (A) and 7p.24 (B) were cultured under the conditions 
indicated for 24 hours and then washed and re-challenged with peptide-pulsed APCs for 
48 hours. Supernatants were collected and added to murine CTLL cells for a further 8 
hours and the plated pulsed with [^H]-thymidine and harvested 18 hours later. Clones 
7p.41 (C) and 7p.24 (D) were cells cultured overnight as indicated and subsequently 
cultured in the presence of exogenous lL-2 (20 units/ml) in the absence of APC for 48 
hours after which ^H-thymidine was added and the cells harvested 18 hours later. These 
results are representative of three separate experiments.

115



________________________________________________________   Chapter 3

3.3.4 FCM rescued T cell clones remain anergic to immobilised anti- 

CD3

It was next investigated whether 7p.24 T cell clones rescued from anti-CD3- 

induced apoptosis could proliferate in response to peptide-pulsed B-LCL. T cell clones 

were pre-incubated in the absence or presence of FCM. T cells were then incubated over 

night in the absence or presence of immobilised anti-CD3. Cells under all conditions 

were subsequently washed and re-stimulated with irradiated B-LCL pulsed with a range 

of specific peptide concentrations. [^H]-thymidine was added after 48 hours and T cells 

were harvested 24 later in order to assess proliferation. T cell clones anergised in 

medium alone or 50% FCM failed to proliferate in response to peptide-pulsed APC 

whereas cells that were not incubated with immobilised anti-CD3 responded 

accordingly (Fig. 3.3.5.A.).

These results were confirmed using IL-2-dependent CTLL. Supernatants 

aspirated from all experimental conditions were added to CTLL 48 hours post 

stimulation and proliferation of the IL-2 dependent cells was assessed by [^H]- 

thymidine incorporation 24 hours later. Supernatants aspirated from T cell clones 

anergised in medium alone or 50% FCM failed to induce proliferation in IL-2- 

dependent CTLL whereas supernatants removed from non-anergised T cells did 

promote a proliferative response (Fig. 3.3.5.B.). T cells anergised with immobilised 

anti-CD3 in the absence or presence of FCM do not produce IL-2 in response to 

mitogenic stimulation.

From these results it is evident that T cell clones rescued from anti-CD3-induced 

death by FCM also remain unresponsive/anergic. It must be noted that, whereas T cell 

clones anergised by specific peptide began to proliferate when cells were activated with 

APC pulsed with high concentrations of peptide, the same T cell clones anergised by 

anti-CD3 do not. It may be the case that the state of unresponsiveness induced by anti- 

CD3 is of a more permanent nature.
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Figure 3.3.5. CD4+ 7p.24 T cell clones rescued from anti-CD3-induced apoptosis by 
FCM are unresponsive to subsequent re-challenge with peptide-pulsed B-LCL. T cells 
were incubated with 1 pg/ml of immobilised anti-CD3 overnight in the absence or 
presence of FCM, washed and presented to irradiated, peptide-pulsed B-LCL in a ratio 
of 1:1. B-LCL were pulsed with a concentration range of specific HA 307-319 peptide 
for 2 hours prior to irradiation. [^H]-thymidine was added 48 hours later and cells were 
harvested after a further 18 hours incubation at 37°C (A). Removing supernatants 24 
hours post re-activation and adding them to murine IL-2-dependent CTLL determined 
IL-2 secretion by the same cells (B). The proliferative response of CTLL to IL-2 present 
in the supernatants was assessed by [^H]-thymidine incorporation. These results are 
representative of 6 separate experiments.
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3.3.5 Dose-dependent induction of anergy in 7p.24 CD4+ human T cell 

clones

It has been shown in previous experiments that the proliferative response of T 

cell clones anergised with specific peptide could increase when cells were activated 

with APC pulsed with high concentrations of peptide (Fig. 3.3.3.). This was not the case 

for T cell clones anergised with immobilised anti-CD3 (Fig. 3.3.5.). It has also been 

demonstrated that multiple levels of anergy exist depending upon the concentration of 

the particular agent used to induce anergy (24-26).

Based upon previous experiments and evidence i n the literature these reports 

were confirmed using the experimental system already described. IL-2-deprived 7p.24 

human T cell clones were anergised overnight with a concentration range of specific 

peptide. T cells were washed and re-stimulated in a 1:1 ratio with irradiated B-LCL 

pulsed with a concentration range of HA 307-319 peptide. Parallel cultures were set up 

in 96 well microtitre plate and [^H]-thymidine was added after 48 hours. T cells were 

harvested 18 hours later and proliferation was determined by the amount of [^H]- 

thymidine incorporation. T cells anergised with low peptide concentrations (0.01 and

0.1 pg/ml) proliferated in response to peptide-pulsed APC whereas clones rendered 

unresponsive with higher peptide concentrations (1.0 and 10.0 p.g/ml) did not (Fig. 

3.3.6.A.). The [^H]-thymidine incorporation by cells anergised with 0.01 pg/ml was 

higher than that by clones anergised with 0.1 pg/ml (Fig. 3.3.6.A.). Interestingly the 

activation threshold for T cells anergised with 0.01 and 0.1 pg/ml of specific peptide 

was lower than that of non-anergised controls (Fig. 3.3.6.A.).

It was next investigated whether T cell clones anergised in the presence of FCM 

would behave similarly. The same experiment was carried out with the exception that T 

cells were pre-incubated with FCM prior to anergy induction. In these experiments the 

proliferative capacity of the T cell clone was inversely proportional to the concentration 

of specific peptide used to anergise (3.3.6.B.). T cells anergised with 1.0 pg/ml of 

specific peptide had a lower threshold of activation than those cells anergised with 0.1 

pg/ml and so on (3.3.6.B.). In previous experiments (Fig. 3.3.6.A.) the activation 

threshold for T cells anergised with 0.01 and 0.1 pg/ml of specific peptide was lower 

than that of non-anergised controls. This was not the case when T cells were pre- 

incubated with FCM since non-anergised controls yielded the greatest CPM values
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(3.3.6.B.). This may be due to the fact that T cells pre-incubated in FCM prior to anergy 

induction are more viable than those rendered unresponsive in medium alone.

Subsequent investigations determined whether anti-CD3-induced anergy could 

lead to increasing thresholds of re-activation in T cell clones. T cells were anergised 

with increasing concentrations of immobilised anti-CD3. Parallel cultures were set up 

where T cells were pre-incubated with FCM prior to anergy induction. Clones were 

subsequently re-activated 24 hours later and proliferation was assessed by [^H]- 

thymidine incorporation after a further 48 hours. Only non-anergised T cells which were 

pre-incubated in medium (Fig. 3.3.7.A.) or FCM (Fig. 3.3.7.B.) proliferated in response 

to re-stimulation with peptide-pulsed APC. T cells rendered anergic by immobilised 

anti-CD3 (0.01-10 pg/ml) did not respond to B-LCL pulsed with a concentration range 

of peptide (0.01-1.0 pg/ml) (Fig. 3.3.7.).

It is clear that the concentration of anergy-inducing agent is critical. High levels 

result in a state of unresponsiveness, which is more difficult to reverse. This may be a 

an important mechanism involved with immune regulation in vivo where aggressive 

immune responses may lead to a more permanent state of anergy. The activation 

threshold of such T cells may be higher thereby making it more difficult for the same 

aggressive response to occur again.
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Figure 3.3.6. Dose-dependent induction of anergy in 7p.24 CD4+ human T cell clones. 
7p.24 clones were anergised with a concentration range of HA 307-319 peptide (0.01-10 
pg/ml) in the absence (A) or presence of (B) FCM (50%). All conditions were 
subsequently stimulated with irradiated B-LCL pulsed with specific peptide (0.0-1.0 
pg/ml) and proliferation was assessed as CPM based upon [ H]-thymidine 
incorporation. Results are representative of 3 separate experiments.
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Figure 3.3.7. Dose-dependent induction of anergy in 7p.24 CD4+ human T cell clones 
using immobilised anti-CD3. 7p.24 clones were anergised with a concentration range of 
immobilised anti-CD3 (0.01-10 pg/ml) in the absence (A) or presence of (B) FCM 
(50%). All conditions were subsequently stimulated with irradiated B-LCL pulsed with 
specific peptide (0.0-1.0 pg/ml) and proliferation was assessed as CPM based upon 
[ H]-thymidine incorporation. Results are representative of 3 separate experiments.
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3.3.6 Induction of the anergic/suppressive phenotype in human CD4+ 

T cell clone (7p.24)

Evidence in the literature suggests that anergic T cells are capable of suppressing 

other responder (non-anergic) T cells of the same specificity (14-15,27). It was 

investigated whether 7p.24 human T cell clones, rendered anergic by specific peptide, 

could suppress T cell responses. Prior to each experiment it was necessary to ensure that 

anergy was induced (Fig. 3.3.8.). T cells were subsequently washed and added to 

equivalent non-anergic T cell clones in a 1:1 ratio. Parallel cultures were set up in 96 

well microtitre plates after which T cells were stimulated with peptide-pulsed irradiated 

B-LCL. Proliferation was assessed by [^H]-thymidine incorporation 48 hours later. 

Figure 3.3.9. illustrates that T cell clones anergised with specific peptide (0.1 and 1.0 

pg/ml) can partially inhibit the proliferation of responder T cells of the same specificity 

(p<0.01). It is unclear as to why T cells anergised with the lower concentration of 

peptide (0.1 pg/ml) induced a greater level of suppression (Fig. 3.3.9.).

1 2 2



Chapter 3

medium 
anergic 
anergic 'o

0 0.01 0.1 1

Peptide-pulsed B-LC! (pg/ml)

Figure 3.3.8. Induction of the anergic/suppressive phenotype in human CD4+ T cell 
clone (7p.24). Clone 7p.24 was incubated for 24 hours in the absence or presence of 
specific peptide (0.1 pg/ml). In order to ensure that anergy was induced, a proportion of 
cells were washed and stimulated with irradiated, peptide-pulsed B-LCL. The 
proliferative response was measured by [^H]-thymidine incorporation. Results are 
representative of 3 separate experiments.
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Figure 3.3.9. Induction of the anergic/suppressive phenotype in human CD4+ T cell 
clone (7p.24). Clone 7p.24 was incubated for 24 hours in the absence or presence of 
specific peptide (0.1 pg/ml). T cells were subsequently washed and added to equivalent 
non-anergic T cell clones in a 1:1 ratio. Parallel cultures were set up in 96 well 
microtitre plates after which T cells were stimulated with peptide-pulsed irradiated B- 
LCL. Proliferation was assessed by [^H]-thymidine incorporation 48 hours later. 
Results are representative of 3 separate experiments.
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3.4 Discussion

Various mechanisms such as deletion (apoptosis), ignorance, anergy and active 

suppression by immuno-regulatory T cells have been proposed to be involved with 

maintaining peripheral tolerance (9). The relationship between apoptosis and anergy as 

a consequence of T C R 1 igation o f  antigen-specific C D4+ T cells was i nvestigated in 

order to understand how anergic T cells with recognised immuno-regulatory function 

may be maintained after stimulation.

It was found that FCM and type I IFN can inhibit apoptosis resulting in the 

survival of CD4+ T cell clones from CD95-mediated AICD induced by peptide or anti- 

CD3 antibody. T cell clones rescued from death remained anergic. However, the 

threshold of re-activation of T cell clones anergised with specific peptide was dependent 

on the concentration of peptide used to induce anergy and also on the concentration of 

peptide loaded onto MHC class II molecules on the surface of the APC. It remains 

unclear as to why anti-CD3-induced anergy can not be reversed even when stimulated 

with APC pulsed with high concentrations of peptide. Finally anergised 7p.24 human T 

cell clones were capable of partially suppressing the proliferation of non-anergic, 

responder 7p.24 T cell clones as already described in the literature (15).

Previous studies have shown that a wide range of fibroblasts can prevent 

apoptosis of activated T cells (28). The prevention of activated T cell death may enable 

the persistence of responding cells and contribute to the maintenance of T cell memory 

(29). It has been shown for the first time in this study that when T cells are stimulated to 

specifically induce anergy FCM and type I IFN can prevent CD95-mediated apoptosis 

of these cells. Type I IFN may have a general role in regulating the survival of T cells 

after TCR ligation. The context of T cell activation, depending on whether there is 

complete or partial signalling (23) or whether co-stimulatory help is absent or present, 

may determine whether the rescued cells retain the ability to respond or not (30).

This study has shown that FCM and type I IFN can prevent CD95-mediated 

death leading to the survival of anergic T cells. Previous reports using mouse (2) and rat 

(26) models have shown that anergy is not an ‘all or nothing’ phenomenon but exists at 

multiple levels depending upon the anergy-inducing antigen dose. Results in this study 

demonstrate that T cells anergised with low peptide dose in the presence of FCM had a 

lower threshold of re-activation than those anergised with increasingly higher
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concentrations. This is another potential mechanism by which immune responses are 

regulated where very high doses of antigen may lead to a more permanent state of 

anergy. Conversely, less aggressive responses may lead to anergy that is more easily 

broken.

Anergy induced by T:T presentation in the presence of high antigen doses may 

lead to the development of a regulatory T cell subpopulation. Such cells have been 

shown to exist in humans (15), rats (26) and mice (14). Studies have also shown that 

depletion of CD4+CD25+ T cells can lead to the spontaneous development of organ- 

specific diseases in mice (31-33). These CD4+CD25+ T cells have decreased CD45RB 

expression, represent 5-10% of peripheral CD4+ T cells and do not proliferate in 

response to TCR stimulation (32,33). Salmon et al demonstrated that cells expressing 

low levels of CD45RB were highly differentiated and susceptible to apoptosis (34). 

More recently Taams et al showed that CD4+CD25+ CD45RB'° human T cells were 

susceptible to apoptosis and incapable of proliferating in response to TCR ligation (35). 

This study also showed that CD4+CD25+ T cells could be rescued from death by FCM 

and were also capable of suppressing immune responses (35). Depletion of this small T 

cell subset from CD4+ T cell populations significantly enhanced proliferation in the 

remaining CD4+CD25- T cells while addition of CD4+CD25+ T cells to a CD4+CD25- 

T cell population significantly decreased proliferative activity (35).

T cell clones both phenotypically and functionally resemble highly differentiated 

CD4+CD25+ cells found in blood and other tissues of normal individuals because they 

are CD45RO' '̂, CD45RB'° and have a reduced capacity to secrete IL-2 (34). In addition, 

T cell clones maintained in culture have experienced more rounds of proliferation and 

subsequently have shorter telomeres than recently established cell lines, indicating that 

they are an older, more differentiated population (36). The T cell clones utilised in this 

study, once anergised, resemble CD4+CD25+ T cells and like CD4+CD25+ T cells can 

partially suppress the proliferation of other non-anergic antigen-specific T cells.

The results presented here have several important implications. The ability of 

IFN-a/p to promote survival of anergic T cells may not only be restricted to situations 

of T:T presentation of antigen. Anergy can also be induced by presentation of antigen to 

T cells by endothelial and also epithelial cells in the context of MHC class I, which is 

induced on these cells during inflammatory responses (37). Secretion of IFN-a/p by 

these cells themselves or by neighbouring cells may also promote anergic T cell
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survival in the tissues in these situations. Furthermore, during viral infections the 

secretion of IFN-a/p can be up regulated considerably, especially by certain specialized 

cells such as the DC2 cells and their precursors (38-40). This may promote the survival 

of both responsive and also anergic T cells after viral infection and the balance between 

these functionally different populations may determine the subsequent responsiveness to 

the virus. It is  also possible that IFN-a/p therapy in  various diseases may affect the 

balance between anergy and apoptosis in responding T cells. The most intriguing 

possibility however is that the induction o f  anergic T cell survival, induced by IFN- 

a/p, may promote the persistence of immuno-regulatory populations in vivo and 

contribute to maintenance of the tolerant state to self and other antigens by active 

regulation rather than deletion of responsive cells (33,41-44).

Despite the fact that experiments presented in this study show that FCM and type 

I IFN can rescue anergic CD4+ T cell clones from AICD, it is not shown that these 

surviving unresponsive cells can suppress responder T cell activation. It is essential that 

these experiments be carried out in order to provide evidence that activated T cells can 

be rendered anergic by T:T presentation, rescued from AICD by either FCM or type I 

IFN and subsequently inhibit responder T cell proliferation.
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Chapter 4

Type I IFN and TGF-pi can induce 
quiescence in activated human T cells

4.1 Introduction

In Chapters 2 and 3 the relationship between anergy and apoptosis was 

investigated and it was shown that FCM and type I IFN can promote the survival of 

responsive and anergic CD4+ T cell clones from CD95-mediated death. It is therefore 

possible that FCM and type I IFN are involved with promoting the survival of memory 

T cells upon resolution of an immune response. It has been demonstrated that the vast 

majority of effector memory T cells isolated from whole blood are found in a resting, 

quiescent state (1). Very little evidence exists in the literature regarding factors that can 

induce quiescence in activated T cells. Tzachanis et al showed that TGF-P could 

mediate quiescence in T cells by activating the Tob/Smad signalling pathway (2). It is 

still unknown whether factors such as type I IFN which can rescue T cells from 

apoptosis, could also induce quiescence in these T cells leading to a stable resting 

memory pool. In this chapter it was investigated whether antigen-specific cells could be 

rendered quiescent by a variety of cytokines (FCM, type I IFN, and TGF-Pi) and 

whether these non-cycling cells could be subsequently re-activated. In order to carry out 

these investigations chronic EBV infection was used as the experimental model, where 

CD8+ T cells specific for both lytic and latent epitopes of EBV can be detected in 

peripheral blood by using MHC class I tetramers loaded with specific viral epitopes. It 

was not possible to investigate antigen-specific memory in the CD4+ T cell population 

since stable class II tetramers were not available.

Primary infection with virus leads to an acute T cell-mediated response 

characterised by the expansion of an effector population of virus-specific CD8+ T cells. 

Upon resolution of the immune response many effector T cells die by apoptosis but a 

small proportion survive to generate a long-lived memory T cell pool (3-5). Surviving 

memory T cells are capable of mounting a secondary response to exogenously acquired
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viral antigen or in the case of persistent viruses to a re-emergence of latent viral antigen. 

In the case of EBV infection (persistent virus) the surviving memory CD8+ T cell pool 

consists of a mixture of clones specific for both lytic and latent viral proteins, which are 

expressed during early and late stages of infection respectively (6-8).

It is unknown whether apoptosis remains a constraint on the persistence of EBV- 

specific CD8+ T cells after acute infection resolves and whether cells specific for 

different viral epitopes are equally susceptible to death. Furthermore, Faint et al have 

shown that CD8+CD45RA+ EBV epitope-specific T cells taken from healthy donors 

who have had AIM ten years previously were not in cycle (9). Since type IIFN  have 

already been shown to exert anti-proliferative effects on T cells, (10-15) it is possible 

that these factors could not only maintain the survival of memory T cells but also induce 

quiescence in EBV epitope-specific T cells resulting in a non-cycling, stable memory 

pool.

4.1.1 Specific aims

1) To expand EBV epitope-specific CD8+ T cells in vitro.

2) To induce quiescence in CD8+ and CD8+ antigenic-specific T cells using FCM, 

type I IFN, TGF-Pi and IE-10.

3) To determine whether antigen-specific CD8+ T cells in which quiescence ahs 

been induced may be re-activated.
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4.2 Methods

4.2.1 Sample collection and preparation

Heparinised peripheral blood was collected from patients with AIM, and from 

the same patients a t least 1 2 months following resolution o f  acute infection ( chronic 

phase). PBMC were isolated as described, cryo-preserved in liquid nitrogen, and the 

phenotype of the EBV-specifrc CD8+ T cells was analysed simultaneously in acute and 

follow-up samples after thawing. PBMC populations from healthy laboratory staff were 

used as controls.

4.2.2 Purification of CD8+ T cells from whole PBMC

The purification of T cells subtypes from PBMC has already been described in 

Section 2.2.

4.2.3 Peptide-HLA class I tetramers

Soluble phycoerytherin (PE)-labelled peptide-HLA class I tetramers loaded with 

epitopes derived from both lytic and latent cycle proteins of EBV were used to detect 

EBV epitope-specific CD8-H T cells. The lytic epitopes used were the HLA-A2- 

restricted peptide ligands GLCTLVAML (from the EBV lytic protein BMLFl) and 

YVLDHLIVV (from the lytic cycle protein BRLFl) and the HLA-B8-restricted peptide 

ligand RAKFKQLL (from the lytic protein BZLFl). The latent epitopes used were the 

HLA-A2-restricted peptide ligand CLGGLLTMV (derived from LMP-2) and the HLA- 

B8-restricted peptide 1 igands FLRGRAYGL and QAKWRLOTL (both derived from 

EBNA3A). The description of each tetramer used has been abbreviated to the first three 

amino acids of the peptide sequence (e.g. GLC, YVL, RAK).

4.2.4 Stimulation and maintenance of EBV-specific CD8+ T cell lines

Autologous isolated PBMC at 1 x 10^/ml were pulsed with the relevant pre

titrated optimal EBV-specific peptide concentration for 2 hours at 37°C. GLC peptides, 

which are HLA-A2 restricted, were added to PBMC from donors with a HLA-A2
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phenotype whereas RAK peptides are restricted by HLA-B 8 and must be added to 

PBMC from donors with a HLA-B8 phenotype. While both peptides induce antigen- 

specific proliferation in CD8+ T cells optimal concentrations of RAK peptide induced 

greater expansions than GLC, After pulsing with peptide, PBMC were irradiated (120 

Gy) for 6 minutes using a y irradiator. Pulsed, irradiated autologous APC were washed 

twice by centrifuging for 5 minutes at 1200 rpm, and then added to 1 x 10  ̂T cell clones 

in a ratio if 1:1 per well of a 24 well plate (total volume/well was 1 ml). 20 units of 

exogenous human recombinant IL-2, IL-15 or IL-7 were added to each well. Antigen- 

specific T cells were stained with the relevant tetramer-PE and CD3-FITC plus CD8- 

RPE Cy5 in order to assess tetramer positivity prior to activation. Antigen-specific T 

cells were maintained in complete medium and 20 units of exogenous human 

recombinant IL-2 (added to each well every 3 days). Cells were subsequently re

stimulated every 14 days with pulsed, irradiated autologous APC plus exogenous IL-2.

4.2.5 Flow Cytometric Analysis

Paired acute and chronic phase PBMC samples from AIM patients were 

analysed by four-colour flow cytometry using PE-conjugated HLA class I-peptide 

tetrameric complexes. Specific antibodies directed to other surface markers that were 

used included CD8 (Beckman-Coulter, High Wycombe, UK), CD45RA and CD45RO 

(Serotec, Oxford, UK) and Bcl-2 (DAKO, Cambridge UK). These antibodies were 

either directly conjugated to FITC, PE-Cy5, PerCP, APC or PE-Texas Red (ECD). For 

intracellular proteins, PBMC were labelled initially with tetramer-PE for 15 minutes at 

37°C in complete medium. T cells were subsequently washed and incubated with anti- 

CD8-ECD for 30 min 4°C. The cells were then re-suspended in Permeafix (Ortho 

Diagnostic Systems, Amersham, UK) for 40 min. a t room temperature (in the dark), 

before labelling with anti-CD45RA PE-Cy5 and either a FITC conjugated isotype 

control antibody or Bcl-2-FITC. Samples were analysed either on an Epics XL 

(Beckman-Coulter) or on a FACSCalibur (Becton Dickinson) flow cytometer.
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4.2.6 Cell cycle analysis

4.2.6.1 7AAD staining

PBMC washed in phosphate buffered saline with azide (PB SA) were labelled 

with CD3-PE and either CD4-FITC or CD8-FITC for 20 minutes at room temperature. 

Cell suspensions were washed twice ( 2 x 5  minutes at 1800 rpm) in PermAVash buffer 

(PharMingen) after which 150 pi of Cytofix/Cytoperm (PharMingen) was added drop 

wise over a vortex in order to permiabilise cells. Cells were incubated at 4°C for 15 

minutes in Cytofix/Cytoperm after which they were washed twice in Perm/Wash buffer. 

100 pi of 7-aminoactinomycin D (7AAD) (40pg/ml) was then added to cell pellets and 

mixed vigorously. This mixture was then transferred to a tube containing ice-cold 100 

pi PCS and 200 pi PBS (7AAD working concentration is lOpg/ml) and incubated for 30 

minutes at 4°C. Controls used were those cells stained only with CD3-PE and either 

CD4-FITC or CD8-FITC for flow cytometric compensation purposes. Each experiment 

also used non-cycling, resting PBMC as a negative control. 7AAD fluoresces in channel 

3 and cell cycle analysis should be carried out by creating a histogram of counts versus 

7AAD gated on the cells of interest. The different phases of the cell cycle (Go/Gi, s- 

phase, G2/mitosis) are divided by intervals of 100 on the linear scale of the FL-3 

fluorescence channel. The starting point can be determined by using computer software 

such as ModFit (Beckman Coulter Ltd., UK) or by using resting, non-cycling freshly 

isolated PBMC.
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Figure 4.2.1. Cell cycle analysis using 7AAD staining and flowcytometry.

4.2.6.2 Kl-67 staining

PBMC were labelled with tetramer-PE, anti-CD8-ECD and anti-CD45RA-PE-Cy5 

antibodies before fixing in 70% ethanol for at least 4 hours at -20°C. Cells were then stained 

with FITC-labelled isotype control or Ki-67-FITC antibody (DAKO, Cambridge, UK) for 30 

min. before analysis on the EPICS XL flow cytometer. This Ki-67 antibody detects all cells 

in cycle.
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4.2.7 Induction of quiescence in an activated CD8+ T cell line and 

EBV epitope-specific CD8+ T cells

CD8+-enriched T cells and EBV epitope-specific CD8+ T cells were activated 

with 0.5 pg/ml immobilised anti-CD3, anti-CD28 (1/2000 dilution of Kolt2 hybridoma 

supernatant) and 20 units/ml exogenous IL-2 and maintained inculture for 14 days.

EBV epitope-specific CD8+ T cells were also stimulated as previously described (3.2.3) 

and maintained in culture for 14 days. T cells were washed (1200 rpm for 5 minutes) 

twice and incubated in complete medium containing 100 units/ml of IFN-(3, 20 ng/ml of 

TGF-Pi or 50% FCM for 3 days at 37®C. T cells were subsequently washed (1200 rpm 

for 5 minutes) twice and re-stimulated as described. T cells were stained with CD8 

FITC, tetramer RPE (or CD3 RPE in the case of experiments where CD8+ T cell lines 

were being investigated) and 7AAD prior to first stimulation, 14 days later (day 0), 3 

days after incubation with survival factors (day 3) and 3 days post re-stimulation (day 

6).

4.2.8 Statistics

The Student’s ^-test was used to determine the significance of the results. For the 

majority of experiments ^-tests were paired, two-tailed and parametric. Calculations were 

carried out using GraphPad Prism version 3.0 or Microsoft Excel2000.
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4.3 Results

4.3.1 Expansion of EBV epitope-specific CD8+ T cells in  v itro .

In order to determine the optimal peptide concentration for maximum expansion 

of antigen-specific T cells both RAK and GLC EBV peptides were titrated. This was 

carried out for each individual donor since PBMC from isolated from different donors 

have different activation requirements. Autologous donor PBMC were pulsed with a 

concentration range of either RAK or GLC peptide, irradiated and added to donor- 

specific PBMC in fresh culture medium in the absence of exogenous cytokines. 

Expansion was assessed on day 5. In the individual shown, PBMC pulsed with 0.5 

pg/ml of RAK peptide led to the greatest expansion of RAK epitope-specific T cells 

(Fig. 4.3. LA.) whereas PBMC pulsed with 1 pg/ml of GLC peptide induced maximum 

expansion of GLC specific CD8+ T cells (Fig. 4.3.I.B.).

It was next investigated whether the addition of cytokines, which signal through 

the common IL-2 receptor y-chain, could enhance the proliferative response of EBV- 

specific T cells. Irradiated RAK peptide (0.5pg/ml) -pulsed autologous PBMC (Fig. 

4.3.2.A.) or GLC peptide (1.0 pg/ml) -pulsed autologous PBMC (Fig. 4.3.2.B.) were 

added to PBMC in a 1:1 ratio in the absence or presence of IL-2, IL-15 or IL-7. In both 

cases, IL-2 in conjunction with peptide-pulsed PBMC induced the greatest increase in 

the percentage of EBV-epitope-specific CD8+ T cells (3.5% and 5.0% respectively). IL- 

15 also increased the percentage of tetramer+CD8+ T cells, but not to the same extent 

as IL-2 whereas addition of IL-7 had a limited effect when compared to controls. Non

specific proliferation induced by cytokines alone was negligible when compared to 

those conditions where cytokine was added in the presence of peptide-pulsed PBMC. 

Once the optimal peptide concentration was determined, antigen-specific T cells could 

be expanded and maintained in culture with regular doses of exogenous IL-2 at 20 

units/ml. Figure 4.3.3. illustrates the expansion of RAK epitope-specific T cells. In this 

particular case the percentage of tetramer+CD8+ T cells within a CD3+CD8+ enriched 

T cell population was 6% prior to stimulation (Fig. 3.3.3.A.). 14 days after stimulation 

with the optimal RAK concentrations plus exogenous IL-2 the percentage of 

tetramer+CD8+ had increased to 97% (Fig. 3.3.3.B.).
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Figure 4.3.1. Expansion o f EBV epitope-specific CD8+ T cells in vitro. Irradiated RAK 
peptide-pulsed autologous PBMC (A) or GLC peptide-pulsed autologous PBMC (B) 
were added to PBMC in a 1:1 ratio and cultured in fresh medium for 5 days. On day 5 
PBMC were stained with mouse anti-human CDS, CDS and MHC class I tetramer 
specific for RAK or GLC conjugated to RPE. The percentage of CD8+tetramer+ T cells 
was determined within the viable forward by side scatter gate. From this percentage, 
total CD8+tetramer-k T cell numbers were calculated based upon the total cell number 
harvested. These results represent 2 separate experiments carried out on PBMC from 
two separate donors. Individual donors have different activation requirements.
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F igure 4.3.2. Expansion o f EBV epitope-specific CD8+ T cells using cytokines. 
Irradiated RAK peptide (0.5 pg/ml) -pulsed autologous PBMC (A) or GLC peptide (1.0 
pg/ml) -pulsed autologous PBMC (B) were added to PBMC in a 1:1 ratio in the absence 
or presence of lL-2, IL-15 or lL-7. On day 5PBMC were stained with mouse anti
human CD3, CDS and MHC class I tetramer specific for RAK or GLC conjugated to 
RPE. The percentage of CD8+tetramer+ T cells was determined within the viable 
forward by side scatter gate. These results represent 2 separate experiments carried out 
on PBMC from two separate donors.
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Figure 4.3.3. Expansion of RAX-specific T cells in culture. CD3+ CD8+ enriched T 
cells were added to irradiated, autologous PBMC pre-pulsed with 0.5 pg/ml RAK 
peptide in a 1:1 ratio plus 20 units/ml of exogenous IL-2 and maintained in culture. The 
percentage of CD8+tetramer+ T cells determined before stimulation was 6% (A). This 
percentage increased to 97% after 14 days of culture (B). These results are 
representative of 8 separate experiments.
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4.3.2 EBV epitope-specific CD8+ T cells obtained from donors after 

resolution of AIM are in a quiescent state

During AIM there is a large expansion of CD8+ T cells that are specific for lytic 

viral epitopes and a lesser expansion of latent epitope-specific cells (Fig. 4.3.4.). This is 

followed by a dramatic reduction in the number o f lytic epitope-specific cells 1 year 

after recovery o f AIM although latent epitope-specific CD8+ T cell populations are not 

reduced as extensively (Fig. 4.3.5.). This relative change in lytic versus latent epitope- 

specific CD8+ T cells was a consistent observation in 12 individuals that have been 

investigated during and after resolution of AIM. Therefore, resolution of the immune 

response during AIM leads to the survival of a very small population o f EBV epitope- 

specific CD8+ T cells.

Total CD8 RAK (lytic) FLR (latent)

7.8 j 2.8 1.7 I 3.8 0.3 I 2.4

..# ...C

Ki 67

Figure 4.3.4. Proliferation o f CD8+CD45RA- and EBV epitope-specific CD45RA- T 
cells during AIM. CD8+ T cells isolated from whole blood of donors with AIM were 
stained with Ki-67 and MHC class 1 tetrameric complexes specific for the lytic peptide 
RAK and the latent peptide FLR. The majority o f CD8+CD45RA- T cells (66.4%), 
RAK epitope-specific CD45RA- T cells (80%) and FLR epitope-specific CD45RA- T 
cells (91.5%) were in cycle.
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F igure 4.3.5. The relative expansion and contraction of EBV lytic and latent epitope- 
specific CD8+ T cell populations after resolution o f AIM. PBMC were isolated from 
patients with AIM (acute) and 12 months after resolution of symptoms (chronic). The 
cells were stained for CDS and HLA class-I tetramers specific for lytic (RAK) and 
latent (FLR, QAK) epitopes of EBV. The dotplots show the 2 colour staining 
characteristics of cells that were first gated on forward and side scatter. The percentage 
of cells in each quadrant is indicated. These results are representative o f at least 10 
different individuals that have been investigated.
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Subsequent analysis of antigen-specific T cells after resolution of AIM revealed 

that these cells were in a non-cycling, quiescent state as demonstrated by 7AAD 

staining (Fig. 4.3.6.) where 99% of CD8+ tetramer+ T cells were in Go/Gi phase of the 

cell cycle.
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Figure 4.3.6. EBV epitope-specific CD8+ T cells obtained from donors after 
resolution of AIM are in a quiescent state. CD8+ enriched T cells obtained from donors 
after resolution of AIM were stained with CDS, MHC class I tetramer specific for RAK 
peptide conjugated to RPE and the DNA dye 7AAD. The 7AAD histogram is 
representative of CD8+tetramer+ T cells shown in the first dotplot (A). 99% of EBV 
epitope-specific CD8+ T cells were found to be in Go/Gi phase of the cell cycle (B). 
These results are representative of 6 separate experiments.
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4.3.3 FCM, Type I IFN and TGF-pi inhibit the proliferation of human 

T cells

Several studies have shown that both type I IFN and TGF-Pi have anti

proliferative effects on many different cell types including human T cells (10-15). It was 

therefore necessary to confirm these reports and ultimately to investigate whether these 

factors including FCM, which is a source of IFN-p, can induce quiescence in T cells. 

Freshly isolated PBMC and activated PBMC maintained in culture for two weeks were 

pre-incubated in the presence or absence of 50% FCM for 1 hour prior to stimulation 

with immobilised anti-CD3 and anti-CD28 (activated PBMC were supplemented with 

20 units/ml of exogenous IL-2). Cells were not washed prior to stimulation in order to 

remove FCM. Proliferation was assessed on days 1, 2 and 3 post stimulation. FCM 

inhibited the proliferation of both resting (Fig. 4.3.7.A.) and activated (Fig. 4.3.7.B.) T 

cells. The proliferation of T cells from conditions stimulated in the presence of FCM 

were significantly different from controls (incubated in fresh medium alone) at all three 

time points in both resting and activated PBMC (p<0.01).

It was investigated next whether Type I IFN (IFN-a and IFN-P) could exert an 

anti-proliferative effect on resting and activated PBMC. PBMC were pre-incubated with 

a concentration range of IFN-a and IFN-p (1-100 units/ml) and proliferation was 

assessed on days 1, 2 and 3. IFN-a inhibited proliferation of resting (4.3.8.A.) and 

activated PBMC (4.3.8.B.) the anti-proliferative effect increased with increasing 

concentration. The reduction in proliferation, particularly at concentrations of 50 and 

100 units/ml was statistically different (p<0.01) from controls that were stimulated in 

the absence of IFN-a. Similar results were achieved when both resting (Fig. 4.3.9.A.) 

and activated (Fig. 4.3.9.B.) PBMC were stimulated in the presence of IFN-p (1-100 

units/ml). In these experiments proliferation was reduced (p<0.01) at concentrations of 

10, 50 and 100 units/ml when compared to controls.

Another molecule, which has been demonstrated to inhibit T cell proliferation, is 

TGF-Pi (14). These reports were confirmed in human T cells by pre-incubating both 

resting (Fig. 3.3.10.A.) and activated PBMC (Fig. 3.3.10.B.) with a concentration range 

of TGF-pi (1, 10 and 20 ng/ml) prior to stimulation. TGF-pi had a dramatic anti

proliferative effect on both sets of PBMC at all concentrations. Proliferation of T cells 

at all concentrations of TGF-p] w as s ignificantly reduced w hen c ompared to control
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values (p<0.01) in experiments where both resting and activated PBMC were used. 

Controls in these experiments were conditions where cells were incubated in fresh 

medium alone.
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□ Day 3

■
control FCM

Figure 4.3.7. FCM inhibits the proliferation of both resting and activated PBMC. 
Freshly isolated PBMC (A) and activated PBMC (B) that were maintained in culture 
for two weeks were pre-incubated in the presence or absence o f 50% FCM for 1 hour 
prior to stimulation with immobilised anti-CD3 and anti-CD28 (activated PBMC were 
supplemented with 20 units/ml o f exogenous IL-2). 3 replicate sets of parallel cultures 
o f all experimental conditions were established in 24 well culture plates. After 24 h 
incubation [^FI]-thymidine was added to the first set o f parallel cultures containing all 
experimental conditions and those cells were harvested 18-24 h later (day 1). The 
second set of cultures received [^H]-thymidine 1 day later and was harvested after a 
further 18-24h (day 2), while the third set received [^H]-thymidine 2 days later and was 
harvested after 18-24 h of culture (day 3). These results are representative of 8 separate 
experiments.
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Figure 4.3.8. IFN-a inhibits the proliferation o f both resting and activated PBMC. 
Freshly isolated PBMC (A) and activated PBMC (B) maintained in culture for two 
weeks were pre-incubated in the presence or absence of a concentration range of IFN-a 
(I-IGO units/ml) for I hour prior to stimulation with immobilised anti-CD3 and anti- 
CD28 (activated PBMC were supplemented with 20 units/ml o f exogenous IL-2). 3 
replicate sets of parallel cultures of all experimental conditions were established in 24 
well culture plates. After 24 h incubation [^H]-thymidine was added to the first set of 
parallel cultures containing all experimental conditions and those cells were harvested 
18-24 h later (day 1). The second set of cultures received [^FI] thymidine 1 day later and 
were harvested after a further I8-24h (day 2), while the third set received [^H]- 
thymidine 2 days later and were harvested after 18-24 h o f culture (day 3). These results 
are representative of 8 separate experiments.
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Figure 4.3.9. IFN-p inhibits the proliferation o f both resting and activated PBMC. 
Freshly isolated PBMC (A) and activated PBMC (B) maintained in culture for two 
weeks were pre-incubated in the presence or absence o f a concentration range of IFN-P 
(1-100 units/ml) for 1 hour prior to stimulation with immobilised anti-CD3 and anti- 
CD28 (activated PBMC were supplemented with 20 units/ml o f exogenous lL-2). 3 
replicate sets of parallel cultures of all experimental conditions were established in 24 
well culture plates. After 24 h incubation [^H]-thymidine was added to the first set of 
parallel cultures containing all experimental conditions and those cells were harvested 
18-24 h later (day 1). The second set o f cultures received [^H]-thymidine 1 day later and 
was harvested after a further 18-24h (day 2), while the third set received [^H]-thymidine 
2 days later and were harvested after 18-24 h o f culture (day 3). These results are 
representative of 8 separate experiments.
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Figure 4.3.10. TGF-P, inhibits the proliferation o f both resting and activated PBMC. 
Freshly isolated PBMC (A) and activated PBMC (B) maintained in culture for two 
weeks were pre-incubated in the presence or absence of a concentration range o f TGF- 
Pi (1-20 ng/ml) for 1 hour prior to stimulation with immobilised anti-CD3 and anti- 
CD28 (activated PBMC were supplemented with 20 units/ml of exogenous IL-2). 3 
replicate sets of parallel cultures of all experimental conditions were established in 24 
well culture plates. After 24 h incubation [^H]-thymidine was added to the first set of 
parallel cultures containing all experimental conditions and those cells were harvested 
18-24 h later (day 1). The second set of cultures received [^H]-thymidine 1 day later and 
was harvested after a further 18-24h (day 2), while the third set received [^H]-thymidine 
2 days later and were harvested after 18-24 h o f culture (day 3). These results are 
representative of 8 separate experiments.
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4.3.4 FCM and type I IFN can inhibit the activation of an EBV 

epitope-specific CD8+ T cell line

It was investigated next whether pre-incubation of an EBV lytic epitope-specific 

CD8+ T cell line with FCM or type I IFN could inhibit re-activation. Antigen-specific T 

cells were re-stimulated (in the presence of either FCM or type I IFN) with irradiated 

autologous APC pulsed with EBV-specific peptide and exogenous IL-2. Proliferation 

was assessed 24, 48 and 72 hours post-activation by [^H]-thymidine incorporation.

IFN-a (Fig. 4.3.1 l.A.) and IFN-|3 (Fig. 4.3.1 l.B.) at concentrations of 100 and 

200 units/ml were capable of partially inhibiting the activation of EBV-specific CD8+ T 

cells when compared to controls, which were pre-incubated in medium alone. FCM had 

a more potent inhibitory effect than type I IFN (Fig. 4.3.U.C.). Antigen-specific T cells 

pre-incubated with FCM did not proliferate to same extent as those cells re-activated in 

medium alone. Proliferation was assessed 24, 48 and 72 hours post stimulation by [^H]- 

thymidine incorporation. Proliferation of T cells on day 2 and day 3 at concentrations of 

100 and 200 units/ml of IFN-a and IFN-P was significantly reduced when compared to 

controls (p<0.001) as was proliferation of T cells pre-incubated with FCM (p<0.0001).
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Figure 4.3.11. Type I IFN and fibroblast-conditioned media inhibit the activation of an 
antigen-specific CD8+ T cell line. Activated EBV RAK epitope-specific CD8+ T cells 
maintained in culture for 3 weeks were pre-incubated in the presence or absence o f a 
concentration range of IFN-a (10-200 units/ml) (A), IFN-P (10-200 units/ml) (B) and 
FCM (1:1) (C) for 1 hour prior to re-stimulation with irradiated autologous APC pulsed 
with 0.5 pg/ml o f RAK peptide plus 20 units/ml o f exogenous lL-2. 3 replicate sets of 
parallel cultures o f all experimental conditions were established in 96 well culture 
plates. After 24 h incubation [^H]-thymidine was added to the first set of parallel 
cultures containing all experimental conditions and those cells were harvested 18-24 h 
later (day 1). The second set o f cultures received [^H]-thymidine 1 day later and was 
harvested after a further 18-24h (day 2), while the third set received [^H]-thymidine 2 
days later and were harvested after 18-24 h o f culture (day 3). These results are 
representative of 2 separate experiments.
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4.3.5 FCM, IFN-P, and TGF-pi can induce quiescence in EBV epitope- 

specific T cells

It has already been shown that FCM, type I IFN and TGF-pi can inhibit 

proliferation of T cells after TCR stimulation. It is however unknown whether the same 

factors are capable of inducing quiescence in activated T cells. Previous experiments 

have demonstrated that upon resolution of an immune response such as AIM, antigen- 

specific T cells are dramatically reduced in number (Fig. 4.3.5.) and these surviving 

memory cells are in a non-proliferative, quiescent state (Fig. 4.3.6.). It was next 

investigated whether stromal-derived factors, which are capable of inhibiting T cell 

proliferation after activation were also capable of inducing quiescence in antigen- 

specific CD8+ T cells under conditions where there is no ongoing TCR stimulation; in 

an attempt to mimic the end-stage of an immune response. It was also essential to 

investigate whether the same cells could be re-stimulated, since memory T cells must be 

poised to respond to a secondary antigenic re-challenge.

CD 8+ enriched T cells were stimulated with anti-CD3, anti-CD28 plus 

exogenous IL-2 and maintained in culture for 2 weeks after which they were washed to 

remove e xogenous IL-2, and incubated in the absence or presence of either F CM or 

IFN-P for a period of 3 days. At the end of this incubation T cells were washed and re

stimulated. The extent of cell cycling was assessed prior to addition of stromal factors 

(day 0), 3 days later (day 3) and also 3 days post re-stimulation (day 6) (Fig. 4.3.12.) by 

7AAD staining. FCM (Fig. 4.3.12.B.) and IFN-P (Fig. 4.3.12.C.) inhibited proliferation 

of activated CD8+ T cells where 11% of cells were found to be in S-phase/Gz-mitosis 

phases of the cell cycle respectively when compared with control conditions. Controls 

in these experiments represent conditions where activated T cells were washed and 

incubated in fresh medium in the absence of exogenous cytokine. CD8+ T cells could 

subsequently be re-activated. 3 days post re-stimulation the percentage o f  cells inS - 

phase/Gz-mitosis phases of the cell cycle, which were incubated with FCM (Fig. 

4.3.12.D.) and IFN-P (Fig. 4.3.12.E.) were 29% and 35% respectively.

FCM and IFN-P could also induce quiescence in activated EBV epitope-specific 

CD8+ T cells. An activated EBV RAK-specific CD8+ cell line was washed and 

maintained in either fresh medium or FCM for 3 days at 37°C. At the end of the 3 day 

incubation the proliferative state of the cells from each condition was determined by
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7 A AD staining. The T cells from each c ondition were subsequently washed and re

activated with RAK peptide-pulsed autologous APC and exogenous IL-2. The 

proliferative s tate of cells was determined by 7 AAD staining 3 days later. Activated 

EBV epitope-specific CD8+ T cells incubated in medium alone for 3 days were found 

to be proliferating to a greater extent that those cells incubated in FCM. The proportion 

of cells in S-phase/Gz-mitosis phases of the cell cycle was 22% and 6% respectively 

(Fig 4.3.13.A.-B.). Cells from both conditions proliferated in response to re-activation 

where 14% of cells previously incubated in fresh medium and 29% of T cells incubated 

in FCM were found to be in S-phase/Gz-mitosis phases of the cell cycle (Fig 4.3.13.C.- 

D.).

TGF-Pi also induced quiescence in EBV epitope-specific CD8+ T cells. 

Activated, cycling CD8+ antigen-specific T cells incubated for 3 days with 20 ng/ml of 

TGF-P 1 were rendered quiescent as demonstrated b y a decrease in  the proportion of 

cells within S-phase/Gz-mitosis phases of the cell cycle. The percentage of cells within 

these cell cycle phases decreased from 32% (Fig. 4.3.14.B.) to 0% (Fig. 4.3.14.C.). 

Upon re-stimulation, the percentage of cells in S-phase/Gz-mitosis phases o f  the cell 

cycle increased to 100% as determined 72 hours post re-activation (Fig. 4.3.14.D.).
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Figure 4.3.12. FCM and IFN-P can induce quiescence in an activated CD8+ T cell line 
in culture and these same T cells may subsequently be re-activated. Cell-cycle analysis 
was measured using 7AAD and histograms are based on viable CD8+CD3+ gates. M l, 
M2 and M3 gates represent the percentage of cells in Gq/G], S-phase and Gz/mitosis 
phase of the cell cycle respectively. Activated CD8+ T cells were maintained in a 
cycling state for 14 days (proportion of cells in S-phase and G2/mitosis was 67% 
compared to 7% in resting control PBMC) (A) at which point cells were washed and 
plated into wells containing 50% FCM (B) or 100 units/ml of IFN-p (C) and rested for 3 
days at 3TC. CD8+ T cells rested in FCM (D) or IFN-P (E) were subsequently re
activated with immobilised anti-CD3, anti-CD28 and exogenous IL-2. Cell cycle 
analysis was performed 72 hours later using 7AAD. These results are representative of 
6 separate experiments.
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Figure 4.3.13. FCM and IFN-p can induce quiescence in activated EBV epitope- 
specific CD8+ T cells and these same T cells may subsequently be re-activated. Cell- 
cycle analysis was measured using 7AAD and histograms are based on viable 
CD8+CD3+ gates. Percentages represent the proportion of cells in both S-phase and 
G2/mitosis phases of the cell cycle collectively. Antigen-specific CD8+ T cells were 
activated with irradiated, RAK peptide-pulsed autologous PBMC plus 20 units/ml of 
exogenous lL-2 and maintained in culture for 14 days. Cells in all conditions were 
subsequently washed and plated into wells containing fresh medium (A) or 50% FCM 
(B) and rested for 3 days at 3>TC. CD8+ RAK tetramer+ T cells rested in either fresh 
medium (C) or FCM were subsequently re-activated with irradiated RAK peptide- 
pulsed autologous PBMC and exogenous lL-2. Cell cycle analysis was performed 72 
hours later by 7AAD staining. These results are representative of 6 separate 
experiments.

156



Chapter 4

7 AAD

Figure 4.3.14. TGF-P, can induce quiescence in activated EBV epitope-specific CD8+ 
T cells and these same T cells may subsequently be re-activated. Cell-cycle analysis was 
measured using 7AAD and histograms are based on viable CD8+RAK tetramer+ gates. 
Percentages represent the proportion of cells in both s-phase and G2/mitosis phase of 
the cell cycle collectively. Histogram (A) Represents cell cycle analysis of a non
cycling CD8+ T cells in freshly isolated PBMC. Activated CD8+ T cells were 
maintained in a cycling state for 14 days (B) at which point cells were washed and 
plated into wells containing 20 ng/ml of TGF-p, (C) and rested for 3 days at 37°C. 
Rested antigen-specific T cells were subsequently re-activated with irradiated RAK 
peptide-pulsed autologous PBMC and exogenous IL-2. Cell cycle analysis was 
performed 72 hours later using 7AAD (D). These results are representative of 2 separate 
experiments.
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4.4 Discussion

In this chapter it has been shown that upon resolution of AIM the number of 

CD8+ T cells specific for both lytic and latent epitopes decreases dramatically. These 

antigen-specific cells may be expanded and maintained in culture for several weeks. It 

has also been shown for the first time that these activated antigen-specific T cells may 

be taken out of cycle and rendered quiescence by FCM, IFN-p and TGF-Pi. 

Furthermore, these cells can subsequently be re-activated to  proliferate with antigen- 

pulsed autologous APC and exogenous IL-2.

Quiescent T lymphocytes are characterised by small cell size, lack of spontaneous 

proliferation and low metabolic rate. Until recently, the quiescent state of lymphocytes 

was thought to be due to lack of stimulation by proliferation signals (16). The ability 

however, to maintain long-term survival of peripheral T cells is critical to the 

maintenance of an effective immune repertoire (16). Extensive expansion of virus- 

specific T cells during the acute phase of an immune response could lead to replicative 

senescence in memory cells (17). This situation is exacerbated in the case of a persistent 

viral infection such as chronic EBV infection where intermittent re-activation of virus 

leads to sporadic re-activation and proliferation of virus-specific T cells (18). Each 

round of cell division results in gradual shortening of telomeres within the nucleus; 

replicative senescence occurs once telomeres reach a critical length (19). In humans one 

mechanism by which CD8+ human T cells counteract replicative senescence is by up- 

regulating the enzyme telomerase (17,20). Plunkett et al have shown that telomerase is 

up regulated in activated CD8+ T cells from patients with AIM (20). The up regulation 

of telomerase in persistent viral infections however may have limited capacity to 

compensate for telomere loss during the lifespan of the individual (17). For this reason 

other mechanisms must play a role in counteracting cell proliferation and thus 

replicative senescence in CD8+ T cells thereby maintaining a functional memory 

repertoire particularly in cases of persistent viral infection.

Type IIFN and TGF-(3i are ubiquitous factors in vivo and are secreted by a variety 

of stromal and immunocompetent cells (16,21-27). The relationship between the anti- 

apoptotic and anti-proliferative effects of type I IFN has already been proposed in 

Chapter 2, since both IFN-a and IFN-P have been shown to have potent inhibitory 

effects on the proliferation of T cells (11-13,28,29). Several reports in the literature have
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also suggested that TGF-pi is capable of mediating cell cycle arrest in several cell types 

(14-16). It must be pointed out that FCM is more effective at both inhibiting the 

proliferation of and inducing quiescence in activated T cells than type I IFN alone 

indicating that another as yet unidentified factor(s) must exist in FCM which acts in 

synergy with IFN-p.

It has been shown that FCM, type I IFN and TGF-Pi can induce quiescence in 

virus-specific CD8+ T cells and that these cells can be re-activated by peptide-pulsed 

autologous APC. Quiescence induction by these factors may complement telomerase up 

regulation in counteracting replicative senescence and in so doing contribute to the 

maintenance of a functional virus-specific memory pool.

Recent reports have suggested that virus-specific memory T cells are found in two 

compartments namely CD8+CD45RA+ and CD8+CD45RO+ (9,30,31). It has also been 

proposed that virus-specific CD8+CD45RA+ cells are found in a quiescent state when 

isolated from donors who have recovered from AIM (9). It would be interesting to 

investigate whether FCM and type I IFN are involved with quiescence induction in this 

group of cells. No evidence exists in the literature to date about how or why these 

memory T cells re-express CD45RA. It would be of interest to investigate whether 

FCM, type I IFN or TGF-Pi could induce CD45RO -  CD45RA reversion in these virus- 

specific T cells. Finally, it is possible that quiescent memory CD8+ T cells expressing 

CD45RA contribute to the general stability of the virus-specific memory pool.
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Chapter 5

EBV-specific CD8+ T cells that re
express CD45RA are apoptosis- 
resistant memory cells that retain 
replicative potential

5.1 Introduction
The processes that lead to the generation and persistence of memory B 

lymphocytes in germinal centres are well understood (1,2) but the precise nature of 

memory T cells has remained controversial. In humans differentially spliced iso forms of 

the leucocyte common antigen (CD45R) have been used to differentiate between 

populations that were considered to be naïve and those which represented memory T 

cells (3).

CD45RA is expressed on a stable population of cells that divide approximately 

once every 2 years; they respond poorly to recall antigen and when activated they lose 

CD45RA expression and instead express CD45RO. CD45RO+ T cell populations 

respond rapidly to recall antigens and cells divide roughly once every 2 weeks (4,5). 

This led to the hypothesis that CD45RA represents naïve T cell populations and 

CD45RO memory T cells.

CD45RO+ memory T cells become more susceptible to apoptosis with each cell 

division and require high levels of survival factors to prevent death; in vivo they reach 

clonal senescence within approximately 3 years (6). While this process of senescence 

may be crucial to maintaining homeostatic balance it also defines a limit to memory 

maintained by continuously cycling cells. With increasing age and persistent viral 

challenge an animal would become depleted of a functional, responsive CD 8+ memory 

T cell pool if this was the case.

Several reports have suggested that a stable CD45RA+ population exists (7-10). 

Primed rat T cells that lack CD45RC re-express it when introduced into nude rats 

suggesting the potential for reversion (7). In humans CD4+CD45RA+ T cells contain a
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high frequency of recall antigen-responsive cells in primed individuals, which can be 

revealed when adequate co-stimulation of T cells is provided (8). Recently several 

reports have shown that upon resolution of infection a proportion of virus-specific 

CD8+ T cells re-express CD45RA in EBV (11-13) and CMV (9,14) but not after 

influenza virus infections (15). Virus-specific CD45RA+ and CD45RO+ T cells found 

upon resolution of AIM are derived from the same clones and represent the same cells 

at different stages of differentiation/maturation (16,17). These memory 

CD8+CD45RA+ may be differentiated from naïve cells expressing CD45RA by the 

relative expression of both LFA-1 and the chemokine receptor CCR7 (11). Memory 

CD8+CD45RA+ T cells are LFA-l’’', CCR7'° (11,12). Despite the many reports on the 

existence of antigen-specific CD8+CD45RA+ T cells there is still no good evidence to 

suggests that CD45RO+ T cells can revert to a CD45RA+ phenotype.

Previous reports have suggested that primed CD8+ T cells, which re-express 

CD45RA and areCCR7'°may be approaching end-stage differentiation (18,19). It is 

unclear however whether these cells have reached end-stage differentiation in EBV- 

infected individuals, or if they can be re-activated to proliferate in response to specific 

peptide. Loss of CD27 has also been associated with end-stage differentiation in 

effector CD8+ T cells (20). While EBV-specific CD8+CD45RA+ T cells express high 

levels of CD27 (11,12) CMV-specific CD8+CD45RO+ T cells show low levels of this 

marker (14). It may be the case that EBV-specific CD8+ T cells are less differentiated 

than the equivalent subset of CMV-specific T cells (18) however it is still unknown if 

either or both of these populations of virus-specific CD8+CD45RA+ T cells have 

reached end-stage differentiation.

It is unknown whether apoptosis remains a constraint on the persistence of EBV- 

specific CD8+ T cells after acute infection resolves, and whether cells specific for 

different viral epitopes are equally susceptible to death. It is also unclear whether 

CD8+CD45RA+ or CD8+CD45RO+ virus-specific memory T cells are equally 

susceptible to apoptosis. It is possible that type I IFN and cytokines that signal via the 

common y-chain of the IL-2 receptor are capable of rescuing memory T cells upon 

resolution of an immune response and also that such factors may be involved in 

maintaining the survival of virus-specific memory T cells. A report by Sprent et al has 

proposed that 11-15 may be involved with maintaining survival of memory T cells by 

inducing intermittent bouts of proliferation (21). Another report by Faint et al has
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shown that CD8+CD45RA+ EBV epitope-specific T cells taken from healthy donors 

who have had AIM 10 years previously were not in cycle (11). Since type I IFN have 

already been shown to exert anti-proliferative effects on T cells (22-27) it is possible 

that these factors could induce quiescence in EBV epitope-specific T cells resulting in a 

non-cycling, stable memory pool. It is not known if these quiescence-inducing factors 

are involved either directly or indirectly in the reversion of virus-specific CD45RO+ T 

cells to a CD45RA+ phenotype.

5.1.1 Specific aims

1) To determine whether EBV epitope-specific CD8+ T cells are equally susceptible 

to apoptosis as the total CD8+ T cell population upon resolution of AIM.

2) To investigate whether FCM, IL-2 and IL -15 can promote the survival o f  EBV 

epitope-specific CD8+ T cells from CDD.

3) To determine whether FCM can induce CD45RO to CD45RA reversion in 

activated antigen-specific T cells.

4) To investigate whether EBV epitope-specific CD8+CD45RA+ T cells can be re

stimulated to proliferate.
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5.2 Methods

5.2.1 Sample collection and preparation

Heparinised peripheral blood was collected from patients with AIM, and from 

the s ame p atients a 11 east 1 2 months f  ollowing resolution o f acute infection ( chronic 

phase). PBMC were isolated as described earlier (Section 2.2) and these samples were 

cryo-preserved in liquid nitrogen and the phenotype of the EBV-specific CD8+ T cells 

was analysed simultaneously in acute and follow-up samples after thawing. PBMC 

populations from healthy laboratory staff were used as controls.

5.2.2 Purification of CD8+ T cells from whole PBMC

CD8+ T cells were purified from PBMC using the method already described in 

Section 2.2.

5.2.3 Stimulation and maintenance of EBV-specific CD8+ T cell lines

PBMC at 1 X 10^/ml were pulsed with the relevant pre-titrated optimal EBV- 

specific peptide concentration for 2 hours at 37°C, after which they were irradiated (120 

Gy) for 6 minutes using a y irradiator. Irradiated PBMC were washed twice by 

centrifuging for 5 minutes at 1200 rpm, and added to 1 x 10̂  of autologous CD8+ T 

cells in a ratio if 1:1 per well of a 24 well plate (total volume/well was 1 ml). 20 units 

of exogenous human recombinant IL-2, IE-15 or IL-7 were added to each well. 

Antigen-specific T cells were stained for tetramer-RPE and CD3-FITC plus CD8-RPE 

Cy5 in order to assess tetramer positivity prior to activation. Antigen-specific T cells 

were maintained in complete medium and 20 units of exogenous human recombinant 

IL-2 (added to each well every 3 days). Cells were subsequently re-stimulated every 14 

days with peptide-pulsed, irradiated autologous APC plus exogenous IL-2.

5.2.4 Peptide-HLA class I tetramers

Soluble RPE-labelled peptide-HLA class I tetramers loaded with epitopes derived 

from both lytic and latent cycle proteins of EBV were used to detect EBV epitope-specific
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CD8+ T cells. The lytic epitopes used were the HLA-A2-restricted peptide ligands 

GLCTLVAML (from the EBV lytic protein BMLFl) and YVLDHLIW  (from the lytic 

cycle protein BRLFl) and the HLA-B 8-restricted peptide ligand RAKFKOLL (from the lytic 

protein BZLFl). The latent epitopes used were the HLA-A2-restricted peptide ligand 

CLGGLLTMV (derived from LMP-2) and the HLA-B8-restricted peptide ligands 

FLRGRAYGL and QAKWRLOTL (both derived from EBNA3A). The description of each 

tetramer used has been abbreviated to the first three amino acids of the peptide sequence (e.g. 

GLC, YVL, RAK).

5.2.5 Flow Cytometric Analysis

Paired acute and chronic phase PBMC samples from AIM patients were analysed by 

four-colour flow cytometry using RPE-conjugated HLA class I-peptide tetrameric 

complexes. Specific antibodies directed to other surface markers that were used included 

CD8, CD45RA and CD45RO and Bcl-2. These antibodies were either directly conjugated to 

FITC, RPE-Cy5, PerCP, APC or PE-Texas Red (ECD). For the detection of intracellular 

proteins, PBMC were labelled initially with tetramer-PE for 15 minutes at 37°C in fresh 

medium. T cells were subsequently washed and incubated with CD8-ECD for 30 min 4°C. 

The cells were then re-suspended in Permeafix (Ortho Diagnostic Systems, Amersham, UK) 

for 40 min. at room temperature (in the dark), before labelling with CD45RA-RPE Cy5 and 

either a FITC c onjugated i sotype control antibody or Bcl-2-FITC. Samples were analysed 

either on an Epics XL ( Beckman-Coulter) o r on a F ACSCalibur (Becton Dickinson) flow 

cytometer.

5.2.6 Cell cycle analysis

5.2.6.1 7AAD staining

PBMC washed in PBSA were labelled with CD3-RPE and either CD4-FITC or 

CD8-FITC for 20 minutes at room temperature. Cell suspensions were washed twice (2 

X 5 minutes at 1800 rpm) in Perm/Wash buffer after which 150 p i  of Cytofix/Cytoperm 

solution was added drop wise over a vortex in order to permeabilise cells. Cells were 

incubated at 4°C for 15 minutes in Cytofix/Cytoperm after which they were washed 

twice in Perm/Wash buffer. 100 pi of 7AAD (40pg/ml) was then added to cell pellets
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and mixed vigorously. This mixture was then transferred to a tube containing ice-cold 

100 pi FCS and 200 pi PBS (7AAD working concentration is lOpg/ml) and incubated 

for 30 minutes at 4°C. Controls used were those cells stained only with CD3-RPE and 

either CD4-FITC or CD8-FITC for flow cytometric compensation purposes. Each 

experiment also used non-cycling, resting PBMC as a negative control.

S.2.6.2 Ki-67 staining

PBMC were labelled with tetramer-RPE, CD8-ECD and CD45RA-RPE Cy5 

antibodies before fixing in 70% ethanol for at least 4 hours at -20°C. Cells were then 

stained with FITC-labelled isotype control or Ki-67-FITC antibody for 30 min. before 

analysis on the EPICS XL flow cytometer. This antibody detects all cells in cycle 

(Combadiere, Blanc, et al. 2000 ID: 138}.

5.2.7 Measurement of virus-specific cell survival in culture

PBMC were isolated from individuals who had recovered from AIM up to 20 

years previously and cultured in 24 well plates at 1 x 10̂  cells/ml in complete medium. 

VCR was assessed at different times by trypan blue dye exclusion. The percentage of 

CD8+, tetramer positive cells was determined before and after culture and this was then 

multiplied by the VCR to give the absolute number of tetramer positive cells that were 

present. The percentage cell survival was calculated as a fraction of this number relative 

to the original number o f  tetramer positive cells on day 0. In  some experiments, the 

CD8+, tetramer-bearing cells were also examined for CD45RA and/or Bcl-2 expression 

before and after culture to determine the relative survival of the CD45RA+ or CD45RA- 

subsets of these cells.

5.2.8 Rescue of EBV epitope-specific CD8+ T cells from CDD by IL-2, 

IL-15 and FCM

PBMC were isolated from individuals who had recovered from AIM up to 20 

years previously and cultured in 24 well plates at 1 x 10̂  cells/ml in complete medium 

supplemented with either 20 units/ml of exogenous IL-2, 20 units/ml of exogenous IL-
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15 and 50% FCM. VCR was assessed at different times by trypan blue dye exclusion. 

The percentage of CD8+, tetramer positive cells was determined before and after culture 

and this was then multiplied by the VCR to give the absolute number of tetramer 

positive cells that were present. The percentage cell survival was calculated as a fraction 

of this number relative to the original number of tetramer positive cells on day 0. In 

some experiments, the CD8+, tetramer-bearing cells were also examined for CD45RA 

and/or Bcl-2 expression before and after culture to determine the relative survival of the 

CD45RA+ or CD45RA- subsets of these cells.

5.2.9 Re-stimulation of CD45RA+ and CD45RO+ virus-specific CD8+ 

T cells with peptide in  v itro

PBMC from individuals who had recovered from AIM at least 20 years 

previously were stimulated with autologous EBV lytic (RAK or GLC) epitope peptide 

pulsed PBMC (0.5 pg/ml/ 10̂  cells). The lytic peptide-pulsed PBMC were incubated 

with this peptide for 2 hours at 37°C, after which they were irradiated with 120 Gy for 7 

minutes using a y -irradiator. T he responder andp eptide 1 oaded stimulator cells w ere 

cultured in a 1:1 ratio in the presence of 50 units/ml of recombinant IL-2. The EBV lytic 

epitope-specific activated CD8+ T cells were expanded in culture by the further 

addition of IL-2 and fresh culture medium at 3-day intervals. These cells were re

activated with peptide pulsed PBMC at 3 weekly intervals. The percentage of lytic 

epitope-specific CD8+ T cells and their CD45RA or CD45RO reactivity was 

determined before and after re-stimulation.

5.2.10 Re-stimulation of CD45RA+ EBV epitope-specific CD8+ T cells

PBMC from patients who had recovered from AIM at least 20 years earlier were 

stimulated with autologous EBV lytic ( RAK o r GLC) e pitope p eptide-pulsed P BMC 

(0.5 pg/ml/lO^ cells). Lytic peptide-pulsed PBMC were incubated with this peptide for 

2 hours at 37°C, after which they were irradiated 120 Gy for 7 minutes using a y- 

irradiator. Responder and peptide-loaded stimulator cells were cultured in a 1:1 ratio in 

the presence of 50 units/ml of recombinant IL-2. EBV lytic epitope-specific activated 

CD8+ T cells were expanded in culture by the further addition of IL-2 and complete
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medium at 3-day intervals. These cells were reactivated with peptide-pulsed PBMC at 3 

week intervals. The percentage of lytic epitope-specific CD8+ T cells and their 

CD45RA or CD45RO reactivity was determined before and after re-stimulation.

5.2.11 CD45RO-CD45RA reversion experiments using fibroblasts, 

TGF-Pi and IL-10

EBV epitope-specific CD8+ T cells were activated in, and maintained in culture 

for 3 weeks as previously described (see section 5.2.9.). T cells were subsequently 

washed and assessed for CD45 expression by flow cytometric analysis. 1 x 10̂  

cells/well of a 24 well plate were incubated in the absence or presence of 20 ng/ml of 

TGF-pi and 50 units/ml of IL-10 (R&D Systems). In the case of culture with 

fibroblasts, 2x10^ antigen-specific T cells were added to 24 well inserts with a 0.4 pm 

pore diameter (Falcon), which were subsequently placed into wells containing confluent 

human embryonic lung fibroblasts. Cells were supplemented with the appropriate 

cytokines and complete medium at 3-day intervals. CD45RA expression and VCR was 

assessed up to 19 days later by flow cytometry and trypan blue exclusion respectively.

5.2.12 Statistics

The Student’s ^-test was used to determine the significance of the results. For the 

majority of experiments ^-tests were paired, two-tailed and parametric. Calculations 

were carried out using GraphPad Prism version 3.0 or Microsoft Excel2000.
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5.3 Results

5.3.1 Relative expression of CD45RO and CD45RA on EBV epitope- 

specific CD8+ T cells during acute and chronic phases of 

infectious mononucleosis

The CD45RA and CD45RO expression of lytic and latent EBV epitope-specific 

CD8+ T cells was investigated before and after resolution of AIM. In EBV seronegative 

individuals, there were undetectable numbers of EBV tetramer binding cells (Fig. 

5.3.1.A.). During AIM, almost all virus-specific CD8+ T cells are CD45RA- 

(CD45RO+) however 12 months after resolution of the acute infection some of the 

EBV-specific CD8+ T cells re-express CD45RA (Fig. 5.3.I.A.).

The extent of CD45RA and CD45RO expression by EBV-specific CD8+ T cells 

that are specific for either lytic or latent virus epitopes in individuals at least 12 months 

after recovery from AIM (Fig. 5.3.1.B.-C.) was investigated next. Lytic epitope-specific 

CD8+ T cells show greater re-expression of CD45RA than those specific for latent virus 

epitopes (mean 21.7% vs 5.9%; respectively; p<0.002). Conversely, lytic epitope- 

specific CD8^ T cells have significantly lower CD45RO expression than the latent virus 

epitope-specific cells (mean 75.7% vs 93.7% respectively; p<0.001). At least 3 different 

lytic or latent epitope-specific populations are included in Fig. 5.3.IB. and Fig. 5.3.l.C. 

and all show similar differences as described above. These results indicate that there is 

greater re-expression of CD45RA by lytic versus latent EBV-specific CD8+ T cells 

after resolution of AIM.
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F igure 5.3.1. The relative re-expression o f CD45RA by epitope-specific CDS^ T cells 
before and after resolution of AIM. PBMC were isolated from an individual who was 
HLA-B8 and EBV seronegative, and also from an HLA-B8 patient with AIM before 
(acute) and 12 months after resolution of the infection (chronic) (A). The cells were first 
gated on CD8 bright expression and within these populations the relative CD45RA 
expression of HLA-B8 restricted EBV lytic epitope RAK-specific cells was determined 
(A). The CD45RA (B) and CD45RO (C) expression of EBV lytic and latent epitope- 
specific CD8^ T cells in 14 individuals 12 months after resolution o f AIM was also 
investigated. The results in B and C show the CD45RA expression of lytic and latent 
epitope-specific CD8^ T cells that are directed to at least 3 different epitopes within 
each group.
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5.3.2 Proliferation of virus-specific CDS T cells before and after 

resolution of AIM

The extent of proliferation of virus-specific ceils before and after AIM, as 

determined by Ki-67 antibody reactivity was investigated next. Although there were 

greater numbers of EBV lytic epitope-specific CD8+ T cells during AIM, there were 

extremely high levels o f cell cycling in both lytic and latent epitope-specific populations 

(Fig. 5.3.2.). This proliferative activity was confined to the CD45RA- (CD45RO+) 

subset (Fig. 5.3.2.). After resolution o f AIM, there was a dramatic reduction o f cell 

cycling in total CDS^and both latent and lytic virus-specific T cells. The CD45RA re

expressing populations were totally quiescent while the small number of cycling 

tetramer positive cells that remained were in the CD45RA- populations (Fig. 5.3.2.). 

Thus although they were antigen-experienced, virus-specific CD8+ T cells, especially 

those that re-express CD45RA after AIM, had returned to a resting state.

Total CDS RAK (lytic) FLR (latent)
7.8 i 2.8 1.7 I 3.8 0.3 j 2.4

44.9 ! 0.2 43.4 I 0.4 16.3 j 0.0

............................

. • V I  7.6

Acute

Chronic

Ki-67
F igure 5.3.2. Extent of cell cycling in virus-specific CD8^ T cells during and after 
resolution of AIM. PBMC were isolated from patients before (acute) and after (chronic) 
resolution of AIM. These cells were stained by 4-colour flow cytometry for CD8, latent 
or lytic HLA class 1 tetramers, CD45RA and the cell cycle marker Ki-67. 
Representative results from one of 3 similar experiments are shown.
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5.3.3 The susceptibility of virus-specific CD8+ T cells to apoptosis 

before and after resolution of AIM

Previous studies have shown that the expanded CD8+ T cell pool that is present 

during AIM is susceptible to growth factor deprivation-induced apoptosis. The next 

investigation was carried out in order to determine whether this was also true for EBV- 

specific CD8+ T cells within the total CD8+ pool of patients with AIM (Fig. 5.3.3.). 

When cultured in the absence of exogenous growth factors, the total CD8+ T cells from 

patients with AIM perish rapidly by apoptosis resulting in <20% and <5% survival after 

1 and 5 days of culture respectively (Fig. 5.3.3.A.). During AIM, both lytic and latent 

epitope-specific CD8+ T cells were equally susceptible to rapid apoptosis (only data for 

lytic epitope-specific cells is shown; Fig. 5.3.1.A.). When cells from individuals that 

have recovered from AIM were cultured under identical conditions, it was found that 

the total CD8+ T cell population was now relatively resistant to apoptosis after 5 days 

of culture (Fig. 5.3.3.B.); (65% survival after 5 days of culture). EBV epitope-specific 

CD8+ T cells that were present after AIM were more susceptible to death than the total 

CD8+ population (35% vs 65% survival after 5 days of culture) but more resistant to 

death when compared to lytic epitope-specific CD8+ T cells that are found during AIM 

(35% vs 5% survival after 5 days; p<0.01). The enhanced survival of the total CD8+ T 

in individuals after recovery from AIM relative to virus-specific populations was 

probably due in part to the presence of apoptosis-resistant naïve CD8+ T cells in the 

former but not the latter population.

The relative survival in culture of EBV-specific CD8+ T cells that do or do not 

re-express CD45RA (Fig. 5.3.3.C.) was determined next. In these experiments only lytic 

epitope-specific populations were investigated since there were generally too few 

CD45RA re-expressing latent virus epitope-specific cells to investigate accurately (Fig. 

5.3.1.). It was found that in each of 5 experiments performed that EBV-specific cells 

that re-express CD45RA showed better survival than the cells that did not express this 

molecule (60.8 ± 15.3 vs 30.2 ± 11.7 respectively; p<0.012).
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Figure 5.3.3. Susceptibility of virus-specific CD8+ T cells to apoptosis. PBMC were 
isolated from donors with AIM and cultured in the absence of exogenous mediators (A). 
The total viable cell recovery was measured at various times after culture. In addition, 
the percentage of total CD8+ T cells or virus-specific (RAK lytic epitope) CD8+ T cells 
was also determined in the cultured PBMC populations. This enabled the absolute 
number of total CD8+ T cells and EBV-specific CD8+ T cells to be determined after 
culture. The survival of the cells after culture was expressed as a percentage of the 
original number of cells at day 0. The survival of total CD8+ and EBV-specific CD8+T 
cells in culture was also determined in patients who had recovered from AIM (B). The 
absolute number of CD45RA+ or CD45RA- virus-specific CD8+ T cells at different 
times after culture was determined by multiplying the percentage of these cells that 
were present at different times by the cell recovery (C). The percent survival of 
CD45RA+ or CD45RA-EBV-specific CD8+ T cells was determined relative to the 
initial input at day 0. The results shown in (A) and (B) are the mean and S.E.M. of 
triplicate determinations for the survival of cells from 1 individual each and are 
representative of at least 4 separate experiments that have been performed in each case. 
In (C), the relative survival of EBV-specific CD8+ T cells, which do or do not re
express CD45RA in 5 different individuals that have been tested, are shown.
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5.3.4 IL-2, IL-15 and FCM can rescue CD3+CD8+ T cells and EBV 

RAK-specific CD8+ T cells from CDD

PBMC obtained from healthy donors who had recovered from AIM at least 10 

years previously were placed in culture in the absence or presence of survival factors 

and viable cell recovery percentages were determined 7 days later. IL-2 and IL-15 

induced proliferation in both total CD8+ T cells and in antigen-specific T cells thereby 

increasing cell recovery (Fig. 5.3.4.). FCM did not induce proliferation but did partially 

rescue total CD8+ and antigen-specific T cells from apoptosis (Fig. 5.3.4.). Viable cell 

recovery percentages differed significantly from control conditions which T cells were 

incubated in medium alone (p<0.01).

250 -

■  Total CD8+ 
□  Total TET+

P 150

 ̂ 100

50

control IL-2 IL-15 FCM

Figure 5.3.4. IL-2, IL-15 and FCM can rescue CD3+CD8+ T cells and EBV RAK- 
specific CD8+ T cells from CDD. Freshly isolated PBMC from donors who had 
recovered from AIM were placed in culture for 7 days in the absence or presence o f 20 
units/ml of IL-2, 20 units/ml of IL-15 or 50% FCM. PBMC were stained with mouse 
CD3, CD8 and MHC class I tetramer specific for RAK peptide conjugated to 
phycoerytherin (PE) on day 0 prior to culture and 7 days later. The percentage of 
CD3+CD8+ T cells was determined from the viable forward by side scatter gate 
whereas the percentage of CD8+tetramer+ T cells was determined from the CD3+CD8+ 
gate. VCR% were calculated based upon cell number added to each well on day 0. 
These results are representative of 3 separate experiments.
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5.3.5 Neither fîbroblasts, TGF-Pi nor IL-10 can induce CD45RO- 

CD45RA reversion in activated virus-specific T cells.

It is clear that two distinct subpopulations of antigen-specific CD8+ memory T 

cells exist in vivo after resolution of the immune response: CD8+CD45RA+ and

CD8+CD45RO+, The CD45RA+ T cells appear to be less susceptible to apoptosis than 

their CD45RA’ counterparts. It is also apparent that EBV epitope-specific T cells can be 

rescued from death by y-chain cytokines and FCM. It remains unknown as to what 

factor(s) induce CD45RO to CD45RA reversion in CD8+ antigen-specific memory 

populations, for this reason it was investigated whether fibroblasts or TGF-pi could 

induce this reversion in activated virus-specific T cells.

CD8+ enriched T cells were activated with irradiated, RAK peptide-pulsed 

autologous PBMC plus exogenous IL-2 and maintained in culture for 14 days. The 

percentage of EBV epitope-specific CD8+ T cells increased from 6% (Fig. 5.3.5.A.) to 

97% (Fig. 5.3.5.B.) after culture. The CD45RA/CD45RO expression of antigen-specific 

T cells was assessed before stimulation and 14 days post-activation. On day 0 (prior to 

stimulation) the percentage of cells expressing CD45RO+, CD45RO+CD45RA+ and 

CD45RA+ were 34, 20 and 46 respectively (Fig, 5.3.5.C.). 14 days after activation 98% 

of virus-specific T cells (Fig. 5.3.5.D.) were CD45RO+. These cells were washed and 

cultured with fibroblasts for a further 7 days in order to investigate whether a proportion 

of CD45RO+ cells would revert to a CD45RA+ phenotype. Flow cytometric analysis of 

CD45RO/CD45RA expression revealed that 99% of cells were CD45RO+ after 

incubating with fibroblasts for 7 days (Fig. 5.3.5.E.). Culture of CD8+ T cells with 

fibroblasts did however induce quiescence in virus-specific CD8+ T cells. 35% o f  T 

cells prior to incubation and 0.4% after incubation with fibroblasts for 7 days were 

found to be in Gq/G i phase of the cell cycle. Fibroblasts however did not mediate 

CD45RO-CD45RA reversion in EBV epitope-specific CD8+ T cells.

Since soluble agents secreted by fibroblasts could not induce CD45RO- 

CD45RA reversion in virus-specific T cells it was investigated whether TGF-pi or IL- 

10 could mediate this reversion. It is widely accepted that regulatory T cells secrete 

TGF-P 1 and IL-10 and some studies have suggested that these cytokines may be 

involved with indirectly mediating peripheral tolerance. Activated EBV epitope-specific 

CD8+ T cells were washed and incubated with 2 concentrations of TGF-pi (1 and 20
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ng/ml) for 7 days. CD45RO/CD45RA expression was assessed prior to incubation with 

TGF-pi (Fig. 5.3.6.A.) and 7 days later (Fig. 5.3.6.B-C). The percentage of CD45RO+ 

cells did not change greatly before incubation (99%) or 7 days later when T cells were 

incubated with 1 ng/ml TGF-(3i (99%) or 20 ng/ml TGF-(3] (97%). TGF-pi at 20 ng/ml 

did not rescue T cells from apoptosis (VCR 59%) when compared to controls (VCR 

62%) where T cells were incubated in medium alone (recovery results were determined 

on day 6 of reversion experiment). Addition of exogenous IL-10 did not induce 

CD45RO-CD45RA reversion in antigen-specific CD8+ T cells after 6 days of 

incubation (Fig. 5.3.7.). The percentage of tetramer+CD45RO+ T cells prior to 

incubation with IL-10 was 98.7% (Fig. 5.3.7.A.). The percentages of 

tetramer+CD45RO+ antigen-specific T cells incubated for 6 days in medium alone or 

exogenous IL-10 were 98.5% (Fig. 5.3.7.B.) and 98.8% (Fig. 5.3.7.C.) respectively. IL- 

10 was however capable of mediating survival of T cells (VCR 158%) when compared 

to control (62%) by inducing proliferation of virus specific cells (recovery results were 

determined on day 6 of the reversion experiment).
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Figure 5.3.5. Fibroblasts did not induce CD45RO-CD45RA reversion in EBV epitope- 
specific CD8+ T cells. CD8+ enriched T cells were activated with irradiated, RAK 
peptide-pulsed autologous PBMC plus 20 units/ml of exogenous IL-2 and maintained in 
culture for 14 days. The percentage of CD8+ RAK tetramer+ T cells prior to activation 
was based upon viable forward by scatter gate (A) and 14 days post activation (B). 
CD45RO/CD45RA expression was also determined before (C) and 14 days post 
stimulation (D) based upon the CD8+tetramer+ gate. The percentage of CD8+tetramer+ 
T cells prior to activation, which were CD45RO+, CD45RO+CD45RA+ and 
CD45RA+, were 34, 20 and 46 respectively. The percentage of CD45RO+ 
CD8+tetramer+ T cells increased to 98% 14 days after stimulation (D). After 
maintaining activated CD8+tetramer+ T cells in culture for 14 days, T cells were 
washed and placed in culture with fibroblasts for 7 days after which CD45RO+ 
expression was determined. Culture of T cells with fibroblasts did not induce 
CD45RO+-CD45RA+ reversion as 99% of CD8+tetramer+ T cells were CD45RO+ 
based upon the CD8+tetramer+ gate (E). Proliferation of virus-specific T cells was 
assessed 14 days post activation (F) and 7 days after incubation with fibroblasts (G). 
7AAD histograms were based upon CD8+tetramer+ gates. The percentage of cells in 
G2/mitosis of the cell cycle 14 days after activation was 55%, this percentage decreased 
to 0.4% after 7 day incubation with fibroblasts. These results are representative of 3 
separate experiments.
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Figure 5.3.6. TGF-pi did not induce CD45RO-CD45RA reversion in EBV epitope- 
specific CD8+ T cells. CD8+ enriched T cells were activated with irradiated, RAK 
peptide-pulsed autologous PBMC plus 20 units/ml of exogenous IL-2 and maintained in 
culture for 14 days. CD45RO/CD45RA expression was determined 14 days post 
stimulation (A) based upon the CD8+tetramer+ gate. After maintaining activated 
CD8+tetramer+ T cells in culture for 14 days T cells were washed and placed in culture 
with 1 ng/ml or 20 ng/ml of TGF-pi for 7 days after which CD45RO+ expression was 
determined. Culture of T cells with TGF-pi at 1 ng/ml (B) and 20 ng/ml (C) did not 
induce CD45RO+-CD45RA+ reversion since the percentage of CD45RO+ T cells 
(based upon the CD8+tetramer+ gate) remained high at 99% and 97% respectively. 
These results are representative of 3 separate experiments.
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Figure 5.3.7. IL-10 did not induce CD45RO-CD45RA reversion in EBV epitope- 
specific CD8+ T cells. CD8+ enriched T cells were activated with irradiated, RAK 
peptide-pulsed autologous PBMC plus 20 units/ml of exogenous IL-2 and maintained in 
culture for 14 days. CD45RO/CD45RA expression was determined 14 days post 
stimulation (A) based upon the CD8+tetramer+ gate. After maintaining activated 
CD8+tetramer+ T cells in culture for 14 days T cells were washed and placed in culture 
in the absence (B) or presence of 10 ng/ml exogenous IL-10 (C) for 6 days after which 
CD45RO+ expression was determined. These results are representative of 2 separate 
experiments.
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5.3.6 Re activation of virus-specific CD8+, CD45RA+ T cells by 

specific peptide

To directly test if EBV-specific CD45RA+ T ells could still replicate, the 

CD8+CD45RA+ T cell subset was isolated from an individual who had recovered from 

AIM 20 years previously. The percentage of lytic epitope (RAK)-specific cells within 

these CD8+CD45RA+ cells was determined before (Fig. 5.3.8.A.) and at 4 days (Fig. 

5.3.8.B.) and 7 days (Fig. 5.3.8.C.) after stimulation with antibody peptide-pulsed APC. 

By combining the viable cell recovery and the percentage o f  virus-specific cells that 

were present, it was found that there was an 8 fold increase in total virus-specific CD8+ 

T cell numbers after 7 days of culture. The extent of cycling after peptide stimulation in 

the virus-specific CD8+ T cells by Ki-67 antibody staining, before and afterculture 

(Fig. 5.3.8.G.-I.) was investigated next. The majority of virus-specific CD8+CD45RA+ 

T cells were induced to enter cell cycle after specific stimulation. Although 98% of the 

virus-specific CD8^ T cells expressed CD45RA before culture (Fig. 5.3.8.D.), the 

majority of these cells co-expressed CD45RO after 4 days of stimulation (Fig. 5.3.8.E.). 

After 7 days of stimulation, 98% of the virus-specific cells expressed CD45RO and 

88% were CD45RA-, CD45RO+ (Fig. 5.3.8.F.). This indicated that virus-specific 

CD8+CD45RA+ T cells could be reactivated and were not a terminally differentiated, 

end-stage population.
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Figure 5.3.8. The re-activation o f EBV lytic epitope (RAK)-specific CD45RA+ T cells with 
RAK peptide. CD8+, CD45RA+ T cells (97% purity) were isolated from the peripheral blood 
o f an individual who had recovered from AIM 20 years previously. Cells were stimulated 
with RAK peptide pulsed irradiated A PC. On days 0 (A,D,G) 4 (B,E,H) and 7 (C,F,I), the 
cells were stained with anti-CDS and B8-RAK tetramer (A,B,C respectively). CD45 isoform 
expression was determined on the RAK-specific cells was determined on the same days (D, 
E, L respectively). The extent of cell cycling was determined at the same time by reactivity 
with Ki-67 antibody (G, H and I respectively). Similar results were obtained in a second 
identical experiment using blood from a different donor.
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5.4 Discussion

Previous reports have shown that CD8+ memory T cells are composed of a 

heterogeneous population of CD45RA+ and CD45RO+ T cells (9,11). It has been 

shown that CD8+CD45RA+ T cells specific for both lytic and latent EBV epitopes are 

less susceptible to CDD than their CD45RA- counterparts. Furthermore EBV epitope- 

specific T cells may be rescued from CDD by FCM, which contains IFN-P, IL-2 and 

IL-15. Since no evidence exists in the literature regarding factors that might induce 

CD45RO to CD45RA reversion, it was investigated whether FCM, TGF-pj and IE-10 

could induce this re-expression. Previous results had shown that FCM, type IIFN  and 

TGF-Pi would induce quiescence in virus-specific T cells, which made these 

quiescence-inducing factors likely candidates for mediating CD45RO to CD45RA 

reversion in antigen-specific T cells. However, it was not possible to induce CD45RO to 

CD45RA reversion in activated antigen-specific T cells using any of these factors. 

Finally, contrary to previous reports (18), it was possible to induce proliferation in 

CD8+CD45RA+ antigen-specific T cells; CD8+CD45RA+ T c ells 1 ost CD45RA and 

gained CD45RO expression upon stimulation with peptide-pulsed autologous APC.

It is clear that antigen-specific T cells are found in a quiescent state when isolated 

from whole blood after resolution of AIM and that FCM, IFN-P and TGF-pi are capable 

of inducing such quiescence. It is also apparent that of the two principle components of 

antigen-specific memory T cells, CD45RA+ T cells are more resistant to apoptosis and 

therefore may help stabilise the CD8+ T cell memory pool. Faint et al have shown 

previously that the majority of CD45RA+ EBV-specific T cells are CCR7+, which 

supports the possibility that they are an antigen-experienced population and not naïve 

(11). Despite the fact that some EBV-specific T cell clones found during AIM may 

become exhausted and replaced by others in the memory pool (28,29) the appearance of 

CD8+CD45RA+ EBV-specific T cells is not due to the selection of less expanded 

populations. The specific clones o f  cells that do persist after AIM are found in  both 

CD45RA and CD45RO compartments (16). The relative extent of proliferation that has 

occurred in EBV-specific CD45RA+ and CD45RO+ T cells cannot be determined by 

measuring telomere length, since the enzyme telomerase can replenish telomeres in 

proliferating cells (30).
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Results in this chapter suggest that EBV lytic epitope-specific CD45RA+ T cells 

found after resolution of AIM can be re-activated to proliferate in response to peptide- 

pulsed autologous APC. Therefore, coupled with the fact that memory T cells 

expressing CD45RA are more resistant to apoptosis than their CD45RO+ counterparts it 

would appear that this memory subset represents a stable memory pool and not an end- 

stage effector population as previously described (18). A report by Champagne has 

suggested that CD8+CD45RA+ T cells are incapable of proliferating in response to 

stimulation with anti-CD3 and anti-CD28 (18). Inducing proliferation in this way may 

be sub-optimal since a large proportion of memory CD8+ T cells lose CD28 expression 

(31). In the present study peptide-pulsed autologous APC were used to stimulate T cells, 

such cells have been shown to exhibit a wide array of co-stimulatory molecules thereby 

facilitating co-stimulation of T cells by other means than CD28 ligation (11,12,31).

Hislop et al have reported that there is less re-expression of CD45RA in CD8+ T 

cells specific for EBV latent epitopes than for EBV lytic epitopes (12). This observation 

also applies to influenza virus-specific T cells which are exclusively CD45RO+ (15) 

and to HIV-specific cells which may have a deficient capacity to differentiate into 

CD45RA+ T cells (18,32). In addition, more CD45RA re-expression occurs in CMV 

infection compared to EBV infection and CMV induces higher levels of CD8 immunity 

than EBV (12,14). Based on these reports, it is possible that the higher the virus load in 

vivo, the greater the re-expression of CD45RA by virus-specific CD8+ T cells.

The mechanisms that induce CD45RO to CD45RA reversion are unclear. Since 

CD45RO expression is associated with activated, cycling cells it is likely that cytokines 

such as IL-15 are involved with maintaining the viability of cells within this memory 

compartment (33). CD8+CD45RA+ memory T cells appear to be a non-cycling, 

apoptosis-resistant memory pool. For this reason it seemed likely that factors which 

could induce quiescence in activated T cells (FCM, IFN-P and TGF-p]) could also be 

involved with inducing CD45RO to CD45RA reversion. This was not found to be the 

case in the experimental system used.

In conclusion it has been shown that EBV epitope-specific CD8+ T cells isolated 

from whole blood from donors who had recovered from AIM 10 years previously are in 

a quiescent state. It has also been shown that FCM, IFN-p and TGF-P] are capable of 

inducing quiescence and are also capable of rescuing T cells from apoptosis (at least in 

the case of FCM and IFN-p). It is clear that some factors are capable of mediating both
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quiescence and protection from apoptosis in virus specific T cells whereas others are 

only capable of inducing quiescence (e.g. TGF-(31). It is advantageous for a factor to be 

capable of mediating survival of T cells upon resolution of the immune response whilst 

also being capable of inducing quiescence in the same cells, thereby contributing to 

maintenance of the memory T cell pool. Upon resolution of AIM antigen-specific cells 

are more susceptible to apoptosis than total CD8+ T cells. Furthermore, antigen-specific 

T cells expressing CD45RA are more resistant to apoptosis than their CD45RO 

expressing counterparts. FCM, IL-2 and IL-15 are all capable of promoting the survival 

of antigen-specific CD8+ T cells from CDD. Despite the fact that FCM, IFN-p and 

TGF-p 1 are capable of inducing quiescence in activated antigen-specific T cells neither 

factor is involved with mediating CD45RO -  CD45RA reversion in this system. Finally, 

EBV lytic epitope-specific CD8+CD45RA+ T cells are capable of proliferating in 

response to peptide-pulsed autologous APC and are therefore not terminally 

differentiated effector cells. Antigen-specific CD8+ T cells expressing CD45RA 

represent a stable, apoptosis-resistant T cell population which is capable of responding 

to re-challenge with viral antigen. Such cells may be vital in preventing pre-mature 

senescence in the T cell memory pool. It will be important to determine the 

agents/mechanisms which may be involved in mediating CD45RO-CD45RA reversion 

and also maintaining this stable memory subset.
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Chapter 6 

General discussion

Immune responses to foreign antigen result in large expansions of antigen- 

specific T cells. These responses are resolved primarily by two apoptotic mechanisms 

namely CDD and AICD. Memory T cell populations can be detected in vivo, implying 

the existence of naturally occurring factors must exist which are capable of promoting 

the rescue of a portion of activated T cells from apoptosis. A previous report 

demonstrated that fibroblasts could inhibit CDD and that the principle anti-apoptotic 

agent secreted by fibroblasts was IFN-P (1). Another study has shown that type I IFN 

can inhibit AICD in murine T cells (2). It has been shown for the first time in this thesis 

that fibroblasts and type I IFN can also prevent CD95-induced apoptosis in activated 

CD4+ human T cells. One mechanism by which type I IFN promotes the survival of T 

cells from CD95-induced death is by preventing the translocation of PKC-5 from the 

cell membrane to the nuclear envelope (3). It is likely that type I IFN secreted by type 2 

dendritic cells and fibroblasts can inhibit activated T cell death upon resolution of an 

immune response, thereby contributing to the memory T cell pool. It must be pointed 

out however that neither IFN-a nor IFN-P were as effective at promoting the survival of 

activated T cells from CD95-induced apoptosis as fibroblasts. This would seem to 

indicate that fibroblasts secrete another as yet unidentified molecule(s), which is capable 

of acting synergistically with IFN-P in the rescue of human T cells from death. Limitin, 

a newly identified molecule that shares a degree of homology with type I IFN might be 

involved with the rescue of T cells from death (4). Future research is required to identify 

other factors secreted by fibroblasts that are capable of promoting T cell survival.

Reports in the literature have suggested that murine memory CD8+ T cells 

turnover at least once every 1-3 weeks and that this turnover is mediated by IL-15 (5). 

The data presented here shows that EBV epitope-specific CD8+ T cells isolated from 

donors who have recovered from AIM at least 10 years previously were quiescent. 

Memory T cells which are stimulated to proliferate at regular intervals are likely to be 

more susceptible to replicative senescence than those in a resting state (6). It has been

190



______________________________________________________________ Chapter 6

shown for the first time in this thesis that fibroblasts, type I IFN and TGF-pi could not 

only inhibit proliferation of, but also induced quiescence in activated antigen-specific 

CD8+ T cells. It is possible that type I IFN and TGF-pi might not only induce 

quiescence in activated T cells upon resolution of an immune response, but also 

maintain quiescence in the surviving memory T cells, thereby serving to stall replicative 

senescence. Results presented in this thesis have also shown for the first time that 

activated antigen-specific CD8+ memory T cells rendered quiescent by fibroblasts, type 

I IFN and TGF-Pi, could be re-activated to proliferate in response to specific viral 

peptide. These results are significant since they imply that induction of quiescence by 

type I IFN and TGF-Pi in activated memory T cells is not permanent, and that these 

memory T cells could respond to subsequent viral re-challenge.

Reports in the literature have demonstrated the existence of CD8+CD45RA+ 

memory T cells particularly in the case of persistent viral infection (7-11). Results in 

this thesis show that these CD8+CD45RA+ revertant memory T cells isolated from 

donors with persistent viral infection are not only less susceptible to apoptosis than their 

CD8+CD45RO+ their counterparts, but are also quiescent. Data presented here shows 

that fibroblasts could rescue antigen specific revertant T cells from CDD. Based upon 

these findings it is possible that both fibroblasts and type I IFN are not only involved in 

promoting the survival of antigen-specific revertant memory T cells from death but are 

also capable of maintaining the same cells in a quiescent state in vivo. It is still unclear 

as to what factors are involved in inducing CD45RO to CD45RA reversion in  these 

memory T cells, since results in this thesis show that neither fibroblasts, TGF-P i nor IL- 

10 were c apable of accomplishing this task i n v itro. I t is  c lear that C D8+CD45RA+ 

revertant memory T cells form part of a more stable memory pool, it is therefore 

essential that future research be carried out to identify the factors and mechanisms 

involved in inducing CD45RO to CD45RA reversion in memory T cells. Finally, it has 

been reported that CD8+CD45RA+ revertant T cells were end stage effector cells 

incapable of proliferating in response to subsequent antigenic re-challenge. The results 

presented here show that this was not the case with EBV epitope-specific 

CD8+CD45RA+ revertant T cells. These cells were capable of proliferating in response 

to subsequent re-challenge with EBV peptide indicating that they were not terminally 

differentiated.
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The induction of tolerance in activated T cells is another way by which immune 

responses are regulated and resolved. Several reports have demonstrated that induction 

of anergy by T:T presentation in activated CD4+ T cells is one way of establishing such 

tolerance, however one of the consequences of inducing umesponsiveness by this 

mechanism is CD95-induced apoptosis (12-15). Addition of neutralising antibodies 

specific for CD95 has been shown to inhibit apoptosis, leading to the survival of 

unresponsive T cells (15). It is shown for the first time in this thesis that both fibroblasts 

and type I IFN could prevent CD95-induced apoptosis during T:T presentation, leading 

to the survival of anergic CD4+ T cells. Promoting the survival of anergic T cells in 

vivo is potentially important for maintaining the existence of a regulatory T cell pool 

that is capable of down regulating aggressive immune responses. Data presented here 

shows that anergised CD4+ T cell clones were capable of partially suppressing 

activation of equivalent responder T cells in vitro. These results confirm other reports 

whichhave demonstrated that umesponsive/anergic CD4+ T cells possess regulatory 

function in humans (12), rats (13) and mice (14). Results presented in this thesis also 

show that the dose of antigen used to induce anergy in T cells was crucial as to the 

permanent nature of this unresponsive state. It may be the case in vivo that aggressive 

immune responses involving high antigen doses can result in a permanent state of 

anergy in T cells, whereas low antigen doses may induce an umesponsive state in T 

cells that is easily reversed. Regardless of antigen dose, it is essential that T cells 

rendered anergic during T cell activation should survive apoptosis upon resolution of an 

immune response.

In conclusion, fibroblasts and type I IFN could not only rescue activated T cells 

from AICD but could also inhibit proliferation and maintain T cells in a quiescent state. 

Activated antigen-specific T cells rendered quiescent by fibroblasts, type I IFN and 

TGF-(3i retained their function and could be reactivated to proliferate. Furthermore, 

antigen-specific CD8+CD45RA+ revertant memory T cells were less susceptible to 

apoptosis than their CD45RO+ counterparts and represented a more stable memory 

population. These antigen-specific CD8+CD45RA+ T cells were not terminally 

differentiated and could be reactivated to proliferate. Neither fibroblasts, TGF-p nor IL- 

10 were capable of mediating CD45RO to CD45RA reversion in antigen-specific CD8+ 

T cells. Finally, fibroblasts and type I IFN could rescue T cells anergised by T:T
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presentation from AICD and it is also the case that anergised T cells were capable of 

suppressing equivalent responder T cell activation.

Type 2 DC

IFN-a

Rescue from apoptosis

Type 1 IFN TGF-Pi

CD45RA+ memo 
T cells

induction

Foreign antigen

i l
«

Figure 6.1. Proposed actions of type I IFN and TGF-p] on activated T cells. Type I IFN 
promotes the survival of activated T cells from apoptosis. Type I IFN and TGF-pi can 
inhibit activation of and induce quiescence in memory T cells. These quiescent memory 
T cells may subsequently be re-activated to proliferate upon exposure to specific 
antigen.
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Figure 6.2. CD4+ human T cells rendered anergic by T:T presentation during an 
immune response are rescued from CD95-induced apoptosis by type I IFN secreted by 
type 2 dendritic cells and fibroblasts. It is possible that surviving anergic T cells are 
capable of partially suppressing the activation of equivalent responder, non-anergic T 
cells.
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