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Generation of CD8+ memory T cells requires antigenic stimulation
through T cell receptor (TCR); however, maintenance of CD8*
memory T cells seems to be mediated by cytokines, such as IL-15,
in a TCR-independent manner. Compared with the TCR-induced
activation, less is known about the mechanisms of IL-15 action. We
report here a comparative and kinetic analysis of the responses of
memory phenotype CD8* T cells to IL-15 or TCR (anti-CD3) stimu-
lation in vitro. These two stimuli induce highly similar responses in
memory phenotype CD8* T cells as measured by cellular prolifer-
ation, gene expression changes, synthesis of effector molecules
(IFNy, tumor necrosis factor B, granzyme B, and perforin), and
induction of cytotoxicity. From 189 genes/expressed sequence tags
(ESTs) whose expression changed in CD8* memory T cells after
IL-15 and anti-CD3 stimulation identified by ¢cDNA microarray
analysis, 77% of the genes/ESTs exhibit a highly similar pattern of
expression between IL-15 and anti-CD3-treated cells, and only 16%
and 7% of the genes/ESTs are differentially expressed in response
to IL-15 and anti-CD3 treatments, respectively. These results show
that IL-15 and anti-CD3 stimulation induced remarkably similar
gene expression and effector function. Thus, IL-15 acts not only as
a crucial growth factor but also as an antigen-independent acti-
vator of effector functions for CD8+ memory T cells.

pon antigenic challenge, naive T lymphocytes differentiate

into effector T cells, and subsequently some of them
become memory T cells. Memory T lymphocytes are long-lived
and are capable of further differentiation and proliferation to
become effector cells in the subsequent antigenic encounter (1).
These unique features of memory lymphocytes provide the
cellular basis for immunological memory, a hallmark of the
adaptive immunity.

Generation of memory lymphocytes depends on antigenic
stimulation, but the survival of memory lymphocytes seems to be
antigen independent and requires cytokines (2-4). Among var-
ious implicated cytokines (5-8), strong evidence shows that
IL-15 can promote proliferation and long-term survival of
memory phenotype CD8" T cells in an antigen-independent
fashion (4, 7, 9). IL-15 is secreted by many types of cells, but not
by T cells (10). The IL-15 receptor consists of a private a-chain,
and shared IL-2 receptor B- and vy-chains that are expressed
individually or together to form various functional receptors with
different affinities and signaling capabilities (10). The interac-
tion of IL-15 with its receptors leads to potent and selective
proliferation of CD8" memory T cells (7, 11-13). However,
the molecular mechanisms underlying IL-15-mediated prolifer-
ation and maintenance of CD8* memory T cells are not fully
understood.

In contrast to the antigen-independent proliferation induced
by IL-15, the engagement of T cell receptor (TCR) with MHC
class I-peptide complex of the target cells induces antigen-
specific memory CD8" T cells to proliferate and differentiate

6192-6197 | PNAS | April30,2002 | vol.99 | no.9

into effector cells (14). The differentiation process results in
several physiological changes in memory CD8" T cells including
expression of surface-activation markers, production of cyto-
kines, and synthesis of effector molecules. Despite apparent
differences in the initial ligand /receptor interaction, the fact that
both IL-15 and TCR engagement are capable of inducing CD8*
memory T cell proliferation suggests that these two pathways
share some common downstream events.

To determine molecular and cellular changes induced by
IL-15, and to compare IL-15- and TCR-mediated stimulation, we
conducted a parallel analysis of genome-scale gene expression,
proliferation, effector molecule production, and cytotoxicity in
memory phenotype CD8" T cells stimulated in vitro with IL-15
or anti-CD3 monoclonal antibodies (mAbs). We report here a
remarkable resemblance in all these parameters in memory
phenotype CD8" T cells treated with either IL-15 or anti-CD3.
Furthermore, we have identified 189 ¢cDNA clones whose ex-
pression levels were significantly changed in memory phenotype
CD8" T cells after IL-15 and/or anti-CD3 stimulation. Approx-
imately 77% of those cDNA clones exhibited a similar pattern of
changes with either IL-15 or anti-CD3 treatment. In addition to
these similarities, we have also identified differences between
these two stimulations in gene expression and in surface-
activation marker expression (CD2 and CD53). These results
show that the distinct stimulation by IL-15 and anti-CD3 share
overall downstream events, and suggest that IL-15 not only
promotes survival but also activates the effector function of
memory phenotype CD8" T cells.

Materials and Methods

Isolation of Memory Phenotype CD8* T Cells from Peripheral Blood.
We applied the immunomagnetic separation method to isolate
memory phenotype CD8* T cells from peripheral blood based
on previously characterized phenotype (15). In brief, blood was
obtained from normal donors of the National Institutes of
Health Blood Bank and National Institute on Aging Clinical
Core Laboratory, and mononuclear cells were isolated by Ficoll
gradient centrifugation (Organon Teknika—Cappel). Memory
phenotype CD8" T cells were then isolated by removing other
types of cells through incubating with a panel of mouse mAbs,
against CD4, CD19, CD11b, CD14, CD16, MHC class II,
erythrocytes, platelets, and CD45RA. Antibody-bound cells
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were subsequently removed by incubation with anti-mouse
IgG-conjugated magnetic beads (Qiagen, Chatsworth, CA).
The purified memory phenotype CD8" T cells consist of
approximately 90-95% CD8" CD45R0* T cells and 0.1%
CD45RA*CD27 cells by fluorescence-activated cell sorter
analysis.

Stimulation of Memory Phenotype CD8+ T Cells in Vitro. The proce-
dures for in vitro stimulation of purified memory phenotype
CD8* T cells were essentially as described (16). Anti-CD3
(OKT3) mAb conjugated magnetic beads (Dynal, Great Neck,
NY) were gifts from C. June (University of Pennsylvania). IL-15
was obtained from PeproTech (Boston). Cells were resuspended
at 2 X 10 cells per ml in RPMI1640 medium (Life Technologies,
Rockville, MD) supplemented with 10% FBS (Gemini Biolog-
ical Products, Calabasas, CA) and 1X penicillin-streptomycin
(Life Technologies), mixed with anti-CD3-conjugated beads
(used for cellular changes and gene expression analysis) or
immobilized on plate (used for the cytotoxicity assay), or IL-15,
and incubated for defined time points before harvest. The
proliferation measurement was previously described (17).

cDNA Microarray Filters, Procedure, and Analysis. The custom made
filters consist of 4,604 cDNA clones that were selected from an
initial screening over 40,000 unique cDNA clones obtained from
Research Genetics (Huntsville, AL), Incyte Genomics (St. Lou-
is), and cloned in this laboratory as described (17). The proce-
dures for mRNA isolation, cDNA probe synthesis, and labeling
were performed as described (17). Image files were collected
from the PhosphorImager (Amersham Pharmacia), and were
processed by using the P-SCAN analysis software as described
(17). In brief, the hybridization spots on the image of the
microarray were located, and the average image intensity was
then determined. These numerical intensities of each spot were
normalized filterwide, and the relatively over- and underex-
pressed genes between two conditions were determined by a
2-fold mean ratio change. The identity of the selected clones was
confirmed by sequencing. The relative changes of the expression
were presented in color (red = increase, green = decrease,
black = no change) by using CLUSTER and TREEVIEW (M. Eisen,
Stanford University).

Western Blot Analysis. Western blot analysis was carried out as
described (18). The membranes were probed sequentially with
mouse anti-human proliferating cell nuclear antigen (Santa Cruz
Biotechnology), Granzyme B (PharMingen), and rabbit anti-
human perforin (Santa Cruz Biotechnology). Signals were de-
tected by using the ECL+Plus detection system (Amersham
Pharmacia) according to the manufacturer’s instructions. The
membranes were stripped and probed again with anti-ZAP70
antibody (gift from R. Wange, National Institute on Aging).

Cytokine Assays. Supernatants were collected from in vitro stim-
ulated memory phenotype CD8" T cells. IFN-y and tumor
necrosis factor (TNF) B concentrations were determined by
using ELISA Immunoassay Kit [BioSource International (Cam-
arillo, CA) and R & D Systems] according to the manufacturer’s
instructions.

Redirected Cytotoxicity Assay. The cytotoxic activity of memory
phenotype CD8" T cells after stimulation was determined by a
redirected cytotoxicity assay. Five million Fas™ L1210 target
cells were labeled with 200 wCi of 3!Cr in 250 ul of FCS for 1h
at 37°C. After washing in Hepes-saline (0.1 M Hepes/0.15 M
NaCl, pH 7.6), the cells were biotinylated with 0.2 mM NHS-
LC-biotin (Calbiochem) in Hepes-saline for 30 min at 4°C,
washed, and streptavidin-coated by incubation with 20 ug/ml of
streptavidin (Sigma) in Hepes-saline with 1% BSA for 30 min at
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Fig. 1.  Cellular proliferation of memory phenotype CD8" T cells after IL-15
and anti-CD3 treatment in vitro. (A) Profiles of [3H]thymidine incorporation of
memory phenotype CD8* T cells after in vitro stimulation. Isolated memory
phenotype CD8* T cells were cultured in the presence of 100 ng/ml IL-15 or
anti-CD3 mAb-conjugated magnetic beads, and assayed for [3H]thymidine
incorporation at days 1, 2, 3, and 4. (B) Western blot analysis of proliferating
cell nuclear antigen protein levels in memory phenotype CD8" T cells after
stimulation with IL-15 or anti-CD3 for 2, 12, and 48 h. One representative of
two independent blots was shown. ZAP-70 is used as loading standard.

room temperature. Effector T cells, freshly isolated and stimu-
lated memory phenotype CD8* T cells, were mixed with the
target cells in culture medium at different ratios in the presence
or absence of 2.5 ug/ml of biotinylated anti-CD3. After 4 h of
incubation the supernatants were harvested and counted in a
gamma counter. The corrected percent lysis was calculated from
the released °!Cr, with the spontaneous release subtracted.

Results

IL-15 and Anti-CD3 Stimulation Induce Similar Cellular Proliferation in
Memory Phenotype CD8* T Cells in Vitro. To compare stimulation
of memory phenotype CD8* T cells by IL-15 and anti-CD3 mAb,
we determined responses to titrated concentrations of both
stimuli. IL-15 at 100 ng/ml and anti-CD3-conjugated magnetic
beads at a 1:1 bead:cell ratio induced proliferation at plateau
level (data not shown). These conditions were then applied to
assess the proliferation kinetics during a 4-day period of memory
phenotype CD8* T cells isolated from peripheral blood of
normal donors. It was found that memory phenotype CD8" T
cells proliferate at a similar rate in response to either IL-15 or
anti-CD3 treatment (Fig. 14). In good agreement with the
cellular proliferation, proliferating cell nuclear antigen, a bio-
chemical marker of proliferating cells, was detected in memory
phenotype CD8™" T cells at 2 days after either IL-15 or anti-CD3
stimulation (Fig. 1B).

Genome-Scale Gene Expression in Memory Phenotype CD8* T Cells
after IL-15 and Anti-CD3 Stimulation. To assess and compare gen-
eral gene expression changes in response to these stimuli,
memory phenotype CD8* T cells stimulated with IL-15 or
anti-CD3 for 2, 12, and 48 h were collected for gene expression
analysis by using cDNA microarray. Our custom-made cDNA
microarray filters consist of 4,608 cDNA clones that were
selected from the initial screening of expression of more than
40,000 unique human clones by CD4* and CD8" T cells. Two
independent experiments with a total of six independent mea-
surements of each cDNA clone under every experimental con-
dition were analyzed (http://www.grc.nia.nih.gov/branches/li/
weng/arraydata2.htm). The reproducibility between two
experiments was excellent, because the average R? of duplicate
linear regressions for all seven conditions was 0.9527 * 0.0188
(Fig. 24). The gene expression changes were quite similar
between IL-15 and anti-CD3 treatments, because the average R>
of duplicate linear regressions for all three time points was
0.9609 = 0.0135 (Fig. 2B). The stimulation-induced general
changes are shown in Fig. 2C.

A total of 189 clones whose expression was changed at least 2
fold at one or more time points after stimulation compared with
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Fig. 2. Gene expression profiles in memory phenotype CD8" T cells after IL-15 or anti-CD3 treatment in vitro. (A) Example of gene expression comparison in
duplicate experiments (1 and 2 of unstimulated cells): 4,608 clones present in the duplicates were compared. The average R? of duplicate linear regressions for
all time points was 0.9527 + 0.0188. (B) Example of the similarity in gene expression between IL-15 and anti-CD3 treatment. (The data at the 2-h time point are
shown.) The average R? of duplicate linear regressions for all three time points between two stimulation conditions was 0.9609 = 0.0135. (C) The difference
between stimulated and unstimulated memory phenotype CD8" T cells: 4,608 clones were compared. IL-15 on the right and anti-CD3 on the left after treatment
at 48 h were shown. (D and E) Genes that were down- (D) and up- (E) regulated after in vitro stimulation with IL-15 or anti-CD3 for 2, 12, and 48 h are shown.
The clones were clustered in the order of common between two conditions, differentially expressed in IL-15 and anti-CD3 separated by yellow lines. Each colored
square represents the mean ratio of stimulated over resting cells of one cDNA clone. The mean value was derived from two independent hybridization
experiments with a total of six independent replicate measurements for each cDNA clone. The scale of the intensity ratio is —1 to 1 in logarithm value (10-fold
down- to 10-fold up-regulation), with green indicating a decrease and red indicating an increase. The GenBank accession number and gene names are indicated
at the right. The genes were clustered by using cLusTer and TrReeview software.
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those of freshly isolated memory phenotype CD8" T cells were
identified (Fig. 2 D and E). Overall, approximately 77% of
cDNA clones (145 of 189 clones) exhibited a similar pattern of
changes after either IL-15 or anti-CD3 stimulation. The differ-
ential expression of clones was arbitrarily defined by an intensity
change of 2-fold or greater in expression under one stimulation
condition but an intensity change of 1.3-fold or less under the
other condition at the same time point. Based on this criterion,
only 16% of the identified clones were differentially expressed in
IL-15 (31 of 189) and 7% clones were differentially expressed in
anti-CD3 (13 of 189 clones) stimulated memory phenotype
CD8* T cells.

Sixty-five cDNA clones [56 genes and 9 expressed sequence
tags (ESTs)] were down-regulated by at least 2-fold at one of
three time points during a 2-day period (Fig. 2D). The majority
of those down-regulated clones (approximately 94% of the
clones) exhibited similar changes in response to IL-15 and
anti-CD3 treatments. Two genes each were down-regulated
uniquely in response to IL-15 stimulation and anti-CD3 treat-
ment in memory phenotype CD8" T cells (Fig. 2D).

One hundred and twenty-four cDNA clones (115 genes and 9
ESTs) were up-regulated significantly in at least one of three
time points over a 2-day period after IL-15 or anti-CD3 stimu-
lation (Fig. 2E). The gene expression patterns of the majority of
up-regulated cDNA clones (84 cDNA clones) were similar
between IL-15 and anti-CD3 stimulated memory phenotype
CD8* T cells (Fig. 2E). Only 29 genes were differentially
up-regulated in IL-15, and 11 genes in anti-CD3 stimulated cells
(Fig. 2E).

Functional Characteristics of Commonly Down- and Up-Regulated
Genes in Memory Phenotype CD8* T Cells after IL-15 and Anti-CD3
Stimulation. Recent studies show that the status of resting CD4*
T lymphocytes is maintained through expression of a large
number of genes that function in preventing cellular prolifera-
tion, activation, and apoptosis (17, 19-21). Antigenic stimulation
in vivo or crosslinking of TCR in vitro results in down-regulated
expression of those genes in lymphocytes. Among 65 down-
regulated cDNA clones in memory phenotype CD8* T cells after
IL-15 and anti-CD3 stimulation, we found two clones, B cell
translocation gene I and GDP-dissociation inhibitor, whose
functions include inhibiting cellular proliferation and activation
(Fig. 2D). In addition, several signaling related molecules such
as CAMP-dependent protein kinase, cAMP-specific phosphodi-
esterase 4B, nucleoside-diphosphate kinase, FYN-binding pro-
tein, and protein tyrosine phosphatase type IVA were also
down-regulated (Fig. 2D). Their precise roles in resting and
in activated memory phenotype CD8* T cells are not yet
understood.

Activation of T cells also induces enhanced expression of
numerous genes (17, 21, 22). Previous studies have categorized
these activation-induced genes into several functional groups
including transcriptional regulation, signal transduction, cell
cycle regulation, apoptosis, activation, and effector function.
Some up-regulated genes identified here in memory phenotype
CD8* T cells after IL-15 or anti-CD3 stimulation function in
those known categories, but the roles of many other genes/ESTs
in memory phenotype CD8" T cell activation and proliferation
remain to be defined.

Both IL-15 and Anti-CD3 Stimulation Induces IFNy and TNFg Produc-
tion in Memory Phenotype CD8* T Cells. One of the characterized
features of CD8" T cell activation is synthesis of certain cyto-
kines (23). IFNy and TNFB were two key cytokines whose
mRNA was up-regulated as early as 2 h in memory phenotype
CD8* T cells after IL-15 and anti-CD3 stimulation from cDNA
array analysis (Fig. 2E*), which was subsequently confirmed by
RNase protection assay (data not shown). To determine protein
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expression of these two cytokines, we measured IFNy and TNFf3
by ELISA and detected both proteins in the supernatant of
memory phenotype CD8* T cells after 2 days stimulation with
either IL-15 or anti-CD3 (Fig. 3 4 and B) but not in the
supernatant of unstimulated cells.

Both IL-15 and Anti-CD3 Stimulation Induce Granzyme B and Perforin
Production in Memory Phenotype CD8* T Cells. Granzymes and
perforin are two key effector molecules in CD8* T cell-mediated
cytolysis (23, 24). The mRNA of both granzyme B and perforin
were detected in freshly isolated cells and were up-regulated in
in vitro stimulated memory phenotype CD8* T cells from cDNA
array analysis and RNase protection assay, but neither of them
reached 2-fold increase after stimulation (data not shown). To
examine granzymes and perforin protein expression in stimu-
lated memory phenotype CD8™ T cells, we measured the protein
levels of granzyme B and perforin by Western blot. Granzyme
B protein was detected whereas perforin protein levels were very
low in freshly isolated memory phenotype CD8* T cells (Fig. 3
C and D). After IL-15 and anti-CD3 stimulation, both granzyme
B and perforin were not increased at 2 and 12 h, but were
significantly increased at 48 h after stimulation (Fig. 3 C and D).

IL-15-Induced Cytotoxic Activity in Memory Phenotype CD8* T Cells.
To determine the functional consequences of induction of
cytotoxic effector molecules in memory phenotype CD8* T cells
after IL-15 treatment, we used a redirected cytotoxicity assay to
measure the granule exocytosis cytotoxicity pathway of these
cells. When freshly isolated memory phenotype CD8* T cells
were assayed, no detectable cytotoxicity existed, but after 4 days
of culture with IL-15 (100 ng/ml), significant cytotoxic activity
was detected (Fig. 44). IL-15 induced equal or greater levels of
cytotoxicity than anti-CD3 in memory phenotype CD8" T cells
in eight of nine independent donors, with a typical result shown
in Fig. 4B. In contrast, IL-2 alone (10 units/ml) did not induce
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Fig. 4. Cytotoxic function of IL-15- and anti-CD3-stimulated memory phe-
notype CD8* T cells. (A) Freshly isolated (labeled as control, squares) and IL-15
(diamonds) stimulated (4 days in culture) memory phenotype CD8" T cells
were tested by redirected cytotoxicity assay. The target cells (Fas~ L1210) were
streptavidin-coated and mixed with the memory phenotype CD8* T cellsin the
presence (closed symbols) or absence (open symbols) of biotinylated anti-CD3
mADb. (B) One representative donor of nine independent donors analyzed is
shown. Purified memory phenotype CD8* T cells were cultured with IL-15 or
-2 for 4 days, or on plate-bound anti-CD3 for 1 day and transferred to fresh
wells and cultured without exogenous cytokine for another 3 days. Cytotox-
icity was then measured on Fas™ L1210 target cells by redirected cytotoxicity
assay as above. Stimulation: IL-15 (diamonds), anti-CD3 mAb (circles), and IL-2
(squares). (C) Mean cytotoxicity, expressed in lytic units (100X reciprocal of the
number of cells required to produce 50% lysis) of memory phenotype CD8* T
cells from nine independent donors stimulated with IL-2, CD3, or IL-15. (Error
bars show SEM.)

significant cytotoxicity in most donors (e.g., Fig. 4B), whereas
minimal cytotoxicity was seen in three of nine donors. Mean
cytotoxicity induced in all nine donors, expressed as lytic units,
is shown in Fig. 4C. Because the redirected cytotoxicity assay was
mediated by means of an anti-CD3 antibody, we compared CD3
expression in IL-15- and anti-CD3-treated memory phenotype
CD8* T cells by flow cytometry and found no significant
difference in CD3 expression between these two different treat-
ments (data not shown).

Differentially Down- and Up-Regulated Genes in Memory Phenotype
CD8™ T Cells After IL-15 and Anti-CD3 Stimulation. Among the cDNA
clones that are differentially regulated after IL-15 stimulation
but not after anti-CD3 stimulation, two (CD44 and Mel trans-
forming oncogene) were down-regulated (Fig. 2D), and 29 were
up-regulated (Fig. 2E). Six of the up-regulated genes are known
for their involvement in the immune response: two IFN-induced
proteins (15- and 56-kDa proteins), two chemokine receptors
(CCR1 and CCR2), CD26, and CD53# (Fig. 2E). Other genes
include transcriptional regulators (activating transcription factor
4, heterogeneous ribonucleoprotein F, and inhibitor of DNA
binding 4) and cytoskeleton proteins (actinin alpha 4, profilin-1,
actin-binding protein 1A, and actin-related protein).

Among the cDNA clones that are differentially regulated after
anti-CD3 stimulation, two were down-regulated, IFN-induced
transmembrane protein I and calmodulin-1 (Fig. 2D), and 11
were up-regulated including CD2#, CDS83, epidermal growth
factor-response factor 1, and CC-chemokine (Fig. 2E).

To determine whether the differential quantity of mRNA
translates to different expression at the protein level, we mea-
sured CD53 and CD2 expression by fluorescence-activated cell
sorter analysis. A significant increase in CD53 expression was
detected only in IL-15-treated CD8* memory T cells, whereas a
significant increase of CD2 expression was found only in anti-
CD3 treated in memory phenotype CD8* T cells (Fig. 5).

Discussion

The molecular and cellular events of IL-15 action on memory
phenotype CD8" T cells have been assessed in parallel with
TCR-mediated activation. Our analysis points to a remarkable
resemblance between IL-15- and anti-CD3-induced changes.
First, memory phenotype CD8" T cells proliferate at a similar
rate in response to both stimulation conditions during a course
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Fig.5. Profiles of cell surface marker expression on memory phenotype CD8"
T cells after IL-15 or anti-CD3 treatment in vitro. Fluorescent intensity (FI) of
CD2- or CD53-expressing memory phenotype CD8* T cells before and after
stimulation with IL-15 or anti-CD3. The FI overlays of CD2 (Left) and CD53
(Right) on the surface of memory phenotype CD8* T cells of unstimulated
(gray filled) and stimulated with IL-15 (dotted line) or anti-CD3 (solid line) for
48 h are shown. All experiments were performed with cells from three donors,
and the representative results from one donor are shown.

of 4 days. Second, a gene expression analysis by cDNA microar-
ray showed that these cells display a striking similarity in the
overall changes in gene expression profile (77% of total changed
clones) induced by IL-15 and anti-CD3 stimulation. Third,
protein analysis of functional effector molecules including IFNy,
TNFB, granzyme B, and perforin exhibited similar expression in
memory phenotype CD8* T cells after either stimulation.
Fourth, cytotoxic activity in these cells was induced by both
stimuli. Finally, differentially induced genes/ESTs after IL-15 or
anti-CD3 stimulation were identified. These results identify the
components of IL-15 action and reveal similarities between
IL-15 stimulation and antigen-mediated activation in memory
phenotype CD8" T cells. Thus, the survival and effector func-
tions of CD8" memory T cells could be maintained by IL-15 in
the absence of antigen.

Activation of memory CD8* T cells through TCR engagement
results in a series of changes leading to proliferation and
production of effector molecules including IL-2. Thus, some of
the observed gene expression after anti-CD3 stimulation could
be caused by the IL-2R, which shares common B- and vy-chains
with the IL-15R. Although we were unable to detect IL-2 protein
in anti-CD3-stimulated memory phenotype CD8* T cells (data
not shown), we cannot rule out a contribution of IL-2R-induced
genes. Their influence would be expected to increase with time
after stimulation, and would be predicted to lead to more
similarity between anti-CD3- and IL-2-induced genes at later
times. However, we observed that the difference in gene expres-
sion between IL-15- and anti-CD3-stimulated memory CD8* T
cells increases with time, i.e., greater differences occur in gene
expression between anti-CD3 and IL-15 stimulation at 48 h than
at 2 or 12 h (Fig. 2E). Therefore, the contribution of IL-2 to the
extensive similarities of memory CD8* T cell response to
anti-CD3 or IL-15 is likely to be minimal.

The physiological importance of IL-15 in the homeostasis of
CD8* memory T cells has been demonstrated from both in vivo
(9, 25-27) and in vitro studies (7, 28). IL-15 is capable of
selectively stimulating memory phenotype CD8" T cells through
initial interaction with IL-2R3 chain (7) and leads to a series of
signaling events that include activation of JAK/STAT pathways
(10, 12, 29). However, the molecular nature of downstream
events of IL-15 action is less well characterized. In this report, we
analyzed the gene expression changes in memory phenotype
CD8™ T cells for 2 days after IL-15 treatment and identified 176
cDNA clones (63 down- and 113 up-regulated) whose expression
was significantly changed at one or more times during the course.
One general picture emerging from such kinetic assessments of
gene expression reveals that the down-regulation occurs early
and is stable over time, whereas the up-regulation occurs at all
time points with more genes increased at the later points (10, 12,
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29). This kinetic pattern of expression suggests that the down-
regulated clones serve to maintain the “resting” status of the
cells, that they may not play active roles in stimulated cells, and
that genes related to cell division and effector function are not
significantly induced until the later time points.

Indeed, recent studies of gene expression in mouse and human
T cells revealed that a large group of genes were down-regulated
after stimulation (17, 21, 22), and that some of those down-
regulated genes prevent cells from entering the cell cycle and
apoptosis (30, 31). Our results show that IL-15-induced down-
regulation of genes with diverse functions relating to cell surface
receptors (IL-7 receptor, CD44, CD69, and CXCR4), and many
signaling molecules (LYN, FYN, FYN-binding protein, Jun B
proto-oncogene, IL-1 receptor-binding protein, cAMP-
dependent protein kinase, and NFKBIA, etc.). It is conceivable
that these highly expressed genes may play roles in yet to be
characterized functions in resting memory phenotype CD8" T
cells. Further characterization of their function will shed new
light on the mechanisms underlying the maintenance of the
“resting” status, as well as the survival of CD8" memory T cells.

IL-15 induced numerous up-regulated genes/ESTs in memory
phenotype CD8* T cells. Many of those genes are involved in
signal transduction, transcription regulation, T cell activation,
cell cycle, apoptosis, and effector functions, which are charac-
teristic changes shared with TCR-mediated antigen-specific
activation. The enhanced expression of those DNA-replication-
and cell-cycle-related genes correlates well with cellular prolif-
eration, suggesting that IL-15 stimulation, like TCR crosslinking,
effectively turns on the cell cycle machinery in memory pheno-
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type CD8™" T cells. The IL-15-induced up-regulation of cytotoxic
effector proteins also correlates with measurements of cytotoxic
effector function of these cells. In contrast to findings in another
system (32), fresh memory phenotype CD8* T cells did not show
cytotoxic activity, but a 4-day culture in IL-15 induced at least as
much cytolytic function as anti-CD3 stimulation. Such TCR-
independent activation may explain examples of bystander kill-
ing in vivo.

Despite a remarkable similarity in gene expression, a few
differentially expressed clones were identified under IL-15 or
anti-CD3 stimulation in memory phenotype CD8* T cells.
Among them, we have identified two surface molecules, CD53
and CD2, that are differentially expressed after these two forms
of stimulation. CD53, a glycoprotein involving signal transduc-
tion (33), is selectively enhanced after IL-15 treatment. CD2,
another glycoprotein involving T cell signaling and cell adhesion
(34), is significantly increased after anti-CD3 stimulation. The
differential expression of these cell surface markers indicates the
differences of memory phenotype CD8" T cells under those two
stimulation conditions. These markers are valuable for further
determining the significance of the subtle differences of IL-15
and TCR crosslinking-induced changes in CD8* memory T cells.
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