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Abstract. 

 

Ligation of major histocompatability com-
plex class I (MHC-I) molecules expressed on T cells 
leads to both growth arrest and apoptosis. The aim of 
the current study was to investigate the intracellular 
signal pathways that mediate these effects.

MHC-I ligation of human Jurkat T cells induced a 
morphologically distinct form of apoptosis within 6 h. A 
specific caspase inhibitor, which inhibited Fas-induced 
apoptosis, did not affect apoptosis induced by MHC-I 
ligation. Furthermore, MHC-I–induced apoptosis did 
not involve cleavage and activation of the poly(ADP-
ribose) polymerase (PARP) endonuclease or degrada-
tion of genomic DNA into the typical fragmentation 
ladder, both prominent events of Fas-induced apop-
tosis. These results suggest that MHC-I ligation of Jur-
kat T cells induce apoptosis through a signal pathway 
distinct from the Fas molecule.

In our search for other signal pathways leading to 
apoptosis, we found that the regulatory 85-kD subunit 
of the phosphoinositide-3 kinase (PI-3) kinase was ty-
rosine phosphorylated after ligation of MHC-I and the 
PI-3 kinase inhibitor wortmannin selectively blocked 
MHC-I–, but not Fas-induced, apoptosis. As the c-Jun 

 

NH

 

2

 

-terminal kinase (JNK) can be activated by PI-3 ki-
nase activity, and has been shown to be involved in 
apoptosis of lymphocytes, we examined JNK activation 
after MHC-I ligation. Strong JNK activity was observed 
after MHC-I ligation and the activity was completely 
blocked by wortmannin. Inhibition of JNK activity, by 
transfecting cells with a dominant-negative JNKK–
MKK4 construct, led to a strong reduction of apoptosis 
after MHC-I ligation. These results suggest a critical 
engagement of PI-3 kinase–induced JNK activity in 
apoptosis induced by MHC-I ligation.

 

A

 

poptosis 

 

is an active form of cell death associated
with certain characteristic morphological changes
of the cell. These include cell shrinkage, condensa-

tion of chromatin, and usually, but not always, fragmenta-
tion of genomic DNA into specific oligonucleosomal frag-
ments, also referred to as apoptotic DNA ladder (21). In
addition, a morphologically distinct form of apoptosis has
been described in germinal centers, thymocyte suspen-
sions, and certain tumors with characteristic features of
type B dark cells (7, 34). The condensed chromatin in
these cells is not smoothly redistributed into the character-
istic eye seen in the nucleus of classical apoptosis; the cyto-
plasm is darkened and the mitochondria and endoplas-
matic reticulum tend to be swollen (7, 34).

The mammalian interleukin-1

 

b

 

–convertase enzyme (ICE)

 

1

 

protease family (caspases) are known to be critically in-
volved in Fas- and tumor necrosis factor 

 

a

 

–induced apop-
tosis (12). All caspases share two features: (

 

a

 

) they are
synthesized as proenzymes and they are activated by
cleavage at specific aspartate residues, and (

 

b

 

) both have
the same consensus sequence as their own protease activ-
ity (14). Thus, the caspases are presumed to be regulated
within a hierarchy of auto- and 

 

trans

 

-cleavage. In Fas-
mediated apoptosis, a sequential activation of caspase 1
(ICE) and caspase 3 (CPP32) has been demonstrated (13).
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b
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2
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Recent evidence suggests that one subfamily of caspases
(inhibitable by YVAD pseudo-substrate) works proxi-
mally in Fas-induced apoptosis, leading to release of cyto-
chrome C and other factors from the mitochondria. The
initially activated caspases, together with the released fac-
tors from the mitochondria, activate the effector caspases
(inhibitable by DEVD pseudo-substrate) by a mechanism
that is not well defined (22). One of the targets of the effec-
tor caspases is the nuclear enzyme poly(ADP-ribose) poly-
merase (PARP) involved in DNA damage sensing. PARP
activity is thought to be critical for apoptosis induced
through caspase 3 (5, 43). The PARP enzyme is a 116-kD
protein that is cleaved into a 85-kD fragment upon activa-
tion (43).

Aurintricarboxylic acid (ATA), an inhibitor of Ca

 

2

 

1

 

-
dependent endonuclease activity (23, 29), has been shown
to inhibit apoptosis that occurs without DNA fragmenta-
tion (25, 32). The mechanism by which ATA inhibits apop-
tosis is not fully understood. However, inhibition of endo-
nuclease activity may not be the only function of ATA;
rather, inhibition of topoisomerase II that induces chroma-
tin condensation during apoptosis seems to be important
(6). ATA has also been shown to inhibit the Ca

 

2

 

1

 

-activated
enzyme calpain, which may be involved in apoptosis (33).

A new member of the mitogen-activated protein kinase
(MAPK) superfamily designated c-Jun NH

 

2

 

-terminal ki-
nase (JNK), has recently been identified (16). A signal
pathway functionally independent from extracellular signal-
regulated kinase (ERK), which involves JNKK–MKK4,
activates JNK (11, 49, 52). JNK is activated by dual phos-
phorylation of a Thr-Pro-Tyr motif during apoptosis in-
duced by UV light, heat shock, and ligation of the Fas anti-
gen (8, 17, 45, 50). Costimulation of T cells with T cell
antigen receptor complex (TCR–CD3) and CD28 ligation,
or CD40 ligation of B cells also results in activation of JNK
(36, 41). Thus, JNK activity is involved in processes lead-
ing to both cell death and differentiation/activation. It has
been demonstrated that apoptosis can be regulated through
a balance between members of the MAPK superfamily;
e.g., high JNK and low ERK activities may lead to apop-
tosis, whereas high JNK and ERK activities prevent apop-
tosis (17, 51).

Stimulation of T cells through the major histocompat-
ability complex class I (MHC-I) molecule initiates a cas-
cade of biochemical changes that can lead to either activa-
tion and growth or cell cycle arrest and apoptosis (1, 4, 31,
40, 44). One of the critical events that occurs in both cases
is the activation of tyrosine kinases, resulting in tyrosine
phosphorylation of a variety of proteins including phos-
pholipase C-

 

g

 

1 (PLC-

 

g

 

1) and ZAP70 (38, 39). We have
recently shown that tyrosine kinase activity appears to be
critical for growth inhibition and apoptosis induced by li-
gation of MHC-I molecules (4, 38). The functional out-
come of MHC-I ligation is tightly linked to regulation of
peripheral T cell activity and tolerance induction (37, 42).

In the present study we have investigated the intracellu-
lar signal pathway leading to apoptosis after MHC-I ligation
of T cells, in an attempt to find a cause-and-effect relation-
ship between the biochemical and functional consequences
of MHC-I ligation. We present evidence that MHC-I in-
duces apoptosis through a distinct pathway involving phos-
phoinositide-3 (PI-3) kinase–induced JNK activity.

 

Materials and Methods

 

Antibodies (Abs) and Reagents

 

Purified anti–human 

 

b

 

2

 

 microglobulin (anti–

 

b

 

2

 

m) Ab from rabbit serum
(A072), purified Ig from rabbit serum (X903), and UCHT-1 (anti–CD3,
mAb, IgG1; M835) were from Dako Corp. (Roskilde, Denmark). Anti–
human Fas, mAb, IgM (05-201) was from Upstate Biotechnology Inc.,
(Lake Placid, NY). Anti–human PARP, mAb, IgG1 65191A was from
Pharmingen (San Diego, CA). Anti–PI-3 kinase Ab from rabbit serum
(06-195) was from Upstate Biotechnology Inc. Anti–PI-3 kinase Ab from
rabbit serum (P13030) was from Transduction Laboratories (Lexington,
KY). Anti–JNK1, mAb, IgG1 (15701A), which only recognize the acti-
vated form of JNK1, was from Pharmingen. Anti–active ERK Ab from
rabbit serum (V6671) was from Promega Corp. (Madison, WI). Peroxi-
dase-conjugated anti–mouse Ig from rabbit serum (P260) and peroxidase-
conjugated anti–rabbit Ig from swine serum (Z196) were from Dako
Corp. Anti-phosphotyrosine, mAb, IgG2b (05-321) was from Upstate
Biotechnology Inc. Antibodies used for cell stimulation were dialyzed
against PBS before use. Biotin-conjugated antibody was prepared by re-
acting the antibody with biotinsuccinimide (B-2643; Sigma Chemical Co.,
St. Louis, MO), as described in reference 28. Peroxidase-conjugated pro-
tein A (P40045) was from Transduction Laboratories. Avidin (A9275;
Sigma Chemical Co.), was used to cross-link biotin-conjugated antibodies.
Natrium-orthovanadate (Na

 

3

 

VO

 

4

 

; S6508) was from Sigma Chemical Co.
Protein A–Sepharose CL-4B was from Pharmacia (Uppsala, Sweden).
Ripa buffer (10 Mm Tris-HCl buffer, pH 7.5, 1% NP-40, 0.25% deoxycho-
late wt/vol, 2 mM EDTA, 10 mM orthovanadate). Protease inhibitor
cocktail (2697498) was from Boehringer Mannheim (Mannheim, Ger-
many). Ac-Y-V-A-D-chloromethylketone ICE inhibitor (N-1330) was
from Bachem Bioscience (Heidelberg, Germany). Proteinase K (P2308)
and ribonuclease A (R5503) were from Sigma Chemical Co. Wortmannin
(ST-415) was from Biomol (Hørsholm, Denmark). PD98059 (513000) was
from Calbiochem-Novabiochem (La Jolla, CA).

 

Cells

 

Jurkat cells J76.25 were provided by C. Geisler (University of Copen-
hagen, Copenhagen, Denmark). Jurkat cells JE6-1 were obtained from
the American Type Culture Collection (Rockville, MD). Cells were grown
in RPMI 1640 with 5% FCS, fresh 

 

l

 

-glutamine, and antibiotics. All cells
continuously tested mycoplasma free.

 

Cell Stimulation

 

Cells were preincubated with saturating amounts of biotinylated anti–

 

b

 

2

 

m
Ab or biotinylated control rabbit Ig (1 

 

m

 

l/10

 

6

 

 cells/ml) for 10 min at room
temperature and then cross-linked with avidin (20 

 

m

 

g/10

 

6

 

 cells/ml) or re-
acted with UCHT-1 Ab (1 

 

m

 

l/10

 

6

 

 cells/ml) or anti–Fas Ab (1 

 

m

 

l/10

 

6

 

 cells/ml)
at 37

 

8

 

C for various times.

 

Apoptosis Analysis

 

10

 

6

 

 cells were stimulated as described above. After 30 min of stimulation
at 37

 

8

 

C, the cells were resuspended in RPMI 1640 supplemented with
10% heat-inactivated FCS (10

 

6

 

 cells/ml), and then cultured for 6 h at 37

 

8

 

C.
At the end of the culture period the cells were pelleted, washed once in
2 ml 0.03% saponin (S7900; Sigma Chemical Co.) in PBS, and reacted
with 1 ml 0.4 

 

m

 

g/ml 7-aminoactinomycin 

 

d

 

 (7-AAD) (A9400; Sigma
Chemical Co.) in 0.03% saponin for 25 min at room temperature in the
dark. The samples were analyzed immediately by flow cytometry in a
FACScan

 

®

 

 (Becton and Dickinson Co., Mountain View, CA), using a log-
arithmic fluorescence scale.

 

Electron Microscopy

 

5 

 

3

 

 10

 

6

 

 cells were pelleted at 1,000 

 

g

 

 in FCS. Cell pellets were fixed for 18 h
in 2% glutaraldehyde–PBS and postfixed in 1% osmium tetraoxid–PBS,
pH 7.4. Samples were dehydrated in ethanol and propylene oxide and
then embedded in epon. Ultrathin sections were examined in an electron
microscope (model JEM 100CX; JEOL USA Inc., Peabody, MA) at 4,800

 

3

 

.
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Wortmannin Treatment

 

Cells were incubated with 500 

 

h

 

M wortmannin in PBS or RPMI 1640 with
5% FCS, fresh 

 

l

 

-glutamine, and antibiotics for 1–18 h at 37

 

8

 

C before stim-
ulation. Cells were subjected to Western blotting or apoptosis analysis as
described elsewhere.

 

DNA Fragmentation Assay

 

1.5 

 

3

 

 10

 

6

 

 cells were stimulated as described above. Cells were washed
once in PBS and the cell pellet was resuspended in 0.5 ml lysis buffer (10 mM
EDTA, 50 mM Tris, pH 8, 0.5% sarcosyl) with 10 

 

m

 

l proteinase K (20 mg/ml)
and 10 

 

m

 

l RNase A (10 mg/ml). The lysate was incubated for 1 h at 50

 

8

 

C
and 12 h at 37

 

8

 

C. DNA was extracted with phenol/chloroform/isoamyl al-
cohol (25:24:1), precipitated with 2-propanol, and washed with 70% etha-
nol according to standard procedures. The DNA was subsequently elec-
trophoresed in a 2% agarose gel and stained with ethidium bromide.

 

Western Blot

 

4 

 

3

 

 10

 

6

 

 cells were stimulated as described above. The cells were pelleted
and lysed in 100 

 

m

 

l hot SDS sample buffer containing 2% 2-ME and 10
mM Na

 

3

 

VO

 

4

 

. The lysate was boiled for 5 min, centrifuged at 178,000 

 

g

 

 for
20 min in an airfuge (Beckman and Dickinson Co.), and then 70 

 

m

 

l of the
supernatant was electrophoresed on SDS–polyacrylamide gels and blotted
onto a Hybond-enhanced chemiluminescence (ECL) nitrocellulose mem-

brane (RPN 2020D; Amersham Corp., Arlington Heights, IL). The immu-
noblot was incubated with antibody (normally 1:1,000 diluted in 3% milk-
powder/PBS) for 2 h, followed by incubation with 1:1,000 peroxidase-
conjugated rabbit anti–mouse Ig, swine anti–rabbit, or protein A for 1 h,
and were then washed and developed by ECL (RPN 2106; Amersham
Corp.) using the manufacturer’s instruction.

 

Immunoprecipitation

 

3 

 

3

 

 10

 

7

 

 cells were stimulated as described above and then pelleted and lysed
in 1 ml Ripa buffer and precleared several times with protein A–Sepharose
in a 50% wt/vol slurry. Proteins were immunoprecipitated with saturating
amounts of Ab and 30 

 

m

 

l protein A–Sepharose in a 50% wt/vol slurry. Im-
munoprecipitated proteins were washed in Ripa buffer, subjected to SDS–
polyacrylamide electrophoresis, and immunoblotted with antibodies as
described above.

 

Cell Transfection

 

3 

 

3

 

 10

 

6

 

/ml cells were transiently transfected with 10 

 

m

 

g of pcDNA3.1 vec-
tor alone or containing a dominant-negative JNKK–MKK4 insert (Ala
substituted at Ser-257 and Thr-261), provided by R. Davis (University of
Massachusetts Medical Center, Howard Hughes Medical Institute
[HHMI], Worcester, MA; 11, 49), using 10 

 

m

 

l LipofectAmine (Life Tech-
nologies, Inc., Gaithersburg, MD) according to the manufacturer’s in-
structions. Cells were grown for 48 h and subsequently assayed for apop-
tosis and JNKK–MKK4 expression.

Figure 1. (A) Electron micrographs of control
Jurkat cells 6 h after exposure to biotinylated
control antibody plus avidin. Notice the normal
ultrastructure of the cell. (B–F) Varying stages of
decay in Jurkat cells 6 h after exposure to bioti-
nylated anti–MHC-I antibody plus avidin. Notice
the simultaneous disintegration of the cytoplasm
and the nucleus. (B and C) Darkening of cyto-
plasm, shrinkage of the nucleus, and dispersed
DNA condensation of heterochromatin. (D and
E) Disintegration of the cytoplasm and homoge-
nization of the chromatin surrounded by nuclear
envelope. (F) Apoptotic-like bodies of con-
densed homogenous chromatin in a relatively
well-preserved cytoplasm. (G–I) Typical apop-
totic bodies in Jurkat cells after a 6-h exposure to
anti-Fas antibody. The nuclear fragments consist
of homogenized chromatin encircled by an intact
nuclear envelope surrounded by a relatively
well-preserved cytoplasm. Bar, 2 mm.
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Results

 

MHC-I Ligation of Jurkat T Cells Induces Apoptosis

 

Ligation of MHC-I molecules expressed on Jurkat T cells
induces cell death. Fig. 1 shows the ultrastructural changes
in Jurkat cells exposed to 6 h of MHC-I ligation and, for
comparison, anti–Fas antibody. MHC-I–induced apoptosis
shows striking similarities with a morphologically distinct
form of apoptosis with characteristic features of type B
dark cells (34). This involves ultrastructural changes in
both the cytoplasm and nucleus, whereas Fas-induced ultra-
structural changes are primarily confined to the nucleus.
The early signs of MHC-I–induced apoptosis shown in Fig.
1 (

 

B

 

 and 

 

C

 

) include darkening of the cytoplasm, aggrega-
tion of ribosomes, and condensation and shrinkage of the
nucleus with dilatation of the perinuclear cisterna. In se-
verely damaged cells (Fig. 1, 

 

D

 

 and 

 

E

 

), the nucleus disinte-
grates and the condensed chromatin is surrounded by a
leaky nuclear envelope. Occasionally, typical apoptotic bod-
ies are observed Fig. 1 (

 

F

 

). Fig. 1, (

 

G–I

 

) shows a typical
Fas-induced apoptosis that includes apoptotic bodies com-
posed of homogenous broken chromatin surrounded by an
intact nuclear envelope in a relatively well-preserved cyto-
plasm.

 

MHC-I–induced Apoptosis Is Not Blocked by Inhibitors 
of ICE Enzymes

 

Using the fluorescent dye 7-AAD that binds to DNA, it is
possible to measure apoptosis by flow cytometry (46). A
selective decrease in the DNA stainability is seen in apop-
totic cells, because of DNA condensation and/or cleavage
(10). Fig. 2 (

 

a

 

) shows examples of 7-AAD staining of Jur-

kat cells after control, MHC-I, and Fas ligation. The apop-
tosis data is presented as percent subG

 

1

 

 staining, where
background staining is subtracted. Fig. 2 (

 

b

 

) shows that se-
vere apoptosis is observed after 6 h of ligation of either
MHC-I or Fas. Ligation of the T cell antigen receptor (TCR–
CD3) complex induced only minor apoptosis within 6 h.
Interestingly, simultaneous ligation of the MHC-I and TCR–
CD3 complex inhibited apoptosis (see Discussion). Super-
natants from cells ligated with MHC-I antibody for 6 h did
not induce apoptosis in untreated cells (supernatants were
purified with protein A to remove stimulating antibodies).
Thus, the apoptosis signal is not induced by secreted mole-
cules. No apoptosis was observed with avidin cross-linking
of biotinylated control antibody, or without secondary avi-
din cross-linking of biotinylated anti–MHC-I antibody. An-
other novel method of measuring apoptosis through fluo-
rescein-labeled annexin V staining of phosphatidylserine
expression on the outer cell membrane of early apoptotic
cells (46) detected apoptosis in Jurkat cells after 6 h of
MHC-I or Fas ligation, respectively (data not shown). Fig.
2 (

 

c

 

) shows that a specific YVAD pseudo-substrate ICE
inhibitor could block apoptosis induced by Fas ligation. In
contrast, the ICE inhibitor could not inhibit apoptosis in-
duced after 6 h of MHC-I ligation, suggesting that the
MHC-I molecule induced apoptosis through a signal path-
way distinct from the signal mediated by the Fas molecule.

 

MHC-I–induced Apoptosis Does Not Involve Activation 
of the PARP Enzyme and DNA Ladder Formation

 

Next, we examined the activation of the PARP endonu-
clease which is activated by caspase 3 (5). Despite the clear
evidence for apoptosis after 6 h of MHC-I ligation, West-

Figure 2. Measurement of apoptosis (cells , 2n DNA). 106 cells were stimulated for 6 h and apoptosis was measured using 7-AAD as
described in Materials and Methods. (a) 7-AAD flow cytometric profile of Jurkat cells after control, MHC-I and Fas ligation. (b) Apop-
tosis measurement after different stimuli. “Post” supernatant (dark grey bar) is supernatant from anti–MHC-I antibody and avidin stim-
ulated cells; the supernatants were purified with protein A before stimulation. (c) Cells were incubated with or without 100-mM peptide
ICE inhibitor for 1 h before stimulation. The data show results of at least three independent experiments.
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ern blot analysis of whole cell extracts showed that the
PARP enzyme was not cleaved into the 85-kD active form
(Fig. 3 

 

a

 

, lane 

 

4

 

). In contrast and as expected, PARP was
cleaved into the active form after Fas ligation (Fig. 3 

 

a

 

,
lane 

 

5

 

).
As activation of the PARP endonuclease could be in-

volved in the DNA ladder formation of apoptotic cells
(53), we examined DNA fragmentation after MHC-I liga-
tion. Fig. 3 (

 

b

 

) shows that 6 h of MHC-I ligation did not in-
duce a detectable DNA ladder, in contrast to Fas ligation
(compare Fig. 3 

 

b

 

, lanes 

 

4

 

 and 

 

5

 

).
The endonuclease inhibitor ATA has been shown to block

apoptosis that occurs without formation of DNA ladders
(32). Similarly, preincubation of Jurkat cells with 300 

 

m

 

M
ATA inhibited apoptosis induced by MHC-I ligation, but
not the apoptosis induced after Fas ligation (Fig. 3 

 

c

 

).
These results show that the MHC-I molecule activates an
apoptotic signal pathway distinctly different from the Fas
molecule.

Apoptosis Induced by MHC-I Ligation Involves PI-3 
Kinase Activity

PI-3 kinase activity has been shown to be involved in
growth arrest and apoptosis especially in lymphocytes (3,
19). Therefore, we investigated the involvement of PI-3 ki-
nase activity in MHC-I–induced apoptosis. Through treat-
ment of cells with the specific PI-3 kinase inhibitor wort-
mannin, MHC-I–induced apoptosis, in contrast to Fas, was
significantly inhibited by preincubating Jurkat cells with
500 hM wortmannin before stimulation (Fig. 4 a).

As activation of the PI-3 kinase is normally (9, 15, 19), but
not always (48), associated with tyrosine phosphorylation
of the 85-kD regulatory PI-3 kinase subunit, we investi-
gated whether MHC-I ligation mediated tyrosine phosphory-
lation of this subunit. Fig. 4 (b) shows a phosphotyrosine
Western blot of the 85-kD PI-3 kinase subunit immunopu-
rified from cell lysates. A marked increase in the tyrosine
phosphorylation status of the 85-kD subunit was observed
within 2–10 min of MHC-I ligation (Fig. 4 b, lanes 4–6).

Figure 3. (a) Anti-PARP Western blot of whole Jurkat cell lysate. 4 3 106 cells were stimulated for 6 h as described in Materials and
Methods. (b) DNA ladder analysis. 106 cells were stimulated for 6 h and then DNA was extracted and electrophoresed on a 2% agarose
gel as described in Materials and Methods. (c) ATA inhibition of apoptosis. 106 cells were incubated with or without 300 mM ATA for 1 h
before stimulation. Cells were stimulated for 6 h and apoptosis was measured using 7-AAD as described in Materials and Methods. All
data show results of at least three independent experiments.

Figure 4. (a) Wortmannin in-
hibition of apoptosis. 106

cells were incubated with or
without 500 hM wortmannin
for 2 h before stimulation.
Cells were stimulated for 6 h,
with 500 hM wortmannin
present, and apoptosis was
measured using 7-AAD as
described in Materials and
Methods. (b) Immunoprecip-
itates of the P85 subunit of
the PI-3 kinase obtained
from lysates of Jurkat cells.
3 3 107 cells were stimulated
for the indicated time, lysed,
and subjected to immunopre-
cipitation as described in Ma-

terials and Methods (top). Blots were probed with anti-phosphotyrosine antibody, stripped, and reprobed with anti–PI-3 kinase anti-
body (bottom). All data show results of at least three independent experiments.
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Fas ligation did not induce phosphorylation of the PI-3 ki-
nase (Fig. 4 b, lane 7). Collectively, these data indicate that
MHC-I–induced PI-3 kinase activity is involved in apop-
tosis.

MHC-I–induced PI-3 Kinase Activity Activates the 
JNK1 Enzyme

To look for downstream effector enzymes of the PI-3 ki-
nase, we investigated the activation of the newly described
JNK enzyme, which is involved in a number of stimuli
leading to apoptosis (45, 51). Furthermore, JNK can be ac-
tivated by the PI-3 kinase (3, 19). Using a newly developed
antibody that only recognizes the activated form of JNK1,
we observed that MHC-I ligation within 5 min resulted in
activation of both the 46- and 55-kD isoforms of the JNK1
enzyme (Fig. 5 a). Afterwards, the activity declined but
was still detectable 120 min after MHC-I ligation (data not
shown). As shown previously, Fas ligation also resulted in
activation of the JNK1 enzyme (Fig. 5 a, lane 8; 50). Fig. 5
b shows that MHC-I–induced JNK1 activity was totally in-
hibited by preincubating the cells with 500 hM wortman-
nin. These results show that the MHC-I molecule activates
the JNK1 enzyme by a signal pathway involving PI-3 ki-
nase activity.

MHC-I–induced Apoptosis Is Inhibited by Transfection 
of a Dominant-Negative JNKK–MKK4 Construct

To investigate the direct involvement of JNK in MHC-
I–induced apoptosis, Jurkat cells were transiently trans-
fected with a dominant-negative JNKK–MKK4 construct.
JNKK–MKK4 is a kinase upstream from JNK, which is es-
sential for its activation of JNK (11, 49). Fig. 6 shows that
transfection of the dominant-negative JNKK–MKK4 con-
struct resulted in an z50% reduction in apoptosis induced
after MHC-I ligation, suggesting an essential role for JNK
activity in MHC-I–induced apoptosis. Besides activating
JNK, JNKK–MKK4 is an upstream activator of the p38
MAP kinase (11). Thus, the inhibiting effect of the domi-
nant-negative JNKK–MKK4 construct could also be be-
cause of inhibition of p38 activity. However, p38 activity
does not seem to be involved in MHC-I–induced apoptosis
based on the following experiments: (a) Neither an anti-
body specifically recognizing activated p38, nor specific
immunoprecipitation with anti–p38 antibodies and subse-
quent detection with an anti-phosphotyrosine antibody,
detected activated/phosphorylated p38 after MHC-I liga-
tion (data not shown); and (b) SB203580, a newly devel-
oped, highly specific inhibitor of p38 (54), did not affect
MHC-I–induced apoptosis at all (data not shown). In con-
clusion, our results point towards a critical role of JNK ac-
tivity in MHC-I–induced apoptosis.

TCR–CD3-induced ERK Activity Rescues
MHC-I–induced Apoptosis

As activation of ERK enzymes belonging to the MAPK
family has been shown to inhibit apoptosis induced through
JNK activity (17, 51), we examined ERK1 and ERK2 ac-
tivity in Jurkat cells. Fig. 7 (a) shows a Western blot
against the active forms of the 42-kD ERK1 and the 44-kD

ERK2 after MHC-I ligation (Fig. 7 a, lane 4), Fas ligation
(Fig. 7 a, lane 5), and TCR–CD3 ligation (Fig. 7 a, lane 6).
Both MHC-I and Fas ligation induce minor activation of
ERK2 and no activation of ERK1, whereas TCR–CD3 li-
gation of Jurkat cells induced strong activation of both
ERK1 and ERK2.

Our data in Fig. 2 (a), showing that TCR–CD3 coliga-
tion inhibits MHC-I–induced apoptosis supports the idea
that ERK activity can inhibit JNK-induced apoptosis. To
examine this in greater detail, we used the Mek inhibitor
PD98059 that inhibits ERK activity (30, 47) and data not
shown. As shown in Fig. 7 b, the Mek inhibitor did not in-
fluence MHC-I–induced apoptosis of Jurkat cells, but the
TCR–CD3-induced rescue signal on MHC-I–induced apop-
tosis was inhibited by treating the cells with PD98059 be-
fore stimulation. These results strongly suggest that TCR–
CD3-induced ERK activity inhibits MHC-I–induced apop-
tosis.

Discussion
Results in this paper describe the intracellular signal path-
way leading to apoptosis after ligation of MHC-I mole-
cules expressed on T cells. We present strong evidence

Figure 5. (a) Anti–active JNK-1 Western blot of whole Jurkat
cell lysate. 5 3 106 cells were stimulated for the indicated time as
described in Materials and Methods. The strong band at 56 kD
after TCR–CD3 ligation is an artefact from the stimulatory anti-
body. (b) Wortmannin inhibition of JNK-1: 5 3 106 cells were in-
cubated 1 h with 500 hM wortmannin (lanes 1–4) or without
(lanes 5–7) before stimulation for the indicated time as described
in Materials and Methods. All data show results of at least three
independent experiments.
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that MHC-I–induced apoptosis uses a signal pathway that
involves PI-3 kinase–induced JNK activity.

MHC-I–induced apoptosis is characterized by distinct
morphological changes resembling type B dark cells ini-
tially observed in thymocyte suspensions, germinal cen-
ters, and tumors (7, 34). In particular, dispersed condensed
heterochromatin encircled by a leaky nuclear envelope
and surrounded by a dilatated perinuclear space in a disin-
tegrated dark cytoplasm is characteristic of MHC-I–induced
apoptosis. Although purely speculative, this MHC-I–induced
way of chromatin condensation may reflect the lack of
DNA ladder formation after MHC-I ligation (see below).

Until a few years ago, DNA fragmentation of the ge-
nomic DNA was considered to be a prerequisite, and even
essential, for apoptosis. Recent studies have, however, re-
vealed that DNA fragmentation is a consequence rather
than a prerequisite for apoptosis (26). Especially in lym-
phocytes, it has been demonstrated that apoptosis induced
in alloreactive T cells (32) or germinal center B cells (27)

can occur without DNA fragmentation. Our results show
that apoptosis after MHC-I ligation also occurs without
the characteristic DNA ladder fragmentation observed in
agarose gels. Similarly, we did not observe involvement of
ICE enzymes and activation of the PARP endonuclease
after MHC-I–induced apoptosis. PARP activation nor-
mally correlates with DNA ladder formation (53), and is
thus supposed to be involved in DNA fragmentation, al-
though this has not been formally proved.

We observed that ATA, a Ca21-dependent endonu-
clease inhibitor, inhibits MHC-I–, but not Fas-induced apop-
tosis. This is in agreement with our earlier results showing
that MHC-I ligation, in contrast to Fas (2), induces an im-
mediate and sustained rise in the intracellular-free Ca21

concentration (39). It is currently unclear how ATA inhib-
its apoptosis. However, several studies have demonstrated
that ATA not only inhibits endonucleases, but also calpain
and topoisomerase II activities (6, 33). The latter enzyme
may be involved in certain forms of DNA condensation (6).

The ability of wortmannin to selectively inhibit apopto-
sis after MHC-I ligation strongly suggests that PI-3 kinase
activity is involved in this process. In conjunction with this
we observed that the regulatory 85-kD subunit of the PI-3
kinase was tyrosine phosphorylated within 2 min after
MHC-I ligation. Phosphorylation of this subunit is often
associated with the PI-3 kinase activity (48). The wortman-
nin pretreatment of Jurkat cells does not completely in-
hibit apoptosis after MHC-I ligation; thus, it is likely that
other signal pathways are also involved in this process.
However, wortmannin is known to be very unstable and its
PI-3 kinase suppressive effect may weaken during culture
(18). Thus, taken together, our data suggest that PI-3 ki-
nase activity is involved in a substantial part of apoptosis
induced by MHC-I ligation. Recently, Kitanaka et al. have
demonstrated that CD38-mediated growth suppression of
immature B cells involves PI-3 kinase activity which could
be inhibited by wortmannin (19). In addition, Beckwith et
al. have demonstrated that anti–Ig-mediated growth inhi-
bition of B cells requires a wortmannin-sensitive PI-3 ki-
nase activity (3).

The PI-3 kinase can activate several downstream effec-
tor molecules (48). One of the most intriguing is the JNK
enzyme that phosphorylates the NH2-terminal domain of
the c-Jun transcription factor. JNK activity is required for

Figure 6. Apoptosis measurement after transfection of domi-
nant-negative JNKK–MKK4 construct. Cells were transfected
with pcDNA3.1 vector containing a dominant-negative JNKK–
MKK4 construct (Ala substituted at Ser-257 and Thr-261), or
with the empty vector as described in Materials and Methods.
Subsequent apoptosis was measured as described in Fig. 2.

Figure 7. (a) Anti–active ERK
Western blot of whole Jurkat cell
lysate. 5 3 106 cells were stimu-
lated for the indicated time as
described in Materials and Meth-
ods. (b) PD98059 inhibition of
the TCR–CD3 rescue signal on
MHC-I–induced apoptosis. 106

cells were incubated with or with-
out 100 mM PD98059 for 1 h be-
fore stimulation. Cells were stimu-
lated for 6 h and apoptosis was
measured using 7-AAD as de-
scribed in Materials and Methods.
All data show results of at least
three independent experiments.
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stress-induced apoptosis (17, 45), and is also activated by
Fas ligation (21, 50). Furthermore, costimulatory JNK ac-
tivity is needed for agonistic stimulation of T cells (41).
Hence, JNK is hypothesized to be an integral kinase that is
involved in both lymphocyte activation and apoptosis, de-
pending on other intracellular stimuli. Recent studies have
led to the hypothesis that the balance between ERK and
JNK activation is crucial for the fate of the cell upon the
activation of stimuli. Xia et al. have demonstrated that high
JNK activity leads to apoptosis, whereas high ERK and
JNK activity together prevent apoptosis and promote cell
survival (51). Concordantly, Johnson et al. have shown
that apoptosis by UV-induced JNK activity can be inhib-
ited by ERK activators (17).

Our present observations show that JNK1 is activated
after MHC-I ligation. Since wortmannin inhibits JNK1 ac-
tivity induced by MHC-I ligation, the most likely and
straightforward explanation is that the MHC-I molecule
activates JNK1 through PI-3 kinase activity. Moreover, since
wortmannin can inhibit MHC-I–induced apoptosis, it is
tempting to speculate that JNK activity is the molecular
basis for this kind of cell death. By using a dominant-negative
construct of the kinase upstream from JNK (JNKK–MKK4),
we provide direct evidence that JNKK–MKK4 activity is
involved in MHC-I–induced apoptosis. The JNKK–MKK4
enzyme is an upstream kinase activating both JNK and
p38 (11). Hence, p38 activity could theoretically be respon-
sible for MHC-I–induced apotosis. However, our results do
not support this hypothesis, as we do not observe p38 ac-
tivity after MHC-I ligation. Also, a specific inhibitor of p38
activity was unable to inhibit MHC-I–induced apoptosis.

In conclusion, our results strongly suggest that JNK ac-
tivity is essential for MHC-I–induced apoptosis. This model
is consistent with our observation that TCR–CD3 ligation,
which induces strong ERK activity, totally inhibits MHC-
I–induced apoptosis. Furthermore, specific blockage of
the TCR–CD3-induced ERK activity with the Mek inhibi-
tor PD98059 prevents the effect of TCR–CD3 on MHC-
I–induced apoptosis.

Our previously published results have demonstrated a
critical role for tyrosine kinase activity in MHC-I–medi-
ated signaling leading to PLC-g1 phosphorylation and in-
creased intracellular Ca21 concentration (39). Recently,
we have described that the tyrosine kinase inhibitor herbi-
mycin A also inhibits the subsequent growth arrest and in-
duction of apoptosis after MHC-I ligation (38). Based on
the data in the present report, a likely model for MHC-
I–induced apoptosis could be that the initial tyrosine ki-
nase activity leads to phosphorylation and activation of
the PI-3 kinase, which then activates the JNK enzyme.

The MHC-I molecule is expressed on both naive and ac-
tivated T cells (20), as opposed to the Fas antigen that is
only expressed on activated T cells (24). We have ob-
served MHC-I–induced JNK activity and apoptosis in acti-
vated as well as naive T cells from purified peripheral
blood (data not shown), suggesting a role for MHC-I sig-
naling in regulation of naive T cells. Furthermore, we have
recently shown that physiological concentrations of immo-
bilized MHC-I antibody inhibit interleukin 2–induced growth
of normal peripheral T cells (4). Sambhara et al. and
Röpke et al. have also shown that cytotoxic T lymphocyte
(CTL) reactivity can be anergized by antibodies against

the MHC-I molecules, in particular against the a3 domain
(35, 37). Negative signals via MHC-I molecules were also
demonstrated by Takahashi et al., who recently showed
that exposure of free antigenic peptide to CTL’s almost
completely inhibited subsequent CTL activity toward tar-
get cells presensitized with that peptide (42). The authors
showed that the minimal requirement for such inhibition is
simultaneous occupancy of the TCR–CD3 and MHC-I
molecule on the same CTL, emphasizing the role of MHC-I
signaling in this kind of self-veto mechanism. Together,
these results imply that ligation of MHC-I molecules on T
cells is generally involved in their regulation. The results in
the present paper suggest that MHC-I molecules regulate
cell survival through a distinct mechanism involving PI-3
kinase–induced JNK activity.
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