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The killer cell lectin-like receptor G1 (KLRG1) is a natural killer cell receptor expressed by T cells that
exhibit impaired proliferative capacity. Here, we determined the KLRG1 expression by virus-specific T cells.
We found that repetitive and persistent antigen stimulation leads to an increase in KLRG1 expression of
virus-specific CD8� T cells in mice and that virus-specific CD8� T cells are mostly KLRG1� in chronic human
viral infections (human immunodeficiency virus, cytomegalovirus, and Epstein-Barr virus) but not in resolved
infection (influenza virus). Thus, by using KLRG1 as a T-cell marker, our results suggest that the differen-
tiation status and function of virus-specific CD8� T cells are directly influenced by persistent antigen
stimulation.

Inhibitory NK cell receptors are expressed in variable fre-
quency by memory-phenotype T cells (11, 16, 18, 30). These
receptors include the killer cell immunoglobulin-like receptors
(KIRs) and the leukocyte immunoglobulin-like receptors
(LIRs) in humans and the Ly49 molecules in mice. In humans
and mice, CD94/NKG2A and the killer cell lectin-like receptor
G1 (KLRG1) represent additional inhibitory NK cell receptors
expressed by T cells (33). Classical and nonclassical major
histocompatibility complex (MHC) molecules serve as ligands
for KIRs, LIRs, CD94/NKG2A, and Ly49 molecules, while the
ligand of KLRG1 is unknown.

In humans and mice, KLRG1 is expressed by CD4 and CD8
T cells that exhibit a memory cell phenotype and by a large
proportion of NK cells but not by monocytes, granulocytes, or
mast cells (6, 7, 14, 24, 31, 32). Human KLRG1 is also found
in a substantial subset of �/� T cells (12) and, surprisingly, in a
large proportion of naive-phenotype CD4 and CD8 T cells in
umbilical cord blood (15). After birth, naive-phenotype
KLRG1� T cells disappear rapidly from peripheral blood.
Experiments with P14 T-cell receptor (TCR) transgenic mice
specific for lymphocytic choriomeningitis virus (LCMV) fur-
ther showed that P14 memory cells expressing KLRG1 were
impaired in their proliferation potential but not in their capac-
ity to perform immediate effector cell functions (31). Similar to
the data in mice, human T cells expressing KLRG1 also exhibit

a poor proliferation potential, while their ability to secrete
gamma interferon is preserved (32).

Stimulation of T cells in vitro fails to induce KLRG1 expres-
sion, while infection of mice with viruses dramatically and
transiently increases the frequency of KLRG1-expressing CD8
T cells (6, 7, 17, 24, 32). However, information about the
expression of KLRG1 by virus-specific CD8� T cells during
repetitive or persistent antigen stimulation in mice and humans
is limited (22). To address this important question, we exam-
ined KLRG1 expression by antigen-experienced CD8 T cells in
different viral infections using antibodies specific for human
and mouse KLRG1 and MHC class I tetramers loaded with
viral epitopes to identify virus-specific CD8 T cells in both
species.

To determine the kinetics of KLRG1 expression by antigen-
specific CD8 T cells during repetitive antigen stimulation, B6
mice were first infected intravenously with 200 PFU and re-
challenged intraperitoneally with 2 � 106 LCMV (LCM-WE
virus strain). Virus-specific CD8 T cells were identified by Db

tetramers containing the GP33 peptide that belongs to one of
the immunodominant epitopes in H-2b mice, and KLRG1 ex-
pression was determined by specific antibody staining. Periph-
eral blood lymphocytes (PBLs) from mice were stained as
described previously (31). At the acute phase of the infection,
about 10% of CD8� T cells in the peripheral blood were
stained with tetramers, and as previously reported, the major-
ity of these cells expressed KLRG1 (62%). Importantly, CD8�

T cells not specific for this epitope also upregulated KLRG1. It
is likely that these cells were also responding specifically to the
virus, as it has been shown that at the height of the immune
response more than 50% of peripheral T cells are LCMV
specific (20). Six weeks after infection, the percentages of
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GP33 tetramer� cells were slightly reduced with almost stable
KLRG1 expression levels. After 28 weeks, GP33 tetramer�

cells were reduced to about 5% of CD8� cells and KLRG1
expression was also lower than that at week 6 (Fig. 1). Impor-
tantly, reinfection of these LCMV-immune mice with a high
dose (2 � 106 PFU) of LCMV induced a secondary response
of GP33-specific T cells that was accompanied by clonal ex-
pansion and a strong increase (30% versus 76%) in the pro-
portion of KLRG1� cells (Fig. 1B, bottom right). These results
suggest that repetitive antigen stimulation enhances KLRG1
expression by antigen-reactive CD8 T cells. To provide further
evidence for this concept, KLRG1 expression by LCMV-spe-
cific CD8 T cells was examined in CD40-deficient mice. Pre-
vious studies of these mice have demonstrated that CD40 de-
ficiency does not affect the primary LCMV-specific CD8 T-cell
response. However, in the absence of neutralizing antibodies
that cannot be generated by CD40-deficient mice, increased
antigen load has been observed and long-term control of
LCMV fails to occur (5, 8, 9, 27). One week after LCMV
infection, similar numbers of LCMV-specific T cells, deter-

mined by GP33 and NP396 Db-tetramer staining, were found
in wild-type and B6.CD40�/� mice. Expression of KLRG1 by
GP33 and NP396 tetramer� cells was also comparable in the
two mouse strains 1 week after infection (Fig. 2). However, 18
weeks after infection, a significant difference in KLRG1 ex-
pression became evident: KLRG1 was present in 45 to 47% of
GP33- or NP396-specific T cells in B6 mice, while 87 to 95% of
these cells expressed KLRG1 in CD40-deficient mice. Al-
though LCMV was not detectable in the spleen of CD40-
deficient mice by conventional virus plaque assay (sensitivity,
�103 PFU per g of spleen), intraperitoneal injection of cell-
free supernatant from spleen homogenate (10 mg) from
LCMV-infected B6.CD40�/� mice but not from similarly in-
fected B6 mice induced an LCMV infection in naive mice (data
not shown). Thus, these results indicate that stimulation by
persisting viral antigen leads to an enhanced expression of
KLRG1 by virus-specific CD8 T cells in mice. Noteworthily,
Vivier and Anfossi have recently proposed a model of stochas-

FIG. 1. Expression of KLRG1 by LCMV-specific CD8 T cells. B6
mice obtained from Harlan Winkelmann (Borchen, Germany) were
infected with LCMV (A and B). At the indicated times after infection,
PBLs were stained with Db/LCMV GP33–41 tetramers and with mono-
clonal antibodies specific for CD8 and KLRG1. To stain murine lym-
phocytes, fluorescein isothiocyanate- or allophycocyanin-labeled anti-
CD8 monoclonal antibodies were used that were purchased from BD
PharMingen (San Diego, CA). Murine KLRG1 was detected by 2F1
monoclonal antibody (10) purified from hybridoma supernatants by
affinity chromatography over protein G-agarose and conjugated with
Alexa 488 (Molecular Probes, Eugene, OR) according to the protocol
of the manufacturer. The tetramers were prepared by us as described
previously (1). The dot plots shown in panel A were gated on CD8 T
cells. In panel B, percent tetramer� cells of CD8 T cells and percent
KLRG1� cells of tetramer� cells from individual mice are shown.

FIG. 2. Increased KLRG1 expression by LCMV-specific memory
CD8 T cells from CD40-deficient mice. B6 (open circles) and
B6.CD40�/� (closed circles) mice (obtained from the Jackson Labo-
ratory, Bar Harbor, ME) were infected with LCMV, and at the indi-
cated times after infection, PBLs were stained with Db/LCMV GP33–41
or Db/LCMV NP396–404 tetramers and with monoclonal antibodies
specific for CD8 and KLRG1. In panels A and C, percent GP33–41
tetramer� (A) and NP396–404 tetramer� (C) cells of CD8 T cells from
individual mice are shown. In panels B and D, percent KLRG1� cells
of GP33–41 (B) and of NP396–404 (D) tetramer� cells from the same
mice are depicted. Data are derived from three individual mice (indi-
cated by lines) per group that were analyzed at weeks 1 and 18 after
LCMV infection, and relevant P values are indicated.
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tic induction of NK cell receptors in T cells after antigen
stimulation (30). Our data with KLRG1 can be explained by
this model since it implies that the likelihood of a T cell to
express KLRG1 increases with the number of TCR-triggering
events. But additional factors such as duration and strength of
antigen stimulation and cytokine environment could also mod-
ify induction of KLRG1. In this context it is noteworthy that, in
contrast to KLRG1, Ly49 inhibitory receptors are not induced
in murine CD8 T cells upon various settings of antigen immu-
nization or microbial challenge (2, 17).

Next, we determined whether increased KLRG1 expression
can also be observed in chronic viral infections in humans. For
these experiments, KLRG1 expression by virus-specific CD8 T
cells was determined using MHC class I tetramers loaded with
viral epitopes to identify T cells specific for cytomegalovirus
(CMV), human immunodeficiency virus (HIV), Epstein-Barr
virus (EBV), and influenza virus (FLU) (Table 1). The analy-
ses were performed with PBLs from several donors in the
chronic (CMV, HIV, and EBV) or resolved (FLU) phase of
infection using different epitopes from the same virus (Table
1). It revealed a remarkably clear-cut picture: the vast majority
of CMV- (93% � 8%), HIV- (94% � 3%) and EBV-specific
(90% � 10%) CD8 T cells expressed KLRG1, while the fre-
quency of KLRG1� cells within FLU-specific (34% � 15%) T
cells was considerably lower (Fig. 3). These results support the
hypothesis that ongoing antigen triggering in chronic human
viral infection increases the abundant expression of KLRG1 by
CMV-, HIV-, and EBV-specific CD8 T cells. In contrast, FLU
represents a resolved infection with efficient elimination and
antibody-mediated neutralization of the virus. Therefore, ex-
pression of KLRG1 by FLU-specific CD8 T cells was probably
found to be considerably lower. By using KLRG1 as a marker,
our results suggest that persistent viral antigen stimulation
leads to T cells with impaired proliferative capacity and that
this is a general feature of virus-specific CD8� T cells in
chronic infections (23, 26).

Finally, we determined at what step in T-cell differentiation
KLRG1 is upregulated in human cells. Human CD8 T cells
have been classified into different subsets according to the
expression of the costimulatory receptors CD27 and CD28 (3,
4, 13, 28). Figure 4 shows that the frequency of KLRG1� cells
increased along the widely accepted differentiation pattern
from CD27�� CD28� to CD27� and/or CD28� cell subsets.
Remarkably, the most prominent increase in the number of
KLRG1� cells (18% versus 67%) occurred between the
CD27�� CD28� and CD27� CD28�� cell population. The
transition between these two “early” cell subsets is character-
ized by a slight downregulation of CD27 and a small CD28

FIG. 3. Expression of KLRG1 by virus-specific CD8 T cells in hu-
mans. (A) PBLs from donors that were known to possess traceable
numbers of virus-specific T cells were stained by the indicated tetram-
ers (A2/pp65 for CMV, B8/Nef for HIV, B8/BZLF1 for EBV, and
A2/matrix for FLU) and with monoclonal antibodies specific for CD8
and KLRG1. Antibody and tetramer staining was performed as previ-
ously described using either heparinized blood, buffy coats, or periph-
eral blood mononuclear cells isolated from blood by using Ficoll-
Hypaque (Amersham Biosciences, Uppsala, Sweden) density
centrifugation. Antibodies were obtained from BD PharMingen. Hu-
man KLRG1 was detected by Alexa 488-labeled 13A2 monoclonal
antibody or by biotinylated or phycoerythrin-labeled 13F12F2 mono-
clonal antibody (15, 32). Shown are representative dot plots gated on
CD8 T cells with percentages of cells present in the different quad-
rants. (B) Percent KLRG1� cells of CMV-, HIV-, EBV-, and FLU-
specific CD8 T cells identified with the tetramers. Each circle within
one particular virus group represents the value from one donor. All
donors were analyzed in the chronic (CMV, HIV, and EBV) or post-
acute (FLU) phase of the infection. KLRG1 expression levels in CMV-
and EBV-specific T cells were independent of the HIV status, and
FLU-specific T cells were analyzed from HIV-seronegative donors.
Peripheral blood mononuclear cells from healthy adult donors (�20
years) were obtained from the Blood Transfusion Center, University
Hospital Freiburg, Freiburg, Germany. Further samples were obtained
from healthy laboratory workers and from patients chronically infected
with HIV, EBV, or CMV, attending clinics in Oxford, United King-
dom. The medical history of each subject was recorded, and blood
samples were drawn for serological, virological, and immunological
analyses. The study protocol was approved by the local ethics commit-
tee.

TABLE 1. MHC class I-restricted viral epitopes used in this study

Virus MHC type Protein Epitope Sequence

LCMV Db Glycoprotein 33–41 KAVYNFATM
LCMV Db Nucleoprotein 396–404 FQPQNGQFI
CMV A*0201 Matrix pp65 495–503 NLVPMVATV
CMV B7 Matrix pp65 417–426 TPRVTGGGAM
HIV B8 Nef 89–96 FLKEKGGL
EBV B8 BZLF1 190–197 RAKFKQLL
EBV B8 EBNA3A 325–333 FLRGRAYGL
FLU A*0201 Matrix 58–66 GILGFVFTL
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upregulation. Hence, these data suggest that KLRG1 expres-
sion in humans is induced at a relatively early phase in the
differentiation pathway of CD8 T cells. Thus, CMV-, HIV-,
and EBV-specific CD8� T cells are all KLRG1 positive al-
though they differ significantly in their CD27 or CD28 expres-
sion (3).

In this respect, KLRG1 differs from other NK receptors
expressed in human T cells such as KIRs or LIR1 that are
present predominantly in CD8 T cells that have lost CD27
and/or CD28 expression (34). Since CD27/CD28 cannot be
used as memory cell markers in mice, it is difficult to directly
compare KLRG1 expression in memory T-cell subsets in hu-
mans and mice. Nonetheless, our data might indicate that the

differentiation state at which KLRG1 is induced differs in hu-
mans and mice. In mice, KLRG1 is induced probably rather
late during T-cell differentiation since P14 T cells have to
divide at least 10 times before they express KLRG1 after an-
tigen stimulation in vivo (31). At this state in differentiation, all
other known memory cell markers in mice such as CD44,
CD49D, CD62L, CD122, and Ly6C are already up- or down-
regulated (19, 21, 35). Memory T cells have been divided into
CCR7� CD62L� central and CCR7� CD62L� effector mem-
ory cells (25). CD62L/KLRG1 coexpression analysis of
LCMV-specific CD8 cells in mice and FLU-specific CD8 cells
in humans revealed that the majority of KLRG1� cells were
CD62L negative in both species (Fig. 5). These results are in
agreement with our previous results showing that KLRG1 is
expressed preferentially by CCR7� effector memory compared
to CCR7� central memory T cells (32).

In conclusion, our data show that expression of KLRG1 by
virus-specific CD8 T cells in humans and mice is induced by
repetitive antigen stimulation and that it differs in chronic
versus resolved human viral infection. They also show that
KLRG1 is a convenient marker for early T-cell differentiation
in humans. Thus, our results indicate that the differentiation
status and function (e.g., proliferative capacity) of virus-spe-
cific CD8� T cells are directly influenced by persistent viral
antigen stimulation.
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