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Abstract

We have previously reported that activation of murine T cell hybridomas leads to expression of Fas
(CD95) and Its ligand (FasL) which subsequently interact, even on the same cell, leading to
apoptotlc cell death. Since the immunosuppressive drugs cyclosporin A (CsA) and FK506 block
activation-Induced apoptosis in T cell hybridomas, we examined whether such compounds affect
cell death by interfering with expression of Fas, FasL or both, or whether they block Fas signal
transduction. We have found that CsA- and FK5O6-treated cells did not exhibit transcription of FasL
mRNA after activation and were lacking functional FasL protein on their surface as determined by
staining and the ability to induce apoptosis In Fas+ target cells. In contrast, no inhibition of the
elevated Fas mRNA expression was observed in cells activated in the presence of CsA or FK506.
Surprisingly, however, cell surface Fas levels were consistently lower on cells activated in the
presence of Immunosuppressive drugs than on activated cells, suggesting that Fas expression is
regulated at several levels. Nevertheless, cells activated In the presence of CsA or FK5O6
underwent apoptosis upon treatment with anti-Fas antibody, while unactivated cells did not
Furthermore, CsA and FK506 do not interfere with Fas signaling since anti-Fas induced apoptosis
in Fas+ target cells was unaffected by these drugs. We therefore conclude that CsA and FK506
block activation-induced apoptosis in T cell hybridomas predominantly by interfering with
activation signals leading to FasL expression and, further, that the regulation of the expression of

Fas and FasL on activated T cells is differentially controlled.

Introduction

Activation-induced cell death, in which signals normally

associated with lymphocyte stimulation instead result in the
demise of the cell, has been proposed as a mechanism

of deletion of antigen-specific lymphocytes. It has been
demonstrated that activation-induced cell death occurs by
the process of apoptosis with its characteristic features that
include membrane blebbing, chromatin condensation, forma-
tion of apoptotic bodies, fragmentation of nuclear DNA and

finally the engulfment of the apoptotic cell by phagocytes
(reviewed in 1). Thymic T cells, especially immature cells at
the CD4/CD8 double-positive stage, undergo apoptotic cell

death when activated by TCR cross-linking in vitro (2,3) as

well as in vivo (4,5). Peripheral T lymphocytes were thought
to be resistant to activation-induced apoptosis since activation
of the TCR usually leads to proliferation and clonal expansion;

however, recent evidence shows that mature activated peri-
pheral T lymphocytes may die by apoptosis upon religation

of the TCR (peripheral deletion) (reviewed in 6). Interestingly,
freshly isolated peripheral T cells are quite resistant to
activation-induced cell death, but acquire the capability to

undergo activation-induced apoptosis upon primary activation
by antigen presented on antigen-presenting cells (7-9). It has
been proposed that activation-induced apoptosis is at least
one reason for the loss of CD4+ T cells in pathology of AIDS
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1018 Cyclosporin A and FK506 block Fas ligand expression

(10-13). Activation-induced apoptosis, therefore, seems to
be an important mechanism to control the development and
expansion of immunocompetent T lymphocytes.

Murine T cell hybridomas are a well documented model
system for the study of activation-induced apoptosis. Most T
cell hybridomas die within hours after activation by presenta-
tion of specific antigen, mitogens, anti-TCR or anti-CD3 anti-
bodies or the combination of phorbol ester and ionomycin
(reviewed in 14). Recently, we (15) and others (16,17) have
characterized this form of activation-induced apoptosis and
have found that it involves de novo synthesis of two molecules:
Fas (CD95) and its ligand (FasL). Fas is a type I trans-
membrane molecule of the tumor necrosis factor (TNF) recep-
tor family of proteins with widespread expression among
hematopoietic cells (18,19). Its engagement by anti-Fas anti-

bodies (20,21) or the FasL (22) leads to apoptotic cell death
of the target cell. Fas- and perforin/granzyme B-mediated
apoptosis of target cells seems to account for the two major
killing mechanisms of cytotoxic T cells (23-28). We have
demonstrated that activation-induced co-expression of Fas
and its ligand on T cell hybridomas leads to apoptotic cell
death by functional interaction of ligand and receptor, which
induces apoptosis in a cell autonomous manner, i.e. even on
a single cell (15).

Cyclosporin A (CsA) and FK506 are immunosuppressive
drugs that potently inhibit activation-induced apoptosis in
murine T cell hybridomas (29-32). Since activation-induced
apoptosis in T cell hybridomas is the result of interaction of
de novo synthesized Fas and FasL, CsA and FK506 might
block activation-induced apoptosis in these cells at any of
three potential levels: they might interfere with the signal
transduction events leading (i) from TCR ligation to Fas
expression, (ii) from TCR ligation to FasL expression or (iii)
from Fas ligation to the apoptotic process itself. Here we
demonstrate that CsA and FK506 do not affect Fas-induced
cell death, nor do they prevent functional Fas expression after
cell activation. However, these drugs potently block activation-
induced expression of FasL and thus block activation-induced
cell death by inhibiting functional Fas/FasL interaction.

Methods

Reagents and cells

The T cell hybridoma line A1.1 has been described previously
(33). Parental L1210 cells and L1210 expressing murine Fas
(L1210.Fas) (25) were kindly provided by P. Golstein
(INSERM-CNRS, Marseille, France). Jurkat E6 were obtained
from ATCC (Rockville, MD). Cells were cultured in RPMI

1640, 5% FCS, 2 mM L-glutamine, 50 nM p-mercaptoethanol,
100 U/ml penicillin, 100 ng/ml streptomycin and 20 mM
HEPES (complete medium). Phorbol myristate acetate (PMA)
was purchased from Sigma (St Louis, MO) and ionomycin
from Calbiochem (La Jolla, CA). Hamster anti-mouse CD3£

(145-2C11) was purified from culture supernatant by Protein
A-affinity chromatography (34). Normal mouse IgG was puri-
fied from serum of 10- to 12-week-old mice by Protein
G-affinity purification. Hamster anti-murine Fas (Jo2) was
purchased from PharMingen (La Jolla, CA). Normal hamster

IgG (NHIgG) was purified from serum (Sigma) by Protein G-

affinity purification. Phycoerythrin-conjugated goat anti-

hamster Ig was obtained from Accurate (Westbury, NY),

unconjugated goat anti-hamster Ig from Fisher Biotech (Pitts-

burgh, PA), biotinylated rabbit anti-human IgG from Dako

(Carpenteria, CA) and streptavidin-TriColor from Caltag (San

Francisco, CA). Anti-human Fas (CH-11) was obtained from

Kamiya (Thousand Oaks, CA) Generation and purification of

the chimeric Fas-Fc proteins, consisting of the extracellular

ligand-bindmg domain of human or mouse Fas antigen and

the Fc portion of human IgG has been described (15). Murine

Fas-Fc was kindly provided by D. Lynch (Immunex, Seattle,

WA). CsA and FK506 were generously provided by P. Nelson

(Boston, MA). Stock solutions of CsA were stored in ethanol;

PMA, ionomycin and FK506 were dissolved in DMSO Final

concentrations of ethanol or DMSO in assays were <0.1%.

Assessment of activation-induced cell death in T cell

hybridomas

To assess the effect of CsA, FK506 or blocking Fas and FasL

interaction by soluble Fas-Fc on activation-induced cell death,

A1.1 T hybridoma cells were cultured in anti-CD3-coated 96-

well plates (3 ng/ml) or with 10 ng/ml PMA and 150 ng/ml

ionomycin (5X104 cells/well, 100 nl) in complete medium.

Inhibitory drugs or Fas-Fc were added immediately in appro-

priate concentrations to the assay. Cell death was assessed

by propidium iodide (PI) dye uptake (35) Accordingly, cells

were harvested after 18 h and 10 ng/ml PI (Sigma) was

added immediately before flow cytometrical analysis using a

FACScan (Becton Dickinson, Mountain view, CA). Calibration

of the cytometer was performed with fresh viable A1.1 cells

by eye The percentage of Pl-positive (dead) cells was

calculated using Lysys II software. Cells were scored as Pl-

positive as indicated in Fig 3(d), using fresh viable A1.1 and

cells cultured overnight in anti-CD3 coated plates to set gates.

Assays were performed in triplicate and 5000 events were

analyzed per condition.

Functional assay for FasL expression

Activation-induced FasL expression on A1.1 cells was

assessed by determining the ability of these cells to cause

DNA fragmentation in target cells. Parental L1210 cells,

L1210.Fas cells, constitutively expressing murine Fas (25) or

Jurkat were labeled at 106 cell/ml with 5 |i.Ci/ml [3H]thymidine

for 2 h Unincorporated [3H]thymidme was removed by two

washes with HBSS. Target cells (2X104) were incubated with

4X104 A1.1 in 200 nl complete medium in flat-bottom 96-well

plates, previously coated with 3 ng/ml anti-CD3 or untreated,

in the presence or absence of CsA or FK506. Alternatively,

cells were activated with 10 ng/ml PMA and 150 ng/ml

ionomycin. No DNA fragmentation was observed when target

cells were treated with anti-CD3 or PMA/ionomycin alone in

the absence of A1.1. After 7-9 h, cells were harvested

using a Skatron cell harvester and [3H]thymidine-labeled

unfragmented DNA was determined in a liquid scintillation

counter. DNA fragmentation was calculated as follows: %

DNA fragmentation = 100x(1 - c.p.m. experimental group/

c.p.m. control group) ± SD. Assays were performed in

quadruplicate.
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Fig. 1. Activation-induced apoptosis is blocked by CsA, FK506 and Fas-Fc A1 1 cells were cultured in control medium, in anti-CD3-coated
96-well plates or with PMA/ionomycm (5X104 cells/well), in the presence or absence of increasing concentrations of CsA (A), FK506 (B), or
human or munne Fas-Fc (C) After 18 h cells were harvested and cell death as assessed by membrane integrity was measured as described
in Methods (A and B) Open circles, control medium, closed circles, anti-CD3, closed squares, PMA/ionomycm (C) Open squares, control
medium, open circles, anti-CD3 plus mFas-Fc, closed circles, anti-CD3 plus hFas-Fc Mean values of triplicates ± SD of representative
experiments are shown

RNase protection assay (RPA) for Fas and FasL

RPA for Fas and FasL was performed as described (15) using
a commercial RPA kit (Ambion, Austin, TX) according to the
manufacturer's protocol Briefly, Fas and FasL cDNA (kindly
provided by P. Golstein, INSERM, Marseille, France and S.
Nagata, Osaka Bioscience Institute, Osaka, Japan respect-

ively), and p-actin as a positive control, were cloned into
pBluescnpt II (Invitrogen, La Jolla, CA). A1.1 (1X107 cells
total per condition) were cultured for 4 h in either control
medium or on anti-CD3-coated tissue plates, in the presence
or absence of CsA (100 ng/ml) or FK506 (4 nM), and total
RNA was isolated. Between 10 and 30 |ig of RNA was
hybridized with radiolabeled antisense RNA transcripts, prior
to digestion with RNase T1. Samples were then separated by
urea/SDS-PAGE and gels were exposed to X-ray film.

Surface staining of Fas and FasL

A1.1 were cultured in control medium, in anti-CD3-coated 24-
well plates or in the presence of PMA (10 ng/ml) and ionomycin
(150 ng/ml) at 5X105 cells/ml in complete medium, in the

presence or absence of CsA (100 ng/ml) or FK506 (4 nM)
After 4-5 h cells were harvested and briefly washed in PBS/

1% calf serum/0.05% sodium azide (wash buffer). Non-
specific antibody binding was blocked by incubating the

cells with 50 ^ / m l normal mouse IgG for 15 min at room
temperature. Then, anti-mouse Fas Jo2 was added at 5 ng/
ml and cells were incubated at 4CC for 30 min. After two

washes with wash buffer, bound anti-Fas was detected by
staining with 2.5 ng/ml phycoerythrin-conjugated goat anti-

hamster secondary antibody (1:200) for 30 min at 4°C. After
two washes, cells were fixed in PBS/1% formaldehyde prior
to analysis on a FACScan flow cytometer.

For staining of cell-surface FasL, cells were cultured and
blocked for non-specific antibody binding as described

above. Then, 40 |ig/ml hFas-Fc was added directly and cells
were incubated for 30 min at 4°C After two washes, bound
hFas-Fc was detected using a secondary biotinylated rabbit
anti-human IgG (1:200) and streptavidin-TriColor fluorescent
reagent (1:20), and cells were analyzed using a FACScan

Demonstration of functional Fas on T cell hybridomas

To determine whether A1.1 express functional Fas after

blocking activation-induced cell death by drugs, cells were

incubated at 5x'\04/we\\ in an anti-CD3-coated 96-well plate

for 4 h at 37°C, in the presence or absence of CsA (100 ng/

ml) or FK506 (4 nM). Cells were then pelleted by centnfugation

and supernatant was removed. Cells were resuspended in

50 |il complete medium and incubated in medium only,

normal hamster IgG or anti-Fas Jo2 (2.5 ng/ml) for 20 min

at 4° C. After two washes, medium was replenished with

appropriate drugs. Cells were then further incubated at 37°C

overnight and cell death was assessed by permeability for PI

as described above. Assays were performed in triplicate and

cells were pooled prior to analysis of cell death; 5000 events

were analyzed per condition.

Assessment of anti-Fas-induced cell death in Jurkat and

L1210.Fas cells

To test whether CsA and FK506 interfere with Fas-induced

cell death, Jurkat and L1210.Fas cells were cultured atSxiO5

cells/ml in a flat-bottom 96-well plate in control medium, with

anti-human Fas antibody (Jurkat) (CH-11, 100 ng/ml) or with

anti-murine Fas (L1210.Fas) (Jo2, 2.5 ng/ml). In the case of

L1210.Fas, plates were precoated with 5 ng/ml goat anti-

hamster. CsA (200 ng/ml) or FK506 (10 nM) were added and

12 h later cells were harvested and were analyzed for

membrane integrity by PI uptake.
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1020 Cyclosporin A and FK5O6 block Fas ligand expression
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Fig. 2. CsA and FK506 block activation-induced FasL expression A1 1 cells were co-cultured with [3H]thymidine-labeled L1210.Fas cells in
control medium or in anti-CD3-coated 96-well plates CsA (A) or FK5O6 (B) was added at the indicated concentrations After 9 h DNA
fragmentation in L1210 Fas target cells was assessed as described in methods. Open circles, control medium; closed circles, anti-CD3 Mean
values of quadruplicates ± SD are shown (C) Staining of cell surface Fas ligand A1 1 cells were cultured in control medium or activated with
10 ng/ml PMA and 150 ng/ml ionomycin, in the presence or absence of CsA (100 ng/ml) or FK506 (4 nM). After 5 h, cells were stained with
hFas-Fc and analyzed by flow cytometry Dotted lines show staining control (D) FasL mRNA expression A1 1 cells were cultured in control
medium or on anti-CD3-coated plates for 4 h, in the presence or absence of CsA (100 ng/ml) or FK506 (4 nM), and total RNA was prepared
RPA was performed as described in Methods. The upper panel shows FasL mRNA, the lower panel shows (J-actm control.

Results

Immunosuppressive drugs and soluble Fas-Fc block activa-

tion-induced cell death in T hybridomas

In order to investigate a possible role for CsA and FK506 in
regulating Fas and/or FasL expression, the murine T cell
hybridoma A1.1 was stimulated with either immobilized anti-
CD3 or a combination of PMA and ionomycin. As demon-
strated in Fig. 1, extensive cell death was observed 18 h
after stimulation with either agent. Approximately 80% of the
cells became permeable for PI after either anti-CD3 stimulation

or activation with PMA/ionomycin. Both CsA and FK506
were able to block activation-induced cell death in a dose-
dependent manner. CsA protected from cell death at an ED50

of ~2 ng/ml. Similarly, FK506 inhibited cell death at an ED50
0.3 nM. Effective concentrations of CsA and FK506 were
similar to those previously reported to block IL-2 synthesis in

peripheral T cells (36). Both drugs showed little or no toxicity
when added alone at the concentrations tested. Only a slight
increase of cell death over background was observed with
300 ng/ml CsA. Thus, these results confirm previous findings

that the immunosuppressive drugs CsA and FK506 block
activation-induced cell death (29-32).

We have recently found that activation of T cell hybridomas
leads to expression of Fas and FasL (15). At least in the
case of A1.1, both molecules are apparently absent from
unactivated cells, but are rapidly expressed after TCR ligation
or treatment with PMA/ionomycin. Furthermore, activation-

induced apoptosis in T cell hybridomas was inhibited when
a soluble chimenc protein, consisting of the extracellular
ligand-binding domain of the Fas molecule and the Fc portion

of human IgG (Fas-Fc), was added to the culture (15). Since
we used human Fas-Fc for these studies, we reconfirmed
our previous findings by comparing the effect of human Fas-

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

rtic
le

/8
/7

/1
0
1
7
/6

6
3
6
9
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Cyclosporin A and FK506 block Fas ligand expression 1021

B

None
None

Anti-CD3 h

•

CsA

1-

•

FK5O6

h

1

125 3] (0 125

Anti-CD* h — 4- + +

I * - ~ - I Fas

] Fas-L

(i-actin

3 4

m m

J8

c

U

unactivated

K
activated

activated + CsA

activated

activated + FK506

activated

log Fas staining

D

Control

anti-CD3 + FK5O6

. 2 7 %

FK506

anti-CD3

84%

anti-CD3 +FJC5O6
+ anti-Fas

52%

FK506 + anti-Fas

10%

Fig. 3. Effect of CsA and FK506 on activation-induced Fas expression. (A) A1.1 cells were cultured for 4 h in control medium or on anti-CD3-
coated plates, in the presence or absence of CsA (100 ng/ml) or FK506 (4 nM). Fas mRNA (upper panel) was analyzed by RPA and compared
to (J-actin mRNA (lower panel). (B) A1.1 cells were incubated on anti-CD3-coated plates or control medium with increasing concentrations of
CsA. Fas (upper panel), FasL (middle panel) and f>actin (lower panel) mRNA levels were analyzed by RPA (C) Staining for cell surface Fas
A1.1 cells were activated with anti-CD3 in the presence or absence of CsA or FK506 as described above for 4 h, stained with anti-Fas and
then analyzed by flow cytometry. Dotted lines show staining control. Insets show Fas mRNA levels of the same experiment. (1) unstimulated;
(2) anti-CD3, (3) CsA; (4) anti-CD3 plus CsA; (5) FK506; (6) anti-CD3 plus FK506. (D) Induction of apoptosis in A1.1 by anti-Fas A1.1 cells
were cultured in control medium or on anti-CD3 coated plates, in the presence or absence of 4 nM FK5O6 After 4 h, cells were treated with
anti-Fas or control medium for 30 min Cells were then cultured for an additional 14 h in the presence or absence of FK506 (4 nM) and cell
death was analyzed. Cells were scored as live or dead by their permeability for PI, as indicated in the upper left corner of the figure.
Percentages of Pl-positive cells (arrows) are indicated. Experimental triplicates were pooled and 5000 events were analyzed. A typical
experiment is shown
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1022 Cyclosponn A and FK506 block Fas ligand expression

Fc (hFas-Fc) on activation-induced cell death with murine
Fas-Fc (mFas-fc). Therefore, A1.1 were cultured on anti-
CD3-coated plates, or alternatively activated with PMA/iono-
mycin, in the presence or absence of Fas-Fc (2.5-30 ^ m l ) .
After 18 h, cell death was assessed as loss of membrane
integrity. As shown in Fig. 1(C), activation by anti-CD3 alone
led to the death of -55% of the cells. The addition of both
forms of soluble Fas-Fc protected from activation-induced
cell death in a dose-dependent manner and reduced cell
death to near background levels. The mFas-Fc was somewhat
more effective than the human in preventing activation-
induced apoptosis. These findings confirm our observation
that soluble Fas can protect from activation-induced cell
death in T cell hybridomas and suggest that the binding of
murine FasL to murine Fas occurs more efficiently than does
its binding to human Fas.

CsA and FK506 prevent activation-induced FasL expression

Since activation-induced cell death in murine T cell
hybridomas appears to be dependent on Fas and FasL
expression (Fig. 1C) (15), we asked whether CsA and FK506
mediate their inhibitory effect by blocking expression of Fas
and/or FasL. FasL expression was measured functionally
using a simple cellular assay of Fas-induced DNA fragmenta-
tion in Fas+ target cells (15). When [3H]thymidine-labeled
L1210.Fas cells were co-cultured with activated A1.1 cells,
significant DNA fragmentation was induced in these cells

(Fig. 2A and B). This process was dependent on Fas/FasL
interaction, since the parental target cell line L1210,
expressing only low levels of Fas (25), did not undergo
apoptotic cell death under the same conditions (data not
shown). Only basal DNA fragmentation in target cells was
observed when A1.1 were not activated or when target cells
were incubated with stimuli alone (data not shown). The
addition of CsA (Fig. 2A) or FK506 (Fig. 2B) to the culture not
only blocked activation-induced apoptotic cell death of A1.1

cells, but also efficiently prevented target cell DNA fragmenta-
tion. The effective dose range of both drugs was identical to
that observed to inhibit activation-induced cell death (Fig.
1A and B). Incubation with drugs alone had no effect on

background DNA fragmentation of target cells (data not
shown). Activation of A1.1 with PMA/ionomycin resulted in

similar target cell DNA fragmentation and was also blocked
by CsA and FK506 (data not shown).

The inhibition of Fas-mediated killing suggests that CsA
and FK506 may negatively regulate activation-induced FasL
expression in murine T cell hybridomas. To address this

question more directly, activated A1.1 cells were stained for
FasL expression using the soluble receptor (Fas-Fc) and
appropriate secondary reagents (15). Figure 2(C) shows that
PMA/ionomycin-activated A1.1 express FasL as revealed by
binding of soluble hFas-Fc to these cells In contrast, no Fas-

Fc binding was observed on unactivated cells as compared
with background staining with secondary reagents only,
indicating that unactivated A1.1 do not express surface FasL

molecules. The addition of CsA or FK506 to PMA/ionomycin-
activated A1.1, at concentrations that entirely blocked Fas-
mediated killing of target cells (Fig. 2A and B), efficiently
reduced the binding of soluble Fas-Fc to the cell surface, thus
confirming that CsA and FK506 do indeed block activation-

induced FasL expression in A1.1 (Fig. 2C). We similarly

observed induction of FasL by anti-CD3 and inhibition of FasL

expression by CsA and FK506 (data not shown).

As shown in Fig. 2(D), CsA and FK506 affect activation-

induced FasL expression by interfering with elevation of FasL

mRNA We employed the RPA for detection of FasL mRNA in

activated A1.1 after treatment with CsA and FK506. A1.1

express FasL mRNA after 4 h post-activation with anti-CD3,

whereas no mRNA was detectable in unstimulated cells. As

demonstrated by RPA, the strong induction of FasL message

by anti-CD3 activation was significantly decreased when cells

where treated with optimal concentrations of CsA (200 ng/

ml) or FK506 (10 nM). Thus, CsA and FK506 appear to inhibit

activation-induced apoptosis in this T cell hybridoma by

influencing levels of mRNA, possibly via inhibition of induc-

tion of FasL transcription.

Activation-induced Fas expression is only partially affected

by CsA and FK506

The question remained as to whether CsA and FK506 not

only interfere with activation-induced FasL expression but

also block expression of Fas in A1.1, since both FasL as well

as Fas expression are induced after anti-CD3 activation (15).

The effect of CsA and FK506 on activation-induced Fas mRNA

was therefore analyzed by RPA As shown in Fig. 3(A),

unactivated cells expressed low levels of Fas mRNA which

was significantly increased after cell activation with anti-CD3.

Treatment of cells with CsA or FK506 had no effect on basal

levels of Fas mRNA nor did it prevent the activation-induced

increase. In another experiment (Fig. 3B), cells were activated

by anti-CD3 antibodies in the presence of a range of concen-

trations of CsA and RNA from these cells was analyzed

for Fas and FasL expression. Figure 3(B) shows that CsA

completely abolished activation-induced FasL mRNA expres-

sion at concentrations from 31 to 125 ng/ml. In contrast, anti-

CD3-induced Fas mRNA expression was not affected at any

concentration of CsA. It thus seems very likely that CsA and

FK506 do not inhibit functional Fas expression and that the

inhibitory effect of these drugs on cell death is due to blocking

FasL expression.

To detect changes in cell surface expression of Fas,

activated A1.1 cells were stained with anti-Fas antibodies

and effects of CsA and FK506 were again examined. Figure

3(C) shows a significant increase in Fas expression in A1.1

cells after activation of the cells with anti-CD3. Although

expression of Fas on this T cell hybridoma was quite low as

compared to activated murine spleen cells (not shown), it is

similar to that seen on L1210.Fas cells (not shown) and thus

presumably sufficient to allow Fas-mediated cell death upon

FasL expression Surprisingly, A1.1 activation in the presence

of CsA or FK506 resulted in partial inhibition of cell surface Fas

expression. This partial inhibition was consistently observed in

a number of experiments. Since this inhibition by CsA and

FK506 of activation-induced cell surface Fas expression

contrasts with the lack of inhibition at the mRNA level, we

examined the effect of CsA and FK506 on activation-induced

Fas expression by RPA and antibody staining in parallel. As

shown in Fig. 3(C), CsA and FK506 significantly reduced

activation-induced cell surface Fas expression. However, no
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Control
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FK506

anti-Fas

Control

0 20 40 60 80 100

Cell death (%)

Fig. 4. CsA and FK5O6 do not affect Fas-mediated apoptosis Jurkat
cells were cultured in control medium, with CsA (200 ng/ml) or with
FK506 (10 nM) Apoptosis was induced by adding 100 ng/ml of anti-
Fas After 12 h, cells were analyzed for PI permeability Mean values
of triplicates ± SD of a typical experiment are shown

inhibition of Fas mRNA expression was observed when the
same cells were analyzed by RPA (Fig. 3C, inset)

The discrepancy between the effects of CsA and FK506
on Fas mRNA synthesis and surface protein expression led
us to ask whether A1.1 express functional Fas on their surface
after activation in the presence of CsA or FK506. Cells were
therefore activated with anti-CD3 in the presence or absence
of CsA or FK506. After 4 h, where Fas cell surface expression
is observed (Fig. 3C) (15), anti-munne Fas antibody was
added and cell death was assessed 14 h later. As shown in

Fig. 3(D), activation of A1.1 resulted in extensive cell death,
which was blocked by addition of FK506. However, if anti-
Fas was added to these protected cells, a significant increase
in cell death was observed. Control hamster antibodies
(NHIgG) had no effect on increase of cell death (data not
shown). No apoptosis was observed in unactivated A1.1 ±

FK506, when treated with anti-Fas. Similar levels of cell death
were achieved when CsA-blocked cell death was overcome
by addition of anti-Fas (data not shown). These findings
indicate that CsA and FK506 do not completely abrogate
activation-induced Fas expression, since anti-Fas-induced
apoptosis can still occur. Further, since anti-Fas treatment

induced apoptosis in these cells, it suggests that these drugs
do not block Fas-induced apoptosis. This was examined in
more detail below.

CsA and FK506 do not interfere with anti-Fas-induced cell

death

The results from the experiments described above suggested
that CsA and FK506 affect activation-induced apoptosis by
preventing FasL expression, rather than by blocking Fas

expression or Fas signaling leading to apoptosis. However,
at least partially inhibitory effects of these drugs on Fas-
induced apoptosis could not be excluded, since anti-Fas did

not fully compensate for the drug-induced block in cell death
in activated A1.1 (Fig. 3D). Jurkat cells constitutively express
high levels of Fas molecules on their surface and readily die
by apoptosis upon cross-linking with anti-Fas. A relatively
high percentage of apoptosis was observed when Jurkat

cells were treated with anti-Fas (77%), as compared with

spontaneous death in culture (9%). The addition of CsA or
FK506 did not affect in any way the amount of anti-Fas-
induced cell death in these cells (84 and 79% respectively)
nor did the drugs alone increase basal death of control cells

(Fig. 4). In contrast, activated A1.1 were found to induce DNA
fragmentation in Jurkat cells, a process which was blocked
by the addition of CsA and FK506, most likely via inhibition
of FasL expression in A1.1 (data not shown). Similar findings
were made with L1210 constitutively expressing murine Fas
(L1210.Fas) significant cell death was observed by addition
of anti-Fas, as compared with goat anti-hamster only or NHIgG
as control. The addition of either CsA or FK506 had no
significant effect on anti-Fas induced apoptosis (data not
shown). Thus, CsA and FK506 do not block anti-Fas-induced
apoptosis in either human or murine cells.

Discussion

Murine T hybridoma cells are a widely used system for the
study of the mechanisms of activation-induced apoptosis and
a model for peripheral deletion. We and other groups have
previously shown that activation-induced apoptosis in murine
T cell hybridomas is blocked by CsA and FK506 (29-32).
Recently, we (15) and others (16) dissected the mechanism
of activation-induced cell death in different T cell hybridomas,
and found that this form of cell death proceeds via interaction
of activation-induced Fas and its ligand FasL. Fas and FasL
are virtually absent on unactivated cells, but are rapidly
induced after activation. Since this process requires de novo

protein synthesis, several agents might regulate Fas or FasL
expression by interfering in the signal transduction pathway
leading to gene transcription. The goal of this study was
therefore to determine whether immunosuppressive drugs,
such as CsA and FK506, block activation-induced apoptosis
by interfering with Fas-dependent cell death. Our data strongly
indicate that CsA and FK506 block anti-CD3 or PMA/ionomy-
cin-induced expression of FasL in the murine T cell hybridoma

A1.1. This was observed for FasL mRNA as well as cell
surface expression. Our data exclude the possibility that CsA
and FK506 might interfere with the Fas signaling pathway
since anti-Fas-induced cell death in L1210.Fas and Jurkat
cells was unaffected by treatment with these drugs, at concen-
trations that completely blocked activation-induced apoptosis
in T cell hybridomas or FasL-mediated DNA fragmentation in

target cells. In addition, CsA and FK506 blocked activation-
induced death in A1.1 cells, but could not prevent anti-Fas-
induced apoptosis (Fig. 3D). We conclude from these data
that CsA and FK506 inhibit activation-induced cell death in
murine T cell hybridomas predominantly by blocking FasL

expression and thus preventing Fas/FasL interaction, leading
to activation of the apoptosis program.

Upon activation of T cell hybridomas, not only is FasL
expression strongly induced, but also expression of its
receptor, Fas. However, we observed contrasting effects of
CsA and FK506 on activation-induced expression of Fas

protein versus mRNA. Fas mRNA expression was completely
unaffected by treatment of the cells with these drugs, as
demonstrated by RPA (Fig. 3A-C). Surprisingly, we repeatedly
observed at least partial inhibition of activation-induced Fas

cell surface expression (Fig. 3C), although the remaining
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activation-induced Fas was apparently functional since signi-

ficant cell death was observed after cross-linking cell surface
Fas molecules (Fig. 3D).

T.he levels of Fas expressed on unactivated A1.1 cells and
those that were activated in the presence of CsA or FK506
were approximately equal (Fig. 3C), yet only the latter were
susceptible to cell death induced by anti-Fas antibody (Fig.
3D). This raises the interesting possibility that activation of
the hybridomas increased the susceptibility to Fas-induced
death in a manner which is resistant to CsA or FK506. This
might be through the inhibition of molecules which block Fas-
induced death, such as FAP-1 (37). In this regard, it is
interesting that activation of some T lines leads to down-
regulation of FAP-1 expression (T. Brunner, unpublished
observations); however, we have been unable to detect FAP-
1 in A1.1. Alternatively, activation might up-regulate elements
of the Fas-induced signal transduction pathway which lead
to apoptosis or increase susceptibility via other interacting
elements. Thus, while activation of resting T cells may induce
a resistance to Fas-induced apoptosis (38), it may also induce
susceptibility under other circumstances.

The observation that activation-induced Fas mRNA expres-
sion is unaffected by CsA and FK506 while significant inhibi-
tion of Fas cell surface levels was detected is intriguing
and rather difficult to understand. The CsA-binding protein
cyclophilin has been shown to mediate certain protein folding
processes and to exhibit chaperone activity, a process which
is sensitive to CsA (reviewed in 39) However, ~ 100-fold
higher concentrations of CsA are required to block these
processes, as compared with inhibition of activation-induced
cell death or IL-2 synthesis. It is also possible that activation-
induced Fas protein expression is unaffected by CsA and

FK506. However, the transport of de novo synthesized Fas to
the cell surface might be facilitated by (an) other molecule(s)
whose expression, possibly induced by the cell activation
process, might be CsA and FK5O6 sensitive. A third possibility
is that CsA and FK506 induce proteolytic shedding of activa-
tion-induced surface expressed Fas by metalloproteases. An
ability of activation to induce a metalloprotease responsible
for shedding of the 80 kDa TNF receptor has been described
in T cells (40), although its sensitivity to (or enhancement
by?) CsA or FK506 is not known. Further analysis as to
whether de novo synthesized Fas is intracellularly retained,
shed or even degraded after treatment of the cells with CsA

or FK506 might help to resolve this unanswered question.

A proposed target molecule for the action of CsA and
FK506 is the Ca2+- and calmodulin-dependent phosphatase

calcineurin (41). Calcineurin has been demonstrated to pro-
mote translocation of transcription factors, such as Nur77,

NF-KB and NFAT, to the nucleus. In addition, it has been
shown that calcineurin activity correlates with anti-CD3-
induced apoptosis in murine T cell hybridomas and with

antigen-mediated cytotoxic responses of murine T cell clones
(32,42). Nur77, an orphan transcription factor of the steroid/
thyroid superfamily, has been demonstrated to be critically
involved in activation-induced apoptosis of murine T cell
hybridomas (43,44). Recently, it has been shown that CsA

interferes with the DNA binding activity of Nur77 and might
therefore block activation-induced apoptosis in these cells
(45). So far, no target gene for Nur77 activity has been

identified. It will therefore be interesting to determine whether

FasL expression is regulated by Nur77.

Although not directly proven, our data suggest that calci-
neurin might be somehow involved in TCR signaling leading
to FasL expression and therefore to activation-induced cell
death. Activation of calcineurin by elevated intracellular Ca2+

and calmodulm also leads to dephosphorylation of the tran-
scription factor NFAT (46,47). However, no NFAT binding
sequence has been identified in 450 bases upstream of the
FasL promoter (48). Thus, either there is an NFAT binding site
further upstream in the FasL promoter or other calcineurin-
dependent transcription factors might be responsible for FasL
transcription. Calcineurin not only controls NFAT activation,
but also regulates another transcription factor, NF-KB, together
with a protein kinase C (PKC)-mediated signal (49). Since
TCR activation as well as the combination of ionomycin and
PMA induces a rise in intracellular calcium as well as activation
of PKC, NF-KB may be one of the transcription factors
regulating FasL expression. Indeed, a consensus NF-KB

binding site has been identified in the FasL promoter (48).

Anel et at. (50) have recently reported that CsA and Ca2+-
free conditions negatively affect activation-induced FasL
expression in murine CD8+ cytotoxic T lymphocytes. Similarly,
Dhein et al. (17) have found that activation of Jurkat cells
leads to expression of FasL, a process which is CsA sensitive.
Our observation that activation-induced cell death in murine

CD4+ T cell hybridomas is blocked by CsA and FK506
by preventing FasL expression is in agreement with these
findings We observed, however, that neither PMA nor ionomy-
cin alone induced expression of FasL in the T cell hybridoma
A1.1 (unpublished results). In certain murine cytotoxic T
lymphocyte clones, however, PMA alone seems to be sufficient
to induce substantial expression of FasL, which is syner-
gistically enhanced by ionomycin (50) The ability of PMA
alone to induce FasL expression inversely correlated with the
reduced ability of CsA to block PMA/ionomycin-induced FasL
expression in these clones. Thus, CsA only partially blocked
activation-induced FasL expression in the PMA-responsive

CD8+ T cell clones. However, further dissection of activation
signal transduction pathways will be necessary to fully elucid-
ate the role of calcineurin and PKC-derived signals in FasL
gene expression.

Since activation-induced Fas mRNA expression was CsA
and FK506 insensitive in our studies, it seems that the signal

transduction pathway leading to Fas expression is different
from that of its ligand. Stimuli leading only to expression of
one or the other would thus be extremely helpful to dissect
the relevant signal transduction pathways. Since Fas is
widely expressed in hematopoietic and non-hematopoietic

cells (20,21,51), and also in non-activated cells such as
polymorphonuclear granulocytes (52), it seems that the
expression of Fas is not so tightly regulated by activation

signals as compared with its ligand. Thus, regulation of
activation-induced apoptosis, executed by interaction of Fas
and FasL as described in this study, seems to be mainly
regulated at the level of FasL expression.

Activation-induced apoptosis in murine T cell hybridomas
is likely to be a model of peripheral deletion of activated T
cells in vivo, where a role for Fas/FasL interactions has been

suggested. This is based on studies employing mice with the
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Ipr defect, which lack functional Fas expression due to

insertion of a retroviral transposon into the fas gene (53). For

example, antigen-induced peripheral deletion of CD4+ T cells

does not occur in TCR-transgenic Ipr mice (54). Similarly,

young Ipr mice do not show peripheral deletion following

administration of the superantigen, staphylococcal entero-

toxin B (SEB) (55). Thus, activation-induced apoptosis

responsible for peripheral deletion appears to be dependent

upon Fas. Interestingly, treatment of SEB-injected mice with

CsA had no effect on peripheral deletion (56), and this is

consistent with our observation (Fig. 3) that activated, CsA-

treated T hybridoma cells expressed Fas and were highly

sensitive to Fas-induced apoptosis. However, the failure of

CsA to inhibit peripheral deletion in vivo raises the tantalizing

possibility that the FasL responsible for triggering this

apoptosis in vivo is expressed in a CsA-insensitive manner,

perhaps in an manner analogous to the CsA-resistant expres-

sion of FasL in some cytotoxic T lymphocyte clones, as

discussed above (50).

Acknowledgements

This work was supported by a grant from the US National Institutes
of Health (GM52735), by the Ciba Geigy Jubilaeums-Stiftung and by
the Roche Research Foundation T. B is a fellow of the Swiss
Foundation for Medical-Biological Fellowships The authors thank S
Nagata, P Golstein and D Lynch for valuable reagents, and S J
Martin, A. J. McGahon, R J Mogil, W Nishioka and A Mahboubi for
helpful discussions and experimental advice. This is publication no.
143 from the La Jolla Institute for Allergy and Immunology.

Abbreviations

CsA cyclosporin A
Fas-Fc Fas-lg fusion protein
FasL Fas ligand
PI propidium iodide
PKC protein kinase C
PMA phorbol mynstate acetate
RPA RNase protection assay
SEB staphylococcal enterotoxin B

References

1 Duval, E. and Wyllie, A H 1986. Death and the cell Immunol.
Today 7 115.

2 Smith, C. A , Williams, G T, Kingston, R., Jenkmson, E. J. and
Owen, J. T 1989. Antibodies to the CD3/T-cell receptor complex
induce death by apoptosis in immature T cells in thymic cultures.
Nature 337 181.

3 Jenkinson, E. J , Kingston, R., Smith, C A., Williams, G. T and
Owen, J T. 1989. Antigen-induced apoptosis in developing T
cells: a mechanism for negative selection of the T cell receptor
repertoire. Eur J. Immunol. 19:2175.

4 Murphy, K M., Heimberger, A B. and Loh, D. Y 1990. Induction by
antigen of intrathymic apoptosis of CD4+CD8+ TCR10 thymocytes
in vivo. Science 250.1720

5 Shi, Y, Bissonnette, R P, Parfrey, N , Szalay, M., Kubo, R. T and
Green, D. R. 1991 In vivo administration of monoclonal antibodies
to the CD3 T cell receptor complex induces cell death (apoptosis)
in immature thymocytes J. Immunol. 1463340

6 Kabelitz, D., Pohl, T and Pechhold, K. 1993 Activation-induced
cell death (apoptosis) of mature peripheral T lymphocytes.
Immunol. Today 14 338.

7 Russel, J. H , White, C L , Loh, D. Y and Meleedey-Rey, P 1991
Receptor-stimulated death pathway is opened by antigen in
mature T cells Proc Natl Acad. Sci. USA 88 2151

8 Lenardo, M J 1991 lnterleukin-2 programs mouse alpha beta T
lymphocytes for apoptosis Nature 353:858.

9 Radvanyi, L G , Mills, G. B and Miller, R. G 1993. Religation of
the T cell receptor after primary activation of mature T cells
inhibits proliferation and induces apoptotic cell death J
Immunol. 150.5704.

10 Meyaard, L , Otto, S. A., Jonker, R. R., Mijnster, M. J., Keet, R. P.
and Miedema, F 1992 Programmed death of T cells in HIV-1
infection. Science 257.217.

11 Banda, N K., Bernier, J., Kurahara, D K., Kurrle, R., Haigwood,
N , Sekaly, R P. and Finkel, T H. 1992 Crosslinking CD4 by
human immunodeficiency virus gp12O primes T cells for
activation-induced apoptosis J Exp Med. 176:1099.

12 Groux, H., Torpier, G , Monte, D., Mouton, Y, Capron, A. and
Ameisen, J C 1992 Activation-induced death by apoptosis
in CD4+ T cells from human immunodeficiency virus-infected
asymptomatic individuals J. Exp Med. 175331

13 Gougeon, M. L., Garcia, S , Heeney, J., Tschopp, R., Lecoeur,
H , Guetard, D., Rame, V, Dauguet, C. and Montagnier, L. 1993
Programmed cell death in AIDS-related HIV and SIV infections
AIDS Res Hum. Retrovirus 9 553.

14 Green, D R , Mahboubi, A , Nishioka, W., Oja, S , Echeverri, F,
Shi, Y, Glynn, J., Yang, Y, Ashwell, J and Bissonnette, R. 1994.
Promotion and inhibition of activation-induced apoptosis in T-
cell hybridomas by oncogenes and related signals Immunol
Rev 142 321

15 Brunner, T, Mogil, R. J., LaFace, D , Yoo, N. J , Machboubi, A.,
Echeverri, F, Martin, S. J , Force, W R., Lynch, D H , Ware, C
F and Green, D R. 1995 Cell-autonomous Fas (CD95)/Fas-
ligand interaction mediates activation-induced apoptosis in T-cell
hybridomas Nature 373 441

16 Ju, S-T, Panka, D. J , Cui, H , Ettinger, R., El-Khatib, M., Sherr,
D. H , Stanger, B Z. and Marshak-Rothstein, A. 1995 Fas (CD95)/
FasL interactions required for programmed cell death after T-cell
activation Nature 373.444

17 Dhem, J , Walczak, H., Baeumler, C , Debatin, K -M and Krammer,
P H. 1995 Autocrine T-cell suicide mediated by APO-1/(Fas/
CD95). Nature 373 438

18 Itoh, N , Yonehara, S , Ishii, A., Yonehara, M , Mizushima, S-l ,
Sameshima, M., Hase, A , Seto, Y. and Nagata, S. 1991. The
polypeptide encoded by the cDNA for the human cell surface
antigen Fas can mediate apoptosis. Cell 66 233.

19 Oehm, A., Behrmann, I , Falk, W., Pawhta, M., Maier, G , Klas, C ,
Li-Weber, M , Richards, S., Dhein, J , Trauth, B. C, Ponstmgl, H.
and Krammer, P H 1992. Purification and molecular cloning of
the APO-1 cell surface antigen, a member of the TNF/NGF
receptor superfamily. J Biol Chem. 267-10709

20 Yonehara, S, Ishii, A. and Yonehara, M. 1989 A cell-killing
monoclonal antibody (anti-Fas) to a cell surface antigen co-down-
regulated with the receptor of tumor necrosis factor. J. Exp
Med. 169 1747.

21 Trauth, B , Klas, C , Peters, A. M J , Matzku, S., Moller, P, Falk,
W., Debatin, K.-M. and Krammer, P. H. 1989 Monoclonal antibody-
mediated tumor regression by induction of apoptosis. Science
245:301.

22 Suda,T.,Takahashi,T, Golstein, P. and Nagata, S. 1993 Molecular
cloning and expression of the Fas ligand, a novel member of the
tumor necrosis factor family. Cell 75:1169

23 Kaegi, D., Vignaux, F, Ledermann, B., Buerki, K., Depraetere, V.,
Nagata, S., Hengartner, H and Golstein, P. 1994. Fas and perforin
pathways as major mechanisms of T cell mediated cytotoxicity
Science 265.528.

24 Kojima, H, Shinohara, N., Hanaoka, S , Someya-Shirota, Y,
Takagaki, Y, Ohno, H., Saito, T, Katayama, T, Yagita, H.,
Okumura, K., Shinkai, Y, Alt, F W., Matsuzawa, A., Yonehara, S
and Takayama, H. 1994 Two distinct pathways of specific killing
revealed by perforin mutant cytotoxic T lymphocytes. Immunity
1:357

25 Rouvier, E., Luciani, M F. and Golstein, P. 1993. Fas involvement
in Ca2+-mdependent T cell-mediated cytotoxocity J. Exp. Med.
177:195

26 Stalder, T, Hahn, S. and Erb, P 1994 Fas antigen is the

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

rtic
le

/8
/7

/1
0
1
7
/6

6
3
6
9
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



1026 Cyclosporin A and FK506 block Fas ligand expression

major target molecule for CD4+ T cell-mediated cytotoxicity
J. Immunol 152 1127

27 Walsh, C. M., Glass, A. A , Chiu, V and Clark, W. R. 1994. The
role of the Fas lytic pathway in a perforin-less CTL hybridoma
J. Immunol 153 2506.

28 Hanabuchi, S., Kobayashi, M , Kawasaki, A , Shinohara, N.,
Matsuzawa, A., Nishimura, Y, Kobayashi, Y., Yonehara, S , Yagita,
H. and Okumura, K 1994. Fas and its ligand in a general
mechanism of T cell-mediated cytotoxicity Proc Natl Acad. Sci.
USA 91 4930.

29 Shi, Y, Sahai, B. M and Green, D. R. 1989. Cyclosporin A
inhibits activation-induced cell death in T cell hybridomas and
thymocytes. Nature 339625

30 Mercep, M , Noguchi, P D and Ashwell, J D 1989 The cell
cycle block and lysis of an activated T cell hybridoma are distinct
processes with different Ca2+ requirements and sensitivity to
cyclosporin A. J Immunol 142.4085

31 Bierer, B E , Mattola, P. S , Standaert, R F., Herzenberg, L A ,
Burakoff, S. J., Crabt/ee, G and Schreiber, S L 1990. Two distinct
signal transmission pathways in T lymphocytes are inhibited by
complexes formed between an immunophilin and either FK506
or rapamycin Proc Natl Acad. Sci USA 879231

32 Fruman, D. A., Mather, P E , Burakoff, S. J and Bierer, B
E. 1992. Correlation of calcineunn phosphatase activity and
programmed cell death in T cell hybridomas Eur J Immunol
222513.

33 Shi, Y, Szalay, M G., Paskar, L, Boyer, M , Singh, B. and Green,
D. R 1990 Activation-induced death in T cell hybridomas is due
to apoptosis J Immunol 1443326.

34 Leo, O , Foo, M., Sachs, D H , Samelson, L. E. and Bluestone,
J A 1987 Identification of a monoclonal antibody specific for a
murine T3 polypeptide Proc. Natl Acad Sci USA 841374

35 McGahon, A. J., Martin, S. J , Bissonnette, R P., Mahboubi, A ,
Shi, Y, Mogil, R J., Nishioka, W K and Green, D. R. 1995. The
end of the (cell) line: methods for the study of apoptosis in vitro
Methods Cell Biol. 46.153

36 Shevach, E. M 1985 The effects of cyclosporin A on the immune
system. Annu Rev Immunol. 3 397.

37 Sato, T., Irie, S., Kitada, S. and Reed, J C. 1995. FAP-1, a protein
tyrosine phosphatase that associates with Fas Science 268:411.

38 Klas, C, Debatin, K-M , Jonker, R. R. and Krammer, P H 1993
Activation interferes with the APO-1 pathway in mature human T
cells Int Immunol. 5:625.

39 Fruman, D A , Burakoff, S.J. and Bierer, B E 1994 Immunophihns
in protein folding and immunosuppression. FftSEB J 8:391

40 Crowe, P D , Walter, B N., Mohler, K. M , Otten-Evans, C, Black,
R A. and Ware, C F 1995. A metalloprotease inhibitor blocks
shedding of the 80-kD TNF receptor and TNF processing in T
lymphocytes J Exp. Med. 181:000

41 Liu, J., Farmer, J D. J , Lane, W S , Friedman, J , Weissman, I
and Schreiber, S L 1991. Calcineunn is a common target of
cyclophilin-cyclosporm A and FKBP-FK506 complexes Cell
66.807.

42 Dutz, J. P., Fruman, D. A., Burakoff, S. J. and Bierer, B. A. 1993.

A role for calcmeurin in degranulation of murine cytotoxic T
lymphocytes. J. Immunol. 150 2591

43 Woronicz, J D., Calnan, B , Ngo, V. and Winoto, A 1994
Requirement for the orphan steroid receptor Nur77 in apoptosis
of T-cell hybridomas Nature 367:277.

44 Liu, D -G , Smith, S. W, McLaughlin, K A., Schwartz, -L M and
Osborne, B A. 1994. Apoptotic signals delivered through the T-
cell receptor of a T-cell hybrid require the immediate-early gene
nur77 Nature 367281.

45 Yazdanbakhsh, K., Choi, J.-W., Li, Y, Lau, L F and Choi, Y 1995
Cyclosporin A blocks apoptosis by inhibiting the DNA binding
activity of the transcription factor Nur77 Proc Natl Acad. Sci.
USA 92.437.

46 O'Keefe, S J , Tamura, J , Kmcaid, R L , Tocci, M J and O'Neill,
E A 1992 FK506-and CsA-sensitive activation of the mterleukin-
2 promoter by calcineurin. Nature 357692

47 Clipstone, N A and Crabtree, G R 1992 Identification of
calcmeurin as a key signalling enzyme in T lymphocyte activation
Nature 357.695

48 Takahashi, T, Tanaka, M , Inazawa, J , Abe, T., Suda, T. and
Nagata, S. 1994. Human Fas hgand' gene structure, chromosomal
location and species specificity. Int Immunol 6.1567

49 Frantz, B., Nordby, E C, Bren, G, Steffan, N, Paya, C V,
Kincaid, R L, Tocci, M. J., O'Keefe, S J and O'Neill, E A 1994
Calcineurin acts in synergy with PMA to inactivate IKB/MAD3, an
inhibitor of NF-icB EMBO J 13861

50 Anel, A , Buferne, M., Boyer, C , Schnitt-Verhulst, A.-M and
Golstein, P 1994 T cell receptor-induced Fas-hgand expression
in cytotoxic T lymphocyte clones is blocked by protein tyrosine
kinase inhibitors and cyclosporin A Eur J Immunol 24.2469

51 Owen-Schaub, L B , Yonehara, S., Crump, W L and Grim, E. A.
1992 DNA fragmentation and cell death is selectively triggered
in activated human lymphocytes by Fas antigen engagement
Cell Immunol 140.197

52 Iway, K., Miyawaki, T, Takizawa, T, Konno, A., Ohta, K , Yachie,
A , Seki, H and Taniguchi, N. 1994 Differential expression of bcl-
2 and susceptibility to anti-Fas-mediated cell death in peripheral
blood lymphocytes, monocytes and neutrophils. Blood 84 1201

53 Adachi, M., Watanabe-Fukunaga, R and Nagata, S. 1993.
Aberrant transcription caused by insertion of an early transposable
element in an intron of the Fas antigen gene of Ipr mice. Proc
Natl Acad. Sci. USA 90.1756.

54 Singer, G G. and Abbas, A. K. 1994. The Fas antigen is involved
in peripheral but not thymic deletion of T lymphocytes in T cell
receptor transgenic mice. Immunity 1.365

55 Mogil, R J., Radvanyi, L, Gonzales-Quintial, R., Miller, R ,
Mills, G , Theofilopoulos, A. N. and Green, D R 1995 Fas(CD95)
participates in peripheral T-cell deletion and associated apoptosis
in vivo Int Immunol 71451

56 Gonzalo, J. A., de Alboran, I M , Ales-Martinez, J. E , Martmez-
A , C and Kroemer, G 1992. Expansion and clonal deletion of
peripheral T cells induced by bacterial superantigen is
independent of the interleukin-2 pathway Eur J Immunol.
22:1007.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

rtic
le

/8
/7

/1
0
1
7
/6

6
3
6
9
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2


