
Human cytomegalovirus-specific CD8
+ T-cell expansions contain

long-lived cells that retain functional capacity in both young

and elderly subjects

Introduction

Post-natal human cytomegalovirus (HCMV) infection in

humans most often causes a relatively mild and self-limit-

ing illness. After primary infection the virus is not cleared

completely but establishes life-long infection, remaining

latent in cells of myeloid lineage.1 A vigorous cell-medi-

ated immune response prevents recrudescence2 and

infected adults remain asymptomatic unless immunity is

suppressed, as in those with HIV infection or in trans-

plant recipients, in whom severe retinitis, colitis, pneumo-

nitis or hepatitis can occur.3 This long asymptomatic

period may not be as harmless as once supposed. Evi-

dence is accumulating that chronic HCMV may be an

important contributor to age-related impairment of the

immune system, or ‘immunosenescence’2,4–6 contributing

to the increased susceptibility to infection and reduced

vaccine responsiveness known to occur in the elderly.7,8

The thesis that chronic HCMV infection is deleterious

is supported by several lines of evidence. First, epidemio-
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Summary

The immune response to human cytomegalovirus (HCMV) infection is

characterized by the accumulation of HCMV-specific CD8+ T cells, partic-

ularly in the elderly; such expansions may impair immune responses to

other pathogens. We investigated mechanisms underlying HCMV-specific

expansions in 12 young and 21 old healthy subjects (although not all

analyses were performed on all subjects). Phenotypically, HCMV-pent-

amer+ CD8+ T cells were characterized by marked Vb restriction,

advanced differentiation (being predominantly CD27) CD28)), and vari-

able CD45RO/RA expression. Although more common and larger in older

subjects, expansions had similar phenotypic characteristics in the young.

In one old subject, repeated studies demonstrated stability in size and Vb

distribution of pentamer+ populations over 6 years. We tested whether

HCMV-specific CD8+ T-cell expansions arose from accelerated prolifera-

tion or extended lifespan by in vivo labelling with deuterated glucose and

ex vivo Ki-67 expression. Uptake of deuterated glucose was lower in pent-

amer+ cells than in pentamer– CD8+ CD45RO+ or CD8+ CD45RA+ cells

in three old subjects, consistent with reduced proliferation and extended

lifespan. Similarly Ki-67 labelling showed no evidence for increased prolif-

eration in HCMV-specific CD8+ expansions in older subjects, although

pentamer– CD45RA+ cells from young donors expressed very little Ki-67.

We investigated Bcl-2 and CD95 as possible anti-apoptotic mediators, but

neither was associated with pentamer-positivity. To investigate whether

expansion represents a compensatory response to impaired functionality,

we performed two tests of functionality, peptide-stimulated proliferation

and CD107 expression; both were intact in pentamer+ cells. Our data sug-

gest that HCMV-specific CD8+ expansions in older subjects accumulate

by extended lifespan, rather than accelerated proliferation.

Keywords: CD8/cytotoxic T cells; cytomegalovirus; senescence; T cells;

viruses/viral immunity
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logical data from large prospective studies of elderly

cohorts demonstrate an association between HCMV sero-

positivity and reduced survival.9,10 Second, the presence

of large oligoclonal populations of HCMV-specific T cells,

especially within the CD8+ T-cell pool, is associated with

reduced survival in the elderly.11 Third, it is recognized

that expansion of one subpopulation of lymphocytes may

displace or impair the function of others. In mice, for

example, the presence of expanded T-cell clones can be

shown to reduce overall T-cell diversity12 and, during

herpes simplex virus (HSV) infection, HSV-specific CD8+

clones can be shown to out-compete other T-cell clones,

particularly those of the same T-cell receptor (TCR) Vb
subtype.13 Similarly, human T-cell responses to Epstein–

Barr virus are impaired in those with HCMV-driven clo-

nal expansions.14 A plausible mechanistic model may be

constructed whereby HCMV adversely impacts the rest of

the T-cell repertoire.15

In the elderly, HCMV-specific expansions are very

common, occurring in about one-third of adults

> 65 years; in some elderly individuals, they come to

dominate the T-cell pool.16 As a result, the immune rep-

ertoire, in terms of TCR Vb family utilization, may

become skewed, with one or two families being highly

dominant. Such Vb expansions may also be found in

young subjects, suggesting that it is not just chronology

that drives their accumulation.17 What is not known,

however, is the mechanism by which these HCMV-spe-

cific populations become so large. Two alternative models

may be considered, one depending on proliferation, the

other on accumulation. In the proliferative model, cellular

populations continue to divide and expand in response to

persistent antigen. Consistent with this model is evidence

of ongoing viral reactivation, which is seen more fre-

quently in the elderly than the young.18 However, this

model is not supported by evidence that suggests that the

replicative capacity of HCMV-specific CD4+ T cells in

elderly subjects is severely restricted.19 Alternatively,

HCMV-specific T-cell expansions may arise by accumula-

tion, cells having an extended lifespan, possibly as a con-

sequence of failure of ‘normal’ apoptosis. In the latter

model, oligoclonal expansions would be expected to be

highly stable, changing little over time, whereas in the

former model, individual clones may be driven to exhaus-

tion to be replaced by alternative clones over time. Of

course, the two models are not mutually exclusive and

elements of both may operate concurrently.

Similarly the driving force for clonal expansion remains

unclear. Is it driven by persistent and recurrent HCMV

reactivation, or does functional activity of HCMV-specific

cells fall with time so that an increasing number of

HCMV-specific T cells are required to maintain control

of chronic infection? Functional activity might either be

impaired directly by age or result from reduced avidity of

TCRs for peptide–MHC complexes. The latter might be

associated with ageing if clonal evolution deleted the

highest affinity clones first, possibly by proliferative

exhaustion, leaving only low-avidity clones to control per-

sisting HCMV infection later in life.15

To investigate how HCMV-specific expansions occur

and persist in elderly individuals, we compared HCMV-

specific T cells from healthy old subjects with those from

young individuals. First, we characterized the cells making

up expansions. We then tested whether expansions occur

as a result of accelerated proliferation or extended lifespan

(i) using deuterated glucose labelling in vivo,20 (ii) by

determining Ki-67 expression ex vivo, and (iii) by exam-

ining the expression of genes involved in cell survival and

death. Finally, we assessed whether functional responses

of HCMV-specific T cells are altered in the old.

Materials and methods

Subjects and sample preparation

Elderly (� 65 years) and young (< 40 years) healthy sub-

jects were recruited by local advertisement. All were free

from acute or chronic illness and disorders of mobility or

cognition; none were taking medication known to affect

immune function. To characterize HCMV-specific

responses we identified a cohort with measurable HLA-

restricted cellular responses by a step-wise screening pro-

cess. First, we tested for HCMV IgG seropositivity; if

seropositive, we identified those with significant cellular

responses by measuring interferon-c production in

response to HCMV lysate; this group were HLA-typed to

identify HLA-A2-positive and HLA-B7-positive subjects

in whom pentamer studies could be performed, as domi-

nant HCMV peptide epitopes have been identified for

these alleles. Data are presented from 21 healthy old

subjects (mean age 75 years, range 65–91 years) and 12

healthy young subjects (mean age 30 years, range

23–36 years), although not all measurements were per-

formed in all subjects. All procedures were performed in

accordance with the principles of the Declaration of

Helsinki and after approval from the local Research Ethics

Committee.

Peptide HLA-class I pentamers

Unlabelled Pro5� MHC class I pentamers (Proimmune,

Oxford, UK) containing either the HLA-A*0201-restricted

peptide NLVPMVATV (HCMV pp65 495–503) or the

HLA-B*0702-restricted peptide TPRVTGGGAM (HCMV

pp65 417–426) were used for the identification of HCMV

peptide-specific CD8+ T cells. Peripheral blood mononu-

clear cells (PBMC) were stained with the appropriate

pentamer (15 min, ambient temperature), washed, then

incubated with Pro5� Fluorotag allophycocyanin or R-

phycoerythrin (R-PE; Proimmune) for (30 min, 4�)
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together with peridinin chlorophyll protein (PerCP)-con-

jugated anti-CD8 (BD Biosciences, Oxford, UK).

Phenotypic analysis

Cryopreserved PBMC were stained with directly conju-

gated antibodies including CD8-PerCP and a combina-

tion of the following monoclonal antibodies [either

fluorescein isothiocyanate (FITC) or R-PE-conjugated]

CD27, CD28, CD11a, CCR7, CD62L, CD95 (BD Bio-

sciences), CD57 (Beckman Coulter, Brea, CA), CD45RO

and CD45RA (Dako, Glostrup, Denmark). The TCR Vb
repertoire was investigated using the IOTest� Beta Mark

kit (Beckman Coulter) according to the manufacturer’s

instructions. For intracellular Bcl-2 staining, cells were

surface stained with MHC class I pentamer, CD8-PerCP

and the appropriate TCR Vb-FITC antibody (BioMed

Immunotech, Tampa, FL) and then fixed and permeabi-

lized (Fix & Perm Cell Permeabilization kit; Caltag Labo-

ratories, Buckingham, UK) and stained with Bcl-2-PE

(BD Biosciences). All antibodies were pre-titrated to

determine optimal staining concentrations. Four-parame-

ter flow cytometric analysis was performed on a FAC-

SCalibur flow cytometer (BD Biosciences) using

CELLQUEST software (BD Biosciences) and data were anal-

ysed using WINMDI software (Scripps Research Institute,

La Jolla, CA).

Analysis of Ki-67 expression

For ex vivo detection of cells in cycle, cryopreserved

PBMC were stained with the appropriate MHC class I

pentamer and cell surface markers, treated with eBio-

science Fixation and Permeabilization kit according to the

manufacturer’s instructions and stained with FITC-conju-

gated or R-PE-conjugated anti-Ki-67 or isotype control

(BD Biosciences; 30 min, 4�), as described elsewhere.21

For measurement of proliferation by Ki-67 expression fol-

lowing stimulation with HCMV peptides, cryopreserved

PBMC from HCMV-seropositive donors were plated in

24-well tissue culture plates at 1 · 106/ml in RPMI-1640

containing 10% fetal calf serum, 100 U/ml penicillin,

100 lg/ml streptomycin and 2 mM L-glutamine (complete

medium) (Sigma, St Louis, MO). Cells were stimulated

for 3 days at 37� with 5 lg/ml of the relevant HCMV

pp65 peptide (Proimmune), collected, washed and stained

for Ki-67 as described above.

CFSE staining for assessment of proliferation

Carboxy fluorescein succinimidyl ester (CFSE; Invitrogen,

Eugene, OR) was diluted to a concentration of 5 lM in PBS

and added to cells suspended in PBS to give a final CFSE

concentration of 2�5 lM. Cells were labelled at room tem-

perature for 10 min. Labelling was stopped by adding an

equal volume of complete medium for 1 min and the cells

were washed extensively in PBS before use.

CD107a staining

Cryopreserved PBMC were stimulated with HCMV pp65

peptides as described above. After 3 days, FITC-conju-

gated anti-CD107a or isotype control (BD Biosciences)

was added to the relevant wells and cells were incubated

at 37� for 2 hr. Then, 25 ll of 100 lM monensin per 106

cells was added. After a further 4 hr, cells were washed

and co-stained with MHC class I pentamer, anti-CD8 and

in some cases the appropriate PE-conjugated anti-TCR

Vb antibody.

In vivo labelling with deuterated glucose, modelling and
data analysis

In vivo proliferation/disappearance rates were investigated

in three elderly subjects, essentially as previously

described.20,22 All received a 60-g dose of 6,6-2H2-glucose

as an oral solution in half-hourly aliquots over 10 hr fol-

lowing an initial priming dose. Blood glucose deuterium

enrichment was monitored during administration. Follow-

up blood samples taken over the ensuing 3 weeks were

sorted according to CD3, CD8, CD45RO expression and

pentamer binding by flow cytometry (Mo-Flo, Cytomation,

Fort Colins, CO). Sorted cells underwent DNA extraction,

digestion and derivitization followed by gas chromatogra-

phy mass spectrometry (GC/MS) analysis for deuterium

enrichment as previously described.23 DNA deuterium

enrichment data were modelled as a function of time to

derive the average proliferation rate (p) for T-cell popula-

tions and the disappearance rates (d*) of labelled cells

within each sub-population.20,24,25 Statistical significance

was evaluated using the Student’s t-test or Mann–Whitney

U-tests for comparison of groups according to distribution

of data (PRISM, GraphPad Software Inc., La Jolla, CA).

Results

HCMV+ expansions develop at all ages, are Vb

restricted and stable over time

Of the old individuals screened, 18 were identified as

both HCMV-responsive and HLA A2/B7-expressing.

Twelve of these individuals had A2-NLV pentamer-bind-

ing populations ranging in size from 0�2 to 14�5% total

CD8+ T cells and nine had B7-TPR-binding populations

comprising 0�5–32% of CD8+ cells (Fig. 1a,b). Four

elderly subjects were both A2- and B7-positive, but all

showed restricted responses (two to A2-TPR; two to B7-

NLV); none showed measurable pentamer binding to

both epitopes. The HCMV-specific pentamer-binding

populations were also found in young HCMV-responsive
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HLA A2/B7 individuals but were significantly smaller in

younger subjects, ranging in size from 0�1 to 4% for

A2-NLV and 0�4 to 1�7% for B7-TPR (P < 0�05 young

versus old).

When NLV+ CD8+ T cells from both young and old

were double-stained with a panel of antibodies to TCR

Vb families, within individuals, pentamer-binding CD8+

cells expressed a restricted range of TCR Vb genes. In

three of seven young and four of eight old, the pentamer-

binding cells expressed predominantly a single Vb gene.

In the old, highly restricted Vb usage was associated with

large expansions. The HCMV-specific NLV-pentamer-

binding cells in this group of individuals expressed pre-

dominantly Vb8, Vb13.1 and Vb14 (Fig. 1c,d). Restricted

Vb usage was not representative of the overall CD8 Vb
repertoire in either old or young donors (Fig. 1c,d).

Taken together, these results suggest that although

HCMV expansions are larger in the old, the processes

that result in expansion have already begun in young

HCMV-infected individuals and Vb restriction is estab-

lished early in this process. Once established, expansions

appear to be stable; in one old subject (O3), the size of

the Vb family containing the dominant HCMV-specific

TPR+ population (Vb3), analysed three times over a

6-year period, remained essentially unchanged (2003:

7�5%; 2006: 7�8%; 2009: 7�4%), although some changes

were noted in the size of other Vb families (Fig. 2).

Another subject studied twice with a 5-year interval

showed a similar pattern of consistency (data not shown).

HCMV expansions in young and old show a similarly
differentiated phenotype

Changes in the pattern of CD45 isoform expression have

been correlated with differentiation of T cells from naive

to effector to memory function.26 Similarly progressive

loss, first of the co-stimulatory molecule CD28, and then

CD27 is associated with differentiation, terminating in the

production of CD27/28 double-negative effectors.27,28

When the pattern of CD45 isoform expression of HCMV

pentamer+ expansions was investigated, striking heteroge-

neity was noted both within individual subjects and

between different donors. Among all donors, the domi-

nant phenotype of HCMV+ expansions was approximately

equally distributed between the three patterns: CD45RO+

alone, CD45RA+ alone and CD45RA+ CD45RO+ double-

positives. Although numbers were small, there was no

apparent difference in the overall pattern of distribution
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Figure 1. CD8+ human cytomegalovirus (HCMV) -specific T-cell receptor (TCR) Vb expansions in young and old. Peripheral blood mononu-

clear cells from HCMV-seropositive donors were stained with MHC class I pentamers to determine the percentage of CD8+ HCMV-specific T

cells. (a) Representative flow cytometric profiles from young and old donors showing the percentage of total CD8+ cells specific for the HCMV

peptides NLV (donors O11 and Y5) or TPR (donors O2 and Y1). (b) Percentage of CD8+ HCMV-specific cells identified for all donors included

in the study. The horizontal line represents the median value for each group (young and old for each peptide); comparisons are by Mann–Whit-

ney U-test. (c) TCR Vb usage of total CD8+ (open bars) and NLV-specific (solid bars) T cells in a representative old donor (O11); cells were

co-stained with pentamer and 24 different anti-TCR Vb antibodies (in order: Vb 1, 2, 3, 4, 5.1, 5.2, 5.3, 7.1, 7.2, 8, 9, 11, 12, 13.1, 13.2, 13.6, 14,

16, 17, 18, 20, 21.3, 22, 23). (d) As described for (c) but for a representative young donor (Y5).
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of phenotypes between young and old donors, nor was

the phenotype related to the size of the expansion

(Table 1).

In terms of CD27/CD28 expression, most HCMV+

expansions showed the highly differentiated (CD27)

CD28)) phenotype, by contrast with their variable patterns
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Figure 2. Long-term stability of human cyto-

megalovirus (HCMV) -specific expansions in

an elderly subject. Peripheral blood mononu-

clear cells taken three times over a 6-year per-

iod from a single old HCMV+ B7-restricted

donor (O3) were stained with (a) CD8 and

MHC class I TPR-specific pentamer and (b)

with CD8 and the same Vb panel as detailed

in Fig. 1.

Table 1. Patterns of CD45 isoform expression on pentamer-positive CD8+ T cells from young and old subjects

Old Young

Donor Pentamer

Size of

pentamer+

population (%)

Dominant

phenotype

Size of dominant

phenotype within

pentamer+ (%) Donor Pentamer

Size of

pentamer+

population (%)

Dominant

phenotype

Size of dominant

phenotype

within pentamer+

O1 TPR 32 DP 53 Y1 TPR 1�7 DP 41

O2 TPR 12 DP 44 Y2 TPR 1�4 DP 41

O3 TPR 11 RA 80 Y3 TPR 1�2 RO 86

O4 TPR 7 RO 93 Y4 TPR 0�4 RA 60

O5 TPR 4 RO 51

O6 TPR 4 RA 49

O7 TPR 3 DP 74

O8 TPR 1�5 RA 64

O9 TPR 0�5 RO 49

O10 NLV 14 RO 90 Y5 NLV 2�4 RO 87

O11 NLV 9 DP 58 Y7 NLV 0�4 RO 51

O12 NLV 5 RO 95 Y8 NLV 0�4 RA 72

O13 NLV 4 RA 75 Y9 NLV 0�2 DP 61

O14 NLV 3 RO 63

O15 NLV 2 RA 39

Numbers shown are the size of the pentamer+ population as a proportion of all CD8+ cells and the proportion of pentamer+ cells expressing the

dominant CD45 phenotype.

Abbreviations: RA, CD45RA+ single-positive; RO, CD45RO+ single-positive; DP, CD45RA+ CD45RO+ double-positive. Expansions were larger in

old versus young donors for both TPR and NLV tetramers, P = 0�034 and 0�025 repectively (Mann–Whitney U-test, two-tailed).
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of CD45 expression; this was true in both old and young

donors (Table 2). Again, there was no relationship between

the size of the pentamer+ population and the CD27/CD28

phenotype, suggesting that differentiation and expansion

are affected independently. Additional staining experiments

showed that pentamer+ cells tended to express high levels

of CD11a and CD57, with minimal expression of CCR7

and CD62L in both old and young donors (data not

shown).

HCMV expansions arise by accumulation not
increased proliferation

To ascertain whether HCMV expansions arise because of

increased proliferation or extended lifespan we used com-

plementary in vivo and ex vivo approaches. In vivo, we

used the deuterated glucose approach in three healthy

elderly Caucasian women (O3, O4 and O13; aged 77–

82 years). After 10 hr of deuterium-labelling with oral

glucose, PBMC from blood samples taken over the ensu-

ing 3 weeks were sorted according to pentamer binding

and expression of CD3, CD8 and CD45. In all three sub-

jects pentamer+ CD8+ cells had substantially lower rates

of incorporation of deuterium than either pentamer–

CD8+ CD45RO+ or CD8+ CD45RO) T cells (Table 3). In

one subject, (O3), only peak data could be analysed;

further follow-up samples were not available. In the other

two, labelling curves were plotted on graphs and mod-

elled as a function of time (Fig. 3) to derive proliferation

rates (p). These values were lower for pentamer+ cells

than for other CD8+ T cells in both subjects (Table 3).

Doubling-times (T2) were about 1 year for O13 and O3

and about 7 weeks for O4, who had generally higher

turnover rates (Table 3), including CD4+ cells (data not

shown). In this study, disappearance rates (d*) tended to

be higher than proliferation rates, as generally observed,24

because the parameter d* represents loss only of labelled

cells, not all cells. In both old subjects in whom model-

ling was possible, disappearance rates in pentamer+ cells

were lower than in other pentamer– CD8 subsets

(Table 3). Taken together, these data give no support to

the hypothesis that ongoing or rapid proliferation

explains the expansion of pentamer-binding cells in old

individuals; conversely, the slow turnover and relatively

long disappearance half-lives suggest that accumulation is

the major contributor to expansion.

Because the proportion of CD8 T cells is lower in

young than old donors and the pentamer+ populations

are smaller, it was not possible to separate sufficient cells

from young donors to allow deuterated glucose labelling

and GC/MS analysis. We therefore investigated expression

of the cell cycle-associated marker Ki-67, which is present

Table 2. Patterns of CD27/CD28 expression on pentamer-positive CD8+ T cells from young and old subjects

Old Young

Donor Pentamer

Size of

pentamer+

population (%)

Dominant

phenotype

Size of dominant

phenotype within

pentamer+ (%) Donor Pentamer

Size of pentamer+

population (%)

Dominant

phenotype

Size of dominant

phenotype within

pentamer+ (%)

O1 TPR 32 DN 83 Y1 TPR 1�7 DN 41

O2 TPR 12 DN 85 Y2 TPR 1�4 DN 47

O3 TPR 11 27/DP/DN 27/38/25 Y3 TPR 1�2 27/DP/DN 31/29/36

O4 TPR 7 DN 61 Y4 TPR 0�4 DN 56

O5 TPR 4 DN 62

O6 TPR 4 DN 59

O7 TPR 3 DN 52

O8 TPR 1�5 DN 84

O9 TPR 0�5 28/DP 41/42

O10 NLV 14 DN 67 Y5 NLV 2�4 27/DP 35/39

O11 NLV 9 DN 58 Y6 NLV 0�7 DN 61

O12 NLV 5 27 53 Y7 NLV 0�4 27 48

O13 NLV 4 DN 51 Y8 NLV 0�4 DN 40

O14 NLV 3 DN 83 Y9 NLV 0�2 DN 53

O15 NLV 2 27 46

O16 NLV 1 DN 93

O17 NLV 0�2 DP/DN 36/28

Numbers shown are the size of the pentamer+ population, as a proportion of all CD8+ cells, and the proportion of pentamer+ cells expressing

the dominant CD27/28 phenotype. Abbreviations: DN, double-negative, CD27) CD28); DP, double-positive, CD27+ CD28+; 27, CD27+ CD28)

single-positive; 28, CD27) CD28+ single-positive. CD27) CD28), double-negative cells represent the dominant subset in both young and old,

comprising 70�5% in old and 66�7% in young subjects.
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in G1, S, G2 and M-phase, but not G0, cell nuclei to assess

ex vivo proliferation. When Ki-67 labelling was compared

between pentamer+ CD8+ cells and all other CD8+ T cells

(‘pentamer-negative’) in old subjects, similar proportions

of cells were found to be in cycle (Fig. 4a,b). The same

comparison in the young revealed a difference, pentamer+

cells having higher rates of Ki-67 expression. We specu-

lated that this difference might relate to specific subsets

and performed more detailed analysis of Ki-67 expression

according to CD27 and CD45RO expression. We found

that Ki-67 primarily correlated with CD45RO expression,

being predominantly found on CD45RO+ cells, irrespec-

tive of CD27 status (see Fig. 4c for a representative exper-

iment). In five individuals (four old, one young) where

pentamer+ CD8 cells had a mixed CD27/CD45RO pheno-

type, the same pattern was observed (data not shown).

Further analysis of CD45RO+/CD45RO) subsets showed

that neither CD45RO subset differed in Ki-67 expression

in the elderly (Fig. 4d), and that pentamer+ cells in the

young had similar rates of Ki-67 expression to pentamer+

cells in the older subjects (Fig. 4d). However, in the

young, pentamer– cells in both subsets had lower rates

of Ki-67 expression, consistent with a larger population

of very slow turnover, true naive cells within this

compartment.

Altered Bcl-2 or CD95 expression do not account for
the extended lifespan of HCMV-specific expansions

Some of the data above suggested that HCMV-specific

expansions have an extended lifespan in old subjects, so

we addressed whether this might be related to altered

expression of Bcl-2 or CD95, components of two major

signalling pathways for lymphocyte survival/death. In four

young and four old subjects, all pentamer+ cells were

CD95+ and showed similar levels of Bcl-2 expression to

that of the total CD8+ T-cell population (Fig. 5). No

differences were apparent between young and old donors.

Altered proliferative and functional responses do not
account for the accumulation of HCMV-specific
expansions

To investigate the role of impaired functionality in

HCMV responses, we employed two complementary

Table 3. Proliferation and disappearance rates of CD8+ T cells from in vivo labelling in three elderly subjects

Subject

Peak enrichment

(%/day)

Proliferation

rate, P (%/day)

Doubling

Time (days)

Disappearance

rate, d* (%/day)

Half-life

(days)

O13

Pentamer+ 0�17 0�18 385 1�26 55

CD45RO+ 0�53 0�69 100 7�75 9

CD45RO) 0�69 0�82 85 8�45 8

O4

Pentamer+ 1�3 1�44 48 1�88 37

CD45RO+ 3�92 4�71 15 8�08 9

CD45RO) 2�76 3�26 21 10�89 6

O3

Pentamer+ 0�19 3681

CD45RO+ 1�16 601

CD45RO) 2�75 251

Data represent measured peak enrichment (a minimum estimate of proliferation rates) and modelled proliferation (p) and disappearance rate

constants (d*).
1Doubling time is derived from p except for O3, where it is based on the peak enrichment.
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Figure 3. In vivo proliferation and disappearance of CD8+ T cells.

Fraction of labelled cells following deuterium-labelled glucose admin-

istration for 10 hr at time 0. Peak height indicates proliferation rate

and rate of decline indicates disappearance rate. Pentamer+ cells

(filled squares) were separated from CD45RO+ (open squares) and

CD45RO) (open circles) before analysis. Data are shown from two

individual subjects, O13 (a) and O4 (b); expansions were predomi-

nantly CD45RO– in O13 but CD45RO+ in O4.
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approaches. First, we determined whether cells could

respond by proliferation to stimulation with specific pep-

tides. CFSE-labelled cells were stimulated with NLV pep-

tide for 6 days then stained with NLV pentamer. We

found that only pentamer-specific cells responded and

proliferated (Fig. 6a). When fresh PBMC were stimulated

with either peptide mix or specific peptide (NLV or TPR)

for 3 days, only pentamer+ cells up-regulated Ki-67

(Fig. 6b). The possibility that responses might differ in

pentamer+ populations in young and old was examined

but no significant differences were detected (Fig. 6c). Fur-

thermore there was no evidence that donors whose pent-

amer+ population was of a single Vb type respond less

well than those with a mixed Vb, where there might be

more actively expanding clones (Fig. 6c). Second, CD107

expression was measured as an index of cytotoxic poten-

tial; when combined with pentamer staining and specific

peptide stimulation, we found no evidence for impaired
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Figure 4. Ex vivo proliferation measured by Ki-67 expression. Peripheral blood mononuclear cells from young and old human cytomegalovirus

(HCMV) -positive donors were stained for CD8, specific pentamer and Ki-67 and gated on pentamer+ CD8+ T cells, control cells from an

HCMV-negative old donor gated on CD8+ T cells were stained for Ki-67. (a) Representative dot plots comparing the pentamer+ CD8+ T-cell

population with the CD8+ pentamer) population from the same old donor (O2). (b) Comparison of Ki-67 expression on all CD8+ cells derived

from old (n = 15) and young (n = 9) donors. P-value by Wilcoxon signed rank test. (c) Comparison of Ki-67 activity on subsets defined by

CD27 · CD45RO staining. (d) Expression of Ki-67 on subsets of CD45RO+ cells stained with CD8, MHC class I HCMV-specific pentamer and

CD45RO from panels of old (n = 15) and young (n = 9) donors. Each data point represents the value from one donor; horizontal bars are

medians. P-value quoted is by pairwise comparison (Wilcoxon signed rank test); no other significant differences between groups by analysis of

variance (anova; Kruskal–Wallace). (e) As for (d) but for CD45RO) cells (n = 11 and six respectively). P-value by anova (Kruskal–

Wallace) = 0.019. Comparisons between groups by Mann–Whitney U-test.
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cytotoxic functionality in such cells in the elderly

(Fig. 6d). These studies were performed in two young

and four elderly donors, who all showed similar patterns

of response.

Discussion

For most viral pathogens, memory lymphocyte popula-

tions remaining after resolution of the primary infection

are relatively small, rarely comprising more than 1% of

circulating CD8+ T cells or 0�1% of CD4+ cells; most are

lymphoid-homing CD45RO+ CD27+ ‘central memory’ T

cells.28 By contrast, HCMV infection evokes a quite dif-

ferent pattern of response.2,29,30 First, populations of per-

sisting HCMV-specific memory cells are unusually large,

sometimes very large, up to 32% of all CD8+ in this study

(subject O1, Table 1). Second, they tend to increase with

age/time (Fig. 1). Third, they show diversity of CD45 iso-

form expression, as previously described.16,31,32 The sig-

nificance of this is unclear because the pattern of isoform

expression does not appear to correlate with the age of

the donor or other phenotypic features. Fourth, they

express a highly differentiated phenotype, lacking CCR7,

CD27, CD28 and CD62L, and expressing CD11a and

CD57.19,27 These observations, the large size of HCMV-

specific memory populations, their stability and their

highly differentiated phenotype, together with the obser-

vation that CMV infection seems to drive telomere short-

ening in CD8+ cells,30 as well as in CD4+ cells,19 raise

several questions. Specifically, how are such large HCMV-

specific expansions generated? How are they maintained

over long periods, despite having short telomeres and a

highly differentiated phenotype, and are such cells

functionally competent?

In terms of how these expansions arise, our data sug-

gest that an accumulation model, characterized by pro-

longed survival, is more likely to describe events in vivo,

than a proliferation model, in which accelerated cell divi-

sion is ongoing. Three strands of evidence lead us to this

conclusion. First, in vivo proliferation rates directly mea-

sured using deuterated glucose were significantly lower

for HCMV-specific T cells than for CD8 cells of other

specificities, regardless of whether they expressed predom-

inantly CD45RO or RA. Although our conclusions are

based on only three subjects, the results were consistent

in all three.

Second, analysis of Ki-67 expression on antigen-specific

CD45RO+ CD8+ T cells (defined by pentamer binding)

showed no evidence for accelerated proliferation in the

elderly (Fig. 4). For the young, interpretation is more

complex; it appears that young pentamer+ cells may have

a higher fraction in cycle than young pentamer) cells,

particularly among CD45RO) cells (Fig. 4). This differ-

ence may derive from differences in antigen-priming

rather than from specific effects of HCMV as most

CD8+ CD45RO) cells in the young are naive T cells,

which turn over slowly,25 whereas pentamer+ CD45RO)

cells are antigen-primed effector cells.28,29,33 In the elderly,

where pentamer+ CD45RO) cells, in contrast, do not dif-

fer in expression of Ki-67 from pentamer) CD45RO)

cells, the comparison is appropriate, because in the old,

the bulk of CD8+ CD45RO) cells are likely to be effector

cells.34

Third, in two elderly subjects studied over an interval

of at least 5 years, the stability of the size of the Vb fam-

ilies containing the dominant HCMV pentamer+ popula-

tion would be consistent with long-lived oligoclonal

populations. (Of course, the same observation would fol-

low if short-lived clones disappeared to be replaced by

similar numbers of different clones of exactly the same

Vb specificity, but this appears less likely.) Such data are

consistent with previously published data showing relative

stability in the clonal response to CMV over a 2-year

period.11

Our data demonstrate highly restricted Vb distribution

of HCMV-specific cells; this does not prove that few CD8

clones are present but is consistent with previous studies
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Figure 5. Altered expression of Bcl-2 and CD95 does not explain the

extended lifespan of CD8+ human cytomegalovirus (HCMV) -spe-

cific T cells within T-cell receptor (TCR) Vb expansions. Peripheral

blood mononuclear cells from four young and four old subjects were

stained with MHC class I pentamers to identify HCMV-specific

CD8+ T cells and the apoptotic potential of this population was

assessed by flow cytometry after staining for CD95 and Bcl-2. Repre-

sentative flow cytometric profiles from one old (left panel) and one

young (right panel) donor showing CD95 (upper row, donors O15

and Y5) and Bcl-2 (bottom row donors O14 and Y8) expression on

HCMV pentamer+ cells. Plots are gated on total CD8+ T cells.
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showing that HCMV responses are often limited to small

numbers of clones.2,35 Indeed single clones may dominate;

in one individual in this study we used heteroduplex

analysis to examine a pentamer-binding population com-

prising a single Vb family and found a single dominant

clone (data not shown). Vb staining of pentamer-binding

populations also suggests that greater size of the expan-

sion is associated with more restricted Vb usage.

In an earlier study we showed that CD8+ CD45RA+ T

cells from young and elderly donors divided at a similar

slow rate, but that survival of labelled CD8+ CD45RA+

cells in the elderly appeared to be extended.33 We hypoth-

esized that such prolonged survival might contribute to

the expansion of this subset in the elderly. As HCMV-

specific T cells had been reported to contain a high pro-

portion of these effector cells,27 we speculated that pro-

longed survival might contribute to the expansion of

HCMV-specific populations in the elderly. The present

data accord with this view, because we show that pent-

amer+ cells divide in vivo more slowly than other popula-
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Figure 6. Proliferative responses to human cytomegalovirus (HCMV) peptides and functional capacity of HCMV-specific CD8+ T cells from old

and young. (a) Peripheral blood mononuclear cells (PBMC) from an HCMV+ A2-restricted donor (donor O11) with an NLV+ CD8+ T cell

expansion, consisting predominantly of Vb16, were labelled with CFSE and incubated with NLV peptide for 6 days before analysis on a FACScal-

ibur. Solid fill represents CD8+ NLV+ peptide-stimulated cells on day 6, solid line represents CD8+ NLV+ cells on day 0 and dashed line repre-

sents CD8+ NLV) peptide-stimulated cells on day 6. (b) PBMC from an old donor with a pentamer+ population containing a small Vb
expansion (donor O14) were stimulated with specific HCMV peptide for 3 days and then stained for Ki-67 (dot plot). (c) Histogram of Ki-67

expression in stimulated cells from one old donor (O6) one with a single dominant Vb expansion and one young donor (Y9) with a dominant
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O6) and one young HLA-B7+ donor (Y1) were stimulated for 3 days with HCMV-B7 restricted peptides then stained with CD107 monoclonal

antibodies, incubated with monensin for 6 hr, then stained with TPR and CD8 mAb. Solid fill represents CD8+ TPR+ peptide-stimulated cells;
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cells incubated in medium (no peptide) for 3 days. Data are representative of studies in two young and four elderly donors.
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tions assayed and exhibit slow disappearance kinetics

(Fig. 3, Table 3). Such a model would be consistent with

other data showing that effector memory CD45RA+ T

cells are relatively resistant to CD95-mediated apoptosis.36

At present we are more limited in our analysis of cell

survival in the young because we were not able to sepa-

rate enough pentamer-binding cells from young donors

to enable us to measure deuterated glucose incorporation

into DNA. However, young and old pentamer-binding

cells are strikingly similar in the other phenotypic charac-

teristics studied so it seems likely that similar mechanisms

apply in both settings although HCMV-specific cells may

divide more rapidly in the young.

In terms of drivers for HCMV-specific clonal expan-

sion, persisting viral stimulation has been postulated but

this does not explain why other persistent viruses, e.g.

HSV, varicella zoster virus, Epstein–Barr virus, do not

seem to generate similar CD8 responses.27 Repeated class

I presentation of HCMV antigens without co-stimulation

may induce a state of persistence37,38 and this might

explain the accumulation of HCMV-specific cells. If this

were so, alterations in apoptotic markers might be antici-

pated. We found no change in expression of Bcl-2 or

CD95 in this study (Fig. 5) but these are only two among

many pathways regulating survival/death so an impaired

apoptosis model is still consistent with our findings. A

consistent finding was a phenotype characteristic of

advanced differentiation (CD27) CD28)).28 Such popula-

tions may be resistant to in vivo proliferative responses

because of their requirement for CD137/4-1BBL co-stim-

ulation, rather than CD28.2,39 Furthermore, slow division

rates may be necessary for survival of cells with the repli-

cative constraints of short telomere length.19,30 We found

no evidence to support the hypothesis that HCMV-spe-

cific populations expand as a compensatory mechanism

for reduced functionality. However, we only tested two

modalities (in vitro peptide-stimulated proliferation and

up-regulation of CD107); other indices of function may

be abnormal. In addition, the use of an index of func-

tionality in screening subjects (interferon-c production in

response to HCMV lysate) may have excluded subjects

who mount anti-CMV responses that are non-functional.

Despite such caveats, pentamer+ cells are clearly not

effete, although they may have a restricted functionality

in other domains.

Several limitations of this study are notable. It was only

possible to study a limited number of elderly subjects by

in vivo labelling in this study and further confirmatory

studies are planned together with comparative studies in

young subjects once cell number constraints are over-

come. The assumptions and limitations of the deuterated-

glucose-labelling approach are discussed elsewhere.20

Some disparity between in vivo turnover and Ki-67

expression was noted; specifically, we did not see a reduc-

tion in Ki-67 expression in pentamer+ cells in the old,

commensurate with the in vivo labelling studies. This dif-

ference may relate to greater sensitivity with in vivo mea-

surements or may be a sampling issue; in vivo labelling

captures dividing cells from all compartments, provided

they re-circulate freely, whereas Ki-67 FACS only mea-

sures recently divided cells at the time they are in the

blood. Furthermore, we note a degree of selectivity inher-

ent in our comparisons; pentamer positivity only captures

part of the HCMV-responsive CD8 population; not all

CMV-responsive cells may behave identically to those rec-

ognizing these specific peptides. We selected subjects with

large HCMV responses; those with very small responses

may have different kinetics.

In summary, our data are more consistent with a model

in which HCMV-specific expansions are comprised of cells

that have the characteristics of T-cell senescence, being

long-lived with infrequent cell divisions, whilst also retain-

ing at least some functional capacity. They are likely to

have short telomeres and be resistant to apoptosis. Further

studies might explore the mechanisms that confer this

apparent resistance to apoptosis including more extensive

analyses of apoptotic pathways and studies of alternative

markers of functionality. In terms of therapeutic consider-

ations, one might speculate that an environment promot-

ing appropriate cell differentiation and apoptosis may

benefit individuals with very large expansions.
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