Abstract
The responses of CD8+ T-cells in healthy EBV carriers was investigated using
three methods; limiting dilution analysis, the ELIspot assay and staining with
MHC-class I/peptide tetrameric complexes. T-cells specific for EBV latent-cycle
proteins were readily detectable in peripheral blood with similar hierarchies as had
been previously characterised by LCL-stimulation and outgrowth experiments.
However, responses to lytic-cycle antigens, which had not previously been demonstrated were not only present in the peripheral blood of healthy EBV-carriers but
were generally more abundant even than the latent-cycle responses.
Phenotypic analysis showed that lytic epitope-specific populations were heterogenous in terms of CD45RA/RO and CD28 expression but, in contrast, latent epitope-specific populations were polarised to a CD45RA− CD45RO+ CD28+
phenotype. EBV-specific ELIspot responses was not restricted to activated subpopulations as most EBV-specific memory were negative for four activation markers, including CD38; nor were they restricted to presumed effector subsets as they
were CD27+ and CD56− . Additionally, both ELIspot responses and the ability of sub-populations to proliferate in culture, following specific EBV epitopepeptide stimuli were similar in magnetic bead enriched populations of CD45RA+ ,
CD45RO+ and CD62-L− CD8+ T-cells compared with control CD8-enriched
populations. Furthermore, ELIspot responses were detected in both CD28+ and
CD28− subsets suggesting that these markers can not discriminate T-cell functionality.
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Chapter 1
Introduction
Viruses are obligate intracellular pathogens that depend on host cellular pathways
for execution of their cycles of replication. The co-existence of viral pathogens
within their hosts is viewed as a precarious balance, where the virus attempts to
conceal itself and the host attempts to prevent and clear virus infection.
Control of virus infections is initiated by the cells of the innate immune system and is then continued by a combination of the humoral and cell-mediated
immune responses. The latter, adaptive, immune responses involve lymphocytes
selected from an extremely diverse naı̈ve repertoire on the basis of their reactivity to specific foreign antigens, thereafter, at least some of the selected cells or
their progeny persist, providing the host with immunological memory of previous
encounters with antigen.
The concept of immunological memory as a strategy for protecting organisms
from re-current disease is over 100 years old. The classic example of long term
immunological memory in humans followed an outbreak of measles in the Faroe
Islands. Successive epidemics in 1781, 1846 and 1875 were restricted to naı̈ve
individuals, individuals who had been previously exposed were not re-infected.
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In some of those individuals, immunological memory of the previous encounter
with measles had lasted for 65 years (Panum, 1847).
Virus infections are conventionally classified into three sub-types, based on the
biology of the virus-host interaction, these sub-types are illustrated in Figure 1.1.
With acute virus infection, the host suffers a finite primary infection after which
the virus is completely cleared from the host by the immune response. Examples
of such acute infections in humans include respiratory tract infections with agents
as influenza and respiratory Syncytial virus. By contrast, chronic infections occur
when the virus is not completely cleared and replication may continue, albeit, often, at low levels, in tissues for several years, if not for life. Examples of chronic
infections include human immunodeficiency virus (HIV) as well as the hepatitis
B and C virus infections. Finally, latent virus infections are characterised by persistence of the virus in a non-infectious (‘latent’) state following recovery from
the initial acute infection. Under certain conditions later in life, some latentlyinfected cells initiate full virus replication, leading to intermittent periods of virus
shedding. Examples of such latent infections include the herpes simplex viruses
(HSV) 1 and 2, human cytomegalovirus (HCMV) and Epstein-Barr virus (EBV).
Evidence suggests that T-cells play an important role in limiting primary virus
infection and in maintaining immunological memory to protect against persistent
or re-current infection. T-cells are segregated into two sub-types on the basis
of their expression of surface CD4 or CD8, molecules involved as ancillaries in
immune recognition. CD8-positive (CD8+ ) cytotoxic T-lymphocytes are thought
to be the principal effectors of the cell-mediated response to viruses. They can
recognise viral antigens that are expressed endogenously within infected cells and
can mediate direct cytolysis of infected cells. CD4+ T-cells are thought to play a

1.1 Pathways of antigen presentation to T-cells
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mainly regulatory role, but are especially important in the induction and/or maintenance of the virus-specific CD8+ T-cell response.
Discussion about the nature of memory to viral infection needs to be conducted whilst considering the biology of the infectious agent itself. In human
populations, it is rarely possible to study memory to an acute but non-persistent
viral infection because there is repeated re-exposure to, for instance, respiratory
viruses, so memory is itself probably influenced by such recurrence. Adding complexity to the situation is that viruses such as influenza display antigenic drift (and
occasionally antigenic shift) and memory responses may acquire new specificities over time (McMichael, 1994). During chronic infections with viruses such
as HIV, ongoing replication leads to chronic T-cell stimulation and a conventional
resting memory T-cell pool is not established but, instead, is likely to contain a
mixture of cells with different activation states. Additionally, the high mutation
rate of many of these viruses again, continually diversifies the immune T-cell response as the antigenic challenge evolves. In my opinion, the best models for the
study of immunological memory are latent virus infections with persistent, genetically stable agents such as herpesviruses. Although these viruses persist for life,
they tend to have low levels of re-activation and the memory pool is (arguably)
less likely to exist in a continually activated state.

1.1

Pathways of antigen presentation to T-cells

Before describing CD8+ T-cell responses to viral infection in more detail it is
necessary to discuss how antigens are presented to T-cells.
T-cells cannot recognise whole antigenic proteins, they are capable only of
recognising proteins that have been processed intracellularly into short peptide

1.1 Pathways of antigen presentation to T-cells
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Amount of infectious virus

"Acute" Acute infection followed by clearance

"Chronic" Acute infection followed by
chronic infection

"Latent" Acute infection followed by latent infection
and periodic reactivation

Time

Figure 1.1: Patterns of virus infection. Virus infections can be divided into three types by their
patterns of infection depicted here by expressing the release of infectious virus over time. With
acute virus infections (top) there is a period of acute primary infection which is completely cleared,
in chronic virus infections (centre), the acute primary infection is not completely cleared resulting
in persistent chronic infection that is defined by the constant release of infectious virus particles
(filled curve). Some chronic infections progress (hatched curve). Latent virus infections (bottom),
have limited primary infection followed by persistent latent infection with periodic reactivation of
virus replication.
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sequences. These antigenic peptides (epitopes) are presented to T-cells in the
context of a complex involving either class I or class II major histocompatibility
complexes (MHC), for CD8+ T-cells and CD4+ T-cells respectively.
Structure of the MHC molecule
In higher eukaryotes, MHC-class I molecules are found on the surface of almost
every nucleated cell (Klein, 1975). The molecule is a heterodimer of class I heavy
chain and an accessory protein β2 -microglobulin (β2 m) (Natherson et al., 1981).
The class I heavy chain has three immunoglobulin-like, extra-cellular domains,
the α1 domain at the N-terminus, followed by the central α2 domain and the α3
domain which is proximal to the plasma membrane. It has a single transmembrane
region, and a short intracellular C-terminal domain. The crystal structure of the
human MHC-class I molecule, HLA-A2, was elucidated in 1987 (Bjorkman et al.,
1987), and a ribbon diagram of the structure with its peptide-binding groove is
shown in Figure 1.2. This peptide-binding groove is formed by the α1 and α2
domains and has a floor made of eight β sheet strands (four from each domain)
flanked by two α helices (one from each domain). The antigenic peptide sequence,
usually 8-12 amino acids in length, is situated between and parallel to, the two α
helices (Bjorkman et al., 1987).
In contrast to MHC-class I, MHC-class II molecules are restricted to the surface of professional antigen presenting cells (APC), although expression may be
induced on other cell types by cytokines such as interferon (IFN)-γ (Glimcher and
Kara, 1992). Figure 1.3 gives the ribbon structure of a MHC-class II molecule, the
complex is a heterodimer of an α and a β chain, each composed of two extracellular domains, a proximal constant domain (α2 or β2) and a distal variable domain
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(α1 or β1) plus a transmembrane region and an intracellular domain (Brown et al.,
1993). The peptide-binding region of MHC-class II is formed by the α1 and β1
domains, and is structurally similar to the MHC-class I peptide-binding groove
although longer peptide sequences can be bound (14–25 amino acids) as they can
extrude from either end of the groove.
In humans, MHC proteins are highly polymorphic. There are three human
leukocyte antigen (HLA)-class I and three HLA-class II gene loci (A, B, C and
DP, DQ, DR respectively) and at each locus there are many different alleles. Comparisons of the structure and amino acid sequence of these different HLA-alleles
reveals that much of the variation between allelic forms is located within or around
the peptide-binding groove (Bjorkman et al., 1987), leading to structures that vary
in shape, position and chemical composition between MHC-alleles and, hence, to
different peptide-binding specificities (Matsumura et al., 1992). In 1991 Falk et al.
showed by peptide elution that the peptides that bind to given MHC-class I alleles
have specific binding motifs (Falk et al., 1991), where certain amino acids, especially those at either end of the sequence, are important for MHC-class I binding;
these positions in the bound peptide are known as anchor residues.

1.1.1

MHC-class I processing from endogenously expressed antigen

To maintain cellular homeostasis, even very primitive cells degrade cellular proteins in the cytosol (Coux et al., 1996; Baumeister et al., 1998). In the cells of
higher eukaryotes, this degradation pathway has been adapted by the immune system to expose the presence of intracellular pathogens to the CD8+ T-cell system.
The basic steps in the MHC class I processing pathway are illustrated in Figure
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α2 domain

α2 domain

These figures were created using MolScript (Kraulis, 1991).

a peptide-binding groove, in this case containing the HIV-reverse transcriptase epitope 309-317.

containing three extracellular domains (α1 − 3) and an accessory protein β2 microglobulin. α helices from the α1 and α2 domains form the sides of

Figure 1.2: Ribbon structure of the human HLA-A2.01 molecule (Gao et al., 1997). The MHC-class I molecule is made up of a heavy chain
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created by two α helices and two β sheets one each from the α and β chains.

each having two domains. The peptide-binding groove, in this case containing an epitope from the influenza virus hemagglutinin protein 306-318 is

Figure 1.3: Ribbon structure of the human HLA-Dr 1 molecule (Hennecke et al., 2000). The HLA-class II molecule constitutes an α and β chain
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1.4; proteins are cleaved into peptides by a proteolytic complex known as the
proteasome (1), the peptides are transported into the endoplasmic reticulum (ER)
though a transporter associated with antigen processing (TAP)(2) and are loaded
onto newly synthesised MHC-class I molecules (3), finally, the peptide-containing
complexes are transported onto the cell surface for presentation to CD8+ T-cells
(4).
Targeting for degradation by ubiquitination
Proteins are usually targeted for degradation in the cytosol by ubiquitination (Ciechanover, 1994). Ubiquitin is activated and is bound either to a lysine residue
on the protein or to a pre-bound ubiquitin, forming a polyubiquitin chain. These
processes are catalysed by a cascade of enzymes termed E1, E2 and E3 (Ciechanover, 1994). Targeting for degradation is not thought to be exclusively ubiquitindependent as some proteins, especially long-lived proteins, are degraded without
ubiquitination (Ciechanover et al., 1984). In addition, proteins that do not contain lysine residues are also degraded (Yellen-Shaw and Eisenlohr, 1997; Craiu,
1997), however, polyubiquitin chains may be attached to the amino-terminus of
lysine-free proteins (Breitschopf et al., 1998).
The proteasome complex
Several types of proteasome exist which share a basic 20S proteasome as their
core. This molecule has two outer rings of structural sub-units known as the αtype sub-units and two inner rings which consist of the proteolytically-active β
sub-units (Baumeister et al., 1998). A 26S proteasome complex is formed by
binding the basic 20S proteasome to two 19S cap complexes (Coux et al., 1996).
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molecule is released from the peptide-loading complex and leaves the ER via the normal secretory route and hence is presented on the cell surface

molecules via the glycoprotein tapasin. TAP and tapasin mediate the binding of a peptide sequence with the MHC-class I molecule (3). The bound

calnexin. The MHC-class I molecules bind to β2 m in a complex with two other chaperones, calreticulin and ERp57. They are bound to the TAP

luminal side of the ER (2). MHC-class I molecules are co-translationally translocated into the ER where they are first associated with the chaperone,

it is cleaved into short peptides (1). The peptides are transferred, possibly actively, to the TAP complex which transports peptides across into the

Ubiquitination targets the protein for degradation by the proteasome. The 19S cap complexes unfold the protein and feed it into the proteasome where

Figure 1.4: Overview of the MHC-class I processing pathway. Proteins to be degraded are ubiquitinated by the action of a cascade of enzymes.
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These complexes are responsible for the recognition of ubiquitinated proteins,
their unfolding and transport into the 20S core (Baumeister et al., 1998; Coux
et al., 1996).
The mammalian proteasome complex exhibits distinct peptidase activities which
are associated with specific β sub-units (Ehring et al., 1996). Although, it appears
that almost every amino acid bond can eventually be cleaved if proteins and proteasomes are incubated together for long periods (Ehring et al., 1996), the spectrum of peptidase activities appears to produce peptides with C-termini suitable
to be accommodated in MHC-class I peptide-binding grooves. This is especially
the case within professional antigen presenting cells, where the specificity of proteasomal degradation is modified through the production of immunoproteasomes.
These specialised proteasomes carry alternative β sub-units such as low molecular mass peptide 2 (lmp2), multicatalytic endopeptidase complex-like 1 (ME-CL1)
and lmp71 (Fruh et al., 1994; Nandi et al., 1996). These subunits are more likely to
cleave after hydrophobic or basic residues, producing peptides that interact more
effectively with both the peptide transporter, TAP and the MHC-class I peptidebinding groove (Gaczynska et al., 1993; Kuckelkorn et al., 1995). The N-terminus
of MHC-class I-binding peptides are though to be determined via trimming by
non-proteasomal enzymes either in the cytosol or in the ER.
Immunoproteasomes can interact with an alternative cap complex known as
PA28, addition of PA28 to the 20S proteasome complex enhances the rate of protein degradation (Ahn et al., 1996a) and may increase the production of specific
antigenic peptides (Groettrup and other, 1996). PA28 differs from the 19S cap
complex as it does not recognise ubiquitinated proteins but as yet, its role in pro1

The abbreviations lmp2 and lmp7 are in lower case to avoid confusion with the EBV latent

membrane proteins LMP1 and LMP2
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teasomal degradation is not well understood.
In infectious states, ‘non-professional’ antigen presenting cells can also produce immunoproteasomes in response to IFN-γ signalling. IFN-γ-induced cells
expressing immunoproteasomes are more likely to present peptides derived from
pathogens, resulting ultimately in their own demise and control of the pathogen.
IFN-γ signalling induces the expression of PA28 (Ahn et al., 1996a) and can affect the N-terminal cleavage of peptides through its interaction with N-terminaltrimming cytosolic peptidases (Beninga et al., 1998). IFN-γ also increases the
expression of other components of MHC-class I presentation such as TAP, tapasin
and MHC-class I itself.
Transport and loading of peptides onto MHC-class I molecules
In 1992 it was demonstrated that the delivery of proteasomally-derived peptides
to nascent MHC-class I molecules is dependent on a heterodimeric ER membrane
protein, known as TAP, an energy-dependent transporter which pumps short peptide sequences from the cytosol into the ER lumen (Monaco, 1992). In fact, TAP
co-localises with MHC-class I molecules in the ER membrane and appears to be
able to distinguish between open, free forms of MHC-class I and closed peptidebound complexes (Carreno et al., 1995).
Nascent MHC-class I heavy chains entering the ER are first associated with
an ER chaperone, BiP, and then with a second chaperone, calnexin (Jackson et al.,
1994), which regulates the folding of N-linked glycans through a glucose binding
and release cycle. Once correctly folded, open, peptide-free MHC-class I proteins
become associated with TAP (Carreno et al., 1995) via a transmembrane glycoprotein called tapasin (TAP-associated glycoprotein) (Ortmann et al., 1997) form-
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ing a peptide-loading complex which also includes a third chaperone calreticulin
(Sadasvian et al., 1996), the thioredoxin ERp57 (Oliver et al., 1997; Hughes and
Cresswell, 1998) and the light chain component of the MHC-class I molecule,
β2 m. The complex stabilises empty MHC-class I molecules and facilitates the
loading of peptides with an appropriate length and binding sequence (Cresswell
et al., 1999). The glucose binding and release cycle may be ongoing in this complex and may explain how peptide-bound and empty MHC-class I molecules are
distinguished (Cresswell et al., 1999).
Following binding of an appropriate peptide, the MHC-class I molecule is
released from the peptide-loading complex and is transported to the cell surface through the normal exo-secretory route. Once on the surface, MHC-class
I molecules containing peptides can be stable for up to 24 hours. However, stability depends on the strength of peptide binding as once peptides become released
from the complex, MHC-class I molecules are quickly (within 15 minutes) endocytosed.
Processing of membrane and secretory proteins
Recent work suggests that newly synthesised cytosolic proteins, and especially
mis-translated or mis-folded products, are a major source of peptides destined
for MHC-class I presentation rather that native proteins being turned over as part
of normal cell metabolism. Additionally, epitopes from membrane and secretory
proteins which naturally access the ER are also presented on MHC-class I complexes, nevertheless, most of these epitopes are dependent on both proteasomal
degradation in the cytosol and subsequent transport into the ER through TAP.
Thus, any polypeptides that are mis-folded or damaged in the ER are re-directed
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to the cytosol via the retrograde translocation system (Wang et al., 1999) which
occurs via the ER translocation pore complex (Sec61). Once in the cytosol, the
transported protein is deglycoslyated then ubiquitinated and degraded by proteasomes in the normal way.
There are exceptions to this rule as cells that do not express functional TAP
transporters, for example, the human cell line T2, have been shown to continue to
express a low level of HLA-class I molecules on their surface (Salter and Cresswell, 1986; Henderson et al., 1992). It is, therefore, clear that some epitopes can
access the MHC-class I pathway via a TAP-independent route. Some of the best
examples of such epitopes are derived from signal sequences of export proteins.
Signal sequences target newly synthesised polypeptides into the ER via Sec61
where they they are cleaved by the ER-resident, signal peptidase, generating signal peptides that may load onto MHC-class I molecules (Wei and Cresswell,
1992). Other, rarer, examples involve epitopes present within the ectodomains
of some transmembrane proteins, which appear to be generated within the ER
through the action of, as yet, poorly defined ER proteases (Hammond et al., 1993;
Hammond et al., 1995). Additionally, some hydrophobic epitope sequences from
an EBV protein, LMP2, are proteasomally cleaved but enter into the ER by a
TAP-independent route apparently because of their highly hydrophobic nature
(Lautscham et al., 2001).

1.1.2

Presentation of exogenously-acquired antigen on MHCclass I molecules

There are also routes whereby exogenously-acquired, as opposed to endogenouslysynthesised, foreign proteins can be processed and presented via the MHC-class
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I pathway. The first pathway can occur in any cell type following virus infection,
in circumstances where the virus enters the cell via specific receptor-mediated
endocytosis. Virion structural proteins access the cytosol as part of the virus’
natural entry route before the infectious cycle initiates. Such proteins, of which
the HCMV tegument protein, pp65 is a prominent example (McLaughlin-Taylor
et al., 1994), thereby become susceptible to conventional proteasomal degradation
followed by TAP transport of resultant peptides, exactly like a newly synthesised
cytosolic protein (Figure 1.5). The other examples of exogenous antigen accessing
the MHC-class I pathway are largely, if not exclusively, shown by professional antigen presenting cells such as dendritic cells which have active phagocytic mechanisms as well as efficient pathways of receptor-mediated uptake. The process
of ‘cross-priming’ via this pathway was discovered for minor histocompatibility
antigens in mice in 1976 (Bevan, 1976) but the central relevance of this process in
the induction of CD8+ T-cell responses is only just being fully appreciated.
Present work suggests that there are at least two cross-priming pathways operative in dendritic cells, distinguishable on the degree of dependence on the proteasome and TAP complexes. In the proteasome-dependent, TAP-dependent pathway
(Kovacsovics-Bankowski and Rock, 1995) extracellular proteins endocytosed by
the normal means begin to be degraded in the endosomes. In dendritic cells, partially degraded peptides of 30kDa or less can be transported into the cytosol by a
specific endosomal transporter (Rodriguez et al., 1999) and so become accessible
to the conventional MHC-class I pathway involving proteasomal breakdown and
TAP-mediated peptide transport (Figure 1.6).
However, there are other examples where peptides derived from exogenouslyacquired antigens can be presented in the context of MHC-class I molecules with-
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out a requirement for proteasomal cleavage or TAP (Pfeifer et al., 1993). This
appears to rely on the fact that HLA-class I/peptide complexes presented on the
cell surface are eventually endocytosed as part of the normal re-cycling pathway.
The acidic environment of the endosome releases the peptide from the HLA-class
I molecule leaving the complex open (Gromme et al., 1999). Occasionally the
molecule may re-acquire the same peptide or may bind another peptide, which, as
it is in the endosomal pathway, will have been derived from extracellular proteins.
Binding of a peptide with an appropriate amino acid motif re-stabilises the MHCclass I molecule which can be re-routed to the plasma membrane. This pathway
is suggested for the processing and presentation of epitopes from the hepatitis
B-surface antigen vaccine (Schirmbeck and Reimann, 1996).

1.1.3

Inhibition of MHC-class I antigen presentation by viruses

As most viruses cannot exist outside their host environment they have evolved
a huge range of mechanisms to avoid detection by the host’s immune response.
Some of these mechanisms are discussed here because of the implications that
they have for CD8+ T-cell immune responses. A summary diagram of the viral
evasion strategies that target steps in the MHC-class I presentation is shown in
Figure 1.8.
Inhibition of proteasomal degradation
The latent-cycle protein, EBNA1, of EBV contains a domain of repeated glycine
and alanine residues about 240 amino acids in length, which prevents proteasomal
lysis of the protein, apparently at a post-ubiquitination step. Though the mechanism is as yet unknown, the glycine-alanine domain can transfer protection when
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Figure 1.5: Presentation of exogenously derived virus peptides on MHC-class I:release of
virus from the endosomes. The virus particle enters the cell through receptor mediated endocytosis, the virus nucleocapsid exits from the endosome and once in the cytosol nucleocapsid
proteins are subject to conventional proteasomal degradation, transport and presentation.
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Figure 1.6: Presentation of exogenously derived virus peptides on MHC-class I:transport
of peptides from the endosomes. Foreign proteins are endocytosed by the cell and partially
degraded in the endosomal system. Peptides of less than 30KDa can be transported out of the
endosome by an unknown method. Once in the cytosol they are degraded via the normal route.
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Figure 1.7: Presentation of exogenously derived virus peptides on MHC-class I:loading of
endocytosed MHC-class I. MHC-class I molecules are down-regulated from the cell surface
through endocytosis. The acidic environment of the endosomal system releases the MHC-class
I peptide from the peptide-binding groove. Endosomes containing MHC-class I molecules may
fuse with endosomes containing foreign proteins that have been endocytosed and degraded as described previously. The MHC-class I molecule is able to bind one of these degraded peptides if it
has an appropriate amino acid motif. The re-stabilised molecule can now be re-expressed on the
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Figure 1.8: Virus immune evasion mechanisms. Viruses can evade recognition by the immune system by inhibiting several MHC-class I process-
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incorporated into other proteins, but does not work in trans to affect the processing
of co-expressed molecules (Levitskaya et al., 1997).
A 72kDa transcription factor, IE1, expressed early in HCMV infection is protected from proteasomal degradation by becoming phosphorylated (Gilbert et al.,
1996). Phosphorylation is carried out by a HCMV virion component pp65, that
is present within recently infected cells as a component of the incoming virus
particle. This pathway, therefore, acts to prevent IE1 processing immediately following infection. The ubiquitin system is sensitive to phosphorylation of target
molecules (Karin and Ben-Neriah, 2000) but how phosphorylation of IE1 prevents proteasomal degradation is not known.
Inhibition of the TAP transporter
The next step in the processing pathway that is known to be manipulated in order
to prevent epitope-presentation is the TAP transporter. Several herpesviruses express proteins that inhibit TAP such as the ICP47 protein of HSV-1 and 2. This
protein prevents transport of peptides via TAP by physically bonding with the cytosolic domains of both TAP1 and TAP2 (Ahn et al., 1996b). Similarly, HCMV
encodes a small membrane glycoprotein that binds the luminal domain of TAP,
again, preventing peptide transport probably by blocking the TAP pore (Hengel
et al., 1997).
Inhibition of MHC-class I presentation
Several viruses have evolved to encode proteins than in one way or another target
nascent MHC-class I molecules. The E19 protein of adenovirus contains an ERretention signal and is able to bind MHC-class I molecules in the ER, inhibiting
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their movement to the cell surface (Cox et al., 1991).
HCMV also, encodes two proteins US2 and US11 that target MHC-class I
molecules in the ER, in this case, inducing their retrograde transport to the cytosol
and subsequent proteasomal degradation (Story et al., 1999). Murine CMV has
evolved similar strategies, its ml52 gene product contains a signal that retains
MHC molecules within the ER-Golgi intermediate compartment (Ziegler et al.,
1997) whereas, the m06 protein binds MHC-class I molecules after they have
exited the ER and targets them to the lysosomal pathway for degradation (Reusch
et al., 1999).
The Nef protein of HIV binds to MHC-class I molecules in the plasma membrane where it accelerates endocytosis and then targets MHC-class I to the lysosome. The extent of endocytosis can be sufficient to abolish recognition of HIVinfected cells by CD8+ T-cells (Collins et al., 1998).
It is important to note that many of the escape strategies acting at post-proteasomal steps can be overcome at least in part, by IFN-γ-induced up-regulation of
TAP and MHC-class I expression so that virally-infected cells are not necessarily
completely masked from the CD8+ T-cell system.

1.2

Determination of epitope dominance

Despite the often quite large range of viral proteins expressed in the host, the
CD8+ T-cell response is frequently highly focused to a few immunodominant
epitopes derived from a small number of viral proteins. Understanding the factors
that determine the immunodominance of particular epitopes is clearly central to
issues of vaccine design, and can be considered in the context of the steps of the
MHC-class I processing pathway as they occur (i) in infected cells themselves and
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(ii) by the cross-priming pathway in professional antigen presenting cells.

1.2.1

Factors affecting the selection of viral peptides presented
on the surface of infected cells

One important determinant of a viral protein’s likelihood of producing epitopes at
the cell surface is the timing of its expression during the virus replicative cycle.
Thus, if viral evasion molecules have already rendered the infected cell immunologically silent by blocking TAP function, or MHC-class I exit, then viral proteins expressed beyond this time will not be presented. Secondly, it is clear that
the overall level of expression of one viral protein relative to another will have
an effect on the chances of derived peptides being presented. Thus, expression
of viral epitopes from mini-genes or from recombinant vaccinia can increase the
number of epitopes that appear on the cell surface almost 2000 fold. Using this
method, Restifo et al. greatly increased primary T-cell responses to an epitope
from influenza nucleoprotein, NP147-155 (Restifo et al., 1995). Another factor
will be the efficiency with which certain epitopes are generated by the proteasome
while other potential epitopes are destroyed. It has been calculated that at least
four out of five epitopes that readily induce T-cell responses as synthetic peptides
are reduced to sub-dominant status in vivo because they are not produced by the
MHC-class I processing pathway. Hence, the proteasome influences epitope hierarchies through the destruction of potential epitopes and by failing to cleave
epitopes at the C-terminus. Ossendorp et al. showed that mutating a single amino
acid within an epitope can prevent the generation of T-cell responses (Ossendorp
et al., 1996); peptides that contained certain amino acid substitutions continued
to be recognised by T-cells when added to target cells as synthetic peptides, but
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the same epitopes were not recognised in vivo as the amino acid mutations caused
them to be cleaved by the proteasome. Del Val et al. provided the first demonstration that regions directly flanking epitopes could influence immunogenicity (Del
Val et al., 1991). By changing flanking sequences, the production of epitopes can
be decreased up to 16 fold.
Human TAP proteins are relatively promiscuous in which peptides they can
transport across the ER membrane and therefore probably do not have a great
impact on immunodominance. However TAP transport still plays a role, an example is that certain epitope peptides, for instance, HLA-B35-restricted sequences
with a proline at position two, are relatively poorly transported yet are selected as
epitopes (Neisig et al., 1995). This reflects the fact that the TAP-transporter probably transports longer N-terminally extended precursors of these sequences, and
then the epitope is created in the ER by N-terminal trimming. In rats and mice,
TAP specificities have been shown to have a larger impact on immunodominance
(Yewdell and Bennink, 1999).
Despite the differences described above, clearly the largest factor that influences peptide immunodominance is the ability of a peptide to bind to MHC-class
I. At least 90% of peptides recognised by CD8+ T-cells bind to their MHC-class
I molecules at an affinity of 500ηM or more (Yewdell and Bennink, 1999). Only
0.5% of 8–11 residue peptides generated randomly from proteins can bind to
MHC molecules with this biologically-relevant affinity. Hence, selection at the
point of MHC-class I binding is a key determinant of which peptides actually
reach the surface and how long they stay there.
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Factors affecting the selection of viral peptides presented
on the surface of professional antigen presenting cells

The realisation that CD8+ T-cell responses to viral infection are often induced against viral antigens that have been re-processed in specialised antigen presenting
cells is centrally important. It affects our view of what determines immunodominance because it shifts the emphasis away from processing in virally infected cells
and toward processing in specialised antigen presenting cells.
Perhaps the best example of this change in emphasis comes from the EBVencoded EBNA1 protein, which is completely protected from the MHC-class I
processing pathway when expressed in naturally infected cells, yet which nevertheless does induce a strong CD8+ T-cell response in the host. This reflects the
fact that EBNA1 can be acquired by dendritic cells (either as protein released from
infected cells or as protein within phagocytosed cell debris) and re-presented via
the cross-priming pathway (Blake et al., 1997).
To date, there is little if any direct evidence of the influence of cross-priming
on immunodominance. This section, therefore, only highlights the factors involved in cross-priming that might be important.
Examples are phagocytosis of virus-infected apoptotic cells may be more likely
to occur at certain stages of the virus replication cycle where particular viral proteins predominate. Specific viral proteins may be more likely to be released from
infected cells and bound by antibodies and/or complement. In turn, these proteins
have greater chance of becoming phagocytosed by antigen presenting cells.
Where proteins are acted upon by proteolytic enzymes in the endosomes, the
position of cleavage by these enzymes may preferentially produce or cleave certain CD8+ T-cell epitopes. Proteins that are degraded quickly many not be trans-
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ported across the endosome membrane to the MHC-class I processing pathway
and additionally, the endosome transporter may be specific in which peptides it
is able to bind. Thereafter, for proteins accessing the cytosol and entering the
conventional MHC-class I pathway, the same selective pressures from potential
proteasomal cleavage, TAP transport and MHC-class I binding in the ER apply as
discussed in the previous section.
Finally, for peptides generated from exogenously-acquired antigen and loaded
onto re-cycling MHC-class I molecules in the endosome there may be different
selective pressures than those governing MHC-class I loading in the ER.

1.2.3

Presence of T-cells with relevant T-cell receptors that are
capable of responding

Representation of a viral peptide by a MHC-class I molecule at the cell surface is
not itself a guarantee of immunodominance. Clearly the generation of a detectable
CD8+ T-cell response requires the presence of T-cell receptors with the relevant
specificity within the host’s naı̈ve T-cell repertoire. Activation of a T-cell response
is influenced not only by the avidity of the T-cell receptor for its ligand (a diagram
of the interaction of the T-cell receptor with MHC-class I/peptide is shown in Figure 1.9) but also by the number of ligands expressed on the cell surface (Yewdell
and Bennink, 1999).
One of the initial observations on the factors that influence the relative size of
the epitope-specific responses, was the contribution of immunodomination (Doherty et al., 1978), i.e. the suppression of sub-dominant T-cell responses by those
that are immunodominant. Immunodomination is probably not due to competition
between peptides for MHC-class I binding, firstly as many immunodominant ep-
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Figure 1.9: Binding of the human TCR to MHC/peptide complexes. A greater understanding of how the T-cell receptor is adapted for the simultaneous recognition of peptide and MHC
was achieved from the production of crystal structures of intact αβ T-cell receptors in complex
with MHC molecules. In this diagram the T-cell receptor is shown in green and MHC-class I in
blue/purple. The α chain of the T-cell receptor lies across the N-terminal region of the peptide
and the β chain lies over the C-terminus. The surface of the T-cell receptor lies diagonally across
the surface of the MHC molecule allowing maximum contact between the CDR of the T-cell receptor and either antigenic peptide and/or MHC, the highly diverse CDR3 regions interact with
the bound peptide while the less diverse CDR1 and CDR2 regions bind to the more conserved
helices of the MHC-class I peptide-binding groove. From Garboczi et al. HLA-A2.02 complexes
with residues 11-19 from the human lymphotropic virus type 1 Tax protein bound to an αβ T-cell
receptor (Garboczi et al., 1996).
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itopes are not always expressed at high copy numbers on antigen presenting cells
(Busch and Pamer, 1998; Crotzer et al., 2000) and secondly, as immunodomination occurs between epitopes expressed on different MHC-alleles. A more
likely scenario is that CD8+ T-cells specific for dominant peptides out-compete
sub-dominant responses by rapidly reducing antigen loads below levels necessary
for the stimulation of these responses, though competition for stimulator cells
which are presenting both dominant and sub-dominant CD8+ T-cell epitopes or
through the suppression of sub-dominant responses by cytokines (Yewdell and
Bennink, 1999). This would be consistent with the fact that epitope hierarchy can
be re-ordered if animals are primed with a sub-dominant epitope prior to infection
(Jamieson and Ahmed, 1989).

1.3

CD8+ T-cell responses to viruses

The CD8+ T-cell responses to viral infection can be divided into three stages
which are illustrated in Figure 1.10. The first stage is the primary response, here,
naı̈ve T-cells with appropriate T-cell receptors clonally expand and differentiate
following antigen exposure to form an anti-viral effector population which contributes to the clearance of the virus. Thereafter, the T-cell response enters a second phase involving a decline in the effector T-cell population by apoptotic cell
death. Third, there is the formation of a long term memory population which protects the individual either from subsequent re-challenge or, in the case of persistent
viruses, from re-activation of the existing infection.
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Figure 1.10: Response of CD8+ T-cells to viral infection. The CD8+ T-cell response to virus
infection can be divided into three stages, an effector stage where progeny of the rare naı̈ve T-cells
with antigen specificity proliferate to form an effector population. Following virus control is the
second phase where virus-specific T-cells are reduced in numbers by apoptosis. In the third stage
a population of specific T-cells, at higher frequency than the original naı̈ve population maintain
immunological memory of specific virus encounter.
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The primary T-cell response
Priming of naı̈ve CD8+ T-cells by specific antigen is a highly complex process
that normally requires three cell types (Ridge et al., 1998; Bennett et al., 1998;
Schoenberger et al., 1998), the naı̈ve CD8+ T-cell itself, an activated CD4+ helper
T-cell and a specialised antigen presenting (dendritic) cell (Figure 1.11, numbers
in the text refer to this figure). Dendritic cells endocytose antigen in the periphery by phagocytosis or receptor-mediated endocytosis, inflammatory signals induce the maturation of dendritic cells which then migrate to the secondary lymphoid organs where T-cell priming normally takes place (Banchereau et al., 2000).
Note that naı̈ve T-cells express the chemokine receptor CCR7, which is the major chemokine receptor expressed on mature, migrating dendritic cells (Yoshida
et al., 1997). Release of the CCR7 chemokines MIP3-β and 6CKine from the
T-cell areas of lymphoid organs stimulates the migration of both T-cells and maturing dendritic cells to these areas (Dieu et al., 1998; Chan et al., 1999).
Because dendritic cells can present exogenously-acquired antigens by the MHCclass I and class II pathways, priming involves CD4+ and CD8+ T-cells reactive to
epitopes derived either from the same viral protein or from proteins simultaneouslyacquired as a result of the lone virus infection. Hence, the concept of virus-specific
CD4+ T-cell help for a virus-specific CD8+ T-cell response (Ridge et al., 1998)
(1).
Primed CD4+ T-cells provide help, by the production of IL-2 (Matloubian
et al., 1994; Cardin et al., 1996) and other cytokines that attract CD8+ T-cells
and by licencing the dendritic cell to become competent for CD8+ T-cell priming (Ridge et al., 1998; Bennett et al., 1998; Schoenberger et al., 1998). Thus,
up-regulation of CD40-ligand on the primed CD4+ T-cell allows CD40 ligation
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on the dendritic cell surface. This acts as an important dendritic cell maturation
signal that leads to increased expression of the co-stimulatory molecules CD80
and CD86 on the dendritic cell and the release of cytokines such as IL-1, TNFα, chemokines and IL-12 (Ridge et al., 1998; Bennett et al., 1998; Schoenberger
et al., 1998; Sallusto and Lanzavecchia, 1994) (2). These classic inflammatory
signals attract lymphocytes to the sites of antigen presentation and induce further
maturation of the dendritic cell (Sallusto and Lanzavecchia, 1994).
The interaction of CD4+ helper T-cells with dendritic cells need not occur
simultaneously with CD8+ T-cell interactions. Temporal separation increases the
chances of encounter of an appropriately-licensed dendritic cell meeting a CD8+
T-cell of appropriate specificity (Ridge et al., 1998; Bennett et al., 1998; Schoenberger et al., 1998). In fact, expression of high levels of CD80 and CD86 on dendritic cells may signal ‘danger’ to migrating T-cells (Matzinger, 1998), inducing
then to take particular care in sampling MHC/peptide complexes by facilitating
T-cell-dendritic cell adhesion via molecular pairs such as CD28 with CD80/86,
CD2 with CD58 and LFA-1 with ICAM-1, 2, 3 (Davis et al., 1998).
The sampling of MHC-class I/peptide by the T-cell induces low level phosphorylation of the T-cell receptor on ITAM motifs, this phosphorylation is negatively
regulated by the action of tyrosine phosphatases. On high affinity interaction
with MHC-class I/peptide, the equilibrium of phosphorylation/dephosphorylation
shifts, the ITAM motifs become more phosphorylated causing the response to become amplified. However, if at any point the antigenic stimulus is removed, this
T-cell signalling drops (Valitutti et al., 1995; Valitutti and Lanzavecchia, 1997).
Additionally, T-cell receptor ligation without relevant co-stimulation, leads to
death by apoptosis or the initiation of a permanently anergic state. The classic co-
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stimulatory signal required to prevent this is delivered via CD80/CD86-mediated
ligation of CD28 on the T-cell surface. Ligation of CD28 modulates many of
the T-cell receptor-signalling pathways, resulting in sustained tyrosine phosphorylation of the ITAM motifs (Tuosto and Acuto, 1998), and localisation of receptors toward immunological synapse formation (IS) (Wülfing and Davis, 1998)
(3). The IS is a point of such close contact between the T-cell and the APC that
large molecules such as the tyrosine phosphatase, CD45 begin to be excluded,
further shifting the balance between phosphorylation/and de-phosphorylation of
the ITAM motifs (Davis and van der Merwe, 1996) and amplifying the signal.
The sequential signalling patterns involved in naı̈ve T-cell activation is complicated by redundancy and involves several other T-cell-dendritic cell ligands including RANK/TRANCE (Wong et al., 1997), OX40/OX40-ligand (Stuber et al.,
1995) and 4-1BB/4-1BB ligand (DeBenedette et al., 1997). These molecules are
up-regulated by CD40 and cytokine signalling and serve to sustain both T-cell
responses and to prevent dendritic cell apoptosis (Stuber et al., 1995; Kim et al.,
1998) (4,5).
Naı̈ve T-cells require upwards of 20 hours of continuous stimulation before
becoming committed to proliferation (Valitutti et al., 1998). However, recent evidence has shown that once a naı̈ve T-cell has been committed to proliferation
and differentiation, no further antigenic stimulus is required. Varying the dose
of a single antigen challenge to naı̈ve T-cells affects the number of cells that are
recruited but apparently not the number of divisions that the cells are committed
to undergo (Keach and Ahmed, 2001) nor their subsequent differentiation. However, if antigen is continually being generated in vivo, for instance, in the context
of acute virus replication during primary infection, then, presumably, primed cells
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are driven though additional rounds of expansion as a result of continued antigenic
exposure. Priming of new responses may also be extended under conditions of
continued antigen supply. In this context, IL-12 is important for the induction of
CD8+ T-cell responses and is the principal cytokine that drives polarisation to the
TH 1 (cell mediated) response (Macatonia et al., 1995). Production of this cytokine
by dendritic cells is transient (Langenkamp et al., 2000) and therefore, sustained
IL-12 production is dependent on continued influx of mature dendritic cells that
have acquired antigen in the periphery (Lanzavecchia and Sallusto, 2000). Once
antigen is limiting and dendritic cell migration ceases, so will CD8+ T-cell priming.
Effector functions of virus-specific T-cells
The magnitude of the primary CD8+ T-cell response to virus infection is different
for different viruses. The expansion of T-cells following primary infection with
localised viruses such as influenza tends to remain relatively small (<3.0% of
the CD8+ T-cell population) (Flynn et al., 1998), whereas infections with more
systemic viruses such as the murine gamma-herpesvirus, MHV-68, induce more
substantial T-cell proliferation. At the height of the MHV-68-induced response
up to 10% of circulating CD8+ T-cells can be identified to be specific for three
immunodominant viral epitopes (Doherty et al., 1997).
In murine models, virus-specific T-cells concentrate where there is maximum
expression of viral antigens such as the lung with influenza infection or MHV68 infections (Flynn et al., 1998; Doherty et al., 1997), and the spleen in lymphocytic choriomeningitis virus (LCMV) infection (Murali-Krishna et al., 1998).
These virus-specific T-cells have two main effector functions, direct cytolysis of
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the virus-infected cell and the production of cytokines such as IFN-γ and TNF-α.
These cytokines influence several pathways that result in the control of viral infections. As described earlier, they enhance antigen processing, peptide transport and
MHC expression in infected cells. They also recruit macrophages, NK-cells and
T-cells, further up-regulating the local production of anti-viral and immunoregulatory cytokines that favour TH 1 responses. In addition, IFN-γ and TNF-α can have
direct anti-viral effects. They have been shown to directly limit replication of hepatitis B virus in a transgenic mouse model (McClary et al., 2000; Guidotti et al.,
1996) and are thought to inhibit the replication of several other viruses through a
variety of IFN-γ/TNF-α-inducible cell genes. These may target various stages of
the virus life cycle, such as transcription, translation, virus assembly and extrusion
(Guidotti and Chisari, 2001).
The highly activated effector T-cells that dominate the primary responses are
highly susceptible to apoptosis and die in the absence of survival signals (Boehme
and Lenardo, 1993) so that once primary infection is cleared, the expanded T-cell
populations return to normal.
Memory T-cells and the secondary T-cell response
In all types of virus infection, a population of virus-specific T-cells survive the
culling of primary T-cell response and establish a pool of ‘memory’ T-cells that
persist throughout the life of the host. Secondary virus challenge results in the
rapid expansion of effectors from this T-cell memory pool, leading to a faster and
more efficiently-directed response than that which follows primary infection. Several factors establish the efficiency of the secondary T-cell response: Firstly, the
frequency of T-cells specific for a given epitope is much greater in the memory
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population than in naı̈ve T-cells (Lau et al., 1994; Selin et al., 1996); Secondly,
memory T-cells require less co-stimulation than naı̈ve T-cells (Kedl and Mescher,
1998; Rogers et al., 2000; Croft et al., 1994; Dutton et al., 1998; Mullbacher and
Flynn, 1996; Dubey et al., 1996) and hence, can possibly be activated directly
by virus-infected cells without the need for viral antigens to be re-processed and
presented through dendritic cells; Thirdly, memory T-cells proliferate and differentiate to become effectors more rapidly than naı̈ve T-cells and secrete a broader
range of cytokines (Kedl and Mescher, 1998; Lanzavecchia and Sallusto, 2000;
Selin and Welsh, 1997; Sallusto et al., 1999; Pihlgen et al., 1996; Swain et al.,
1996); Finally, while a subset of memory cells (‘central memory’) share the same
migratory properties as naı̈ve T-cells using their expression of CCR7 and CD62-L
to home through high endothelial venules into lymphoid organs, a different subset
(‘effector memory’) lack these markers and re-circulate through peripheral tissues
(Sallusto et al., 1999). This increases the chance of an encounter with antigen,
again favouring the efficiency of the memory T-cell response.
The relationship between primary and memory CD8+ T-cell populations is not
fully understood. One view, based on initial murine studies with non-persistent
viruses, is that all components of the primary response are culled equally so that
the ‘clonal burst’ size of any one epitope reactivity at the height of the primary
response will determine the level at which that reactivity becomes represented in
memory (Hou et al., 1994). Alternatively, memory T-cells may be selected from
the effector population and saved from apoptosis by some form of active selection. This may favour some re-activities at the expense of others. In this situation,
memory and primary populations may differ in the degree to which individual antigen specificities are represented. This has been suggested by Liu et al. as the
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generation of effector and memory cells appeared to have different requirements
for CD28 interactions (Liu et al., 1997). Whitmire and Ahmed (Whitmire and
Ahmed, 2000) have shown that blocking co-stimulatory molecules such as CD80,
41BB and OX40-L reduces the size of T-cell memory by reducing the clonal burst
size. However, on blocking of CD40/CD40-L interactions, the clonal burst size
of CD8+ T-cells is near normal but the generation of memory cells is limited,
suggesting a role for specific interactions in the survival of cells destined to provide T-cell memory. A third possibility is that memory cells are generated at the
beginning of an infection through a separate pathway of differentiation, parallel
to that which generates the primary effector population. However, it has been
shown that effector T-cells transferred into antigen-free hosts can themselves develop into a memory population (Swain, 1994; Lau et al., 1994) and in other
studies, that memory cells can be generated from effector cells that express a cytolytic molecule, perforin (Opferman et al., 1999) or from cells that produce IL-2
(Saparov et al., 1999).
Requirements for the maintenance of T-cell memory
The requirements for survival and proliferation of memory T-cells are not yet elucidated. It was once thought that, as with B-cells (Tew and Mandel, 1978), T-cells
require antigen stimulation to persist (Gray and Matzinger, 1991; Kundig et al.,
1996). Studies using the mouse models of LCMV infection showed that adoptively transferred memory T-cells can persist for long periods in naı̈ve recipients
in the absence of antigen (Lau et al., 1994; Mullbacher and Flynn, 1996). Persistence does requires some T-cell receptor mediated survival signals as transferred
cells do not survive in MHC-class I-deficient hosts, but the nature of this signal
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is unclear since memory T-cells can survive if transferred into mice that do not
express relevant MHC-class I molecules (Tanchot et al., 1997).
Unlike naı̈ve cells, which exist as long lived resting cells, memory T-cell populations appear to be slowly but continuously cycling (Tanchot et al., 1997; Tough
and Sprent, 1994; Markiewicz et al., 1998; Tanchot and Rocha, 1995; Hou et al.,
1994; Lau et al., 1994). Proliferation can be enhanced by cytokines such as IL-2,
IL-12 (Sprent et al., 1997) and IL-15 (Zhang et al., 1998) and therefore the cytokines derived from coincidental infections throughout the life of the host may
indirectly help to maintain memory T-cell pools (Nahill and Welsh, 1993; Tough
et al., 1996). Interestingly, recent studies with CD4 knockout mice have shown
that the maintenance of LCMV-specific CD8+ memory is critically dependent on
the presence of CD4+ helper cells (Zajac et al., 1998). Some LCMV-specific
re-activities were lost from memory in CD4−/− mice whereas other re-activities
were maintained, but, apparently, in a non-functional anergic state. The nature of
the CD4+ T-cell-mediated maintenance, possibly cytokine-dependent, remains to
be elucidated.
Distinguishing naı̈ve effector and memory CD8+ T-cells
LCMV infection of mice is a good model in which to define phenotypic differences between naı̈ve, effector and memory T-cells. The first cellular marker
utilised for distinguishing virus-specific cells in mice was CD44 (Lynch et al.,
1987), a polymorphic glycoprotein that mediates cell-cell and cell-extracellular
matrix interactions. Naı̈ve T-cells do not express CD44, but upon activation CD44
expression is up-regulated and remains at high levels thereafter, hence, naı̈ve cells
and memory/effector cells can be distinguished from each other (Dutton et al.,
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1998). Other markers that can distinguish between effector/memory cells and
naı̈ve cells are LFA-1 (CD11a/CD18) (Andersson et al., 1995; Slifka and Whitton, 2000) and CD62-L (L-selectin) (Tripp et al., 1995; Bradley et al., 1991).
LFA-1 has similar patterns of expression as CD44 and similarly to CD44, LFA-1
plays a role in lymphocyte migration to inflamed tissues. CD62-L (L-selectin) is
preferentially expressed on naı̈ve cells where it is required for migration through
high endothelial venules, re-directing these cells to lymphoid tissues and therefore to sites where dendritic cells carry antigens. Upon activation of a naı̈ve cell,
CD62-L is rapidly shed from the surface (Bradley et al., 1991) and the resultant
effector T-cells are then able to migrate through the periphery in search of infected
cells.
Discriminating between effector and memory cells can be difficult and tends
to rely on the fact that effector cells are likely to display an ‘activated’ phenotype.
Examples of activation markers are CD69 and CD25 (Dutton et al., 1998). CD69,
a signal-transmitting receptor, is transiently expressed on T-cells following T-cell
receptor-mediated signalling (Testi et al., 1989), therefore T-cells which express
CD44, LFA-1 and CD69 are more likely to be effector cells than resting, memory
cells. The IL-2 receptor, CD25, is also up-regulated on T-cell priming and expression remains high as long as there is continued T-cell receptor and IL-2-mediated
signalling. However, a population of CD25-expressing LCMV-specific CD8+ Tcells are present in LCMV immune mice long after clearance of the infection
(Selin and Welsh, 1997).
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Distinguishing populations of virus-specific T-cells in humans

A great deal of literature has attempted to identify functionally distinct T-cell populations in man, much of it using non-antigen-specific responses as the functional
readout rather than responses (CD4+ or CD8+ T-cell) to natural viral pathogens.
This summary deals briefly with this literature before describing the more recent
technical advances allowing viral epitope-specific T-cells to be identified unequivocally and their phenotype determined. These, more recent, methods were just
becoming available at the time this thesis began and have had a major influence
on the work.
One of the traditionally used markers to determine heterogeneity in human
populations is the common leukocyte antigen, CD45. This marker exists in different molecular-weight isoforms due to differential exon use (Trowbridge and
Thomas, 1994; Thomas, 1989). Several isoforms of CD45 are expressed on the
surface of cells but, in the context of distinguishing naı̈ve T-cells from memory
cells, CD45 is usually divided into the high molecular weight form, CD45RA,
and the low molecular weight form, CD45RO (Ralph et al., 1987). Antibodies to CD45RO recognise an epitope exposed following removal of the three
CD45RA-specific exons (A, B and C) (Terry et al., 1988). From the early literature, CD45RA+ CD45RO− T-cells were thought to be naı̈ve whereas CD45RA− CD45RO+ T-cells were thought to be effector/memory cells (Merkenschlager
et al., 1988).
The division of T-cells into naı̈ve and effector/memory populations by CD45
expression is based on several pieces of evidence, most from studies on CD4+ T-
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cells 2 . Firstly, CD45RA T-cells predominate in human cord blood (Sanders et al.,
1988; Ehlers and Smith, 1991), whereas in adult peripheral blood, T-cells are divided between the CD45RA and CD45RO sub-populations (Sanders et al., 1988;
Lee et al., 1990). Furthermore, stimulation of CD45RA+ cells in vitro with CD2
mAb (Wallace and Beverley, 1990), with mitogens (Akbar et al., 1988; Serra et al.,
1988) or with IL-2 (Roth, 1994) induces switching to a CD45RA− CD45RO+ phenotype (Clement et al., 1988; Serra et al., 1988; Beverley, 1987). In functional
in vitro studies on isolated T-cell sub-populations CD45RO+ cells were able to
provide help for B-cells in pokeweed mitogen-induced immunoglobulin synthesis
whereas CD45RA+ T-cells could not (Morimoto et al., 1985; Clement et al., 1988;
Smith et al., 1986) The CD45RO+ fraction also contained stronger CD4+ recall
responses to antigen stimulation (Beverley, 1987; Merkenschlager et al., 1988;
Serra et al., 1988) and contained increased numbers of cytotoxic T-cell precursors
(Merkenschlager and Beverley, 1989; Lee and Vitetta, 1990). CD45RO T-cells
proliferated extensively to CD2 mAb stimulation whereas CD45RA+ T-cell did
not (Sanders et al., 1989; Byrne et al., 1988; Wallace and Beverley, 1990) and
CD45RO+ cells secrete a whole range of cytokines whereas CD45RA+ T-cells
can produce only IL-2 (Lewis et al., 1988; Sanders et al., 1988; Bettens et al.,
1989; Salmon et al., 1989; Hirohata and Lipsky, 1989; Swain, 1994; Salmon
et al., 1988; Akbar et al., 1991; Conlon et al., 1995) with relatively slower kinetics (Swain et al., 1996; Weinberg et al., 1990). Early phenotypic analysis of
CD45RA- and CD45RO-expressing T-cell populations agreed with functional results in that CD45RO+ cells were found to express some activation markers such
as CD25, albeit at low levels, and to have higher levels of adhesion molecules such
as LFA-1 and LFA-3 (Wallace and Beverley, 1990; Sanders et al., 1988; Sanders
2

Some of the work cited here is based on mouse and not human models
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et al., 1989; Mackay et al., 1990) than CD45RA+ cells.
A noted earlier, CD45 is a protein tyrosine phosphatase that moderates the
T-cell receptor mediated signalling of T-cells by regulating phosphorylation of
tyrosine kinases downstream of T-cell receptor ligation (Tonks and Fischer, 1990;
Czyzyk et al., 2000) however, little is understood of the role of different CD45
isoforms in T-cell signalling.
During the course of this project, evidence had been accumulating that memory cells do not all express CD45RO and that some can revert to CD45RA expression (Bell, 1992). T-cells are obviously capable of such a switch as the vast majority of immature T-cells developing in the thymus express the CD45RO marker
(Smith et al., 1986; Terry et al., 1988; Pilarski et al., 1989). The CD45RA reversion theory was based on in vitro work using human PBMC where CD45RO
T-cells were shown to re-express CD45RA (Warren and Skipsey, 1991; Rothstein et al., 1991), and in vivo work where CD45RO-expressing T-cells transferred
into athymic nude animals formed a population consisting of both CD45RO+ and
CD45RA+ T-cells (Bell and Sparshott, 1990; Sparshott et al., 1991). Such evidence was interpreted to argue that CD45RO+ T-cells represent a recently primed
population and that maintenance of the CD45RO+ phenotype requires continual re-stimulation (from cross-reactive antigens in the environment) (Bell and
Sparshott, 1990; Beverley, 1990).
A number of other markers have been used as potential discriminators between
naı̈ve , effector and memory T-cells in humans, although at the time this work
began and through much of the period the work was in progress, there was no clear
consensus regarding discriminatory markers. One of the most important markers
studied was the adhesion molecule, LFA-1 (Hoflich et al., 1998; Okumura et al.,
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1993; Andersson et al., 1995) (also used in murine models). Although detectable
in all T-cells in the blood as it is important for most T-cell functions, quantitation
of surface expression clearly showed a biphasic distinction of LFA-1low and LFA1high sub-populations. It was never clear, however, whether this really reflected a
split between naı̈ve and memory cells because expression levels did not align fully
with the perceived CD45RA and CD45RO sub-division, especially for CD8+ Tcells (Okumura et al., 1993).
As in the mouse, a number of activation antigens such as CD69 and CD25
were examined as potential markers of effector/memory cells. Added to these, in
human T-cell studies, were activation markers such as CD38 (a membrane-bound
NAD+ glycohydrase (Kontani et al., 1993) and, less actively, a ADP-ribosyl cyclase (Howard et al., 1993; Shubinsky and Schlesinger, 1997)), CD71 (the transferrin receptor), and HLA-DR (Hara et al., 1985; Speiser et al., 2001). While
most markers were consistently up-regulated on T-cells in in vitro activated T-cells
(Judd et al., 1980; Trowbridge and Omary, 1981; Jackson and Bell, 1990) and on
naturally occurring models of in vivo activation in man (e.g. acute viral infections)
(Ho et al., 1993; Kelleher et al., 1995; Levacher et al., 1992; Kestens et al., 1994;
Giorgi et al., 1994; Orendi et al., 1998; Ho et al., 1993; Callan et al., 1998), their
expression on circulating cells in the peripheral blood of healthy donors is variable
and it is not clear whether they really mark specific sub-populations.
As interest in T-cell heterogeneity increased, a number of studies have focused
on other lymphocyte markers whose expression is heterogenous among circulating
T-cells, especially in the context of CD8+ T-cells where a variety of non-antigenspecific ex vivo cytotoxicity assays offered a possible means of linking phenotype
to function. By these approaches, the acquisition of effector function (a postulated
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of late memory cell differentiation) has been variously postulated to coincide with
loss of CD28 and/or CD27, gain of CD56 or gain of CD57.
Loss of CD28 and more particularly, CD27 was implicated with terminal differentiation and effector function by Hamann et al. (Azuma et al., 1993; Hamann
et al., 1997). These molecules are permanently down-regulated on a population
of T-cells that do not proliferate in culture (Azuma et al., 1993) but express high
levels of perforin and Fas-L and can mediate direct ex vivo cytolysis following
mitogenic stimuli (Baars et al., 2000). Comparably, the natural killer cell markers, CD56 and CD57, can be expressed on proportions of CD8+ T-cells that are
thought to be effector cells (Pittet et al., 2000; Weekes et al., 1999) because they
contain both perforin and granzyme B, kill in CD3-redirected cytotoxicity assays (Mollet et al., 1998) and secrete IFN-γ following CD3-mediated stimulation
(Ohkawa et al., 2001).
More recently, CD62-L and especially CCR7 have come to prominence as
potential markers which discriminate between memory cells at different stages
of differentiation. Using CD45RO and CCR7 antibodies Sallusto et al. (Sallusto
et al., 1999) divided T-cells into CD45RO+ CCR7+ (CD62-L+ ) ‘central memory’
T-cells that do not contain perforin, secrete only IL-2 on stimulation and probably re-circulate through lymph nodes and CD45RO+ CCR7− (CD62-L− ), ‘effector
memory’ cells that contain perforin, can secrete IFN-γ and are though to migrate
through the tissues. CD8+ populations segregated into a third, CD45RA+ CCR7− (CD62-L− ) population, had similar properties to ‘effector memory’ T-cells.
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New approaches to identifying human T-cells on the basis
of epitope-specificity

One of the most limiting factors in all the previous analyses was the difficulty
in examining relationships between phenotype and antigen-specificity, especially
in respect to CD8+ T-cells where ex vivo single cell assays of antigen-specificity
were not available. Hence, the much relied-on surrogate assays such as the antiCD3-mediated re-directed killing assay or the cytokine response to anti-CD3 or
mitogen-induced stimulation. Assays of antigen-specific killing were available
but required long-term in vitro stimulation and/or outgrowth which itself altered
cellular phenotype. This situation was changing at the initiation of this work
through two developments which allowed cells with defined epitope-specificities
to be identified within freshly isolated peripheral blood lymphocyte preparations,
the ELIspot assay and tetramer staining.
Cytokine production in response to epitope-peptide stimulation
The ELIspot assay relies on the fact that specific CD8+ T-cells release cytokines
on antigenic stimulation. The secretion of IFN-γ is usually detected because of its
pivotal role in the virus-specific T-cell response. Fresh PBMC are seeded into an
assay plate coated in IFN-γ antibodies and are stimulated, usually with specificepitope peptides. IFN-γ, secreted by responding cells, is captured by the antibodies in the vicinity of the responding cell and is detected by a second IFN-γ
antibody that is bound to a marker enzyme. The number of regions of captured
IFN-γ gives the number of T-cells that responded to stimulation.

1.4 Epstein-Barr Virus

62

Staining of epitope-specific populations with MHC/peptide tetramers
As binding of the T-cell receptor to MHC-class I/peptide was considered to be
of low specificity (Matsui et al., 1994) and affinity (Valitutti and Lanzavecchia,
1997) marking cells with specific T-cell receptor specificity was not thought to be
possible. This changed on development of MHC-class I/peptide tetramers which
have more than one T-cell receptor binding site, thus can simultaneously bind
more than one T-cell receptor. Tetramers are produced by re-folding MHC-class
I heavy chains in the presence of β2 m and a specific epitope-peptide to produce
an MHC/peptide monomer, monomers are biotinylated on an engineered substrate
peptide, then tetramerised by the addition of phycoerythrin-labelled avidin. The
structure of a tetramer is shown in Figure 1.12.
Tetramer staining has induced a leap in our understanding of human CD8+
and, to a less extent, CD4+ T-cell immunology, because it allows the visualisation, characterisation and isolation of epitope-peptide-specific T-cells where previously, in humans, only their responses could be measured.

1.4

Epstein-Barr Virus

Epstein-Barr Virus (EBV) is a persistent γ-herpesvirus which widely infects human populations. EBV has co-evolved with its host over millions of years and is
highly adapted for infection of the cells of the immune system. Primary infection
with EBV usually occurs during childhood with most children in the developing
world becoming infected by the age of three years (Evans and Neiderman, 1989).
In developed countries, the more hygienic lifestyle tends to delay infection and because of this, up to 50% of children remain uninfected at ten years of age. Many of
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Figure 1.12: Structure of a HLA-class I tetramer. A HLA-class I tetramer contains four HLAclass I molecules bound to a specific antigenic peptide. The monomers are biotinylated on a Cterminal engineered biotinylation site then tetramerised by the addition of phycoerythrin-labelled
avidin.
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these individuals become infected during, or following adolescence and in a small
proportion of individuals, delayed primary infection leads to the development of
infectious mononucleosis or IM. Approximately 5% of adults in developed countries remain uninfected throughout life (Rickinson and Kieff, 2001).
It is generally agreed that control of EBV infection is dependent on a competent CD8+ T-cell response and the epidemiology of EBV infection gives a
unique opportunity to investigate CD8+ T-cell responses in both acute and longterm memory. Individuals with primary EBV-infection leading to IM are easily
identified clinically and can be followed from primary infection though resolution
of clinical symptoms and into the asymptomatic carrier or memory state (Callan
et al., 1998; Annels et al., 2000). Such prospective investigations are parallelled
only in animal models. As EBV infection occurs in the vast majority of individuals, donors with memory responses against EBV are easily recruited, as are
(less frequently), un-infected individuals. Importantly, EBV is genetically stable
(unlike influenza and HIV) and thus, the host’s defence mechanisms are directed
toward constant antigenic targets.

1.4.1 EBV infection in in vitro models
Most of what is known about EBV latent infection has been derived from the
study of lymphoblastoid cell lines (LCL) in vitro (Nilsson et al., 1971). These
cell lines, generated by experimental infection of resting B-cells, express the full
set of virus nuclear antigens (EBNA), EBNA1, 2, 3A, 3B, 3C and -LP, the three
latent membrane proteins (LMP), LMP1, LMP2A and LMP2B, as well as the noncoding EBER1 and EBER2 transcripts and a family of polyadenylated BamH1 A
RNAs (Kieff and Rickinson, 2001) whose coding specificity is still unresolved. A
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representation of the genes involved in latent-cycle infection is shown in Figure
1.13. The genome of EBV is 184-Kbp of DNA, which contains three main latency promoters the EBNA promoters Cp and Wp the alternative EBNA-1 Qp, the
EBNA1 promoter in latency I and II and the LMP promoters (denoted a, b and C
for LMP1, LMP2A and LMP2B respectively). The origins and size of the open
reading frames for each latent gene are given (Kieff and Rickinson, 2001).
EBV latent-cycle proteins and their role in latency III initiation
EBV proteins and their role in latent and lytic infection have recently been reviewed in full by E. Kieff and A. B. Rickinson in Fields Virology (Kieff and
Rickinson, 2001). The first proteins expressed initially at high copy numbers
from the Wp promoter are EBNA2 and EBNA-LP. EBNA2 recruits several cellular
transcription factors, most importantly RBP-Jκ, to specific promoters involved in
B-cell activation and proliferation, thus, inducing many of the cellular changes associated with latency III. EBNA-2 and EBNA-LP co-ordinately up-regulate transcription from the viral promoters Cp and Wp leading to expression of the full
range of viral latent-cycle proteins.
EBNA1 is essential for maintenance of plasmid viral DNA through its interaction with the replication initiation site oriP ensuring equal segregation of viral
DNA at cell division. It, therefore, is present in all EBV-infected cells including
those that are lytically infected. The EBNA3 proteins are stable proteins which
tend to have low copy numbers in latently-infected cells. Their main role is to
regulate the expression of the other EBV latent genes and they are competitive
regulators of the EBNA2/RBP-Jκ interaction. Hence, following their expression
EBNA2, EBNA-LP and EBNA1 transcription decreases.
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bottom in order of their relative immunodominance determined by LCL-stimulated T-cell outgrowth experiments.

EBV latent-cycle proteins are shown in relation to the position of their genes within the EBV genome. The latent proteins are distributed from top to

features of the EBV genome are given (second line) with reference to latent cycle replication the latent cycle promoters and their direction are shown.

Figure 1.13: Structure of the EBV genome with latent-cycle genes and promoters. The EBV genome is 184-Kbp long (top line), the main
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LMP1 and LMP2 are plasma membrane proteins that are probably more abundant than the EBNA mRNAs but are much less stable. LMP1 activates signal
transduction pathways normally linked to CD40, augmenting EBNA2’s effects
on cellular activation and proliferation and inducing expression of anti-apoptotic
genes such as Bcl-2 as well as cell surface expression of CD23, 40, 44, MHC-class
II and the cell adhesion molecules LFA-1, ICAM-1 and LFA-1. These effects are
mediated, in part, through the NF-κB and AP-1 signalling pathways.
LMP2A and 2B differ from each other only in their first exon, they tend to
aggregate together and LMP2B may modulate the effect of LMP2A. LMP2A associates with protein tyrosine kinases blocking the calcium mobilisation that usually occurs following B-cell activation. Through these effects, LMP2A prevents
re-activation of lytic-cycle infection and maintains the B-cell receptor in a constitutively activated, de-sensitised state essential for maintenance of latent infection.
Treatment of LCLs with phorbol ester initiates lytic-cycle infection by raising intracellular free calcium and bypassing the LMP2A-mediated block.
Lytic infection
Virus replication is usually studied through stimulating lytic-cycle in latentlyinfected cells. A diagram showing some of the EBV lytic-cycle proteins that have
been tested for CD8+ T-cell responses is given in Figure 1.14.
Lytic-cycle genes are divided by their temporal expression into immediate
early, early and late genes which, in contrast to latent cycle genes are numerous (≈ 80 virus RNA transcripts). In this section, emphasis will be placed on the
lytic-cycle proteins that are relevant for this study.
Two proteins named BZLF1 and BRLF1 are products of the principal imme-
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Figure 1.14: Structure of the EBV genome with lytic-cycle genes and promoters. The main features of the EBV genome are given with reference
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diate early genes. These proteins are the key transactivators of lytic EBV gene
expression. BZLF1 can down-regulate the latent Cp promoter shutting off expression of the EBNA genes, and transferring the cell from latent to lytic infection.
BRLF1 activates the stress MAP kinase signalling pathways which are required
for lytic EBV replication.
The next proteins to be expressed are the EBV early proteins BMRF1 and
BSMLF1 which are both regulated by BZLF1 and BRLF1. These are also thought
to be transcriptional activators but their effects are not so well understood. The
remainder of the early lytic genes are largely involved in DNA replication and
the prevention of apoptosis. BMRF1 is a viral protein that is essential for viral
DNA replication, it associates with EBV DNA polymerase (BALF5) enhancing
its activity and processivity so that full length products are produced. At least
one of the early proteins (BHRF1) is known to prevent apoptosis of the lyticallyinfected cell by mimicking the effects of Bcl-2. The late genes largely encode
structural proteins making up the core, capsid and envelope glycoproteins of the
virion.

1.4.2

Normal events of EBV infection in vivo

Amplification in the oropharynx
EBV is usually transmitted orally from parent to child and by intimate oral contact in adolescence. Evidence for this mode of transmission is that free virus is
detected in the saliva of acute IM patients (Gerber et al., 1972) and in the concentrated saliva of some healthy individuals (Yao et al., 1985a). It is not clear
whether the mucosal epithelium of the oropharynx is the target of EBV or whether
infection is restricted to infiltrating B-cells, consistent with this is that X-linked
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gammaglobulinemia (XLA) patients, who lack circulating B-cells do not appear
to become infected with EBV and both peripheral blood and throat washings do
not contain detectable EBV DNA (Rickinson and Kieff, 1996). Studies of tonsillar tissue from IM patients has not yet provided any evidence of EBV replication
in epithelial cells (Karajannis et al., 1997). Furthermore, in vivo replication is not
restricted to the oropharynx and free virus can be detected in the lung and cervix
(Egan et al., 1995) supporting evidence that EBV replication is triggered from
infiltrating B-lymphocytes.
Colonisation of the B-cell pool
Colonisation of the circulating B-cell pool occurs before clinical symptoms begin and before EBV-specific T-cells and antibodies are generated (Diehl et al.,
1968; Svedmyr et al., 1984). A diagram of colonisation of the B-cell pool by
EBV is shown in Figure 1.15. Most EBV-infected B-lymphocytes in the circulation of acute IM patients have a latency III pattern of gene expression (Tierney et al., 1994), however, RT/PCR analysis has detected Qp-initiated EBNA1
transcripts suggesting heterogeneity may exist even at this stage (Tierney et al.,
1994). This is also apparent from single cell studies on tonsillar sections from IM
patients where there is heterogeneity of latent gene expression even within individual EBV-infected B-cell clones (Kurth et al., 2000). Interestingly, most proliferation appears to involve cells with a memory (i.e. somatically hyper-mutated)
Ig genotype (Babcock et al., 1998) even though naı̈ve B-cells are susceptible to
infection and transformation in vitro .
As discussed later, cellular and humoral immune responses lead eventually to
the control of primary EBV infection but it may be 2-3 months before the numbers
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of B-cells return to normal. In healthy EBV carriers, EBV load drops to between
1 and 50 EBV genomes per million B cells (Khan et al., 1996; Miyashita et al.,
1995) and this persistent EBV-infected pool remains relatively constant through
out the life of the host. EBV-infected B-cells in virus carriers are different from
those seen in IM patients, now, most EBV-infected cells are in the resting state
(Miyashita et al., 1995; Miyashita et al., 1997) and viral gene expression, at least
in circulating B-cells in the blood, seems to be restricted to the EBERs and BamH1
A RNAs with trace levels of LMP2A and possibly some Qp-initiated EBNA1 gene
transcription. This down-regulation helps to explain how the reservoir of infected
B-cells can be stably maintained in vivo in the face of EBV-specific CD8+ T-cell
surveillance.
Antibody responses
Antibody responses are usually defined by standard immunofluorescence assays
against the EBNAs (all six EBNAs may contribute to reactivity), to early antigen (EA; a mixture of immediate early and early lytic-cycle proteins), to virus
capsid antigens (VCA; several virus nucleocapsid proteins) and to the membrane
antigens (MA; dominated by the most abundant viral protein gp350).
Initially, antibody responses are directed toward lytic antigens and, at the onset
on IM symptoms, most patients have substantial titres of IgM antibodies to VCA
which disappear following convalescence. IgG responses to VCA begin at the
onset on IM symptoms, rise later to a peak then fall following convalescence to
a steady state. IgM and IgG antibodies specific for MA follow similar pattern;
this is the major virus neutralising antibody response but neutralising activity is
relatively weak (and complement-dependent) in acute IM, only improving later
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intermittently into lytic infection in epithelial tissues allowing propagation of the EBV genome.

and are actively proliferating. Following resolution of acute disease EBV-infected B-cells revert to a resting latency 0 pattern. EBV is re-activated

particles or following amplification through lytic infection. During acute infection EBV-infected B-cells have a latency III pattern of gene expression
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Figure 1.15: Colonisation of the B-cell pool by EBV. EBV enters the body through the mucosal epithelium where it may initiate lytic infection
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as the IgG response develops. However, the IgG anti-MA response falls faster
that the response to VCA and stabilises at a lower level than VCA antibodies or
disappears completely. Most IM patients have transient IgG responses to EBNA2,
whereas responses to EBNA1 are only detectable after convalescence, the reason
for the delayed EBNA1 response is unknown.
The overall levels of IgG, IgM and IgA antibodies rise in serum in IM patients
due to activation of the B-cell system as a whole by virus infection. This leads to
transient expression of a range of heterophile and auto-antibodies, the basis of the
Paul-Bunnell-Davidsohn test for IM.
Possible NK-cell responses
While virus-specific CD8+ T-cell responses are thought to be important in bringing primary infection under control (see later), it is possible that as in other viral infections, activation of the NK-cell system may provide a first line of defence against the virus. Speculation on this issue has been re-awakened by recent
studies on patients with X-linked lymphoproliferative syndrome (XLP), a familial trait manifest by extreme sensitivity to EBV-infection. Though sometimes
described as fatal IM, the later symptoms of XLP (widespread tissue necrosis,
macrophage activation, hepatitis, bone marrow failure) are similar to those seen in
cases of EBV-associated haemophagocytic syndrome (VAHS) a rare, non-familial
disease seen in association with primary EBV-infection in young Asian children.
The gene responsible for XLP, SAP (Coffey et al., 1998; Sayos et al., 1998),
is an SH2-binding, adaptor protein which normally serves to down-regulate signalling through at least two pathways: homotypic interactions mediated by SLAM
(CD150) on the B- and T-cell surface; and interactions between 2B4 (a cell sur-
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face molecule expressed by NK cells and some T-cells) and CD48 (an activation
antigen expressed in activated B-cells). Recent work suggests that the 2B4/CD48
interaction is important in licensing NK cell recognition of B-cells, and shows
that NK cells from XLP patients cannot recognise B-cell targets. Although the
evidence is still circumstantial that this NK-cell defect (and not some impairment of CD8+ T-cell function) is really relevant to the pathogenesis of XLP, it
does raise the possibility of an early role for NK cells in the host response to
EBV. The possibility is that an inability to execute effector function may allow
the hyper-expansion of NK-cells (and possibly CD8+ T-cells) leading to the massive cytokine production (especially TNF-α), thought to underlie the development
of fatal VAHS-like symptoms.

1.5

Analysis of the CD8+ T-cell response to EBV

By contrast, classical self-limiting IM is associated with a dramatic CD8+ T-cell
expansion whose duration almost exactly mirrors the period of disease symptoms.
The nature of these reactive CD8+ T-cells was in debate for many years and in an
effort to resolve the question of T-cell control, in the late 1970’s, attention turned
to the analysis of T-cell responses in healthy EBV carriers. The existence of longterm T-cell memory to EBV was demonstrated in 1978 from the development of
the regression of transformation assay (Moss et al., 1978; Moss et al., 1979).
When lymphocytes from EBV-seropositive donors are exposed to EBV, virusinduced transformation and proliferation of B-cells occurs for about two weeks
in vitro. However, proliferation of the resulting LCLs is followed by a complete
regression of outgrowth, mediated by EBV-specific CD8+ T-cells re-activated in
the cultures. This regression does not occur in PBMC from EBV-seronegative
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individuals. Subsequently, stimulation of lymphocytes in bulk cultures using autologous LCL-stimulation resulted in the production of cytotoxic T-cell lines that
were capable of killing HLA-matched LCLs (Moss et al., 1988). It was even possible to expand such lines from the blood of acute IM patients by autologous LCLstimulation, and to demonstrate their capacity for HLA-restricted LCL killing, but
the relationship of these lines to the bulk population of activated CD8+ T-cells in
IM remained unclear. Our understanding of the T-cell response to EBV infection
is built onto the basic knowledge laid down by these early experiments, however,
understanding of the immune control of EBV has more rapidly advanced recently
following (i), the identification of viral target antigens and their derived target
epitopes and (ii), the development of the techniques to identify epitope-specific
CD8+ T-cells described in Section 1.3.2.
CD8+ T-cell responses in primary EBV-infection
One of the diagnostic features of IM patients is that they have large numbers of
activated mononuclear cells in their peripheral blood. Initial predictions were that
these were largely the result of a cytokine-driven activation of ‘bystander cells’.
However, data indicating the selective expansion of particular Vβ subsets within
this activated CD8+ pool was then interpreted as the response to an EBV-encoded
superantigen (Smith et al., 1993). More careful analysis of the Vβ expansions
later revealed that they were frequently dominated by a small number of clones
with related T-cell receptors. This was among the first evidence that large expansions of T-cells in primary virus infections were indeed antigen-specific, though
the identity of the antigens remained in doubt (Callan et al., 1996).
A clue to their possible identity came from the identification (in work on mem-
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ory responses in healthy donors (Burrows et al., 1990)) of EBNA3A, 3B and 3Cderived epitopes as the principal targets of EBV-latent-antigen-specific responses
(see next section). This allowed direct screening of IM T-cell preparations for evidence of such responses either in ex vivo cytotoxicity assays or in LCL-stimulated
T-cell clones derived by in vitro limiting dilution assays (Bogedain et al., 1995;
Steven et al., 1996). Both showed the presence of relevant EBNA2 specificities
but at frequencies no higher that 1% of IM T-cells. Subsequent analysis with
HLA-epitope tetramers was broadly in agreement, indicating frequencies of individual reactivities against the strongest latent cycle epitopes in the 1–3% range
(Callan et al., 1998).
While latent cycle responses were therefore clearly unable to explain the very
large CD8+ T-cell expansions in IM, an extension of the above ex vivo cytotoxicity and T-cell cloning approaches using target cells expressing individual lytic
cycle proteins from vaccinia vectors (proteins shown in Figure 1.14) revealed
multiple lytic antigen re-activities (Steven et al., 1997). These and related studies
(Bogedain et al., 1995) identified a number of immunodominant epitopes from immediate early (BZLF1, BRLF1) or early (BMLF1, BMRF1, BALF2, BHRF1) viral proteins, more recent studies have found responses to the late antigens (gp350,
gp85, gp110) (Khanna et al., 1999) but these are relatively weak. Many of these
responses were more abundant than those previously calculated for the latentcycle epitopes. However, even though specificities to a much greater range of
proteins had been discovered, the responses of a large proportion of the IM lymphocytosis was still unknown.
The true magnitude of lytic epitope-specific responses was only revealed with
the advent of tetramer staining in 1996 (Altman et al., 1996) which allowed EBV-
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specific T-cells in IM patients to be visualised without in vitro manipulation.
These developments demonstrated that high frequencies of the IM CD8+ T-cell
population were epitope-specific. Thus, in HLA-B8-positive patients, staining
with a tetramer specific for the HLA-B8-restricted, BZLF1 epitope RAK (see Table 3.1) identified between 25% and 50% of CD8+ T-cells as epitope specific
(Callan et al., 1998). Similary, in HLA-A2-positive patients, T-cells specific for
HLA-A2-restricted lytic epitopes such as YVL (within the immediate early protein BRLF1) and GLC (from the early protein BMLF1) can form up to 25% of the
CD8+ T-cell population.
Not only is the primary EBV-specific T-cell response in IM patients focused
on particular antigens and epitopes, it is often also highly focused toward the
use of particular T-cell receptors. The HLA-A2-restricted response in IM to the
BMLF1 epitope, GLC is predominantly made up of T-cells that carry either Vβ
1, 2, 13 or 16. These Vβ expansions contained uniform CDR3 regions and similar clonotypes constituted the expansions in different IM patients (Annels et al.,
2000). T-cells specific for the HLA-B8-restricted epitope BZLF1, RAK epitope
are clonotypically more diverse but do contain some detectable clonal expansions.
Most CD8+ T-cells in the peripheral blood of IM patients have a phenotype
associated with highly activated effector cells. Hence, T-cells as a whole and
the EBV-specific T-cells identified by tetramer staining have the CD45RO+ effector/memory phenotype along with HLA-DR, CD38 and CD71 expression segregating the cells into the effector phenotype rather than the memory (Callan et al.,
1998; Orendi et al., 1998). They also have low expression of Bcl-2 and high
expression of perforin consistent with an effector population that is highly susceptible to apoptosis (Callan et al., 2000). More recently, these cells have been
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shown to have low CD62-L and CCR7 and high LFA-1 expression again consistent with activated effector T-cells that are migrating through the periphery in
search of antigen (Hislop et al. 2001, in publication).
CD8+ T-cell responses in persistent EBV carriers
The analysis of the latent-epitope-specific responses to EBV infection was first
achieved using in vitro re-activated CD8+ T-cell lines and clones generated from
the T-cell memory of healthy carriers by autologous LCL stimulation, followed
by screening on targets, either pre-infected with vaccinia expressing individual
latent-cycle antigens or pre-loaded with epitope-peptides (Khanna et al., 1992).
This established a clear hierarchy of immunodominance in which re-activities
to EBNA3A, 3B and 3C-derived epitopes were almost always dominant, with
re-activities to LMP2-derived epitopes observed quite often but almost always
sub-dominant, re-activities to EBNA-LP and LMP1 (A and B) were rare whilst
responses to EBNA1 were virtually non-existent. (Khanna et al., 1995; Khanna
et al., 1997). Such a hierarchy, observed over a broad range of HLA-restricting
alleles, strongly suggests differential access of the immunodominant antigens to
the HLA-class I presentation pathway though the details of such differential access remains obscure. Responses to EBNA1-derived epitopes were expected to be
absent because other work had shown that this protein is protected from proteasomal degradation by its glycine-alanine repeat domain. It was therefore surprising
to find, by ELIspot screening approaches, that EBNA1 epitope-specific CD8+ Tcells were in fact present in the blood of some healthy carriers and at reasonably
high frequencies (Blake et al., 1997). This response, subsequently identified in
IM patients by tetramer staining could only have been induced by cross-priming
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and implies that such a pathway is important in the CD8+ T-cell response to EBV.
The development of the ELIspot and tetramer staining assays provided a new
approach to the study of EBV-specific memory which, as exemplified by the recent EBNA1 work, was unaffected by the demands of in vitro reactivation and
outgrowth and could provide a direct picture of the range of re-activities present
in ex vivo populations. This was important in the context of a number of unresolved issues, namely:
1. What is the absolute frequency of EBV-latent epitope-specific T-cells in
memory, and is the immunodominance of EBNA3-derived epitope responses apparent from in vitro outgrowth experiments actually reflected in ex
vivo populations?
2. Are lytic epitope-specific T-cells, so prevalent in the primary response, retained at equivalently high levels in memory?
3. What is the relationship between absolute values of epitope-specific T-cell
frequencies obtained by ELIspot assays, by tetramer staining and by in vitro
limiting dilution analysis?
4. If the function-based assays (ELIspot and limiting dilution assay) underestimate the frequency of epitope-specific cells identified by tetramer analysis
does this reflect heterogeneity in memory populations?
5. Is there phenotypic heterogeneity in latent or lytic epitope-specific memory
populations and, if so, how does this relate to function?

Chapter 2
Methods
2.1

Media

All tissue culture media was produced using tissue culture grade water that had
been filtered through an Elgastat purifier and ion remover. All media was sterilised
by filtration through a 142mm filter, pore size 0.2µm.
A list of tissue culture media and associated supplements used in tissue culture
is shown in Table 2.1. All tissue culture media were stored at 4o C.
Table 2.2 gives a list of common names of tissue preparation and culture media
used for this work.

2.2

Peripheral blood donors

Thirty seven individuals who had no history of IM were recruited for the study.
Blood donors were aged between 18 and 65 and were in good health when samples
were taken. Recruited individuals were HLA-allele typed using sequence-specific
primer PCR (Krausa et al., 1995). This was kindly undertaken by the Blood Trans-

2.2 Peripheral blood donors

Medium
RPMI 1640
Foetal calf-serum (FCS)
Human-serum (HuS)
Penicillin-streptomycin (P/S)
Recombinant Interleukin-2 (rIL-2)
Recombinant Interleukin-7 (rIL-7)
Phosphate buffered saline (PBS)
MLA-144 cell supernatant
Phytohaemagglutinin (PHA)
Dimethylsulphoxide (DMSO)
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Supplier
Gibco, (Paisley, UK)
Selbourne Biological Services (Hampshire, UK)
HD Supplies (Aylesbury, UK)
Sigma Aldrich (Gillingham, UK)
Chiron (Harefield, UK)
Sigma Aldrich (Gillingham, UK)
Oxoid (Basingstoke, UK)
see text
Murex Biotek (Chatillon, France)
Fisher Chemicals (Loughborough, UK)

Table 2.1: Media and media-supplements. A list of tissue culture media is given along with
media supplements including recombinant cytokines and MLA-144 supernatant. DMSO is also
shown as it is used for cryopreservation of cells. MLA-144 supernatant was prepared from cultured
MLA-144 cells. Supernatants were pooled, sterilised by filtration and stored at -20o C.

Name of Medium
Depletion Medium
T-cell Medium
Cloning Medium

Constituents
RPMI 1640, 4% FCS
RPMI 1640, 8% FCS, 1% P/S
RPMI 1640 1% P/S, 30% MLA 144, 10% FCS, 1%
HuS, 50 units/ml rIL-2
LDA Medium
RPMI 1640 1%P/S, 30% MLA 144, 10%FCS, 1%
HuS, 25 units/ml rIL-2
ELIspot Medium
RPMI 1640, 8% filtered FCS, 1% P/S
Staining Buffer
PBS, 2% FCS
Preservation Buffer PBS, 4% FCS, 2% paraformaldehyde
Freezing Medium
RPMI 1640 1% P/S, 40% FCS, 10% DMSO

Table 2.2: Tissue-preparation and culture media. A list of tissue preparation and culture media
is given, their constituents and common names be which the media are referred to in the text.
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fusion Service (Birmingham, UK). Donors were divided into EBV-seronegative
(uninfected with EBV) and EBV-seropositive (carriers of EBV) based on standard
serum assays which test for the EBV viral capsid antigen (Vroman et al., 1985).

2.3

Collection and preparation of human peripheral
blood mononuclear cell (PBMC) samples

Peripheral blood samples were collected by venepuncture into sterile syringes
containing 15 IU/ml heparin (Monoparin, CP Pharmaceuticals, Wrexham, UK).
To extract PBMC, blood samples were diluted 1:2 in warm (37o C) RPMI 1640
and 30ml volumes were layered onto 15ml Lymphoprep (Nycomed Pharma, AS,
Oslo, Norway) in 50ml v-bottomed tubes. The layered samples were centrifuged
at 500g for 30 minutes and were allowed to count to a halt. PBMC, found at
the interface between the Lymphoprep and the plasma were harvested into 15ml
volumes of warm RPMI 1640 and washed three times using warm RPMI 1640.
The cells were suspended in warm RPMI 1640+10% FCS and counted using a
haemocytometer.

2.4

Phytohaemagglutinin (PHA)-activated T-blasts

PHA blasts for use as target cell populations in cytotoxicity assays were prepared by incubating fresh PBMC at 2 × 105 cells/ml in Cloning Medium supplemented with 1µg/ml PHA. The PHA blasts thereafter were maintained in Cloning
Medium.

2.5 Synthetic peptides
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Synthetic peptides

Peptides were synthesised using fluroenylmethocarbonyl chemistry (Alta Bioscience, Birmingham, UK). Stock peptides were dissolved in DMSO and stored
at 20o C.
Peptide concentration was determined using a modified Biuret assay (Doumas
1975).

2.6

Magnetic bead depletion of cellular populations

Lymphocyte subsets or APC were isolated using a negative depletion strategy
whereby markers specific for unwanted cells were bound by monoclonal antibodies (mAb) and then by anti-mouse mAb-coated magnetic beads. To isolate lymphocyte subsets, PBMC were initially depleted of adherent cells by allowing the
cells to attach to FCS-coated petri-dishes. PBMC were suspended in warm RPMI
1640 at 10 × 106 /ml, 10ml were added to the petri-dishes which were incubated
for 1 hour at 37o C. Thereafter, all steps were carried out in plasticware pre-coated
with FCS. Non-adherent cells were transferred into FCS-coated tubes and suspended in 500µl ice cold Depletion Medium containing optimal concentrations of
mouse-mAb. To obtain, for example CD8+ CD45RA+ lymphocyte subsets CD4+
T-lymphocytes, monocytes, natural killer cells, B lymphocytes and erythrocytes
were removed using RFT4, CD14, CD16, RFB9 and anti-glycophorin mAb respectively. CD45RO+ lymphocytes were removed by binding with UCHL1 antibodies (Table 2.3). The cells were suspended in the antibody cocktails on ice for
45 minutes before being washed. Sheep anti-mouse mAb-coated magnetic beads
(DYNA beads M450, Dynal, Oslo, Norway) were washed in Depletion Medium
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and 1 × 108 beads were added to the cells in a volume of 1ml on ice. The cells
were diluted to 5ml and the antibody-bound cells were removed by placing the
tube against a magnet (Dynal). Unbound lymphocytes were transferred to a clean
tube. The beads/unwanted cells were washed in 5mls of Depletion Medium and
unbound cells were collected. The cells were subjected to a second round of depletion by adding 2×108 of washed beads in 1ml Depletion Medium. The mixture
were maintained in suspension for 30 minutes by mixing at 4o C. Unbound cells
were selected as before. The cells were incubated with a second mixture of monoclonal antibody for 30 minutes on ice before being washed an incubated with
a third round of beads. The cells were maintained in suspension as before with
3 × 108 of washed beads for 30 minutes. Antibody-bound cells were removed and
the cells were mixed with a forth round of 4 × 108 washed beads. The mixture
was maintained in suspension for 15 minutes then pelleted at 300g for 5 minutes.
The pelleted mixture was incubated on ice for 5 minutes resuspended carefully
then pelleted again, this was repeated 3 or 4 times. Antibody-bound cells were
removed as before but were not washed. Unbound cells were placed against the
magnet 2 or 3 times to remove residual beads.
APC were collected using a similar method to above. The antibody cocktail
contained RFT2 and RFT8γ antibodies to deplete T-lymphocytes, anti-CD16 to
bind NK cells and anti-glycophorin to bind erythrocytes. The method differed
from the above as adherent cells were not depleted and silicon pre-coated plasticware was used to minimise loss of adherent populations. Two rounds of antibody
mixture and four rounds of depletion were carried out as described.

Antibody
RFT2
RFT4
RFT8γ
CD14
CD16
RFB9
γδ
UCHL1
SN130
glycophorin
CD28

Antibody Type
mouse IgG1
mouse IgG1
mouse IgG1
mouse IgG1
mouse IgG1
mouse IgG1
mouse IgG1
mouse IgG2a
mouse IgG2a
mouse IgG1
mouse IgG1

Supplier
Royal Free Hospital (london U.K.)
Royal Free Hospital
Royal Free Hospital
Beckman Coulter, (High Wycombe, U.K.)
Beckman Coulter
Royal Free Hospital
Beckman Coulter
Royal Free Hospital
Royal Free Hospital
BD Pharmingen (San Diego, CA)
BD Pharmingen (San Diego, CA)

Table 2.3: Antibodies used for magnetic bead depletion.

Cell population Removed
T-Lymphocytes
CD4+ T-lymphocytes
CD8+ T-lymphocytes
Monocytes
Natural Killer Cells
B cells
γδ T-cells
CD45RO+ cells
CD45RA+ cells
Erythrocytes
CD28+ T-lymphocytes
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2.7 Cellular staining
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Staining cells for flow-cytometric analysis

A list of the antibodies used for cell staining in this study are shown in Tables 2.4
and 2.5.
Antibody staining was carried out using ice-cold buffers. Cells were cooled
on ice in FCS-coated tubes, washed in Staining Buffer and suspended on ice for
30 minutes in 50µl of Staining Medium containing optimal concentrations of antibodies known from previous titration. Unconjugated primary antibodies were
detected by incubation with 50µl of Staining Medium containing optimal concentrations of species and isotype-specific antibodies conjugated to a fluorochrome.
After 30 minutes on ice the cells were washed and free antibody binding sites were
blocked by adding 20µl of neat normal mouse serum (Sigma-Aldrich, Poole, UK).
Cells were incubated on ice for 20 minutes, washed and transferred into FCScoated FACS tubes. Cells were analysed using a Coulter Epics Flow Cytometer
(Coulter, Fullertom, CA).

2.8

Tetramer Staining

Cells were pelleted and resuspended in 50µl of warm Staining Buffer containing
concentrations of tetramer previously titrated and known to give optimal staining.
The cells were incubated at 37o C for 15 minutes before being cooled to ice-cold
and then stained with relevant antibodies using the method stated in Section 2.7.

2.8 Tetramer Staining

Specificity
irrelevant
irrelevant
irrelevant
mouse IgG1
mouse IgG
CD3
CD3
CD4
CD4
CD8
CD8
CD8
CD11a
CD14
CD16
CD16
CD19
CD25
CD27
CD28
CD38
CD45RA
CD45RA
CD45RA
CD45RO
CD45RO
CD45RO
CD56
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Fluorochrome Type
FITC
mouse IgG1
FITC
mouse IgG2a
FITC
mouse IgG2b
FITC
goat
FITC
goat
FITC
mouse IgG1
PE
mouse IgG1
FITC
mouse IgG1
PE
mouse IgG1
FITC
mouse IgG1
PE
mouse IgG1
Tricolor
mouse IgG2a
FITC
mouse IgG2a
FITC
mouse IgG1
FITC
mouse IgG1
PE
mouse IgG1
PE
mouse IgG1
FITC
mouse IgG1
FITC
mouse IgG1
FITC
mouse IgG1
FITC
mouse IgG1
FITC
mouse IgG2a
PE
mouse IgG2a
PE-cy5
mouse IgG2a
FITC
mouse IgG2a
PE
mouse IgG2a
PE-cy5
mouse IgG2a
FITC
mouse IgG1

Supplier
Immunotech, (Marseille, France)
Immunotech, (Marseille, France)
Immunotech, (Marseille, France)
BD PharMingen (San Diego, CA)
BD PharMingen)
Dako (Ely, U.K.)
Immunotech)
Dako
Dako
Dako
Dako
Caltag Laboratories (Burlingame, CA)
BD PharMingen
Immunotech
Dako
Dako
Immunotech
Immunotech
Serotech (Oxford, U.K.)
Serotech
Immunotech
Beckman Coulter (Fullerton, CA)
Dako
Serotech
Dako
Dako
Serotech
Immuno-Kontact (Abbingdon U.K.)

Table 2.4: List of Antibodies I.
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Antibody specificity
CD57
CD62-L
CD69
CD71
CCR7

Fluorochrome
FITC
FITC
FITC
FITC
uncon.

HLA DR
HLA DR
γδ TCR
Vβ1
Vβ2
Vβ4

FITC
PE
FITC
FITC
uncon.
FITC

Vβ5
Vβ6.1
Vβ6.7
Vβ7
Vβ8
Vβ9
Vβ10
Vβ12
Vβ13.1
Vβ13.6
Vβ14
Vβ16
Vβ17
Vβ18
Vβ20
Vβ21.3
Vβ22

FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
uncon.
FITC
FITC
FITC

Type
mouse IgG1
mouse IgG1
mouse IgG1
mouse IgG1
mouse IgG2b

Supplier
Serotec, (Oxford, U.K.)
Beckman Coulter (Fullerton, CA)
Serotec
Serotec
kindly provided by
Millenium Pharmaceuticals
mouse IgG1 Dako (Ely, U.K.)
mouse IgG1a Serotec
mouse IgG2a Dako
mouse IgG1 Immunotech, (Marseille, France)
mouse IgG1 clone E2.2E7.2
mouse IgM
kindly provided by
F. Romagne, Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 clone TAMAYA1.2
mouse IgG1 Immunotech
mouse IgG2b clone BA62.6
mouse IgG1 Immunotech
mouse IgG1 Immunotech
mouse IgG1 clone IMMU546

Table 2.5: List of Antibodies II

2.9 ELIspot assay
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Enzyme-linked Immunospot (ELIspot) assay

Polyvinylidene difluoride-backed plates (96 well, flat bottomed) (Millipore, Bedford, Mass., USA) were coated with 7µg/ml of mouse anti-human IFN-γ monoclonal antibody 1-DIK (Mabtech, Stockholm, Sweden) for 3 hours at room temperature. Plates were washed 6 times with RPMI then free binding sites were
blocked by incubating with 200µl of ELIspot medium for 30 minutes. PBMC
were added to duplicate wells in 100µl volumes of ELIspot medium and 10µl of
epitope-peptide was added to each well. DMSO at equivalent concentration to
peptide and PHA at 100µg/ml acted as negative and positive controls, respectively.
Plates were incubated overnight at 37o C 5% CO2 after which the cells were
discarded. The plates were washed 6 times with PBS 0.05% Tween 20 (Fisher
Chemicals, Loughborough, UK) and 50µl of 1µg/ml biotinylated mouse antihuman IFN-γ mAb 7-B6-1 (Mabtech) was added to the wells and incubated at
room temperature for 2 hours. After 6 washes with PBS 0.05% Tween 20, 50µl
of a 1:1000 dilution of streptavidin conjugated alkaline phosphatase (Mabtech)
was added to the wells for 1 hour. Plates were washed again 6 times in PBS
0.05% Tween 20. Regions of IFN-γ were detected by the addition of an alkaline
phosphatase-conjugate substrate kit (Bio-Rad, Hercules, CA., USA). The reaction
was stopped after approximately 15 minutes by rinsing the wells with tap water.
After drying, wells were viewed with a dissection microscope and number of
regions of detected IFN-γ were counted. Regions of IFN-γ in each well were
identified by eye, wells where individual areas of precipitation could not be distinguished were omitted. True regions of IFN-γ release were characterised by
ill-defined edges caused by diffusion of the IFN-γ.

2.10 Limiting-Dilution Analysis
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Limiting-Dilution Analysis (LDA)

Autologous stimulator cells were prepared by pulsing 4 × 106 autologous PBMC
with 10µg/ml of a relevant epitope-peptide for 2 hours at 37o C. The stimulator
cells were irradiated with 4000rads of γ radiation then washed. An ‘LDA diluent’
was produced by suspending irradiated buffy coat feeder cells and irradiated stimulator cells in LDA Medium to give a final concentration of 110 × 106 cells/ml
and 10 × 105 cells/ml respectively.
To produce buffy coat feeder cells, fresh buffy coats were obtained from the
Blood Transfusion Service (Birmingham, UK). PBMC were extracted using the
same method as peripheral blood samples (Section 2.3. Buffy coats from at least
three donors were pooled at 10 × 106 /ml in Cloning Medium, with 10µg/ml
PHA. The PBMC were incubated at 37o C for 1 hour then washed 5 times with
T-Cell Medium. Washed cells were cultured overnight in Cloning Medium before
being irradiated with 4000rads of γ-radiation.
PBMC responders were serially diluted in the ‘LDA diluent’ to give at least
10 different PBMC concentrations which were plated out in replicates of 24 in 96
U-bottomed plates. Control wells were replicates of 24 wells containing ‘LDA
diluent’ but no PBMC responders. Cultures were fed on day 5 with LDA medium
and were assayed on day 14. Target cells were produced by stimulating autologous
PBMC with PHA (see section 2.4).
Each well of the LDA was split into two and assayed for cytotoxicity of
Na51
2 CrO4 (Amersham Pharmacia Biotech) labelled autologous PHA blast target
cells pulsed with either epitope-peptide or an equivalent concentration of DMSO.
Target cells incubated with 250µCi of 51 CrO4 and 10µg/ml of peptide for 2 hours
at 37o C, washed and resuspended in T-Cell Medium at 2.5×104 /ml. Volumes of

2.11 Polyclonal T-cell lines

91

100µl were plated onto 100µl of effector cells from the LDA. The assay plates
were centrifuged at 300g for 2 minutes and then incubated at 37o C 5% CO2 for
4 hours. Target cells were lysed with 100µl of 1% SDS to give a measure of
maximum γ release. Spontaneous γ release was measured from the control wells
containing ‘LDA diluent’. After the incubation period the assay plates were centrifuged at 300g for 2 minutes and 100µl of supernatant was transferred into LP2
tubes. The γ-radiation released from the supernatants was counted using the Cobra Auto-Gamma Counter system (Packard).
Percentage lysis of each individual test well was calculated using the the following formula:

Specific
(test release − spontaneous release)
=
× 100
maximum release − spontanous release
Lysis (%)

(2.1)

Wells were scored as positive if their specific lysis exceeded 15%. The precursor frequency of responding cells was calculated using the method of maximum
likelihood adapted from de St Groth, 1982 (Groth, 1982). Chi-squared analysis
confirmed single hit kinetics of the data.

2.11

Polyclonal T-cell lines

Polyclonal T-cell lines were produced by seeding PBMC onto a layer of irradiated
autologous stimulator cells. Stimulator cells were prepared by suspending 10×106
autologous PBMC in T-Cell Medium pulsed with 10µg/ml of peptide. The cells
were maintained in suspension for 2 hours, washed and irradiated at 4000rads
with γ-radiation. Stimulator cells were washed and 1 × 106 cells were mixed with
no more than 1 × 106 PBMC in 2ml of T-Cell Medium.

2.12 Cytotoxicity assays
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Polyclonal T cell lines were maintained at 37o C 5% CO2 in T-Cell Medium
for 7 days and thereafter were maintained in Cloning Medium.

2.12

Cytotoxicity assays using synthetic peptides

Polyclonal T-cell lines were assayed for cytotoxicity against autologous PHA
blast target cells pulsed with peptide. Target cells were pelleted by centrifugation and incubated at 37o C 5% CO2 in 50µl T-Cell Medium containing 250µCi
of Na51
2 CrO4 (Amersham Pharmacia Biotech). Target cells were maintained in
suspension for 2 hours before being washed and resuspended in T-Cell Medium.
Epitope-peptides was serially diluted in RPMI 1640 and 20µl volumes were added
per well to a 96 well v-bottomed plate at concentrations ranging from 0.2µg/ml
to 20µg/ml. Target cells were added at 2.5 × 103 /well in 80µl volumes and incubated at 37o C for one hour hour. The polyclonal effectors were suspended in
T-Cell Medium and 100µl were added onto the target cells. Effectors and targets
were pelleted by centrifugation 300g for 2 minutes and incubated at 37o C for 5
hours.
The cells were pelleted at 300g for 2 minutes and 100µl of supernatant was
harvested from each well into LP2 tubes (Luckman). Radiation released from the
samples was measured using a Cobra Auto-Gamma counting system (Packard).
Spontaneous and maximum releases were measured from target cells incubated
with 100µl of T-Cell Medium or 100µl of 1% SDS respectively. Test, spontaneous and maximum releases were measured from at least three replicate wells.
Individual wells were considered invalid if their γ-release differed by more than
10% of the mean of the triplicate.
Specific lysis of target cells was calculated using equation 2.1.

Chapter 3
Estimation of the frequency of
EBV-specific CD8+ T-lymphocytes
in healthy virus carriers
3.1

Aims

As discussed in the introduction, EBV infection in persistent virus carriers is controlled primarily by the cellular immune response (Khanna et al., 1992; Murray
et al., 1992; Callan et al., 1996) but little is understood of the size of the EBVspecific T-cell response that is required for such control. The aims of this chapter
are to investigate the magnitude of the EBV-specific T-cell response by determining the frequency of EBV-specific T-cells in the peripheral blood of healthy virus
carriers.
The fact that the T-cell epitopes within EBV latent-cycle proteins are well
characterised (Murray et al., 1992; Khanna et al., 1992), owes much to the avail-
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ability of autologous LCL (Rickinson and Kieff, 1996) which represent a ready
source of latently-infected stimulator cells for in vitro re-activation experiments.
T-cell memory to lytic antigens has remained poorly characterised by comparison although T-cell to lytic-cycle epitopes are known to exist in surprisingly high
frequencies in IM patients (Callan et al., 1998; Steven et al., 1997). When the
present work began, nothing was known of the size of the lytic-epitope responses
in memory either in absolute terms or in relation to latent epitope responses.
To date, the most extensively used method of estimating EBV-specific T-cell
frequencies has been LDA (Steven et al., 1996; Elliott et al., 1997). However, the
recent development of the ELIspot assay (Lalvani et al., 1997), internal cytokine
staining (Waldrop et al., 97) and tetramer staining (Altman et al., 1996) has revealed that LDA is a relatively inaccurate measure of T-cell frequency. Therefore,
the presence of EBV-specific T-lymphocytes in the peripheral blood of virus carriers was re-analysed, initially using the ELIspot assay for IFN-γ release and later,
when MHC-class I/peptide tetramers became available, they were used to directly
stain T-cells with EBV-peptide specificity.
In this chapter, the ELIspot assay is first validated for use within the EBVsystem, then used to estimate the frequency of T-cells specific for EBV-epitopes
in the peripheral blood of EBV-carriers. MHC-class I tetramers containing EBV
epitope-peptides are validated using similar principles and estimates of EBVspecific T-cell frequency calculated by tetramer staining are compared with the
ELIspot results. Finally, both ELIspot and tetramer estimates are compared with
the estimates of T-cell frequency obtained using the previously-established assay,
LDA.
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EBV-epitopes and their restricting HLA alleles

The EBV epitope-peptide sequences utilised in this work are shown in Table 3.1.
Epitopes restricted through the HLA-molecules HLA-A2.01, -A11.01, -B8.01, B27.02, -B27.05 and -B35.01 were selected. These six alleles are common in the
Caucasian population, constituting 25%, 7%, 7%, 4% (for HLA-B27 as a whole),
and 10% of the Caucasian HLA-allele pool, respectively (March et al., 2000).
The amino acid sequence of each epitope, its protein of origin and position within
that protein are denoted sequentially in Table 3.1, throughout the text epitopes are
denoted by their first three amino acids.
Each EBV epitope has been designated either ‘dominant’, ‘sub-dominant’ or
‘rare’ based on the following investigations. For the EBV latent-cycle epitopes
immunodominance was determined from the frequency of outgrowth of T-cells,
following LCL stimulation of PBMC from healthy carriers (Rickinson and Kieff, 1996; Steven et al., 1996). The hierarchy of immunodominance within EBV
lytic-cycle epitopes was established using ex vivo cytotoxicity assays of PBMC
from IM patients (Steven et al., 1996; Callan et al., 1998). To avoid biasing the
investigations by restricting work only to dominant responses (which are simpler
to study) epitopes involving less abundant (sub-dominant) responses were also
included.
For the HLA-A2.01, -B8.01 and -B35.01 restriction elements both latent and
lytic epitopes with the the same HLA-restriction could be compared. Although
lytic-cycle epitopes restricted though either HLA-A11.01 or HLA-B27 were not
known, these alleles were included as the hierarchy of immunodominance of their
latent-cycle epitopes had been previously well-documented following extensive
studies on LCL-stimulated memory T-cell preparations (Brooks et al., 1993; Gavi-
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oli et al., 1993).
The magnitude of T-cell responses specific for a total of 17 EBV epitopes was
investigated in this study.

3.1.2

Healthy donors used in the study

Table 3.2 gives the HLA-alleles and EBV-serology of the healthy individuals recruited for the study. Each individual was selected from their expression of one or
more of the HLA-A or -B alleles denoted in Table 3.1.
Individuals were segregated into 32 EBV-seropositive (persistent EBV carriers) and 5 EBV-seronegative (un-infected with EBV) based on the presence, in peripheral blood of serum antibodies for the virus capsid antigen, VCA. The donors
had not been previously diagnosed with EBV-associated IM and were assumed to
have acquired EBV sub-clinically, early in life.

RAKFKQLL
FLRGRAYGL
QAKWRLQTL

RRIYDLIEL
RRARSLSAERY
FRKAQIQGL

APENAYQAY
BZLF1
81-89
lytic
YPLHEQHGM
EBNA3A 458-466 latent
HPVGEADYFEY EBNA1
407-417 latent

HLA-B27
HLA-B27.02
HLA-B27.05

HLA-B35.01

258-266 latent
244-254 latent
343-351 latent

sub-dominant (Scotet et al., 1996)
dominant (Burrows et al., 1994)
rare (Blake et al., 1997)

dominant (Brooks et al., 1993)
sub-dominant (Brooks et al., 1993)
sub-dominant (Brooks et al., 1993)

dominant (Bogedain et al., 1995)
dominant (Burrows et al., 1990)
sub-dominant (Burrows et al., 1994)

dominant (Gavioli et al., 1993)
sub-dominant (Gavioli et al., 1993)
rare (Lee et al., 1997)

Dominance
dominant (Saulquin et al., 2000)
dominant (Steven et al., 1996)
sub-dominant (Hislop et al., 2001, in publication)
sub-dominant (Lee et al., 1993)
sub-dominant (Lee et al., 1997)

Dominance defined for latent epitopes by outgrowth following LCL stimulation. Dominance defined for lytic epitopes by functional analysis of
IM cells ex vivo

Table 3.1: EBV epitopes and their restricting HLA alleles. EBV lytic and latent-cycle epitope-peptides were selected for study based on immunodominance criterion described in the text and on their restriction through common Caucasian HLA-molecules. The epitope sequence, its protein
or origin and position within that protein are denoted. Where both lytic and latent-cycle epitopes were available within one HLA-restriction, lytic
epitopes are listed first.

EBNA3C
EBNA3B
EBNA3C

BZLF1
190-197 lytic
EBNA3A 325-333 latent
EBNA3A 158-166 latent

416-424 latent
399-408 latent
340-350 latent

HLA-B8.01

EBNA3B
EBNA3B
LMP2A

Cycle
lytic
lytic
lytic
latent
latent

IVTDFSVIK
AVFDRKSDAK
SSCSSCPLSKI

Position
109-117
280-288
208-216
426-434
329-337

HLA-A11.01

Protein
BRLF1
BMLF1
BMRF1
LMP2A
LMP2A

Epitope
YVLDHLIVV
GLCTLVAML
TLDYKPLSV
CLGGLLTMV
LLWTLVVLL

HLA type
HLA-A2.01
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EBV-seropositive donors
HLA
HLA
Donor
A-allele
B-allele
JL
2.01 1.01 44
55
SL
2.01 1.01 16
40
WT
2.01
14
15
DCC 2.01
47
60
NG
2.01
32
44
JSm
2.01 66.01 38
44
MG
2.01 24.02 40
44
NB
2.01 1.01 8
39
LH
2.01 1.01 8
40
MR
2.01 29.01 8
40
DW
2.01 3.01 8
7.02
AnL
1.01 24.02 8
18
AR
1.01
8
57
YS
1.01 29.01 8
44
JB
1.01
8
7.02
PM
1.01 3.01 8
7.02
VR
1.01 24.02 8
PC
1.01 11
8
18
DP
1.01 11
8
CM
2.01 11
8
44
DM
2.01 11
8
57
QY
2.01 11
13
16
DA
2.01 11
7
44
AG
2.01 11
7
44
PB
1.01 11
22
37
AL
3.01
27.05
LY
1.01 24.02 35
27.02
RT
2.01 24.02 35
27.05
VW
2.01 68.01 35
CW
2.01 1.01 8
27.05
JSt
2.01
44
27.05
SC
2.01
27.05
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EBV-seronegative donors
HLA
HLA
Donor
A-allele
B-allele
PS
2.01
40
44
CD
2.01 1.01 37
62
CR
2.01 11
7
8
IA
1.01
7
8
LS
1.01
8

Table 3.2: Individuals used in the study, their HLA-type and EBV serology. Donor were
selected as they carry one or more of the relevant HLA-alleles designated in Table 3.1. Individuals
were segregated into EBV-seropositive and EBV-seronegative on the basis of the presence/absence
of serum antibodies against VCA. Relevant HLA-alleles are highlighted in bold.

3.2 The ELIspot assay
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Optimisation and validation of the ELIspot assay for peptide-induced IFN-γ release

The ELIspot assay is an ELISA-based technique that reveals the presence of
antigen-specific T-cells by their IFN-γ secretion following epitope-peptide stimulation. An example of an ELIspot plate is given in Figure 3.1. As the ELIspot
assay had not been previously applied to the EBV-system, preliminary studies
were conducted to establish that the ELIspot assay is antigen-specific and can
detect reliably and accurately, the presence of EBV-specific T-lymphocytes.

3.2.1

Optimisation of epitope-peptide concentration

The concentration of epitope-peptide must be optimal to stimulate all the T-cells
capable of responding in an ELIspot assay. In cytotoxicity assays, both limiting
and excess concentrations of peptide are reported to reduce T-cell responses (Burrows et al., 1990; Burrows et al., 1994). Epitope-peptides were titrated using the
ELIspot assay to determine the peptide concentrations that induced optimal IFN-γ
release.
PBMC from two EBV-seropositive donors, CW and LH, both of whom carry
the HLA-A2 and -B8 alleles were seeded into ELIspot wells at 2×105 and 1×105
cells per well. The PBMC were stimulated with EBV epitope-peptides ranging
in concentration from 0.2 − 30µg/ml. Results are shown in Figure 3.2 where
each graph shows the epitope-peptide concentration against the resulting ELIspot
response at a cell input of 2 × 105 cells per well (black circles) or 1 × 105 cells per
well (grey circles).
Although there were some differences between the individual graphs, gener-
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HLA− B8 donor, JB
DMSO
FLR/B8
QAK/B8
RAK/B8
100,000
50,000
Cells per well

Figure 3.1: Example of an ELIspot assay. PBMC from the HLA-B8 positive donor JB were
seeded at concentrations of 105 PBMC (left two rows) or 5 × 104 PBMC (right two rows) per
well. PBMC were stimulated with 20mug/ml of either FLR/B8 (center rows) or QAK/B8 (bottom
rows) epitope peptides or equivalent concentrations of DMSO (top rows).
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ally the responses observed were maximal at peptide concentrations of 20µg/ml
but often fell significantly at peptide concentrations below 10µg/ml. Similar data
were obtained with several other donors and other epitopes (data not shown). In all
subsequent ELIspot assays, PBMC were incubated with epitope-peptide at concentrations of 20µg/ml.

3.2.2

Optimisation of cell input concentration

Since the response to peptide stimulation in the ELIspot assay presumably requires PBMC to act as APCs, cell density can potentially influence the observed
response. To check this, decreasing numbers of PBMC were added to the ELIspot
plate and the resulting IFN-γ response was determined.
PBMC from the HLA-B8-positive donor, AR and the HLA-A11, -B8-positive
donor, CM were serially titrated from 4×105 to 1×103 cells per well. The PBMC
were seeded into the ELIspot plate in duplicate and stimulated with 20µg/ml
of RAK/B8 and FLR/B8 epitope-peptides (donor AR), RAK/B8 and IVT/A11
epitope-peptides (donor CM) or equivalent concentrations of DMSO. Figure 3.3
shows the average ELIspot response for each duplicate stimulated with the relevant epitope-peptide (filled circles) or DMSO (open circles). At low cell inputs
the graphs have been amplified for clarity.
For PBMC from donor AR, the number of ELIspot-producing cells in each
well increases linearly with cell input between 1 × 105 and 3 × 105 seedings per
well. However, when cell densities exceed 3 × 105 cells per well or fall below
1 × 105 cells per well (embedded graph) the proportion of responding cells falls.
In donor CW, where EBV-specific T-cell frequencies are higher than in donor
AR, the linear range of the cell seeding versus response curve was lower, i.e.
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Figure 3.2: Titration of epitope-peptide concentration.

The HLA-A2-restricted epitope-

peptide, CLG and the HLA-B8-restricted epitopes RAK, QAK and FLR were titrated by serial
dilution from 30µg/ml to 0.2µg/ml. Diluted peptides or DMSO at equivalent concentrations
were used to stimulate duplicates of 2 × 105 PBMC (black circles) or 1 × 105 PBMC (grey circles)
from the HLA-A2 and -B8 donors CW (A, left) and LH (B, right) using the ELIspot assay. The
resulting ELIspot response per well is given (y-axis). Note that graphs are not all on the same
scale.
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104 − 5 × 104 for the RAK/B8 epitope and 2.5 × 104 − 1.5 × 105 for the IVT/All
epitope.
Results from the PBMC of these two donors demonstrate that despite optimal peptide concentration, the relationship between cell input per well and the
ELIspot response per well is linear only within a specific window of cell input
concentration. Outside this window, the ELIspot response is lower than expected.
Similar patterns were observed with several other donors and EBV-epitopes (data
not shown).
IFN-γ is secreted by T-cells only when they are in direct contact with antigen
that is presented on a suitable APC (Slifka and Whitton, 2000). Hence, limiting
cellular density reduces the probability of T-cell interaction with APCs and the
resulting IFN-γ production, explaining why the linear relationship between cell
input and ELIspot response is disrupted at low cell densities. The minimum cell
input at which there is still sufficient antigen presentation depends on the individual, but is approximately 5 × 104 cells per well.
Under-estimation of T-cell frequency arises at high cell input because the regions of captured IFN-γ begin to merge. The maximum relevant cell input depends on the magnitude of the individual’s response and the clarity of the individual assay, but generally, when the IFN-γ response exceeds 150 per well, areas of
precipitation become increasingly difficult to resolve.
To overcome these difficulties, care was taken to ensure adequate antigen presentation whilst minimising response saturation. PBMC were serially diluted in
duplicate over three cellular concentrations with a minimum of 5 × 104 or 1 × 105
cells per well, subject to the expected precursor frequency. All data recorded in
future experiments comes from assays where a linear relationship between cell
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input and the magnitude of response was observed.

3.2.3

Reproducibility of the ELIspot assay

To confirm that the results of the ELIspot assay are reproducible, epitope-specific
T-cell frequency was calculated on different occasions using aliquots of PBMCs
cryopreserved from a single blood sample. The results of ELIspot assays conducted on three separate occasions on thawed aliquots of PBMC from donors RT
(B27.05,B35) and PC (B8) are given in Figure 3.4.
In each assay the ELIspot response is recorded from inputs of 2 × 105 , 1 × 105
and 5×104 cells per well (filled, open and hatched bars respectively). Very similar
values were obtained in assays from the three replicate aliquots, the probability of
no significant difference between them being 0.901 for donor PC’s response to
RAK/B8 and 0.8 and 0.931 for donor RT’s responses to RRI/B27 and YPL/B35.

3.2.4

Immunological specificity of the ELIspot assay

Dependence upon EBV-immune status
PBMC were from three HLA-A2-positive, EBV-seronegative donors CR, CD and
PS and from five HLA-A2-positive, EBV-seropositive donors, JSt, SC, WT, CM,
and MR were serially diluted to three cell concentrations using the limits suggested in Section 3.2.2. The PBMC were plated into ELIspot wells in duplicate
and were stimulated with the HLA-A2-restricted epitopes GLC, CLG, or LLW at
20µg/ml or with an equivalent concentration of DMSO. The ELIspot response of
each well was counted, an average was taken of wells that conformed to a linear
relationship between cell input and response and finally the average was converted
to a response per 106 PBMC.

3.2 The ELIspot assay

105

A. HLA-B8 donor AR

Responding cells per well

150

150
RAK/B8

100

FLR/B8
100

50

50
DMSO

0
20

DMSO
0

0

1

2

3

4

30

15

0

1

2

0

0.4

0.8

3

4

20

10
10

5
0

0
0

0.4

0.8

Cell input per well (x 10^5)

B. HLA-A11,-B8 donor CM
200

Responding cells per well

250
RAK/B8

200

150
IVT/A11

150

100

100
50

DMSO

50
DMSO
0

0
0

0.5

1

60

1.5

2

0
40

0.5

1

1.5

2

40
20
20
0

0

0.1

0.2

0

0

0.1 0.2 0.3

Cell input per well (x 10^5)

Figure 3.3: Effect of cell input concentration on ELIspot responses. PBMC from the HLA-B8
donor AR (A.) or the HLA-A11, -B8 donors CM (B.) serially diluted and seeded in the ELIspot
in duplicate at concentrations ranging from 1 × 103 to 3 × 104 cells per well. The PBMC were
stimulated with 20µg/ml of relevant epitope-peptides (RAK/B8 and FLR/B8 donor AR, IVT/A11
and RAK/B8 donor CW, filled circles) or an equivalent concentration of DMSO (open circles). The
average ELIspot response for each duplicate is given (y-axis) for each cell input (x-axis). At low
input cell concentrations the graphs are amplified for clarity. Note that graphs are not all on the
same scale.
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Figure 3.4: Reproducibility of the ELIspot Assay. PBMC from two donors PC (HLA-B8) and RT (HLA-B27.05 and HLA-B35) were cryopre-
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Figure 3.5, A. shows the ELIspot responses per 106 PBMC of the three HLAA2-positive, EBV-seronegative donors following stimulation with the HLA-A2restricted epitope-peptides GLC (top), CLG (centre) and LLW (bottom, filled
bars), values were indistinguishable from the DMSO controls (open bars). However, the PBMC from these individuals were shown to be capable of normal responses as stimulation with PHA induced a response too numerous to be quantitated. Stimulation of PBMC from five EBV-seropositive donors with the three
HLA-A2-restricted epitopes induced, for each epitope, a response above DMSO
background levels in at least three of the five individuals.
The HLA-B8 epitopes RAK, FLR and QAK, (Figure 3.5 B) and the HLAA11 epitopes IVT, AVF and SSC (data not shown) were assessed for stimulation
of PBMC from EBV-seronegative donors with appropriate HLA-alleles using a
similar assay as described above. PBMC from the three HLA-B8-positive, EBVseronegative individuals did not respond above background levels to HLA-B8restricted EBV epitope-peptide stimulation (Figure 3.5 B.) whereas there was a
normal response to PHA (data not shown). In comparison PBMC from the HLAB8-positive, EBV-seropositive donors responded to stimulation by at least one
of the HLA-B8-restricted epitopes. PBMC from the HLA-A11-positive EBVseropositive and -seronegative individuals gave a similarly-specific pattern of response.
Dependence upon appropriately restricted peptides
Extensive investigations were performed to check whether false-positive results
might originate from stimulation by EBV epitopes restricted through inappropriate HLA-alleles. Each epitope-peptide was tested in assays involving a panel of
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strongly to stimulation with PHA (data not shown).

in PBMC from at least one of the EBV-seropositive donors but not from any of the EBV-seronegative donors. PBMC from all donors responded

and QAK (filled bars). Each peptide induced an ELIspot response (given as response per 106 PBMC) above DMSO background levels (open bars)
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Figure 3.5: EBV specificity of the ELIspot. Three HLA-A2-positive EBV-seronegative donors and five HLA-A2-positive EBV-seropositive donors
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EBV-seropositive donors with relevant or with irrelevant HLA-alleles. In Figure 3.6, A., four HLA-A2-restricted epitope-peptides GLC, TLD, CLG, and LLW
each induced significant responses from three or more of the six HLA-A2-positive,
EBV-immune donors tested but not from any of five HLA-A2-negative donors.
Likewise, each of the HLA-B8-restricted epitopes tested induced responses from
three of more of the six HLA-B8-positive donors but not from any of the six HLAB8-negative donors (Figure 3.6 B.).
Similar results were obtained from assays with the HLA-A11-restricted epitopes (IVT, AVF and SSC) and for three HLA-B27-restricted epitopes (RRI, FRK
and RRA), Figures 3.7 B and C respectively.
The HLA-B27 system is particularly useful to address the issue of HLA-crossreactivity because of the ability of different HLA-B27 subtypes to present the
same epitope (Brooks et al., 1993). The epitope-peptide RRI induces responses
in the context of the B27.02, B27.04 and B27.05 alleles whereas RRA is B27.02subtype-specific and FRK is B27.05-subtype-specific. In assays on five HLAB27-positive individuals, the RRI epitope induced responses in all five (albeit to
different degrees), whereas the RRA and FRK epitope-induced responses were
restricted to B27.05 and B27.02-positive donors, respectively. PBMC from the
six HLA-B27-negative individuals did not respond significantly to any of the three
epitopes.

3.2.5

Only CD8+ T-cells produce IFN-γ in the ELIspot assay

A disadvantage of the ELIspot assay is that PBMC cannot be recovered and because of this, the responder cells cannot be identified. Experiments were therefore
designed to determine whether the IFN-γ is indeed being secreted predominantly
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by the CD8+ T-lymphocyte population.
Magnetic bead depletion was used to remove either CD8+ or CD4+ T-cells
from samples of PBMC, as described in the methods. The resulting depleted
populations and a ‘mock depleted’ PBMC control preparation were stained with
anti-CD3 and anti-CD8 mAb and analysed by flow cytometry to test for purity.
The three populations were then assayed for IFN-γ secretion using the standard
ELIspot technique.
Results of a representative experiment using PBMC from the HLA-B8-positive
donor, AR, is shown in Figure 3.8 using the RAK/B8, FLR/B8 or QAK/B8 epitopepeptides as stimuli. Within the ‘mock-depleted’ population 23% of the cells are
CD8+ CD3+ and 36% are CD8− CD3+ , presumably CD4+ T-cells. The IFN-γ
release of this population is 241/106 PBMC, 286/106 PBMC and 116/106 PBMC
following RAK/B8, FLR/B8 and QAK/B8 epitope-peptide stimulation, respectively. The CD4-depleted population contained 46% CD3+ T-cells, of which the
majority were CD8+ , consistent with efficient CD4 depletion.There was an increase in the number of responder cells in the population corresponding to the
doubling of CD8+ T-cell numbers. By comparison, the CD8-depleted population
was devoid of CD8+ T-cells detectable by flow cytometry and gave no significant
ELIspot responses.

3.2.6

Conclusions

This preliminary work established that the ELIspot is a reliable method of measuring IFN-γ release from epitope-peptide-stimulated PBMC. Optimal IFN-γ release
is obtained with an epitope-peptide concentration of 20µg/ml and by seeding effector populations into ELIspot wells in serial dilution down to 5 × 104 cells per
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Figure 3.8: IFN-γ production of CD4+ and CD8+ T-cells. CD4+ (centre panel) or CD8+
(right panel) T-lymphocytes were depleted from PBMC of AR using magnetic beads. The resulting populations were stained with anti-CD8 (x-axis) and anti-CD3 mAb (y-axis) to assess purity
(top panels). Populations were assayed for IFN-γ production using the ELIspot assay following
stimulation with the HLA-B8-restricted epitopes RAK, FLR or QAK. Responses are compared
with the original ‘un-depleted’ PBMC (left panel). IFN-γ was produced above DMSO control
levels only when CD8+ T-cells were present.
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well. To avoid merging areas of precipitation, care should be taken to adjust cell
inputs to an appropriate range especially in cases of high frequency responders. A
lower detection limit of 20 ELIspots /106 PBMC is used in future experiments as
responses below this limit do not reproducibility double with doubling cell input
concentration and background responses frequently approach this threshold.
The ELIspot assay is reproducible when the same responder cell populations
are tested on different dates and there is little variation of results within an individual assay, therefore, standard deviations among replicate wells are low (<
2/times mean).
Responses require that the PBMC donor is EBV-immune and is assayed against EBV epitopes restricted through relevant HLA-alleles.
Removal of CD8+ T-cells abrogates IFN-γ production following HLA-class
I epitope-peptide stimulation, hence the measured response originates predominantly from the CD8+ T-cell population.
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Estimates of EBV-specific CD8+ T-cell frequency
using ELIspot

Having validated the technique, the ELIspot assay was used to determine the frequency of T-cells responding to EBV epitope-peptides in the PBMC of healthy
EBV carriers.

3.3.1

Fluctuations of ELIspot results over time.

During preliminary work it was noted that estimates of epitope-specific T-cell
frequency in different blood samples from the same donor were not always similar. Examples of such fluctuations are shown in Figure 3.9. PBMC from the
HLA-B8-positive donor AR were assessed for IFN-γ production in three different
blood samples in response to the three HLA-B8-restricted EBV-epitopes (RAK,
FLR and QAK). While responses to the FLR and QAK epitopes were relatively
constant over the 14 month period, in the third sample there was a significant
increase in the number of PBMCs responding to the RAK epitope.
Similarly, with the HLA-A2, -B27, B35-positive donor RT, responses to the
HLA-A2-restricted epitopes were consistently low and responses to the RRI/B27
and HPV/B35 epitopes remained at stable levels whereas responses to the YVL/B35
epitope were significantly increased in the latter two blood samples compared to
the first.
These differences are unlikely to be a consequence of experimental error, as
described in Sections 3.2.1 and 3.2.2, great care was taken to ensure that the peptide concentrations and cell numbers added to an ELIspot well were consistent
and optimal. Additionally, responses measured later by both tetramer and ELIspot

3.3 Estimates using ELIspot

116

fluctuate in parallel (Section 3.5.1). It, therefore, appears that the frequencies of
EBV-specific T-cells in the peripheral blood of healthy EBV carriers fluctuate naturally over time and to consider the overall magnitude of the response to EBV
epitopes in an individual, several different peripheral blood samples were analysed by ELIspot and an average was taken of the calculated T-cell frequencies.

3.3.2

Averaged estimates of EBV-specific T-cell frequency by
ELIspot

The ELIspot assay was used to estimate the frequency of EBV-specific T-cells
in the peripheral blood of the healthy EBV carriers. Measurements taken over
several months were averaged after subtraction of the DMSO control. ‘Dominant’,
‘sub-dominant’ and ‘rare’ responses restricted through common HLA-molecules
were compared.
ELIspot responses of HLA-A2 individuals
The frequency of responses to the HLA-A2-restricted lytic-cycle epitopes GLC,
YVL and TLD, and to the latent-cycle epitopes CLG and LLW in PBMC from
healthy HLA-A2-positive, EBV-seropositive donors are shown in Table 3.3. The
individuals are listed in the order of their response to the GLC epitope.
The most striking observation is that in 13 of the 16 donors, responses to
the immunodominant lytic-cycle epitopes GLC and YVL are more frequent than
responses to latent-cycle epitopes. This was the first demonstration that EBV
lytic-cycle responses are dominant in healthy EBV carriers. The frequency of Tcells specific for the third lytic-cycle epitope, TLD/A2 is low in comparison with
responses to YVL/A2 and GLC/A2 and is not detectable in every donor.
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Figure 3.9: Responses of healthy EBV carriers by ELIspot. The frequency of response to EBV
epitope-peptides in PBMC from two healthy EBV carriers AR (HLA-B8) RT (HLA-A2, -B27.05,
-B35) was determined using the ELIspot assay. Three assays are shown which were carried out
on blood samples taken on different dates (open bars, hatched bars and filled bars) stimulated
for donor AR with the HLA-B8 epitopes RAK, FLR and QAK and for donor RT with the HLAB27.05 epitopes RRI and FRK the HLA-B35 epitopes APE, YVL and HPV and the HLA-A2
epitopes GLC, CLG and LLW.
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HLA-A2-restricted responses by ELIspot
Lytic
Latent
Donor
GLC YVL TLD
CLG LLW
AG
985
60
<20
20
<20
CW
805
120 <20
200
20
DW
640
370
55
140
30
JSt
525
100
95
415
55
MG
510
310
30
<20
40
CM
440
nd
40
90
0
JL
405
25
<20
<20 <20
SL
385
nd
0
<20
75
NG
210
nd
<20
20
<20
SC
140
nd
0
185
65
WT
95
nd
<20
20
30
QY
80
nd
0
nd
nd
NB
75
<20 <20
<20 <20
DA
60
nd
nd
nd
nd
MR
40
nd
30
75
65
RT
15
nd
<20
50
<20
Response per 106 PBMC
Table 3.3: Average ELIspot responses of healthy HLA-A2 EBV carriers to HLA-A2restricted epitopes. PBMC from 16 healthy HLA-A2-positive EBV-carriers were assayed using
the ELIspot for the presence of T-cells to the HLA-A2 lytic-cycle epitopes GLC, YVL and TLD
and the HLA-A2 latent epitopes CLG and LLW. Responses over several months were averaged
and the background to DMSO subtracted. Results are shown as the response per 106 PBMC.
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Although the latent-cycle epitopes CLG/A2 and LLW/A2 are sub-dominant
with respect to latent epitopes restricted though a number of other HLA-alleles,
they are the strongest HLA-A2-restricted epitopes as measured by LCL stimulated
T-cell outgrowth (Lee et al., 1993). However, values using the ELIspot assay show
that the CLG and LLW responses are small in comparison with responses to the
dominant lytic-cycle epitopes. Of the two latent-cycle epitopes, CLG is dominant
over LLW, even though both epitopes are within the same protein, LMP2A.
ELIspot responses of HLA-B8 individuals
Extension of the work to HLA-B8-positive donors allowed a comparison to be
made between a strong lytic epitope RAK and two latent-cycle epitopes FLR and
QAK which are known from in vitro stimulation studies to be among the strongest
observed latent antigen specific responses (Khanna et al., 1997). Table 3.4 shows
relevant ELIspot data from twelve HLA-B8 donors listed in the order of their Tcell response to RAK. Overall levels of responses were greater that in the HLA-A2
epitope assays but again lytic (RAK) responses outnumbered responses to both the
latent (FLR and QAK) epitopes in 11 of the 12 donors tested. In donors who carry
both the HLA-A2 and -B8 alleles the HLA-B8 lytic epitope, RAK dominates over
the immunodominant HLA-A2 lytic epitopes.
The hierarchy of immunodominance of the HLA-B8-restricted epitopes falls
into two patterns. In the first pattern (donors DW, DP, NB), responses to the
RAK/B8 epitope are much stronger than responses to the latent epitope FLR/B8.
In the second pattern, the magnitude of responses to the RAK/B8 and FLR/B8
epitopes are not as disparate (donors JB, AR, YS). There is one donor whose latent
epitopes dominate over the lytic, donor MR, who interestingly, also presented this
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HLA-B8-restricted responses by ELIspot
Lytic
Latent
Donor
RAK
FLR
QAK
CM
1390
30
80
DM
1375
<20
30
DW
1190
230
40
CW
1010
1005
60
JB
920
645
40
PC
715
<20
40
DP
655
180
35
MR
600
685
125
NB
520
120
0
AR
465
460
165
YS
210
120
35
AnL
45
30
40
Response per 106 PBMC
Table 3.4: Average ELIspot responses of healthy HLA-B8 EBV-carriers to HLA-B8 restricted epitopes. PBMC from 12 healthy HLA-B8 EBV-seropositive donors were assayed for the
presence of T-cells specific for the EBV lytic-cycle epitope RAK/B8 and the HLA-B8-restricted
latent-cycle epitopes FLR and QAK. Responses are averaged over several months with the DMSO
control subtracted. Results are per 106 PBMC.

3.3 Estimates using ELIspot

121

pattern with the HLA-A2-restricted epitopes.
ELIspot responses of HLA-A11 and B27 individuals
Table 3.5 gives the ELIspot responses of the healthy HLA-A11 donors. Previous work with LCL stimulation and in vitro culture has shown that responses
to IVT/A11 generally, dominate over AVF/A11 responses which dominate over
SSC/A11 (Gavioli et al., 1993; de Campos-Lima et al., 1994). Estimates of T-cell
frequency using the ELIspot agree with this hierarchy, with responses to IVT/A11
ranging between 0 and 1330/106 PBMC and AVF/A11 responses range from 0 to
360/106 PBMC. The maximum SSC/A11 response is 85/106 PBMC but three of
the six HLA-A11 donors have no detectable response. Note that three individuals
also showed no response to IVT, this very probably reflects the fact that this epitope is polymorphic among EBV strains and a significant percentage of donors
(known to include donor QY) carry an endogenous EBV with an epitope-loss variant of the IVT sequence (de Campos-Lima et al., 1994; de Campos-Lima et al.,
1994).
Table 3.6 shows the averaged responses of the HLA-B27 positive individuals.
With the exception of donor SC, the RRI/B27 epitope dominates over the HLAB27.05-restricted epitope FRK and the B27.02-restricted epitope RRA. This again
agrees the relative immunodominance of the epitopes defines by LCL stimulation
and outgrowth (Brooks et al., 1993; Brooks et al., 1998).
It is notable that certain donors have consistently high frequencies of EBVspecific T-cells and they appear consistently at the top of the donor hierarchies in
these tables. Example are donors CW and DW in Tables 3.3 and 3.4, donor CM in
Tables 3.3, 3.4 and 3.5 and donor DM in Tables 3.4 and 3.5, however, more work
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HLA-A11-restricted responses
Latent
Donor IVT AVF
SSC
DM 1130 60
85
CM
820 350
40
DA
495
60
0
PB
300
65
<20
PC
<20 <20
20
AG
0
360
0
DP
0
90
35
QY
0
0
40
Response per 106 PBMC
Table 3.5: ELIspot responses of healthy HLA-A11 EBV-carriers. PBMC from eight EBVseropositive HLA-A11 donors were assayed on several occasions for responses to the latent HLAA11 restricted EBV-epitopes IVT, AVF and SSC. Results were averaged and the DMSO control
subtracted. Responses are given per 106 PBMC.

HLA-B27-restricted responses
Latent
Donor RRI RRA FRK
B27.05
JSt
1235
0
60
RT
240
0
20
SC
114
0
480
AL
100
0
20
B27.02
LY
320
170
0
Response per 106 PBMC
Table 3.6: ELIspot responses of healthy HLA-B27 EBV-carriers. PBMC from the five EBVseropositive HLA-B27 donors were assayed on several occasions for responses to the latent HLAB27-restricted EBV-epitopes RRI, RRA and FRK. Results were averaged and the DMSO control
subtracted. Responses are given per 106 PBMC.
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will be required to study this in further detail, particularly using a broader range
of both lytic and latent epitopes. The present experiments, nevertheless make it
clear that lytic epitope responses are indeed retained in the memory of healthy
virus carriers and tend to outnumber latent epitope responses.
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Validation of the tetramer stain for epitope-specific
T-cells

The tetramer stain is a recently developed method of identifying antigen-specific
T-lymphocytes (Altman et al., 1996). HLA-class I molecules containing a biotinylation site are re-folded in the presence of β2 -microglobulin and the specific
epitope peptide. The HLA-class I monomers are biotinylated and then bound into
tetramers by adding phycoerythrin-labelled avidin.
The following studies used tetramers containing all five HLA-A2 epitopes
(GLC, YVL, TLD, CLG and LLW), all of the HLA-B8 epitopes (RAK, FLR,
QAK) analysed in the ELIspot assays, plus one of the HLA-A11 restricted epitopes (IVT). Specificity of these reagents was validated as described below.

3.4.1

Specificity of tetramer staining

Dependence on EBV-immune status
In initial assays, PBMC from two HLA-A2-positive, EBV-seropositive donors
(CW and DW) and two HLA-A2-positive, EBV-seronegative donors ( CD and
PC) were stained with anti-CD8 mAb and with each of the HLA-A2 tetramers.
The PBMC were analysed by flow cytometry and representative results for two
tetramers (GLC/A2 and CLG/A2) are shown in Figure 3.10 as profiles of anti-CD8
staining on the y-axis against tetramer staining on the x-axis. In PBMC from both
the EBV-seropositive donors, a small percentage of CD8+ tetramer+ co-staining
cells are clearly detectable in the top right quadrant of the plot. Low frequencypositive staining can be distinguished from background, as authentic tetramer+
cells are concentrated in a characteristic ‘cloud’, whereas background staining,
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which is usually < 0.01% of PBMC, does not fall in a distinct area. Importantly
PBMC from the two EBV-seronegative donors do not stain significantly with any
of the HLA-A2 tetramers.
Likewise, the HLA-B8 tetramers containing the three HLA-B8-restricted epitopepeptides did not stain PBMC from two HLA-B8-positive, EBV-seronegative donors
(LS and IA), Figure 3.11, B., but significant staining was detected in PBMC from
the two HLA-B8-positive, EBV-seropositive donors (MR and PC, 3.11, A.).
Detection of appropriately restricted specificities
Each tetramer also tested for staining of PBMC from EBV-immune donors lacking the relevant HLA-alleles. Figure 3.12, shows results from assays in which
PBMCs from two HLA-A2-positive EBV-seropositive donors (3.12, A.,MG, CW)
and two HLA-A2-negative, EBV-seropositive donors (3.12, B., YS, AnL) were
stained with each of the five HLA-A2 epitope tetramers and with CD8 mAb.
Each HLA-class I/peptide tetramer stained CD8+ T-cells from at least one of
the HLA-A2 donors (top panels). Low responses, for example the LLW/A2 response in PBMC from donor MG, can detected by the characteristic clouding of
the tetramer-staining cells, explained earlier. No tetramer staining other than background was seen in the top right quadrants of the plots derived from flow cytometry of PBMC from the HLA-A2-negative individuals (lower panels). However,
as also seen with tetramer staining of EBV-seronegative donors (Figures 3.10 and
3.11), background staining is present (<0.01%) but does not show the characteristic grouping of tetramer-staining cells.
Similar experiments were carried out with the HLA-B8 tetramers RAK, QAK
and FLR (Figure 3.13) again showing that significant staining was restricted to

The HLA-A2 tetramers stained lymphocytes from the EBV-seropositive donors only.

from two HLA-A2-positive EBV-seropositive donors (A.), CW and DW. Values indicate the percentage of PBMC that stain with the relevant tetramer.

stained with anti-CD8 (y axis) and the HLA-A2 tetramers containing the GLC/A2 or CLG/A2 epitopes (x-axis). Staining is compared with PBMC

Figure 3.10: EBV specificity of tetramers: HLA-A2 donors PBMC from two HLA-A2-positive EBV-seronegative donors (B.), CD and PS were
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tetramer. Staining was detected only in the EBV-seropositive donors.

PBMC from the HLA-B8-positive EBV-seropositive donors (A.), PC and MR. Values indicate the percentage of PBMC that stain with the relevant

stained with anti-CD8 (y-axis) and HLA-B8 tetramers containing the RAK/B8 or QAK/B8 epitope-peptides (x-axis). Staining is compared with

Figure 3.11: EBV specificity of tetramers: HLA-B8 donors PBMC from two HLA-B8-positive EBV-seronegative donors (B.), LS and IA were
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individuals with relevant HLA-alleles.

3.4.2

Conclusions

The use of HLA-peptide tetramers is a reliable method for determining the frequencies of EBV epitope-specific T-cells in peripheral blood. Tetramers do not
stain PBMC from donors without the relevant HLA- or peptide-specificity.
Usually CD8+ tetramer+ double-stained cells could be reliably detected down
to frequencies of 0.04% PBMC (ie. 0.2% of CD8+ T-cells). In some samples,
however, frequencies of CD8+ tetramer+ double-stained cells may be very low, in
the order of 0.01% PBMC (ie. 0.05% of CD8+ T-cells). In these circumstances authentic tetramer staining may be difficult to distinguish above background and the
clouding pattern becomes particularly important. In all cases levels of background
staining with the tetramer in question must be checked on irrelevent PBMC samples.
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Figure 3.12: HLA-restriction: HLA-A2 tetramers. PBMC from the HLA-A2-negative EBVseropositive donors YS and AnL (B.) were stained with anti-CD8 mAb (y-axis) and HLA-A2
tetramers containing the GLC, YVL, TLD, CLG, and LLW epitopes (x-axis). Profiles are compared with staining of the HLA-A2-positive EBV-seropositive donors MG and CW (A.) Values
indicate the percentage of CD8+ tetramer+ cells in PBMC.
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Figure 3.13: HLA-restriction: HLA B8 tetramers. PBMC from the HLA-B8-negative EBVseropositive donors AG and MG (B.) were stained with CD8 mAb (y-axis) and the HLA-B8
tetramers RAK, FLR and QAK (x-axis). Shown for comparison is staining of the HLA-B8-positive
EBV-seropositive donors YS and AnL (A). Values indicate the percentage of CD8+ tetramer+ cells
in PBMC.
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Estimates of EBV-specific CD8+ T cell frequency
using tetramer staining

Tetramer staining was then used to monitor EBV epitope-specific T-cells in the
blood of the donors that had been previously analysed using the ELIspot assay.

3.5.1

Fluctuations in tetramer staining over time

To check the inference from the ELIspot assays that the frequency of EBV-specific
T-cells in peripheral blood fluctuates over time, peripheral blood samples were
analysed, concurrently using both tetramer staining and the ELIspot assay.
Figure 3.14 shows results from the HLA-A2, -B8-positive donor, DW, and
compares tetramer staining (3.14, A.) with ELIspot results (3.14, B.) obtained on
a first occasion (filled bars) and a second occasion two months later (open bars).
A fall in the frequency of the ELIspot response to the RAK/B8, FLR/B8, GLC/A2
and YVL/A2 epitopes between the first and second blood samples was parallelled
by a fall in the frequency of tetramer-stained cells.
Similar assays were carried out using PBMC from the HLA-B8-positive donor, AR, and the three HLA-B8-restricted epitopes (Figure 3.15). The ELIspot
results in Figure 3.15 B. are those shown earlier in Figure 3.9. Tetramer staining
was carried out in parallel on PBMC from the last two blood samples and they
confirm that the RAK/B8 reactivity is selectively reduced in the second compared
to the third blood sample.
These experiments demonstrate that the fluctuations in ELIspot frequency, are
parallelled by fluctuations in tetramer staining. Therefore, as with the ELIspot
assay, estimates of EBV-specific T-cell frequency were calculated in several dif-
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ferent blood samples and the frequency was calculated to give an overall picture
of the magnitude of EBV-specific populations.

3.5.2

Averaged estimates of EBV-specific T-cell frequency using
tetramer

Most of the EBV-immune donors originally analysed by ELIspot were now screened
for EBV-specific T-cell frequency using relevant tetramers. The averaged estimates of tetramer-staining cells are compared with those estimated previously for
the HLA-A2 lytic-cycle epitopes in Table 3.7, the HLA-A2 latent-cycle epitopes
in Table 3.8, the HLA-B8 lytic and latent-cycle epitopes in Table 3.9 and the
HLA-A11 IVT epitope (latent) in Table 3.10.
Specific staining was detected by one or more HLA-class I/peptide tetramer
complexes in all the EBV-seropositive individuals studied. In many donors, the
frequency of EBV-epitope-specific cells, calculated by tetramer staining, was unexpectedly high. Donor AG had an average frequency of 2840 GLC/A2 tetramerstaining cells per 106 PBMC (Table 3.7) and the average frequency of donor CM
RAK/B8-staining cells was 5390 per 106 PBMC. These represent, respectively,
2.2% and 2.9% of the CD8+ T-cell pool in these individuals. Again, the number
of T-cells specific for the immunodominant lytic-cycle epitopes were generally
greater than the number of cells specific for immunodominant latent-cycle epitopes.
In all individuals investigated, and for most of the epitopes, tetramer staining
gave higher estimates of EBV-specific T-cell frequencies than ELIspot by a factor
of up to 24 fold (depending on the donor and to some extent the epitope, see below). Despite this, the overall hierarchy of immunodominance of epitopes within
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HLA-A2, B8 donor DW
A. Tetramer staining
Tet+ cells per million PBMC

3500

14.08.00
18.10.00

3000
2500
2000
1500
1000
500
0

ELIspot response per million PBMC

B. ELIspot assay
2500
2000
1500
1000
500
0

DMSO RAK

FLR QAK GLC

HLA-B8

TLD YVL CLG LLW

HLA-A2

Figure 3.14: Comparison of estimates of EBV-specific T-cell frequency in donor DW. Two
blood samples from the HLA-A2, -B8-positive donor DW separated by two months were assayed
for T-cell frequency against the HLA-A2-restricted epitopes GLC, TLD, YVL, CLG and LLW and
the HLA-B8-restricted epitopes RAK, FLR and QAK using tetramer staining (A.) and the ELIspot
assay (B.).
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HLA-B8 donor AR
A. Tetramer staining
Tet+ cells per million PBMC

1000

13.10.97
04.03.98
21.01.99

750

500

250

0

ELIspot response per million PBMC

B. ELIspot assay
1000
800
600
400
200
0

DMSO

RAK/B8

FLR/B8

QAK/B8

Figure 3.15: Comparison of estimates of EBV-specific T-cell frequency in donor NB. Three
blood samples from the HLA-B8 donor AR separated by 14 months were assayed for T-cell frequency against the HLA-B8-restricted epitopes RAK, FLR and QAK using the ELIspot assay (B).
Tetramer staining was carried out for the same EBV epitopes using PBMC from the second and
third blood samples. Tetramer staining per million PBMC is shown in the panel A.
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an individual remained independent of the methodology used to detect the cells.
The HLA-B8 epitope responses are a good model in which to illustrate this point
because of the two different patterns of response hierarchy identified earlier by
ELIspot. In one, exemplified by donor DP the RAK/B8 response is much stronger
than either the FLR/B8 or QAK/B8 responses, in the other, exemplified by donor
AR the responses to RAK/B8 and FLR/B8 are similar but continue to dominate
over QAK/B8. Table 3.9 shows that the T-cell frequency measured by tetramer
exactly reflects these patterns.
Comparing the tetramer and ELIspot estimates of epitope-specific T-cell frequency shown in Tables 3.7–3.10, it can be seen that the estimates varied from
almost equal in some donors to a 24 fold increase in tetramer over ELIspot values
in others. However it is striking that within an individual donor, the relationship
between the two estimates is similar for all epitopes, irrespective of the identity of the epitope as lytic or latent and irrespective of the absolute size of these
epitope-specific populations. This point is illustrated in Figures 3.16 and 3.17
where top panels show the average number of epitope-specific tetramer-staining
cells per 106 PBMC, central panels give the average ELIspot response to the same
EBV epitopes and the lower panels show the percentage of tetramer-staining cells
which are also detected by ELIspot. The results from three HLA-A2-positive
donors are shown for the three HLA-A2 lytic epitopes (GLC, YVL, TLD) and the
two HLA-A2 latent epitopes (CLG, LLW) in Figure 3.16. In donor JSt (Figure
3.16 left), 62.5% of YVL/A2-specific T-cells can produce IFN-γ in an ELIspot,
68.7% of LLW/A2-specific cells 76.1% of GLC/A2-specific cells and over 100%
of CLG/A2-specific cells
1

1

In comparison, the corresponding values for all five

The detection of over 100% of tetramer-staining cells by ELIspot is presumably caused by the

natural fluctuations in EBV-specific T-cells over time as the ELIspot assay does not detect higher

nd
nd
nd
nd

nd

80
80
80

nd

<20

nd

215

Lytic-cycle epitopes
YVL
Tetramer ELIspot
1120
60
350
120
535
370
160
100
720
310
<50
nd
240
25
60
nd
320
nd
TLD
Tetramer ELIspot
nd
<20
0
<20
<50
55
0
95
80
30
250
40
160
<20
0
0
nd
<20
nd
0
80
<20
nd
0
0
nd
0
30
nd
<20

‘nd’ denotes not done

Table 3.7: ELIspot and tetramer responses of healthy HLA-A2 EBV carriers against HLA-A2 restricted lytic epitopes. PBMC from 16
healthy HLA-A2 carriers were assayed on several occasions for staining with HLA-A2 tetramers containing the EBV lytic-cycle epitopes GLC, TLD
and YVL. The frequency of T-cells specific for these epitopes was averaged and expressed per 106 PBMC values are compared with those previously
determined using the ELIspot assay.

Response per 106 PBMC

Donor
AG
CW
DW
JSt
MG
CM
JL
SL
NG
SC
NB
QY
DA
MR
RT

GLC
Tetramer ELIspot
2840
985
1260
805
1480
640
690
525
1520
510
3040
440
2480
405
640
385
700
210
400
140
620
75
400
80
120
60
560
40
<50
15

HLA-A2-restricted responses
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‘nd’ denotes not done

Table 3.8: ELIspot and tetramer responses of healthy HLA-A2 EBV carriers against HLA-A2 restricted latent epitopes. PBMC from 16
healthy HLA-A2 carriers were assayed on several occasions for staining with HLA-A2 tetramers containing the EBV latent-cycle epitopes CLG and
LLW. The frequency of T-cells specific for these epitopes were averaged and expressed per 106 PBMC values are compared with those previously
determined using the ELIspot assay.

Response per 106 PBMC

HLA-A2-restricted responses
latent-cycle epitopes
CLG
LLW
Donor Tetramer ELIspot
Tetramer ELIspot
AG
nd
20
nd
10
CW
200
200
80
20
DW
130
140
50
30
JSt
320
415
80
55
MG
0
<20
80
40
CM
100
90
nd
0
JL
0
<20
<50
<20
SL
0
<20
0
75
NG
160
20
0
<20
SC
nd
185
nd
65
NB
80
<20
120
<20
QY
nd
nd
nd
nd
DA
0
nd
80
nd
MR
240
75
nd
65
RT
<50
50
nd
<20
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FLR
Tetramer ELIspot
0
30
nd
10
450
230
1440
1005
nd
645
nd
<20
340
180
nd
685
480
120
640
460
280
120
480
30

QAK
Tetramer ELIspot
390
80
nd
30
130
40
520
60
nd
40
180
40
110
35
1120
125
80
<20
400
165
40
35
440
40

Latent

‘nd’ denotes not done

Table 3.9: Responses of healthy HLA-B8 EBV carriers to HLA-B8 restricted epitopes by ELIspot and tetramer. PBMC from 12 healthy HLAB8 carriers were assayed on several occasions for staining with HLA-B8 tetramers containing the EBV lytic-cycle epitope RAK and the latent-cycle
epitopes FLR and QAK. The frequency of T-cells specific for these epitopes were averaged and expressed per 106 PBMC and are compared with
values previously determined by ELIspot.

HLA-B8-restricted responses
Lytic
RAK
Donor Tetramer ELIspot
CM
5390
1390
DM
5760
1375
DW
3505
1190
CW
1880
1010
JB
1840
920
PC
3200
715
DP
2060
655
MR
2800
600
NB
1920
520
AR
740
465
YS
1240
210
AnL
680
45
6
Response per 10 PBMC
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epitopes for donor MG lie bewteen 33% and 50% whereas for donor JL the values
are consistently low with < 20% tetramer-positive cells responding by ELIspot.
Figure 3.17 shows similar patterns observed in PBMC of three HLA-B8 donors
responding to the lytic, RAK/B8 epitope and the latent FLR/B8 and QAK/B8 epitopes. For all epitopes, the percentages of tetramer-staining cells which were
detected in the ELIspot assay was 40–70% for donor AR, 12–27% for donor NB
and <10% for donor AnL.
Tables 3.11 and 3.12 give the percentage of tetramer-staining cells that respond
in an ELIspot for all the individuals tested, arranged in order of the GLC/A2 or
RAK/B8 response, respectively. It can be seen that similar patterns occur in the
majority of the individuals tested and continues in donors who have more than
one relevant HLA-allele, for example, in the HLA-A2, -B8-positive donor, NB the
proportion of tetramer-staining cells that are detected by ELIspot is 12.5–27.1%
across both HLA-A2 and HLA-B8-restricted epitopes, whereas in the HLA-A2,
-B8-positive donor, DW values range from 30.8 to 100%.
The proportion of ELIspot-responding cells does not appear to correlate either
with the CD8 count of an individual or with the overall EBV-epitope specific
response of a donor.
The values for the proportion of tetramer-positive T-cells that are also detected
by tetramer given in Tables 3.11 and 3.12 indicate that the relationship between
tetramer staining and ELIspot results may also be epitope dependent. In five of the
seven HLA-B8-positive donors, FLR/B8-specific T-cells give a higher proportion
of ELIspots than RAK/B8-specific cells and in seven of nine donors the QAK/B8specific response gives lower values. Similarly in four of five HLA-A2-positive
frequencies of EBV-specific T-cells than the tetramer stain when carried out in parallel on PBMC
from the same blood sample.
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respond in an ELIspot assay was calculated and is given in the lower panel.

three HLA-A2-restricted lytic epitopes GLC, YVL and TLD and the latent CLG and LLW epitopes. The percentage of tetramer-staining cells which

specific T-cells were determined by tetramer (top panel) and ELIspot (middle panel) for the HLA-A2-positive donors JSt, MG and JL using the

Figure 3.16: Comparison of the average estimates of EBV-specific T-cell frequency: HLA-A2-positive donors. Averaged estimates of EBV-
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restricted lytic epitope RAK and the latent epitopes QAK and FLR. The percentage of tetramer cells which respond in an ELIspot was calculated as

specific T cells were determined by tetramer (top panel) and ELIspot (middle panel) for the HLA-B8 donors AR, NB and AnL using the HLA-B8-
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donors, CLG-specific cells have higher ELIspot percentages when compared with
the other HLA-A2-restricted epitopes, the percentage of ELIspot responding cells
for CLG often approaches 100%. Importantly though, the variation between different donors is larger than the variation within a donor to different epitopes.
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HLA-A11-restricted
latent
IVT-specific cells
Donor Tetramer ELIspot
DM
4240
1130
CM
4760
820
DA
nd
495
PB
1800
300
PC
240
<20
AG
0
0
DP
nd
0
QY
0
0
Response per 106 PBMC
Table 3.10: Responses of healthy HLA-A11 EBV carriers to HLA-A11 restricted epitopes
measured by ELIspot and tetramer. PBMC from 8 healthy HLA-A11 carriers were assayed on
several occasions for staining with HLA-A11 tetramers containing the EBV latent-cycle epitope
IVT. The frequency of T-cells specific for A11/IVT were averaged and expressed per 106 PBMC
and are compared with values previously determined by ELIspot.

‘-’ denotes not applicable

Table 3.11: The percentage of HLA-A2 tetramer staining T-cells that respond in an ELIspot. The percentage of cells which stain with tetramers
containing the HLA-A2 lytic-cycle epitopes GLC, YVL and TLD or the latent-cycle epitopes CLG and LLW that respond in an ELIspot were
calculated for 15 HLA-A2-positive donors. Donors are arranged based on the percentage ELIspot response to GLC.

HLA-A2 lytic
HLA-A2 latent
Donor GLC YVL TLD
CLG LLW
JSt
76.1 32.5
129.6
68.7
SL
60.1
DW
63.9 34.3
100
25.0
DA
50.0
DW
43.2 69.2
107.7
60.0
SC
35.0
AG
34.7 53.6
MG
33.5 43.1 37.5
50.0
NG
30.0
12.5
QY
20.0
CM
14.5
6.2
90
JL
16.3 10.4
NB
12.1
4.6
6.2
MR
7.1
31.2
Percentage ELIspot/tetramer response
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HLA-A11 Latent
IVT
11.1
26.6
-

‘-’ denotes not applicable

Table 3.12: The percentage of HLA-B8 or HLA-A11 tetramer-staining T-cells that respond in an ELIspot The percentage of cells which stain
with tetramers containing the HLA-B8 lytic-cycle epitope RAK, HLA-B8 latent-cycle epitopes FLR and QAK or the HLA-A11 latent-cycle epitope
IVT that respond in an ELIspot were calculated for 12 HLA-B8-positive donors and 2 HLA-B8, A11-positive donors. Donors are arranged based on
the percentage ELIspot response to RAK.

HLA-B8 Lytic
HLA-B8 Latent
Donor
RAK
FLR
QAK
AR
62.8
71.9
41.2
CW
53.8
69.8
11.5
JB
50.0
DW
33.9
51.1
30.8
DP
31.8
52.9
31.8
NB
27.1
25.0
CM
25.7
20.5
DM
23.9
PC
22.3
22.2
MR
21.4
11.6
YS
16.9
17.6
14.6
AnL
6.6
6.2
9.1
Percentage ELIspot/tetramer response
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Limiting dilution analysis

Limiting dilution analysis (LDA) is a well-established technique that has been
frequently used to estimate the frequency of epitope-specific cytotoxic T-cells.
PBMC are serially diluted to at least ten different concentrations varying from 250
cells per well up to 3 × 104 cells per well. The PBMC are seeded onto peptidesensitised stimulator cells in replicates of 24 wells. Any responders are allowed
to proliferate in IL-2-conditioned medium in culture for 14 days before being
assayed for peptide-specific cytotoxicity in standard Na51
2 CrO4 release assays.
Figure 3.18 gives the percentage specific lysis calculated from a Na51
2 CrO4
release assay carried out on LDA outgrown cultures from the PBMC of the HLAA2-positive donor, JSt stimulated with γ-irradiated autologous stimulator PBMC
pulsed with the dominant lytic HLA-A2-restricted peptide, GLC. PBMC were
serially diluted and seeded onto the stimulator cells in replicates of 24 (number
1 − 24 for each cell dilution) at concentrations ranging from 250 cells per well
(top left) up to 3 × 104 cells per well (bottom right). Following two weeks proliferation in culture, replicates were split and assayed for cytotoxicity in a standard
Na51
2 CrO4 release assay against DMSO-pulsed (black line) or GLC/A2-pulsed autologous PHA-blast target cells (filled bars). At seedings of 250 cells per well none
of the 24 replicates showed significant lysis (>10% above DMSO) of GLC/A2pulsed target cells. At 500 cells per well a single well (replicate 19) showed 80%
GLC/A2-specific lysis. The frequency of responding wells increased progressively with increasing cell input up to 2 × 104 (bottom left) and 3 × 104 cells per
well (bottom right) where every replicate showed GLC/A2-specific cytotoxicity.
Figure 3.19 shows the percentage specific lysis of LDA cultures from the same
donor but sensitised (and assayed against) targets pulsed with the HLA-A2 latent-
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Figure 3.18: Response by LDA of Donor JSt following GLC/A2 stimulation. PBMC from
the HLA-A2 donor JSt were seeded onto γ irradiated autologous stimulator cells pulsed with the
HLA-A2 epitope-peptide GLC in dilutions ranging from 250 to 30 × 103 cells per well (sequence
runs from top left through to bottom right) in replicates of 24 (1-24 on the x-axis). After 14 days,
cultured cells were assayed for cytotoxicity against Na51
2 CrO4 -labelled target cells, sensitised with
either GLC/A2 peptide (filled bars) or a DMSO control (black line). The percentage specific lysis
of each replicate is mapped on the y-axis.
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Figure 3.19: Response by LDA of Donor JSt following CLG/A2 stimulation. PBMC from
JSt were seeded onto stimulator cells pulsed with the HLA-A2-restricted latent peptide CLG in
dilutions ranging from 250 to 30 × 103 cells per well (sequence runs from top left through to
bottom right) in replicates of 24 (1–24 on the x-axis). After 14 days, cultured cells were assayed
for cytotoxicity against Na51
2 CrO4 -labelled target cells, sensitised with either CLG/A2 peptide
(filled bars) or a DMSO control (black line). The percentage specific lysis of each replicate is
mapped on the y-axis.
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cycle epitope, CLG. At 250 cells per well replicates 13 and 16 showed significant lysis against CLG/A2 pulsed autologous PHA-blast target cells. Two of the
replicates respond (replicates 12 and 14) at 500 cells per well. The frequency of
responding wells increases steadily from 500 cells per well up to 30 × 103 cells
per well, where again every replicate showed CLG-specific cytotoxicity.
Figure 3.20 represents this data by plotting (filled circles) the natural log (Ln)
of the calculated frequency of negative wells against the experimental cell input
per well. The Single Hit Hypothesis has been applied to the data and gives an
estimate of the cell input required to give an average of one responding cell per
well, for the GLC/A2 response, this value is 3158 (black cross) with a maximum
limit of 4091 and a minimum of 2438, giving a frequency of 317 GLC/A2-specific
T-cells per 106 PBMC (1/3158 × 106 ). For the CLG/A2 response, the calculated
value is 7770 with maximum and minimum intervals of 5979 and 9971, giving
129 CLG/A2-specific T-cells per 106 PBMC. Chi-squared analysis showed that
experimental values conformed to a straight line confirming single-hit kinetics.
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Figure 3.20: Calculated frequencies of T-cell specific for the HLA-A2-restricted epitopes
GLC and CLG in PBMC of donor JSt using LDA. The frequencies of T-cells specific for the
HLA-A2-restricted epitopes GLC (top) and CLG (bottom) were measured using LDA and the Single Hit Hypothesis was applied to the data to provide more accurate estimates of T-cell frequency.
The cell input per well is plotted against natural log (Ln) of the frequency of negative wells (filled
circles). The black lines are estimates of precursor frequency using the Single Hit Hypothesis
and the cross gives the cell input required to give an average responder cell frequency of one per
well, dotted lines are the 95% confidence intervals. The experimental data was confirmed to have
straight line goodness of fit by chi-squared analysis, the values are 4.41 for GLC/A2 and 2.95 for
CLG/A2.
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Estimates of EBV-specific CD8+ T-cell frequency
using LDA

In all, EBV-specific T-cell frequencies were calculated using LDA in the peripheral blood of seven EBV-immune donors with one or more of the relevant HLAalleles. The Single Hit Hypothesis was applied to the experimental data to give
an accurate estimate of the EBV-specific T-cell response per 106 PBMC for each
epitope and donor combination. Chi-squared analysis confirmed, for each experiment, a goodness of fit of the experimental data with a straight line, confirming
single-hit kinetics.
The estimates of EBV-specific T-cell frequencies by LDA are compared with
those obtained by ELIspot and tetramer in Table 3.13 , note that an LDA frequency
of 0 is given where no responding wells were detected at any cell input and where
responding wells were detected but at frequencies that were too low to give acceptable chi-squared values, the frequency of precursors is given as < 40. This
was the lowest T-cell frequency estimated accurately by LDA.
For each donor and epitope specificity, estimates of EBV-specific T-cell frequency by LDA are lower than the values previously obtained either by the tetramer or ELIspot assays. However, as shown in Figure 3.21, when LDA estimates
are plotted against values obtained either by tetramer staining or the ELIspot assay, the correlation between them is clear. The correlation co-efficient using simple linear regression of the LDA and ELIspot values is 0.9696 with a R2 value of
0.8216 and the LDA and tetramer values is 0.9064, R2 0.8829.
Given that the individual donors show a characteristic value for the percentages of tetramer-positive cells detectable using the ELIspot assay in Table 3.14,
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Frequency per 106 PBMC
LDA ELIspot tetramer
317
525
690
<40
95
0
129
415
320

Donor
JSt

HLA
A2

Epitope
GLC
TLD
CLG

DM

A11

IVT
AVF
SSC

435
<40
0

1130
60
85

4240

IVT
AVF
SSC

127
40
0

300
65
5

1170

PB

A11

nd
nd

nd
nd

AR

B8

RAK
FLR
QAK

250
225
<40

465
460
165

740
640
400

CM

B8

RAK
FLR
QAK

725
0
64

1390
30
80

5390
0
390

JSt

B27.05

RRI
RRA
FRK

360
0
<40

1235
0
60

nd
nd
nd

LY

B27.02

RRI
RRA
FRK

144
65
0

320
170
0

nd
nd
nd

Table 3.13: Comparison of LDA, ELIspot and tetramer estimates. PBMC from seven donors
were analysed for responses against epitopes restricted against one or two of the relevant HLAalleles using LDA. Estimates of EBV-specific T-cell frequency, expressed per 106 PBMC are compared with values previously determined by the ELIspot assay and tetramer staining.
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Figure 3.21: Comparison of LDA, ELIspot and tetramer estimates. Estimates of the frequency
of T-cells specific for the EBV-epitopes given in Table 3.13 were calculated by LDA and are plotted
(x-axis) against frequencies previously calculated by ELIspot (top panel, y-axis) and tetramer
staining (bottom panel, y-axis).
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individual values are given for the percentages of tetramer-positive cells detectable
by LDA. Although only five individuals could be included in this way there is a
suggestion that the LDA responses are more efficient in the two individuals with
the most efficient ELIspot responses (donors JSt and AR) than in the individuals
giving weaker ELIspot responses (donors DM and CM).
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A2
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Epitope
GLC
CLG

Percentage difference
ELI/tetramer LDA/tetramer
76.1
45.9
129
40

AR

B8

RAK
FLR

62.8
71.9

33.7
35.1

DM

A11

IVT

26.6

10.2

PB

A11

IVT

25.6

31.7

CM

B8

RAK
QAK

25.7
16.4

13.4
24.1

Table 3.14: Difference between LDA, ELIspot and tetramer estimates. The percentage difference between estimates of T-cell frequency using tetramer staining and LDA was calculated and is
compared with the difference between ELIspot and tetramer frequencies calculated in the previous
section. Donors are arranged in the order of their percentage ELIspot response.
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Discussion on the frequency of EBV-specific Tlymphocytes in healthy virus carriers

The size of EBV-specific responses in healthy carriers by tetramer staining
EBV is important as a general model of a persistent virus infection where the
immune system is repeatedly being challenged by a genetically stable pathogen
(Rowe et al., 1992). This study shows that the virus-specific T-cells which are
responsible for control of persistent EBV infection, are present in the peripheral
blood of healthy EBV carriers in unexpectedly high numbers. In most donors, responses to the latent-cycle epitopes could be detected by tetramer staining, giving
frequencies for the EBNA3C antigen between 0 and 1440 per 106 (FLR/B8) and
20−685 (QAK/B8) specific-cells per 106 PBMC, the EBNA3A antigen between 0
and 4140 (IVT/A11) specific-cells and for the LMP2A antigen 0 − 320 (CLG/A2)
and 0 – 120 per 106 PBMC (LLW/A2). Clearly, these responses conform to the
hierarchies of immunodominance determined by outgrowth experiments following LCL-stimulation summarised as follows (Khanna et al., 1995; Khanna et al.,
1997):
EBNA3A,3B,3C > LMP2  EBNA2, EBNA-LP, LMP1 > EBNA1
This confirms that this marked hierarchy of immunodominance exists in peripheral blood and is not an artefact caused by the demands of in vitro re-activation or
by stimulation with LCL. Therefore, even though LCL-like cells may not be the
antigen presenting cells relevant in vivo, they are capable of re-activating the relevant specificities in vitro (with the exception of EBNA1 responses). The question
of the EBNA3 proteins being immunodominant even though they are probably the
least common and most stable of the latent cycle proteins is, therefore, reinforced
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by this work.
In addition, the relative immunodominance of epitopes within proteins was readdressed. The hierarchy of responses to the HLA-A2-restricted epitopes (LMP2A,CLG > LLW) the HLA-A11-restricted epitopes (EBNA3B, IVT  AVF), and
the HLA-B27.05 epitopes (EBNA3A, RRI > FRK) had been determined previously by LCL-stimulated T-cell outgrowth experiments (Lee et al., 1993; Burrows
et al., 1990; Burrows et al., 1994; Gavioli et al., 1993; de Campos-Lima et al.,
1993; Levitsky et al., 1996; Brooks et al., 1993; Brooks et al., 1998; Crotzer et al.,
2000). In each case, the relative strength of the responses in peripheral blood
agreed with those previously determined, reiterating that in vitro LCL-stimulation
accurately reflects in vivo immunodominance.
The frequencies of T-cells identified by tetramer staining that were specific for
the EBV latent-cycle responses could be very high, approaching 1% of CD8+ Tcells (CW, FLR/B8 response) but more strikingly, lytic epitope specificities were
even higher. The response to the RAK/B8 epitope in the immediate early protein,
BZLF1 was, at its highest 5760 per 106 PBMC (2.9% of CD8+ , donor DM) and all
of the 12 HLA-B8-positive donors tested responded to this epitope, the weakest
response being 680 per 106 PBMC, still higher than many of the EBV latentcycle specificities. Responses to the HLA-A2-restricted lytic-cycle epitopes GLC
(BMLF1), YVL (BRLF1) and TLD (BMRF1) were 50 − 2840, 50 − 1120 and 0
– 95 per 106 PBMC, respectively.
Other work has found the same high frequencies of EBV-specific T-cells in
healthy EBV carriers. Benninger-Doring et al. (Benninger-Doring et al., 1999)
used the ELIspot assay to detect frequencies of T-cells specific for the HLA-B8restricted epitopes RAK, FLR and QAK. ELIspot responses to RAK were 35 −
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990/106 PBMC, to FLR 0 – 180 per 106 and QAK 0 – 30 per 106 PBMC. Several
studies have measured responses to the HLA-A2-restricted epitopes giving values
by ELIspot to GLC of 900 and 20 − 870 per 106 PBMC (Herr et al., 1999; Yang
et al., 2000) and to CLG of 120 and 5 – 80 per 106 PBMC (Herr et al., 1999; Yang
et al., 2000) and by tetramer 160 – 240 per 106 PBMC (Chen et al., 2001). Taking
into account the under-estimation of EBV-specific T-cell frequency by ELIspot
(see later), these values are similar in range to those determined in this study.
Such high frequencies of epitope-specific T-cells do not accompany all virus
infections, frequencies of T-cells specific for an immunodominant influenza matrix protein epitope 58-66 (Townsend et al., 1986; Gotch et al., 1987), vary from
only 20 to 700/106 PBMC (mean 40) using tetramer staining (Dunbar et al., 1998).
Responses to the latent herpesvirus, herpes simplex virus, are not detectable in
PBMC without in vitro reactivation (Koelle et al., 2001) and frequencies of T-cells
specific for human papilloma virus vary from 4 – 110 per 106 PBMC in healthy
individuals and 10 – 150 per 106 PBMC in cervical cancer patients, again using
tetramer staining (Youde et al., 2000). Even in chronic active virus infections,
epitope-specific T-cell frequencies rarely approach those to EBV. Thus, in HIV
infection, frequencies by tetramer range from 200 – 3400 per 106 PBMC of CD8+
T-cells (Kostense et al., 2001), decreasing with increasing viral load (Ogg et al.,
1998; Ogg et al., 1999b). Hepatitis C virus-specific CD8+ T-cells range from 20 –
260 per 106 PBMC in one study (Grabowska et al., 2001) and between 20 – 2580
per 106 PBMC in a second (Prezzi et al., 2001), both used tetramer staining 2 .
2

Note that some of these values have been converted from response per CD8+ T-cells to re-

sponse per PBMC assuming 20% CD8+ T-cells in PBMC
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Implications of the T-cell frequencies in memory (lytic and latent) on the
EBV-infectious state
The existence of such a high frequencies of EBV-specific T-cells suggests that
the large CD8+ pools specific for both EBV lytic and latent-cycle antigens are
required to maintain the healthy carrier state. This may help to explain why there
is a high incidence of EBV-driven lymphoproliferative disease on disruption of
this state by immunosuppression (Papadopoulos et al., 1994; Rooney et al., 1995;
Rooney et al., 1998) and why levels of oropharyngeal shedding are elevated in
immunocompromised individuals (Yao et al., 1985b).
Commitment of such a large proportion of the T-cell repertoire to EBV, probably reflects the strength of challenge presented by a persistent, systemic, lymphotrophic agent. Supporting this, is the fact that low levels of CD8+ memory to
the herpes simplex and papilloma viruses may reflect the fact that replication of
these agents is restricted to local sites in the skin or other mucosal surfaces, also
that systemic infections tend to induce larger primary responses (Doherty et al.,
1997) than more localised infections. Additionally, the T-cell responses to the βherpesvirus, CMV, which exists as a generalised latent infection of myeloid and
dendritic cells (Kondo et al., 1996; Taylor-Wiedeman et al., 1991) also exist in
high frequencies (up to 5% of CD8+ T-cells in healthy virus carriers) (Gillespie
et al., 2000).
An important conclusion from these findings is that the transforming ability
of EBV, once though to be a critical factor in establishing strong CD8+ T-cell
responses in vivo is perhaps not a determinant of immunogenicity per se. Thus,
lytically-infected (non-transformed) cells elicit even stronger T-cell responses.
Prior to this work it was demonstrated that EBV-specific T-cell frequencies
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in the peripheral blood of IM patients were especially high, often, in HLA-B8positive donors up to 50% of CD8+ T-cells were shown to be specific for the
BZLF1 epitope, RAK (Callan et al., 1998). This work has demonstrated that the
strength of these responses in primary EBV-infection are continued into memory;
of the 30 individuals investigated, only 4 donors had more frequent responses to
EBV latent-cycle proteins.
It is possible that, as the clonal burst theory predicts (Hou et al., 1994), the size
of the response in primary infection determines the resulting size of the memory
cell pools. Hence, the on average five fold difference between RAK/B8 (lytic) and
FLR/B8 (latent) frequencies and the seven fold difference between the GLC/A2
(lytic) and the CLG/A2 (latent) responses may be a remanent of responses to the
extensive EBV replication in IM.
Arguing against this is that the transition from acute EBV infection into the
carrier state is accompanied by a differential culling of EBV lytic-cycle specificities in relation to latent-cycle specificities (Steven et al., 1997; Callan et al., 1998).
Hence, there is on average a 34 fold difference in the frequency of RAK/B8 and
FLR/B8-specific cells in primary EBV infection compared with a eight fold difference in memory (Callan et al., 1998). Additionally, although the immunodominance of the lytic-cycle epitopes generally agrees with hierarchies seen in IM patients, the immunodominance of the HLA-A2 restricted responses varies between
the primary and memory responses, with YVL (BRLF1) dominating over GLC
(BMLF1) and then TLD (BMRF1) in IM patients (Hislop et al., 2001, in publication) and GLC dominating over YVL then TLD in healthy carriers. These values suggest that the frequency of EBV-specific T-cell responses in healthy EBVcarriers is influenced by the continued presence of EBV.
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If the relative frequencies of EBV lytic and latent-cycle specificities in healthy
virus carriers are determined by the immunogenicity of EBV in the persistent
state rather than its immunogenicity in primary infection, they can be influenced
by two factors: (i) the proportion of EBV-infected cells in lytic and latent cycle
in persistent EBV carriers; (ii) the relative immunogenicity of cells in lytic and
latent cycle.
It is known that EBV-replication occurs in the mucosa of persistently-infected
individuals as low levels of virus particles are shed into the saliva these individuals
(Yao et al., 1985a), however, absolute levels of replication are unknown as the
sites of virus replication, as well as the nature of permissive cells, are unclear and
potential sites such as tonsil and mucosal epithelium are not easily accessible. At
the moment, we can only surmise from the circumstantial evidence provided here,
that EBV replication is more predominant than originally thought.
Conversely, it is possible that the immunological challenge posed by latentlyinfected B-cells is not as strong as originally thought. Evidence suggests that
in healthy EBV-carriers the majority of EBV-infected B-cells have an immunologically silent Latency ‘0’ pattern of infection (Miyashita et al., 1997; Qu and
Rowe, 1992; Tierney et al., 1994) and not an LCL-like latency III pattern (which
is our usual model of latently-infected B-cells), thereby providing considerably
less of an immunological challenge. In general, the size of the memory T-cell
pool tends to correlate with the intensity of the continuing antigen stimulation.
In HIV patients anti-viral therapy rapidly decreases the viral load and the HIVspecific CD8+ T-cell response eventually follows (Ogg et al., 1999a). It would be
interesting in the future to determine whether the relative size of the EBV lytic
and latent-cycle-specific responses are related to the numbers of infected cells
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with lytic and latent-cycle gene expression, the development of real-time quantitative PCR has allowed accurate measurements of the virus-load of EBV carriers
in our laboratories but to date these have not been compared with the EBV-specific
T-cell responses of these individuals.
An alternative explanation is that EBV lytic-cycle epitopes are presented more
effectively than latent-cycle epitopes. The eventual lysis of cells carrying EBV in
replicative cycle (Kieff and Rickinson, 2001) may enhance the endocytosis and
therefore the processing and presentation of lytic-cycle antigens in dendritic cells.
However, one would presume that in this case, late lytic antigens would also be
frequent T-cell targets, evidence so far suggests that this is not the case (see later).
The sites of EBV lytic and latent infection may contribute to antigen presentation.
Lytic-cycle infection is thought to occur mainly in sites of mucosal epithelium
(Rickinson and Kieff, 2001; Egan et al., 1995; Gerber et al., 1972) where immature dendritic cells are likely to reside in wait for invading pathogens (Banchereau
et al., 2000). Also, the lytic-cycle may be associated with inflammatory responses,
evidence includes the fact that latently-infected cells become permissive for replication following activation (Kieff and Rickinson, 2001) and the release of virions
is likely to stimulate humoral and innate immune responses, again increasing the
chances of the recognition and uptake of lytically-infected cells by APCs. Finally,
the levels of virus protein expression are likely to be high in lytically-infected
cells, providing antigen presenting cells with a high antigen load.
T-cell responses to the lytic-cycle antigens appear to have a reproducible pattern of immunodominance, strong responses are detected to both immediate early
proteins, BZLF1 (RAK/B8) and BRLF1 (YVL/A2), less frequent responses have
been detected to the early proteins BMRF1 (TLD/A2), BMLF1 (GLC/A2), BRLF1,
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BARF0 and BHRF1 (from the eight proteins known to have been tested) and
only weak responses are detected to three of the late proteins, gp85 (BXLF2),
gp110 (BALF4) and gp350 (BLLF1) (Khanna et al., 1999), and see Figure 1.14.
These responses may eliminate lytically-infected cells before mature virions are
released and may account for the low level of virus particles shed in the saliva of
persistently-infected individuals (Yao et al., 1985a).
If the apparent immunodominance of lytic cycle antigens is real (and not an
artefact caused by testing only a small proportion of the available proteins), it is
probably caused by the early proteins being more susceptible to processing than
late genes. It is possible that productive infection is frequently aborted prior to expression of the later genes, suggesting that a large pool of cells in EBV-replication
die before viral DNA replication. Such cells are likely to become a good source of
early lytic antigens that antigen presenting cells can re-process. In support of this
is the fact that the EBV latent and lytic-cycles have different means of protecting
the cell from apoptosis (Kieff and Rickinson, 2001), transition from latent to lytic
cycle infection may be accompanied by a susceptibility to apoptosis. A second
possibility is that fully productive infections may be restricted to particular sites
which are either isolated (concurrent with the release of virions outside the body)
or protected from T-cell/dendritic cell infiltration. Such protection may involve
the late gene BCRF1 which codes for a viral version of IL-10, a cytokine that suppresses immune responses (Hsu et al., 1990). These two arguments may converge
in that productive infections that do not occur at viable sites could be aborted.
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Estimates of EBV-specific T-cell frequency vary depending on the method of
detection
By tetramer staining an average three fold higher frequency of T-cells was estimated than the ELIspot assay and five fold higher than with LDA. By tetramer
estimates ranged from 0 to 5760 per 106 PBMC, by ELIspot from 0 − 1440 per106
PBMC and by LDA from 0 − 725 per 106 PBMC. These results were similar to
those documented with other viruses. In influenza, LDA estimates a frequency of
3 − 24 influenza-specific cells per 106 PBMC, ELIspot 9 − 167 (Lalvani et al.,
1997) and tetramer staining 69 − 267 per 106 PBMC (Dunbar et al., 1998), in
HIV-infected patients, tetramer staining detected 14 fold higher responses than
LDA and 3.5 fold higher responses than the ELIspot assay (Goulder et al., 2000;
Goepfert et al., 2000) in hepatitis C-infected patients LDA detects 1.5−4 hepatitis
C-specific cells per 106 PBMC, ELIspot 66 − 96 (Scognamiglio et al., 1999) and
tetramers 40 − 676 per 106 PBMC (Grabowska et al., 2001) and finally in CMV,
LDA 0.06-0.28% of CD8+ T-cells, tetramer 0.03-4.4% of CD8+ (Gillespie et al.,
2000) and ELIspot 0-5.46% of CD8+ T-cells.
The proportion of tetramer-positive cells which were detected by the ELIspot
assay varied considerably between individuals and to a less extent between epitopes. Values ranged from 100% (donors JSt, CW, DW CLG/A2) tetramerstaining cells detected by ELIspot to only 4.6% (donor NB, YVL/A2), in independence of the lytic or latent nature, or the T-cell specificity of the response.
Instead they appeared to be an intrinsic property of the donors themselves. It
would be interesting to determine possibly using real-time PCR whether a high
percentage ELIspot response is related in some way to EBV load.
There is evidence in some donors that certain epitope specificities contain
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higher proportions of ELIspot-responding cells than others. FLR/B8-specific Tcells often gave higher ELIspot:tetramer values as did T-cells specific the CLG/A2
epitope. There are no obvious explanations as to why the ELIspot responses of
these two populations should be particularly high. Note though that the variation
of ELIspot:tetramer values between donors far outweighs the variation in a single
individual to different epitopes.
The estimates of EBV-specific T-cell frequency differ using the three methods as each requires different functional responses. Detection of T-cells by LDA
depends on their ability to proliferate in vitro in response to epitope-peptide stimulation and then, after 14 days in culture, to lyse peptide-pulsed target cells in a
chromium release assay. When this procedure is compared with tetramer staining,
where all that is required of the T-cells is that they possess the correct T-cell receptor, it is not surprising that LDA gives a lower estimate of T-cell frequency. Proliferation is not a requirement of the ELIspot, only IFN-γ production on epitopepeptide stimulation and hence, the assay gives an intermediate estimate of T-cell
frequency.
The disparity in the estimates of T-cell frequency obtained using the three
methods suggests that epitope-specific T-cells are not functionally homogeneous.
If it is assumed that tetramer staining detects all epitope-specific cells, only a
proportion of these are capable of producing IFN-γ and smaller proportion which
may or may not be a sub-population of the ELIspot reactive cells are capable of
proliferation and cytolysis. Division of labour within EBV epitope-specific cell
populations is therefore implied and this division in addressed in the following
chapters.

Chapter 4
Phenotypic heterogeneity within
EBV-specific memory CD8+ T-cells
4.0.1

Aims

Given the implication that EBV-specific memory T-cell populations are functionally heterogeneous, the next phase of the work set out to look for evidence of any
phenotypic heterogeneity which might correlate with these functional differences.
The availability of MHC-class I tetramers containing EBV epitopes allowed EBVspecific T-cells to be identified and their phenotype analysed by co-staining with
mAbs specific for cellular markers of activation, memory and differentiation.

4.1

Cellular phenotype of CD8+ T cells against EBV

The high frequency of EBV-specific T-cells combined with the ability of a subpopulation of these cells to exhibit immediate effector function in ELIspot assays
suggests that some of these cells may be constitutively activated. To address this,
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the activation status of MHC-class I tetramer-stained T-cells was determined by
co-staining with mAb against the ‘activation markers’ CD25, CD38, CD69, CD71
and HLA-DR.
The expression of markers associated with memory T-cells was also determined, including CD45RA, CD45RO, CD11a, CD62-L and CCR7 expression.
Finally, EBV-specific T-cells were examined for expression of the differentiation
markers CD27, CD28, CD56 and CD57.
Table 4.1 gives an overview of the markers used to determine the status of
EBV epitope-specific cells.
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CD
Alternative name
Activation markers
CD25
IL-2 α
receptor
CD38
ADP-ribose
hydrolase
CD69

Activation
inducer
molecule
CD71
Transferrin
receptor
HLA-DR Class II MHC
Memory markers
CD45RA Leukocyte common antigen
(containing exons
4, 5 and 6)
CD45RO Leukocyte common antigen
(exons 4, 5 and 6
are absent)
CD62-L L-selectin
CCR7
CD11a

Chemokine
receptor
αL integrin chain
LFA-1 α chain

Differentiation markers
CD28
B7(CD80)
receptor
CD27

CD70 receptor

CD56
CD57

Leu-19, NCAM
Leu-7

Association
expression on IL-2 dependent cells
marker of activation
regulator (both + and -) of cell activation
and division
involved in adhesion to endothelial cells
involved in early lymphocyte activation
transiently expressed on activated T-cells
mediates uptake of iron
marker of activation
marker of late activation
required for TCR mediated activation of
T-cells
marker of ‘naı̈veŕesting T cells
required for TCR mediated activation of
T-cells
marker of ‘memory’ activated T-cells
mediates homing to high endothelial
venules
required for homing to lymphoid tissues
associated with prior antigenic stimulation
required for lymphocyte re-circulation
through lymph nodes
required for co-stimulation of resting Tcells
loss associated with terminal differentiation
co-stimulatory molecule of T-cell activation
loss associated with terminal differentiation
marker of ‘effector’ cells
marker of terminal differentiation in
HCMV

Table 4.1: Phenotypic markers of CD8+ T-cells. EBV-specific T-cells were examined for the
expression of a number cell surface markers which are given here. Markers were chosen as they
define a range of activation, differentiation and memory phenotypes.
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Cell surface marker expression

PBMC from nine healthy EBV carriers were stained with MHC-class I tetramers
containing the various EBV-epitopes as described previously, then with mAb against CD8 and finally with the panel of cell surface markers in Table 4.1. Based
on this, the markers were divided into those that do not discriminate EBV-specific
T-cells and those that segregate EBV-specific T-cells into distinct groups.

4.1.2

Markers which do not discriminate among EBV-specific
CD8+ T-cells

PBMC from the HLA-A2,-B8-positive donor, CW were stained with MHC-class
I tetramers containing the lytic-cycle epitopes GLC/A2, YVL/A2 or RAK/B8 or
the latent-cycle epitopes CLG/A2, FLR/B8 or QAK/B8. The PBMC were stained
with anti-CD8 mAb then with antibodies against the ‘activation markers’ CD25,
CD38, CD69 or CD71 or against CD11a, CD27 and CD56. Data are shown as
flow cytometry profiles of tetramer staining (x-axis) against relevant marker expression (y-axis) after gating on the CD8+ population. Percentages given are the
proportion of CD8+ tetramer+ cells that express the relevant third marker.
Figure 4.1 shows that CD25, CD38, CD69 and CD71 are expressed on few
(<4%) of the CD8+ T-cell population as a whole and that most of the lytic and
latent tetramer-staining T-cells are negative for these activation markers (<8%).
The expression of CD11a, CD27 and CD56 are shown in Figure 4.2. The
CD8+ population as a whole is divided into cells that express high or lower
levels of CD11a with 78% of CD8+ T-cells observed as CD11ahigh , however,
CD8+ tetramer+ cells are universally CD11ahigh for all six epitope specificities.
CD27 is expressed on only 46% of the CD8+ population but the majority of both
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EBV lytic and latent-cycle-specific tetramer+ cells are CD27-positive. Finally,
CD56 is expressed on 12% of the CD8+ population but is absent on all tetramerstaining cells.
Table 4.2 shows cumulative data on the activation marker and CD11a, CD27
and CD56 profiles of CD8+ tetramer+ cells in PBMC from the nine HLA-A2
and/or HLA-B8 donors. Results for EBV lytic and latent-cycle epitopes are presented in separate tables. The general patterns of cell surface marker expression
illustrated for donor CW in Figures 4.1 and 4.2 are similar for all epitopes on all
the donors analysed.

4.1.3

Markers which discriminate among EBV-specific T-cells

Markers whose expression discriminates lytic from latent epitope-specific Tcells
PBMC from the HLA-A2, -B8-positive donor, CW, were stained with tetramers
containing the three EBV lytic-cycle epitopes and the three latent-cycle epitopes
and with CD8 mAb as before. PBMC were then stained with mAb against CD45RA,
CD45RO and CD28. Staining profiles of CD8+ T-cells are shown in Figure 4.3.
The CD45 expression of the CD8+ T-cells that stain with tetramers containing
the three latent-cycle epitopes (CLG/A2, FLR/B8 and QAK/B8) conforms with
what might be expected of an antigen-experienced population, i.e. CD45ROhigh
(>95.6%) and CD45RA negative (<2.2%), the CD8+ population as a whole contains 42% CD45RO+ and 52% CD45RA+ cells. CD28 is expressed on 51% of
CD8+ T-cells but the latent-cycle-specific T-cells are polarised to a CD28+ phenotype (>92.7%).
The expression of CD45RA, CD45RO and CD28 on lytic CD8+ tetramer+

T-cells only. Values represent the proportion of CD8+ tetramer+ cells that express the relevant third marker.

stained with mAb against CD8 and mAb against the ‘activation markers’ CD25, CD38, CD69 and CD71 (y-axis). Profiles include staining of CD8+

or with the HLA-B8 tetramers containing the lytic-cycle epitope RAK or the latent-cycle epitopes FLR and QAK (x-axis). The PBMC were then

-B8-positive donor, CW, were stained with the HLA-A2 tetramers containing the lytic-cycle epitopes GLC and YVL and the latent epitope CLG

Figure 4.1: Absence of the ‘activation markers’ on donor CW HLA-A2 and HLA-B8 tetramer-staining cells. PBMC from the HLA-A2 and
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CD8+ T-cells only. Values represent the proportion of CD8+ tetramer+ cells that express the relevant third marker.

The PBMC were then stained with antibodies against CD8 and the differentiation markers CD11a, CD27 and CD56 (y-axis). Profiles are gated on

and the latent epitope CLG or with HLA-B8 tetramers containing the lytic-cycle epitope RAK or the latent-cycle epitopes FLR and QAK (x-axis).

cells. PBMC from the HLA-A2 and -B8-positive donor CW were stained with HLA-A2 tetramers containing the lytic-cycle epitopes GLC and YVL

Figure 4.2: Homogeneous expression of the differentiation markers CD11a, CD27 and CD56 on CW HLA-A2 and HLA-B8 tetramer-staining
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4.1 Phenotype

Donor

HLA

MG

A2

SL

A2

DCC

A2

CW

A2

LH
DW
NB
AR
DP

B8
A2
B8
A2
B8
A2
B8
B8
B8
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% staining of tet.+ cells
Epitope CD25 CD38 CD69 CD71 CD11a
EBV lytic-cycle epitopes
GLC
YVL
GLC
YVL
GLC
YVL
GLC
YVL
RAK
GLC
RAK
GLC
YVL
RAK
GLC
RAK
RAK
RAK

0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0

1
2
6
0
4
3
2
0
2
0
2
4
2
1
7
3
3
6

0
0
0
0
0
0
2
0
2
0
0
0
0
0
0
0
0
3

0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0

CD27

CD56

97
93
94
93
90
90
100
96
97
90
99
98
96
99
96
99
99
98

97
96
86
76
87
91
96
95
83
96
97
90
89
97
100
92
98
97

0
0
0
4
0
0
0
0
0
0
0
0
0
0
0
0
0
0

96
100
98
100
100
99
100
98
92
92
91
92
91

92
96
97
100
100
96
99
100
100
100
100
96
100

0
0
0
0
1
0
0
0
0
0
0
0
0

EBV latent-cycle epitopes
MG
CW

A2
A2
B8

LH

A2
B8

DW

B8

NB
AR

B8
B8

DP

B8

LLW
CLG
FLR
QAK
CLG
FLR
QAK
FLR
QAK
FLR
FLR
QAK
QAK

0
0
0
0
0
0
0
0
0
0
0
0
0

0
8
0
0
0
0
0
0
0
0
0
0
2

0
2
0
2
2
0
0
0
0
5
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0

Table 4.2: Phenotypic markers that are common on EBV tetramer-positive cells. PBMC
were stained with HLA-A2 and/or -B8 tetramers containing either lytic- (top) or latent-cycle epitopes (bottom). The cells were stained with CD8 mAb then with the antibodies against activation
markers CD25, CD38, CD69 or CD71. Figures give the percentage of tetramer-staining cells that
express the given marker.
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however is different, staining is heterogeneous, with the CD8+ tetramer+ cells expressing >7.7% CD45RA, <96.6% CD45RO and <86.5% CD28. These values
do not differ considerably from the latent-cycle-specific T-cells but the patterns
of cell staining between the populations are obviously different. The three latentcycle-specific populations are polarised to a CD45ROhigh , CD45RA− , CD28high
phenotype whereas the three EBV lytic-cycle-specific populations contain a large
proportion of cells that have intermediate expression of the three markers.
These phenotypic patterns do not correspond with T-cell frequency as the magnitude of the YVL/A2 (lytic) and the CLG/A2 (latent)-specific populations are
similar (YVL/A2 350 and CLG/A2 200 tetramer-staining cells per 106 PBMC)
even though their phenotypes differ and the magnitude of the FLR/B8 (latent) and
QAK/B8 (latent) responses are different (FLR/B8 1440 and QAK/B8 520 per 106
PBMC) but their phenotypes are similar.
The patterns of cellular phenotype illustrated in Figure 4.3 are clearer in Table
4.3 which gives data from the nine HLA-A2 and/or -B8-positive donors. In most
cases T-cells that recognise lytic-cycle epitopes are heterogeneous for CD28 and
are segregated into both CD45RA+ CD45ROlow and CD45RAlow CD45RO+ populations whereas EBV latent-cycle-specific T-cells are polarised into the CD28+
CD45RA− CD45ROhigh population.
Markers which are heterogeneous among both lytic- and latent-specific populations
The cohort of HLA-A2 and/or -B8-positive donors, as previous, were stained with
EBV-epitope tetramers, CD8 mAb, and with a series of markers which segregate
tetramer-staining cells but do not have strong a relationship with either lytic or

cells which express the relevant third marker.

surface markers CD45RA, CD45RO and CD28 (y-axis). Profiles are gated on CD8+ T-cells only. Values refer to the percentage of tetramer-staining

or the latent epitopes CLG/A2, FLR/B8 and QAK/B8 (x-axis). PBMC were then stained with anti-CD8 mAb then with antibodies against the cell

positive donor, CW, were stained with HLA-A2 tetramers or HLA-B8 tetramers containing the lytic-cycle epitopes GLC/A2, YVL/A2 or RAK/B8

Figure 4.3: Discrimination between CW, HLA-A2 and HLA-B8 EBV lytic and latent-specific T-cells. PBMC from the HLA-A2 and -B8-
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Donor
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HLA

Epitope

% of tet.+ cells
CD45RA CD45RO CD28

EBV lytic-cycle epitopes
MG

A2

SL

A2

DCC

A2

LH
CW

A2
B8
A2

DW

B8
A2

NB
AR
DP

B8
A2
B8
B8
B8

GLC
YVL
GLC
YVL
GLC
YVL
GLC
RAK
GLC
YVL
RAK
GLC
YVL
RAK
GLC
RAK
RAK
RAK

19
12
25
24
66
61
19
8
8
8
9
36
37
36
18
2
10
48

77
81
78
72
44
54
71
89
94
83
87
71
50
65
77
99
87
54

80
86
78
74
37
47
79
70
56
47
86
26
47
43
72
71
90
63

92
100
99
99
90
97
99
100
90
98
100
98
98

92
98
93
96
96
78
97
81
67
72
81
65
88

EBV latent-cycle epitopes
MG
CW

A2
A2
B8

LH

A2
B8

DW

B8

NB
AR

B8
B8

DP

B8

LLW
CLG
FLR
QAK
CLG
FLR
QAK
FLR
QAK
FLR
FLR
QAK
QAK

4
0
0
2
3
1
2
4
8
1
2
2
9

Table 4.3: Phenotypic markers that discriminate EBV lytic and latent-cycle T-cells. PBMC
from nine HLA-A2 and/ or B8 donors were stained with EBV-epitope containing tetramers then
with anti-CD8 mAb followed by antibodies against the CD45 isoforms CD45RA and RO or CD28.
Results shown are the percentages of tetramer-staining cells which also stained with the relevant
marker-antibody.
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latent-cycle specificity, these markers are HLA-DR, CD57, CD62-L or CCR7.
The staining profiles of PBMC from donor CW are shown in Figure 4.4.
HLA-DR expression ranges from 11.3% (QAK/B8) to 36.1% (CLG/B8) of
tetramer-staining cells, (CD8+ are 11% HLA-DR+ ) and CD57 expression loosely
follows this, expression of neither marker is related to lytic or latent-cycle specificity.
The expression of CD62-L and CCR7 is loosely related, to the lytic/latent
specificity of the T-cells, with latent-cycle-specific epitopes having higher CD62L expression than lytic-cycle epitopes. The CD8+ T-cells from donor CW are
60% CD62-L-positive, and the percentage of CD62-L expression on the tetramerstaining cells varies between 11.5% and 42.3% on CD8+ T cells that stain with the
lytic tetramers whereas expression is higher on the latent-specific cells, ranging
from 57.1% to 80.8%. CCR7 expression is also higher on the latent-specific cells
but this pattern becomes more obvious when considering the remainder of the
individuals tested, in Table 4.4.
The phenotype patterns discussed for donor CW are maintained in the other
EBV-carriers. HLA-DR and CD57 expression varies considerably among donors
and epitopes without obvious patterns. CD62-L and CCR7 expression are also
varied but EBV latent-cycle-specific T-cells tend to have higher expression of
these markers than cells specific for lytic-cycle epitopes.

CD8+ T-cells only. Percentages refer to the proportion of tetramer-staining cells which also stain with the relevant cell surface markers.

and then with antibodies against the cell surface markers (from top to bottom) HLA-DR, CD57, CD62-L and CCR7 (y-axis). Staining profiles are of

B8 tetramers containing the lytic-cycle epitope RAK/B8 and the latent epitopes FLR/B8 and QAK/B8 (x-axis). PBMC were then stained for CD8

were stained with HLA-A2 tetramers containing the lytic-cycle epitopes GLC/A2 and YVL/A2 and the latent-cycle epitope CLG/A2 or with HLA-

Figure 4.4: Cellular markers which differentiate CW HLA-A2 and -B8 tetramer-staining cells. PBMC from the HLA-A2 and -B8 donor CW
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Donor

179

HLA

Epitope

% of tetramer+ cells
HLA-DR CD57 CD62-L CCR7

EBV lytic-cycle epitopes
MG

A2

SL

A2

DCC

A2

LH
CW

A2
B8
A2

DW

B8
A2

NB
AR
DP

B8
A2
B8
B8
B8

GLC
YVL
GLC
YVL
GLC
YVL
GLC
RAK
GLC
YVL
RAK
GLC
YVL
RAK
GLC
RAK
RAK
RAK

29
18
23
55
37
34
17
20
25
12
36
68
29
44
45
43
56
17

13
13
15
12
35
38
17
8
19
8
19
25
27
19
30
56
15
25

51
79
19
21
35
44
37
39
33
42
11
46
49
66
29
35
28
58

25
36
32
11
10
18
9
53
47
45
36
40
30

9
31
36
12
45
45
31
46
21
30
27
21
25

91
81
57
75
59
57
86
50
75
29
35
nd
87

nd
nd
nd
nd

21
37
41
41
60
94
42
25
22
34
nd
nd

29
25

EBV latent-cycle epitopes
MG
CW

A2
A2
B8

LH

A2
B8

DW

B8

NB
AR

B8
B8

DP

B8

LLW
CLG
FLR
QAK
CLG
FLR
QAK
FLR
QAK
FLR
FLR
QAK
QAK

nd

94
69
85
74
55
66
66
50
nd

35
22
64

Table 4.4: Phenotypic markers that segregate EBV tetramer-positive cells. PBMC from nine
HLA-A2 and/ or B8 donors were stained with EBV-epitope containing tetramers then with antiCD8 mAb followed by antibodies against HLA-DR, CD57, CD62-L or CCR7. Results shown are
the percentages of tetramer-staining cells which also stained with the relevant marker-antibody.
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Discussion on the phenotype of EBV-specific CD8+
T-cell populations

Work demonstrated in the previous chapter has shown that a proportion of EBVspecific T-cells in healthy virus carriers are capable of immediate effector function
in terms of IFN-γ release within 14 hours (and also in terms of immediate ex vivo
cytotoxicity (Hislop et al., 2001)). Work demonstrated in this chapter was devised
to address:
1. whether T-cells capable of immediate effector functions are constitutively
activated (i.e. do they express CD25, CD38, CD69, CD71 or HLA-DR)
2. whether these cells have a phenotype previously associated with effector
function (namely CD27 and/or CD28 loss, CD56 and/or CD57 gain)
3. whether they express postulated markers of a T-cell memory phenotype
(CD45RO, LFA-1/CD11a)
4. whether they express the migration markers CD62-L and/or CCR7
Patterns of expression of activation markers on ‘memory’ EBV-specific Tcells
The expression of CD25, CD38, CD69, CD71 and HLA-DR on the surface of
EBV epitope-specific populations was examined as these molecules are documented to mark activated cells. CD25, the α sub-unit of the IL-2-receptor is a
marker of early T-cell activation and is up-regulated following initial T-cell signalling. CD38, a membrane-bound NAD+ glycohydrase (Kontani et al., 1993)
and, less actively, a ADP-ribosyl cyclase (Howard et al., 1993; Shubinsky and
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Schlesinger, 1997) is absent on the majority of lymphocytes but is expressed on
activated T-cells (Jackson and Bell, 1990). It is of specific immunological interest
as it is a good indicator of disease severity and progression in HIV-infected individuals (Ho et al., 1993; Kelleher et al., 1995; Levacher et al., 1992; Kestens et al.,
1994; Giorgi et al., 1994). CD69, a signal transducing receptor (Testi et al., 1994)
is the earliest cell surface glycoprotein to be induced following in vivo and in
vitro activation (Cebrian et al., 1988; Sanchez-Mateos et al., 1989). It does not require new gene expression to become up-regulated and so is expressed even before
CD25. The transferrin receptor, CD71, is a late activation marker that is typically
expressed at high levels on all proliferating cells (Trowbridge and Omary, 1981)
and is commonly used as a marker of proliferation (Judd et al., 1980). HLADR (Hara et al., 1985) is also a marker of late activation of T-cells (Akbar et al.,
1988). HLA-DR+ CD8+ T-cells are often telomerase+ , proliferating cells that also
express CD71 (Speiser et al., 2001).
In IM patients the majority of the highly activated, proliferating EBV-specific
CD8+ effector T-cells express high levels of CD38, CD71 and HLA-DR (Callan
et al., 1998; Orendi et al., 1998), therefore, expression of these markers could be
used to directly compare the activation status of EBV-specific T-cells in persistent
infection with those in IM.
This work showed that CD25, CD38, CD69 and CD71 are absent on EBVspecific T-cells whereas HLA-DR is expressed only on a proportion of these cells.
The absence of most of these markers is surprising, considering the ability of
EBV-specific T-cells to secrete IFN-γ immediately ex vivo. CD38, is particular
is associated with cytokine production (Dianzani et al., 1994; Zupo et al., 1994;
Yamashita et al., 1995; Zubiaur et al., 1997) and would be expected to be present
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on cells that respond in an ELIspot assay. EBV-specific T-cells are therefore not
constitutively activated, unlike the EBV-specific T-cells in IM but many of them
must be ‘poised’ to respond.
Despite their high frequencies, EBV-specific T-cells in peripheral blood are
unlikely to be proliferating. CD25, CD38 (Dianzani et al., 1994; Zupo et al.,
1994; Yamashita et al., 1995; Zubiaur et al., 1997) and especially CD71 (Trowbridge and Omary, 1981; Judd et al., 1980) are associated with cell proliferation
and are absent on EBV-specific T-cells. Further evidence is that EBV-specific Tcells also do not express the proliferation antigen Ki67 (Faint et al., 2001). This
implies that such high frequencies of T-cells are maintained without extensive Tcell proliferation although it leaves open the possibility of some slow turnover
(equivalent to that seen in memory populations as a whole).
HLA-DR expression varies on EBV-specific T-cells without any obvious patterns, it frequently has higher expression on EBV-specific T-cells than on the remainder of the CD8+ population suggesting that a proportion of EBV-specific
cells are activated but any greater significance cannot be concluded.
Patterns of expression of postulated effector markers on ‘memory’ EBVspecific T-cells
EBV-specific T-cells were examined for the expression of CD27, CD28, CD56
and CD57 all associated with effector functions of CD8+ T-cells. CD27 and CD28
are expressed on the majority of naı̈ve T-cells (van Lier et al., 1987), both markers are transiently up-regulated upon T-cell activation (Gravestein et al., 1995)
but are permanently lost on a proportion of T-cells that are thought to be terminally differentiated effector cells (Azuma et al., 1993; Hamann et al., 1997).
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Effector function of these cells was measured as cytokine production following
PMA or ionomycin stimulation or as CD3 mAb-mediated cytotoxicity. In such
assays, CD45RA+ CD27− CD28− CD8+ T-cells but not CD45RA+ CD27+ CD28+
or CD45RA− CD27+ CD28+ T-cells produced a range of cytokines including IFNγ and could kill directly ex vivo (Hamann et al., 1997). Similarly, CD56 was
demonstrated as a marker of effector status using non-specific stimulation methods to induce cytotoxicity (Pittet et al., 2000) and cytokine release (Ohkawa et al.,
2001). CD57 expression is up-regulated following infection with HIV and particulary CMV (Labalette et al., 1994; Lewis et al., 1985). CD57+ cells contain both
perforin and granzyme B, can kill in CD3-redirected cytotoxicity assays (Mollet
et al., 1998) and can produce IFN-γ on CD3 mAb-mediated stimulation (Ohkawa
et al., 2001).
The EBV-specific T-cells in the peripheral blood of healthy EBV-carriers are
positive for CD27, negative for CD56 and heterogenous for CD28 and CD57 expression. This, therefore, disagrees with reports that the majority of effector cells
are CD27− and CD56+ . The differences in these results probably reflect differences in stimulation methods, this work uses antigen-specific responses as opposed to the non-specific stimuli of Hamann et al (Hamann et al., 1997). Further
evidence that CD27 is not a good marker for effector function and that effector
cells are not always CD27− is that EBV-specific T-cells in IM are usually CD27+
(Callan et al., 1998; Hislop et al., 2001).
The expression of CD28 on EBV tetramer-stained T-cells varied depending on
the lytic or latent-cycle specificity of the cells, with approaching 100% expression
on latent specificities and variable expression on lytic specificities, these patterns
are addressed in more detail later. By the same arguments as for CD27 and CD56,
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CD28 is not a good marker for effector function as latent cycle-specific T-cells
which are 100% CD28+ are capable of secreting IFN-γ. Conversley, CD57 was
present on variable proportions of all EBV-specific T-cells with no obvious patterns and the significance of its expression is not known, however, of the markers
investigated so far it seems the most likely to indicate effector function.
Patterns of expression of memory markers on ‘memory’ EBV-specific T-cells
CD11a (a unit of CD11a/CD18, LFA-1) is low on cord blood cells (Okumura
et al., 1993) and is thought to be expressed at high levels on antigen experienced
T-cells in both mouse (Andersson et al., 1995; Zimmerman et al., 1996; Slifka
and Whitton, 2000) and man (Hoflich et al., 1998; Okumura et al., 1993; Faint
et al., 2001). It is important in the priming of naı̈ve T-cells (Seventer et al., 1990)
and CD45RA+ T-cells (Fischer et al., 1992) and has roles in the formation of the
immunological synapse in migration and in cytotoxicity. It had been postulated as
a marker of antigen experienced cells by Okumura et al. in 1993 (Okumura et al.,
1993) but was never seriously considered as expression did not correlate with the
CD45RA and CD45RO sub-division. EBV-specific cells analysed here all expressed high levels of LFA-1 (CD11a) and this and more detailed work conducted
by Faint et al. (Faint et al., 2001) have shown that LFA-1 is the most reliable
marker of antigen experience discovered so far in humans. The CD11ahigh phenotype explains, in part, the freedom of memory T-cells from co-stimulation and
their ability to respond rapidly to stimulation and which may, in the absence of
constitute activation, explain the rapid IFN-γ release of EBV-specific T-cells by
ELIspot (and their ability to kill targets immediately ex vivo (Hislop et al., 2001)).
The implications of the patterns of expression of CD45RA, CD45RO and
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CD28 are particularly interesting as they can distinguish between T-cell responses
to EBV lytic and latent-cycle epitopes. In terms of CD45 expression, EBV latentspecific T-cells conform to the traditional definition of memory T-cells (CD45ROhigh CD45RA− ) (Sanders et al., 1988; Merkenschlager et al., 1988). These results
agree with previous findings that LCL-stimulated and, hence, EBV latent-cycle
responses were found predominantly in the CD45RO+ subset (Merkenschlager
and Beverley, 1989) and that the V-β-expansions associated with FLR/B8-specific
T-cells were found only in the CD45RO+ subset (Silins et al., 1998). By contrast,
EBV lytic-cycle-specific cells are distributed among both CD45RA+ CD45RO−
and CD45RA− CD45RO+ populations. This work was among the first pieces of
evidence that antigen experienced cells can revert to a CD45RA+ phenotype (Tan
et al., 1999); furthermore the observation that populations of T-cells specific for
the same viral pathogen can have different phenotypes has not been documented
previously.
CD45 is a protein tyrosine phosphatase that is though to be important in the
down-regulation of non-specific T-cell signalling through the de-phosphorylation
of the CD3 ITAM motifs and in the propagation of T-cell signalling through being excluded from the IS. The little evidence available indicates that the roles of
the different isoforms of CD45 are in T-cell signalling (Patel et al., 1994). With
low affinity antigens, CD45RO+ T-cells more effectively stimulate Ras signalling
pathways, possibly because of a more proximal position to the TCR where it increases tyrosine kinase activation and ultimately Ras activation (Czyzyk et al.,
2000), but on stimulation with high affinity antigens CD45RO+ T-cells show a
reduction in Ras signalling caused by a flux of Rap-1 an inhibitor of Ras (Czyzyk
et al., 2000). As Ras signalling is important for cytokine signalling (Baldari et al.,
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1992) stimulation of CD45RO+ T-cells induces greater transcription of IL-2 than
in cells that express CD45RA (Czyzyk et al., 2000). Hence, CD45RA+ cells do
not respond as well to stimuli as CD45RO+ cells and do not secrete as many cytokines as CD45RO+ cells. This leads to two (opposing) possibilities, first, that
the CD45RA+ lytic-cycle-specific cells are less activated than CD45RO+ cells,
are now resting and require stronger stimuli and more help to proliferate and become activated, and second, that the re-expression of CD45RA is an adaptation to
chronic stimulation, reducing the responsiveness of T-cells to the same antigenic
stimuli.
T-cells with EBV lytic or latent specificities also vary in their expression of
CD28, latent-cycle-specific T-cells are polarised to a CD28+ phenotype agreeing
with reports that T-cells that secrete IFN-γ in response to latent cycle antigens
are found only in the CD28+ subset (Dalod et al., 1999). By contrast, lyticspecific T-cells contain both CD28+ and CD28− cells. As CD28 loss is associated
with terminal differentiation and effector function, its loss on lytic-cycle specific
cells suggests a prevalence of lytic cycle antigen over latent cycle antigen stimulation. This correlates with the overall frequencies of the responses. CD28− T-cells
have been shown to be protected somewhat against activation-induced cell death
(Kaneko et al., 1996; Posnett et al., 1999). As CD45RA+ cells in EBV tend to
be CD28− (Faint et al., 2001) this agrees with the argument that the re-expression
of CD45RA is an adaptation to chronic stimulation. Therefore lytic-cycle specific
T-cells may contain a sub-population of CD45RA+ CD28− cells that are chronically stimulated, therefore have higher activation requirements and a resistance to
activation-induced apoptosis.
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Patterns of expression of migratory markers on ‘memory’ EBV-specific Tcells
Finally, the expression of two markers associated with T-cell migration patterns
was examined: (i) CD62-L, this marker is involved in lymphocyte rolling on
HEVs; and (ii) CCR7, which is thought to mediate arrest of rolling and extravasion into the lymph nodes (Campbell et al., 1998; Gunn et al., 1999; Foerster et al.,
1999). The expression of these markers on EBV-specific T-cells was addressed as
they had been used by Sallusto et al. to differentiate T-cells into ‘central’ and
‘effector’ populations (Sallusto et al., 1999). Sallusto et al. divided CD8+ cells
into four populations through their expression of CD45RO and CCR7 (CD62L and CCR7 are generally expressed together). First CD45RO− CCR7+ T-cells
though to be naı̈ve T-cells, second CD45RO+ CCR7+ T-cells were described as
‘central memory’ cells, third, CD45RO+ CCR7− cells were designated ‘effector
memory’ and finally CD8+ populations and not CD4+ cells contained a third cellular population that was CD45RO− but CCR7− . ‘Central memory’ (CD45RO+ CCR7+ ) cells were shown to secrete only IL-2 on stimulation and to be negative
for perforin and are thought to cycle through lymph nodes from their expression
of CCR7 and CD62-L. ‘Effector memory’ (CD45RO+ CCR7− ) cells can secrete
IFN-γ, contain high levels of perforin and are though to circulate through the periphery. The third memory population (CD45RA− CCR7− ) has similar functions
and migratory patterns as ‘central memory’ cells.
CD62-L and CCR7 are both expressed on sub-populations of EBV-specific
T-cells, hence by the above definitions, EBV latent-cycle-specific T-cells divide
neatly into the ‘central memory’ (CD45RO+ CCR7+ ) and ‘effector memory’ (CD45RO+ CCR7− ) populations whereas lytic-cycle specificities divide into the three differ-
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ent CD8+ memory T-cell populations. CD62-L and CCR7 tend to be expressed
on more latent-specific T-cells segregating more of these cells into the ‘central
memory’ compartments. This division of lytic and latent-cycle-specific T-cells
agrees with the differential expression of CD28 and CD45RA, suggesting that the
lytic-cycle-specific population is more frequently and/or more strongly activated
than latent-cycle specificities.
Expression of the phenotype markers in different individuals
An interesting observation from this work is that the proportion of EBV lyticcycle-specific T-cells which segregate into the CD45RA+ population depends on
the individual rather than the epitope. Values range from approximately 60%
CD45RA+ in donor DCC to 40% in donor DW, 20% in donor MG and only 10%
in donor CW (Table 4.3). The extent of expression of CD28 is related also to
the donor and donors that have a high proportions of CD45RA expression tend to
have low expression of CD28 on their EBV lytic epitope-specific T-cells and vice
versa. Two distinct but related factors have now been shown to be donor specific,
the first was noted in the previous chapter, where the proportion of EBV-specific
T-cells that responded by ELIspot was donor dependent and here the proportion of
those cells that express CD45RO and/or CD28 have also been shown to be donorspecific. To address whether these factors were directly related, the percentage of
tetramer-staining cells that respond in an ELIspot was plotted against the percentage of those cells that express CD28, CD45RA or CD45RO, graphs are shown in
Figure 4.5 for both lytic (filled circles) and latent-cycle (open circles) specificities.
By this approach there was no correlation between CD45RA, CD45RO or
CD28 expression and the proportion of tetramer-staining cells that respond in an
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ELIspot. Linear regression analysis was carried out on the data, and no significant
relationship was seen within either the EBV latent or lytic-cycle specificities except a small positive correlation between CD28 expression on latent-cycle-specific
T-cells and their ELIspot response.
Linear regression analysis was also conducted to determine if any relationships existed between the expression of HLA-DR, CD57, CD62-L or CCR7 with
the proportion of tetramer-staining cells that respond in a ELIspot, graphs of these
relationships are shown in Figure 4.6. Again regression analysis found no significant correlation between expression of these markers on EBV-specific T-cells and
the response of T-cells in an ELIspot.
After extensive investigations into the factors that might account for the differences in ELIspot frequencies, finally a positive correlation was noted between the
age of the PBMC donor and the response of the donor’s T-cells to EBV-epitope
peptides. This correlation is shown in Figure 4.7 for EBV lytic (filled circles) and
latent-cycle (open circle) responses.
These results show that with age the proportion of IFN-γ-secreting cells increases. In addition there was weak correlation with CD11a, CD28, CD57 and
CD45RA expression whose incidence changes with age (Sansoni et al., 1993).
Further discussion of this observation is beyond the scope of this thesis; however,
it would be interesting to investigate this in more detail using donors with a wider
age range.
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Figure 4.5: Relationship between CD45RA, CD45RO and CD28 expression on EBV-specific
T-cells with the response of these cells in an ELIspot. The expression of CD45RA, CD45RO
and CD28 on EBV epitope-specific T-cells was plotted against the percentage response of those
T-cells in an ELIspot assay. Responses were divided into lytic-cycle responses (filled circles) and
latent-cycle responses (open circles). Linear regression analysis was carried out these figures and
showed no-correlation between the data.
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Figure 4.6: Relationship between HLA-DR, CD57, CD62-L and CCR7 expression on EBVspecific T-cells with the response of these cells in an ELIspot. The expression of HLA-DR,
CD57, CD62-L and CCR7 on EBV epitope-specific T-cells was plotted against the percentage
response of those T-cells in an ELIspot assay. Responses were divided into lytic-cycle responses
(filled circles) and latent-cycle responses (open circles). Linear regression analysis was carried out
these figures and showed no-correlation between the data.
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Figure 4.7: Relationship between the percentage ELIspot response and the age of the donor.
The percentage of tetramer-staining cells that respond in an ELIspot was plotted against the age
of the PBMC donor. Responses were divided into lytic-cycle responses (filled circles) and latentcycle responses (open circles).
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Phenotype of EBV epitope-specific memory responses (lytic and latent) in the
context of other viruses
In the first demonstration of tetramer staining Altman et al., demonstrated (in addition to HIV-specific cells) that T-cells specific for a HLA-A2-restricted epitope
within the influenza matrix protein are CD45RA− and CD45RO+ , they do not
express the activation markers CD38 or HLA-DR nor do they express CD57 (Altman et al., 1996). These results were confirmed by Dunbar et al. in 1998 and Pittet
et al. in 1999. The phenotype of influenza-specific T-cells was addressed further
by Pittet et al. in 2001 where they were also shown to be CD28+ , CD27+ but
were heterogeneous for CCR7 expression (Pittet et al., 2001). In healthy individuals immunity to influenza is likely to represent a true resting memory population
cells are not continually re-activated by persisting infection only intermittent reinfection.
In terms of CD45RA, CD45RO, CD28, CD38 and CCR7 expression, influenzaspecific T-cells are similar to T-cells specific for EBV latent-cycle epitopes in
healthy carriers. This might agree with earlier suggestions that latent-cycle-specific
T-cells have been less recently activated than lytic-cycle-specific populations.
CD8+ T-cells specific for the HIV Gag and Pol proteins are CD45RO and
CD27-positive in most patients (Ogg et al., 1999b; Appay et al., 2000). However,
CD45RA is expressed on a proportion (20-30%) of HIV-specific T-cells. CD62-L
expression is low, ranging from 0–35%, as is CCR7 expression which is absent
on most HIV tetramer-stained cells (Chen et al., 2001; Champagne et al., 2001).
Work by Scott-Algara et al. in 2001 showed that HIV-specific cells in children
tend to be CD28− , CD69− but HLA-DR+/− .
As noted in the introduction, HIV infection is an example of a chronic infec-
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tion where T-cells are continually stimulated by persistent virus re-activation. The
phenotype of HIV-specific cells is intermediate between epitope-specific T-cells in
IM and those specific for influenza antigens suggesting that T-cells that have been
recently stimulated are more likely to express CD45RA and HLA-DR, whilst losing CD45RO, CD28, CD62-L and CCR7. This phenotype is more consistent with
T-cells specific for EBV lytic-cycle epitopes, again, does this mean that T-cells
specific for EBV lytic-cycle epitopes have been more recently activated than Tcells specific for the latent-cycle epitopes?
CMV-specific cells are consistently CCR7 negative but are heterogeneous for
CD45RA, CD27 and CD28 expression which varies among individuals. T-cells
specific for CMV epitopes often have high levels of expression of CD45RA and
low expression of CD62-L (Chen et al., 2001) 1 . Gillespie et al. carried out
extensive phenotypic analysis of CMV-specific cells, finding similar patterns as
described (Gillespie et al., 2000). CD45RA expression is usually higher than on
EBV lytic-cycle-specific cells, CD27 expression is lower, ranging from 17–95%,
as is CD28 expression, 17–92%. The activation markers HLA-DR and CD38 vary
considerably among CMV-specific T-cells from different donors. CD38 expression is 0–69%, high, in comparison with EBV-specific T-cells suggesting more
extensive proliferation, whereas HLA-DR expression appears to be low, 0-33%.
Expression of CD57 ranges from 16–93% (mean 44) and CD62-L expression
ranges from 20–95% (Gillespie et al., 2000). This phenotype may define cells
that are pressured by continuous antigen stimulation, even more than EBV lyticcycle-specific cells. The loss of CD45RO and gain of CD45RA expression may
be a mechanism to prevent over-reaction to continuous antigenic stimulation.
1

This group also did not find CD62-L or CCR7 expression on EBV-specific T-cells (Chen et al.,

2001).
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A summary of these data are shown in Figure 4.8. The expression of CD38
(a representative marker of activation), LFA-1, CD45RO (red), CD45RA (blue),
CD27, CD28, CD62-L and CCR7 on naı̈ve T-cells is given in the left-most box
followed (from left to right) by the expression of these markers on primary effectors (based on EBV-specific T-cells in IM), i.e. CD38 expression is now high
as is LFA-1 expression, CD45RA is downregulated, CD45RO is upregulated and
CCR7 and CD62-L are negative. The next box gives the phenotype of cells in the
‘central memory’ compartment, T-cells differ from primary effector as they do not
express activation markers and the migration antigens CD62-L and CCR7 are upregulated. The majority of influenza antigen-specific T-cells are found here along
with a proportion of the T-cells specific for EBV-lytic and latent cycle antigens
and possibly a (small) proportion of T-cells specific for HIV antigens and CMV
antigens. This is followed by the phenotype of cells in the ‘effector memory’
compartment in which CD62-L and CCR7 are downregulated again. This contains cells specific for all the viral antigens (including both EBV lytic and latentcycle antigens) except for T-cells specific for influenza. The next compartment
only contains EBV-lytic cycle-specific T-cells which are possibly more chronically stimulated that latent cycle-specific cells. A proportion of HIV-specific
and CMV-specific T-cell memory segregate into this compartment which differs
from the previous by the up-regulation of CD45RA, and the down-regulation of
CD45RO and CD28. The final compartment contains only T-cells specific for the
persistent virus CMV where CD27 along with CD28 is now down-regulated.
The final series of experiments moved on investigate to functions of the EBVspecific T-cells that fall in each of these compartments by applying functional
assays to phenotypically distinct sub-populations of responder cells.
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Chapter 5
The functional capacity of
EBV-specific CD8+ T-cells
5.1

Aims

The work presented in the previous chapters shows that memory EBV epitopespecific T-cell populations are heterogenous both in terms of their phenotype and
their function, hence, this last phase of work was devised to determine whether
functional capacity is limited to specific phenotypic populations and involved
physically separating phenotypically different sub-populations of CD8+ T-cells
by magnetic bead depletion and determining their functions by ELIspot and outgrowth experiments.
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ELIspot responses of EBV-specific cellular populations

5.2.1

ELIspot responses of CD45RA+ and CD45RO+ CD8+ cells

The early experiments on CD45RA-expressing T-cells suggested that they form
resting populations that require further stimulation to become functional, however,
more recent experiments suggest that a proportion of CD45RA+ cells defined by
CD27 loss (Hamann et al., 1997), and possibly also by loss of CCR7 (Sallusto
et al., 2000) are activated, effector cells that both secrete IFN-γ and kill directly
ex vivo. To address these discrepancies, CD8+ CD45RA+ and CD8+ CD45RO+
T-cells were obtained by magnetic bead depletion of reciprocal populations and
were assessed for IFN-γ secretion using the ELIspot assay.
As CD45RA is expressed on the majority of PBMC, CD45RA but not CD45ROdepletion removes APCs such as B-cells and monocytes. To maintain equal antigen presentation, both populations were enriched for CD8+ T-cells before being
depleted of either CD45RA+ or CD45RO+ CD8+ T-cells. A T-cell-depleted population was then recombined to act as APCs. Figure 5.1 shows the importance of
this step by addressing the effects of the removal of APCs on ELIspot results.
APCs were removed from PBMC from donor AR (HLA-B8) by depleting cells
bound with CD14, CD16 and CD19 mAb. The ELIspot response of this population was examined with and without the addition of a T-cell-depleted ‘APC’
population prepared by depleting cells bound with anti-CD2 and anti-CD8 mAb.
Results of flow cytometric staining and ELIspot assays conducted on these populations and a third ’mock depleted’ population are shown in Figure 5.1.
The ‘mock-depleted’ population, containing 24% CD3+ CD8+ T-cells and 47%
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CD3+ CD8− T-cells, gave a ELIspot response of 39/10 × 105 input cells (0.16%
of the CD8+ T-cells) to RAK/B8 peptide stimulation. Depletion of APCs, (‘Tcells alone) increases the CD3+ CD8+ and CD3+ CD8− T-cells to 35% and 61%,
respectively, but reduces the ELIspot response to 14/10 × 105 input cells (0.04%
of CD8+ T-cells), however, adding equal numbers of ’APC’ back into the ‘T-cell’
population increased the response to 48/10 × 105 input cells (0.14% of CD8+
T-cells). The ‘APC’ population contains 8% CD3+ T-cells of which only 2% are
also CD8+ and does respond significantly to RAK/B8 stimulation.
This experiment shows that depletion of APCs abrogates the response of Tcells to epitope-peptide stimulation. Therefore, where depletion would also cause
removal of APCs, CD8+ T-cells were purified, sub-divided then re-constituted
with a T-cell-depleted ‘APC’ population.
ELIspot responses of CD8+ CD45RA- or CD45RO-depleted populations
PBMC from donor CW (HLA-B8) were enriched for CD8+ T-cells by depleting other cellular populations (CD4, γδ T-cells, CD14, CD16, CD19). The T-cells
were then further depleted of CD45RO+ cells (CD8+ CD45RA+ ) or of CD45RA+
cells (CD8+ CD45RO+ ) and a third population of CD8+ T-cells were ‘mockdepleted’. The three populations were serially diluted and seeded into an ELIspot
assay in concentrations ranging from 2.5 × 104 to 2.5 × 105 cells per well and
were re-constituted with approximately 20% of an ‘APC’ population produced as
decribed earlier (shown to be <0.05% CD3+ , data not shown), results are shown
in Figure 5.2.
The CD8+ population (5.2, A.) contains 94% CD8+ T-cells and 0.92% RAK/B8
tetramer-staining cells, the CD8+ T-cells are 65% CD45RA+ and in recipro-
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Figure 5.1: The effects of APC depletion on ELIspot results. PBMC from the HLA-B8 donor AR were depleted of antigen presenting cells (T-cells alone), of T-cells (APC alone) or were
‘mock depleted). Populations were stained with anti-CD3 and anti-CD8 to assess purity (top
three panels). The populations were serially diluted and assessed for responses against the HLAB8-restricted epitope, RAK (lower graph) or against equivalent concentrations of DMSO (results
were negative, data not shown).
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cal, 45% CD45RO+ , 10% of donor CW CD8+ T-cells stain intermediately with
both CD45RA and CD45RO. The RAK/B8 tetramer-staining population is 29%
CD45RA+ (0.24/(0.24 + 0.67) × 100) and 89% CD45RO+ (0.81/(0.81 + 0.10)× 100) and again, approximately 10% stain with both CD45RA and CD45RO.
When seeded at 1 × 105 cells per well, wells contain approximately 920 RAK/B8
tetramer-positive cells (0.92/100 × 1 × 105 ) which gave a response of 135. The
frequency of response expressed as a proportion of RAK/B8+ T-cells is therefore
15% (135/920 × 100).
On depletion of CD45RO-positive cells, the resulting population contains 90%
CD8+ T-cells but only 0.24% RAK/B8 tetramer-staining cells (as most tetramerstaining cells are CD45RO+ ). CD8+ T-cells are 98% CD45RA+ and 10% of
the T-cells stain intermediately with both CD45RA and CD45RO. The RAK/B8
tetramer-staining cells are 100% CD45RA+ but 12% (0.03/(0.03 + 0.22) × 100)
express CD45RO at low levels. When seeded at 2 × 105 cells per well the CD8+
CD45RO-depleted population contains approximately 480 RAK/B8+ T-cells (0.24/100× 2 × 105 ), 94 of these responded to RAK/B8 peptide-stimulation giving a frequency of response of approximately 20% (94/480×100). Removal of CD45RO+
T-cells has therefore had very little effect on the T-cell RAK/B8 response of donor
CW.
The CD45RA-depleted population contains 1.56% RAK/B8 tetramer-staining
cells which are 100% CD45RO+ but 7% CD45RA+ CD45RO+ . Approximately
780 RAK+ T-cells per well give a response to RAK/B8 peptide stimulation of
157, a frequency of response of 20%. Therefore, in donor CW there is little difference between the frequency of response of CD45RA-depleted and CD45ROdepleted populations to RAK/B8 epitope-peptide stimulation, suggesting that the
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CD45RA+ and CD45RO+ RAK/B8 tetramer-positive cells of donor CW are equally
able to produce IFN-γ by ELIspot.
The same procedure was carried out on the HLA-B8-positive donors VR and
DW. The depleted populations were re-constituted with 20% of a T-cell depleted
autologous antigen presenting population (shown to be <0.05% CD3+ , data not
shown). Populations were analysed by ELIspot using the normal method, stimulated with RAK/B8 peptide or equivalent concentrations of DMSO. Results of
these experiments are shown in Figure 5.3 and 5.4.
PBMC populations from donor VR were purified to over 90% CD8+ T-cells.
Within the CD8+ population 1% of cells stained with the RAK/B8 tetramer, of
these 42% were CD45RA but 91% of T-cells expressed CD45RO, hence 33%
of T-cells were CD45RA+ CD45RO+ . On CD45RO-depletion, 0.3% tetramerstaining cells remained which were 96% CD45RA+ and 20% CD45RO+ , and on
CD45RA-depletion there were 1.9% RAK/B8+ cells which were all CD45RO+
but also 15% CD45RA+ . The frequency of the RAK/B8 epitope response of the
CD8+ population was 12.6% of the calculated number of RAK/B8+ T-cells, 8.9%
following CD45RO-depletion and 10.7% in the CD45RA-depleted population.
Again, the ELIspot response of the RAK+ CD8+ T-cells in each population is
similar, suggesting that in donor VR both CD45RA+ and CD45RO+ RAK/B8+
T-cells are equally capable of producing IFN-γ.
On purification of CD8+ T-cells from PBMC of donor DW, 46% of the RAK/B8
tetramer-staining T-cells are CD45RA+ and 63% are CD45RO+ . RAK/B8+ cells
are 3.6% of the CD8+ population but decrease to 1.5% on CD45RO-depletion,
99% of these are CD45RA+ and only 6% have expression of intermediate levels
of CD45RO. On removal of CD45RA+ T-cells, 2.6% RAK/B8 tetramer-staining
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Figure 5.2: ELIspot responses of donor CW CD45RA+ and CD45RO+ populations. PBMC
from the HLA-B8 donor CW were enriched for CD8+ , CD8+ CD45RA+ and CD8+ CD45RO+
by negative depletion of unwanted cellular populations. Resulting populations were stained using
the RAK/B8 tetramer and for CD8 mAb (left panels), CD45RA (second column) or CD45RO
(third column). The right panels show the ELIspot responses of each cellular population against
the number of calculated RAK/B8-tetramer cells in each well.
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Figure 5.3: ELIspot responses of donor VR CD45RA+ and CD45RO+ populations. PBMC
from the HLA-B8 donor VR were enriched for CD8+ , CD8+ CD45RA+ and CD8+ CD45RO+ by
negative depletion of unwanted cellular populations. Resulting populations were stained using the
RAK/B8 tetramer and for CD8 mAb (left panels), CD45RA (second column) or CD45RO (third
column). The right panels show the ELIspot responses of each cellular population against the
number of calculated RAK/B8-tetramer cells in each well.
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cells remain of which 99% are CD45RO+ and 5% CD45RA+ . The frequency of
response of the CD8+ , CD8+ CD45RO-depleted and CD8+ CD45RA-depleted
populations are approximately 7%, 14% and 7% of the RAK/B8 tetramer-staining
cells respectively, suggesting that, in this case, a higher proportion of IFN-γ secreting cells exist in the CD45RA+ RAK+ population than in the CD45RO+ RAK+
cells.
These studies clearly show that both CD45RA+ and CD45RO+ T-cell subsets
are capable of secreting IFN-γ in ELIspot assays and in most cases there is no
difference between the ELIspot responses of these populations.
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Figure 5.4: ELIspot responses of donor DW CD45RA+ and CD45RO+ populations. PBMC
from the HLA-B8 donor DW were enriched for CD8+ , CD8+ CD45RA+ and CD8+ CD45RO+
by negative depletion of unwanted cellular populations. Resulting populations were stained using
the RAK/B8 tetramer then for CD8 mAb (left panels), CD45RA (second column) or CD45RO
(third column). The right panels show the ELIspot responses of each cellular population against
the number of calculated RAK/B8-tetramer cells in each well.
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ELIspot responses of CD28+ and CD28− CD8+ cells

Loss of CD28 on T-cells, along with gain of CD27, was shown by Hamann et
al. to be associated with immediate effector function (Hamann et al., 1997) following mitogenic or anti-TCR-antibody-mediated stimuli (Hamann et al., 1997;
Azuma et al., 1993). From this evidence, T-cell populations that have lost CD28
should contain higher proportions of ELIspot-responsive cells and to test whether
this might be true for EBV-specific T-cells the ELIspot responses of CD28 T-cell
subsets were determined.
CD28+ subsets cannot be purified by negative selection as there are no markers which can be used to remove CD28− T-cells. Therefore, the ELIspot responses
of CD28+ and CD28− T-cell populations were determined, respectively, by examining epitope-specific populations that are polarised to a CD28+ phenotype and by
examining the responses of magnetic bead enriched populations of CD8+ CD28−
cells.
ELIspot responses of CD28+ T-cells
PBMC from donor AR (HLA-B8), whose lytic RAK/B8- and latent FLR/B8specific populations are both polarised to a CD28+ phenotype, were enriched for
CD8+ T-cells by depleting CD4+ T-cells and CD16+ NK-cells. IFN-γ release by
ELIspot to RAK/B8 and FLR/B8 epitope-peptide stimulation was compared with
a second un-depleted population which had not been subjected to the magnetic
bead-depletion procedure (Figure 5.5).
Un-depleted PBMC (Figure 5.5, A.) contain 22% CD8+ T-cells which are
36% CD28+ . Following CD4 and CD16 depletion (B.) CD8+ T-cells increase to
70% and are 40% CD28+ and the RAK/B8 tetramer+ population (Figure 5.5 top

5.2 ELIspot

208

panels) increases from 0.13% (A.) to 0.44% (B.), these populations contain 84%
(0.43/(0.43 + 0.08)) and 88% (0.50/(0.50 + 0.07)) CD28+ T-cells, respectively.
By ELIspot, approximately 50% (125/260 × 100) of the RAK/B8+ T-cells in
the undepleted population secrete IFN-γ compared with 34% of the RAK+ Tcells (148/440 × 100) in the CD4-, CD16-depleted population, revealing that the
depletion procedure can cause a slight drop in ELIspot-responding T-cells.
Similarly, in the un-depleted population, there were 0.10% CD8+ FLR/B8+
cells (Figure 5.5 bottom panels) (A.) which are 86% CD28+ (0.30/(0.30 + 0.05)× 100) 0.33% of the CD4-, CD16-depleted cells are FLR/B8+ , and 86% of these
are CD28+ (0.30/(0.30 + 0.05) × 100). By ELIspot 40% of the FLR/B8+ T-cells
in the un-depleted population secrete IFN-γ (36/100 × 100) compared with 29%
of FLR/B8+ cells in the CD4-, CD16-depleted population (95/330).
These experiments show clearly that a proportion of the CD28+ EBV-specific
T-cells are capable of producing IFN-γ in an ELIspot.
ELIspot responses of CD28− T-cells
As CD28 is expressed not expressed on APCs (Salomon and Bluestone, 2001)
the time-consuming procedure of depleting APCs then re-combining them with
effector populations was unnecessary. Instead, CD8+ T-cells were enriched by
depleting CD4+ T-cells (CD28 depletion may alter the ratios of CD4 and CD8
T-cells) and CD16+ NK-cells (which are known to produce IFN-γ), a sample of
each population was stained with tetramers, anti-CD8 mAb and anti-CD28 mAb
and analysed by flow cytometry to check for purity, finally, the populations were
seeded into ELIspot plates and stimulated with relevant EBV peptides. These
assays are restricted to EBV lytic-cycle responses which are heterogenous for
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Figure 5.5: ELIspot responses of donor AR CD28− populations. PBMC from the HLA-B8
donor AR were enriched for CD8+ and by negative depletion of CD4 and CD16 expressing cells.
Resulting populations were stained for the presence of CD8+ T-cells, RAK/B8 and FLR/B8 tetramer (left panels) and for expression of CD28 (centre panels). The depleted populations from each
donor were assayed for responses against RAK/B8 or FLR/B8 epitope-peptide stimulation (filled
circles) or DMSO controls (empty circles) in standard ELIspot assays (right panels).
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CD28.
Results from experiments on PBMC from the HLA-B8-positive donor CM
are shown in the top of Figure 5.6. The CD4− CD16− population contains 2.6%
CD8+ RAK/B8+ T-cells, 58% are CD28+ (2.1/(2.1 + 1.5)) and approximately
9% of the RAK/B8+ T-cells produce IFN-γ by ELIspot (218/2600 × 100). The
CD4− CD16− CD28− population contains 2.9% RAK/B8+ T-cells, of these only
2% express low levels of CD28 (0.1/(0.1 + 6.00) × 100). The IFN-γ response
of this population has increased to 20% of the RAK/B8+ T-cells (377/1450 ×
100) suggesting that a higher proportion of the RAK+ CD28− T-cell population
produces IFN-γ in comparison with the RAK/B8+ population as a whole.
Results from the depletion of PBMC from donor DP (HLA-B8) are shown
in the bottom of Figure 5.6. The percentage of RAK/B8 tetramer-staining cells
decreases from 0.6% to 0.4% on depletion of the CD28+ cells as the CD4− CD16− population contains 73% RAK/B8+ CD28+ cells (0.8/(0.8 + 0.3) × 100),
all CD28+ RAK/B8 tetramer-staining cells are removed following CD28 depletion. The ELIspot response of the CD4− CD16− population is 15% of the RAK/B8+
T-cells, increasing to 25% of the RAK/B8+ CD28− T-cells, again suggesting that
the RAK/B8+ CD28− population contains a greater proportion of ELIspot responding cells than the RAK/B8+ population as a whole.
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Figure 5.6: ELIspot responses of CM and DP CD28− populations. PBMC from the HLA-B8
donors CW and DP were enriched for CD8+ (A) and CD8+ CD28− (B) by negative depletion of
CD4, CD16 and/or CD28 expressing cells. Resulting populations were stained for the presence of
CD8+ T-cells and RAK/B8 tetramer (left panels) and for expression of CD28 (centre panels). The
depleted populations from each donor were assayed for responses against RAK/B8 stimulation
(filled circles) or DMSO controls (empty circles) in standard ELIspot assays (right panels).
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ELIspot responses of CD62-L− CD8+ cells

Sallusto et al. used the expression of CD45RA and CCR7 to divide T-cells into
‘central memory’ CD45RO+ CCR7+ , ‘effector memory’ CD45RO+ CCR7− and,
in CD8+ T-cells, a third CD45RA+ CCR7− subset (Sallusto et al., 2000). At
the time, antibodies available against CCR7 were unsuitable for depletion experiments, hence, the ELIspot responses of CCR7-positive and negative populations
were investigated using the surrogate marker, CD62-L, which was shown by Sallusto et al. to have similar patterns of expression as CCR7.
The ELIspot response of CD62-L-positive and -negative subsets were investigated using similar methods to the CD28 subsets because of the absence of a
reciprocal marker for CD62-L− cells. PBMC were enriched for CD8+ T-cells by
depleting CD4+ and CD16+ T-cells, the CD8-enriched population was then depleted of CD62-L-expressing cells using anti-CD62-L antibodies. The two populations were stained for purity then peptide-stimulated IFN-γ release was measured
by ELIspot. The results of flow cytometric staining and ELIspot responses of the
CD8-enriched and CD62-L-depleted populations from the HLA-B8 donor AR are
shown for the lytic RAK/B8 response in Figure 5.7 and the latent FLR/B8 and
QAK/B8 responses in Figure 5.8.
The CD4− CD16− population from donor AR contains 0.44% RAK/B8 tetramerstaining cells (Figure 5.7, A.) which decrease to 0.35% following CD62-L depletion (Figure 5.7 B.). In the CD4− CD16− population the RAK/B8+ T-cells are
25% CD62-L+ (0.16/(0.16 + 0.47) × 100) and all are removed on CD62-L depletion. The graphs showing ELIspot responses expressed per RAK/B8 tetramerstaining cells show that similar proportions of CD62-L− and CD62-L+ cells can
produce IFN-γ by ELIspot, 35% of the RAK/B8 cells in the CD4− CD16− popu-
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lation and 31% in the CD4− CD16− CD62-L− population.
The FLR/B8 and QAK/B8 responses show similar results. FLR/B8 and QAK/B8staining in the CD4-, CD16-depleted population is 0.33% and 0.10%, respectively, dropping to 0.19% and 0.08% on CD62-L depletion. The FLR/B8 tetramerstaining population contains 31% CD62-L+ T-cells, the QAK/B8 tetramer-staining
population contains 61% CD62-L+ but all CD62-L+ tetramer-staining cells are
removed following CD62-L depletion. The ELIspot responses of the populations
are compared in the right hand panel of Figure 5.8 and again the tetramer+ T-cells
from the CD4-, CD16-depleted and the CD4-, CD16-, CD62-L-depleted populations are equally capable of producing IFN-γ (FLR/B8, 29% compared with 37%
and QAK/B8, 30% compared with 27%, respectively).
These results demonstrate that CD62-L-depleted populations are equally capable of producing IFN-γ as the remainder of the T-cell population as a whole.
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Figure 5.7: ELIspot responses of donor AR CD62-L− populations. PBMC from the HLAB8 donor AR were enriched for CD8+ and by negative depletion of CD4 and CD16 expressing
cells (left panels), then for CD62-L− subsets by depletion of CD62-L+ T-cells (centre panels).
Resulting populations were stained for the presence of CD8+ T-cells, RAK/B8 tetramer and for
expression of CD62-L. The CD8+ enriched and CD62-L− populations were assayed for responses against RAK/B8 or FLR/B8 epitope-peptide stimulation (right panels, filled circles or filled
triangles respectively) or DMSO controls (empty circles) in standard ELIspot assays.
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Figure 5.8: ELIspot responses of donor AR CD62-L− populations. PBMC from the HLAB8 donor AR were enriched for CD8+ and by negative depletion of CD4 and CD16 expressing
cells (left panels), then for CD62-L− subsets by depletion of CD62-L+ T-cells (centre panels).
Resulting populations were stained for the presence of CD8+ T-cells, QAK/B8 tetramer and for
expression of CD62-L. The CD8+ enriched and CD62-L− populations were assayed for responses
against QAK/B8 epitope-peptide stimulation (right panels, filled circles or filled triangles respectively) or DMSO controls (empty circles) in standard ELIspot assays.
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Outgrowth of EBV-specific cellular populations

Comparison of the estimates of EBV-specific T-cell frequency derived from LDA
and tetramer staining suggest that between 10% and 46% of tetramer-staining Tcells are capable of proliferation ex vivo to produce cytotoxic T-cell lines (Table
3.14. To determine whether these properties are restricted to T-cells with a specific
phenotype, PBMC were depleted of T-cell populations using similar methods to
Section 5.2 and then cultured in vitro to produce EBV-specific T-cell lines.
The most informative method to achieve this would be to apply LDA to depleted cellular populations. However, too few cells are harvested from depletions
to make this procedure possible, therefore, depleted populations were seeded onto
EBV-peptide-pulsed, irradiated, autologous PBMC in 2ml volumes and allowed
to proliferate into polyclonal T-cell lines. These cell lines were viewed daily under
a microscope to determine the growth rate of the populations and show that the
lines were not derived from the outgrowth of contaminating populations. After
three weeks of polyclonal culture the cell lines were re-examined for the presence
of sub-populations of tetramer cells and were tested in standard chromium release
assays for EBV epitope-directed lysis.
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Outgrowth of enriched CD45RA+ and CD45RO+ CD8+
cells

It is unclear whether CD45RA+ or CD45RO+ populations contain memory Tcells with proliferative potential. Therefore CD8-enriched, CD45RA- or CD45ROdepleted populations were analysed for their comparative proliferative potentials
and cytotoxicity of EBV-peptide-pulsed target cells. As APCs were re-combined
into both CD45RA- and CD45RO-depleted populations in the form of autologous peptide-pulsed γ-irradiated PBMCs there was no absolute requirement to
deplete APCs from the population. Hence, the outgrowth of CD45RA+ and
CD45RO+ CD8+ cells was addressed by enriching CD8+ T-cells by CD4-, and
CD16-depletion similar to the CD28- and CD62-L-depletion experiments.
PBMC from the HLA-A2-positive donor, NG, were enriched for CD8+ Tcells, CD8+ CD45RA+ cells and CD8+ CD45RO+ cells as described. The three
populations were stained for the presence of CD45RA+ , CD45RO+ and GLC/A2
tetramer-staining cells then 1 × 106 , 0.5 × 106 and 1 × 106 depleted cells, respectively, owing the the numbers of T-cell recovered, were seeded onto 1 ×
106 autologous-irradiated stimulator cells pulsed with 10µg/ml GLC/A2 peptide. Prior to stimulation, the CD8+ population contained 72% CD8+ T-cells
and 0.58% GLC/A2 tetramer-staining cells (Figure 5.9 A). CD45RA is expressed
on 58% of the CD8+ population and 22% of GLC/A2+ population (0.14/(0.14 +
0.50) 5.9 B) and CD45RO on 41% and 78% (0.47/(0.47+0.13)) of the same populations. The CD8+ CD45RO-depleted population contains only 0.1% GLC/A2
tetramer-staining cells which are 95% CD45RA+ (0.2/(0.2 + 0.01)) and 11%
CD45RO+ . Finally, the CD45RA-depleted population contains 0.94% GLC/A2+
T-cells which are 3% CD45RA+ (0.08/(0.08 + 2.37)) and 100% CD45RO.

shown for CD8+ T-cells only.

were stained for the GLC/A2 tetramer then for CD8 (left panels), CD45RA (centre) or CD45RO (right panels). CD45RA and CD45RO staining is

were enriched for CD8+ , CD8+ CD45RA+ and CD8+ CD45RO+ by negative depletion of unwanted cellular populations. Resulting populations

Figure 5.9: Depletion of CD45RA+ and CD45RO+ populations from donor NG CD8+ T-cells PBMC from the HLA-A2-positive donor NG
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After three weeks in culture the total cell number in the CD8-enriched population had doubled to 2 × 106 cells per well, the proportion of GLC/A2 tetramerstaining cells is 1.97% (Figure 5.10) and therefore have multiplied almost 7 times.
This population is almost 100% CD45RO+ , whereas the CD8+ population as a
whole still contains 52% CD45RA+ T-cells. The CD45RO-depleted population
has increased four times to 2 × 106 cells per well, the GLC/A2 tetramer-staining
cells are now 2.4% of the population and therefore, have multiplied by almost
100 times. The GLC/A2 tetramer-staining cells are now 18% CD45RA+ and
98% CD45RO+ , agreeing with them having originated from a CD45RA+ population. The CD45RA-depleted population contains 1.86% GLC/A2 tetramerstaining cells which are almost 100% CD45RA− and CD45RO+ . Each culture
well now contains 3 × 106 cells, hence, the CD45RO+ GLC/A2+ T-cells has increased 6 times.
There were no obvious differences in the rate of outgrowth of the three populations when viewed daily under a microscope, although the CD45RO-depleted
population lagged a little in the first few days as might be expected considering it
contained fewer numbers of antigen-specific T-cells.
The right panels of Figure 5.10 show the percentage specific lysis of either
GLC/A2- or DMSO-labelled target cells, at calculated ratios of GLC/A2-specific
effectors:target cells. Graphs show that the CD8-enriched cell line gives the most
efficient lysis (39% at 0.39:1) followed by the CD45RA-depleted population (33%
at 0.37:1) then the CD45RO-depleted population (26% at 0.48:1).
Figure 5.11 shows the staining profiles of CD8-enriched, CD8-enriched CD45ROdepleted and CD45RA-depleted populations from a second HLA-A2-positive donor JL. The CD8-enriched population contains 1.38% GLC/A2 tetramer-staining

lysis of the target cells by each population expressed at each actual GLC/A2 tetramer:target ratio.

was assayed for cytotoxicity of GLC/A2- or DMSO-pulsed Na51
2 CrO4 -labelled autologous PHA blast target cells. The right panel gives the % specific

CD45RO (third column). CD45RA and CD45RO staining is of CD8+ T-cells only. Values are percentages of the illustrated cells. Each population

were allowed to proliferate for 3 weeks in culture and were then stained for GLC/A2 tetramer (x-axis) and CD8 (left) CD45RA (second column) and

Populations derived from the cellular depletions in Figure 5.9 were stimulated with GLC/A2 peptide-labelled, irradiated autologous PBMC. The cells

Figure 5.10: Cellular staining of CD45RA+ and CD45RO+ populations from donor NG CD8+ T-cells following 3 weeks polyclonal culture.
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cells which are 11% CD45RA+ and 68% CD45RO+ . On depletion of CD45RO+
T-cells, 0.93% of the population is GLC/A2 tetramer+ . These cells are 96%
CD45RA and 22% CD45RO. The CD45RA-depleted population contains 1.6%
GLC/A2 tetramer-staining cells which are 4% CD45RA and 96% CD45RO.
Following three weeks of polyclonal culture the populations were re-stained
(Figure 5.12), the CD8+ , CD8+ , CD45RO-depleted and CD8+ CD45RA-depleted
populations contain 32.3%, 20% and 16.9% GLC/A2 tetramer-staining cells respectively, giving increases of 94, 73 and 84 times. As with the lines from donor
NG the proportion of CD45RA+ cells reflected the proprtions in the original populations, 20% of CD8+ and 6% of GLC/A2+ cells in the CD8-enriched populations,
57% and 16%, respectively, in the CD8+ , CD45RO-depleted population and 0%
and 0.5% in the CD8+ , CD45RA-depleted population. The cytolytic capacity of
the three populations were 90% at 6:1 effector:target ratios for the CD8-enriched
population, 78% at 7.6:1 for the CD45RA-depleted population and 68% at 3.3:1
for the CD45RO-depleted population.
Hence, both CD45RA+ and CD45RO+ populations can proliferate in culture
to produce cytotoxic T-cell lines.

T-cells only.

the GLC/A2 tetramer then for CD8 (left panels), CD45RA (centre) or CD45RO (right panels). CD45RA and CD45RO staining is shown for CD8+

for CD8+ , CD8+ CD45RA+ and CD8+ CD45RO+ by negative depletion of unwanted cellular populations. Resulting populations were stained for

Figure 5.11: Depletion of CD45RA+ and CD45RO+ populations from donor JL CD8+ T-cells PBMC from the HLA-A2 donor JL were enriched
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each cell line.

the target cells is given for each population at the actual effector:target ratios calculated from the proportion of GLC/A2 tetramer-staining cells in

populations were assayed for cytotoxicity of GLC/A2- or DMSO-pulsed Na51
2 CrO4 labelled autologous PHA blast target cells. % specific lysis of

column) and CD45RO (third column). CD45RA and CD45RO staining is of CD8+ T-cells only. Values are percentages of the illustrated cells. The

The cells were allowed to proliferate for three weeks in culture and were then stained for GLC/A2 tetramer (x-axis) and CD8 (left) CD45RA (second

culture. Populations derived from the cellular depletions in Figure 5.9 were stimulated with GLC/A2 peptide-labelled, irradiated autologous PBMC.

Figure 5.12: Cellular staining of CD45RA+ and CD45RO+ populations from donor JL CD8+ T-cells following three weeks polyclonal
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Outgrowth of purified CD62-L− CD8+ cells

Experiments were conducted to determine whether EBV-specific proliferative capacity is restricted to CD62-L+ ‘central memory’ cells or whether both CD62-L+
and CD62-L− populations are capable of proliferation in vitro.
PBMC from the HLA-B8-positive donor, AR, were depleted either of CD4+
and CD16+ cells or of CD4+ , CD16+ and CD62-L+ cells using magnetic beads.
The two responder populations were seeded at 1×106 cells per well and stimulated
with 1×106 autologous γ-irradiated PBMC pulsed with RAK/B8 epitope-peptide.
As before, the cells were allowed to proliferate in culture for three weeks before
being tested for RAK/B8 or FLR/B8 specificity using standard chromium release
assays and by staining using RAK/B8 and FLR/B8 tetramers.
Figure 5.13 gives the RAK/B8 specificity of the original responder populations (left), and the same populations three weeks after RAK/B8 (centre) or
FLR/B8 stimulation (right). The original responder populations have been already described in Figure 5.7. The proportion of RAK/B8 tetramer-staining cells
increased 500 times to 32.5% of the CD4-, CD16-depleted population and 100
times to 12.4% of the CD4-, CD16-, CD62-L-depleted population. Reflecting the
phenotype of the original populations the CD4-, CD16-depleted population contained 25.5% CD8+ CD62-L+ and 21.3% of the RAK/B8+ cells were CD62-L+
whereas the vast majority of the CD8+ and CD8+ RAK/B8+ cells in the CD4-,
CD16-, CD62-L-depleted population were CD62-L− . Following stimulation by
FLR/B8 epitope-peptide-pulsed PBMC the RAK/B8-specific population had increased to 0.8% of the CD4-, CD16-depleted population and to 1.1% of the CD4-,
CD16-, CD62-L-depleted population.
Part C of Figure 5.13 gives the percentage specific lysis of RAK/B8 peptide-
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labelled target cells shown against the actual effector:target ratios of the RAK/B8
stimulated populations and the experimental effector:target ratios of the FLR/B8
stimulated populations. The highest cytotoxicity is mediated by the CD62-Ldepleted population (77% at 1.2:1 compared with 61% at 1.6:1), there is some
cytotoxicity of RAK/B8-pulsed target cells by the FLR/B8 peptide-stimulated
populations consistent with the presence of small numbers of RAK/B8+ cells.
Figure 5.14 shows the results from the same experiment as Figure 5.13 but
with FLR/B8 responder cells. Following FLR/B8 epitope-peptide stimulation the
proportion of FLR/B8 tetramer-staining cells increased 400 times to 21.8% of the
CD4-, CD16-depleted population which now contains 6 × 106 cells. The FLR/B8
-specific cells in the CD4-, CD16-, CD62-L-depleted population increased 70
times to 4.3% of the total 3 × 106 cells. As with the RAK/B8 tetramer-staining
cells, the FLR/B8-staining cells in the CD4-, CD16-depleted population still express some CD62-L whereas in the CD62-L-depleted population the majority of
the cells are CD62-L− .
The cytotoxicity of the cell lines are shown in the lower graphs against the
actual effector target ratios for the FLR/B8 epitope-stimulated population, again
the CD62-L depleted population gives higher levels of cytotoxicity (56% at 1.9:1
compared with 59% at 0.2:1 for the CD62-L− population). The percentage specific lysis of the RAK/B8 epitope-stimulated population is shown at effector:target
ratios that have not been altered to account for the proportion of tetramer-staining
cells because few FLR/B8 epitope-peptide-specific cells are present. The corresponding lysis of FLR/B8 peptide-pulsed targets is not significant.
These experiments clearly show that both CD62-L+ and CD62-L− T-cells can
proliferate in vitro to form cytotoxic T-cell lines.

tetramer-staining cells in each population.

panels). Percentage specific lysis of the target cells is given against the actual effector:target ratios calculated from the proportion of RAK/B8

and CD62-L mAb. The populations were then assayed for cytotoxicity of RAK/B8 pulsed target cells in a standard chromium release assay (bottom

stimulator cells. After allowing the responder cells to proliferate for three weeks in culture they were re-stained with RAK/B8 tetramers, CD8 mAb

seeded at 1 × 106 PBMC per well onto RAK/B8 epitope-peptide-pulsed (centre) or FLR/B8 epitope-peptide-pulsed irradiated autologous PBMC

populations (left panels). These populations were stained with the RAK/B8 tetramer CD8 mAb and mAb against CD62-L. The populations were

depleted of either CD4 and CD16-positive cells (top) or CD4, CD16 and CD62-L-positive cells (centre) using magnetic beads to form responder

Figure 5.13: Outgrowth of CD62-L− populations from the HLA-B8-positive donor AR. PBMC from the HLA-B8-positive donor AR were
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Figure 5.14: Outgrowth of CD62-L− populations from the HLA-B8-positive donor AR. PBMC from the HLA-B8-positive donor AR were
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Discussion on the relationship between phenotype and function of EBV-specific CD8+ T-cells
in the peripheral blood of healthy EBV-carriers

Phenotypic analysis of EBV tetramer-stained cells in the PBMC of healthy EBV
carriers identified several sub-populations of EBV-specific CD8+ memory based
on: (i), CD45RA and CD45RO expression; (ii), CD28 status and (iii) CD62L/CCR7 status. This work asked whether these phenotypic differences were functionally relevant in terms of outgrowth and IFN-γ production and was conducted
in parallel with experiments to determine ex vivo cytotoxicity in similar subpopulations (Hislop et al., 2001).
ELIspot responses and in vitro outgrowth of CD45RA+ (CD45RO-depleted)
and CD45RO+ (CD45RA-depleted) populations
This work showed that CD45RA+ and CD45RO+ (lytic) tetramer+ cells respond
equally well in ELIspot assays and are able to proliferate readily in culture. This
suggests that the two populations contain equal numbers of effector cells. This
is in contrary to the early work on CD45RA+ populations where CD45RA+ Tcells were thought not secrete cytokines other than IL-2 without co-stimulation
(Lewis et al., 1988; Sanders et al., 1988; Bettens et al., 1989; Salmon et al.,
1989; Hirohata and Lipsky, 1989; Swain, 1994; Salmon et al., 1988; Akbar et al.,
1991; Conlon et al., 1995; Swain et al., 1996). These discrepancies probably arise
as the early experiments were conducted mainly on CD4+ and not CD8+ T-cell
populations and used non-specific rather than antigen-specific stimulation.
These data agree with internal cytokine staining, where IFN-γ producing cells
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specific for the EBV GLC/A2 epitope were both CD45RA+ and CD45RO+ (Tussey
et al., 2000; Hislop et al., 2001).
The outgrowth experiments showed that both CD45RA+ and CD45RO+ subsets are able to proliferate readily in culture, again in contrary to early experiments where CD45RA+ subsets could not be stimulated to proliferate with mitogenic stimuli (Sanders et al., 1989; Byrne et al., 1988; Wallace and Beverley, 1990). Again, discrepancies are probably caused by differences between
CD4+ and CD8+ T-cells and between cell stimuli. In one case (donor NG), the
CD45RA+ T-cell populations proliferated more extensively in culture (100 times
compared with >7 times for the CD8+ and CD8+ CD45RA− populations) suggesting that CD45RA+ cells in this donor had greater proliferative potential. However, this cannot be verified without LDA analysis. These data are consistent with
LDA outgrowth experiments for CMV pp65-specific T-cells (Wills et al., 1999)
where both CD45RA+ and CD45RO+ populations contained precursor cells. In
fact, the CD45RA+ population was shown to contain more pp65-specific precursors, agreeing with later reports that most CMV-specific T-cells are CD45RA+
(Gillespie et al., 2000; Chen et al., 2001).
In parallel experiments, CD45RA+ and CD45RO+ populations were equally
capable of lysing EBV epitope-peptide pulsed target cells in immediate ex vivo
cytotoxicity assays (Hislop et al., 2001).
These results are consistent with phenotypic staining, if CD45 phenotype was
to strongly influence ELIspot responses or cell outgrowth LDA and ELIspot responses might be expected to vary between EBV lytic and latent-cycle responses.
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ELIspot responses of CD8+ CD28− populations compared with CD8+ populations
EBV latent-cycle specificities that are polarised to a CD28+ phenotype are equally
capable of secreting IFN-γ by ELIspot assay as specificities that are heterogenous for CD28 (i.e. lytic cycle specificities), hence, CD28 positive T-cells can
secrete IFN-γ by ELIspot and effector capability is not restricted to CD28− populations. Cytotoxicity assays carried out on sorted populations of CD28− CD8+
cells showed that they have similar cytolytic capabilities as the CD8+ population
as a whole, again, suggesting that effector function is not restricted to CD28−
populations. In contrast, depletion experiments suggested that CD28− populations have a greater response than the CD8+ population as a whole. This agrees
with experiments describing CD28− T-cells as terminally differentiated effector
cells (Borthwick et al., 2000) that are cytotoxic (Azuma et al., 1993; Hamann
et al., 1997) and can secrete IFN-γ (Nociari et al., 1999) immediately; and experiments that show that CD28− T-cells in HIV-infected patients secrete IFN-γ
(Caruso et al., 1996; Borthwick et al., 1994). However, results disagree with internal cytokine staining of epitope-specific CD28 subsets which show that both
CD28+ and CD28− cells are equally capable of IFN-γ production (Tussey et al.,
2000; Hislop et al., 2001).
If larger proportions of CD28− T-cells produce IFN-γ than the remainder of
the EBV-specific T-cell population this would agree with results of the previous
chapter which suggest that EBV-lytic cycle populations which contain CD45RA+ CD28− T-cells, are more frequently and/or more strongly activated than latent
cycle specificities. In this case, it might be expected that EBV-latent cycle specificities would not respond as well by ELIspot as EBV-lytic cycle specificities but
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this does not appear to be the case. Additionally, it would be expected that the
percentage of tetramer-positive cells that respond in an ELIspot should decrease
with increasing CD28-expression, Figure 4.6 shows this, also, is not the case.
However, this type of analysis is unlikely to to be as sensitive as CD28-depletion
experiments.
Clearly, more experimentation is required to elucidate these possibilities, it
would be useful to carry out depletion experiments in parallel with internal cytokine staining of EBV tetramer-stained populations. It is possible that the removal of CD28+ removes some type of supressor population, increasing the response of the remaining cells. As internal cytokine staining is carried out on whole
blood populations results would not be affected in this way.
ELIspot responses and in vitro outgrowth of CD8+ CD62-L− populations compared with CD8+ populations
Enriching PBMC for CD8+ and CD8+ CD62-L− populations followed by subjecting the populations to peptide stimulation in the ELIspot assay and in outgrowth
experiments showed that CD62-L− cells are capable of secreting IFN-γ and are
capable of proliferation ex vivo.
This is in contrary to the predictions of Sallusto et al., (Sallusto et al., 2000)
where CD62-L+ ‘central memory’ T-cells were thought not to secrete IFN-γ.
It was therefore expected that all EBV-specific T-cells capable of IFN-γ release
would segregate into the CD62-L− population. The depletion experiments show
that enriching CD62-L− T-cells does not enrich the IFN-γ-producing cells and
suggests that some CD62-L+ T-cells can also secrete IFN-γ.
These results disagree with internal cytokine experiments where only the CCR7− CD62-L−
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were shown to produce IFN-γ (Tussey et al., 2000; Hislop et al., 2001). However, in these experiments CD62-L (but not CCR7 expression) is down regulated following peptide stimulation (Hislop et al., 2001). It therefore, appears
that a proportion of CD62-L+ T-cells can secrete IFN-γ but only after CD62-L
down-regulation. Experiments carried out on the T-cell lines derived from CD4-,
CD16-depleted T-cells from donor AR agree with this data, as tetramer staining can also induce down regulation of CD62-L. In Figure 5.14 the RAK/B8
peptide-stimulated, CD4-, CD16-depleted population contained 33% CD62-L+
cells but after staining with RAK/B8 tetramer, CD62-L expression decreased to
25% (proportion of RAK/B8 tetramer+ cells = 32.5%, see Figure 5.13). More obviously, the FLR/B8 peptide-stimulated population in Figure 5.13 contains 45.4%
CD62-L+ which decreases to 26.8% following staining with the relevent FLR/B8
tetramer (proportion of FLR/B8 tetramer+ cells = 21.8%). This also has implications for the CD62-L staining of PBMC in Section 4.1 as values of the expression
of CD62-L on tetramer-staining cells may be underestimated.
These apparently contradicting results highlight the importance of carrying out
such experiments using complementary techniques. Further work is required to
determine whether a proportion of CD62-L+ cells are capable of down-regulating
CD62-L within the timecourse of these assays. Additionally it would be useful to
address the ELIspot response by depletion of CCR7− populations.
The CD62-L-depleted (CD62-L− ‘effector’) population can proliferate in culture but in both the RAK/B8 and FLR/B8-stimulated populations from donor AR
the epitope-specific T-cells from the CD4− CD16− population proliferated more
than epitope-specific T-cells in the CD62-L-depleted population (RAK/B8, 500
times compared with 100 times, FLR/B8 400 times compared with 70 times).
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These findings agree with the suggestion that CD62-L+ cells are ‘central’ memory precursors and that CD62-L− cells constitute an ‘effector’ population.
Four colour staining of EBV-specific T-cells shows that CCR7+ cells are usually CD28+ (Hislop et al., 2001), hence, as shown in Figure 5.15, EBV-specific
T-cells can be divided into: a CD45RO+ CCR7+ CD28+ CD62-L+ subset that does
not secrete IFN-γ but proliferates well in culture; a CD45RO+ CCR7− CD28+/− CD62-L+/− subset that can secrete IFN-γ and possibly do not proliferate as well
in culture; and a CD45RA+ CCR7− CD28− CD62-L+/− population, proportions of
which can proliferate (and/)or secrete IFN-γ. From the previous chapter, latentcycle-specific T-cells fall in the first two subsets but lytic-cycle-specific cells also
fall in the third subset which possibly represents a response to strong or frequent
antigen stimulation.
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Chapter 6
Conclusions and future work
This study has begun to re-investigate the T-cell responses to a genetically stable
pathogen, EBV, by comparing the limiting dilution assay with two newly developed techniques, the ELIspot assay and tetramer staining. The essential objectives
were to determine the size of EBV-specific T-cell memory to lytic and latent cycle
antigens using the new single cell assays, to examine the content of such memory
in terms of individual epitope-specific re-activities, and to identify the phenotype
of epitope-specific memory populations in relation to their function as measured
in the ELIspot (cytokine release) and in vitro outgrowth assays.
The size of the EBV-specific T-cell response in healthy EBV-carriers
Initial studies validated both the ELIspot and tetramer staining techniques as specific and reliable methods of identifying EBV epitope-specific T-cells in the peripheral blood of healthy EBV carriers. The first conclusion from the use of the
validated assays was that the relative abundance of T-cells specific for different
EBV-latent cycle epitopes determined by the ELIspot assay and tetramer staining largely conformed with the relative strength of the response as determined
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previously by T-cell outgrowth following LCL stimulation (Khanna et al., 1995;
Khanna et al., 1997; Steven et al., 1996). That is, T-cell memory to the immunodominant EBNA3B and 3C epitopes were numerically more abundant than Tcells against subdominant epitopes either from the EBNA3 proteins themselves or
from other latent antigens such as LMP2. This strongly implies that the hierarchy of immunodominance apparent from LCL reactivation experiments is indeed
a real biological phenomenon, not an artifact of in vitro stimulation protocols.
The marked EBNA3 immunodominance may result from preferential access of
the EBNA3 proteins to the MHC-class I processing pathways in EBV-infected
B-cells or preferential access to and/or processing in the cross-priming pathways
in dendritic cells. It is not known if MHC-class II-restricted responses also show
similar patterns of immunodominance.
Although the relative size of the T-cell populations was retained using all three
assays the absolute size was not, thus, the frequencies of EBV latent-cycle-specific
T-cells detected using the ELIspot assay and tetramer staining were greater than
previous estimates by a factor of up to 24 fold. Therefore, the frequencies of
T-cells specific for the EBV latent-cycle antigens could be very high, constituting up to 1% of the CD8+ T-cell pool for a single viral antigen. Furthermore,
the T-cell response to the EBV lytic-cycle antigens was even more striking, at
its highest up to 3% of the CD8+ T-cell pool was found to be specific for a single epitope (RAK/B8 from BZLF1). In the majority of donors, responses to the
lytic-cycle antigens outweighed responses to the latent-cycle antigens. Why such
a large proportion of the CD8+ T-cell pool is committed to a single viral pathogen
is unclear. It is possible that such responses are simply a remnent of the massive EBV-specific T-cell expansions that are observed in IM patients with primary
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EBV-infection. In this context it will be important to quantitate the CD8+ T-cell
responses during normal asymptomatic primary infection with EBV. Work so far
has shown that the T-cell responses of individuals post IM are comparable with
the responses of individuals who seroconverted asymptomatically (Hislop, 2001,
in publication) despite the obvious differences in the pathology of primary EBV
infection between these individuals. This suggests that the magnitude of the memory T-cell response is unrelated to the primary response and instead depends on
the immunogenicity of EBV in the carrier state. Associated work could investigate the numbers of cells in latent and lytic-cycle infection in healthy EBV carriers
paralleled with measurement of the T-cell responses to EBV lytic and latent-cycle
epitopes. However, T-cell frequencies may be related more to differences in the
presentation of lytic and latent cycle proteins than to the absolute numbers of EBV
infected cells. It would be interesting to determine if EBV lytic and latent cycle
proteins are processed and presented differently and/or if cells in lytic or latent
infection are preferentially recognised by antigen presenting cells.
Of the three methods for detection of EBV-specific CD8+ T-cells, tetramer
staining detected the highest frequencies of T-cells followed by the ELIspot assay then LDA. It is clear that these differences are due to the different functional
requirements of the assays; tetramer staining requires only that the T-cells have a
relevant T-cell receptor, the ELIspot assay requires that T-cells must secrete IFN-γ
in response to epitope-peptide stimulation and in the LDA T-cells must proliferate in response to epitope-peptide stimulation then kill peptide-loaded target cells.
The biological implications of these differences are not as clear and the relationship of the ELIspot and LDA assays to in vivo immediate effector function is not
known. Primarily, the concentrations of peptide used in the ELIspot and LDA as-
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says are likely to be far higher than the concentrations likely to be present in vivo
and it is unknown whether EBV-specific T-cells perform effector functions in vivo
or whether stimulation (by high peptide doses) in the context of the ELIspot and
LDA assays is sufficient to induce differentiation of resting populations into effector populations. In this context it would be interesting to investigate how peptide
concentration affects the proportions of ELIspot and/or LDA responding cells and
whether, under optimal conditions, all EBV-specific T-cells are able to proliferate
and secrete IFN-γ. It is possible that a population of EBV-specific T-cells exist
that are unable to secrete IFN-γ and/or to proliferate and kill in vitro and that these
require specific co-stimulatory signals such as those provided by dendritic cells.
Interestingly, the frequency of tetramer-staining cells that responded by ELIspot
(and LDA) was similar for each epitope-specific response but varied from donor
to donor with older individuals apparently having higher numbers of ELIspotsecreting cells. It would be interesting to investigate this in the context of immune
ageing, focusing on possible changes in EBV-load with age using donors with a
wider spread of ages or by following individuals over time.
The phenotype of EBV-specific T-cells in healthy EBV-carriers
The differences in estimates of T-cell frequency using the three assays suggested
functional heterogeneity within the EBV-specific T-cell pool where a proportion
of tetramer staining T-cells are capable of secreting IFN-γ and a smaller proportion can proliferate in vitro and kill. Phenotypic analysis using three colour
flow cytometry with HLA-class I/peptide tetramers showed that for some phenotypic markers this apparent functional heterogeneity was reflected in phenotypic
heterogeneity. Markers that did not segregate EBV-specific T-cells were LFA-1
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(CD11a) which was expressed at high levels on all EBV tetramer-stained cells,
CD25, CD38, CD69, CD71 and CD27 which were negative and CD56 which was
positive on tetramer-staining cells. These results provide further evidence that
a CD11ahigh phenotype indicates an antigen experienced population (Okumura
et al., 1993; Faint et al., 2001), however, further work is required to verify this.
Absence of the four activation markers on EBV-specific T-cells shows that T-cells
can perform immediate (within 14 hours) effector functions without being activated in vivo, it is probable that T-cells require some level of activation to respond
so quickly in ex vivo assays in comparison with naı̈ve T-cells but little is known
of the differences in activation state between naı̈ve T-cells and resting memory
T-cells. The expression of CD56 and absence of CD27 suggest that EBV-specific
T-cells are not ‘terminally differentiated’ by the criterion of Hamann et al. or Pittet
et al. (Hamann et al., 1997; Pittet et al., 2000) it also shows that CD56 loss and/or
CD27 gain does not identify all T-cells capable of immediate effector function.
CD45RA, CD45RO, CD28, CD62-L and CCR7 were heterogenous on tetramerstained cells and their expression was particularly interesting as the patterns of expression differed on EBV lytic and latent-cycle specificities. CD8+ T-cells stained
with tetramers containing latent-cycle epitopes were polarised to a CD28+ CD45RA− CD45RO+ phenotype with relatively high expression of CD62-L and CCR7. In
contrast, T-cells stained with tetramers containing EBV lytic-cycle epitopes were
heterogenous for CD45RA, CD45RO and CD28 and had lower expression of
CD62-L and CCR7. By comparison with the expression of these markers on
T-cells of other virus specificities, this was interpreted as latent-cycle specific Tcells being subject to less frequent and/or stronger antigenic stimulation than EBV
lytic-cycle specific responses. EBV latent-cycle-specific T-cells therefore divide
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into the ‘central memory’ (CD45RO+ CCR7+ ) and ‘effector memory’ (CD45RO+ CCR7− ) populations whereas lytic-cycle specificities segregate into these two
plus a third population (CD45RO− CCR7− ) which is possibly an adaptation to
chronic and/or stronger stimulation. The biological significance of these phenotypic subsets remains in question but results discussed in the next section have
begun to investigate this.
The function of EBV-specific T-cells in healthy EBV-carriers
The functional properties of the three memory populations was investigated by
separation of CD45RA− and CD45RO− , CD28− and CD62-L− CD8+ T-cell subpopulations using magnetic bead depletion followed by either ELIspot assays for
IFN-γ or outgrowth assays. The mutually exclusive CD45RA+ and CD45RO+
populations responded equally well in ELIspot assays in response to EBV epitopepeptide stimulation and both proliferated in vitro following specific antigenic stimuli to give rise to cytolytic T-cell lines. This agrees with suggestions that both the
CD45RO+ CCR7− and CD45RO− CCR7− ‘effector’ populations are capable of
effector functions (Sallusto et al., 1999) but shows that neither population is irreversibly terminally differentiated and therefore both potentially contain a precursor population. As mutually exclusive markers for CD28− and CD62-L− T-cells
were unavailable, the functions of these sub-groups were surmised by comparison
with the CD8+ population as a whole. From this, CD28− populations appeared to
contain more IFN-γ-producing cells than the CD8+ population as a whole, however, CD28-polarised, latent cycle-specific T-cells were capable of responding by
ELIspot and therefore IFN-γ release could not be restricted only to CD28− Tcells. These results differed from those using the complementary assay, internal
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cytokine staining (Hislop et al., 2001), emphasising the differences in the two assays. Further work is required to determine which gave the more authentic view.
Enriching CD62-L− T-cells did not appear to enrich the IFN-γ secreting cells,
an unexpected result as CD62-L+ T-cells were thought to be resting ‘central’
memory T-cells (Sallusto et al., 1999). Interpretation of this result in the context of results from internal cytokine staining (Hislop et al., 2001) suggests that
CD62-L is not such as good marker of ‘central memory’ as CCR7. Hence, some
CCR7− ‘central memory’ T-cells can express CD62-L and on activation of these
cells, CD62-L expression is lost. Further investigation of these three memory
populations is necessary, first with reference to the antigenic properties of EBVinfected cells and whether this influences the ‘driving’ of EBV-specific T-cell responses and second with reference to the immunological properties of the populations using using complementary techniques such as internal cytokine staining
and cytokine capture assays specific for different cytokines and/or chemokines.
Outgrowth and cytotoxicity assays should be repeated, preferentially using LDA
and/or markers of the extent of proliferation such as telomere length, tritiated
thymine uptake and expression of Ki67. It would be interesting to further this
work using CCR7+/− , HLA-DR+/− and CD57+/− subsets, using markers which
stain reciprocal populations to CD62-L and CD28 and possibly using subsets defined by more than one marker, for example, CD45RA and CCR7.
Although these studies give some indications of the possible functions of cells
that exist in the different T-cell compartments the biological significance of these
subsets remains unclear especially as the different sub-populations appeared to
have similar functions in the ex vivo assays. Additionally, we do not understand
the lineage relationship of T-cells within the different phenotypic compartments
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or what causes the cells to exist in a particular compartment. It is important to
verify whether cells with proliferative capacity are restricted to certain subsets
and/or whether irreversibly terminally differentiated cells exist within memory Tcell populations. This type of examination is especially important for vaccine and
adoptive therapy protocols where both dividing precursor cells and effector T-cells
will be required for successful treatment. For EBV, it would be interesting to determine whether the phenotype of EBV-specific T-cells differs in different tissues
especially with relation to migratory markers and whether this can be related to the
tissues in which EBV-infected cells might be found. Finally, we do not understand
why T-cells specific for different viruses (and different virus cycles) segregate into
different phenotypic compartments. Is such phenotypic heterogeneity important
for the control of EBV and is it possible that it is related to the poor control of other
viruses such as HIV and HCV? Better understanding of these processes may help
us to understand immune memory, why it does not work efficiently in the case of
EBV-associated malignancies and some other viral infections and how it can be
manipulated to aid in the treatment of such diseases.
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