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Murine TRAIL (TNF-Related Apoptosis Inducing Ligand) Expression
Induced by T Cell Activation Is Blocked by Rapamycin, Cyclosporin A,
and Inhibitors of Phosphatidylinositol 3-Kinase, Protein Kinase C,
and Protein Tyrosine Kinases: Evidence for TRAIL Induction
via the T Cell Receptor Signaling Pathway
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TRAIL (TNF-related apoptosis inducing ligand), like
other members of the TNF family of proteins, is able to
induce apoptosis in sensitive target cells. Recently,
cell-surface TRAIL has been shown to be expressed by
activated human and mouse T lymphocytes, raising
the possibility that TRAIL might be involved in T cellmediated cytotoxicity and/or immune regulation. In
the present study we show by semiquantitative reverse transcriptase polymerase chain reaction (RTPCR) analysis that activated, but not resting, mouse T
cells express abundant TRAIL mRNA. TRAIL transcripts were detectable within 4 h of T cell activation.
A panel of pharmacologic inhibitors was used to investigate the signal transduction pathways involved in
TRAIL gene induction following T lymphocyte activation. TRAIL gene expression was sensitive to the srclike protein tyrosine kinase (PTK) inhibitor herbimycin A, as well as the more general PTK inhibitor
genistein, suggesting the involvement of a src family
PTK. The PKC inhibitors staurosporine and calphostin C, and the phosphatidylinositol 3-kinase (PI3-K)
inhibitors wortmannin and LY294002, also prevented
TRAIL mRNA transcription by activated T cells, indicating a role for PKC and PI3-K. In addition, TRAIL
induction was inhibited by cyclosporin A, implicating
the Ca 21/calmodulin-dependent protein phosphatase
calcineurin. TRAIL expression was also blocked by
rapamycin, which inhibits p70 S6 kinase involved in
CD28 and interleukin (IL)-2 receptor signaling. However, TRAIL mRNA expression was not induced by
IL-2, suggesting that TRAIL gene induction is not coupled to the IL-2 receptor. Data obtained by RT-PCR
were confirmed at the protein level by immunoblotting with TRAIL-specific antibody. We conclude that
TRAIL gene induction is initiated through a T cell
receptor-associated signaling pathway similar to that

INTRODUCTION

TRAIL (TNF-related apoptosis inducing ligand) is a
recently described member of the TNF (tumor necrosis
factor) family which includes the cytolytic effector molecules TNFa, lymphotoxin (TNFb), lymphotoxin b, and
CD95 (Fas) ligand [1]. Like other members of the TNF
ligand family (with the exception of lymphotoxin),
TRAIL is a type II membrane protein, having an intracellular amino-terminal portion, an internal transmembrane domain, and a carboxyl terminus external
to the cell. TRAIL mRNA is expressed in many different tissues but is especially abundant in the spleen,
prostate, and lungs. TRAIL transcripts are not detectable in the brain, liver, or testis. Among the TNF
family members, TRAIL shares the highest amino acid
identity with CD95 ligand [2]. TRAIL, like CD95 ligand, is able to induce apoptotic cell death in sensitive
target cells [1, 3]. Tumorigenic or transformed cells are
particularly sensitive to TRAIL-mediated killing [1, 2].
To date, four distinct TRAIL binding receptors, termed
TRAIL-R1 through -R4, have been identified [4 – 6].
Upon binding TRAIL, TRAIL-R1 (DR4) and TRAIL-R2
(DR5) are able to transduce an apoptotic signal, as well
as a signal leading to activation of the transcription
factor NFkB [4, 5, 7]. On the other hand, TRAIL-R3
(DcR1) and TRAIL-R4 (DcR2) fail to mediate apoptosis
upon ligation, suggesting that these TRAIL receptors
might act as nonsignaling “decoys” which protect normal cells from TRAIL-mediated killing [5, 6]. However,
the recent finding that TRAIL resistance in a panel of
human tumor cell lines does not correlate with TRAILR3/R-4 mRNA expression implies that the “decoy” hy-
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pothesis may not be correct [2]. Instead, it has been
proposed that differential expression of the apoptosis
inhibitor FLIP (FLICE-like inhibitory protein) might
account for the resistance of normal cells to TRAILinduced apoptosis [8].
Although TRAIL mRNA has been isolated from human lymphoid tissues such as the spleen and thymus,
as well as from peripheral blood lymphocytes [1], the
role of TRAIL in immune function has not been determined. Constitutive expression of surface TRAIL has
recently been described for transformed cells of the T
and B lymphocyte lineage from both humans and mice
[9]. The majority of transformed T and B cells studied
also express CD95 ligand, although TRAIL and CD95
ligand appear to differ in their regulatory pathways.
An examination of TRAIL expression in normal mouse
lymphocytes reveals that activated, but not resting, T
cells express surface TRAIL, whereas freshly isolated
B cells are positive for surface TRAIL expression which
is retained following activation with lipopolysaccharide [10]. Following activation, both CD4 1 and CD8 1
ab-T cell receptor (TCR)-bearing T cells upregulate
TRAIL expression in a fashion that involves new protein synthesis. Stimulation of peripheral human CD4 1
or CD8 1 T lymphocytes with mitogens also induces the
expression of TRAIL mRNA [11]. In addition, human
natural killer cells have recently been reported to express functional TRAIL [12]. Activation-induced expression of TRAIL by CD8 1 T cells [10, 11], coupled
with the TRAIL-sensitive phenotype of certain tumor
cell lines [2, 8], suggests that cell-surface TRAIL might
constitute an important mechanism of T cell tumoricidal activity. In support of this, human CD4 1 cytotoxic
T lymphocytes (CTL) have recently been shown to employ TRAIL to kill CD95 ligand-resistant melanoma
cells [13]. Interestingly, activated peripheral T cells
from normal healthy individuals fail to develop sensitivity to TRAIL-induced apoptosis, suggesting that, unlike CD95 ligand, TRAIL is not involved in regulating
T cell expansion following activation by antigen [11].
However, freshly isolated T cells from HIV-1-infected
children are sensitive to TRAIL-induced apoptosis, as
are freshly isolated bone marrow cells from some patients with acute leukemia. TRAIL may, therefore,
play a role in the increased apoptosis of T lymphocytes
in HIV-1 infection, as well as controlling the growth of
leukemic cells.
In this study we have explored the signal transduction pathways involved in TRAIL induction in mouse T
lymphocytes following stimulation through the TCR/
CD3 complex with anti-CD3 monoclonal antibody
(mAb). Using TRAIL mRNA expression determined by
semiquantitative reverse transcriptase polymerase
chain reaction (RT-PCR) as a readout system, we have
employed selective pharmacologic inhibitors to demonstrate the involvement of protein tyrosine kinases

(PTK), protein kinase C (PKC), phosphatidylinositol
3-kinase (PI3-K), p70 S6 kinase, and the Ca 21/calmodulin-dependent protein phosphatase calcineurin in
TRAIL upregulation. TRAIL expression was not induced by interleukin (IL)-2, suggesting that the IL-2
receptor (IL-2R) signaling pathway is not involved in
TRAIL induction in T cells. These results were confirmed by immunoblot analysis with TRAIL-specific
antibody.
METHODS
Materials. Genistein and herbimycin A were purchased from Life
Technologies (Burlington, ON). Staurosporine and cyclosporin A
(CsA) were obtained from Sigma Chemical Co. (St. Louis, MO).
Calphostin C, wortmannin, LY294002, and rapamycin were from
Research Biochemicals Int. (Natick, MA). Stock solutions of reagents
were prepared according to the manufacturer’s instructions and
stored at 220°C. Working solutions were made in culture medium
immediately prior to use. Human rIL-2 (active in the murine system)
was purchased from Genzyme Corp. (Cambridge, MA) and stored at
270°C until use. Rabbit polyclonal anti-TRAIL antibody was obtained from Santa Cruz Biotechnology Inc.(Santa Cruz, CA).
Cells. Spleens from 6- to 8-week-old female C57BL/6 mice
(Charles River Canada, Lasalle, PQ) were disrupted in phosphatebuffered saline (PBS; pH 7.2), and the resulting spleen cell preparation was depleted of erythrocytes by osmotic shock. Spleen cells were
washed twice with PBS and resuspended in RPMI 1640 medium
supplemented with 10 mM L-glutamine, 100 mg/ml streptomycin, 100
U/ml penicillin (all from ICN Biomedicals Canada, Mississauga,
ON), 5 mM Hepes buffer (pH 7.2; Sigma), and 5% heat-inactivated
(at 56°C for 30 min) fetal calf serum (Life Technologies). Spleen cells
were then passaged through a nylon wool column (Cellular Products
Inc., Buffalo, NY) to remove most B lymphocytes and macrophages
[14]. The resulting T lymphocyte-enriched cell preparation was
counted and adjusted to a concentration of 4 to 5 3 10 6 cells/ml. Cell
viability was typically greater than 95%. Cells (2 ml final vol) were
cultured for the indicated period of time in 24-well plates in the
absence or presence of anti-CD3 mAb (1/20 dilution of hybridoma
145-2C11 [15] culture supernatant), with or without drugs or rIL-2.
All cultures were performed at 37°C in a humidified atmosphere
containing 5% CO 2.
Semiquantitative RT-PCR. Total RNA was isolated from T lymphocytes using TRIzol reagent according to the manufacturer’s instructions (Life Technologies). Single-stranded cDNA was synthesized from 1 mg RNA by reverse transcription with 200 U of Moloney
murine leukemia virus reverse transcriptase in the presence of 1 mg
of random hexanucleotide primers, 0.5 mM dNTPs, and 5 mCi of
[ 32P]dCTP (DuPont). Amplification of equal levels of cDNA was ensured by monitoring [ 32P]dCTP incorporation during reverse transcription. PCR was conducted in an automatic DNA thermocycler
(MJ Research, Inc., Watertown, MA). Each PCR used 5 3 10 4 cpm of
cDNA, 2.5 units of Taq DNA polymerase (Life Technologies), 0.2 mM
dNTPs, and 0.5 mM of each primer pair in a 1:10 dilution of PCR
buffer (2 M KCl, 1 M Tris–HCl, pH 8.4, 1 M MgCl 2, 1 mg/ml BSA).
The following primer pairs were used for PCR (amplicon size is given
after the reverse primer). F refers to forward primer and R refers to
reverse primer. All primers were designed to bind intron-bridging
exons of the respective gene. GAPDH (F) 59-ACTCACGGCAAATTCAACGGC-39; GAPDH (R) 59-ATCACAAACATGGGGGCATCG-39
(product size: 247 bp); TRAIL (F) 59-TCACCAACGAGATGAAGCAGC-39; TRAIL (R) 59-CTCACCTTGTCCTTTGAGACC-39 (product
size: 513 bp).
PCR mixtures were overlaid with 100 ml of mineral oil. The amplification protocol for GAPDH (25 cycles) and TRAIL (28 cycles) was
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denaturation at 92°C for 30 s, annealing at 57°C for 30 s, and primer
extension at 72°C for 1 min (GAPDH) or 2 min (TRAIL). The number
of PCR cycles chosen for TRAIL and GAPDH amplifications was
previously determined to generate PCR product during the exponential phase of amplification. RT-PCR performed under these conditions has been shown to be semiquantitative, providing reliable
detection of twofold or greater differences in mRNA levels [16]. PCR
products were visualized by electrophoresis across an ethidium bromide-stained 1.5% TAE agarose gel and the detected PCR amplicon
was compared with a 100-bp ladder (Promega Corp., Madison, WI).
Relative levels of PCR products were quantified by densitometric
analysis of gel photographs and normalization relative to steadystate expression of GAPDH.
Immunoblotting. To prepare lysates, T cells were pelleted by
centrifugation, resuspended in 0.05 ml of ice-cold lysis buffer (1%
Nonidet P-40, 5 mM ethylenediaminetetraacetic acid, 0.1 mM
Na 3VO 4, 1 mM phenylmethanesulfonyl fluoride, 10 mg/ml leupeptin/
pepstatin, and 10 mg/ml aprotinin), and incubated on ice for 30 min
with vortexing every few minutes. The cell lysates were cleared by
centrifugation for 10 min at 14,000g and the resulting postnuclear
fractions were diluted 1:1 in 23 Laemmli sample buffer, heated for 5
min in a 95°C water bath, and subjected to SDS–PAGE across a 12%
gel using standard procedures. Separated proteins were electrophoretically transferred from the gel onto a nitrocellulose membrane
and nonspecific protein binding sites were blocked by a 1-h incubation at room temperature in blocking buffer (3% BSA, 0.1% Tween
20, 100 mM NaCl, 10 mM Tris, pH 7.5). Next, the nitrocellulose
membrane was incubated for 2 h at room temperature with antibody
buffer (1% BSA, 0.1% Tween 20, 100 mM NaCl, 10 mM Tris, pH 7.5)
containing 5 mg/ml rabbit polyclonal anti-TRAIL antibody. Following
extensive washing with wash buffer (0.1% Tween 20, 100 mM NaCl,
10 mM Tris, pH 7.5), the nitrocellulose membrane was incubated for
1 h at room temperature with antibody buffer containing 2 mg/ml
alkaline phosphatase-conjugated goat anti-rabbit IgG antibody (BioRad Laboratories, Hercules, CA). Then the nitrocellulose membrane
was again washed extensively and placed in the substrate solution
(0.15 mg/ml 5-bromo-4-chloro-3-indolyl phosphate, 0.34 mg/ml nitro
blue tetrazolium, 10 mM MgCl 2, 200 mM Tris, pH 9.5). The color
reaction was allowed to develop for 30 min before being stopped by
briefly immersing the nitrocellulose membrane in distilled water.
Equal protein loading was confirmed by amido black staining of a
duplicate nitrocellulose membrane containing transferred proteins.

FIG. 1. Time course of TRAIL mRNA expression following T cell
activation with anti-CD3 mAb. Total RNA was isolated from resting
T cells (lane 1) or from anti-CD3-activated T cells at 4 h (lane 2), 12 h
(lane 3), 24 h (lane 4), and 48 h (lane 5) of culture. TRAIL and
GADPH mRNA levels were determined by semiquantitative RT-PCR
as described under Methods. Densitometric analysis was performed
to quantitate TRAIL expression relative to the steady-state expression of GADPH. Data are representative of three independent experiments.

FIG. 2. Effect of PTK inhibitors on TRAIL expression. T cells
were stimulated with anti-CD3 mAb in medium alone (lane 1) or in
the presence of the DMSO vehicle (lane 2), 1 mM herbimycin A (lane
3), or 100 mM genistein (lane 4). Following 48 h of culture, total RNA
was isolated and TRAIL and GADPH mRNA levels were determined
by semiquantitative RT-PCR as described under Methods. Densitometric analysis was performed to quantitate TRAIL expression relative to the steady-state expression of GADPH. Data are representative of two independent experiments.

Densitometric analysis was used to quantify the ;34-kDa TRAIL
protein band on the immunoblot.

RESULTS

Kinetics of TRAIL mRNA expression in T cells following activation with anti-CD3 mAb. To determine
the kinetics of activation-induced TRAIL mRNA expression in mouse T lymphocytes, total cellular RNA
was obtained from freshly isolated C57BL/6 spleen T
cells prior to and at 4, 12, 24, and 48 h following
stimulation with anti-CD3 mAb. TRAIL gene transcription was then assessed by semiquantitative RTPCR. Steady-state GAPDH expression, as determined
by RT-PCR, was used as a control for RNA integrity
and equal loading. As shown in Fig. 1, unstimulated T
cells expressed very little TRAIL mRNA. In contrast,
anti-CD3 activation resulted in a marked and rapid
increase in TRAIL mRNA expression which was
present at high levels after only 4 h of culture. Since
TRAIL mRNA expression was highest at 48 h poststimulation, we chose 48 h as the time point at which to
measure TRAIL mRNA expression in all subsequent
experiments.
PTK inhibition blocks TRAIL upregulation. Since
the activation of T lymphocytes through TCR signaling
requires the activation of several distinct intracellular
PTK [17], we employed the PTK inhibitors genistein
and herbimycin A to assess the role of PTK in TRAIL
induction following ligation of the TCR/CD3 complex
with anti-CD3 mAb. Genistein is a potent inhibitor of
all cellular PTK [18], while herbimycin A is selective
for src-like PTK [19]. Figure 2 shows that both
genistein (100 mM) and herbimycin A (1 mM) prevented
the 48-h induction of TRAIL mRNA in anti-CD3-activated T cell cultures. The drug vehicle (DMSO) alone
had no significant effect on the expression of TRAIL
transcripts. T cell viability is not substantially altered
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FIG. 3. Effect of PI3-K inhibitors on TRAIL expression. T cells
were stimulated with anti-CD3 mAb in the presence of the DMSO
vehicle alone (lane 1), 5 mM LY294002 (lane 2), or 25 nM wortmannin
(lane 3). Following 48 h of culture, total RNA was isolated and
TRAIL and GADPH mRNA levels were determined by semiquantitative RT-PCR as described under Methods. Densitometric analysis
was performed to quantitate TRAIL expression relative to the
steady-state expression of GADPH. Data are representative of three
independent experiments.

in the presence of 100 mM genistein or 1 mM herbimycin A [20]. These data indicate that TRAIL upregulation in T cells involves the activation of PTK.
PI3-K inhibition prevents TRAIL induction. Wortmannin and LY294002 are potent and selective cellpermeable inhibitors of PI3-K [21, 22], a lipid/serine
kinase that is involved in TCR, CD28, and IL-2R signaling in T cells [23]. To investigate the role of PI3-K in
activation-induced TRAIL expression by T lymphocytes, we stimulated T cells with anti-CD3 mAb in the
absence or presence of wortmannin or LY294002 and
measured TRAIL mRNA expression at 48-h of culture.
In comparison to control T cells stimulated with antiCD3 mAb in the presence of the DMSO vehicle, T cells
activated in the presence of 5 mM LY294002 or 25 nM
wortmannin exhibited a profound reduction in TRAIL
mRNA expression, suggesting that TRAIL induction
depends on PI3-K activation (Fig. 3). Neither of the
drugs, at the concentrations used in these experiments,
had nonspecific toxic effects on T cells, as assessed by
the trypan blue dye exclusion test performed at the
48-h time point (data not shown).
PKC inhibitors block TRAIL induction. We next
used staurosporine and calphostin C to determine the
role of PKC activation in activation-induced TRAIL
upregulation. Following T cell activation through the
TCR/CD3 complex, sustained PKC activation combined with increased free intracellular Ca 21 levels promotes the expression of several nuclear transcription
factors and the induction of certain T cell genes [17].
Calphostin C is a highly selective inhibitor of PKC [24],
while staurosporine is a widely used but somewhat less
selective PKC inhibitor [25]. As shown in Fig. 4, TRAIL
mRNA expression was abrogated in the presence of
either staurosporine (50 nM) or calphostin C (1 mM),
indicating that TRAIL induction is dependent upon
PKC activation. Previous studies have shown that
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FIG. 4. Effect of PKC inhibitors on TRAIL expression. T cells
were stimulated with anti-CD3 mAb in medium alone (lane 1) or in
the presence of the DMSO vehicle (lane 2), 50 nM staurosporine (lane
3), or 1 mM calphostin C (lane 4). Following 48 h of culture, total RNA
was isolated and TRAIL and GADPH mRNA levels were determined
by semiquantitative RT-PCR as described under Methods. Densitometric analysis was performed to quantitate TRAIL expression relative to the steady-state expression of GADPH. Data are representative of two independent experiments.

staurosporine and calphostin C, at the concentrations
used in these experiments, have only a minimal effect
on T cell viability [20].
CsA inhibits TRAIL gene expression. CsA is an immunosuppressive prodrug which, when complexed
with cytoplasmic cyclophilins, prevents the Ca 21/calmodulin-dependent protein phosphatase calcineurin
from dephosphorylating the cytoplasmic component of
the transcription factor NFAT, thereby blocking nuclear translocation of the cytoplasmic component of
NFAT and transcriptional activation of genes such as
IL-2 and CD95 ligand [26, 27]. Figure 5 shows that
CsA, at 1 and 10 mM concentrations, blocks TRAIL
induction in anti-CD3-activated T cells. These data
indicate that TRAIL gene expression is regulated by a
CsA-sensitive mechanism. In comparison to untreated
control cells, the drug vehicle (ethanol) alone had no
significant effect on the expression of TRAIL transcripts. T cell viability in 48-h anti-CD3-stimulated

FIG. 5. Effect of CsA on TRAIL expression. T cells were stimulated with anti-CD3 mAb in medium alone (lane 1) or in the presence
of the ethanol vehicle (lane 2), 1 mM CsA (lane 3), or 10 mM CsA (lane
4). Following 48 h of culture, total RNA was isolated and TRAIL and
GADPH mRNA levels were determined by semiquantitative RT-PCR
as described under Methods. Densitometric analysis was performed
to quantitate TRAIL expression relative to the steady-state expression of GADPH. Data are representative of two independent experiments.
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FIG. 6. Effect of rapamycin on TRAIL expression. T cells were
stimulated with anti-CD3 mAb in the presence of medium alone
(lane 1), the DMSO vehicle (lane 2), 1 ng/ml rapamycin (lane 3), or 10
ng/ml rapamycin (lane 4). Following 48 h of culture, total RNA was
isolated and TRAIL and GADPH mRNA levels were determined by
semiquantitative RT-PCR as described under Methods. Densitometric analysis was performed to quantitate TRAIL expression relative
to the steady-state expression of GADPH. Data are representative of
two independent experiments.

cultures is unaffected by CsA at the concentrations
used in these experiments [28].
TRAIL induction is rapamycin-sensitive. Rapamycin is an immunosuppressive drug which prevents p70
S6 kinase activation involved in signal transduction
through both the IL-2R and the CD28 of T cells [29, 30].
To determine whether TRAIL induction requires p70
S6 kinase activation, we cultured anti-CD3-stimulated
T cells in the absence or presence of rapamycin (1 and
10 ng/ml) and assessed TRAIL mRNA levels after 48 h.
As shown in Fig. 6, rapamycin had an inhibitory effect
on TRAIL mRNA levels in anti-CD3-activated T cells.
Rapamycin, at the concentrations used in this experiment, had no significant effect on T cell viability (data
not shown). These data indicate a role for p70 S6 kinase in TRAIL upregulation and suggest the involvement of CD28 and/or IL-2R signaling pathways.
TRAIL induction is IL-2-independent. The rapamycin-sensitive nature of TRAIL gene expression
raised the possiblity that IL-2R signaling might contribute to TRAIL induction. IL-2 is known to induce T
cells to express the cytotoxic effector molecules granzyme B, perforin, and CD95 ligand [31, 32]. We therefore cultured T cells with or without anti-CD3 mAb in
the absence or presence of 250 U/ml of IL-2. As shown
in Fig. 7, IL-2 alone did not induce TRAIL mRNA
expression after 48 h of culture, nor did exogenous IL-2
enhance anti-CD3-induced TRAIL expression. These
data suggest that TRAIL gene induction does not involve IL-2R signaling.
Immunoblot analysis of TRAIL protein expression.
We next used immunoblot analysis with TRAIL-specific antibody to confirm, at the protein level, the effects
of PTK , PI3-K, and PKC inhibitors, as well as CsA,
rapamycin, and IL-2 on T cell expression of TRAIL. As
shown in Fig. 8, unstimulated T cells failed to express
appreciable levels of TRAIL protein, while T cells acti-

FIG. 7. Effect of IL-2 on TRAIL expression. T cells were cultured
in the absence (lane 1) or presence (lane 2) of rIL-2 (250 U/ml) or with
anti-CD3 mAb without (lane 3) or with 250 U/ml rIL-2 (lane 4).
Following 48 h of culture, total RNA was isolated and TRAIL and
GADPH mRNA levels were determined by semiquantitative RT-PCR
as described under Methods. Densitometric analysis was performed
to quantitate TRAIL expression relative to the steady-state expression of GADPH. Data are representative of two independent experiments.

vated for 48 h with anti-CD3 mAb strongly upregulated expression of TRAIL protein. However, TRAIL
protein levels were dramatically reduced when T cells
were activated in the presence of herbimycin A (0.5
mM), LY294002 (5 mM), calphostin C (0.5 mM), CsA (10
mM), or rapamycin (10 ng/ml). T cells cultured in IL-2
alone (250 U/ml) did not upregulate TRAIL protein
expression. These results are in complete agreement
with the results of our RT-PCR analysis of TRAIL
mRNA expression.
DISCUSSION

The recent demonstration of surface TRAIL on
mouse CD4 1 and CD8 1 T cells following TCR/CD3

FIG. 8. Effect of IL-2 and pharmacologic inhibitors of T cell
signal transduction on anti-CD3-induced TRAIL protein expression.
Cell lysates were prepared from resting T cells and from T cells
cultured for 48 h in the presence of IL-2 (250 U/ml) alone or anti-CD3
mAb, with or without herbimycin A (HA, 0.5 mM), LY294002 (LY, 5
mM), calphostin C (CC, 0.5 mM), CsA (10 mM), or rapamycin (RAP, 10
ng/ml) as described under Methods. The lysates were electrophoresed on a 12% SDS–PAGE gel and then blotted onto a nitrocellulose
membrane. TRAIL (MW ; 34 kDa) was visualized with a TRAILspecific polyclonal rabbit antibody and densitometric analysis was
performed to quantitate TRAIL protein expression. Data are representative of three independent experiments.
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triggering suggests possible roles for TRAIL in the
immune response, including activation-induced T cell
death, regulation of B cell expansion by T cells, and T
cell-mediated cytotoxicity [10]. Early findings in the
human system indicate that normal activated T lymphocytes fail to develop TRAIL sensitivity, arguing
against a role for TRAIL in activation-induced T cell
death in healthy individuals [11]. However, the same
study supports a role for TRAIL in apoptosis of T cells
from HIV-infected individuals, as well as antileukemic
growth control. Although conclusive evidence of the
involvement of TRAIL in T cell-mediated cytotoxicity
must await the development of TRAIL-sensitive and
-resistant target cell lines, the residual cytotoxic activity of CTL from mice deficient in both perforin and
CD95 ligand is consistent with the involvement of an
additional death factor such as TRAIL in CTL effector
function [33]. Moreover, T cell expression of TRAIL
would be expected to play an important role in antitumor immunity since TRAIL is a potent inducer of
apoptosis in neoplastic cells but not normal cells [2, 8].
Evidence in support of this view comes from a recent
report that TRAIL mediates killing of CD95 ligandresistant melanoma cells by human CD4 1 CTL [13].
In this study we show that TRAIL mRNA expression
is nearly absent in resting mouse T cells but is strongly
upregulated within 4 h of TCR/CD3-induced activation
and remains present at high levels in 48-h activated T
cells. TRAIL protein, while almost undetectable in unstimulated T cells, was also strongly expressed by 48-h
activated T cells. Our data confirm results for TRAIL
protein expression by unactivated and activated mouse
T cells which were recently reported by Mariani and
Krammer [10]. Interestingly, the kinetics of TRAIL
expression by T cells following triggering through the
TCR/CD3 complex closely resemble those of CD95 ligand [27, 32], another member of the TNF family that
has been implicated in immune regulation and the
cytotoxic effector function of lymphocytes [34]. TCR
engagement, therefore, rapidly confers upon CTL the
potential to kill TRAIL- and/or CD95 ligand-sensitive
target cells, as well as triggering granule-mediated
cytotoxicity [35]. The ability to induce target cell death
by several distinct pathways would be expected to allow CTL to kill virally infected or transformed cells
which are refractory to a particular cytotoxic effector
mechanism. In this regard, TRAIL expression enables
T lymphocytes to eliminate tumor cells which are resistant to CD95 ligand-mediated killing [13].
We have used pharmacologic inhibitors of signal
transduction processes to begin to explore the signaling pathways that are involved in activation-induced
TRAIL gene expression by T lymphocytes. Both
genistein and herbimycin A prevented TRAIL induction, indicating that PTKs activated in response to
TCR/CD3 triggering are also involved in TRAIL gene
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expression. Genistein competes for the ATP-binding
sites of PTK and is, therefore, broadly active against
this class of kinases [18]. On the other hand, herbimycin A selectively and irreversibly degrades src-family
PTK [19]. The failure of anti-CD3-activated T cells to
transcribe TRAIL mRNA in the presence of herbimycin
A therefore implicates src-like PTK in TRAIL induction. Since signal transduction through the TCR is
known to involve the src-family PTK lck and fyn [17],
lck and/or fyn, as well as other non-src PTK, may play
a role in upregulating TRAIL expression by T lymphocytes.
Inhibition of anti-CD3-induced TRAIL expression by
the PI3-K-selective inhibitors wortmannin and
LY294002 implies a role for PI3-K in TRAIL induction.
However, data obtained using wortmannin as a PI3-K
inhibitor must be interpreted with caution due to the
ability of wortmannin to inhibit phosphatidylinositol
4-kinase and phospholipase A 2 at concentrations that
would normally be used to inhibit PI3-K [21, 36]. Nevertheless, the fact that we obtained similar results
with the structurally unrelated PI3-K inhibitor
LY294002 [22] strongly suggests that TRAIL upregulation was prevented due to specific PI3-K inhibition.
Activation of PI3-K occurs following the activation of
various PTKs associated with TCR signaling and preceeds the activation of PKC isozymes, mitogen-activated protein kinases, and p70 S6 kinase [23].
Stimulation of the TCR activates phospholipase Cg1,
resulting in the hydrolysis of phosphoinositol 4,5bisphosphate and the production of the second messengers inositol 1,4,5-trisphosphate and diacylglycerol
[17]. Inositol 1,4,5-trisphosphate triggers the release of
Ca 21 from intracellular stores, while diacylglycerol activates PKC. We have used the PKC inhibitors staurosporine and calphostin C to show that upregulation of
TRAIL expression following T cell activation is dependent upon PKC activity and is, therefore, likely preceeded by the generation of inositol 1,4,5-trisphosphate
and diacylglycerol in response to TCR signaling. Staurosporine targets the proteolytically generated catalytic domain of PKC [25] but also inhibits protein kinase A and B because of the high degree of homology
which exists among protein kinase A, B, and C [37].
Calphostin C, however, is a highly selective inhibitor of
PKC because it targets the regulatory domain of PKC,
which is distinct from those of other protein kinases
[38]. A role for PKC in TRAIL induction is indicated
since both calphostin C and staurosporine were able to
prevent TRAIL gene expression following T cell activation. This is consistent with previous reports that
treatment with the PKC activator PMA in combination
with the calcium ionophore ionomycin is sufficient to
induce TRAIL expression by mouse and human T lymphocytes [10, 11]. However, at the present time we are
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unable to rule out the possible involvement of protein
kinase A and/or B in TRAIL gene induction.
The sustained increase in free intracellular Ca 21
which follows signal transduction through the TCR is
critical for the activation of calcineurin [17], a Ca 21/
calmodulin-dependent phosphatase that is required for
the nuclear assembly of the transcription factor NFAT
[26]. The appearance of AP-3 and NFkB DNA binding
activity is also controlled, albeit to a lesser extent, by
the calcineurin pathway [39]. We have shown here that
the calcineurin inhibitor CsA is able to prevent TRAIL
expression by anti-CD3-activated T cells. This finding
agrees with the recent suggestion that TCR/CD3-induced upregulation of surface TRAIL is governed by
CsA-sensitive factors [10]. TRAIL gene expression is
therefore regulated in a manner similar to CD95 ligand
and T cell cytokines such as IL-2 [27, 39]. However,
additional study is required to determine the relative
importance of NFAT, AP-3, and NFkB in TRAIL transcription control following T cell activation through
TCR/CD3 signaling.
The enzyme p70 S6 kinase is a key component of
signal transduction through the IL-2R, as well as costimulation through CD28 on T cells [29, 30]. Reduced
levels of TRAIL mRNA and protein in anti-CD3-activated T cells cultured in the presence of the p70 S6
kinase inhibitor rapamycin [29] therefore suggest the
possible involvement of CD28 and/or IL-2R signaling in
TRAIL induction. However, IL-2 failed to induce
TRAIL expression in T cell cultures, and anti-CD3induced upregulation of TRAIL gene transcription was
not enhanced in the presence of exogenous IL-2, even
though the addition of exogenous IL-2 strongly enhances anti-CD3-induced granzyme B and perforin expression by mouse T cells [40]. These data argue
against a role for the IL-2R signaling pathway in regulating TRAIL induction. Furthermore, the IL-2-independent nature of TRAIL gene expression in T cells is
consistent with the early appearance of TRAIL mRNA
in anti-CD3-activated T cell cultures prior to the appearance of detectable IL-2 in culture supernatants
[28]. The finding that TRAIL induction is governed by
a rapamycin-sensitive signaling process in the absence
of IL-2R involvement strongly suggests that ligation of
costimulatory CD28 is required for optimal TRAIL expression since signal transduction through the CD28
pathway is rapamycin-sensitive [30]. In this regard,
control of TRAIL gene expression differs from that of
CD95 ligand gene expression which is resistant to
rapamycin and, therefore, does not require p70 S6 kinase activation [40].
We conclude that the CsA- and rapamycin-sensitive,
as well as PTK-, PKC-, and PI3-K-dependent, nature of
the factors regulating the expression of TRAIL by antiCD3-activated T lymphocytes is most consistent with a
TCR/CD3-associated signaling pathway similar to that

involved in the expression of IL-2 and other cytokines
[17]. This raises the possibility that certain tumorassociated immunosuppressive molecules which affect
T cell signal transduction through the TCR/CD3 complex [41] might allow tumor cells to elude TRAILdependent cytotoxic activity by tumor-reactive T lymphocytes.
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