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IL-15R� Is a Negative Regulator of TCR-Activated
Proliferation in CD4 � T Cells1

Jan-Mou Lee,*† Chen-Yen Chung,† Wei-Wei Chiang,† Yae-Huei Liou,† Chian-Feng Chen,*†

and Nan-Shih Liao2*†

Although IL-15 is known to be a T cell growth factor, the function in T cells of IL-15R�, its high affinity receptor, remains unclear.
We found that murine IL-15R��/� CD4� T cells hyperproliferated in response to TCR stimulation, in vitro and in vivo, and
displayed a lower TCR activation threshold than wild-type CD4� T cells. TCR-induced activation of Zap70 and of the phospho-
lipase C-�1-NFATp, Ras-ERK-c-Fos, and Rac-JNK-c-Jun pathways was all augmented inIL-15R��/� CD4� T cells. This in turn
led to earlier IL-2R� induction and higher IL-2 production, which most likely contribute to the hyperproliferation of IL-15R��/�

CD4� T cells. Exogenous IL-15 reduced levels of TCR-activated signals, transcription factors, IL-2, and IL-2R�, and division in
wild-type CD4� T cells. These results reveal IL-15R� to be a negative regulator for CD4� T cell activation and demonstrate a
novel layer of regulation of TCR signaling by a cytokine system. The Journal of Immunology, 2004, 173: 3155–3164.

T cell proliferation is growth factor dependent; one such T
cell growth factor is IL-2 (1–3). Resting T cells express
the intermediate affinity IL-2R��, but not the high affinity

receptor component IL-2R� or IL-2 itself. Upon stimulation of
TCR, T cells express both IL-2R� and IL-2 (4). IL-15 also uses
IL-2R�� as its intermediate affinity receptor (5), which reflects the
commonality of many of the functions of IL-15 and IL-2, including
supporting lymphocyte growth (6). In contrast, each cytokine re-
ceptor has a private�-chain, which appears to be responsible for
the unique functions of each respective cytokine. Indeed,IL-15R�
and IL-15 knockout (ko)3 mice exhibit a phenotype distinct from
IL-2R� andIL-2 ko mice.IL-15R��/� andIL-15�/� mice are both
deficient in CD8� T cells, CD8��� intestinal intraepithelial lym-
phocytes, and NK cells (7–9), but do not develop the lymphopro-
liferative disorder that characterizesIL-2R��/� andIL-2�/� mice
(10, 11). The unique phenotype ofIL-15R��/� andIL-15�/� mice
is indicative of the unique function of the IL-15 cytokine system
and the critical role played by IL-15R� in that system.

Although IL-15 is a known T cell growth factor, the role played
by IL-15R� in T cell proliferation is not yet fully understood.
IL-15R�, alone or together with the��-chains, binds IL-15 with
high affinity (12, 13). Moreover, it was recently shown that IL-
15R� expressed on the surface of APCs bind IL-15 and present it
to neighboring T cells (14), i.e., by concentrating IL-15 on their
surface in this way, APC make the cytokine available to interme-
diate affinity�� receptors expressed on neighboring lymphocytes.

But while these findings provide important information about the
function of IL-15R� expressed on environmental cells in contact
with T cells, they shed little light on function of IL-15R� ex-
pressed on T cells.

It is known, however, that IL-15 induces Jak1 phosphorylation
in a Jurkat T cell subline expressing receptor�� but not the
�-chain, and induces proliferation in a myeloid cell line that ex-
presses receptor�� and cytoplasmic tail-truncated IL-15R� (13).
This suggests IL-15R� is dispensable for IL-15-induced cell pro-
liferation. In contrast to that interpretation, Raji B-lymphoblastoid
cells, which express IL-15R��, but not�-chain, proliferate mod-
erately in response to IL-15 (15). Moreover, IL-15 induces asso-
ciation of IL-15R� with cytosolic signaling molecules, such as Syk
kinase in primary B cells (15) and TNFR-associated factor 2 in a
fibroblast line (16), indicating IL-15R� to have a broader function,
beyond high affinity binding of IL-15. It is against this background
that we conducted the present study with the aim of clarifying the
function of IL-15R� expressed on T cells. To address that ques-
tion, we comparedIL-15R��/� and wild type (wt) T cells on TCR-
activated proliferation and signal transduction, and on TCR acti-
vation threshold. We also examined the effects of IL-15 on the
activation of wt and ko CD4� T cells. Taken together, our findings
indicate that IL-15R� is a negative regulator of CD4� T cell
activation.

Materials and Methods
Mice

IL-15R��/� mice were generated, as described (9), and backcrossed to
C57BL/6 (B6) background for at least 10 generations.IL-15R��/� and
IL-15R��/� mice expressing transgenic (tg) AND TCR that recognizes a
pigeon cytochromec (PCC) peptide presented by Ek were generated by
crossingIL-15R��/� mice with AND TCR tg mice. Mice were housed
under specific pathogen-free conditions at the animal facility of Institute of
Molecular Biology, Academia Sinica, and used between 6 and 10 wk old,
unless indicated otherwise.

Flow cytometry

For surface molecules, cells were stained with specific Abs conjugated with
FITC, PE, or biotin, followed by allophycocyanin-conjugated streptavidin
(SAV) in staining buffer (Mg2�/Ca2�-free PBS (Invitrogen Life Technol-
ogies, Carlsbad, CA), 1% FCS, 0.1% Na3N). For intracellular IL-2, cells
were stained for surface molecules, fixed by 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO) in PBS, washed with permeabilization buffer
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(staining buffer, 0.1% saponin (Sigma-Aldrich)), and then stained with PE-
conjugated anti-IL-2 (JES6-5H4) or isotype control (keyhole limpet hemo-
cyanin (KLH)/G2b-1-2) mAb in permeabilization buffer. Data were ac-
quired on FACSCalibur (BD Biosciences, San Jose, CA) and analyzed by
FlowJo (Tree Star, Ashland, OR). Used were biotin-conjugated Abs spe-
cific for CD8� (53-6.7), CD4 (GK1.5), CD19 (nb19-1), TCR�� (GL3),
DX-5 (DX5), CD11b (M1/70), CD25 (PC61.5), CD44 (IM7), and IL-15R�
(R&D Systems, Minneapolis, MN); PE-conjugated mAbs specific for CD4
(GK1.5), CD8� (53-6.7), and TCRV�8 (F23.1; BD Pharmingen, San Di-
ego, CA); and allophycocyanin-conjugated anti-CD4 (GK1.5). All Abs
were purchased from eBioscience, unless indicated otherwise.

Isolation and activation of CD4� T cells in vitro

CD25�CD4� T cells were isolated by depleting CD8�, CD19�, TCR���,
DX5�, CD11b�, and CD25� cells from lymph node (LN) cells using bi-
otinylated Abs, SAV beads (Miltenyi Biotec, Auburn, CA), and MACS
(Miltenyi Biotec). This yielded CD4� T cells that were �93% pure.
CD44lowCD25�CD4� T cells were further isolated from CD25�CD4� T
cells by depleting CD44high cells using anti-CD44 mAb and MACS.

CD4� T cells were activated for indicated times in wells precoated with
the indicated amounts of anti-TCR� (H57.597; prepared in our laboratory)
and anti-CD28 (37.51; prepared in our laboratory) mAb in RPMI 1640
(Invitrogen Life Technologies) supplemented with 2 mM L-glutamine, 20
mM HEPES-NaOH (pH 7.2), penicillin-streptomycin (2000 U/L), 50 mM
2-ME, and 10% FCS (RPMI 10). Addition of IL-2R�-blocking mAb (3C7;
BD Pharmingen) or mouse rIL-15 (eBioscience, San Diego, CA) was as
indicated. AND TCR� CD25�CD4� T cells (105/well) were activated with
equal numbers of �-irradiated (750 rad), T-depleted B10.A splenocytes in
the presence of antigenic peptides. T-depleted splenocytes were prepared
by complement-mediated lysis of T cells in the presence of T cell-specific
mAbs. PCC88�104 (KAERADLIAYLKQATAK) and K99Q mutant (KAERA
DLIAYLQQATAK) peptides were purchased from SynPep (Dublin, CA);
moth cytochrome c (MCC88�103-T102S) mutant peptide (ANERADLIAY
LKQASK) was from Biosynth International (Lewisville, TX).

Proliferation assays

For [3H]TdR incorporation assays, cells were pulsed for 12 h with [3H]TdR
(1 �Ci/well) (Amersham Biosciences, Cardiff, U.K.) and then harvested.
[3H]TdR incorporation was determined using a LS 6500 scintillation
counter (Beckman Coulter, Fullerton, CA). For cell division assays, T cells
were labeled with 5 mM CFSE (Molecular Probes, Eugene, OR) and then
activated, as described in the figure legend or in the text. Activated cells
were stained with 2 �g/ml propidium iodide, after which CFSE levels in
live (propidium iodide�) cells were determined using FACSCalibur.

Cell extracts and Western blotting

Cell lysate was prepared by lysing cells in lysis buffer (50 mM Tris-HCl,
pH 7.4, 0.5% Nonidet P-40, 0.15 M NaCl, 2 mM EDTA, 10 mM NaF, 100
�g/ml PMSF, and 1 �g/ml aprotinin and leupeptin). Nuclear and cytosolic
extracts were prepared, as described (17). Boiled lysates were separated by
10% SDS-PAGE, after which the resolved proteins were transferred onto
polyvinylidene difluoride membranes (Millipore, Bedford, MA) for Ab de-
tection. The immunoblots were developed using ECL (Amersham Bio-
sciences), following the manufacturer’s instructions. The primary Abs used
were specific for p27kip (57; BD Transduction Laboratories, Lexington,
KY), cyclin D3 (1; BD Transduction Laboratories), cyclin A (E23; Zymed
Laboratories, San Francisco, CA), cyclin E (M-20; Santa Cruz Biotech-
nology, Santa Cruz, CA), �-actin (AC-15; Sigma-Aldrich), NFATc (7A6;
Santa Cruz Biotechnology), NFATp (4G6-G5; Santa Cruz Biotechnology),
c-Fos (4; Santa Cruz Biotechnology), p-c-Jun (KM-1; Santa Cruz Biotech-
nology), p65 (N-20; Santa Cruz Biotechnology), Zap70 (29; BD Trans-
duction Laboratories), p-Zap70 (Cell Signaling Technology, Beverly,
MA), phospholipase C (PLC)-�1 (E-12; Santa Cruz Biotechnology), Vav
(B-2; Santa Cruz Biotechnology), phosphotyrosine (4G10; Upstate Bio-
technology, Lake Placid, NY), Erk1,2/p-Erk1,2 (Cell Signaling Technol-
ogy), and JNK/p-JNK (Cell Signaling Technology). The secondary Abs
used were HRP-conjugated goat anti-mouse IgG (Jackson Immuno-
Research Laboratories, West Grove, PA) and goat anti-rabbit IgG (Caltag,
Burlingame, CA).

Quantitative real-time PCR

RNA was extracted using TRIzol (Invitrogen Life Technologies), after
which first strand cDNAs were synthesized using Superscript II RNase H�

reverse transcriptase (Invitrogen Life Technologies). Quantitative real-time
PCR was conducted in a LightCycler (Roche, Basel, Switzerland) using the
following primers and TagMan probes (TIB Molbiol, Berlin, DE). Murine

IL-2: sense, 5�-CCTGAGCAGGATGGAGAATTACA; antisense, 5�-
TCCAGAACATGCCGCAGAG; probe, 5�-6FAM-TTACTTGCCCAAG
CAGGCCACAGAA-TAMRA. Murine IL-2R��: sense, 5�-CCCCATAAC
CACCACAGACTT; antisense, 5�-GAAGAGGCAGCTGGCCACT; probe,
5�-6FAMACCCACAGAAACAACTGCAATGACGGA-TAMRA. �-actin:
sense, 5�-CACACTGTGCCCATCTACGA; antisense, 5�-CTTGCGCTCAG
GAGGAGC; probe, 5�-6FAM-CATCCTGCGTCTGGACCTGGC-TAMRA.

Recall response of in vivo KLH-primed CD4� T cells

Mice were i.p. injected with PBS or KLH (50 �g in PBS; Sigma-Aldrich)
emulsified with 50 �l of CFA (Sigma-Aldrich). Thirteen days later,
CD25�CD4� T cells were isolated from the spleens by MACS, and re-
stimulated at 104/well for 4 days with equal numbers of irradiated (750 rad)
T-depleted B6 splenocytes in the presence of KLH. Proliferation was de-
termined by [3H]TdR incorporation.

Stimulation of adoptively transferred CD4� T cells by
staphylococcal enterotoxin B (SEB) in vivo

CFSE-labeled wt or IL-15R��/� CD44lowCD25�CD4� T cells were in-
jected into wt or IL-15R��/� mice (5 � 106/recipient) via the tail vein.
Twelve to 14 h after cell transfering, each mouse received PBS or SEB (80
�g; Sigma-Aldrich) i.p. Three days after the injection, the CFSE levels of
donor cells (CD4�TCRV�8� cells) from the spleen were examined.
Twelve hours after SEB injection, expression of IL-2R and intracellular

FIGURE 1. IL-15R��/� CD4� T cells were hyperactive. A, Expression
of IL-15R�. The wt LN cells were activated with soluble anti-CD3� mAb
(1 �g/106/ml) for the indicated times and stained for expression of CD4,
CD8, and IL-15R�. Cells stained with allophycocyanin-SAV alone served
as negative controls (Neg.). B, Viable cell counts. The wt and IL-15R��/�

LN cells were stimulated with soluble anti-CD3� mAb (1 �g/106/ml) for
the indicated times. Live cell counts were determined by trypan blue ex-
clusion. Percentages of CD4� and CD8� cells were determined by immu-
nostaining and flow cytometry. C, [3H]TdR incorporation. The wt or IL-
15R��/� CD25�CD4� and CD8� T cells (104/well) were activated for 2
days using the indicated amounts of immobilized anti-TCR� and anti-
CD28 (1 �g/well) mAb. All data presented were from one representative
experiment of three.
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IL-2 by donor cells (CFSE�V�8� cells) in the spleen was analyzed by Ab
staining and flow cytometry.

Results
Hyperproliferation of IL-15R��/� CD4� T cells in response to
TCR stimulation in vitro

Freshly isolated CD4� and CD8� T cells both expressed IL-15R�
at levels that increased with cell activation (Fig. 1A). Examination
of the pan-T cell response elicited by stimulating total LN cells with
anti-CD3 mAb revealed that more viable cells were present in cultures
of IL-15R��/� cells than wt cells (Fig. 1B). Analysis of coreceptor
expression revealed significantly higher numbers of CD4� cells in the
mutant cell cultures, although the numbers of CD8� T cells were
similar in both cultures (Fig. 1B).

As numbers of CD4� T cells are increased by 25–30% in the
peripheral lymphoid organs of IL-15R��/� mice (9), the higher
number of CD4� cells found among the activated mutant LN cells
might reflect this phenotype. The presence of negative regulatory
CD25�CD4� T cells could also complicate the result of cell pro-
liferation. Moreover, IL-15R� defect may affect CD4� T cells
indirectly through the change of other types of cells, such as CD8�

T cells, NK cells, and APC. To control for these complications, we

conducted experiments using purified CD25�CD4� cells and anti-
TCR and anti-CD28 mAbs. We found that IL-15R��/�

CD25�CD4� T cells still showed higher [3H]TdR incorporation
than their wt counterparts in response to low, optimal, and high
doses of anti-TCR� mAb stimulation (Fig. 1C). On the contrary,
purified IL-15R��/� CD8� T cells showed less [3H]TdR incor-
poration than their wt counterparts (Fig. 1C). Therefore, hyperre-
sponsiveness appears to be an autonomous property that is re-
stricted to IL-15R��/� CD4� T cells.

The enhanced incorporation of [3H]TdR by activated IL-
15R��/� CD4� T cells might reflect enhanced proliferation and/or
better survival. IL-15R��/� CD4� T cells divided more vigor-
ously than wt cells in response to low, optimal, and high doses of
anti-TCR mAb stimulation (Fig. 2A). The percentages of surviving
cells were similar in wt and ko CD4� T cells stimulated with an
optimal dose of anti-TCR mAb, but were higher in ko than wt cells
stimulated with low or high doses of anti-TCR mAb (Fig. 2A).
This means that increased proliferation contributed to the hyper-
response of IL-15R��/� CD4� T cells to optimal TCR stimula-
tion, while increases in both proliferation and survival contributed
to the hyperresponse of IL-15R��/� CD4� T cells to high or low
TCR stimulation.

FIGURE 2. Elevated proliferation of IL-15R��/� CD4� T cells in response to TCR stimulation in vitro. A, Cell division. CFSE-labeled wt and
IL-15R��/� CD25�CD4� T cells (104/well) were activated for 3 days using the indicated amounts of immobilized anti-TCR� and anti-CD28 (1 �g/well)
mAb. The percentage of surviving cells is indicated in the upper left corner of each histogram. B, Expression of p27kip and cyclins. The wt and IL-15R��/�

CD25�CD4� T cells (106/well on 6-well plate) were activated by optimal dose of plate-bound anti-TCR� (1.65 �g/well) and anti-CD28 (30 �g/well) mAb
for the indicated times. Cell lysates were analyzed by Western blotting. The number below each band indicates its OD. The OD of �-actin in all samples
varied from 125 to 130 AU/mm2. All data presented were from one representative experiment of three.
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T cells progress from the resting state into the cell cycle during
activation. We therefore examined the activation-dependent ex-
pression of p27kip, a cyclin-dependent kinase inhibitor, as well as
cyclins D3, E, and A, which regulate cell cycle progression (Fig.
2B). We found that after 6 h of activation, the degree to which
p27kip was down-regulated was similar in wt and ko cells, but there
was a much greater reduction in p27kip in the ko cells by the
nineteenth hour, when cyclins D3 and E were clearly induced and
expressed at significantly higher levels than in wt cells. After 26 h
of activation, levels of cyclins D3 and E remained higher in the ko
cells, and expression of cyclin A was also elevated. By the forty-third
hour of activation, levels of p27kip and the three cyclins were similar
in wt and ko cells. The faster down-regulation of p27kip and induction
of cyclins D3, E, and A in activated IL-15R��/� CD4� cells are
consistent with their hyperproliferative phenotype, imply that IL-
15R��/� CD4� T cells enter the cell cycle earlier than wt CD4� T
cells do, and suggest that the event that led to increased ko cell pro-
liferation occurred even before down-regulation of p27kip.

Reduction of the TCR activation threshold in IL-15R��/� CD4�

T cells

The hyperproliferation of IL-15R��/� CD4� T cells induced by
low dose anti-TCR mAb stimulation (Figs. 1C and 2A) suggested
that the activation threshold is lowered in these cells. To test this
possibility further, we stimulated IL-15R��/� and IL-15R��/�

CD4� AND TCR� cells with an agonist, PCC peptide (PCC88–

104) (Fig. 3A); a weak agonist, MCC88–103-T102S (Fig. 3B); or a
weak antagonist, altered PCC peptide (PCC88–104-K99Q) (Fig.

3C). All three of these peptides stimulated more vigorous division
in ko than IL-15R��/� cells, and the difference between the re-
sponses of the two cell types increased with decreases in the stim-
ulating capacity of the antigenic peptides. In the presence of ex-
ogenous CD28 stimulation, the weak antagonist barely stimulated
the IL-15R��/� CD4� T cells, but induced significant division in
IL-15R��/� CD4� T cells, which is indicative of the reduction in
the TCR activation threshold.

Augmentation of TCR-activated signals in IL-15R��/� CD4�

T cells

To further understand the hyperactivity of IL-15R��/� CD4� T
cells in response to TCR stimulation, we compared the TCR-activated
signals in wt and ko CD4� T cells. TCR stimulation results in the
activation of three intracellular signaling pathways: the PLC-�1-ini-
tiated inositol 1,4,5-triphosphate-Ca2�-calcineurin pathway, which
leads to nuclear translocation of NFAT; the Ras-ERK pathway, which
leads to expression of c-Fos; and the Rac/vav-JNK pathway, which
leads to phosphorylation of c-Jun (18, 19). The wt and IL-15R��/�

CD4� T cells were stimulated for 4 min via TCR and CD4 in the
absence or presence of IL-15, and then measured levels of a key
proximal molecule, Zap70, as well as representative molecules
from the three signaling pathways mentioned above. We found that
levels of p-Zap70, pPLC-�1, pERK1/2, pVav, and pJNK were all
higher in stimulated ko than wt cells (Fig. 4A), and were all re-
duced in wt, but not in ko, cells by exogenous IL-15 (Fig. 4A). We
also examined the level of TCR-induced transcription factors in
the nuclei of wt and ko CD4� T cells (Fig. 4B). After 1.5 h of
activation, levels of NFATc and p65 in the nuclei of wt and ko
cells were similar, but there was 1.5-fold more NFATp and c-Fos
and 1.9-fold more p-c-Jun in the nuclei of ko cells. Treatment with
exogenous IL-15 caused a �50% reduction of NFATp and c-Fos
and an 80% reduction of p-c-Jun in wt cells, but did not affect
levels of these transcription factors in ko cells. Taken together,
these results indicate that TCR-mediated signaling is enhanced in
IL-15R��/� CD4� T cells, and that IL-15 negatively regulates
TCR-activated signals.

Elevated expression of IL-2 and IL-2R� by IL-15R��/� CD4�

T cells

Previous studies have shown that during T cell activation, expres-
sion of IL-2 and IL-2R� is induced at the level of transcription
(20–22). As NF-ATp, c-Fos, and c-Jun are critical transcription
factors for the expression of IL-2 and IL-2R� in T cells, the in-
creased level of these transcription factors in IL-15R��/� CD4� T
cells suggests an increase in the expression of IL-2 and IL-2R�.
Consistently, our quantitative PCR analysis showed that after 2 h
of activation, IL-15R��/� CD4� T cells expressed more IL-2 and
IL-2R� mRNA than did wt cells, while little IL-2 and IL-2R�
mRNA was detected in wt and ko cells before stimulation or after
2 h of culturing without stimulation (Fig. 5A).

IL-2R� protein was detectable on the cell surface as early as 4 h
after activation; its levels were higher on ko than wt cells up to the
sixth hour of activation, but by the eighteenth hour of activation
the levels were similar (Fig. 5B) and remained so after 1, 2, and 3
days of activation (data not shown). No IL-2R� was detected on
either wt or ko cells before stimulation and after culturing for 4, 6,
or 18 h without stimulation (Fig. 5B). The levels of surface IL-2/
15R �- and �-chains were similar between wt and ko cells before
stimulation and after culturing for 4, 6, or 18 h with or without
stimulation (Fig. 5B).

Intracellular IL-2 was not detected in either wt or ko cells before
stimulation (Fig. 5C). After 10 h of activation, the percentage of
IL-2-producing cells was higher among ko than wt cells, while no

FIGURE 3. Reduction of TCR activation threshold in IL-15R��/�

CD4� T cells. IL-15R��/� and IL-15R��/� AND TCR� CD25�CD4�

cells were labeled with CFSE and activated for 3 days with B10.A APC
and indicated concentrations of PCC88�104 (A), MCC88�10 (T102S) (B), or
PCC (K99Q) (C) peptides. Anti-CD28 mAb (5 �g/ml) was added into all
cultures in the experiments of group C, but not of groups A and B. All data
presented were from one representative experiment of three.
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IL-2-producing cell was detected in either wt or ko cells cultured
for 10 h without stimulation (Fig. 5C). By the end of 3 days of
stimulation, the percentage of cells that had produced IL-2 as re-
vealed by PMA and ionophore restimulation was 1.4-fold higher
among ko cells than in wt cells (Fig. 5C). Up to 90% of wt and ko
cells died after culturing for 3 days without stimulation (data not
shown). The above results demonstrate that TCR stimulation trig-
gered faster IL-2R� induction and more IL-2 expression in IL-
15R��/� CD4� T cells than in their wt counterparts. The observed
hyperactivity of IL-15R��/� CD4� T cells did not occur sponta-
neously, as IL-2R� and IL-2 were not induced in freshly purified
cells or in unstimulated cultured cells.

We then used an IL-2R� blocking mAb to evaluate the rela-
tionship between the elevated expression of IL-2/IL-2R� and hy-
perproliferation, and found that blocking IL-2R� reduced the level
of ko cell division to that seen in wt cells (Fig. 5D), which is
consistent with the idea that the elevated expression of IL-2 and
IL-2R� contributes to the hyperproliferation of IL-15R��/� CD4�

T cells.

IL-15R� deficiency directly resulted in hyperproliferation of
CD4� T cells

To determine whether the hyperproliferation is a direct result of
the IL-15R� deficiency, wt and ko CD4� T cells were activated in
the presence of exogenous IL-15, which dose dependently inhib-
ited induction of IL-2R� and IL-2 and cell division in wt cells, but

had no effect in ko cells (Fig. 6). Neither induction of IL-2R� or
IL-2 nor cell division occurred in wt and ko cells in the absence of
TCR and CD28 stimulation (Fig. 6). This result is consistent with
the inhibitory effect of IL-15 on TCR-activated signals in wt CD4�

T cells (Fig. 4), and implies that hyperproliferation of IL-15R��/�

CD4� T cells is a direct result of the absence of IL-15R�.

Hyperproliferation of IL-15R��/� CD4� T cells in response to
TCR stimulation in vivo

We next evaluated the in vivo responses of IL-15R��/� CD4� T
cells to TCR stimulation in two types of experiment. First, the
recall responses of CD4� T cells isolated from in vivo KLH-
primed wt and IL-15R��/� mice were determined. We found that
in response to in vitro KLH restimulation ko CD4� T cells showed
higher [3H]TdR incorporation (Fig. 7A) and greater cell division
(data not shown) than did wt CD4� cells. CD4� cells isolated
from PBS-primed wt or ko mice proliferated minimally to KLH
restimulation (Fig. 7A). Second, the response of wt and IL-
15R��/� CD4� T cells to SEB was determined in an adoptive
transfer system that enabled us to distinguish the function of IL-
15R� in donor CD4� T cells from that in the recipient environ-
mental cells. CD44lowCD25�CD4� cells isolated from wt and ko
mice were labeled with CFSE and then transferred into wt and ko
mice, after which the responses of TCRV�8� donor cells to SEB
were examined. The ko donors divided more vigorously than the
wt donors in either wt (ko3wt � wt3wt) or ko (ko3ko �

FIGURE 4. Augmentation of TCR-acti-
vated signals in IL-15R��/� CD4� T cells.
A, The wt and IL-15R��/� CD44lowCD25�

CD4� T cells were stimulated by cross-link-
ing CD3, CD28, and CD4 with specific
mAbs and SAV for 4 min in the absence or
presence of exogenous IL-15 (200 ng/ml).
Cell lysates were analyzed by Western blot-
ting. The number below each band indicates
its OD normalized to the OD of the same
molecule in wt cells stimulated by cross-
linking CD3, CD28, and CD4 with specific
mAb and SAV alone. B, The wt and IL-
15R��/� CD44lowCD25�CD4� T cells
(106/well) were activated using immobilized
anti-TCR� (1.65 �g/well) and anti-CD28
(30 �g/well) mAbs in the absence or pres-
ence of 200 ng/ml IL-15 for 1.5 h. Nuclear
and cytosolic extracts were prepared and an-
alyzed by Western blotting. The number be-
low each band indicates its OD normalized
to the OD of the same molecule in wt cells
without IL-15. All data presented were from
one representative experiment of three.
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FIGURE 5. Elevated expression of IL-2 and IL-2R� by IL-15R��/� CD4� T cells. A, Expression of IL-2R� and IL-2 mRNA by wt and IL-15R��/�

CD44lowCD25�CD4� T cells (106/sample) were analyzed by quantitative real-time PCR before stimulation (0 h) and after culturing for 2 h with or without
stimulation by immobilized anti-TCR� (1.65 �g/well) and anti-CD28 (30 �g/well) mAb. IL-2R� and IL-2 mRNA levels were first normalized to �-actin
mRNA level of the same cells. The values obtained for all samples were normalized to that of wt cells before stimulation. The values shown were the
average of four independent experiments. Paired Student’s t test was used to compare the wt and ko groups (�, p � 0.05; ��, p � 0.001). B, The wt and
ko cells (104/well) were activated using immobilized anti-TCR� (0.055 �g/well) and anti-CD28 (1 �g/well) or cultured without activation for indicated
times and analyzed for expression of surface IL-2R. The mean fluorescence indexes (MFI) of IL-2R� on activated wt and ko cells (wt/ko) are indicated.

3160 IL-15R� DOWN-REGULATES CD4� T CELL ACTIVATION
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/173/5/3155/1189494/3155.pdf by guest on 22 M
ay 2023



wt3ko) recipients 3 days after SEB injection, while donor cells
did not divide in recipients that received PBS only (Fig. 7B). The
ko donor cells also showed higher IL-2R� expression and included
more IL-2-producing cells than did the wt donor cells 12 h after
SEB injection, whereas no difference in the levels of IL-2R �- and
�-chains was found between wt and ko donor cells (Fig. 7C).
These results demonstrated that IL-15R��/� CD4� T cells are
hyperresponsive to TCR stimulation in vivo as well as in vitro.

Discussion
In this study, we investigated the function of IL-15R� expressed
by CD4� T cells. Most growth factor receptors function by either
facilitating ligand binding or transducing growth signals into the
cells that express them. The high affinity IL-15R� expressed on
stromal cells and APC act by binding and presenting IL-15 to
neighboring lymphocytes (14). In an IL-15R��/� environment,
this in trans presentation is necessary and sufficient for the devel-

opment and maintenance of IL-15R��/� memory CD8� T cells
and NK cells, indicating that IL-15R� on lymphocytes is not re-
quired for these activities (23, 24). IL-15R� was also found to be
unnecessary for IL-15-induced Jak1 activation in IL-15R�-defec-
tive Jurkat T cells and proliferation in a myeloid cell line (13). In
the present study, we observed that IL-15R� is expressed on the
surface of both resting and activated CD4� T cells; that IL-
15R��/� CD4� T cells hyperproliferate in response to TCR stim-
ulation in vitro and in vivo; and that exogenous IL-15 inhibits
TCR-activated signals and division of wt CD4� T cell. These find-
ings highlight a previously unknown function of IL-15R�: to neg-
atively regulate the activation of the CD4� T cells that
express them.

IL-15R� exerts its negative regulatory effect, at least in part, by
inhibiting TCR-mediated signal transduction, thereby reducing IL-
2R� and IL-2 expression during the early phase of CD4� T cell
activation. Activation of Zap-70 is a key proximal event in such

C, The wt and ko cells were activated, as described in B, or cultured without activation for the indicated times. The expression of IL-2 was determined by
intracellular staining, and the data are displayed as single-parameter dot plot. Left panel, Cells were activated for 10 h. Right panel, Cells were activated
for 3 days and then restimulated with PMA and ionophore for 5 h. The percentages of IL-2-positive cells are indicated. The isotype control Ab stained �1%
of cells. D, The wt and ko cells were labeled with CFSE and activated, as described in B, for 2 days in the presence of 3.7 �g/ml anti-IL-2R� or isotype
control mAb. All data presented in B, C, and D were from one representative experiment of three.

FIGURE 6. IL-15 inhibited the activation of CD4� T cells. The wt and IL-15R��/� CD44lowCD25�CD4� T cells were activated, as described in Fig.
5B, or cultured without activation in the presence of indicated amounts of IL-15. Surface IL-2R�, intracellular IL-2, and cell division were determined after
6, 12, and 60 h of activation, respectively. The thin-dashed lines in the top panel represent cells stained with allophycocyanin-SAV alone. The IL-2R� MFI
and the percentage of IL-2-positive cells are indicated. For intracellular IL-2 staining, the isotype control Ab stained �1% of cells. All data presented were
from one representative experiment of three.
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TCR signaling. Zap-70 kinases provide the physical link between
the activated TCR complex and downstream signaling events by
binding to p-ITAM motifs on the TCR complex, where they are
activated, and then phosphorylate PLC-�1 and the scaffold pro-

teins, linker for activation of T cells (LAT) and SH2 domain-
containing leukocyte protein of 76 kDa (SLP-76) (25–27). Phos-
phorylated LAT serve as docking sites for various adaptor
molecules and enzymes downstream of TCR stimulation, including

FIGURE 7. IL-15R��/� CD4� T cells hyperpro-
liferated in response to TCR stimulation in vivo. A,
Recall response to KLH. Splenic CD25�CD4� T
cells isolated from wt or IL-15R��/� mice primed
with KLH or PBS for 13 days before were restim-
ulated for 4 days with B6 APC and indicated
amounts of KLH. Proliferation was determined by
[3H]TdR incorporation. B, Division of adoptively
transferred wt or IL-15R��/� CD44lowCD25�CD4�

T cells in response to SEB stimulation in wt or in ko
recipients. CFSE levels were analyzed 3 days after
SEB or PBS injection. C, Expression of IL-2R and
intracellular IL-2 by donor T cells in the spleen was
analyzed 12 h after SEB injection. The dashed lines
in the upper three panels represent cells stained with
allophycocyanin-SAV alone. The MFI of IL-2R
staining and the percentages of IL-2-positive cells
are indicated. For intracellular IL-2 staining, the iso-
type control Ab stained �1% of cells. All data pre-
sented were from one representative experiment of
three.
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PLC-�1 (28). By associating with p-LAT, Grb2-son of sevenless is
brought to the site of Ras, activating a Ras-mediated MAPK path-
way. Gads specifically interacts with SLP-76, bringing it to the
LAT complex. Phosphorylated SLP-76 in turn recruits vav, which
activates the Rac-MAPK pathway. Bearing these various relation-
ships in mind, it was not surprising that the higher level of p-
Zap-70 seen in activated IL-15R��/� CD4� T cells was associated
with increased activity in three downstream signaling pathways:
pPLC-�1-Ca2�-NF-ATp, pERK1/2-c-fos (Ras-MAPK pathway),
and vav-pJNK-p-c-Jun (Rac-MAPK pathway). Moreover, all three
affected transcription factors are critical for the induction of IL-
2R� and IL-2, which is consistent with our finding that IL-2 and
IL-2R� mRNA and proteins were more abundant in ko cells dur-
ing the early phase of activation, contributing at least in part to the
hyperproliferation of IL-15R��/� CD4� T cells. Its effect on the
level of p-Zap-70 indicates that IL-15R� acts very early during
TCR-mediated signal transduction, perhaps mediating dephos-
phorylation of Zap-70 or event(s) upstream of Zap-70 activation,
e.g., recruitment of Zap-70 or phosphorylation of the TCR signal-
ing modules. Because the intracytoplasmic domain of IL-15R�
does not possess enzymatic activity, IL-15R� most likely exerts its
negative regulatory function in two general ways: by associating
with certain negative regulatory molecule(s) or by affecting the
distribution of signaling molecules, e.g., by affecting raft move-
ment. We are currently examining these possibilities.

An earlier study by Kumaki et al. (29) reported that IL-15 up-
regulated IL-2R� in human peripheral blood T cells that were
activated by PHA for 2 days. The inhibitory effect of IL-15R� on
IL-2R� expression reported in this study occurred at early phase
during T cell activation (within 18 h of activation; Fig. 5B) and is
restricted to CD4� T cells. Because IL-15R��/� CD8� T cells
proliferated much worse than wt CD8� T cells (Fig. 1C), IL-15
most likely helps the proliferation of CD8� T cells, which may
also involve the regulation of IL-2R� expression. If that is the case
for human T cells, the level of IL-2R� on activated human pe-
ripheral blood T cells is contributed by the level of IL-2R� on
CD4� and CD8� T cells, which most likely differ in response to
IL-15 treatment. Moreover, unlike the TCR-specific stimulation by
anti-TCR mAb or antigenic peptide/MHC, PHA most likely stim-

ulates other surface glycoprotein(s) than TCR, which may or may
not affect the IL-15/IL-15R-regulated expression of IL-2R�.
Therefore, the difference in cell population, in stimulatory agents,
and in stimulation time might have caused the appeared discrep-
ancy between Kumaki’s and our observations on the role of IL-
15/IL-15R in expression of IL-2R�.

According to this study, a model illustrating the way in which
IL-15R� regulates CD4� T cell proliferation is depicted in Fig. 8.
First, IL-15R� expressed on CD4� T cells negatively regulates
proliferation by reducing TCR-induced expression of IL-2 and IL-
2R�. Second, the in trans presented IL-15 by IL-15R� on the
environmental cells (APC) delivers a positive proliferation signal
to CD4� T cells via �� receptors, as suggested by the finding that
wt3wt cells proliferated more vigorously than wt3ko cells in the
SEB experiment. Third, IL-15R��/� CD4� T cells activated in an
IL-15R��/� environment mount a strong proliferation response, as
ko3ko donor cells in the SEB experiment showed the greatest
proliferation among the four donor/recipient combinations
(ko3ko � ko3wt � wt3wt � wt3ko). Therefore, based on the
following observations, we suggest that the strong proliferation
reflects, at least in part, greater interaction between IL-2 and IL-
2R��� on ko than wt cells (1). The ko3ko cells presumably pro-
duced more IL-2 than donor cells in other donor/recipient combi-
nations, as ko3ko cells contained the highest percentage of IL-2-
producing cells after SEB stimulation (2). The ko donor cells
proliferated more vigorously in the absence of the in trans pre-
sented IL-15 (ko3ko � ko3wt). Given that activated ko3ko and
ko3wt cells expressed similar levels of surface IL-2/15R �- and
�-chains (Fig. 7C), we suggest that the �- and �-chains on ko3ko
donor cells were used solely to form IL-2R���, but were shared
by IL-2R��� and IL-15R�� on ko3wt cells. Consequently, the
number of IL-2R complexes on ko3ko cells was higher than on
ko3wt cells, which led to stronger proliferation of the former. The
number of IL-2R on CD4� T cells in wt mice might be even lower
than on the ko3wt cells, because the �- and �-chains on CD4� T
cells are most likely shared among IL-2R���, IL-15R���, and
IL-15R�� (Fig. 8, left panel). This model focuses on the inhibition
of IL-2/IL-2R� expression by IL-15R� as a mechanism by which
it negatively regulates CD4� T cells. The presence of other

FIGURE 8. Schematic diagrams illustrating the role of IL-15R� in CD4� T cell activation. Stimulation of TCR and CD28 on T cells by peptide/MHC
and B7 molecules on APC triggers signal transduction from the TCR complex that leads to the expression of IL-2 and IL-2R� [1]. IL-2 is secreted and
acts as an autocrine factor, binding to IL-2R��� on the activated T cell and thereby driving T cell proliferation [2]. In wt mice (left panel), IL-15R�
expressed by T cells bind IL-15, and attenuate TCR signaling and downstream IL-2 and IL-2R� expression. The in trans presented IL-15 by IL-15R� on
APCs also delivers a proliferation signal via the �� receptors on T cells. In ko mice (right panel), the IL-15R� deficiency eliminates the negative regulation
on TCR-activated IL-2 and IL-2R� expression, and the competition for IL-2/15R�� results in T cell hyperproliferation. IL-15R� (z), IL-2R� (f), IL-15
(circles), and IL-2 (triangles).
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pro-proliferation receptor/ligand pairs or signals that are nega-
tively regulated by IL-15R� is not excluded. Our results and the
proposed model are consistent with the previous report that IL-2
production by activated IL-15 tg T cells is lower than in non-tg T
cells, as CD4� T cells are most likely the predominant IL-2 pro-
ducer (30). The inhibitory effect of IL-15 on TCR-activated sig-
nals, IL-2/IL-2R� expression, and division of primary CD4� T
cells is also consistent with the ability of IL-15 to maintain a qui-
escent state of a CD4� T cell clone (31, 32).

That division of wt and IL-15R��/� T cells differs from each
other during primary activation suggests IL-15R� contributes to
the regulation of T cell expansion. Unlike the hyperproliferation of
IL-15R��/� CD4� cells, purified IL-15R��/� CD8� cells prolif-
erated less vigorously than did wt CD8� cells in response to TCR
stimulation. It is known that the expansion capacities of CD4� and
CD8� T cells differ (33). For instance, mice infected with bacteria
or virus exhibit limited division of Ag-specific CD4� T cells, but
extensive expansion of Ag-specific CD8� T cells (34, 35). Little is
known about the molecular basis underlying the different expan-
sion programs of CD4� and CD8� T cells, although one recent
study reported that a deficiency in DR6, a member of the TNFR
superfamily, enhances CD4�, but not CD8� T cell proliferation
(36). The similarly selective negative effect of IL-15R� on CD4�

cell proliferation observed in the present study may also restrict the
expansion capacity of CD4� T cells.

In summary, we have shown for the first time that IL-15R�
negatively regulates TCR-activated signals in naive CD4� T cells,
which most likely contribute to the hyperproliferation of IL-
15R��/� CD4� T cells. Although further study will be required
before a complete picture of the ways in which IL-15R� affects
TCR signaling emerges, the present findings raise concerns about
the manipulation of the IL-15 cytokine system for purposes of
suppressing immune responses.

Acknowledgment
We acknowledge the advice of Dr. Fang Liao.

References
1. Smith, K. 1988. Interleukin-2: inception, impact, and implications. Science

240:1169.
2. Cousens, L., J. Orange, and C. Biron. 1995. Endogenous IL-2 contributes to T

cell expansion and IFN-� production during lymphocytic choriomeningitis virus
infection. J. Immunol. 155:5690.

3. Kuroda, K., J. Yagi, K. Imanishi, X. Yan, X. Li, W. Fujimaki, H. Kato,
T. Miyoshi-Akiyama, Y. Kumazawa, H. Abe, and T. Uchiyama. 1996. Implan-
tation of IL-2-containing osmotic pump prolongs the survival of superantigen-
reactive T cells expanded in mice injected with bacterial superantigen. J. Immu-
nol. 157:1422.

4. Paul, W., and R. Seder. 1994. Lymphocyte responses and cytokines. Cell 76:241.
5. Giri, J. G., M. Ahdieh, J. Eisenman, K. Shanebeck, K. H. Grabstein, S. Kumaki,

A. Namen, L. S. Park, D. Cosman, and D. M. Anderson. 1994. Utilization of the
� and � chains of the IL-2 receptor by the novel cytokine IL-15. EMBO J.
13:2822.

6. Fehniger, T. A., and M. A. Caligiuri. 2001. Interleukin 15: biology and relevance
to human disease. Blood 97:14.

7. Lodolce, J. P., D. L. Boone, S. Chai, R. E. Swain, T. Dassopoulos, S. Trettin, and
A. Ma. 1998. IL-15 receptor maintains lymphoid homeostasis by supporting lym-
phocyte homing and proliferation. Immunity 9:669.

8. Kennedy, M., M. Glaccum, S. Brown, E. Butz, J. Viney, M. Embers, N. Matsuki,
K. Charrier, L. Sedger, C. Willis, et al. 2000. Reversible defects in natural killer
and memory CD8 T cell lineages in interleukin 15-deficient mice. J. Exp. Med.
191:771.

9. Wu, T.-S., J.-M. Lee, Y.-G. Lai, J.-C. Hsu, C.-Y. Tsai, Y.-H. Lee, and N.-S. Liao.
2002. Reduced expression of Bcl-2 in CD8� T cell deficient in the IL-15 receptor
�-chain. J. Immunol. 168:705.

10. Willerford, D., J. Chen, J. Ferry, L. Davidson, A. Ma, and F. Alt. 1995. Inter-
leukin-2 receptor � chain regulates the size and content of the peripheral lym-
phoid compartment. Immunity 3:521.

11. Sadlack, B., H. Merz, H. Schorle, A. Schimpl, A. Feller, and I. Horak. 1993.
Ulcerative colitis-like disease in mice with a disrupted interleukin-2 gene. Cell
75:253.

12. Giri, J. G., S. Kumaki, M. Ahdieh, D. J. Friend, A. Loomis, K. Shanebeck,
R. DuBose, D. Cosman, L. S. Park, and D. M. Anderson. 1995. Identification and
cloning of a novel IL-15 binding protein that is structurally related to the � chain
of the IL-2 receptor. EMBO J. 14:3654.

13. Anderson, D. M., S. Kumaki, M. Ahdieh, J. Bertles, M. Tometsko, A. Loomis,
J. Giri, N. G. Copeland, D. J. Gilbert, N. A. Jenkins, et al. 1995. Functional
characterization of the human interleukin-15 receptor � chain and close linkage
of IL15RA and IL2RA genes. J. Biol. Chem. 270:29862.

14. Dubois, S., J. Mariner, T. Waldmann, and Y. Tagaya. 2002. IL-15R� recycles
and presents IL-15 in trans to neighboring cells. Immunity 17:537.

15. Bulanova, E., V. Budagian, T. Pohl, H. Krause, H. Durkop, R. Paus, and
S. Bulfone-Paus. 2001. The IL-15R � chain signals through association with Syk
in human B cells. J. Immunol. 167:6292.

16. Bulfone-Paus, S., E. Bulanova, T. Pohl, V. Budagian, H. Durkop, R. Rockert,
U. Kunzendorf, R. Paus, and H. Krause. 1999. Death deflected: IL-15 inhibits
TNF-�-mediated apoptosis in fibroblasts by TRAF2 recruitment to the IL-15R�
chain. FASEB J. 13:1575.

17. Schreiber, E., P. Matthias, M. Muller, and W. Schaffner. 1989. Rapid detection of
octamer binding proteins with ‘mini-extracts,’ prepared from a small number of
cells. Nucleic Acids Res. 17:6419.

18. Cantrell, D. 1996. T cell antigen receptor signal transduction pathways. Annu.
Rev. Immunol. 14:259.

19. Weiss, A., and D. Littman. 1994. Signal transduction by lymphocyte antigen
receptors. Cell 76:263.

20. Jain, J., C. Loh, and A. Rao. 1995. Transcriptional regulation of the IL-2 gene.
Curr. Opin. Immunol. 7:333.

21. Kim, H., and W. Leonard. 2002. The basis for TCR-mediated regulation of the
IL-2 receptor � chain gene: role of widely separated regulatory elements. EMBO
J. 21:3051.

22. Rothenberg, E., and S. Ward. 1996. A dynamic assembly of diverse transcription
factors integrates activation and cell-type information for interleukin 2 gene reg-
ulation. Proc. Natl. Acad. Sci. USA 93:9358.

23. Burkett, P., R. Koka, M. Chien, S. Chai, F. Chan, A. Ma, and D. Boone. 2003.
IL-15R � expression on CD8� T cells is dispensable for T cell memory. Proc.
Natl. Acad. Sci. USA 100:4724.

24. Koka, R., P. Burkett, M. Chien, S. Chai, F. Chan, J. Lodolce, D. Boone, and
A. Ma. 2003. Interleukin (IL)-15R�-deficient natural killer cells survive in nor-
mal but not IL-15R�-deficient mice. J. Exp. Med. 197:977.

25. Zhang, W., J. Sloan-Lancaster, J. Kitchen, R. Trible, and L. Samelson. 1998.
LAT: the ZAP-70 tyrosine kinase substrate that links T cell receptor to cellular
activation. Cell 92:83.

26. Van Oers, N., and A. Weiss. 1995. The Syk/ZAP-70 protein tyrosine kinase
connection to antigen receptor signalling processes. Semin. Immunol. 7:227.

27. Wardenburg, J., C. Fu, J. Jackman, H. Flotow, S. Wilkinson, D. Williams,
R. Johnson, G. Kong, A. Chan, and P. R. Findell. 1996. Phosphorylation of
SLP-76 by the ZAP-70 protein-tyrosine kinase is required for T-cell receptor
function. J. Biol. Chem. 271:19641.

28. Samelson, L. 2002. Signal transduction mediated by the T cell antigen receptor:
the role of adapter proteins. Annu. Rev. Immunol. 20:371.

29. Kumaki, S., R. Armitage, M. Ahdich, L. Park, and D. Cosman. 1996. Interleu-
kin-15 up-regulates interleukin-2 receptor � chain but down-regulates its own
high-affinity binding sites on human T and B cells. Eur. J. Immunol. 26:1235.

30. Marks-Konczalik, J., S. Dubois, J. Losi, H. Sabzevari, N. Yamada,
L. Feigenbaum, T. Waldmann, and Y. Tagaya. 2000. IL-2-induced activation-
induced cell death is inhibited in IL-15 transgenic mice. Proc. Natl. Acad. Sci.
USA 97:11445.

31. Dooms, H., M. Desmedt, S. Vancaeneghem, P. Rottiers, V. Goossens, W. Fiers,
and J. Grooten. 1998. Quiescence-inducing and antiapoptotic activities of IL-15
enhance secondary CD4� T cell responsiveness to antigen. J. Immunol.
161:2141.

32. Dooms, H., T. Van Belle, M. Desmedt, P. Rottiers, and J. Grooten. 2000. Inter-
leukin-15 redirects the outcome of a tolerizing T-cell stimulus from apoptosis to
anergy. Blood 96:1006.

33. Maini, M., G. Casorati, P. Dellabona, A. Wack, and P. Beverley. 1999. T-cell
clonality in immune responses. Immunol. Today 20:262.

34. Foulds, K., L. Zenewicz, D. Shedlock, J. Jiang, A. Troy, and H. Shen. 2002. CD4
and CD8 T cells are intrinsically different in their proliferative responses. J. Im-
munol. 168:1528.

35. Homann, D., L. Teyton, and M. Oldstone. 2001. Differential regulation of anti-
viral T-cell immunity results in stable CD8� but declining CD4� T-cell memory.
Nat. Med. 7:913.

36. Liu, J., S. Na, A. Glasebrook, N. Fox, P. Solenberg, Q. Zhang, H. Song, and
D. Yang. 2001. Enhanced CD4� T cell proliferation and Th2 cytokine production
in DR6-deficient mice. Immunity 15:23.

3164 IL-15R� DOWN-REGULATES CD4� T CELL ACTIVATION
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/173/5/3155/1189494/3155.pdf by guest on 22 M
ay 2023


