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Ceramide-independent CD28 and TCR signaling
but reduced IL-2 secretion in T cells of acid
sphingomyelinase-deficient mice
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Ceramide generated by lysosomal acid sphingomyelinase (aSMase) has been proposed to
contribute to CD28 co-stimulatory signaling pathways. We used an aSMase-deficient
mouse line (asmase −/− ) to elucidate the role of the aSMase in splenocytes stimulated with
either a combination of anti-CD3 and anti-CD28 antibodies, the lectin concanavalin A
(Con A) or the superantigen staphylococcal enterotoxin B. All stimuli were shown to induce
IL-2 expression, Con A additionally triggered the expression of high-affinity IL-2 receptor.
However, in asmase −/− mice secretion of IL-2 was significantly reduced, whereas the intracellular IL-2 levels were elevated. Proliferation of anti-CD3/anti-CD28 or Con A-stimulated
aSMase-deficient splenocytes was reduced up to 50 % after 72 h in comparison to wildtype cells. We conclude that ceramide generated by aSMase is not involved in CD28 signal
transduction, but rather a perturbation of the secretory system is responsible for the
impaired proliferation of aSMase-deficient splenocytes.
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1 Introduction
T cell activation is known to require an orchestrated
interaction of different cell surface receptors. Apart from
the binding of the TCR-CD3 complex to CD4 or CD8, costimulatory signals are required to generate maximal
T cell response. The molecular mechanism concerning
TCR-initiated signaling (reviewed in [1]) or co-stimulatory
signaling [2] is discussed controversially and awaits clarification.
The first known step after TCR binding to a specific
MHC-peptide complex is tyrosine phosphorylation of
CD3 chains [3, 4]. Among other downstream events,
hydrolysis of phosphoinositides with a sustained elevation of intracellular free Ca2+ is initiated (reviewed in [5]).
The rate of intracellular Ca2+ elevation either by a release
from intracellular stores or influx determines the extent of
T cell clonal expansion. Apart from phosphoinositides, a
sphingomyelin breakdown product, sphingosine, has
[I 17469]
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been discussed either to enhance [6] or inhibit [7] the
Ca2+ release and/or influx. Thus, alterations in sphingosine levels may influence T cell proliferation rates, for
instance by down-regulation of calcium-dependent IL-2
gene expression [8] or impairment of Ca2+ -mediated
exocytotic vesicle fusion [5].
Certain molecules on APC have been identified which
enhance T cell responses [9–13]. Considerable attention
has been drawn to the glycoproteins B7.1 (CD80) and
B7.2 (B70, CD86) which differentially regulate T cell clonal expansion [13, 14]. Their natural receptors are CD28
and the structurally related cytotoxic T lymphocyteassociated molecule-4 (CTLA-4). Binding of B7 to CD28
lowers the threshold needed for T cell activation and a
prolongation of the response [1]. Transcription and stability of lymphokine mRNA, in particular those encoding
IL-2, IL-4, IFN- + and TNF- § , are increased [15, 16].
Expression of CTLA-4, high-affinity IL-2 receptor, CD40
ligand and anti-apoptotic molecule bcl-xL is upregulated [2]. Blocking of either B7 ligands or CD28
receptor synergistically with TCR stimulation abrogates
T cell activation and leads to anergy in most T cell subsets [17, 18]. Binding of B7 to CTLA-4 is thought to
antagonize B7-CD28 signaling [1].

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Eur. J. Immunol. 1998. 28: 874–880

Ligand binding-induced tyrosine phosphorylation is
thought to initiate the CD28 signal transduction cascade
via recruitment of phosphatidylinositol 3'-kinase (PI3kinase) [19]. This kinase has been connected to mitogenesis and apoptosis [20]. The cascade is thought to split
into a calcium-dependent TCR-analogous pathway and
a calcium-independent CD28-specific pathway [21]. The
former is sensitive to cyclosporin A (CsA) and leads to
NF-AT activation. The latter initiates the mitogenactivated protein kinase (MAPK)-cascade via p21ras
(eventually resulting in AP-1 and NF- O B formation) and
protein kinase C (PKC). MAPK activation was reported to
require both PI3-kinase and acid sphingomyelinase
(aSMase) activity [22–24]. Both the lysosomal aSMase
and the neutral sphingomyelinase, located in the plasmamembrane, are sphingomyelin-specific phospholipases C that generate ceramide and phosphocholine.
Ceramide released by either of these enzymes has been
thought to participate in different signal transduction
pathways coupled to TNF receptor, Fas, CD28, nerve
growth factor receptor and others [25].
Here we used an aSMase-deficient (asmase −/− ) mouse
[26] to elucidate the role of aSMase in CD28 and TCR
signaling after anti-CD3/anti-CD28, lectin and superantigen stimulation. We present experimental evidence that
ceramide released in the aSMase-activated “sphingomyelin cycle” is not involved in CD28-activated signal
transduction. However, IL-2 secretion is strongly
impaired in activated T cells of asmase −/− mice, while the
IL-2 synthesis and IL-2 receptor expression remain unaltered and comparable to wild-type (WT) control levels.
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2 Results
2.1 Proliferative response of asmase −/−
splenocytes to mitogenic challenges
Spleen cells of WT and aSMase-deficient (asmase −/− )
mice were stimulated for up to 72 h with the phorbol
ester PMA (15 ng/ml) and calcium ionophore (250 ng/
ml), with the lectin Con A at different concentrations (2.5
and 5 ? g/ml), and by anti-CD3/anti-CD28 treatment
(1 ? g/ml each). Cell proliferation was measured initially
by 5-bromo-2'-deoxyuridine (BrdU) and [ 3 H]thymidine
uptake. The two methods gave identical results. Therefore, the BrdU proliferation ELISA was used in all further
experiments. Fig. 1 demonstrates that T cells derived
from asmase −/− mice stimulated with anti-CD3/antiCD28 and Con A showed a reduced proliferative
response to the mitogens compared to WT T cells. After
72 h, WT cells exceeded the aSMase-deficient T cells by
approximately 50 %. No significant differences in the
proliferation potential were observed in WT and asmase −/−
T cells in response to a combination of PMA and ionomycin.

2.2 IL-2 production and secretion of in vitro
stimulated asmase −/− T cells
The production of IL-2 was determined by intracellular
staining of IL-2-positive splenocytes after stimulation
with either a combination of anti-CD3 and anti-CD28
antibody (Fig. 2A), Con A (Fig. 3A) or staphylococcal

Figure 1. Splenocyte proliferation measured by BrdU incorporation ELISA. Splenocytes (1 × 105 cells/well) of pooled WT (n j 3,
filled columns) and aSMase-deficient mice (n j 3, open columns) were cultured in 96-well flat-bottom plates and stimulated with
PMA/Ca2+ ionophore (15 ng/250 ng/ml), Con A (2.5 or 5 ? g/ml) or anti-CD3/anti-CD28 antibodies (1 ? g/ml each) for 48 and 72 h.
Each data point represents the mean value ± SD of six repeats per stimulant.
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Figure 2. Spleen cells (2 × 106 cells/well) were cultured in
24-well flat-bottom plates and stimulated with 10 ? g/ml antiCD3 and 1 ? g/ml anti-CD28 for the times (h) indicated on the
abscissa. (A) Relative number of IL-2-positive WT (filled
squares) or aSMase-deficient (open squares) splenocytes.
Cells (0.5–1 × 106 ) were pelleted by centrifugation. Cell pellets were resuspended in PBS containing 0.5 % BSA,
0.02 % NaN3 and 0.5 % saponin and incubated with 5 ? g/ml
rat anti-mouse IL-2 Ab for 15 min at 4 °C in the dark; 10 000
fixed splenocytes in the gate were analyzed by flow cytometry. (B) IL-2 secretion of WT (filled squares) or asmase−/−
(open squares) splenocytes. Cell culture supernatants were
analyzed with IL-2 ELISA. (C) Expression of high-affinity IL-2
receptor on WT (filled squares) or aSMase-deficient (open
squares) CD4+ and CD4− splenocytes, respectively. Cells
were simultaneously incubated with 1 ? g/ml FITCconjugated anti-CD25 and 2 ? g/ml PE-conjugated anti-CD3
Ab at room temperature. After washing with 1 ml PBS, cells
were resuspended in PBS/0.5 % BSA/0.02 % NaN3 and analyzed by flow cytometry as described above.
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Figure 3. Splenocytes (2 × 106 cells/well) were cultured in
24-well flat-bottom plates and stimulated with 5 ? g/ml
Con A. Kinetic analyses of the relative numbers of IL-2positive splenocytes (A), IL-2 content of cell culture supernatants (B) and high-affinity IL-2 receptor expression on
CD4+ and CD4− splenocytes, respectively (C), were performed as described in the legend of Fig. 2. The abscissa
indicates periods of stimulation (h). WT splenocytes: filled
squares, aSMase-deficient splenocytes: open squares.

enterotoxin B (SEB) (Fig. 4A). All samples of aSMasedeficient cells generally revealed a higher number of
IL-2-positive cells compared to WT cells. Upon CD3 and
CD28 stimulation, IL-2-positive WT splenocytes doubled
from a 5 % base level to 10 % after 4 h. After 8–10 h,
intracellular IL-2 was down-regulated to normal
amounts. Numbers of IL-2-positive asmase −/− cells rose
from about 12 % base level to 23 % after 4 h and normalized in a time course similar to WT splenocytes. While
IL-2 levels in WT splenocytes remained constant within a
24-h period (2–4 % positive cells), the number of IL-2
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5 ng/ml for asmase −/− cells (data not shown). After Con A
stimulation, secretion started analogously between 4 h
and 18 h; after SEB challenge IL-2 secretion started after
6 h with a delay of 2 h compared to lectin stimulation.
The final IL-2 secretion level between 18 h and 48 h was
twice (Con A) or even three times as high (SEB) in WT
than in asmase −/− splenocytes. For SEB, however, within
the time of the experiment (48 h), no plateau was
reached (data not shown).

2.3 IL-2 receptor > chain expression of in vitro
stimulated asmase −/− T cells
After splenocyte stimulation with Con A, the IL-2 receptor § chain (CD25) expression rose about 10-fold within
12 h on CD4+ cells and about 60-fold within 18 h on
CD4− lymphocytes (Fig. 3C). CD25 expression on
aSMase-deficient T cells was slightly delayed and never
reached WT level. The same observation was made for
CD4− cells, except that after 18 h even more asmase −/−
cells were found CD25 positive than WT lymphocytes.
Upon anti-CD3/anti-CD28 treatment of splenocytes,
CD25 expression rose about 30-fold in the time of
observation in WT CD4− cells (Fig. 2C). Expression in
asmase −/− T cells lagged closely behind WT
levels. Expression in CD4+ cells was comparable to that
triggered by Con A. SEB stimulation did not lead to a significant increase in CD25 expression in neither genotype
(Fig. 4C).

3 Discussion
Figure 4. Splenocytes (2 × 106 cells/well) were cultured in
24-well flat-bottom plates and stimulated with 5 ? g/ml SEB.
Kinetic analyses of the relative numbers of IL-2-positive
splenocytes (A), IL-2 content of cell culture supernatants (B)
and high-affinity IL-2 receptor expression on CD4+ and CD4−
splenocytes, respectively (C), were performed as described
in the legend of Fig. 2. The abscissa indicates periods of
stimulation (h). WT splenocytes: filled squares, aSMasedeficient splenocytes: open squares.

positive asmase −/− cells doubled after 6 h of Con A challenge and after 10 h of SEB challenge, respectively. Later
on, cell numbers decreased to base levels within 2–4 h.
In order to correlate production and secretion of IL-2, we
determined the IL-2 content of cell culture supernatant
after anti-CD3/anti-CD28, lectin and superantigen stimulation (Figs. 2B, 3B and 4B). After a challenge with antiCD3/anti-CD28, WT and asmase −/− cells secreted high
amounts of IL-2 between 4 h and 18 h. Secretion
reached and remained on a maximum level between
18 h and 48 h at about 11 ng/ml for WT cells and about

We addressed the question whether aSMase or its reaction product ceramide is important for TCR- or CD28mediated signal transduction. asmase −/− splenocytes
stimulated with Con A proliferated significantly slower
than WT cells, while only marginal effects were observed
after PMA/Ca2+ -ionophore treatment of the same cells.
This is due to a strongly reduced IL-2 secretion after
Con A challenge, which is only half as high in aSMasedeficient splenocytes as in splenocytes of WT controls.
After a combined treatment of the cells with anti-CD3 and
anti-CD28 antibody, IL-2 secretion and proliferation was
impaired in a similar manner. Surprisingly, in both cases
asmase −/− cells accumulate IL-2 intracellularly. We therefore conclude that secretion is impaired rather than IL-2
gene transcription, mRNA stabilization or translation.
Additionally, the expression of high-affinity IL-2 receptor
was only slightly different in both genotypes. This suggests an intact CD28 signal transduction pathway.
Generally the same results were obtained after TCR
stimulation with the superantigen SEB. With a small time
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shift of about 2 h, intracellular accumulation of IL-2 and
diminished IL-2 secretion was observed correspondingly
to lectin stimulation. CD25 expression was neither
enhanced in aSMase-deficient nor in WT splenocytes.
Ceramide has been considered to contribute to many
different signaling events. Among others [25], it was
reported to be released after CD28-B7 binding [22–24].
We could not confirm these results. On the contrary, we
observed higher intracellular IL-2 levels in asmase −/−
cells which correlate with a higher number of mRNA transcripts [27]. Splenocytes from both the aSMasedeficient and the WT mice showed an almost equal proliferation in response to PMA/ionomycin stimulation
which mimics TCR-CD3- and CD28-mediated signal
transduction [28]. However, proliferation of asmase −/−
splenocytes was reduced after Con A or anti-CD3/antiCD28 challenge caused by impaired IL-2 secretion.
Activation of a phosphatidylinositol-specific phospholipase C (PI-PLC) and PI3-kinase are early events in TCR
and CD28 signal transduction [5, 19]. Sphingomyelin that
is highly accumulated in membranes of aSMasedeficient cells has been shown to be a potent inhibitor of
PI-PLC [29], suggesting that the enzyme is less active in
asmase−/− splenocytes. Since the Ca2+ ionophore directly
elevates intracellular Ca2+ concentrations and therefore
bypasses the inositol-1,4,5-trisphosphate-induced Ca2+
release, we conclude that reduced Ca2+ concentrations
in asmase −/− cells might be responsible for impaired vesicle fusion. Ca2+ concentrations appear to be sufficiently
high to induce IL-2 and IL-2R expression.
Sphingomyelin and cholesterol are generally associated
[30]. Sphingomyelin accumulation in the plasmamembrane of asmase −/− splenocytes may change its biophysical properties (e.g. membrane fluidity) and thereby alter
the function of PI-PLC, PKC and/or PI3-kinase. Vesicular
transport and fusion may also be impeded. Perturbed
sphingolipid synthesis has been shown to affect protein
and lipid trafficking through the secretory system, suggesting that vesicular transport along the secretory pathway is coupled to sphingolipid metabolism [31]. The fungal metabolite brefeldin A (BFA) has been reported not
only to inhibit protein transport from cis- to trans-Golgi,
but also to induce sphingomyelin hydrolysis [32].
Whether the reaction product ceramide regulates membrane fluidity and facilitates vesicular budding remains to
be proven.
The role of ceramide released by aSMase in signal transduction has been questioned recently. We have shown
that NF- O B is activated upon TNF- § stimulation
indiscriminately in asmase −/− and WT embryonic fibroblasts [33]. Others have provided evidence against a role
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of ceramide in Fas-mediated signal transduction [34].
The results reported here suggest that ceramidedependent signal transduction processes in T cell proliferation triggered by CD28 and TCR stimulation are unimpaired; however, alterations of the physical properties of
the membrane by sphingomyelin accumulation in
aSMase-deficient splenocytes might be responsible for
an impaired secretion of IL-2.

4 Materials and methods
4.1 Animals
WT mice (C57BL/6 × 129/01a) and aSMase-deficient mice
(C57BL/6 × 129/01a asmase−/− ) were generated as
described [26]. Mice were used at 8–10 weeks of age.

4.2 Cell culture conditions and reagents
Splenocytes of WT (n j 3) and aSMase-deficient mice
(n j 3) were harvested, pooled and plated in 24-well flatbottom plates at 2 × 106 cells/ml cell culture medium (RPMI
1640 containing 10 % FCS and 100 U/ml penicillin/streptomycin; PAA Laboratories GmbH, Coelbe, Germany) using
standard methods. Cells were stimulated with a combination
of 10 ? g/ml anti-CD3- 4 (hamster IgG, clone 145-2C11, PharMingen) and 1 ? g/ml anti-CD28 (hamster IgG, clone 37.51,
PharMingen), 5 ? g/ml SEB (Fluka, Sigma-Aldrich Chemie
GmbH) or 5 ? g/ml mitogen Con A (Boehringer Mannheim).
Splenocytes and cell culture supernatants were collected at
the times indicated in the figures. Supernatants were stored
at −80 °C until analyzed. Cells were washed once with PBS,
resuspended in 500 ? l PBS and fixed in 4 % formaldehyde in
PBS (Merck, Darmstadt, Germany). After fixation for 20 min
at room temperature, cells were washed with PBS, resuspended in PBS/0.5 % BSA/0.02 % NaN3 and stored at 4 °C
until stained.

4.3 Intracellular immunofluorescence staining of IL-2
For staining, 0.5 × 106 –1 × 106 cells were centrifuged for
10 min at 300 × g. Cell pellets were resuspended and incubated with 5 ? g/ml rat anti-mouse IL-2 Ab (RIgG2a, clone
S4B6, PharMingen, Hamburg, Germany) in PBS/0.5 % BSA/
0.02 % NaN3 containing 0.5 % saponin (Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany) for 15 min at 4 °C in the
dark. After washing with 1 ml PBS/0.5 % BSA/0.02 % NaN3 /
0.5 % saponin, cells were resuspended in 500 ? l PBS/0.5 %
BSA/0.02 % NaN3 and stored at 4 °C until analyzed by flow
cytometry. 10 000 fixed splenocytes in the gate were used
for analysis of intracellular staining (FACScan and CELL
Quest research software, Becton Dickinson GmbH, Heidelberg, Germany) [35, 36].
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4.4 Immunofluorescence staining of IL-2 receptor >
chain (CD25)
Cells were incubated for 10 min at room temperature with
1 ? g/ml FITC-conjugated anti-CD25 (RIgM, clone 7D4) and
2 ? g/ml PE-conjugated anti-CD3e (AHIgG, 145-2C11; both
Ab from PharMingen, Hamburg, Germany). After washing
with 1 ml PBS, cells were resuspended in PBS containing
0.5 % BSA and 0.02 % NaN3 , stored at 4 °C and analyzed as
described above.

4.5 IL-2 ELISA
Supernatants were collected in 1.5 ml Eppendorf cups, centrifuged for 10 min at 300 × g and aliquots stored at −80 °C.
IL-2 was determined by ELISA (BiotrakTM , Amersham Life
Science, Amersham, GB) according to the manufacturer’s
manual.

4.6 Proliferation assays
Splenocytes (1 × 105 ) from WT (n j 3) and aSMasedeficient mice (n j 3) were incubated in 96-well flat-bottom
plates (Falcon 3072, Becton Dickinson GmbH, Heidelberg,
Germany) in 200 ? l RPMI 1640 medium supplemented with
10 % FCS and 100 U/ml penicillin/streptomycin. Cells were
stimulated by the addition of PMA/ionomycin (15 ng/250 ng
per ml; Sigma-Aldrich Chemie GmbH), Con A (2.5 and 5 ? g
per ml) or a combination of anti-CD3 and anti-CD28 antibody (1 ? g/ml each) for 48 h and 72 h. Cell proliferation was
measured by either using the BrdU-Cell Proliferation ELISA
(Boehringer Mannheim, Germany), following the manufacturer’s instructions, or by a modified [3 H]thymidine incorporation method [37]. In brief, cells were soaked onto a nitrocellulose membrane (Schleicher & Schüll BA85, Dassel,
Germany) followed by three washes with 10 % trichloroacetic acid (TCA), 5 % TCA and 95 % ethanol, respectively.
Air-dried filters were analyzed in a liquid scintillation counter
(Wallac 1409, Turku, Finnland) with polar Bray solution.
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