
Differential expression of CD26 on virus-specific CD8
+ T cells during

active, latent and resolved infection

Introduction

Post-thymic T-cell activation and differentiation is a com-

plex and multifactorial process.1–4 It is generally believed

that naı̈ve cells, upon primary antigenic stimulation, give

rise to effector cells; after initial expansion, the effector

pool contracts and most cells succumb to apoptosis while

a minority becomes long-lived memory cells.1–4 Several

markers can differentiate between naı̈ve and memory cells;

however, only a few molecules can differentiate between

memory cells and activated effector cells (reviewed in

ref. 1). The pathways that influence the generation of

effector and memory T cells are still largely undeciphered

and the lineage relationships are controversial. The ques-

tion, however, is of central importance in the search for

insight into lymphocyte memory development and for

suitable markers of an effective immune response for vac-

cine studies.

Examination of antigen-specific lymphocyte responses at

different stages of particular infections offers in vivo ‘snap-

shots’ of various phases of lymphocyte differentiation. Per-

sistent viral infections in humans, such as cytomegalovirus

(CMV), are marked by the presence in peripheral blood of

effector phenotypes with varying degrees of late and termi-

nally differentiated cells, as we and others have shown.5–7

Markers such as the killer cell lectin-like receptor G1

(KLRG1) and CD57, characteristic of antigen-experienced

cells with effector function but poor replicative capacity,

are expressed at a greater frequency on cells specific for

agents of persistent infections at the chronic stage, but

CD27 and CD28 are typically not expressed.5–7 In contrast,

immune responses to infections that are acute and subse-

quently cleared with no persistence of antigen (such as

influenza) are characterized, long-term, by the presence of

true resting memory cells.6 Recent observations suggest

that memory CD8+ T cells that can persist long-term in
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Summary

The hallmark of effective establishment of immune memory is the long-

term memory cell that persists in the absence of antigen. To explore its

characteristics, we investigated the differences between a resolved success-

ful immune response, such as after influenza (flu) vaccination, and the

state of chronic infection with persistent antigen, such as with cytomega-

lovirus (CMV), Epstein–Barr virus (EBV) or human immunodeficiency

virus (HIV), which leads to defective T-cell memory. Immunophenotypic

analyses using multi-parameter flow cytometry and tetramer technology

identified a unique pattern of CD26high expression among influenza-

specific CD8+ T cells, but not among CD8+ T cells specific for CMV, EBV

(three different epitopes) or HIV. The median percentage of CD8+ T cells

expressing CD26 was 95�5% for influenza, but for cells specific for CMV,

EBV and HIV it was 10�5%, 12%–19%, and 13�2%, respectively. These

findings suggest that expression of CD26high may be a characteristic of a

memory cell. CD26high expression correlates with expression of CD127, a

marker of memory cells. Furthermore, CD26high cells can produce inter-

leukin-2. These findings offer insight into the dynamics of T-cell differen-

tiation, and they may offer a specific marker of a successfully developed

memory CD8+ T cell, that of CD26high. This marker has the potential to

be useful in studies of immune responses to infectious agents, and to new

vaccine candidates.
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the absence of antigen have advantages over CD8+ T cells

specific for persistent infections. A recently identified char-

acteristic of memory cells is the expression of high levels of

CD127, the a-chain of the interleukin-7 (IL-7) receptor.8

Such memory T-cell markers, in particular those associated

with long-term protective immunity, need to be further

explored. We approached this issue by performing a

detailed immunophenotypic analysis of antigen-specific

cells that are present in the absence of antigen, such as after

successful influenza vaccination, and compared them with

those of chronic infections with persistence of antigen and

antigen-dependent memory development,8 such as CMV,

Epstein–Barr virus (EBV) or human immunodeficiency

virus (HIV). Our analyses yielded a unique CD26 expres-

sion pattern in influenza-specific CD8+ T cells, different

from that observed in CD8+ T cells specific for CMV, EBV

or HIV. CD26 is a marker expressed on activated lympho-

cytes that acts as a costimulatory molecule;9,10 mainly

expressed on CD4+ T cells, it is thought to be a marker of T

helper type 1 cells11 and its expression confers higher

antigen sensitivity upon restimulation.12 It therefore has

characteristics that are consistent with a memory cell mar-

ker; examining its patterns of expression on CD8+ T cells

specific for agents of acute resolved and persistent infec-

tions might offer insights into T-cell memory development.

Materials and methods

Study subjects and samples

Blood samples were obtained from 23 healthy volunteers

known to be seropositive for CMV and/or EBV (13 and

10, respectively) using commercially available serological

tests; they were either human leucocyte antigen (HLA) B8+

(n = 11) or A2+ (n = 12). Ten of the donors had received

previous influenza immunizations and were HLA A2+,

with normal CD4 : CD8 ratios. The donors’ age range was

27–40 years; 12 were men. Subjects were recruited at the

Emory University Vaccine Center; blood samples were

provided in heparin or sodium citrate. We also used blood

samples from four HIV-infected patients who participated

in an HIV vaccine study; they were free of active concur-

rent infections at the time of testing, and their HIV infec-

tion was stable with low log10 viral loads (2�6–3�5 cps/ml)

on antiretroviral therapy; these were HLA A2+. All subjects

were recruited at the Emory University Vaccine Center

and gave informed consent for the study.

Major histocompatibility complex class 1-peptides

Soluble major histocompatibility complex (MHC) class 1

peptide tetramers carrying cytotoxic T-lymphocyte (CTL)

epitopes of CMV and influenza virus proteins were

produced as described elsewhere.13,14 The HLA restriction,

peptide sequences, virus and name of the gene products of

derived CTL epitopes are presented in Table 1. The

tetramers were prepared with streptavidin coupled to

allophycocyanin (Molecular Probes, Eugene, OR). The epi-

topes selected are major dominant epitopes for CMV, EBV

and influenza virus. For HIV we examined gag epitopes.

Immunophenotyping and flow cytometry

A whole-blood flow cytometry technique was employed

as described previously.5 Cells were stained with mono-

clonal antibodies (mAbs) labeled with fluorescein isothio-

cyanate, phycoerythrin, peridinin chlorophyll protein or

allophycocyanin or tetramers. The whole-blood samples

(200 ll) were stained at room temperature for 20 min;

red blood cells were lysed in fluorescence-activated cell

sorter (FACS) lysing solution (BD Biosciences, San Jose,

CA) for 10 min in the dark, washed twice in FACS buffer

(phosphate-buffered saline containing 2% bovine serum

albumin and 0�1% NaN3) and fixed in 300 ll 1% para-

formaldehyde. The following mAbs (Beckman Coulter,

Fullerton, CA) were used: anti-CD3 (clone UCHT1), anti-

CD28 (clone CD28.2), anti-CD57 (clone NC1) and anti-

CD127 (clone R34.34), CD27 (clone1A4CD27), CD11a

(clone 25.3), CD45RA (clone ALB11), CD62L (clone

DREG56). The following mAbs from BD Pharmingen

(San Jose, CA) were used: anti-CD4 (clone SK3), anti-

CD8 (clone SK1), anti-CD26 (clone L272), CCR5 (clone

2D7) and perforin (clone dG9). The CCR7 (clone

150503) was from R&D Systems (Minneapolis, MN) and

the Granzyme-B (clone GB12) was from Caltag (Burling-

ton, CA). The granzyme B and perforin were stained

intracellularly for 20 min after permeabilization with

FACS-Perm (BD Biosciences) for 10 min at room tem-

perature, washed with FACS buffer and fixed with para-

formaldehyde. Interferon-c (IFN-c; clone B27) and IL-2

Table 1. Major histocompatibility complex (MHC) class I/peptide

tetramers and the respective human leucocyte antigen (HLA) restric-

tion and cytotoxic T-lymphocyte (CTL) epitopes used in this study.

The epitopes belong to antigens of the viral agents shown

MHC/peptide

tetramers

HLA

restriction CTL epitope Viral agent

A2/CMV.NLV A*0201 NLVPMVATV Cytomegalovirus

(CMV)

A2/FLU.GIL A*0201 GILGFVFTL Influenza virus (flu)

B8/EBV. FLR B*0801 FLRGRAYGL Epstein–Barr virus

(EBV)

B8/EBV.RAK B*0801 RAKFKQLL Epstein–Barr virus

(EBV)

A2/EBV.GLC A*0201 GLCTLVAML Epstein–Barr virus

(EBV)

A2/HIV.GAG A*0201 SLYNTVATL Human

immunodeficiency

virus type 1 (HIV)
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(clone MQ1-17H12) were both from BD Pharmingen.

The Alexa-KLRG1 (13A2) was kindly provided by Dr Pir-

cher, University of Freiburg, Germany.

Peripheral blood mononuclear cell isolation and
intracellular cytokine staining

Peripheral blood mononuclear cells (PBMC) were isolated

over lymphocyte separation medium (Cellgro, Herndon,

VA); 1 · 106 PBMC were stimulated with phorbol

12-myristate 13-acetate (PMA; 50 ng/ml) and calcium

ionophore A23187 (1 lg/ml) (Sigma-Aldrich, St Louis,

MO) in 200 ll RPMI-1640/10% fetal bovine serum med-

ium containing Golgi Plug (BD Pharmingen) for 6 hr. A

negative control (non-stimulated) was included to control

for spontaneous production of IFN-c or IL-2. The PBMC

were then surface-stained for 20 min at room tempera-

ture and lysed with 2 ml FACS Lyse (BD Biosciences) for

10 min at room temperature. The cells were washed twice

with FACS-buffer (phosphate-buffered saline with 0�5%

bovine serum albumin and 0�1% NaN3), permeabilized

for 10 min at room temperature with 500 ll of FACS-

perm (BD Biosciences), washed with FACS buffer, stained

with IFN-c (clone B27) or IL-2 (clone MQ1-17H12) for

20 min at room temperature, washed again, and fixed

with 1% paraformaldehyde before acquisition on a FACS

Calibur (BD Biosciences). FACS data were analysed with

FLOWJO software (Treestar, Carlos, CA).

Proliferation in vitro

PBMC were sorted into CD8+ CD26high CD8+

CD26intermediate and CD8+ CD26low populations using a

FACSAria (BD Biosciences). The purity of these cells was

> 95%. These cells were stimulated with plate-bound anti-

CD3 (2 lg/ml) and anti-CD28 (1 lg/ml) for 5 days at 37�
before staining for intracellular Ki-67 (a marker of cell

proliferation). Briefly, cells were washed, stained with

surface antibodies, permeabilized for 10 min at room tem-

perature with 500 ll FACS-perm (BD Biosciences), and

then washed with FACS buffer before staining intracellu-

larly with Ki-67 (clone B56) for 25 min at room tempera-

ture. The cells were washed again and fixed with 1%

paraformaldehyde before acquisition on a FACS Calibur.

Each experiment was repeated three times.

Results

Expression of CD26 by the bulk population of CD8+

T lymphocytes: three subsets and their
characterization

CD26 staining on CD3+ CD8+ T cells identified three

subsets of cells: CD26low, CD26intermediate and CD26high

(Fig. 1). The CD26high subset was present in variable pro-

portions in the subjects studied, ranging from 1�8% to

22% (median, 7�5%) of all CD8+ T cells. We further

characterized these subsets by performing immunopheno-

typic analyses on CD3+ CD8+ T cells with a panel of

naı̈ve and antigen-experienced cell markers. Costaining

with CD45RA, traditionally thought of as a marker of

naı̈ve T cells, identified all cells within the CD26high and

some of the cells in the CD26low subset as CD45RA) but

the majority of the cells in the CD26intermediate subset as

CD45RA+ (Fig. 1). A similar pattern was observed with

CD62L, another marker mainly of naı̈ve cells (Fig. 1).

Conversely, staining with CD11a, a marker of antigen-

experienced T cells, showed that CD26high and CD26low

cells expressed high levels of CD11a, whereas the majority

of CD26intermediate cells expressed low levels of CD11a

(Fig. 1). Taken together, these results indicate that expres-

sion of CD26high identifies a population of antigen-experi-

enced cells, whereas expression of CD26intermediate

identifies a mostly, but not exclusively, naı̈ve population

of cells. CD26low identifies mostly antigen-experienced

cells, including some CD57+ terminal effectors (Fig. 1).

To further define the functional properties of the CD26

subsets of CD8+ T cells, we used four-colour flow cyto-

metry for coexpression of a number of key markers asso-

ciated with cytotoxicity and effector and memory

function. Given that our initial characterization indicated

that CD26intermediate cells were mostly naı̈ve cells, we

wanted to further distinguish the function of CD26high

and CD26low cells, which both bore activated cell pheno-

types. As shown in Fig. 2, the differences between the two

subsets were in expression of CD127, CCR5 and CD28

(with the majority of CD26high cells, but not of CD26low

cells, expressing these markers) and in expression of per-

forin and granzyme B (where, in contrast, only a very

small fraction of CD26high cells were expressing, but one-

third to one-half of CD26low cells did). Taken together,

these results portray an antigen-experienced, activated

but non-effector phenotype for CD26high cells,

whereas CD26low cells seem to contain heterogeneous

phenotypes, including effectors and some CD45RA+

‘terminal’ effectors (Figs 1, 2). Both CD26high and

CD26low CD8+ T-cell subsets expressed KLRG-1 (Fig. 2).
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Figure 1. Characterization of the CD26 subsets of human CD8+ T

lymphocytes in a representative individual. The majority of

CD26high CD8+ T cells are CD45RA), CD62L) and CD11a+. The

same is true for the majority of CD26low CD8+ T cells, while the

reverse is true for the majority of CD26intermediate CD8+ T cells.

CD57+ cells (a marker of replicative senescence) are only found in

the CD26low subset. Gated on unstimulated CD8+ CD3+ T cells.
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Distinct patterns of CD26 expression on CD8+ T cells
specific for different viral agents: chronic, active and
cleared infection

The CD8+ T-cell responses specific to viruses causing per-

sistent infection, such as CMV, EBV, hepatitis C virus

and HIV, have been shown to be qualitatively different at

the chronic stage depending on viral specificity.6,7 We

undertook a comparison of CMV, EBV and HIV, all three

chronic infections, with influenza, an infection that

resolves without ongoing viral persistence. We character-

ized antigen-specific responses at the chronic stage of

CMV, EBV and HIV and at the stage several months after

influenza immunization. As we and others have previ-

ously described,5,6,15 CD8+ T lymphocytes specific for

CMV epitopes are enriched in CCR7), CD28), KLRG1+

and CD57+ cells, characteristic of ‘effector’ progressing to

‘terminally differentiated’ types of lymphocyte. Some of

them express the CD127 marker, previously shown to

denote a cell destined to become a long-lived memory

cell,16 but at a low intensity (Fig. 3a). In contrast, CD8+

T cells specific for influenza virus, in the absence of con-

temporaneous antigenic stimulation, have lower levels of

expression of KLRG1, do not express CD57, and are

enriched in CCR7+, CD28+ and CD127high cells (Fig. 3a).

The use of CD26 offers a striking distinction of the

responses to the two types of infection. The majority of

CMV-specific CD8+ T lymphocytes are CD26low without

any CD26high representation (Fig. 3a,b). Similar results

were obtained for the EBV epitopes FLR and RAK, as well

as for HIV (Fig. 3a,b). In contrast, the great majority of

flu-specific cells are CD26high (Fig. 3a,b). The median per-

centage of CD8+ T cells expressing high or intermediate

CD26 was 95�5% (range 80–100%) for influenza, but only

10�5% (range 1�8–36�7%) for CMV (P = 0�03), between

12�1% and 19�5% for each of the three EBV epitopes

studied (RAK, FLR and GLC) (range 3�4–23%) and

13�2% for HIV (range 2–17%) (Fig. 4). Together, these

findings show that influenza-specific cells, contrary to

cells specific for CMV, EBV and HIV, express CD26 and

CD127 but only a proportion of them expresses KLRG1

and CD57. In addition, there was much more marked

representation of CD28+ cells among influenza virus-

specific CD8+ T lymphocytes, compared with CMV-

specific cells, as has been previously described.6,7

Interestingly, there were also differences in the responses

to the different EBV epitopes, with a more marked

CD28+ response to FLR (a latency-associated antigen)

than to RAK (a lytic protein epitope). The influenza

virus-specific phenotype would be most consistent with a

‘memory’ population, according to the schemes proposed

by Sallusto and Lanzavecchia17 and an ‘early’ phenotype

according to Appay et al.,7,18 whereas the CMV-specific

responses would be ‘effector’ or ‘intermediate–late’ pheno-

types, respectively.

In vitro stimulation: proliferation, cytokine
production and CD26 expression

On stimulation of CD8+ T cells with PMA/ionomycin,

IFN-c was produced by both CD26high and CD26low cells,

whereas IL-2 was produced mostly by CD26high cells

(Fig. 5). Approximately 56% of CD26low cells produced

IFN-c but less than 6% produced IL-2 upon stimulation

with PMA/ionomycin. In contrast, 86% of CD26high pro-

duced IFN-c and 33% produced IL-2. To investigate the

in vitro proliferative responses of CD3+ CD8+ T cells, we

sorted the cells according to their level of CD26 expression

and then stimulated them with anti-CD3 and anti-CD28

for 5 days. We observed that there was up-regulation of

CD26 expression upon such stimulation within all CD26

subsets. The highest levels of proliferation, as measured by

Gzy B Perforin CCR5 CD28 KLRG-1 CCR7 

34·9 

96·7 

99·5 

(a) (b) 

29·1 

1·41 

2·71 

49·7 

7·62 

5·43 

76·7 

11·8 

90·7 

13 

82·9 

19·4 

16·7 

11·1 

89·6 

C
D

26
 

CD8 

99·1 

N
o.

 o
f c

el
ls

N
o.

 o
f c

el
ls

N
o.

 o
f c

el
ls

17·9 

96·9 

CD127 

C
D

26
 

CD8 

Figure 2. Detailed immunophenotypic characterization of the CD26 subsets of CD8+ T lymphocytes. Expression of CD28, CCR5 CCR7, KLRG-1,

granzyme B (Gzy B), perforin (a) and CD127 (b) in the CD26 subsets of human CD8+ T lymphocytes. Whole blood from the donors was stained

with monoclonal antibodies specific for each marker shown. Histograms on the right display expression of the respective marker gated on the

region of each CD26 subset on the left. Panels from representative donors are shown.
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Ki-67 expression, were seen in the CD26intermediate

compartment, where a substantial proportion of the cells

had become CD26high. A representative experiment is

shown in Fig. 6.

Discussion

This study identified a unique pattern of CD26 expression

on antigen-specific CD8+ T cells that recognize epitopes

of a viral agent that causes acute resolved infection (influ-

enza). This pattern is not observed among CD8+ T cells

specific for agents causing chronic infection (CMV, EBV,

HIV). Antigen-specific cells against these viral agents in

the different disease stages studied represent functionally

distinct phases of T-cell development. Long-term T-cell

memory is regularly associated with strong initial anti-

genic stimulation that leads to antigen clearance.19 Infec-

tions with a high load of persisting antigen are

characterized by sustained high levels of effector cells with

poor memory formation and eventual exhaustion.19 It has

been argued that progressive memory CD8 T-cell differ-

entiation occurs in the absence of antigenic persistence

and that CD127 is a marker of long-lived memory

cells.16,20 In contrast, in states of antigen persistence CD8

T-cell differentiation may be defective,8 even though this

view may have been challenged by recent findings that

indicate that the appropriate signal can restore the proli-

feration of CD28) CD45RA+ CMV-specific CD8+ T cells,

which were previously thought of as ‘terminally differenti-

ated’, suggesting a greater functional plasticity of sub-

populations of memory T cells than currently

understood.21

Our findings indicate that the influenza-specific CD8

‘memory’ T cells express CD26 in addition to CD127.
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Figure 3. Characteristics of CD8+ T human

lymphocytes specific for cytomegalovirus

(CMV; top panel), influenza virus (Flu; second

panel) Epstein–Barr virus (EBV; third and

fourth panels) and human immunodeficiency

virus (HIV; bottom panel). (a) Four represen-

tative individuals are presented. The majority

of CMV-specific cells were CD26low, CD28),

CCR7) and enriched in CD27), CD127),

KLRG1+ and CD57+ cells. Similar CD26

expression was obtained for the two EBV epi-

topes studied, as well as for HIV. Conversely,

influenza-virus-specific cells were a majority of

CD26+, CD27+, CD127+, CD57), and enriched

in CD28+ and KLRG1) cells. Gated on unstim-

ulated CD8+ CD3+ T cells. (b) Focus on CD26

expression on different virus-specific CD8+

human T cells.
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Similar results were obtained for responses to vaccinia

virus in two donors vaccinated with the vaccinia virus

(data not shown). In contrast, CMV-specific and EBV-

specific cells do not express CD26. High expression of

CD26 among CD8+ T cells may be a marker of effective

long-term memory T-cell formation. The lack of expres-

sion of CD26 on CD8+ T cells specific for CMV, EBV or

HIV could be explained by either depletion of this subset

or incomplete or arrested differentiation as a result of the

action of regulatory cells, the dysfunction of antigen-

presenting cells or other mechanisms.

This finding has implications for HIV immune patho-

genesis and control: a deficient expression of CD26high on

CD8+ T cells of HIV-infected patients has been previously

described.22,23 HIV-specific CD8+ T-cell responses show

features of impaired maturation in chronically infected

patients,8,24 but are more efficiently maintained if antiret-

roviral therapy is initiated during the early phase of infec-

tion.25 These observations suggest the need to study

CD26 expression in HIV-infected patients who are treated

very early in their infection, or in long-term non-progres-

sors. Such studies would further our understanding of the

role of this marker in a chronic infection when its course

is modified either naturally or by intervention.20 This

would have important implications in the search for

appropriate markers to assess immune responses to HIV

candidate vaccines.

Moreover, our observation offers some additional

insights into the more fundamental question of T-cell dif-

ferentiation. CD26 seems to be expressed in intermediate

intensity in the ‘naı̈ve’ stage but to be either up-regulated

or down-regulated in the antigen-experienced stages. The

functional data on cytokine production and proliferative

capacity concur with CD26high cells being a ‘memory’

population (that can produce IL-2), and CD26low cells

being an ‘effector’ population (IFN-c producers). How-

ever, CD26high ‘memory’ cells also express KLRG1 and

have reduced proliferative capacity, which may have

implications for their function in long-term immunologi-

cal protection.26 Of interest, cells of the CD26intermediate

subset that up-regulate their CD26 expression upon in vitro

stimulation retain their capacity for proliferation and may

be more important in the ‘recall’ phase in vivo. Our data

do not provide an explanation for the mechanisms that
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lymphocytes specific for cytomegalovirus (CMV), Epstein–Barr virus

(EBV), human immunodeficiency virus (HIV) and influenza virus

(Flu). Each point within the particular virus group represents the
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All donors were analysed in the chronic (CMV, HIV and EBV) or
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permit a subset of antigen-experienced cells to up-regu-

late the expression of CD26, whereas the majority of cells

lose expression of this marker. Expression of CD26 could

be dependent on the amount of antigen encountered by

the T-cell receptor. The study by Kaech et al. demon-

strated that IL-7Ra (CD127) was expressed on a minority

of effector CD8+ T cells at the peak of the lymphocytic

choriomeningitis virus response, suggesting that the com-

mitment to memory is made at the peak of the infection

and not during the contraction phase.16 In addition, all

IL-7Ra(CD127)+ cells expressed granzyme B, indicating

that memory cells do pass through an effector stage.27

Our experiments show that CD26high cells do not express

granzyme B or perforin, which might argue for distinctly

developed effector and memory T-cell stages or it might

simply reflect differences in the experimental systems

used. It will be important to study the signals and mecha-

nisms involved in selective up-regulation of CD26 in a

subset of cells and the exact functional significance of

such up-regulation. Our preliminary observations suggest

that CD26 might be a marker of memory cells; contrary

to CD127, also a memory marker, CD26high is not

expressed at the naı̈ve stage.

Taken together, our results show different CD26

expression patterns on virus-specific cells during viral per-

sistence and following a resolved immune response. The

phenotypic characteristics of the CD26high subset and its

correlation with CD127 expression suggest that it may be

a memory T-cell subset that develops following a resolved

acute infection. CD26 may prove to be a valuable tool in

further studies of antigen-specific CD8 T-lymphocyte

development, immunopathogenesis of HIV infection and

vaccine responses.
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