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gd T lymphocytes play an important early role in the
defense against pathogens. Their function is terminated
by acquisition of susceptibility to CD95-triggered apop-
tosis. Here we show that the regulation of this process
depends on the activity of the endothelial NO synthase
expressed by gd T lymphocytes, which is modulated in
an activation-dependent way. The effects of nitric oxide
thus generated, mediated via cGMP generation, are ex-
erted at at least two sites along the CD95 signaling cas-
cade: one at, or upstream, and the other downstream of
ceramide generation. At either site, nitric oxide/cGMP
action is sufficient for protection from apoptosis. The
effect of NO is selective for apoptosis induced by CD95
cross-linking, since it does not affect apoptotic program
triggered by other stimuli. The evidence here reported
demonstrates a new physiological role for nitric oxide,
acting as a survival factor for T lymphocytes.

Various cell populations act coordinately in immune re-
sponses, under the control of intra- and extracellular messen-
gers. One of these, nitric oxide (NO), is believed to play impor-
tant roles as yet not completely clarified (1, 2). Among the cells
involved in the first line of defense against pathogens, relevant
is the contribution of activated T lymphocytes expressing the
Vg9/Vd2 T cell receptor (TcR)1 (3), whose function may be
terminated by apoptotic cell death triggered via activation of
CD95 (Fas, APO-1), a member of the tumor necrosis factor/
nerve growth factor receptor superfamily (4–6). In T lympho-
cytes the CD95 signaling cascade can be triggered either via
activation of the TcR, with ensuing expression and secretion of
the CD95 physiological ligand, or via direct cross-linking of the
CD95 receptor with specific monoclonal antibodies (mAbs) (7–

10). Despite the fact that gd T cells express constant levels of
CD95 in vitro, their susceptibility to CD95-triggered apoptosis
is known to change as a function of their state of activation (5,
6). The molecular mechanisms underlying T cell switch in
sensitivity to CD95-triggered apoptosis are still unknown. We
have investigated this problem taking advantage of normal
human lymphocyte clones bearing the Vg9/Vd2 TcR, already
characterized for their sensitivity to CD95-induced apoptosis in
our laboratory (4, 6). The results obtained demonstrate that
these cells express the constitutive, endothelial NO synthase
(ecNOS) and that NO generated by this enzyme regulates their
susceptibility to apoptosis modulating the CD95-triggered sig-
nal transduction cascade.

EXPERIMENTAL PROCEDURES

Cell Culture and Characterization—Human gd T cell clones were
established by limiting dilution, propagated in RPMI plus 10% fetal calf
serum (Life Technologies, Inc., Basel, Switzerland) by cyclic restimula-
tion with interleukin-2 (50 units/ml; EuroCetus, Amsterdam, The Neth-
erlands), and characterized as described (4, 6).

Apoptosis Induction and Analysis—gd T cells were incubated for 5 h
with anti-CD95 mAb (clone CH-11 IgM isotype, 100 ng/106 cells, Ka-
miya Biomedical Company, Seattle, WA), anti-TcR mAb (TigA, 1 mg/106

cells, a gift of T. Hercend) cross-linked with goat anti-mouse IgG Abs
(Zymed, San Francisco, CA), thapsigargin (250 nM; Calbiochem, San
Diego, CA), etoposide (20 mM, Bristol, United Kingdom), or C2-ceramide
(10 mM) (Biomol, Bremen, Germany) at 37 °C. In the experiments in
which the caspase inhibitor acetyl-Tyr-Val-Ala-Asp-chloromethyl ke-
tone (ac-YVAD-CMK; 200 mM; Calbiochem) was employed, gd T cells
were preincubated for 2 h at 37 °C. In the experiments with S-nitro-
soacetylpenicillamine (SNAP; 100 mM), isosorbide dinitrate (200 mM),
hemoglobin (50 mM), L-N-(iminoethyl)-ornithine (L-NIO; 300 mM), L-Nv-
arginine methyl ester (L-NAME; 300 mM), 8-Br-cGMP (500 mM), 8-Br-
cAMP (500 mM) or H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 1
mM), cells were preincubated for 15 min at 37 °C. Apoptotic cells were
identified by flow cytometry with two different protocols (4, 6): in the
first, used for the experiments illustrated in Fig. 1A, unfixed cells were
incubated for 30 min in phosphate-buffered saline (PBS) containing 50
mg/ml propidium iodide (PI), 100 mg/ml RNase A, 0.01% Nonidet P-40,
for 60 min at 37 °C. The staining of apoptotically cleaved DNA gives rise
to a typical sub-G1 peak in single parameter DNA histograms. Con-
versely, to obtain a quantitative esteem of the fraction of cells under-
going apoptosis, phosphatidyl serine exposure was monitored by stain-
ing with FITC annexin V for 15 min at room temperature, in the
presence of divalent cations. Furthermore, the loss of the ability to
exclude vital dyes was assessed using PI in an isotonic buffer (5 mg/ml
in PBS). Early apoptotic cells exclude the dye but are stained with
annexin V, whereas non-apoptotic cells are negative for both stainings.
Cells were analyzed using a fluorescence-activated cell sorter (FACStar
Plus, Becton Dickinson, Sunnyvale, CA). Apoptosis protection by differ-
ent treatments was evaluated as the percent inhibition calculated as
follows: 1 2 (% of annexin V1 cells after CD95 cross-linking in the
presence of the protective drug/% of annexin V1 cells after CD95 cross-
linking) 3 100.

Analysis of NOS Expression—The expression of the various NOS
enzymes was assessed by flow cytometry and Western blot, using spe-
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Sanità (progetto Tubercolosi) (to A. M.), a grant from the Italian Asso-
ciation of Cancer Research (to J. M.), and the “Mario e Valeria Rindi”
fellowship of the Fondazione Italiana per la Ricerca sul Cancro (to
P. R.). The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

i To whom correspondence should be addressed: Dip. Farmacologia,
DIBIT, Scientific Institute San Raffaele, Via Olgettina 58, 20132 Mi-
lano, Italy. Tel.: 39-2-26432770; Fax: 39-2-26434813; E-mail: clemene
@dibit.hsr.it.

1 The abbreviations used are: TcR, T cell receptor; mAb, monoclonal
antibody; ecNOS, endothelial nitric oxide synthase; SNAP, S-nitro-
soacetylpenicillamine; acYVAD-CMK, ac-Tyr-Val-Ala-Asp-chloro-
methyl ketone; ODQ, H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one;
L-NAME, Nv-nitro-L-arginine methyl ester; L-NIO, L-N-(iminoethyl)-
ornithine; PBS, phosphate-buffered saline; PI, propidium iodide;
[Ca21]i, cytosolic Ca21 concentration; NOS, nitric oxide synthase; 8-Br,
8-bromo; Ab, antibody; FITC, fluorescein isothiocyanate.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 272, No. 37, Issue of September 12, pp. 23211–23215, 1997
© 1997 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org 23211

 by guest on July 18, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


cific Abs (Transduction Laboratories, Lexington, KY) according to the
procedures described (11, 12). For cytometric analysis, cells were fixed
for 5 min at room temperature with paraformaldehyde (4% in PBS).
After extensive washing, cells were permeabilized with 0.05% Nonidet
P-40 in PBS and stained using 1 mg/106 cells of the relevant primary Ab
(20 min at 4 °C) and a 5-fold excess of FITC-conjugated secondary Ab
(goat anti-mouse for ecNOS and inducible NOS, and goat anti-rabbit for
brain NOS). The fluorescence background was calculated in the absence
of the primary Abs. For Western blot analysis, cell pellets were washed
with ice-cold PBS and then solubilized for 15 min at 4 °C in a lysis
buffer containing 1% Triton X-100 (v/v), 10% glycerol, 100 mM NaCl, 1.5
mM MgCl2, 10 mM Na3VO4, 4 mM phenylmethylsulfonyl fluoride, 20 mM

sodium pyrophosphate, 5 mM EGTA, 20 mM leupeptin, 0.007 unit/ml
aprotinin, 50 mM HEPES, pH 7.5. The lysates were clarified by centrif-
ugation (14,000 3 g) for 15 min at 4 °C, and protein content assayed by
the bicinchoninic acid procedure (BCA; Pierce). After addition of sodium
dodecyl sulfate and b-mercaptoethano,l the samples were boiled and
250 mg of protein/lane were loaded into the slots of 8% sodium dodecyl
sulfate-polyacrylamide gels, which were run as described elsewhere
(12). As internal controls for ecNOS, brain NOS, and inducible NOS, 35
mg of human endothelial cells, rat pituitary, and mouse macrophage
lysates (Transduction Laboratories), respectively, were loaded into the
same gels with the gd T cell homogenate. High efficiency transfer of
proteins onto nitrocellulose membranes was carried out at 200 mA for
18 h in a buffer containing 25 mM Tris, 192 mM glycine, 20% methanol,
pH 8.3. After transfer both the gels and the blots were routinely stained
with Ponceau red. The nitrocellulose sheets were processed at room
temperature, first for 1 h with PBS 1 3% bovine serum albumin, then
for 2 h with appropriate concentrations of the specific anti-NOS Abs in
an incubation buffer containing 150 mM NaCl, 50 mM Tris-HCl, 0.05%
Tween 20, 5% powdered milk, pH 7.4. After washing five times for 5 min
with the incubation buffer, the blotted bands were incubated with the
relevant horseradish peroxidase-linked IgG for 1 h in the same buffer.
After extensive washing immunostaining was recorded photographi-
cally, using an enhanced chemiluminescence kit from Amersham
(Buckinghamshire, United Kingdom).

Measurements of cGMP Levels—1 3 106 cell samples were resus-
pended in phosphate-buffered saline supplemented with 500 mM

3-isobutyl-1-methylxanthine, with or without either L-NIO (300 mM) or
L-NAME (300 mM). NOS activity was stimulated by exposing cell sus-
pensions to anti-TcR mAb for 20 min at 37 °C. The reaction was termi-
nated by addition of ice-cold trichloroacetic acid (final concentration:
7.5%). After ether extraction, cGMP levels were measured using a
radioimmunoassay kit (DuPont) and normalized on cellular proteins as
described (13).

Ceramide Measurements—2 3 106 cell samples were incubated in 80
ml of phosphate-buffered saline with anti-CD95 mAb (100 ng/106 cells)
for 15 min at 4 °C, in the presence or absence of either SNAP (100 mM)
or 8-Br-cGMP (500 mM), then quickly shifted at 37 °C. Incubation was
stopped at various times by addition of 300 ml of ice-cold CH3OH/CHCl3
(2/1, v/v). Samples were then supplemented with 100 ml of CHCl3 and
100 ml of NaCl (1 M). Phopholipids were extracted, dried under nitrogen,
and resuspended in a mixture containing 5 mM cardiolipin, 1 mM dieth-
ylenetriaminepentaacetic acid, 7.5% octyl-b-glucopyranoside (Sigma).
Diacylglycerol kinase assay was performed as described (14) and cer-
amide phosphate isolated by thin layer chromatography (Silica gel 60,
Merck, Milan, Italy) using CHCl3/CH3OH/CH3COOH (65/15/5, v/v/v) as
solvent. Authentic ceramide 1-phosphate was identified by autoradiog-
raphy at RF 0.25.

[Ca21]i Measurements—Cell suspensions were loaded in Krebs-Ringer-
Hepes medium containing 125 mM NaCl, 5 mM KCl, 1.2 mM KH2PO4,
1.2 mM MgSO4, 2 mM CaCl2, 6 mM glucose, 25 mM Hepes-NaOH (pH 7.4)
with the Ca21-sensitive dye, fura-2 (Calbiochem), for 30 min at 25 °C,
administered as acetoxymethyl ester at the final concentration of 3 mM.
In the experiments in which the effects of anti-CD95 mAb were ana-
lyzed, cell aliquots (2 3 106 cells) were incubated with 200 ng of the
mAb for 15 min at 4 °C. Cell samples were subsequently centrifuged
and resuspended in a Krebs-Ringer-Hepes medium supplemented with
250 mM sulfinpyrazone (to prevent dye leakage) from which CaCl2 had
been omitted and 10 mM EGTA added (Ca21-free medium; estimated
extracellular [Ca21] , 1028 M). In these conditions, Ca21 release only
can be detected. Cells were then transferred to a thermostatted cuvette
(37 °C), maintained under continuous stirring, and analyzed in a Per-
kin Elmer LS-5B fluorimeter as described (13). Treatments with NO
donors or 8-Br-cGMP were performed as described above. C2-ceramide
(10 mM) was added to the samples when indicated.

Statistical Analysis—The results are expressed as means 6 S.E. n
represents the number of different experiments. Statistical analysis

was performed by Student’s t test for unpaired data (two-tailed). A
value of p less than 0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION

Normal human lymphocyte clones bearing the Vg9/Vd2 TcR
were propagated by cyclic in vitro restimulation (4). These cells
are susceptible to apoptosis triggered by various stimuli (4, 6).
We evaluated the apoptotic effects of cross-linking of the CD95
membrane receptor, of the treatment with the topoisomerase
inhibitor etoposide, and of increased intracellular Ca21 concen-
tration ([Ca21]i), which was obtained with thapsigargin, a drug
that blocks the sarcoplasmic-endoplasmic reticulum Ca21-AT-
Pases (15). Cells were treated for 5 h with either drug, and then
analyzed by flow cytometry after DNA staining with propidium
iodide (6). All of the treatments were capable to induce apop-
tosis, as demonstrated by the appearance of the hypodiploid
DNA peak at the left of the G1 peak (Fig. 1, A; data not shown).
Etoposide and thapsigargin were able to induce apoptosis of gd
T cell clones throughout the entire culture period (data not
shown); by contrast, sensitivity to CD95-induced cell death is
acquired progressively (4, 6). The death signals of CD95 are
mediated via activation of members of the caspase family of
proteases (16). We analyzed the effects of a tetrapeptide, ac-
YVAD-CMK, a well characterized inhibitor of caspases in-
volved in CD95-triggered apoptosis, i.e. caspases 1 and 3 (16).

FIG. 1. CD95-induced apoptosis of gd T lymphocytes. A, gd T
lymphocytes undergo apoptosis after CD95 cross-linking or blockade of
the endoplasmic-sarcoplasmic reticulum Ca21-ATPases with thapsigar-
gin, as demonstrated by the flow cytometric analysis of DNA content
performed on untreated cells, and after 5 h of either CD95 cross-linking
or incubation with thapsigargin (250 nM). x axis, DNA content, assessed
by the quantitative binding of the intercalating red fluorescent drug PI
(arbitrary units). y axis, relative cell number. The result of one out of
five representative experiments is depicted. B, caspase inhibition re-
sults in the blockade of the CD95-triggered apoptotic pathway. An early
feature of apoptosis, i.e. the exposure of the anionic phospholipid phos-
phatidyl serine, was assessed using FITC-labeled annexin V (F1H; x
axis). On the y axis, the late apoptotic cells that incorporated the vital
dye PI in an isotonic buffer are reported (F2H). Vertical and horizontal
lines in the graphs are designed based on the autofluorescence of
untreated, control cells. Cross-linking of the CD95 receptor resulted in
phosphatidylserine exposure by most gd T cells (lower right panel of the
middle plot: 69.5%). Preincubation with the caspase inhibitor ac-YVAD
CMK substantially protected gd cells from CD95-triggered apoptosis
(lower right panel of the left plot).
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Cells were incubated for 2 h with 200 mM ac-YVAD-CMK before
addition of either anti-CD95 mAb or anti-TcR mAb. Early ap-
optotic cells were identified based on the annexin V staining of
exposed phosphatidylserine residues, a method that allows the
quantitative analysis of the results obtained. Ac-YVAD-CMK
treatment resulted in inhibition of both CD95- and TcR-in-
duced apoptosis (65.3 6 4.2 and 58 6 3.4%, respectively; n 5 5;
Fig. 1B).

It has been recently demonstrated that T cells express the
endothelial NOS isoform (17). We wondered whether endoge-
nous production of NO, with ensuing generation of cGMP (1, 2),
was responsible for the activation-dependent shift in suscepti-
bility to CD95-mediated apoptosis. To investigate the problem,
experiments were carried out first with NO donors, SNAP and
isosorbide dinitrate, or with the membrane-permeant cGMP
analogue, 8-Br-cGMP. In addition, since high levels of cGMP
may cross-activate protein kinase A in certain cell systems (18),
the effect of the membrane-permeant cAMP analogue, 8-Br-
cAMP, was also evaluated. Both NO donors and 8-Br-cGMP
were found to inhibit substantially CD95- and TcR-triggered
apoptosis, while cell treatment with 8-Br-cAMP did not result
in appreciable inhibition. Neither NO donors nor 8-Br-cGMP
had any detectable effect on gd cell death induced by different
stimuli, including etoposide and thapsigargin (Table I; data not
shown).

The effect of endogenous NO on CD95-mediated apoptosis
was next investigated. Expression of the NOS enzymes, cGMP

generation, or the effect of removing endogenous NO were
analyzed at different times after in vitro restimulation of gd T
cells. Fig. 2 shows the analysis of the expression of the NOS
isoenzymes at different times (14, 21, and 28 days) after re-
stimulation, both by flow cytometry and Western blotting. Nei-
ther the brain nor the inducible isoforms were ever detected,
whereas ecNOS was highly expressed after restimulation and
decreased thereafter during in vitro propagation.

The activity of ecNOS was next investigated, as measured by
cGMP generation. Activation of the TcR and the ensuing in-
creases in [Ca21]i (whose amplitude remains unchanged during
gd T cell propagation in vitro; see Ref. 6) constitute a physio-
logical stimulus for ecNOS (1). As shown in Fig. 3A, high levels
of cGMP were found upon TcR activation 14 days after in vitro
restimulation, with progressive reduction at 21 and 28 days.
This effect was exclusively mediated via NO, since pretreat-
ment with two NOS inhibitors, L-NIO and L-NAME (1), com-
pletely prevented any increased cGMP generation at all times
considered (Fig. 3A; data not shown).

The decrease of NOS activity was inversely associated with
increased susceptibility to CD95-induced apoptosis (Fig. 3,
compare black columns in A and B). To investigate a causal
relationship between the two processes, the effects of NO re-
moval by a scavenger, hemoglobin, and of the inhibition of NOS
activity by L-NIO were analyzed. As shown in Fig. 3B, both the
blockade of NO generation via inhibition of NOS activity and
the removal of NO conferred sensitivity to CD95-induced ap-
optosis even during the early phases after in vitro restimula-
tion, i.e. when the cells in normal culture conditions are resist-
ant. Similar results were obtained using the guanylyl cyclase
specific inhibitor ODQ (Ref. 19; data not shown). Taken to-
gether, these data suggest that endogenously-generated NO/
cGMP protects against CD95-triggered apoptosis. Whether the
reduction in ecNOS protein levels fully accounts for reduced
NOS activity, or whether biochemical modifications of the en-
zyme (20) are also involved, remains to be investigated.

To identify the mechanism(s) and the sites of action of NO in
the CD95 signal transduction pathway we studied apoptosis-
sensitive gd T lymphocytes (28 days after in vitro restimula-
tion). Among the signals induced by CD95 cross-linking is the
hydrolysis of membrane sphingomyelin with ensuing genera-

FIG. 2. Analysis of NOS isoenzyme
expression in gd T lymphocytes. Up-
per panels show Westen blot analysis
with specific Abs of NOS expression in
250 mg of total cell lysates obtained from
gd T lymphocytes after 14 and 28 days
since cell restimulation. As internal con-
trols for ecNOS, brain NOS, and inducible
NOS, 35 mg of human endothelial cells,
rat pituitary, and mouse macrophage ly-
sates, respectively, were loaded into the
same gels. st., positive control; 14d., 14
days; 28d., 28 days. The lower panels
show flow cytometric analysis of the ex-
pression of ecNOS, brain NOS, and induc-
ible NOS after 14, 21, and 28 days since
cell restimulation. Results shown are rep-
resentative of three separate
experiments.

TABLE I
Effects of NO on apoptosis of gd T lymphocytes

Results are expressed as % of inhibition of annexin V staining
(mean 6 S.E.; n 5 5) with respect to cells treated with the correspond-
ing relevant mAb, etoposide (20 mM) or thapsigargin (250 nM). Incuba-
tions with apoptosis-inducing agents, alone or combined with either
SNAP (100 mM), 8-Br-cGMP (500 mM), and 8-Br-cAMP (500 mM) were for
5 h. See “Experimental Procedures” for details. ND, not determined.

Treatment
Apoptosis inhibition (%)

1 SNAP 1 8-Br-cGMP 1 8-Br-cAMP

Anti-CD95 mAb 64 6 2.9 41 6 2.1 3 6 04
Anti-TcR mAb 55 6 2.6 35 6 1.3 2.7 6 0.2
Etoposide 0 0 ND
Thapsigargin 0 0 ND
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tion of ceramide (21, 22), a metabolite that, when administered
exogenously, triggers programmed death in cells belonging to
various lineages, including lymphocytes (23). The kinetics of
ceramide accumulation after CD95 ligation in the presence of
either SNAP or 8-Br-cGMP were therefore evaluated by thin
layer chromatography. As illustrated in Fig. 4A, either treat-
ment resulted in an important reduction of CD95-induced
ceramide accumulation at all time points considered (70 and
85% reduction of the 10-min peak of activity, respectively; see
Fig. 4B).

Ceramides, via their conversion to sphingosine 1-phosphate,
induce the release of Ca21 from the endoplasmic reticulum
(24–26). We have recently demonstrated in gd T cells that,

following CD95 cross-linking, Ca21 release occurs and is criti-
cal for apoptosis induction (6). This process appears to take
place as a consequence of ceramide accumulation since inhibi-
tion by the competitive inhibitor, DL-threo-dihydrosphingosine
(26, 27), of sphingosine kinase, the enzyme that converts cer-
amides into sphingosine 1-phosphate, completely prevented
Ca21 release induced by CD95-ligation (data not shown).
Whether the NO/cGMP effects on ceramide generation resulted
in reduced Ca21 release from intracellular stores was thus
investigated. Fluorimetric analysis of gd cells loaded with the
Ca21-sensitive dye, fura-2, revealed a consistent increase in
[Ca21]i upon both CD95 cross-linking and administration of 10
mM membrane-permeant ceramide (158.3 6 4.2% and 195 6
5.8%, respectively, n 5 8) (Fig. 4C). When the cells were incu-
bated with either SNAP (100 mM) or 8-Br-cGMP (500 mM),
CD95-triggered Ca21 release was dramatically reduced
(252.3 6 4.7% and 246.5 6 4.3%, respectively; n 5 8) (Fig. 4C,
upper traces). The effects of NO/cGMP on Ca21 release were
entirely due to the inhibition of ceramide accumulation, since
neither SNAP nor 8-Br-cGMP had any appreciable effect when
the experiments were performed using membrane-permeant
ceramide as Ca21 releasing agent (Fig. 4C, lower traces).

Taken together, these results demonstrate that NO protects
from apoptosis interfering with ceramide accumulation. To in-

FIG. 3. ecNOS activity determines gd cell susceptibility to
CD95-mediated cell death. A, cGMP accumulation was evaluated in
control untreated cells, after TcR cross-linking, and after TcR cross-
linking in the presence of the NOS inhibitor L-NIO (300 mM). Data are
from results obtained in five experiments run in triplicate (mean 6
S.E.). B, apoptotic cells were revealed by flow cytometry as annexin V1

cells after 5 h of CD95 cross-linking in the absence or presence of the
NO scavenger hemoglobin (Hb, 50 mM), or the NOS inhibitor L-NIO (300
mM). Experiments were performed at the times indicated after in vitro
restimulation. Results are reported as percent of apoptotic cells (an-
nexin V1 cells) in the different experimental conditions. Data shown are
from results obtained in five experiments (mean 6 S.E.). 10,000 cells
were analyzed by flow cytometry per each experimental sample. *, p ,
0.01 with respect to control; **, p , 0.01 with respect to cells treated
with anti-CD95 mAb plus either Hb or L-NIO.

FIG. 4. NO inhibits CD95-triggered ceramide generation and
Ca21 release and protects from ceramide-induced cell death. A,
ceramide levels were assessed by thin layer chromatography at the
indicated times after CD95 cross-linking, in the absence or in the
presence of either the cell permeant cGMP analogue 8-Br-cGMP (500
mM) or the NO donor SNAP (100 mM). Results shown are mean 6 S.E. of
five experiments run in triplicate. B, autoradiography of the 10-min
incubation point sample is shown together with the 250-pmol authentic
ceramide standard. Control, cells treated with the anti CD95 mAb
alone; SNAP and 8-Br-cGMP, cells treated with the Ab in the presence
of either SNAP (100 mM) or 8-Br-cGMP (500 mM), respectively. C, [Ca21]i
variations were assessed by fluorimetric analysis of fura-2-loaded cells
challenged with the anti-CD95 mAb (upper trace, solid) or the mem-
brane-permeant analogue of ceramide, C2-ceramide (10 mM; Cer, lower
trace, solid) in the presence of either SNAP (100 mM; hatched lines) or
8-Br-cGMP (500 mM; dotted lines). Traces shown are representative of
eight consistent experiments. D, cells were incubated with C2-ceramide
(10 mM) either alone or in the presence of SNAP (100 mM) or 8-Br-cGMP
(500 mM). The percentage of dead cells was evaluated by flow cytometry
after annexin V staining (6). Specific cell death was calculated as
percent with respect to the cell death induced by ceramide alone (100%).
Results are from five consistent experiments (mean 6 S.E.) run in
triplicates. Cer, ceramide. *, p , 0.01 versus ceramide alone.
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vestigate whether this is the only site of action of NO, gd cells
were treated with membrane-permeant ceramide and the NO/
cGMP effects on ceramide-induced apoptosis were analyzed. As
shown in Fig. 4D, apoptosis protection was still detected, indi-
cating that a second site of NO action exists downstream of
sphingomyelin hydrolysis.

The results we have obtained demonstrate the existence of
regulated, endogenous generation of NO in gd T lymphocytes
and implicate NO in cell protection from the CD95-triggered
apoptosis. The effect of NO is specific for this signaling path-
way, since the messenger has no effect on programmed death
induced by stimuli working via different intracellular path-
ways. The molecular levels at which NO exerts its actions
appear multiple, located upstream and downstream of ceram-
ide generation. Of importance, the protective effect induced by
SNAP against CD95-induced apoptosis is almost 2-fold with
respect to that observed with 8-Br-cGMP (see Table I). This
observation may underlie the existence in T lymphocytes of

molecular targets regulated by NO in a cGMP-independent
way. Recently, suppression of apoptosis by NO in endothelial
cells was demonstrated to be mediated via S-nitrosylation of
caspases (28). Whether this, or other, as yet unidentified mech-
anisms, are operating also in T lymphocytes remains to be
established. A model illustrating the multiple sites of NO ac-
tion along the CD95-activated signal transduction pathways in
gd T lymphocytes is proposed in Fig. 5.

The observations reported here have important implications
for the overall regulation of immune response. Expression of
CD95 ligand by T lymphocytes is among the physiological re-
sponses triggered by TcR activation. This event, however, does
not immediately result in CD95-dependent apoptosis, but al-
lows multiple rounds of activation and the clonal expansion of
stimulated lymphocytes (29). To account for this paradox, it
was proposed that signaling pathways exist that dynamically
regulate the susceptibility of activated lymphocytes to die in
response to CD95 activation (29). Our data identify autocrine
generation of NO as the early signaling event in the pathway
that regulates gd T lymphocyte apoptosis.
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FIG. 5. Schematic representation of the NO-mediated modula-
tion of the CD95 apoptotic pathways. CD95 cross-linking results in
the switch on of various, possibly related signaling pathways converg-
ing to apoptosis (16). NO, generated by ecNOS activation, exerts a
protective effect interfering with these pathways at different levels. NO
can act either via cGMP-dependent pathways, located upstream and
downstream of ceramide generation, and via cGMP-independent path-
ways yet to be defined. An additional consequence of the reduced
accumulation of ceramides, i.e. inhibition of the release of Ca21 from
intracellular stores, contributes to the protective effect of NO on
apoptosis (6).
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