
Persistent viral infection in humans can drive high frequency
low-affinity T-cell expansions

Introduction

Cell-mediated immunity is essential for protection against

a number of viral pathogens. CD8 T cells recognize pep-

tide antigens, derived from intracellular processing of

viral proteins, which are presented by major histocompat-

ibility complex (MHC) class I molecules at the surface of

infected cells. Such recognition occurs via the T-cell

receptor (TCR),1 followed by T-cell activation, which

leads to effector functions that can result in direct killing

of infected cells or inhibition of viral replication by the

secretion of anti-viral cytokines such as interferon-c
(IFN-c). Following reduction of the viral burden, CD8 T

cells persist as long-lived memory cells that are able to

respond rapidly upon secondary challenge.

Traditional methods of studying virus-specific immu-

nity have relied on long-term culture in vitro to expand

T cells to large numbers. These methods prove labour

and time intensive and are now known to vastly under-

estimate the size of the immune response. The advent

of MHC–peptide tetramers has enabled researchers to

rapidly analyse complex T-cell populations ex vivo for

rare T-cell specificities when combined with flow cytom-

etry.2 This has permitted a detailed insight into the

biology of immune responses against a number of

human pathogens, such as herpesviruses, hepatitis

viruses, human immunodeficiency virus 1 and Mycobac-

terium tuberculosis,3–9 as well as tumour-associated anti-

gens10,11 and auto-antigens.12 Human cytomegalovirus

(CMV) is a widespread genetically stable herpesvirus
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Summary

CD8 T cells that recognize cytomegalovirus (CMV) -encoded peptides can

be readily detected by staining with human leucocyte antigen (HLA) –

peptide tetramers. These cells are invariably highly differentiated effector

memory cells with high avidity T-cell receptors (TCR). In this report we

demonstrate an HLA-A*0201 restricted CMV-specific CD8 T-cell response

(designated YVL) that represents several percent of the CD8 T-cell subset,

yet fails to bind tetrameric major histocompatibility complex (MHC)

ligands. However, these tetramer-negative cells are both phenotypically

and functionally similar to other CMV-specific CD8 T cells. YVL peptide-

specific CD8 T-cell clones were generated and found to be of high avidity

in both cytotoxicity and interferon-c (IFN-c) assays, and comparable with

other CMV peptide-specific CD8 T-cell clones. However, under conditions

of CD8 blockade, the response was almost nullified even at very high

ligand concentrations. This was also the case in IFN-c experiments using

peripheral blood mononuclear cells stimulated with peptide ex vivo. In

contrast, all other CMV specificities (tetramer-positive) displayed minimal

or only partial CD8 dependence. This suggests that YVL-specific responses

depict a low-affinity TCR–MHC–peptide interaction, that is compensated

by substantial CD8 involvement for functional purposes, yet cannot

engage multivalent soluble ligands for ex vivo analysis. It is interesting

that such a phenomenon is apparent in the face of a persistent virus

infection such as CMV, where the responding cells represent an immuno-

dominant response in that individual and may present a highly differenti-

ated effector phenotype.
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that rarely poses clinical problems in the immunocom-

petent host. Evidence from murine CMV infection and

immunocompromised humans suggests that cellular

immunity is critical for protection from CMV-associated

disease.13,14 The CD8 subset makes a significant invest-

ment in recognition of CMV-derived peptides in

humans.15–18 These have been visualized using human

leucocyte antigen (HLA)–peptide tetramers and can

number several (1–5%) per cent of the CD8 subset,

approaching 50% of all CD8 T cells in some elderly

virus carriers.19

The MHC tetramers serve as TCR ligands because of

their multivalent nature, allowing the simultaneous

engagement of several TCR molecules. This overcomes

the problem of low-affinity TCR–MHC–peptide interac-

tions.20 Our work has also shown that not all CMV-

specific responses can be studied using these tetrameric

reagents and this can be demonstrated in healthy virus

carriers displaying no signs of clinical infection.16 We

have observed this phenomenon in two CMV seroposi-

tive donors, with strong responses to the immediate

early 1 protein (IE-1) -derived peptide YVLEETSVM

(hereafter referred to as the YVL response) in an IFN-c
enzyme-linked immunospot (ELISPOT) assay. This tet-

ramer-negative phenotype may not be unexpected if

very rare T cells, such as naive T cells or T cells spe-

cific for self antigens, or under-differentiated T cells

are in question.21,22 However, CD8 T cells specific for

persistent viruses usually represent large memory cell

populations with highly differentiated membrane pheno-

types8 and the YVL response was of very high

frequency.

We proceeded to dissect the functional requirements of

this T-cell population. Analyses were performed using

IFN-c production ex vivo and cytotoxicity assays with

peptide-specific T-cell clones, generated in vitro. The CD8

dependence of T-cell responses to peptide antigen was

also investigated to determine the relative avidity/affinity.

Finally we used a number of peptide variants in an

attempt to improve the immunogenicity of the native

peptide. Our data reveal this response to be of high func-

tional avidity but dependent almost completely on the

CD8 receptor for T-cell function.

Materials and methods

Donors

All donors were healthy adult volunteers from whom

informed consent was obtained before sample donation.

Ethical approval was in place for this work. Blood sam-

ples were collected by venepuncture using heparinized

vacutainers, and processed immediately for isolation of

peripheral blood mononuclear cells (PBMC) by standard

density gradient centrifugation.

Peptides, tetramer synthesis and staining

Peptides encoded by CMV proteins IE-1 (QIKVRVDMV: resi-

dues 88–96, YVLEETSVM: residues 315–323, VLEETSVML:

residues 316–324, YVLEETSVML, ELKRKMIYM: residues

199–207 and all YVL peptide variants), pp50

(VTEHDTLLY: residues 245–253) and pp65 (YS-

EHPTFTSQY: residues 363–373, NLVPMVATV: residues

495–503, TPRVTGGGAM: residues 417–426), were pur-

chased commercially (Invitrogen, Paisley, UK). The HLA-

A*0201 peptide tetramers were synthesized as described

previously.2 Briefly, class I heavy chains (with transmem-

brane and cytoplasmic domains substituted by a BirA

target sequence) and b2-microglobulin proteins were

expressed in Escherichia coli and purified as inclusion

bodies solubilized in 8 M urea. Heavy chain and b2-mi-

croglobulin were refolded around the appropriate peptide

for 48 hr at 4� and then biotinylated using the enzyme

BirA. Refolded complexes were purified by fast protein

liquid chromatography using gel filtration and ion

exchange columns (Amersham Pharmacia, Bucks, UK).

The presence of biotinylated and correctly refolded HLA-

A2–YVL complexes was confirmed using a w6/32 capture

enzyme-linked immunosorbent assay. Tetrameric com-

plexes were made by addition of phycoerythrin (PE)-con-

jugated streptavidin (Invitrogen) in a molar ratio of 1 : 4

to the biotinylated monomer over 2–3 days. Tetramer

staining of PBMC was performed at 37� for 15 min fol-

lowed by washing with phosphate-buffered saline and then

counter-staining with anti-CD8 monoclonal antibody

(mAb; Caltag Labs, San Francisco, CA) for 20 min at 4�.

Surface and cytoplasmic staining

For intracellular IFN-c detection, PBMC were stimulated

for either 6 hr or overnight with 5 lg/ml peptide at 37� in

5% CO2. After 2 hr of incubation brefeldin A (Sigma,

Poole, UK) was added to a final concentration of 10 lg/

ml. At the end of the incubation, cells were harvested and

washed twice before surface staining with PE-conjugated

anti-CD3 (Beckman-Coulter, High Wycombe, UK) and

tricolour conjugated anti-CD8 mAb at 4�. For pheno-

typing studies, PBMC were stained with fluorescein iso-

thiocyanate (FITC)-conjugated anti-CD45RA, anti-CCR7,

anti-CD27 or anti-CD28 mAb (all BD Biosciences, Oxford,

UK). After another wash the cells were fixed and permea-

bilized according to the manufacturer’s instructions using

the Intraprep kit (Beckman-Coulter). Cells were then

stained with a FITC-conjugated antibody against human

IFN-c or FITC-conjugated immunoglobulin G2a isotype

control (BD Biosciences) and washed once more followed

by analysis on a Coulter XL flow cytometer. For analysis of

perforin expression, staining with FITC-conjugated anti-

perforin mAb (BD Biosciences) was performed in combi-

nation with PE-conjugated IFN-c mAb (BD Biosciences).
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Later analysis was performed using WINMDI version 2�8
software (downloaded from http://facs.scripps.edu/soft-

ware.html).

Single cell sorting

The PBMC were stimulated overnight with peptide and

then subjected to IFN-c capture according to the manu-

facturer’s protocol (Miltenyi Biotech, Bisley, UK). Then,

IFN-c-positive CD8-positive T cells were sorted into 96-

well plates by seeding at 1 cell/well. Each well contained

1 · 105 autologous peptide-pulsed EBV transformed lym-

phoblastoid cell lines (LCL) and 1 · 106 allogeneic feeder

cells in RPMI-1640 medium supplemented with 10% fetal

calf serum, 1% human serum, 50 U/ml interleukin-2

(IL-2; Chiron, Emeryville, CA), and 5 ng/ml IL-7 (Pepro-

tech, London, UK). After 14 days growing micro-cultures

were expanded to 2-ml cultures and fed twice weekly with

fresh medium. Re-stimulations were carried out after

another 14 days with peptide-pulsed autologous LCL at a

responder : stimulator ratio of 10 : 1. Clones were tested

for specificity in either standard 5-hr chromium-release

assays or by cytoplasmic IFN-c staining after short 3-hr

stimulation with cognate peptide/irrelevant peptide.

Cytotoxicity assays

Autologous LCL or fibroblasts were used as target cells.

Targets were labelled with 51Cr for 1 hr before pulsing with

1 lg/ml peptide for an additional hour. For virus infec-

tions, fibroblasts were infected with CMV strains AD169

(G. Wilkinson, Cardiff, UK) overnight or RV798 (T. Jones,

Wyeth Research Institute, Chazy, NY) for 36 hr, both at

multiplicity of infection (MOI) of 5 : 1 before radioactive

labelling. For determination of antigen specificity, cells

were infected overnight with recombinant modified virus

ankara (MVA) expressing either IE-1 or pp65, at an MOI

of 5 : 1. Targets were washed twice, counted and then pla-

ted out at 2500 cells/well. T cells were added at various

effector : target ratios in triplicate. After the 5-hr incuba-

tion at 37� in 5% CO2, supernatants were harvested and

lysis was determined using a top-counter. Lysis values were

calculated by subtracting spontaneous release from test

release and dividing by (maximal release – spontaneous

release). For CD8 blocking studies, T-cell clones were incu-

bated with the anti-CD8 blocking mAb B9.11 (Beckman-

Coulter) for 15 min before adding to the target cells.

Results

Detection of peptide-specific CD8 T cells by
cytoplasmic IFN-c staining

Our previous report16 showed that significant numbers of

PBMC could make IFN-c in response to two novel CMV

IE-1 peptides. Interestingly we identified an unusual

HLA-A*0201 restricted epitope (YVLEETSVM) character-

ized by a strong peptide-specific response but an inability

to bind to our HLA-A*0201 YVL peptide tetramer. This

was the case with multiple batches of tetramer, made

from monomers refolded with YVL peptide commercially

synthesized at high scales of purity. HLA-A*0201 YVL

monomers were refolded successfully providing high

yields with stability comparable to other monomers (see

Supplementary material Fig. S1a,b). Figure 1(a) shows

ELISPOT IFN-c responses of PBMC from a CMV-sero-

positive donor after stimulation with different MHC class

I restricted CMV-encoded peptides. Cells from this sub-

ject, Y26, made a number of responses of different magni-

tude which were mostly above the normal level of

detection (250 spot-forming cells/well) unless a signifi-

cantly lower peptide concentration (1 nM) was used. The

ELISPOT assay is at best a semi-quantitative test and so a

precise measurement of the frequency of responding cells

was not derived, although we could conclude that the

response to the YVL peptide was comparable to other im-

munodominant responses such as B8-QIK (IE-1 epitope),

A1-VTE (pp50 epitope) and the A2-NLV (pp65 epitope).

We then proceeded to measure the response by detection

of cytoplasmic IFN-c after short 6-hr stimulations. Fig-

ure 1(b) shows flow cytometric plots of responses against

each peptide used in the ELISPOT assay with frequencies

of responding CD8 T cells measured with more accuracy.

Strikingly, this method revealed that over 5% of CD8 T

cells were specific for the YVL peptide; this was the sec-

ond highest response (the VTE response measured over

8%). The YVL peptide induced the largest IE-1 response

and also exceeded the combined pp65 responses. Fig-

ure 1(c) shows that all of these responses could be visual-

ized using specific MHC–peptide tetramers except for the

A2-YVL response. As shown in Fig. 1(c), the frequency of

tetramer binding cells identifies a larger number of cells

than those producing IFN-c, allowing us to speculate that

the frequency of YVL-specific cells may also be well in

excess of 5% of the CD8 subset. We have also detected

this YVL-specific response in one other donor (O29) out

of another 35 HLA-A2+ healthy virus carriers tested,

albeit at lower frequencies (0�4% of CD8 T cells). This

was comparable to that donor’s measured frequency of

NLV-specific CD8 T cells (0�5%), but once again the YVL

tetramer did not bind PBMC of the donor (data not

shown). Hence, YVL-specific CD8 T-cell responses are

rare in the population, but when detected they are immu-

nodominant yet fail to bind the appropriate MHC–pep-

tide tetramer. In fact polyclonal cytotoxic T lymphocyte

(CTL) lines, generated by peptide stimulation in vitro, did

not stain our tetramer either. Such was the case using

multiple batches of YVL tetramer, over a range of con-

centrations up to 2 mg/ml. This finding warranted further

investigation.
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Figure 1. (a) ELISPOT interferon-c (IFN-c)

responses against cytomegalovirus (CMV) -

encoded peptides by donor Y26. Responses are

expressed as spot-forming cells (SFC) per

100 000 peripheral blood mononuclear cells

(PBMC) after subtracting the background

responses against dumethyl sulphoxide (< 20

SFC/105 PBMC). HLA-B7-restricted TPR pep-

tide was used as a further control. These

responses were also visualized by flow cytometry

(b) after staining for cytoplasmic IFN-c induced

by a 6-hr incubation with each peptide. The

PBMC from donor Y04 were also incubated

with major histocompatibility complex–peptide

tetramers (c), representing CMV immediate

early 1 protein (IE-1) epitopes (YVL, QIK,

ELK), CMV early pp50 (VTE) and late pp65 epi-

topes (YSE and NLV) and an Epstein–Barr virus

epitope (GLC). Cells were counter-stained with

anti-CD8. Frequencies (%) of CD8 T cells bind-

ing the given tetramer are indicated in the upper

right quadrant.
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YVL-specific CD8 T cells display the classical effector
memory phenotypic like other CMV epitope-specific
CD8 T cells

It was unclear whether this ‘tetramer-negative’ (tetr–)

response could be linked with other phenotypic differ-

ences between these and other, namely ‘tetramer-positive’

(tetr+) CD8 T cells. A possibility was that YVL-specific

cells may have a deficiency in surface TCR expression,

which would explain why the tetramer does not bind with

sufficient avidity. This lack of TCR expression may be the

result of recent activation or some unknown defect in the

T cells. Testing for TCR expression on responding cells

was problematic because TCR molecules are down-regu-

lated after antigenic stimulation. Furthermore, YVL pep-

tide-induced IFN-c+ CD8 T cells displayed low levels of

activation marker expression (CD38 and HLA-DR) which

was in common with other CMV-specific responses that

were tetr+ (data not shown). We also compared the levels

of CD27, CD28, CD45RA, CCR7 and perforin between

the different responses and observed (see example in

Fig. 2) that YVL-specific cells displayed a highly differenti-

ated effector memory phenotype (CD27lo

CD28lo CCR7lo perforinhi). This resembled the phenotype

associated with CMV-specific CD8 T cells in general but

surprisingly in both donors YVL-specific cells were more

differentiated (by lower expression of CD27 and CD28)

and contained higher levels of intracellular perforin than

NLV-specific cells. Furthermore, YVL-specific cells were

also predominantly CD45RAhi, which again is associated

with highly differentiated effector memory cells.23 This

subset is also known to represent high-avidity T-cell

responses that can sense very low levels of antigen. Indeed

we observed that the YVL peptide could induce IFN-c
production by CD8 T cells at very low concentrations;

50% maximal response was induced at concentrations as

low as 0�01 nM of peptide. These levels of sensitivity were

comparable to responses against the NLV peptide (Fig. 3).
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Figure 2. YVL-specific CD8 T cells display an effector memory phenotype like other cytomegalovirus (CMV) -specific CD8 T cells. Donor Y26

peripheral blood mononuclear cells were stimulated for 6 hr with synthetic peptides and surface stained for cell surface markers followed by cyto-

plasmic staining with anti-interferon-c monoclonal antibody (IFN-c mAb). Perforin expression was also determined by cytoplasmic staining.
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� 2010 The Authors. Immunology � 2010 Blackwell Publishing Ltd, Immunology, 131, 537–548 541

Low affinity CMV-specific CTL



Cloning of peptide-specific CD8 T cells by IFN-c
capture

For more detailed analysis of these non-tetramer binding

cells we sought to expand them in vitro and generate pep-

tide-specific CTL clones. As the YVL tetramer did not

bind cognate CD8 T cells, we used the IFN-c capture

method to sort for YVL-specific CD8 T cells. Hence, IFN-

c-secreting cells were sorted into 96-well plates and

expanded as single-cell clones. After outgrowth, clones

were tested for specificity by a chromium-release assay

and the majority recognized YVL peptide-pulsed autolo-

gous LCL targets and HLA-A2-matched allogeneic LCL

targets to confirm HLA-A2 restriction. The YVL-specific

T-cell clones did not recognize the two internal octomeric

peptides, which are potentially also HLA-A2-binding epi-

topes (see Supplementary material Fig. S2). Typical of

other IE-1-specific CD8 clones, YVL-specific clones dis-

played poor recognition of CMV-infected (AD169 strain)

fibroblasts but strong recognition of targets infected with

recombinant CMV (RV798 strain lacking US2-US11

region) (Fig. 4a). In addition we confirmed recognition of

processed antigen using MVA-IE-1-infected fibroblast tar-

gets (Fig. 4a). These YVL-specific clones were also incu-

bated with YVL tetramer to verify the lack of tetramer

staining, and results confirmed all 14 clones to be tetr–.

This was the case for clones from both donors and sug-

gested that the interaction between the TCR and our

tetramer might be very weak because of an intrinsic low-

affinity of the TCR binding to this HLA-A*0201 YVL

complex. This was also the case using an HLA-A2 tetra-

mer incorporating a natural variant YILEETSVM,24 sug-

gesting that the lack of binding was not the result of an

incorrect peptide sequence. It was possible that these

T-cell clones expressed low levels of surface TCR, which

fell below the threshold of molecules required for ligand

engagement. However, high levels of staining with a pan-

TCR mAb (Fig. 4a–c) ruled out this possibility.

Interestingly, YVL-specific clones recognized the pep-

tide VLEETSVML (designated VLE), only at very high

concentrations (Fig. 4d). This is interesting because the

VLE peptide is only offset from the YVL epitope by a sin-

gle amino acid and is also an HLA-A*0201-binding pep-

tide that is strongly immunogenic.16 Use of the decameric

peptide that encompasses both nonameric peptides also

showed recognition, but again only at high peptide

concentrations. This inability to recognize an almost iden-

tical peptide implied that there were significant differ-

ences in the conformation of peptide recognition between

YVL- and VLE-specific CTL.

As controls, we also generated HLA-A*0201-restricted

NLV-specific and HLA-B*0801-restricted ELK-specific

clones from the same donor and HLA-A*0201-restricted

NLV- and VLE-specific clones from another donor using

IFN-c as the method for selection. These clones all dis-

played specific recognition of peptide-loaded target cells

and stained tetramer at high levels of mean fluorescence,

confirming the YVL response to be different from all

other detected CMV epitope-specific responses.

Functional avidity of peptide-specific CD8 T cells

To indirectly estimate the relative affinity of these tetr–

cells, YVL-peptide-specific CTL clones were tested for

IFN-g

C
D

8

YVL 

NLV 

0·0001 nM

Peptide concentration

0·08

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

0·04 0·35 1·9 2·9 3·3

0·001 nM 0·01 nM 0·1 nM 1 nM

0·26 2·8 4·8 5·0

Figure 3. YVL-specific CD8 T cells represent a high avidity response. Peripheral blood mononuclear cells were stimulated with serial dilutions of

synthetic peptides (YVL or NLV) ranging from 1 nm to 0�0001 nm for 6 hr at 37�. After surface staining and cytoplasmic staining, responses were

visualized by flow cytometry. Values shown in upper right quadrants indicate the frequency of CD8 T cells that produce interferon-c in response

to specific peptide. Data shown are from donor Y26.

542 � 2010 The Authors. Immunology � 2010 Blackwell Publishing Ltd, Immunology, 131, 537–548

N. Khan et al.



their ability to lyse target cells loaded with varying con-

centrations of peptide. Figure 5 shows that YVL-specific

CTL clones do in fact lyse target cells quite well at low

peptide concentrations compared with clones from the

same donor that recognize another CMV peptide

(NLVPMVATV) and stain with appropriate tetramer.

Although the NLV-specific clones (tetr+) did lyse at lower

peptide concentrations than YVL-specific clones (tetr–)

this represented a < 10-fold difference in peptide concen-

tration (respectively). Furthermore, the concentration at

which YVL clones showed minimal killing was as strong

as some tetr+ NLV-specific clones from other donors.

This suggested that the observed difference was not signif-

icant and was not an adequate explanation for the lack of

tetramer binding.

In parallel with these experiments, we also performed

CD8 blocking studies, using an anti-CD8 blocking mAb.

This would ascertain the degree of CD8 dependence

involved for each clone to respond. Figure 5 shows that

YVL-specific clones from donors Y26 and O29 were

highly CD8 dependent. Only at the highest peptide con-

centration was there significant lysis when clones were

incubated with anti-CD8. Below this there was an almost

complete loss of sensitivity to the target cells. This prop-

erty was common to all six YVL-specific clones tested for

CD8 dependence (four from Y26 and two from O29).
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Figure 4. Recognition of processed antigen exquisite specificity of YVL-specific CD8 T cells. T-cell clones specific for different cytomegalovirus

(CMV) peptides were confirmed as CD8+ with comparable levels of surface T-cell receptor (TCR) -ab, for both tetr– clones (YVL) and tetr+
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Conversely, with all the other clones, such as the NLV-

specific CTL from the same donors, co-incubation with

the blocking mAb had little effect at even very low pep-

tide concentrations. The general pattern was that tetr+

clones exhibited far less CD8 dependence.

Immunogenicity of peptide variants

We then sought to evaluate whether specific alterations to

the peptide sequence would increase the strength of the

TCR–MHC–peptide interaction. This may be achieved by

improving binding to HLA-A*0201 by changing the pep-

tide anchors at positions 2 and/or 9. Alternatively, altera-

tions at positions 3, 4, 5 and 7, (TCR contact residues)

could improve the epitope as shown elsewhere for

tumour antigens.25 Initial experiments were aimed at

improving the peptide anchors as the YVL epitope lacked

the usual common anchors at position 2 (leucine) and 9

(valine). However, substitution at either or both anchor

positions caused a dramatic reduction in the ability to

sensitize YVL-specific T-cell clones (Fig. 6a,b). This loss

of activity was also observed in reduced IFN-c staining of

PBMC after stimulation with variant peptides (data not

shown). This suggested that this TCR–MHC–peptide

interaction was very sensitive, even to changes not directly

affecting TCR contact points.

The fine specificity of the YVL-specific response was

further analysed by scanning T-cell clones against targets
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pulsed with single alanine substitutions from positions 1

to 9. As expected, alanine replacement at the HLA bind-

ing anchor residues, positions 2 and 9, abolished the

immunogenicity of the peptide. A reduction in the cyto-

toxicity response was also observed using alanine variants

at other positions, although this drop was particularly

sharp when positions 5 and 7 were replaced (Fig. 6c).

This suggested that the position 5 glutamic acid and the

position 7 serine have considerable importance in T-cell

contact.

Discussion

This report demonstrates that low-affinity CMV-specific

CD8 T cells can persist in asymptomatic infection at very

high frequencies albeit with the assistance of CD8

co-receptor binding in the event of antigen recognition.

This represents a novel finding which contrasts with data

showing that CMV, through providing a persistent anti-

genic stimulus, drives high-frequency responses that

evolve high-avidity TCR with low dependence on CD8

for stable interactions with MHC–peptide ligands.26,27

One of the assumptions made during this study was

that our HLA-A*0201 YVL tetramer was indeed a bona

fide multimeric reagent that has not degraded at a faster

rate than our other tetramers. Checks of monomer and

tetramer integrity using gel filtration and sodium dodecyl-

sulphate–polyacrylamide gel electrophoresis indicate that

both YVL monomers and tetramers remain intact as a

complex (and not as separate heavy chain and b2-micro-

globulin) and that heavy chains are not degraded to a

lower molecular weight form by protease activity (indicat-

ing the loss of the biotinylation target sequence, which

usually accounts for degraded monomers). As a further

confirmation of both monomer and tetramer stability, we

have succeeded in swapping the peptide from YVL mono-

mers and tetramers for another HLA-A2 restricted pep-

tide (NLV) to produce tetramers that bind T cells specific

for the newly introduced peptide (M. Cobbold, unpub-

lished data).

As this prompted us to question whether the actual

lack of binding was a property attributed to the T cells

rather than our reagent, we performed more detailed

analyses of these tetr– T cells. One of the two donors

studied has sizeable T-cell responses to at least six CMV-

encoded peptides and the response against the YVL

peptide is the second largest, when measured by IFN-c
staining (at 5�1% of CD8 T cells). These cells do not bind

tetramers ex vivo, even as expanded effectors after short-

term culture or as single-cell clones. Yet they maintain

effector function in terms of both cytotoxicity and their

ability to produce IFN-c in response to antigen, which is

a hallmark of CMV-specific CD8 T cells. In fact YVL-spe-

cific CD8 T cells appeared to be more differentiated and

cytolytic than their NLV-specific counterparts within the
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same individual, ruling out functional incompetence of

this response. The protective value of IE-1-specific CTL

against CMV replication in both mice and humans is

now well appreciated,28,29 suggesting that YVL-specific

CD8 T cells will be biologically effective against virus-

infected cells in vivo.

Peptide titration experiments showed little difference in

functional avidity for antigen between both tetramer

binding and non-binding T cells. However, CD8 blocking

studies show that the overall avidity has considerable sup-

port from the CD8 interaction with class I MHC, possibly

to stabilize the complex.30,31 Virus-specific responses have

been shown to be composed of T-cell clones with

different affinities that are compensated by variable CD8

contribution.26,32 Our experiments show a similar phe-

nomenon but in a more exaggerated fashion with the

response in this case being almost entirely CD8 depen-

dent. The effects of anti-CD8 mAbs on TCR–MHC–pep-

tide tetramer binding have also been debated,33–35 with

some showing that certain anti-CD8 mAbs enhancing the

binding of MHC tetramers to T cells.36,37 However, we

found that our tetramer could not stain either PBMC or

peptide-specific T-cell clones in conjunction with a num-

ber of different CD8 antibodies, or even in the absence of

CD8 antibodies (data not shown).

Other reports also describe antigen-specific T cells that

do not bind tetramers. In one case this was attributed to

incomplete differentiation of the T cells causing an inabil-

ity to cluster sufficient TCR molecules in close proximity

for ligand binding.21 The authors described a sub-domi-

nant T-cell response with a tetr– phenotype, which was

overcome by prolonged stimulation resulting in the even-

tual differentiation to a tetr+ phenotype. This is thought

to involve changes in lipid raft integrity that influence the

surface distribution of TCRs to favour tetramer binding.38

A second report describes hepatitis B-specific HLA-A2-

restricted CD8 T cells which also shifted to a tetr+ pheno-

type after repetitive in vitro stimulation.39 The

tetr– response in our study is already a highly differenti-

ated effector population and, unsurprisingly, did not

change to a tetr+ phenotype after prolonged stimulation

or culture, indicating that this was an inherent property

of these virus-specific T cells.

To gain further insights into the TCR–HLA-A*0201–

YVL interaction, surface plasmon resonance experiments

could be performed. This would require knowledge of

and recombinant expression of the TCR-a and TCR-b
chains used by YVL-specific T cells. Such studies would

provide data on the actual strength of the interaction

between TCR and ligand (YVL monomer) independent of

co-receptors and confirm whether there is an extremely

low affinity relative to other known TCR–ligand interac-

tions. The strength of this monomeric interaction may

well be critical for successful tetramer binding. It is

argued that the mean duration of the first TCR–MHC

class I interaction has to be long enough to allow the next

MHC class I complex to bind a second TCR and so allow

for avidity to have its effect.40 Lower affinity interactions

would therefore be at a significant disadvantage. In addi-

tion, a definitive role for CD8 may also be revealed for

very-low-affinity interactions, adding to the debate on

CD8 involvement in TCR–MHC–peptide binding.31,41

Price and colleagues have recently demonstrated that

improving the CD8 interaction by introducing a CD8-

binding site mutation on the MHC class I molecule

(Q115E) can enhance tetramer staining of T cells with

low TCR–MHC class I affinities.42 It would be of interest

to know whether this modification would also result in

successful YVL tetramer staining.

The absence of IE-1 sequence information for donor

viral isolates raises the possibility that our YVL tetramer

presents the wrong peptide. Detection of CMV genomes

in healthy carriers has proved notoriously difficult for

many laboratories and our endeavours to reproducibly

amplify and sequence viral antigens from healthy persons

have been unsuccessful. The use of published variant

sequences (such as YILEETSVM) in cytotoxicity assays

did not enhance responses detected against the parental

YVL epitope. Furthermore, changes in anchor residues to

improve HLA-A2 binding that may improve peptide

immunogenicity43,44 always abrogated T-cell recognition,

probably by altering the conformation of TCR contact

residues. Alanine scanning of the YVL peptide has

revealed positions 5 and 7 to be important positions in

T-cell recognition. Substitutions at these positions with

other peptides may cause unexpected increases in potency

as described in the literature.25

From our studies a clear hierarchy of immunodomi-

nance with regards to IE-1 epitope choice is evident. This

may be because of differences in avidity for antigen at the

level of the antigen-presenting cell45 but the relative effi-

ciency of epitope generation may also be a major influ-

ence on immunodominance. In most HLA-A2+-B7+

donors (9/10), CD8 T-cell responses are almost exclu-

sively directed against the HLA-B7-restricted CRVLC

CYVL peptide,46 which overlaps at its C terminus with

both HLA-A2-restricted YVL and VLE peptides. One can

envisage that HLA-B7–CRV complexes are more effi-

ciently generated than HLA-A2–YVL/VLE complexes

because proteasomal cleavage at the C-terminal leucine

residue for generating the CRV epitope would curtail the

formation of either HLA-A2-binding peptide. Higher

levels of IE-1 protein may be required to generate YVL/

VLE epitopes suggesting that the small minority of HLA-

A2+-B7+ donors with detectable HLA-A2 YVL/VLE T-cell

responses reflect greater viral burden.

Intriguingly, CD8 T-cell responses for the two peptides

display exquisite ligand specificity with limited cross-reac-

tivity for the alternate peptides. Our results contrast with

published data47 showing T-cell clones specific for the
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decameric YVLEETSVML peptide that recognize both of

the internal nonamers (YVL and VLE). This may be

explained by possible differences in the TCR usage, and

consequent flexibility, between their T-cell clones and

ours. Differences in viral load and infectious strains may

have driven the selection of cross-reactive TCR clonotypes

over time, whereas in our donors one can hypothesize

that more rigid T-cell responses have matured. The TCR

usage may also be affected by the HLA background of the

donor if virus-specific responses are cross-reactive with

other self MHC–peptide complexes.48

To conclude, it is shown that CMV-specific CD8 T cells

circulate invariably at high frequency and have a high

functional avidity for their ligands. However, occasionally

some of these high-frequency responses can be low-affin-

ity T cells that overcome this problem through enhanced

co-receptor involvement. Future work should explore

TCR usage and biophysical aspects of this model of a

low-affinity TCR–MHC class I–peptide interaction.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Analysis of human leucocyte antigen A2

(HLA-A2) YVL monomer stability. YVL monomers were

successfully prepared using standard in vitro methods of

class I major histocompatibility complex (MHC) –peptide

refolding and purification. (a) Purification of refolded

HLA-A2 YVL monomers by gel filtration using a Super-

dex S75 column. (b) sodium dodecylsulphate–polyacryl-

amide gel electrophoresis determination of heavy chain

stability and sample purity. A Coomassie-stained 12% gel

is shown with approximately 5 lg protein loaded into

each well. Lanes 1, 2 and 3 contain YVL monomers taken

out of ) 80� storage (lane 1), YVL monomers stored at

4� for 7 days (lane 2) and YVL monomers stored at room

temperature for 3 hr (lane 3). As a control, HLA-A2-NLV

monomer stored at ) 80�, used to prepare ‘working’ NLV

tetramer, is shown (lane 4). Each sample gave a positive

biotinylation result by w6/32 enzyme-linked immunosor-

bent assay. Molecular weight standards are also shown to

confirm heavy chain and b2-microglobulin size.

Figure S2. YVL-specific T-cell clones show minimal

recognition of internal octomeric peptides. YVL-specific T

cells were cloned in vitro and tested in 5-hr cytotoxicity

assays for recognition of shorter octomeric peptides

(YVLEETSV and VLEETSVM) that may also be human

leucocyte antigen A2 (HLA-A2) -restricted T-cell epitopes.

Variants containing isoleucine (YILEETSV and ILEE-

TSVM) were also tested for both octomers. Target cells

were HLA-A2-matched lymphoblastoid cell lines at effec-

tor : target ratio of 4 : 1.
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