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T cell avidity is critical to viral clearance, but mechanisms of CD8�

T cell avidity maturation are poorly understood. Here, we find that
IL-15 mediates two mechanisms of avidity maturation. (i) By
selection at the population level, IL-15 promotes greater survival of
high- compared with low-avidity cytotoxic T lymphocytes (CTLs).
High-avidity CTLs express higher levels of IL-15R� and persist
longer by homeostatic proliferation. (ii) At the individual cell level,
IL-15 induces higher levels of surface coreceptor CD8��, increasing
functional avidity. IL-15 during priming selects or induces higher-
avidity CTLs. Conversely, high-avidity CTLs are diminished in IL-
15R� knockout mice. These results provide an explanation of CD8�

T cell avidity maturation and may contribute to the design of novel
vaccines.

Cytotoxic T lymphocyte (CTL) avidity is a critical factor in
clearing virus infections and in killing tumor cells (1–5). In

contrast to the maturation of antibody affinity, dependent on
somatic mutation, avidity maturation of T cells has long been an
enigma. Antigen-specific CD8� T cells undergo avidity matu-
ration during viral infections, but T cell receptors (TCRs) do not
undergo somatic mutation. Some selection of T cell repertoire by
competition for antigens must play a role. However, T cells may
compete for factors other than antigens.

Both in vivo and in vitro, high-avidity CD8� CTLs could be
selectively expanded in response to limited levels of antigens (1,
6, 7). We previously showed that increased costimulatory signals
resulted in the selective induction of high-avidity CD8� CTLs
(8), consistent with a dependence of functional avidity of CD8�

CTLs on the signal transduction machinery (6). Moreover,
boosting resulted in a higher proportion of high-avidity CD8�

CTLs (7–9). Thus, signals through both the TCR and costimu-
latory molecules contribute to CTL avidity.

IL-15 is a key cytokine for homeostatic proliferation and main-
tenance of memory CD8� T cells (10–12) and has been used as a
vaccine adjuvant to enhance CTL responses (13, 14). Recently, in
examining the ability of IL-15 expressed by a vaccine vector to
influence the response induced, we found that the presence of IL-15
during the immune induction phase resulted in long-lasting CD8�

memory T cells, due to increased expression of IL-15R� (14). Thus,
the quality of CD8� T cells, not only for expansion and differen-
tiation but also for longevity, is determined when T cells first
encounter antigen (14), consistent with other recent studies (15–
17). We have now asked whether IL-15-dependent survival might
influence T cell avidity maturation.

Here, we have identified two mechanisms for CD8� CTL
avidity maturation. (i) Selection by competition for IL-15 results
in greater homeostatic proliferation and persistence of high-
avidity CD8� CTLs, which are more responsive to endogenous
IL-15 because they express higher levels of IL-15R�. Thus, the
population average avidity is increased over time. (ii) Instruc-
tionally, at the individual cell level, IL-15 up-regulates the CD8
coreceptor, resulting in enhanced functional avidity. In addition
to providing a mechanism to explain the enigma of CTL avidity
maturation, the finding that the quality of CD8� CTLs is
determined in the induction phase of the immune response, and

is strongly influenced by IL-15, may contribute to the design of
novel vaccines.

Materials and Methods
Viruses, Animals, and Immunization. Recombinant vaccinia viruses
vPE16 and vPE16�IL-15 were described (14, 18). Vaccinia virus
expressing ovalbumin was provided by J. Yewdell (National
Institute of Allergy and Infectious Diseases, National Institutes
of Health). Female ��L��c mice (Animal Production Colonies,
Frederick Cancer Research Facility, National Institutes of
Health, Frederick, MD) were used at 6–8 weeks of age. Both
IL-15R� (���) and control mice (The Jackson Laboratory)
were used at 6–10 weeks of age. Animal procedures were carried
out under institutionally approved protocols. Mice were immu-
nized s.c. in the tail base with 2–4 � 106 plaque-forming units of
the recombinant vaccinia viruses and boosted after 3 weeks
where indicated.

Antibodies, Tetramer, and Flow Cytometry. Fluorescent or biotin-
labeled anti-mouse CD3 (17A2), CD8� (53-6.7), CD8� (53.5.8),
CD44 (IM-7), CD62L (MEL-14), CD69 (H1.2F3), CD25 (IL-
2R�), CD122 (IL-2R�), CD127 (IL-7R�), TCR� (H57-597),
anti-Bcl-2, annexin V, anti-goat IgG, and all control antibodies
were purchased from Pharmingen. Goat anti-human IL15R�
was from R & D Systems, and specificity for mouse IL-15R� was
confirmed by using IL-15R� (���) mice (The Jackson Labo-
ratory) as a negative control (Fig. 6, which is published as
supporting information on the PNAS web site). H-2Dd-P18-I10
tetramer was provided by the National Institutes of Health
Tetramer Core Facility (Atlanta). H-2Kb-SIINFEKL tetramer
was purchased from Beckman Coulter. Cells stained with ap-
propriate antibodies were analyzed on a FACSCalibur (Becton
Dickinson). Background staining was assessed by using an
isotype control antibody (Pharmingen). For tetramer staining of
the cells, anti-CD8 and tetramer were first diluted (2–3 �l of
anti-CD8 and 1 �l of tetramer in 200 �l) in the fluorescence-
activated cell sorter buffer and added into the tubes containing
106 cells. Cells were incubated for 30 min on ice before washing.
An Epics Elite ESP sorter (Beckman Coulter) was used for
preparative sorting of CD8 and tetramer-positive T cells. For
intracellular IFN-� staining, cells were stained following the
manufacturer’s protocol (Pharmingen).

Peptides, Media, Cells, and Lines. P18-I10 (RGPGRAFVTI) and
ovalbumin epitope (SIINFEKL) peptides were commercially
synthesized (Multiple Peptide Systems, San Diego). P815 cells
were maintained in RPMI medium 1640 complete medium
supplemented with 10% FCS�2 mM L-glutamine�100 units/ml
penicillin�100 �g/ml streptomycin�5 � 10�5 M 2-mercaptoetha-
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nol. P18-I10-specific CD8� CTL lines were established by con-
tinuous in vitro restimulation with peptide-pulsed splenocytes
and characterized by P18-I10-H-2Dd tetramer staining and lytic
activity over a range of peptide concentrations.

Proliferation and CTL Assays. For the proliferation assay in Fig. 1a,
the positively purified (Miltenyi Biotec, Auburn, CA) spleen
CD8� T cells were stimulated with peptide-pulsed splenocytes,
and [3H]thymidine uptake was measured as described (8). The
proliferation of preparatively sorted cells (Fig. 2b) was also
measured similarly. For an in vivo proliferation assay (Fig. 2d),
carboxy fluorescein (diacetate) succinimidyl ester (CFSE)-
labeled CD8� T cells (1 � 107 cells per mouse) were transferred
to naı̈ve recipients i.v. Antigen-specific lytic activity of CD8�

CTLs from the immunized animals was measured by a 5-h 51Cr
release assay as described (8).

Cytokine ELISA. T cell lines, 5 � 104 cells per well, were stimulated
with 1 � 105 cells per well of irradiated (3,000 rads; 1 rad � 0.01
Gy) syngeneic splenocytes pulsed with different concentrations
of P18-I10 in a 96-well f lat-bottomed microtiter plate (Costar).
On day 2, culture supernatants were analyzed for IFN-� by
ELISA by using Dynatech Immunolon I plates (Dynatech,
Chantilly, VA) and antibodies purchased from Pharmingen.

Results
In Vivo Priming with IL-15 Results in Long-Lasting High-Avidity CD8�

CTLs. Priming CD8� T cells results in a broad range of avidities
of antigen-specific CD8� CTLs (1), and these cells undergo

further avidity maturation over time (6). We now examined
whether IL-15 contributes to the avidity maturation of antigen-
specific CD8� CTLs.

Animals were immunized with either vPE16, a recombinant
vaccinia virus expressing HIV-1 IIIB gp160 (18), or vPE16�IL-
15. The avidity of CD8� CTLs specific for the dominant epitope
P18-I10 was determined from the responsiveness of CD8� CTLs
to different concentrations of P18-I10-pulsed splenocytes ex
vivo, as described (8, 19). Data in Fig. 1a were normalized to
maximal response to show the shift in dose response indepen-
dent of the absolute magnitude of response. CD8� T cells in the
two groups of animals had a similar avidity at 3 weeks. However,
the average avidity of CD8� T cells in the two groups increased
over time, and CD8� T cells induced with IL-15 showed in-
creased proliferation at low doses of peptide (an �10-fold shift
in peptide concentration) after 2 months (Fig. 1a). We con-
firmed this difference by a different method, by using CFSE
dilution in immune spleen cells ex vivo as an indicator of cell
division (Fig. 7, which is published as supporting information on
the PNAS web site). Consistent with Fig. 1a, the lytic dose
response of bulk CD8� CTLs from mice immunized with
vPE16�IL-15 was shifted 10-fold from that of mice immunized
with vPE16 alone (Fig. 1b), showing higher avidity by an
independent method.

To examine the kinetics of high- and low-avidity CD8� CTLs
by measuring their lytic activity against target cells presenting
different densities of peptide, CD8� T cells from the two groups

Fig. 1. IL-15 during priming results in the long-lasting high-avidity CD8�

CTLs. (a) Spleen cells from three to four mice in each group were pooled, CD8�

T cells were positively purified and stimulated with splenocytes loaded with
different concentrations of P18-I10, and proliferation was measured as de-
scribed in Materials and Methods. Data are representative of three repeated
experiments with consistent results. Each data point indicates mean � SEM of
triplicate assay. (b and c) Spleen CD8� T cells from three to four mice in each
group were pooled and stimulated with 1.0 (c Left) or 0.001 �M (b and c Right)
P18-I10-pulsed splenocytes for 1 week. Lytic activity of CD8� CTLs against P815
cells pulsed with different concentrations of the peptide was measured. Data
represent mean � SEM of triplicate assay at an effector-to-target cell ratio of
20:1. Similar kinetics of response were observed at all effector-to-target cell
ratios tested, 80:1, 40:1, 20:1, and 10:1 (data not shown) in three repeat
experiments. Data presented in b were normalized to the maximum lysis to
compare avidity independent of magnitude of lysis and show mean � SEM of
triplicate assays. (d) Spleen CD8� T cells from mice immunized as indicated
were restimulated with 1.0 or 0.001 �M soluble P18-I10 overnight in the
presence of brefeldin A. Cells were stained for intracellular IFN-� by the
manufacturer’s protocol.

Fig. 2. In vivo proliferation and persistence of antigen-specific CD8� T cells
depend on CD8� T cell avidity. (a) Two to 3 months after boosting, splenocytes
were stained with anti-CD8 and P18-I10 tetramer concurrently, as described in
Materials and Methods. Cells at Left were from unimmunized animals. The
three graphs at Right show the distribution of cells from gate R2, R3, and R4
in forward and side scatter plots. (b) Cells were gated, based on the brightness
of tetramer staining, and sorted, left in the media for 6 h, and stimulated with
P18-I10-pulsed splenocytes. Proliferation was measured as in Fig. 1. (c) Four
months after boosting, spleen CD8� T cells from mice immunized with vPE16
(Left) or vPE16�IL-15 (Right) were stained with anti-CD8 and P18-I10 tetramer,
and then double-positive cells were sorted and reanalyzed by flow cytometry.
(d) Two to 3 months after the boost, spleen CD8� T cells from the immunized
mice were labeled with CFSE and transferred to naı̈ve animals. Four to 5 weeks
after the transfer, spleen cells in the recipients were stained with anti-CD8 and
tetramer, gated as in a, and analyzed to measure homeostatic proliferation.
The numbers in histograms are mean � SEM of at least four individual
recipients in each experiment. Three repeated experiments showed consistent
results.
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were restimulated once with either a high (1.0 �M) or low (0.001
�M) concentration of peptide. The frequency of low-avidity
CD8� CTLs in both groups of animals decreased over time, as
did the high-avidity CTLs in mice immunized without IL-15 (Fig.
1c). However, high-avidity CD8� CTLs from mice immunized
with vPE16�IL-15 were quite stable over 4 months, resulting in
a higher proportion of high-avidity T cells at later times as
measured by lytic activity, confirming the differences seen by
proliferation. To confirm the ex vivo data in Fig. 1a by yet a third
measure of functional activity, the frequency of peptide-specific
CD8� CTLs was measured by intracellular IFN-� staining (Fig.
1d). At 2 months after the boost, the ratio of specific CD8� CTLs
of high avidity (responding to 0.001 �M peptide) vs. low avidity
(responding to 1.0 �M) was higher in the group immunized with
the IL-15-expressing vector. Thus, by several independent mea-
sures, expression of IL-15 by the vaccine vector led to avidity
maturation over months, with better preservation of high-avidity
CTLs at later time points, even though the vector expressing
IL-15 and antigen is cleared within 10 days.

CD8� CTLs Undergo Avidity Maturation in the Absence of Antigen. To
study ex vivo why the low-avidity CD8� CTLs disappeared earlier
than high-avidity CD8� CTLs, we stained bulk spleen cells from
immunized mice directly ex vivo with P18-I10 tetramer and
anti-CD8 concurrently, and we then stratified gated double-
positive cells based on the brightness of tetramer staining (Fig.
2a). With some exceptions and caveats (20, 21, 37), the magni-
tude of tetramer binding was correlated with the avidity of CD8�

CTLs in our own unpublished and other published studies (4,
22). To get enhanced resolution of avidity, we stained cells with
a concurrent staining method based on the fact that the inter-
action between CD8 molecules and the �3 domains of tetramer
alters the binding affinity of the class I MHC tetramer to the
TCR (23–26). This tetramer stains very brightly, and competi-
tion with anti-CD8 broadens the spread of tetramer fluorescence
intensity. Similar spreads in tetramer brightness have been
observed (4). Scattergrams in Fig. 2a show that the size and
autofluorescence of the cells in different gates are similar, so the
brightness difference is not just a difference in cell size. Also,
differences in tetramer staining were not simply due to differ-
ences in TCR�� levels, which did not differ between high- and
low-avidity CD8� CTLs (see Fig. 4a below). Tetramer staining
was specific because it could not be detected on cells from
unimmunized mice (Fig. 2a). To confirm that the brightness of
tetramer staining correlates with T cell avidity, we preparatively
sorted cells based on the tetramer brightness and examined the
proliferative response over a range of peptide concentrations
(Fig. 2b) and the functional lytic activity against target cells
pulsed with a low concentration of peptide (Fig. 8, which is
published as supporting information on the PNAS web site). The
brightest tetramer-staining population clearly responded by pro-
liferation at a 100-fold lower concentration than the least bright
population, whereas those with intermediate staining were in-
termediate (Fig. 2b). They also showed higher lytic activity on
targets expressing low levels of antigen as a measure of high-
avidity CTLs (Fig. 8). Thus, by multiple criteria, the distribution
of tetramer staining faithfully reflects differences in functional
CTL avidity, not cell size or TCR density.

The results of concurrent staining of CD8� CTL from the
animals immunized with vPE16 or vPE16�IL-15 are compared
in Fig. 2c. The observed difference in average population
tetramer brightness again confirms by yet a fourth criterion, in
addition to the functional assays in Fig. 1, that immunization with
vPE16�IL-15 results in higher-avidity CTLs.

To assess homeostatic proliferation, 2–3 months after the
boost, purified CD8� T cells from the animals immunized with
vPE16 were labeled with CFSE and adoptively transferred into
naı̈ve animals. Four weeks later, homeostatic proliferation of

P18-I10-specific CD8� CTLs was measured based on the CFSE
intensity, gating on CD8� tetramer� cells in different gates of
tetramer fluorescence intensity as an estimate of avidity. High-
avidity CD8� CTLs (R2 gate) proliferated more than lower-
avidity CTLs (R3 and R4 gates; Fig. 2d), suggesting that ho-
meostatic proliferation parallels avidity, even in the absence of
antigen. Although the cells in the R4 gate proliferated nearly as
well as the cells in the R3 gate, almost 65% of the cells in the R4
gate were positive for annexin V staining, suggesting that these
are more fragile for handling and probably in the early stage of
apoptosis (data not shown). Cells with low CFSE at left in the
R3 and R4 gates in Fig. 2d are likely to be apoptotic. Consis-
tently, more brightly tetramer-staining cells expressed higher
levels of antiapoptotic protein, Bcl-2 (data not shown). Thus, the
gradual shift in population avidity seen in Fig. 1 could be
explained by both increased rates of homeostatic proliferation
and greater survival.

CD8� CTL Avidity Maturation and Homeostasis of Memory CD8� T Cells
Depend on the Levels of IL-15R�. Maintenance of antigen-specific
memory CD8� T cells requires IL-15 (12, 27). To explore the
mechanism by which high-avidity CD8� CTLs persist longer
than low-avidity CTLs in vivo, we first examined IL-15 receptor
levels. Bulk high-avidity CD8� CTLs studied directly ex vivo
among spleen cells of immunized mice expressed higher levels of
IL-15R�, in parallel with relative avidity (Fig. 3a). In contrast,
however, no differences in levels of IL-7R� and IL-2R� were
detectable among the cells from the different gates although
CD8� CTL in all three gates expressed both IL-7R� and IL-2R�
(data not shown). Similar observations were made on CD8�

CTL lines selected by growth on different concentrations of
peptide and showing different degrees of tetramer staining (a
	4-fold range of tetramer staining intensity, data not shown).
Rested high-avidity CD8� CTL lines (grown with lower peptide
concentration) constitutively expressed higher levels of IL-15R�
than the low-avidity CD8� CTLs (Fig. 3b). Similar higher levels
of IL-15R� were confirmed independently with a different
antibody, goat anti-mouse IL-15R� from R & D Systems (data
not shown). All CTL lines expressed similar levels of IL-7R�,
suggesting that IL-7�IL-7R� may not contribute to the avidity
maturation of CD8� CTLs, in contrast to its role in their memory
(ref. 28 and data not shown). The homeostatic proliferation of
high-avidity CD8� CTL lines in response to 20 ng�ml IL-15 is
shown in Fig. 9, which is published as supporting information on
the PNAS web site. Thus, the functional response to IL-15
confirms the difference based on staining for IL-15R�, support-
ing the conclusion that high-avidity CTLs express higher levels
of IL-15R�, allowing the enhanced homeostatic proliferation by
more efficiently capturing low levels of endogenous IL-15 in
naı̈ve animals.

The prediction from these results is that mice lacking IL-15R�
should have a relative deficit in high-avidity CTLs. To test this
hypothesis, we compared the avidity of bulk splenic CTLs with
the immunodominant ovalbumin epitope in wild-type C57BL�6
mice and IL-15R� (���) mice on the same background (Fig.
3c). IL-15R� (���) animals did not maintain high-avidity
CD8� CTLs compared with wild-type mice, whereas activity of
low-avidity CTLs was similar. Thus, the prediction was con-
firmed that IL-15R�-deficient mice have a relatively greater
deficit in high-avidity CTLs, and the conclusions were verified in
an independent system.

CD8� CTL Avidity Is Determined by a Coreceptor Regulated by IL-15.
We sought a molecular mechanism to explain the association of
higher levels of IL-15R� with higher functional avidity for
antigen.

The CD8 molecule plays a role as a coreceptor for the ligation
of the TCR and MHC�peptide complex. The cytoplasmic do-
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main of CD8� constitutively associates with the TCR, resulting
in high affinity for MHC�peptide complexes (29). Both CD8��
and CD8�� can bind Lck, but only CD8�� can be localized into
lipid rafts (30, 31). Expression of CD8� has been shown to
contribute to functional CTL avidity (31). Therefore, we exam-
ined the levels of CD�� on bulk high- and low-avidity CD8�

CTLs ex vivo from immunized mice gated by the concurrent
staining method used in Fig. 2a, and found that high-avidity
CD8� T cells express significantly higher levels of CD8�� (Fig.
4a). The brighter tetramer-staining cells in the bulk spleen
population ex vivo showed at least an 8- to 10-fold higher level
of CD8� expression than the less bright tetramer-staining cells
(Fig. 4a). However, no difference was seen in TCR� levels (Fig.
4a Middle), indicating that the differences in avidity were not due
to TCR levels, and that the brighter CD8� staining was not due
to a difference in cell size that would affect all surface molecules.
Thus, high-avidity bulk CTLs studied ex vivo from spleens of
immunized mice express higher levels of CD8.

To address the molecular connection between high IL-15R�
levels and high avidity, we hypothesized that signaling through
the IL-15R complex might induce greater CD8� expression in

high-avidity CD8� CTLs, accounting for the higher functional
avidity. This hypothesis was tested in vitro by measuring the
effect of IL-15 on the expression levels of CD8� and CD8�. The
levels of CD8� in high-avidity CTLs were remarkably increased
by the increasing doses of IL-15, and the maximum level of CD8�
was almost 2.7-fold higher than that of the same high-avidity
CTL line without IL-15 (Fig. 4b). Thus, even a high-avidity CTL
line, which already has higher levels of CD8� expression, can be
induced to express even higher levels of CD8� when stimulated
with IL-15. The levels of CD8� were also increased by IL-15, but
the magnitude of the increase (2.2-fold) was slightly lower than
that of CD8�. This finding suggests that treatment of high-
avidity CTLs with IL-15 could increase not only the total level
of CD8 coreceptor but also the ratio of CD8� to CD8�, and
therefore the proportion of CD8 molecules existing as CD8��
heterodimers, which were previously reported to contribute to
enhanced functional activity of high-avidity CD8� CTLs (29–
31). These dramatic changes in CD8� and CD8� levels were not
observed in low-avidity CTLs. Because only small differences
were seen in CD3 staining (Fig. 4b), and no difference in cell size
was detected in forward�side scattergram (data not shown), the
results were not simply due to blastogenesis induced by IL-15.
We have found that P18-I10-specific CD8� CTLs induced with
vPE16�IL-15 expressed higher levels of CD8�� than CTLs
induced with vPE16 alone (Fig. 10, which is published as
supporting information on the PNAS web site). Thus, IL-15

Fig. 3. High-avidity CD8� CTLs express higher levels of IL-15R�, resulting in
long-lasting memory CTLs. (a) Cells from the pooled spleens of three to four
mice immunized with vPE16�IL-15 were stained with anti-CD8 and P18-I10
tetramer. IL-15R� expression levels were measured for CD8� T cells gated by
the brightness of tetramer staining. Thin lines represent isotype control
antibody. Three repeated experiments showed consistent data. (b) CD8� T cell
lines were raised by in vitro stimulation with different concentrations of
P18-I10 in the media containing 50 units�ml IL-2. Cells grown in 0.0001, 0.01,
and 1.0 �M peptide are designated as high-, intermediate-, and low-avidity
CTL lines, respectively. The levels of IL-15R� in CTL lines were measured 6–8
days after restimulation. Four repeated experiments showed consistent data.
Data in Fig. 9 indicate that a high-avidity CTL line shows enhanced prolifera-
tive responsiveness to IL-15. (c) On day 17 after the immunization with vaccinia
expressing ovalbumin, CD8� T cells from the pooled spleens of three mice per
group [B6 or IL-15R� (���)] were restimulated with 1.0 or 0.001 �M of the
dominant epitope SIINFEKL peptide for 1 week. (Left) Functional activity of
CD8� CTLs against target cells pulsed with 1.0 or 0.001 �M of the peptide was
measured by 5h 51Cr-release assay. (Right) CD8� T cells were stimulated with
0.01 �M peptide, and lytic activities against target cells pulsed with different
concentrations of peptide were measured. Data presented at Right were
normalized to the maximum lysis to compare avidity independent of magni-
tude of lysis and show mean � SEM of triplicate assays. Data were consistent
in two repeat experiments. E�T, effector-to-target cell ratio.

Fig. 4. High-avidity CD8� CTLs express higher levels of CD8�� and IL-15
up-regulates the expression level of CD8��, resulting in enhanced functional
activity. (a) Cells from the immunized mice were stained with anti-CD8 and
P18-I10 tetramer, gated on the brightness of tetramer staining as in Fig. 2, and
assessed for CD8� and TCR� levels. (Top, Middle, and Bottom) High-, inter-
mediate-, and low-avidity gates, respectively. Data are representative of three
experiments with consistent results. (b) High- and low-avidity CD8� CTL lines
were incubated in media containing different concentrations of IL-15, and the
expression levels of CD8� (Left) and CD8� (Center) were measured at 36 h of
incubation. As a control, the levels of CD3 in both high- and low-avidity CTL
lines were also measured (Right) when lines were incubated in the media
containing 250 ng�ml IL-15. Data are mean � SEM of three experiments. The
fold increase of geometric mean fluorescence intensity (MFI) was calculated by
(MFI with IL-15)�(MFI without IL-15). (c) The high-avidity CTL line, grown with
0.001 �M peptide, was stimulated with splenocytes pulsed with different
concentrations of P18-I10 in the presence of IL-2 50 units�ml, IL-15 20 ng�ml,
or both for 36 h, and the amount of IFN-� produced was measured by ELISA.
(d) The high-and low-avidity CD8� T cell lines were depleted of presenting cells
by positive selection with anti-CD8 beads and cultured without antigen or
other cells in the presence of IL-2 50 units�ml, IL-15 20 ng�ml, or both for 36 h,
and the amount of IFN-� produced was measured by ELISA.
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during immunization induces higher-avidity CTLs (Fig. 1) ex-
pressing higher levels of CD8 coreceptor (Fig. 4a). Taken
together, these results support our working hypothesis that
CD8� CTLs expressing higher levels of IL-15R� display higher
functional avidity in part by an unexpected mechanism involving
IL-15-mediated up-regulation of CD8��, which is one determi-
nant of functional avidity.

To investigate whether up-regulation of CD8�� coreceptor by
IL-15 affected the functional avidity of CD8� CTLs, we exam-
ined the effect of IL-15 on IFN-� production by high-avidity
CD8� CTLs as a function of antigen concentration. Indeed,
IL-15 during antigen stimulation significantly enhanced the
functional activity of high-avidity CD8� CTLs (Fig. 4c), but not
low-avidity CTLs (data not shown), by increasing the sensitivity
to antigen 10-fold. Maximal response was not changed substan-
tially, only sensitivity to peptide. Thus, even a high-avidity CTL
line can be further induced to display even higher functional
avidity by treatment with IL-15.

Moreover, purified high- but not low-avidity CD8� CTLs
reproducibly produced low levels of IFN-� when stimulated only
with IL-15 without presenting cells (Fig. 4d), which was consis-
tent with greater IL-15R� expression. CTL lines were rested in
media without cytokine for 3 days, purified by positive selection
with anti-CD8, and stimulated by IL-15 in the absence of
antigen-presenting cells. The results are consistent with the
ability of IL-15R� on the T cells themselves to present in cis and
augment the T cell’s responsiveness to IL-15, in addition to the
known ability of IL-15R� on antigen-presenting cells to present
IL-15 to T cells in trans (32).

Discussion
We propose that the affinity maturation of antigen-specific
CD8� T cells occurs in two different ways: competition for
antigen and for IL-15. Antigen-competition affinity maturation
involves selective induction and expansion of high-avidity CD8�

T cells by primary and secondary antigenic stimulation. In the
primary response, CD8� T cells undergo functional avidity
maturation during acute lymphocytic choriomeningitis virus
infection (6), and increased costimulatory signals selectively
induced high-avidity CD8� CTLs (8). For the secondary immune
response, the use of �- and �-chain TCRs was narrowed by
boosting (33, 34), and narrowing of the TCR repertoire was due
to the loss of T cells expressing low affinity for tetramer (9).
More recently, CD8� T cell affinity maturation by antigenic
stimulation has been demonstrated by showing that high-avidity
CD8� CTLs competed more efficiently for antigen than low-
avidity CTLs during the secondary response (7, 35, 36).

Besides such expected competition for antigen, we have now
defined two mechanisms of CTL avidity maturation, both de-
pendent on IL-15, one instructive at the individual cell level, and
another selective at the population level (Fig. 5). The former
builds on the findings that CD8� T cell functional avidity did not
depend solely on TCR affinity, but also relied on optimization
of the CD8� T cell signal transduction (6, 31, 37, 38). The role
of CD8� in increasing the efficiency of coreceptor function of
CD8 molecules has been well described (29, 30, 39–42). CD8�
substantially increased the avidity of TCR ligand binding (29),
and high-avidity CTL lines expressed higher levels of CD8� (38).
Indeed, functional avidity of CD8� T cells with the same TCR
is influenced by the levels of CD8� and its colocalization with the
TCR in lipid rafts (31). Also, the cytoplasmic domain of CD8�
could activate CD8�-mediated Lck activity (43, 44), which was
correlated with functional avidity (6). Therefore, it has been
concluded that the levels of CD8�� on T cells can influence the
avidity of CD8� T cells. Thus, as a possible molecular mecha-
nism, for the association between CTL avidity and IL-15R� and
CD8� expression, we asked whether IL-15 might up-regulate
CD8� expression, accounting for the increased functional avid-

ity. Indeed, we found that high-avidity CD8� CTLs expressed
remarkably high levels of CD8� ex vivo, and unexpectedly, that
the level of CD8� was greatly enhanced by IL-15. This IL-15-
mediated CD8� expression was not observed in low-avidity
CD8� CTLs expressing low levels of IL-15R�. The functional
effect is independently confirmed by the observation that high-
avidity CTLs can be induced to display even higher functional
avidity by culturing in IL-15 (Fig. 4c). Therefore, we now
propose that IL-15 selects CD8� CTLs expressing relatively high
levels of IL-15R� during the priming. It is possible that a
stronger signal in high-avidity T cells also up-regulates IL-15R�.
Furthermore, we propose that such CTLs expressing higher
levels of IL-15R� are more sensitive to IL-15 and therefore
maintain higher levels of CD8��, accounting for the higher
functional avidity and perpetuation of the cycle of avidity
maturation (Fig. 5).

We also find that IL-15 can mediate CTL avidity maturation
by a selective mechanism at the population level (Fig. 5), by
selective maintenance of homeostatic proliferation. We now see
that avidity maturation is primarily dependent on the levels of
IL-15R� on CD8� T cells, suggesting competition for low
endogenous levels of IL-15. The ability of high-avidity CD8�

CTLs to continuously divide in response to the limited amount
of IL-15 in the immunologically quiescent host (Fig. 2d) and the
increased expression of antiapoptotic protein, Bcl-2, may further
contribute to the persistence of high-avidity CD8� CTLs. Our
data showing a decreased proportion of high-avidity CTLs in
IL-15R� (���) mice provide independent support for the
critical role of IL-15 and IL-15R� for the selective maintenance
of high-avidity CD8� CTLs. Although Dubois et al. (32) showed
that IL-15R� on an antigen-presenting cell could present IL-15
in trans to a T cell expressing only IL-15�IL-2R� and -�, it is
nevertheless plausible that IL-15R� on T cells could act in cis to
increase sensitivity to low levels of IL-15, giving those T cells
expressing high IL-15R� a survival advantage for greater ho-
meostatic proliferation in response to limited IL-15 in the
immune quiescent host. Indeed, data in Fig. 4d showing greater
response to IL-15 of purified CD8� high-avidity T cells express-
ing more IL-15R� in the relative absence of antigen-presenting
cells are consistent with this hypothesis. On the other hand,
low-avidity CTL expressing low levels of IL-15R� may be poor
competitors for endogenous IL-15 and die off over time. Thus,
the average avidity of the population would increase over time,
accounting for avidity maturation. The idea that competition for
cytokines could select for CTLs with higher functional avidity for
antigen is unexpected.

Fig. 5. Proposed mechanism by which IL-15 mediates antigen-independent
avidity maturation of CD8� T cells by both instruction at the individual cell
level and selection at the population level. High-avidity CTLs are induced to
express high levels of IL-15R�, either by a strong signal through the TCR and
costimulatory receptors (signals 1 and 2, respectively) or by selection or
induction by IL-15 during priming (IL-15 in a vaccine or produced by dendritic
cells). These high-avidity CTLs are thus more sensitive to low endogenous
levels of IL-15, which then promotes preferential survival and homeostatic
proliferation of the high-avidity CTLs, resulting in selection of a higher aver-
age avidity at the population level, or induces up-regulation of CD8�� core-
ceptor, resulting in increased functional avidity at the individual cell level.
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Moreover, subsequent long-term antigen-independent avidity
maturation was determined in the induction phase of the im-
mune response, because priming in the presence of IL-15
selected for or induced higher-avidity CD8� CTLs expressing
higher levels of IL-15R�. These CTLs induced by a vaccine
expressing IL-15 showed greater functional avidity by three
independent criteria, proliferation, lytic activity, and IFN-�
production (Fig. 1), as well as greater tetramer staining (Fig. 2c)
and greater CD8 expression (Fig. 4 a and b). Because high-
avidity CTLs are more effective at clearing virus infections and
killing tumor cells (1–5), use of IL-15 in vaccines could result in
a quantitatively and qualitatively improved CTL response.

In conclusion, the levels of IL-15R� on CD8� CTL and
availability of IL-15 in vivo are critical factors for avidity
maturation. High-avidity CD8� CTLs express higher levels of

IL-15R�, and this expression results in the long-term mainte-
nance of high- but not low-avidity CD8� CTLs, accounting for
maturation of average avidity of the population over time.
Moreover, IL-15 increased the expression of CD8��, resulting in
enhanced functional activity at the individual cell level, and this
instructive mechanism was seen only in cells expressing higher
IL-15R�. Our data provide an explanation for the long-standing
phenomenon of T cell avidity maturation and should contribute
to the development of new vaccine strategies against viral
infections and cancers.
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