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Suppression of Fas/APO-1-Mediated Apoptosis by
Mitogen-Activated Kinase Signaling'

Tim H. Holmstrém,* T Sek C. Chow? lina Elo,* ' Eleanor T. Coffey,* Sten Orrenius?
Lea Sistonen,* and John E. ErikssoR*

Jurkat T cells undergo rapid apoptosis upon stimulation of the Fas/APO-1 (CD95) receptor. We examined the role of the mitogen-
activated protein kinase (MAPK) cascade as a negative regulator of Fas-mediated apoptosis. To this end, we used both physiologic
and artificial activators of MAPK, all of which activate MAPK by distinct routes. MAPK activity could be efficiently elevated by

two T cell mitogens, the lectin PHA and an agonistic Ab to the T cell receptor complex as well as by the type 1 and 2A phosphatase
inhibitor, calyculin A, and the protein kinase C-activating phorbol ester, tetradecanoyl phorbol acetate. All these treatments were
effective in preventing the characteristic early and late features of Fas-mediated apoptosis, including activation of caspases. Our
results indicate that the elevated MAPK activities intervene upstream of caspase activation. The degree of MAPK activation by
the different stimuli used in our study corresponds well to their potency to inhibit apoptosis, indicating that MAPK activation
serves as an efficient modulator of Fas-mediated apoptosis. The role of MAPK in modulation of Fas-mediated apoptosis was
further corroborated by transient transfection with constitutively active MAPK kinase, resulting in complete inhibition of the Fas
response, whereas transfection with a dominant negative form of MAPK kinase had no effect. Furthermore, the apoptosis inhib-
itory effect of the MAPK activators could be abolished by the specific MAPK kinase inhibitor PD 098059. Modulation of Fas
responses by MAPK signaling may determine the persistence of an immune response and may explain the insensitivity of recently
activated T cells to Fas receptor stimulation. The Journal of Immunology,1998, 160: 2626 —-2636.

anism for cell removal during embryonic development are clear indications that the receptor, although expressed, may not
and in the mature organism as well as under variousalways generate apoptosis, but may be inactive at times or even
pathologic conditions. A number of physiologic mediators of ap-generate accelerated cell growth (17, 18). This kind of modulation
optosis have been identified. One of them is the Fas/APO-1 recemould occur through phosphorylation-based signaling.
tor (CD95), a cell surface receptor belonging to the TNF receptor A possible signaling candidate for regulation of Fas receptor
family. The Fas receptor is a 48-kDa transmembrane glycoproteiactivity is the mitogen-activated protein kinase (MAPKpascade.
(1), the cytoplasmic domain of which contains a region with sig- This major signal transduction pathway is involved in regulation of
nificant sequence homology to the p55 TNF receptor (1, 2). Ligacell proliferation and differentiation as well as in various metabolic
tion of the Fas receptor with its specific ligand (3) or with anti-Fasfunctions (19, 20). Activation of the Raf-MAPK kinase-MAPK
Abs (4) induces apoptosis in many cell types of both hemopoietigpathway is often associated with stimulation of cell division rates,
(1, 2, 5) and nonhemopoietic (6, 7) origin. and consequently, these kinases could promote cell survival by
A number of recent studies have shown that caspases, i.e., cysthibition of apoptosis. Evidence in support of this hypothesis has
teine proteases with homology to the ll3g-tonverting enzyme been obtained from a study of PC-12 cells showing that inhibition
and CED-3, act as both proximal and distal effectors in Fas-meef MAPK and activation of the stress-activated protein kinase, or
diated apoptosis (8—-10). However, the mechanisms of Fas receptdun N-terminal kinase, and p38 kinase are critical for apoptosis
activation are still insufficiently characterized. Several studies havénduced by nerve growth factor deprivation (21) and from a study
indicated that phosphorylation-based signaling could be involvedndicating that suppression of ceramide-mediated apoptosis by
in both inhibition and activation of Fas-mediated apoptosis (11-sphingosine 1-phosphate is associated with activation of the
MAPK pathway (22). Activation of MAPKSs requires their phos-
. . A. A — phorylation by dual specificity MAPK kinases (MKK) (23), which,
B e 1 B, Ao ey in tu, can be activated by stimulation of cels with mitogens or
versity, BioCity, Turku, Finland®Center for Mechanisms of Human Toxicity, Uni- Phorbol esters (24). As the activating MKK1 (25) and also MAPK
versity of Leicester, Leicester, United Kingdom; afohstitute of Environmental  gre under negative control of type 2A (PP2A) serine/threonine pro-
Medicine, Division of Toxicology, Karolinska Institute, Stockholm, Sweden . .
tein phosphatases, it has been proposed that MAPK can also be
Received for publication December 18, 1996. Accepted for publication Novemberactivated through PP2A inhibition (26—28).

19, 1997. . . .

- - ) In the present study we examined whether activation of MAPK
The costs of publication of this article were defrayed in part by the payment of page . . . ..
charges. This article must therefore be hereby maddbrtisementn accordance  Can act as a negative regulator in Fas-mediated apoptosis in T cells.

with 18 U.S.C. Section 1734 solely to indicate this fact. To this end, we used different activators of this pathway, all of
1 This work was supported by the Academy of Finland (Grant 35718), the Sigrid
Jusélius Foundation, the Finnish Cancer Foundation, the Wellcome Trust, the Abo

Akademi University Research Foundation, the Cell Signaling Program of Abo Aka-
demi University, and the Turku Graduate School of Biomedical Sciences (to T.H.).

A poptosis or programmed cell death is an essential mechi6). It is not known how the receptor activity is modulated. There

Abbreviations used in this paper: MAPK, mitogen-activated protein kinase; MKK1,
mitogen-activated protein kinase kinase 1; PP2A, type-2A serine/threonine protein
2 Address correspondence and reprint requests to Dr. John E. Eriksson, Turku Centphosphatase; HMW, high molecular weight; PKC, protein kinase C; cl-A, calyculin
for Biotechnology, P.O.B. 123, FIN-20521 Turku, Finland. E-mail address: A; TPA, tetradecanoyl phorbol acetate; P, propidium iodide; ANPA, apoptotic nuclei
john.eriksson@mail.abo.fi promoting activity; MBP, myelin basic protein; HA, hemagglutinin.
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which act through distinct initial signaling routes, including acti- Analysis of DNA fragmentation

vation through protein kinase C (PKC), receptor-mediated aClVas, getect DNA fragmentation on flow cytometry, purified nuclei were

tion, activation through inhibition of regulatory protein phospha- stained with propidium iodide (PI) and analyzed on a FACScan flow cy-
tases, as well as activation by transfection with constitutivelytometer as previously described (37, 38). Detection of DNA fragmentation

active MKK1. To investigate the temporal aspects of possible miJnte oligonucleosomal DNA fragments by agarose gel electrophoresis was

togen-induced effects on Fas signaling, we made use of the Chapprformed as previously described (39). Detection of HMW DNA frag-
’ ments was performed using field inversion gel electrophoresis (40).

acteristic cellular events of the apoptotic machinery. The earliest R o .
signs of Fas-mediated apoptosis in these cells are cytoskeletal ahssays to determine initiation of apoptotic signaling

teratio.ns and appearance of high m.w. DNA fragment_s (HMW)vThe activation of caspases can be followed using cell-free assay systems
occurring by 30 min after Fas stimulation (5). The activation of (29, 30). In such an assay, cytoplasmic extracts from Fas-stimulated Jurkat
caspases can be followed by using cell-free assay systems and bycells are able to induce characteristic apoptotic DNA fragmentation in

immunoblotting analysis of specific components of the CaspaséSOIatEd nuclei. Hence, activation of caspases is indicated by the presence

e .~ of apoptotic nuclei promoting activity (ANPA) (29). This assay was per-
cascade (29, 30). These initial phases are followed by the termin rmed essentially as previously reported (29). In brief, Jurkat T cells

apoptotic phases, distinguished by the characteristic cleavage @0 x 10° cells/ml) were stimulated with 20 ng/ml anti-human Fas or were
DNA into oligonucleosomal size fragments, occurring 1 to 2 hleft untreated, with or without 15-min preincubation with TPA or cl-A, for
after Fas stimulation (5). By using the above-mentioned cellula80 min at 37°C in RPMI 1640 (10% FCS). The cells were washed twice

. . S -.._with ice-cold RPMI 1640 (without FCS) and resuspended (X 10°
and biochemical markers as a guideline, we were able to posmoge”S/lOMD in buffer A (40 mM g-glycerophosphate, 50 mM NaCl, 2 mM

the inhibition generated by MAPK signaling in the sequence OfMgCIZ, 5 mM EGTA, and 10 mM HEPES, pH 7.0). After three cycles of
processes initiated by activation of the Fas receptor. freezing and thawing, the samples were centrifuged for 30 min at 205000

Our study reveals efficient inhibition of Fas-induced apoptosisd: and the pellets were discarded. The cell lysates were centrifuged for

by all included activators of MAPK. Previous studies have shown2"°ther 30 min at 100,008 g, and the supernatants were retained. Rat
. thymocyte nuclei, prepared as previously described (41), were suspended

that the activation of MAPKs can be achieved through the inter,"hfier B (5 mM MgCl, 2.1 M sucrose, and 50 mM Tris, pH 7.5), with
action of various T cell surface receptors, such as CD2 (31), the final concentration of 4 to & 10° nuclei/ml before use. The reaction
TCR complex (32, 33), CD28 (34), and TGF{35) with their mixture containing 1Qug of the supernatant proteins ands10P nuclei

ligands or agonists. Our findings suggest that MAPKs may providé’vas diluted to a final volume of 30l with buffer A and supplemented with

int fi ircuit for the si | ising f th t an ATP generation system (42). Samples were incubated at 37°C for 60
an integrating circuit 1or the signals arising from these receplorsyy pefore analysis by conventional agarose gel electrophoresis.

which, in turn, would direct the sensitivity of cells to Fas-mediated  Cleavage or processing (and activation) of a specific caspase, caspase-3
apoptosis. This form of modulation is likely to constitute an im- (CPP32), was_assessed using an Ab specific for the p20 subunit of CPP32
portant regulatory signal determining the persistence or termina(Santa Cruz Biotechnology, Inc., Santa Cruz, CA). This was performed by

. . . . sing treated cells in 8 Laemmli sample buffer and resolving the ex-
tion of an immune response and may also explain the failure t racted proteins on 12.5% SDS-PAGE, followed by transfer to a nitrocel-

delete autoreactive and persistently activated T cells in theyjose membrane that was blotted with the caspase-3 p20 Ab. After cou-
periphery. pling to a secondary Ab (Zymed, San Francisco, CA), the proteins were
visualized with the ECL system (Amersham, Arlington Heights, IL).

MAPK activity assays

Materials and Methods Cells (2 X 10°%/sample) were lysed with 40@l of lysis buffer (PBS (pH
Cell culture 7.4), 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM\A@,, 0.1%

The human leukemic T cell line, Jurkat (clone EG-1), was received fromSDSh’ 1 ran EDTA 1 :nM EGTA, 20 mM NaF, 1 mM PMSF, andug/ml
American Type Cell Collection (Rockville, MD). The cells were cultured €aCh of aprotinin, leupeptin, and pepstatin). To immunoprecipitate

in RPMI 1640 medium supplemented with 10% inactivated FCS, 2 mMmMAPKS, cell Iysat_es were cer_]trifuged (3000 g for 15 F“i”)' and the
L-glutamine, 100 U/ml penicillin, and 10@g/ml streptomycin in a humid- supernatant was incubated with an Ab generated against p42 MAPK or

ified incubator with 5% CQin air at 37°C. The cells were kept at a density ERK2 (Transd_uction Laboratories_, I__exington, KY) coupled to protei_n A
of 0.5 t0 1.0% 10%/ml. Sepharose (Sigma). Immunoprecipitates were then washed three times in
Jurkat T cells were incubated at a density ok 2L0° with an agonistic lysis buffer and three times in kinase assay buffer (1.0 mM Tris _(pH 7.4),
anti-human Fas IgM Ab (250 ng/ml; Kamiya Biomedical Co., Thousand 150 mM NaCl, 10 ‘mM ng.‘ and 0.5 mM DTT)' The_klnase reaction was
Oaks, CA) for the indicated periods in the absence or the presence &ong_ctedztéy ahjljt?&r_}_gptozthse '“gm“fnopg‘zgﬂ‘?;qﬂff klnz;se as'ialy bll;ﬁer,
calyculin A (cl-A; 10 nM; LC Laboratories, Beverly, MA), tetradecanoyl- "¢'UdiNg 25w » 2.5 pCi of [y-P] (Amersham, Aylesbury,

. . ) U.K.), and 1 mg/ml myelin basic protein (MBP; Sigma Chemical Co.) as
?zh(;) LZ%?.CeStiZt;;TghAérTZ“OC;NéOLCSI'taEgL?;OH,V?S))' (\mei'gj r:l?),roTr'f AH v/_\\/ere substrate. The reaction was conducted for 15 min at 37°C and was stopped

- : . ddition of 3x Laemmli sample buffer. The samples were resolved on
used, the cells were pretreated with the respective drug for 5 min befor y & ; o A :
adding the Fas Ab. With OKT3 or PHA, the cells were pretreated 30 min 2.5% SDS-PAGE, and MBP phosphorylation was quantified with a Bio-

: Rad phosphorimager (Richmond, CA). In parallel with the immunocom-
before adding the Fas Ab. - . - : o
plex kinase assays, we determined MAPK activation using an Ab specific
for the phosphorylated forms of MAPK (New England Biolabs, Beverley,
. MA). This was performed by lysing treated cells ixx 3aemmli sample
Analysis of cytoskeletal and nuclear morphology buffer and resolving the extracted proteins on SDS-PAGE, followed by

For confocal microscopy, an aliquot of cells was removed and centrifuged(fansfer to a polyvinylidene difluoride membrane that was blotted with the
and the cell pellet was resuspended in PBS and fixed with 3% formaldep.hospho‘MA.PK Ab. After coupling to a_secondary Ab, t_he proteins were
hyde (in PBS) for 1 h ofice. The fixed cells were again washed with PBS V|_suaI|zed with the CDP-Star chemiluminescence reaction (New England
and then left fo 2 h in PBScontaining 0.1% saponin and 200 mU Bodipy B'OI?‘bS)' le of in th . . .
558/68-phalloidin (Molecular Probes, Eugene, OR) at room temperature. The role of MAPK in the observed protection against apoptosis was
After 1 h, 1M Syto-13 (Molecular Probes) was added to the samples. Theconfirmed using the synthetic MKK1 inhibitor PD 098059 (Calbiochem,
cells were washed once with PBS before mounting with Mowiol on cov- La Jolla, CA) (43). In these experiments, cells were incubated for 30 min

erslips and viewed using a Leica TCS40 confocal laser microscope. ek the presence of 2AM PD 098059 before addition of the MAPK-stim-
stain filamentous actin or F-actin for flow cytometry, cells were fixed with ulating agonists.

3% formaldehyde (in PBS) fdl h on ice andhen left for 2 h in 10Qul of Transfection studies

PBS containing 0.1% saponin and 200 mU Bodipy 558/68-phalloidin at

room temperature. The cells were then resuspended in PBS and analyz€ells were transiently transfected by using DEAE-dextran (Pharmacia
on a FACScan flow cytometer (Becton Dickinson, San Jose, CA) as prekLKB, Stockholm, Sweden). Briefly, focells were resuspended in 0.5 ml
viously described (36). of Tris-buffered saline (25 mM Tris-HCI (pH 7.4), 137 mM NaCl, 5 mM
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KCI, 0.7 mM CacC}, 0.5 mM MgCl, and 0.6 mM NaHPQ,) with 1 mg of prevented the decrease in F-actin staining. The percentage of cells
DEAE-dextran and 5@g of plasmid DNA and then incubated for 30 min - showing reduced F-actin-specific fluorescence was somewhat

at room temperature, after which 10 ml of RPMI 1640 containing 0.5 mg ; e ~
of chloroquine diphosphate (Sigma) was added, and the cells were furthe|9Wer than the percentage of events in the subdiploid peak ob

incubated for 1 h. Cells were then washed twice with RPMI 1640 andS€"ved in the flow cytometric analysis of apoptotic nuclei. This is
allowed to rest for 48 h before treatment. The DNA constructs used werg€onsistent with a slight overestimation when using the chromatin-
pPMCL-HA-MKK1-S218E/S222 and pMCL-HA-MKK1-K97 M, encoding  based measurement, as both single nuclei and nuclear fragments
for hemagglutinin (HA)-tagged constitutively active and dominant nega-5re included in the subdiploid peak of nuclear flow cytometry.

tive forms of the MKK1 (44, 45), respectively. Both plasmids were gifts . .
from Natalie Ahn (University of Colorado, Boulder, CO). The pCDNA3- H1owever, both methods show comparable degrees of induction or

CD20 was used for transfection controls (a kind gift from Tomi Makela inhibition, also showing variation in the degree of protection
University of Helsinki, Helsinki, Finland). For detection of transfected against Fas-mediated apoptosis by different agonists (Fiyahd
cells, the cells were collected by centrifugation, resuspended in PBS, ang). The observed increase in F-actin-specific fluorescence in a

fixed on ice for 1 h with 3% formaldehyde in PBS. The cells were then ; R ; ; ;
washed once with PBS and permeabilized with 0.2% Nonidet P-40 (Sigma, raction of PHA tref’ited C.e”S is due to marked clumping of cells in
he presence of this lectin.

for 10 min at room temperature. After washing, cells were incubated for 2 . o -~
at room temperature with 1@g/ml of a monoclonal HA-specific Ab To confirm that the observed inhibitory effects were not specific
(12CA5, Boehringer Mannheim, Mannheim, Germany) in PBS with 1% for Jurkat T cells, we also tested another lymphocyte (SKW 6.4)
BSA. Cells were then washed once with PBS and incubated further for 1 iy o macrophage (U937) cell line. Pretreatment of SKW 6.4 and

at room temperature with fluorescein-conjugated anti-mouse secondary - f "
and 10ug/ml Hoechst (Molecular Probes) in PBS with 1% BSA. Cells 937 cells with either TPA or cl-A before addition of Fas Ab was

were mounted in 50% glycerol and viewed under a Leica RMB epifluo-€qually efficient in inhibiting Fas-mediated apoptosis as in Jurkat
rescence microscope. CD20 was detected by incubating live cellg(100 T cells (data not shown).

107 cells/ml) with 5 ul of a fluorescein-conjugated CD20 mouse mAb

(Becton Dickinson) and 1@wg/ml Hoechst in PBS with 1% BSA for 30

min at 4°C in dark. Fas-mediated apoptosis can be inhibited during the initial

phases of the signaling machinery

R_esu”_s . L . L We used various biochemical markers to assess whether inhibition
Ml;tlogenlc stimuli inhibit Fas-mediated apoptosis in Jurkat T of Fas-mediated apoptosis occurred at the initial or late phases of
cells

Fas signaling. As cl-A and TPA were the most efficient in inhib-
To study whether mitogenic and/or activating stimuli could affectiting the Fas-generated signal, most assays are exemplified with
the rate of apoptosis in Fas-stimulated cells, we used four differendata from experiments with these two compounds. To determine
approaches to stimulate Jurkat T cells. The lectin, PHA, and thevhether all DNA fragmentation could be inhibited, cells were in-
agonistic Ab, OKT3, were used to induce T cell activation. PHA cubated for 2 h, and the induction of apoptotic chromatin cleavage
operates through polyclonal activation by ligating various cell sur-into HMW and oligonucleosome-sized DNA fragments was mea-
face receptors (46), and OKT3 activates CD3 of the TCR complexsured by conventional and field inversion agarose gel electrophore-
(32). Furthermore, we used two modifiers of mitogenic signalingsis. Stimulation of the Fas receptor promoted rapid DNA fragmen-
pathways, the phorbol ester TPA, which activates PKC (24), andation in the Jurkat T cells, as indicated by agarose gel
cl-A, a type 1 and type 2A protein phosphatase inhibitor. Flowelectrophoresis that could be repressed by preincubation with cl-A
cytometric analysis of nuclei from Fas-stimulated Jurkat T cellsor TPA (Fig. 2A), which is preceded by the formation of HMW
incubated in the presence or the absence of the activating suldNA fragments (5, 40). Our data clearly show that pretreatment
stances was used to assess the degree of apoptosis. DNA fragmevith TPA or cl-A inhibits Fas-induced formation of HMW DNA
tation can be measured by flow cytometric analysis of isolatedragments (Fig. 2B These biochemical analyses of DNA frag-
nuclei stained with a suitable DNA-specific fluorochrome, sincementation confirm both qualitatively and quantitatively the results
apoptotic nuclei will show a lower DNA content due to leakage of obtained with the flow cytometric analysis of apoptotic nuclei
nucleosome-sized DNA fragments from the nuclei (31). Before(Fig. 1A).
addition of the Fas Ab (250 ng/ml), we incubated Jurkat T cells for One of the characteristic early signs of Fas-mediated apoptosis
30 min with 20ug/ml PHA or 1ug/ml of OKT3 or for 5 min with  is membrane blebbing together with simultaneous cytoskeletal al-
either 10 nM cl-A or 20 nM TPA. After 2 h, the number of apo- terations, both of which occur simultaneously with the formation
ptotic cells was determined by PI staining and flow cytometricof HMW fragments (5). To analyze in detail whether the chromatin
analysis. Ligation of the Fas receptor with the agonistic Ab pro-and cytoskeletal organization remained intact in Fas-stimulated
moted rapid apoptosis in the cells, as indicated by a large subdipeells incubated in the presence of TPA or cl-A, we used confocal
loid peak on the flow cytometric histogram, the events of whichmicroscopy of cells double labeled with the DNA-specific fluoro-
represent apoptotic nuclei and nuclear fragments (F49. Two chrome Syto-13 and the F-actin-specific fluorochrome Bodipy
hours after addition of the Ab, approximately 50 to 65% of the 558/568-conjugated phalloidin. Confocal microscopy showed con-
cells were apoptotic, and most of the apoptotic cells appeared to hteol cells with normal morphology and characteristic chromatin-
recruited from the G1 phase of the cell cycle (Fig)1W contrast, and F-actin-specific fluorescence patterns (Fig. 3), whereas cells
when the cells were preincubated in the presence of the activatingeated with the Fas Ab showed markedly condensed and disinte-
substances, Fas-mediated apoptosis could be inhibited to a varialdeated nuclei and abolished staining of F-actin (Fig. 3), indicating
degree by all these treatments (Fid\)1 disruption of cytoskeletal structure and appearance of apoptotic
The organization of microfilaments is affected sensitively in nuclear bodies. Cells pretreated with TPA or cl-A showed no al-
cells undergoing apoptosis (36). To confirm the results obtained oterations in the nuclear morphology or F-actin staining patterns
DNA fragmentation, we used the disruption of F-actin organiza-(Fig. 3) compared with control cells. These results further verify
tion, measured as F-actin-specific fluorescence from Bodipy 558he flow cytometric analysis of F-actin-specific fluorescence
568-conjugated phalloidin, as a marker of apoptosis (FB). 1 (Fig. 1B).
While flow cytometric measurements of F-actin-specific fluores- The formation of ANPA in Fas-stimulated cells has been shown
cence showed a clear decrease in F-actin staining after treatmetat involve activation of both serine and caspase activities, which
with Fas Ab (Fig. 1B, pretreatment with all activating substances are manifested as proteolysis-mediated nuclear chromatin cleavage
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FIGURE 1. Effects of mitogenic agents on Fas-mediated apoptosis in Jurkat T cells. Fragmentation oAD&iAl (microfilament disassemblB) were

used as indicators for the presence of apoptotic cells following stimulation of the Fas receptor with an agonistic Ab. Cells were cultured for 2 h with medlum

alone @) and in the presence of Fas Ab (250 ng/b)l; TPA (20 nM) plus Fas Abd), cl-A (10 nM) plus Fas Abd), PHA (20 ng/ml) plus Fas Ab €),
or OKT3 (1 ng/ml) plus Fas Ab f). After 2 h, aliquots of cells were stained with a hypotonic Pl solution, and the proportion of apoptotic nuclei was
determined using a FACScan flow cytometa).(Arrows indicate the percentage of cells in the subdiploid peak, which is characteristic of apoptotic cells.
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Parallel aliquots of cells were stained with Bodipy 558/568-conjugated phalloidin, and the degree of Fas-induced microfilament disassembly was quantified

by flow cytometry B). The increased amount of cells with high Bodipy 558/568 fluoresceneefrpanelB is due to clumping of cells caused by the
PHA treatment.

in the reconstituted in vitro apoptosis assay system (29). Pretreat- One of the caspases activated during apoptosis is caspase-3/
ment of Jurkat T cells with TPA or cl-A inhibited the formation of CPP32 (10). The 32-kDa precursor protein is, via an intermediate
ANPA and subsequently the activation of DNA cleavage into oli- step, cleaved into two subunits of 12 and 17 kDa, respectively (10),
gonucleosomal length fragments in isolated nuclei (Fidades 3~ and it has been shown that caspase-3 is rapidly cleaved and acti-
and6). To rule out the nonspecific effect of TPA or cl-A on ANPA vated in Fas-treated cells (10). This activation occurs within 15
per se, both compounds were added to cells after 1-h treatmemtin after cross-linking of the Fas receptor and has been considered
with the Fas Ab, when the onset of apoptosis was clearly detectto constitute one of the earliest phases in apoptotic induction (10).
able. The cell lysates derived from these cells remained active iThe effect of mitogenic stimuli on the Fas-induced cleavage of
causing DNA fragmentation in isolated rat thymocyte nuclei (Fig. caspase-3 was assayed by immunoblotting with a caspase-3-spe-
4, lanes 4and7), thus ruling out any inhibitory effects of TPA and cific Ab, using cell samples treated in the presence and the absence
cl-A on ANPA itself. Taken together, our results indicate that theseof mitogenic agents. As shown in Figure 5, the Ab recognized the
compounds inhibit activation of proteases that have been estalzaspase-3 proform in the control samples, which disappeared in
lished as crucial mediators of Fas-mediated apoptosis (8—1(sas-treated samples but was retained in samples pretreated with
29, 30). the mitogenic agents (Fig. 5), indicating mitogen-induced arrest of
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FIGURE 3. Inhibition of Fas-induced alterations of cytoskeletal mor-
phology and nuclear organization. Confocal laser scanning micrographs of
Jurkat T cells incubated f@ h asindicated in Figure 1 with medium alone
(a), Fas Ab p), TPA plus Fas Ab¢), and cl-A plus Fas Abd). Cells were
stained for F-actin with Bodipy-conjugated phalloidin (signal shown in
FIGURE 2. Effect of mitogenic stimuli on Fas-mediated chromatin green), and DNA was stained with Syto-13 (signal shown in red)=B&um.
fragmentation in Jurkat T cells. The formation of oligonucleosordgl (

and HMW (B) DNA fragments in Fas-stimulated cells was studied by

agarose gel electrophoresis. Cells were incubated as indicated in Figure 1. . . .
After 2 h, aliquots of cells were taken and processed for one-stsigend apoptosis by these different agents corresponded well with the

field-inversion B) agarose gel electrophoresis, respectively. I7ev:I ofdMCA)\PK activation induced by the respective activator (Fig.
,AandC).

To further corroborate the factual involvement of MAPK sig-
the caspase-3 activation. The Ab used, which is specific for th@aling in the observed protective effects, we used a specific inhib-
20-kDa intermediate form of p17 (10), could not detect the p12 andtor of the MAPK pathway, PD 098059 (43). The protective effect
p17 subunits of activated caspase-3. on Fas-mediated apoptosis of all included MAPK activators, ex-

o ) . cept for cl-A, could be abolished by preincubation of the cells with
MAPK activation in Jgrkat T cells gorrelates with the relative PD 098059 (Fig. 7R Correspondingly, PD 098059 was effective
inhibition of Fas-mediated apoptosis in inhibiting MAPK activation by all agonists used, except that
As the MAPK pathway mediates stimulation of cell proliferation induced by cl-A (Fig. D). However, the inhibitor did not reduce
and has been suggested to be a negative regulator of apoptosis (2de basal level of MAPK activity in control cells, as the action of
22), we examined whether the observed inhibition of a normal Fashis synthetic inhibitor of the MAPK pathway is based upon inhi-
response in Jurkat T cells could be a consequence of MAPK adhition of the Raf-mediated activation of MKK1 rather than direct
tivation. MAPK activation can be attained both by physiologic inhibition of MAPK (43). The inhibitor was not effective against
stimuli and by using modifiers of kinase/phosphatase activitiescl-A as the cl-A-induced MAPK activity presumably arises from
Receptor-stimulating agents, such as OKT3 and PHA (32, 33)direct activation of MAPK through inhibition of MAPK- and
PKC-activating compounds, for example TPA (24); and proteinMKK1-specific PP2A activities.
phosphatase inhibitors, such as cl-A (26), have all been reported to To investigate whether the MAPK-generated inhibitory effect on
induce MAPK activation (26, 32, 33). To determine whether theseFas-mediated apoptosis requires production of newly synthesized
agents were able to activate MAPK in Jurkat T cells, we assayegroteins, we examined whether cycloheximide would abolish or
the cells for MAPK activity using an immunocomplex assay (Fig. restrict this effect. No effect could be observed by cycloheximide
6). The immunocomplex assay showed a clear increase in MAPKas cells pretreated with any of the included activators were equally
activation after treatment with the respective stimuli, as deterinsensitive to Fas in both the presence and the absence of cyclo-
mined by MBP phosphorylation (Fig. 6). heximide (Fig. E). Cycloheximide by itself had no effect on the

To correlate the different degree of MAPK induction with the viability of the cells.

inhibition of Fas-mediated apoptosis in Jurkat T cells, we used The dose response of PD 098059 was also assessed on cells
concurrent treatments with PHA, the OKT3 Ab, cl-A, and TPA, all incubated with TPA followed by subsequent stimulation with the
added before addition of the Fas Ab, followed by collection of Fas-specific Ab. Cells were incubated for 30 min in the presence
parallel samples for flow cytometric analysis of apoptotic cells andof increasing concentrations of PD 098059 before TPA was added.
MAPK activity measurements. While both receptor agonists, inThe half-maximal inhibition of TPA-generated protection occurred
accordance with previous studies (32, 33), were able to stimulatat approximately 2uM (Fig. 8A), which corresponded well with
MAPK activities, OKT3 was clearly the more efficient of the two the half-maximal inhibition of MAPK activity generated by PD
(Figs. 6 and 7). CI-A and TPA were more efficient than the recep-098059 (Fig. 8B. When all measured MAPK activities, analyzed
tor agonists in activating MAPK (Figs. 6 and 7). The inhibition of in the presence or the absence of the various activating agents,
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FIGURE 6. Activation of MAPK in Jurkat T cells. MAPK activation in

cell extracts from Jurkat T cells was determined by an immunocomplex
kinase assay. Cells were treated as described in Figure 1. A representative
autoradiograph of the immunocomplex kinase assay is shown.
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whereas TPA-induced phosphorylation could be seen on both p44
(ERK1) and p42 MAPK, although in this case also, p42 MAPK
was the predominantly phosphorylated form (Fig)9Upon long
exposure of the Western blots, a faint basal p42 MAPK phosphor-
ylation could be observed in samples from control cells (data not
shown). As the cl-A-induced MAPK activation was at least as
FIGURE 4. Inhibition of the formation of ANPA in Fas-stimulated efficient as that induced by TPA, p42 MAPK kinase appears to be
Jurkat T cells. The figure shows DNA from isolated rat thymocyte nucleithe predominant kinase in the observed activity increases. The ac-
following separation by agarose gel electrophoresis and staining wittivation kinetics of MAPK (Fig. 9G by cl-A and TPA, respec-
ethidium bromide. The thymocyte nuclei were incubated for 60 min attively, was distinct as determined by the immunocomplex assay
37°C with cytoplasmic extracts from cells treated according to the follow- (Fig. 9C). CI-A-induced activities peaked at 15 min after addition
i(r|1g ch)emel:l control Cz”iz’(ge 1ZhCTe'2; tfreatsed Y"“S tfhe Ftas Atb fortGQt?itr; of the drug, while TPA-induced activation had still not leveled at

ane 2), cells preincubated wi or 5 min before treatment with the . . : .
Fas Ab for 60 min kane 3), cells treated with the Fas Ab for 60 min before 30 mlp. As mentlon.ed prevpusly, the Fa.ls. Ab aloqe showed, in-
incubation with TPA for 5 minlane 4), cells treated with TPA for 60 min terestingly, a small I.ncre.ase n MAPK activities, Whlch cou_ld also
(lane 5), cells preincubated with cl-A for 5 min before treatment with the bg detec_ted as a minor increase in the ph_OSD_horylatlon S|gnal_ ob-
Fas Ab for 60 min kane 6), cells treated with the Fas Ab for 60 min before tained with the phospho-MAPK Ab. The kinetics of MAPK acti-
incubation with cl-A for 5 min (ane 7), cells treated with cl-A for 60 min ~ vation induced by the Fas Ab together with TPA or cl-A was
(lane 8), and nuclei aloneléne 9). Similar inhibition of the formation of  different from the kinetics observed with cl-A or TPA alone. There
ANPA was obtained with PHA and OKT-3 (results not shown; see Fig. 5).appeared to be a synergistic effect on MAPK activation when cells
were incubated in the presence of both cl-A and Fas.

were plotted against the degree of apoptosis, a close negative catonstitutively active MKK1 rescues Jurkat T cells from Fas-
relation was obtained between the degree of apoptosis and thfediated apoptosis

level of MAPK activity (Fig. &). To get further evidence that the above-described effects all relate to

Possible interactions between Fas-mediated signaling and the signaling by the MAPK cascade, we performed transient transfec-
MAPK cascade tion experiments with the constitutively active and dominant neg-

To further analyze the MAPK-generated effects, we determinecftive forms of MKK1. While expression of the dominant negative
which form of MAPK was predominant in the observed MAPK orm of MKK1 (K97 M) did not interfere with Fas-mediated ap-

L o A optosis in Jurkat T cells, cells expressing the constitutively active
activities and also assayed the activation kinetics in the presencr%ﬁm of MKK1 (S18E-S222D) were effectively protected (Fig. 10)
and the absence of agonistic Fas Abs. The level of activating phos|= o

. hese results give convincing evidence in support of the assump-
phorylation on MAPK was assessed by means of a phospho: g 9 bp P

MAPK-specific Ab. Using the two agents that were most efficienttion that activation of MAPK in Jurkat T cells inhibits Fas-induced
. - o . apoptosis and show, furthermore, that the MAPK pathway is not
in MAPK activation, we observed that cl-A induced a marked poptosi W, 1u pathway 1

phosphorylation of p42 MAPK (also referred to as ERK2), required for induction of Fas-mediated apoptosis.

Discussion

Lo A E The evolutionary conserved cell death machinery appears to be
T Q composed of several distinct parts, including activators, inhibitors,

= E L:_g :L,a L'Lg Ij_g gno_l effectors (47). Recent adva_nces concerning the ng re_ceptor

‘5‘ £ & -E £ & indicate that a cascade of cysteine proteases, all of which display

O & & & & homology to the prototype proteases ICE, CPP32, and Ich-1, are
responsible for a number of important activator and effector func-

30kDa- SN dnaem g - CPP32 tions (for review, see Refs. 8 and 9). Specific adapter proteins

o _ ~ associated with the death-inducing signaling complex (48) are re-
FIGURE 5. Inhibition of Fas-mediated CPP32 cleavage by MAPK-in- ghonsible for conveying the Fas receptor signal to the effector ma-
ducing agents. The cleavage of CPP32 was followed by Western b"’“'”%hinery (49, 50). Although this signaling and effector cascade has

with a CPP32-specific Ab. The Jurkat T cells were treated as indicated in . . : . .
Figure 1. The signal obtained with the CPP32-specific Ab represents th(le)een well established, very little is known about how this machin-

inactive proform of CPP32. The dissipation of the proform indicates acti-S'Y can be modu!ated O_r suppressed durlng dlfferent stages of de-
vation of the protease. Equal loading was confirmed by densitometric mea/€lopment and differentiation. The results in this study present a
surement of the Coomassie blue-stained protein bands remaining on the glausible instrument that could be responsible for determining the
after electrotransfer. A representative immunoblot from three experiment9utcome of a Fas-generated signal. The involvement of one of the
is shown. major signaling cascades, the MAPK cascade, is indicated in the
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FIGURE 7. The inhibition of Fas-mediated 2

apoptosis corresponds to the degree of MAPK < 104

activation and is independent of protein syn- 0

thesis. The MAPK-stimulating effect was re-
lated to the degree of apoptosis inhibition.
Cells were preincubated for 5 min with TPA or
cl-A and for 30 min with PHA or OKT3 before
incubation with Fas Ab. The relative amount PD 098059
of apoptotic cells after 2 h was measured by
flow cytometry @) and compared with the de-
gree of MAPK activation after a 30-min treat-
ment with the indicated compound€). The
inhibition of Fas-mediated apoptosis by
MAPK-activating agonists could be abolished
by the MKK1-specific inhibitor PD 098059. A
comparison of the inhibition of Fas-mediated
apoptosis by different MAPK-activating drugs
and agonists when cells were preincubated for

TPA+anti-Fas
cl-A+anti-Fas
PHA+anti-Fas
TPA+anti-Fas
cl-A+anti-Fas
PHA+anti-Fas

OKT3+anti-Fas
OKT3+anti-Fas
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Relative MAPK activity
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I 3 b iy < had B < < o
30 min with 20 uM PD 098059 is shown in £ £ B s £ ’g % E 5 T %
graphB. Otherwise, cells were treated as de- °© 5 ot -
PD 098059

scribed above. The induction of apoptosis in
the presence of PD 098059 was compared with
the degree of MAPK activation in these sam-
ples O). To assess whether the observed in-
hibition of Fas-mediated apoptosis is depen- E
dent on protein synthesis, cycloheximide was
added to a final concentration of 1081 5 min
before addition of the MAPK-activating drugs
and agonistsi). Otherwise, cells were treated
as described above. The data represent mean
values (meant SEM) from a minimum of
three separate experiments.

Apoptotic cells (%)

Controf
anti-Fas
TPA+anti-Fas
cl-A+anti-Fas
PHA+anti-Fas
OKT3+anti-Fas

Cycloheximide

suppression of Fas-mediated signals. It has been suggested thiidie cl-A-induced activation of MAPK acts downstream of PD
MAPKs are key factors in promoting cell survival and inhibiting 098059-sensitive PKC-generated signals, presumably via inhi-
apoptosis. According to this scheme, lack of growth stimulationbition of MKK1/MAPK-directed PP2A activities (26—28). As
through this signaling cascade results in apoptosis (21). Our studyl-A is at least as efficient as TPA in activating MAPK and
suggests that MAPKs play a central role in regulating the onset ofnhibiting the Fas response, PKC-induced MAPK activation ap-
apoptosis by intervening with a death signal from a specific apoppears to be the significant part of the TPA-evoked inhibition,

tosis-promoting receptor. not the PKC activation per se. The physiologic T cell activators
Fas-mediated apoptosis can be inhibited by MAPK activation ~Were not as efficient in activating MAPK as TPA and cl-A;
through different induction routes consequently, they were less efficient in inhibiting apoptosis.

- This is plausible, as PHA and the OKT3 Ab are not likely to
Although the activating agents used operate through completel S
. P ) . nduce full activation of TCR complexes and may also generate
different initial signaling entities, they were able to render a pro-

tection against Fas-mediated apoptosis, which was proportionzﬁIgnallng resulting in ”ega“‘"? fegdback on MAPK. In our assay
to their induction of MAPK activity. These results imply that SYStem, a twofold MAPK activation seemed to be an approxi-
MAPK activation was efficient in inhibiting Fas-mediated apo- mate threshold level to significantly protect against Fas-medi-
ptosis regardless of the signaling route used to activate thi§t€d apoptosis. A previous study indicated that Ras activation
pathway. Both PKC activation and phosphatase inhibitor-in-would be required for Fas-induced apoptosis (52). This result is
duced MAPK activation reduced the number of apoptotic cellsseemingly contradictory, as activation of Ras is generally as-
after Fas stimulation almost to control levels. A number of stud-sociated with MAPK activation. While the role of Ras in Fas-

ies have argued for a modulating function for PKC, since TPAmediated signaling is insufficiently characterized, Fas-induced
has conferred Fas resistance to T cells (9, 51), and PKC inhibRas activation is presumably different from that induced by
itors have sensitized certain cells to Fas-mediated apoptosis (6)eceptor tyrosine kinase activation. The specificity for either
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FIGURE 9. The kinetics of MAPK activation in Jurkat T cells. MAPK
activation was followed in cell extracts incubated with medium alone; in

C the presence of anti-Fas, TPA, and cl-A; as well as with anti-Fas in com-
© B0A bination with TPA or cl-A (5-min preincubation with both compounds
3 followed by 30 min in the presence of anti-Fas). The activation was mea-
‘:7; 40 sured by immunoblotting using a phospho-MAPK-specific A) ér was
= determined using an immunocomplex kinase as&)y A representative
8 304 auto_radiograph of the_ immun_ocomp_lex kinase assay is sh@&ynand _
S multiple samples at different time points were quantified by phosphorim-
B 204 ager analysis). The data represent mean values (meaSEM) from a
g minimum of three separate experiments.
<
10
J ; : A : MAPK activation. Consequently, cl-A protected against Fas-me-
Relative MAPK activit diated apoptosis even in the presence of the inhibitor. The failure
ity

of PD 098059 to inhibit cl-A-induced MAPK activation is likely to

FIGURE 8. Dose-response of the PD 098059-induced reversal of TPA-P€ due to the fact that it inhibits MAPK activation by interfering
generated protection against Fas-mediated apoptosis. There is a close c¥fith the Raf-generated activation of MKK1 (43). Hence, it does
relation between the reduction in the number of apoptotic cells and MAPKNot abolish the cl-A-induced MAPK activation attributable to in-
activity when the effects on the amount of apoptotic cely énd MAPK hibition of PP2A activities directly regulating either MKK1 or
activity (B) were studied. Cells were pretreated with 0.1, 1, 10, op®D ~ MAPK. In accordance with previous studies (43), PD 098059 in-
PD 098059 before addition of TPA and anti-Fas. The relative amount ofhjbjts MKK1-generated activation of MAPK but does not affect
apoptotic cells, as measured by flow cytomeiy, (after the above-men-  the pasal level of MAPK activity. Accordingly, it did not sensitize
tioned treatments was compared with the degree of MAPK activation afte{he cells to Fas-mediated apoptosis. The final evidence establishing
a 30-min treatment with the indicated compoun8y. (An equally good involvement of the MAPK cascade in the observed inhibitory ef-

correlation between MAPK activity and inhibition of apoptosis was ob- btained b . fecti ith itutivel
tained when the combined data from all MAPK assays was plotted againJPCtS was obtained by transient transfections with constitutively

the percentage of apoptotic cells among correspondingly treated €glls ( active forms of MKK1, Showing almost Complete i‘nhibition of Fas
receptor signaling. Interestingly, transfections with the dominant

negative form of MKK1 had no effect on Fas-induced apoptosis,
inducing apoptosis or cell growth is likely to be generated bywhich implies that the small increase in MAPK activity upon Fas
accompanying signals. receptor stimulation observed in our and in a previous study (52)
The specific involvement of MKK1-MAPK in the observed in- is without significance in activation of the apoptotic effector
hibition of apoptosis was confirmed using the MKK1 inhibitor PD machinery.
098059 (43), which abolished both MAPK activation and the ap- In the MAPK cascade, MAPKs are usually the effector kinases,
optosis-inhibiting effects of TPA, PHA, and OKT-3, respectively. regulating a vast number of signaling, regulatory, and transcription
This compound was not effective in inhibiting cl-A-induced factor proteins (28). However, although MAPKs on the basis of
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MKK1(S218E-S222D)

Hoechst

FIGURE 10. Inhibition of Fas-mediated apoptosis
by constitutively active, but not dominant negative,
MKK1. Representative immunofluorescence micro-
graphs A) of cells transfected with dominant negative
(K97 M) and constitutively active (S218E-S222D)
constructs of MKK1, and incubated in the presence of
anti-Fas for 2 h. The pCDNA3-CD20 construct was
used for transfection control. Nuclear alterations were
visualized by Hoechst staininguper pane), and
transfected cells were detected by FITC immunofluo-
rescence of HA or the CD20 receptdo\er pane).

The nuclei of apoptotic cells are fragmented into ap-
optotic bodies with intense Hoechst staining, whereas
live cells show a uniform and more dim staining. The
arrows point at transfected cells, as detected by the

FITC

70
CD20 and the HA-specific Abs, respectively. The per- B
centage of apoptosis in transfected cells after Fas treat- e B e ey SRS e e E
&
ment was counted). The data are the mean value ( ~
range of values) from at least five independent exper- % 507 - e
iments. The total number of transfected cells counted J7 T QUEDERRRER - EER 0 e L
is indicated within each bar. 2
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+ anti-Fas

previous experience may be more likely as effector signaling pro- The mitogen-induced effect is almost immediate, and it inter-
teins, our assays do not allow us to distinguish whether the Fagsupts the first steps of the effector cascade. In light of these results,
inhibitory signal arises from MAPKSs directly or possibly from itis unlikely that the effect could be generated through synthesis of
MKKZ1. The latter kinase has, independently of MAPKs, beenan apoptosis-inhibiting protein(s). This assumption was confirmed
shown to phosphorylate SOS (53); therefore, this route possiblypy the results showing that cycloheximide did not abrogate the
has to be taken into account. MAPK-generated protection. Furthermore, the transcription of im-

] o o mediate early genes in Jurkat T cells commences only 30 to 60 min
MAP_K signals geqerate inhibition at the initial phases of Fas- following activation of MAPK-stimulating pathways, as indicated
mediated apoptosis by elevated DNA-binding activity of activator protein-1 (data not
In MAPK-activated cells, the inhibiting effect was not only seen at shown).
the terminal stages but also in the early features of apoptosis, in- . )
cluding the appearance of HMW fragments, and cytoskeletal lePOSSiPIe interactions between MAPK and Fas-generated
sions were inhibited. Furthermore, the formation of ANPA WaSS|gnaI|ng
completely suppressed in MAPK-activated cells as well as the prointerestingly, the MAPK activation kinetics in the presence of the
cessing of caspase-3. As these events can be detected 15 to 30 rias Ab together with either compound seemed in both cases to be
after Fas stimulation, the elevated MAPK activity must intervenedifferent from the activation kinetics observed when cells were
at the initial phases of the Fas-mediated signal. As the processinigcubated with the respective compounds alone. Furthermore,
of caspase-3 and elevated ANPA essentially represent initiation ahere seemed to be some degree of synergism when cells were
the major effector machinery in Fas-mediated cell death, thestimulated with the agonistic Fas Ab in combination with a mito-
MAPK-induced intervention is likely to occur upstream from these genic stimulus. Hence, not only does the MAPK pathway affect
proteases. However, this experimental setup does not allow us teas-mediated signaling, but there also seems to be cross-talk be-
conclude whether the signal obstruction is proximal or distal to theween the two signaling pathways. We observed a small, but sig-
receptor-associated protease caspase-8, as this protease is activatéidant, MAPK activity increase in Fas-stimulated cells, which
almost instantly upon Fas ligation (49, 50). gives further evidence of an interaction between the two signaling
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pathways. Our data indicate a preferential involvement of the p42ised in combination with the agonistic Fas antibody. Fas respon-
MAPK in the observed MAPK activities. This is in agreement with siveness could also be modulated through the actions of various
a number of studies showing that p42 MAPK would be the pre-MAPK-inducing cytokines. This type of modulation could explain
dominantly active MAPK form in cell lines with B or T cell the protective effects of TGB-against Fas-mediated apoptosis,
characteristics (26). which has been suggested to be important for the generation of
effector and/or long-lived memory T cells (52).

Apart from T cells, the MAPK-induced suppression of the Fas
response could be important in other cells expressing the Fas re-
In view of the remarkably wide role the MAPKSs play in cell reg- ceptor. Furthermore, it has even been shown that some tumor cell
ulation, specifying not only cell fate, but also many cellular func- lines respond to Fas receptor stimulation by accelerated cell
tions in fully differentiated cells, it is not surprising that MAPKs growth (17, 18). The MAPK pathway is a possible candidate to
have been shown to be of crucial importance also in T cell-specifigenerate these kinds of variable responses to Fas receptor

Possible roles of the MAPK pathway in the regulation of Fas
signaling

functions. Several regulatory factors involved in T cell activation stimulation.

and growth regulation are able to activate the MAPK cascade.

Evidence is accumulating that the TCR complex with its aSSOCi-ACknOWIedgments

ated coreceptors activate this signaling pathway. CD2 (31), CD
(33), and CD28 (34) have been shown to activate MAPK. Inter-
estingly, a recent study shows that preincubation with PHA an

%Ne thank Natalie Ahn (University of Colorado, Boulder, CO) and Tomi
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f the MKK1 plasmids and the CD20 plasmid, respectively. We also thank

TGF'B inhibits rea.ctivation.-in.duc.ed and Fas-mediated apoptosigonn Kyriakis (Massachusetts General Hospital and Harvard Medical
in T cells (54). This study is in line with the data of the present school, Boston, MA) for helpful discussions, and Péivi Koskinen and Ol
study, since PHA (33) and TGB+(35) are also known to induce Lassila (University of Turku, Turku, Finland) for critical comments on the

MAPK activation. Consequently, the TGBinduced protection
against Fas-mediated apoptosis observed by Cerwenka and co-

manuscript.

workers (54) may have been a result of MAPK activation. TheReferences

results in our study are also supported by the previous observation
that TNF- and Fas-mediated apoptosis could be suppressed by
sphingosine 1-phosphate-induced MAPK activation (20).

The Fas receptor has been established as especially important in
peripheral T cell selection (55, 56). It has been indicated that pe-2.
ripheral T cells undergo apoptosis by two distinct mechanisms, one
that is Fas independent and sensitive to the expression of bcl-x.
protein and bcl-2 protein, and the other that is Fas dependent and
insensitive to bcl-x protein and bcl-2 protein (57, 58). As the
MAPK pathway is obviously potent in inhibiting Fas-mediated
signaling, a possible role for the MAPK pathway in this scheme
would be to function as an integrating circuit for various incoming
signals to determine whether the cell should undergo apoptosis or
generate a different type of response. A sufficient activation by &
combined MAPK-targeted stimuli, induced either by the TCR and
its associated components or by various cytokines, would result in7.
rescue of the Fas-sensitive cells. The duration and efficacy of the
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the intensity and/or combination of stimuli. An important role for
this type of protection would be during T cell activation. It has
been established that activated T cells are terminated by Fas-me-
diated apoptosis that is triggered by autocrine production of thé®:
Fas ligand (59-61). However, this activation-induced apoptosis
occurs several days after the activation, although the expression of.
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on the one hand, that agonistic Fas Abs can cooperate with suB4:
optimal concentrations of TCR/CD3-specific Abs to induce mito-
genic stimulation (63, 64) and, on the other hand, that T cells from
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explain the unresponsiveness of activated T cells to Fas ligand
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possible synergistic effects of the Fas receptor and the TCR. The
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be cross-talk between the two signaling systems and even somé&
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