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Abbreviations

ADAP = adhesion- and degranulation-promoting adapter protein, Carmal = caspase-
recruitment domain [CARD]-membrane-associated guanylate kinase [MAGUK] protein 1,
CDR3 = complementary determining region 3, GM1 = ganglioside M1, GC = gas
chromatography, HER2 = human epidermal growth factor receptor-2, HP-TLC = high
performance thin-layer chromatography, LAT = linker for activation of T cells, Lck =
leukocyte-specific protein tyrosine kinase, NF-xB = nuclear factor-kappa B, PDK-1 = 3-
phosphoinositide-dependent protein kinase 1, PI3K = phosphoinositide 3-kinase, PKC =
protein kinase C, PLC»1 = phospholipase C1, rlgG; = recombinant 1gG;, SLP-76 = SH2-
domain-containing leukocyte protein of 76 kDa, SMase = sphingomyelinase, TNF-a. = Tumor

necrosis Factor a, Vav-1 = p95*®', ZAP-70 = Zeta-chain-associated protein kinase of 70 kDa



1. Summary

We previously reported that the anti-tumoral effects of the recombinant IgG; antibody
13B8.2, which is directed against the CDR3-like loop on the D1 domain of CD4, are linked to
accumulation/retention of CD4 inside membrane rafts, recruitment of signaling molecules of
the TCR/CD3 pathway and raft exclusion of the ZAP-70 kinase and its downstream targets
Vav-1, PLCyl and SLP-76. We thus wanted to assess whether this compartmentalization
could be related to a possible effect of 13B8.2 on the lipid composition of rafts. Here we show
that 13B8.2 treatment of Jurkat T cells did not affect neutral lipids and particularly cholesterol
content in GM1-positive membrane rafts, but decreased phosphatidylserine synthesis. C18:0
saturated fatty acid level in GM1-positive membrane rafts and ceramide release were
concomitantly increased following treatment with 13B8.2. Antibody-induced ceramide
release in membrane rafts occurred through enhanced acid sphingomyelinase activity and was
blocked by the acid sphingomyelinase inhibitor imipramine, but was not affected by inhibitors
of de novo ceramide synthesis, myriocin and fumonisin B1. Similarly to 13B8.2, addition of
bacterial sphingomyelinase increased ceramide release and segregated ZAP-70 outside GM1-
positive membrane rafts from Jurkat T cells. Besides CD4/ZAP-70 modulation in membrane
rafts, the 13B8.2-induced activation of the acid sphingomyelinase/ceramide pathway is an
important event for structuring raft platforms and transducing CD4-related intracellular

signals, which can further fine-tune antibody-triggered tumoral effects.



2. Introduction

The classical concept of plasma membrane, proposed by Singer and Nicolson [1],
wherein proteins diffuse freely in two-dimensional homogeneous bi-layers, has been
drastically modified during the last decade. Indeed, membrane rafts, which are “discrete”
domains with a mean diameter of 10-200 nm, can be distinguished from the rest of the
membrane due to their protein and lipid composition [2]. The ability of membrane rafts to
segregate proteins in a defined lipid environment provides a mechanism for signaling
compartmentalization in the plasma membrane by concentrating some components in
membrane rafts and excluding others. Cholesterol/sphingolipids confer organization of
membrane rafts through self-assembly but could also be incorporated in the quaternary
structure of raft-located protein complexes (“lubrication” concept) [2], thus favoring their
inclusion into and the assembly of functionalized membrane rafts. They play a major role in
the modulation of apoptosis [3] and cell growth [4], and their targeting represents an attractive
strategy of raft-based therapeutics [5, 6]. Indeed, cholesterol sequesters and inhibitors of
cholesterol synthesis as well as sphingolipid-modulating drugs, which mainly act on enzymes
involved in ceramide metabolism [5], regulate cell growth, differentiation, stress response and
apoptosis [7]. Ceramide accumulation occurs through two main pathways: hydrolysis from
sphingomyelin through sphingomyelinase (SMase) stimulation and de novo synthesis by
ceramide synthase activation. Interestingly, the anti-CD20 antibody rituximab [4] as well as
CDA40- [8] and CD95-specific [3, 9, 10] antibodies increase in vitro ceramide release, thus
rendering cells sensitive to apoptosis or inhibition of proliferation. In vivo therapeutic synergy
between rituximab and lipids modulators, such as fenretinide [11, 12] and aplidine [13], has
been demonstrated, thus leading to the idea of combining lipid modulators and antibodies, as

proposed in a combinatorial phase I/11 clinical trial in B cell lymphoma (trial NCT00288067).



Altogether, these results clearly emphasized a dynamic crosstalk between
sphingolipids/cholesterol and proteins (lipid-protein “rheostat”) in membrane rafts that can be
modulated by antibodies [5].

We found that, in Jurkat T cells, rlgG; 13B8.2, a baculovirus-expressed recombinant
1gG: (rlgG;) anti-CD4 antibody [14, 15], induced accumulation/retention of CD4 inside

membrane rafts, recruitment of TCR, CD3¢, kinases, adaptor proteins and PKC-0, but

excluded ZAP-70 and its downstream targets SLP-76, PLCy1, and Vav-1 [16]. Analysis of
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key upstream events showed that modulation of ZAP-70 Tyr=* and Tyr®~ phosphorylation
occurred concomitantly with rlgG; 13B8.2-induced ZAP-70 exclusion from the membrane
rafts [16]. Such antibody-induced modulation of membrane raft signaling, which leads to
inhibition both of NF-kB nuclear translocation [17] and of binding to the IL2 gene promoter
[18], partly explains the anti-proliferative effect of rigG; 13B8.2 in T cell lymphomas [19];
however the effects of rlgG; 13B8.2 on lipid dynamics in membrane rafts remain unknown.
Therefore, we decided to examine the effects of the anti-CD4 rlgG; 13B8.2 antibody on the
lipid composition of membrane rafts in a T lymphoma cell line. Here we report that, besides
CDA4/ZAP-70 protein reorganization, rlgG; 13B8.2 affected the lipid rheostat by increasing
ceramide release through acid SMase activation and decreasing phosphatidylserine synthesis
without modifying the cholesterol content of GM1-positive membrane rafts. Finally,
incubation of Jurkat T cells with exogenous SMase not only increased ceramide release, but

also segregated ZAP-70 kinase outside GM1" membrane rafts like following treatment with

rlgG; 13B8.2.



2. Materials and methods

2.1. Cells

Jurkat T cells were grown in RPMI 1640 (Cambrex, Verviers, Belgium) supplemented
with 10% heat-inactivated fetal calf serum (FCS) (PAA Laboratories, Pasching, Austria),
antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin; Sigma-Aldrich, St Louis, MO),
and 2 mM glutamine (complete medium). Cells were provided by L. Briant (Centre National

de la Recherche Scientifique, Unité Mixte de Recherche 5236, Montpellier, France).

2.2. Lymphocyte treatment

1x108 Jurkat T cells were treated with 20 pg/ml rigG; 13B8.2 diluted in complete
medium for 10 min. A 10 min-treatment has been previously shown to be optimal for
inducing CD4/ZAP-70 raft reorganization [16]. In other experiments, cells were only treated
with 1 U/ml bacterial SMase from Bacillus cereus (Sigma) for 1 h, a procedure which has

been previously determined to be optimal for ceramide release [20].

2.3. Brij 98-raft isolation

After washing in 160 mM PBS (pH 7.4), Jurkat T cells were lysed with 1% poly-
oxyethylene glycol Brij 98 detergent diluted in TNE buffer (25 mM Tris-HCI, pH 7.5; 150
mM NaCl; 5 mM EDTA) containing 1 mg/ml enzyme inhibitors (complete EDTA-free
mixture of anti-proteases; Roche, Meylan, France) at 37°C for 30 min. Cell lysates were
mixed with an equal volume of 80% sucrose in TNE with enzyme inhibitors, overlaid with
6.5 ml 30% and 3.5 ml 5% sucrose in TNE with enzyme inhibitors, and then centrifuged at
200,000g at 4°C for 20 h. From the top of the gradients, twelve 1-ml fractions were collected

on ice and numbered from 1 to 12. The protein content of each fraction was quantified using



the micro Bradford Protein Assay kit (Pierce, Rockford, IL). GM1 and CD71 expression were

used to discriminate between raft fractions and non-raft fractions, respectively (see below).

2.4. Cholesterol quantitation

Cholesterol levels were determined in GM1-positive (GM1") raft fractions using the
Amplex Red Cholesterol Assay Kit (Molecular Probes, Karlsruhe, Germany) following the
manufacturer’s protocol. Briefly, 50 ul cell lysates or GM1" raft fractions from antibody-
treated Jurkat T cells were incubated with 50 ul Amplex Red working solution which contains
2 U/ml cholesterol oxidase, 0.2 U/ml cholesterol esterase, 2 U/ml horseradish peroxidase and
300 uM Amplex Red reagent. After 30 min incubation at 37°C in the dark, fluorescence was
measured using a fluorescence microplate reader (Molecular Devices Corp., Sunnyvale, CA)
at an excitation wavelength of 530 nm and emission wavelength of 590 nm. The fluorescence
of lysis buffer alone (negative control) and of different concentrations of the cholesterol
reference standard (Sigma) (positive control) was also assessed during each experiment.
Cholesterol values were calculated based on the cholesterol standard curve obtained with the
cholesterol reference standard and normalized to the protein content of each sample

determined with the micro Bradford protein assay kit (Pierce).

2.5. Measurement of acid sphingomyelinase activity

Activity of acid SMase in Jurkat T cells was measured using the Amplex Red
Sphingomyelinase Assay Kit (Molecular Probes). Protein-normalized GM1" raft fractions or
whole cell lysates were diluted to 100 ul in 50 mM sodium acetate buffer at pH 5.0, which is
optimal for the detection of acid SMase activity, and they were incubated with 10 ul 5 mM
sphingomyelin at 37°C for 1 h. The positive control contained 100 ul 0.4 U/ml Bacillus

cereus SMase (supplied in the kit) in 50 mM sodium acetate solution at pH 5 and 10 ul 5 mM



sphingomyelin. All samples were then mixed with 100 ul Amplex Red working solution (100
uM Amplex Red reagent with 8 U/ml alkaline phosphatase, 0.2 U/ml choline oxidase, 2 U/ml
horseradish peroxidase in 100 mM Tris—HCI pH 8.0) in a 96-well microtiter plate. For each
test, a negative control (i.e., Amplex Red working solution without sphingomyelin) was also
co-incubated with each sample. After 30 min incubation at 37°C in the dark, measurements
were made using a fluorescence microplate reader (Molecular Devices Corp.). The excitation
and emission wavelengths were set at 560 and 587 nm, respectively. The acid SMase activity
of the experimental samples, positive and negative controls was calculated as a percentage of

the acid SMase activity (100%) of Bacillus cereus SMase.

2.6. Radioactive quantification of acid sphingomyelinase activity

Radioactive acid SMase assay was performed as previously described by Wiegmann et
al. [21] and adapted by Jaffrézou et al. [22] and Grazide et al. [23]. Jurkat T cells were first
incubated with or without 20 pug/ml rigG; 13B8.2 antibody or rituximab for different lengths
of time. Cells were then washed and lysed in 300 pl 0.1% Triton X-100 for 10 minutes
followed by sonication. Reactions were started by adding 100 ul substrate solution to 100 pl
whole cell lysate. The substrate solution consisted of [choline-methyl-**C]-sphingomyelin
(100,000 d.p.m./assay; Dupont NEN; Boston MA) in 1 mM EDTA and 250 mM sodium
acetate (pH 5.0). Radioactive phosphocholine produced from [choline-methyl-**C]-
sphingomyelin in the presence of acid SMase was extracted by adding 2.5 ml
chloroform/methanol (2:1 v/v) [24]. Phases were separated by centrifugation and the amount
of released phosphocholine in 750 ul of the upper phase was determined using a scintillation
counter. For calculation of the specific activity of the total cell homogenates, values were

corrected for protein content, reaction time and specific activity of the substrate.



2.7. Lipid analysis and quantification by high performance thin-layer chromatography (HP-
TLC) and gas chromatography (GC)

Lipids were extracted and purified from the different gradient fractions according to
Bligh and Dyer [25]. Phospholipids, glycolipids and neutral lipids were separated by mono-
dimensional HP-TLC using the solvent systems described by Vitiello and Zanetta [26] and
Juguelin et al. [27], respectively. Lipids were detected by spraying the plates with a solution
of 0.1% (w/v) primuline in 80% acetone, imaged under ultra-violet light and then quantified
from HP-TLC plates by densitometric scanning [28] using three independent biological
samples. The identities of lipids were determined using well characterized standards. Fatty
acids were determined and quantified using GC after conversion to the corresponding methyl
esters by hot methanolic sulfuric acid treatment according to Browse et al. [29]. The retention

times of fatty acid methyl esters were determined by comparison with standards.

2.8. Flow cytometry measurement of ceramide

Ceramide levels in Jurkat T cells were assessed by flow cytometry analysis. Cells were
treated or not with 20 pg/ml anti-CD4 rlgG; 13B8.2 at 37°C for various times. In some
experiments, before the antibody treatment, ceramide synthesis was inhibited by incubating
cells at 37°C with myriocin (100 nM; Sigma), imipramine (20 uM; Sigma) or fumonisin B1
(50 uM; Sigma) for 30 min. After washes cells were fixed in 3% paraformaldehyde /PBS
(wt/vol) for 10 min and permeabilized or not with cold methanol for 30 minutes. After three
washes in PBS buffer without Ca™ and Mg"" supplemented with 2% FCS (PBS-2% FCS),
cells were incubated with the anti-ceramide 15B4 monoclonal antibody (1:50) (Alexis
Biochemicals, Germany) at 37°C for 1 h. After three washes in PBS-2% FCS, cells were

incubated with FITC-conjugated goat anti-mouse IgM (1:100) (Jackson ImmunoResearch,



Baltimore, PA) in the dark for 1 h. Cells were then washed three times and suspended in PBS

for analysis using an EPICS flow cytometer (Beckman-Coulter, Fullerton, CA).

2.9. Dot blot analysis of GM1-enriched membrane rafts

Nitrocellulose membranes (Hybond ECL; Amersham Pharmacia Biotech, UK,
Buckingham) were spotted with 2 g of each gradient fraction. Membranes were blocked with
5% semi-skimmed milk in PBS containing 0.1% Tween 20 (PBS-T) at room temperature for
1 h. GM1 was detected in Brij 98-extracted fractions by adding the peroxidase-conjugated
cholera toxin B subunit (1:1000) (Molecular Probes) at room temperature for 1 h. CD71 was
detected by incubating nitrocellulose membranes with an anti-CD71 rabbit antibody (1:1000)
(Santa Cruz Biotech., Santa Cruz, CA) at 37°C for 1 h, followed by probing with a secondary
peroxidase-conjugated anti-rabbit antibody (1:3000). After washing in PBS-T, binding was

assessed using the ECL Western Blotting Detection Kit (Amersham Pharmacia Biotech).

2.10. SDS-polyacrylamide gel (SDS-PAGE) electrophoresis and western blot

Forty ug of protein lysates from each gradient fraction obtained after treatment with
rigG; 13B8.2 or Bacillus cereus SMase were separated on 12%-SDS-PAGE under reducing
conditions and electrophoretically transferred to Immobilon P membranes (BioRad, Bedford,
MA). Membranes were blocked with 5% semi-skimmed milk in PBS-T at 37°C for 1 h. After
washing in PBS-T, membranes were incubated with the dilution of anti-CD71 (1:1000) (Santa
Cruz Biotech.), -CD4 (1:3000) (R&D Systems, Minneapolis, MN) and -ZAP-70 (1:1000)
antibodies (Santa Cruz Biotech.) at room temperature for 2 h. Membranes were then washed
with PBS-T three times and incubated with a secondary peroxidase-conjugated anti-rabbit
antibody (1:3000) or anti-goat antibody (1:1000) (Sigma), as appropriate, at room temperature

for 1 h. After three washes in PBS-T, antibody binding was detected with the ECL Western
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Blotting Detection Kit (Amersham Pharmacia Biotech). Neither the experiments performed
for this paper, nor the dot-blots/western blots we previously published [16] showed GM1,

CD4, CD71 or ZAP-70 reactivity in fractions 1—3 of the membrane raft gradient.

2.11. Statistical analysis
Results, when appropriate, were expressed as mean + SD and were the average of at
least three different values per experiment. The Student’s t-test was used to evaluate the

statistical significance. Differences were considered statistically significant when p < 0.05.
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3. Results

3.1. The anti-CD4 antibody rlgG; 13B8.2 does not affect neutral lipid composition, and
particularly cholesterol level, in GM1"™ membrane rafts from Jurkat T cells, but decreases
phosphatidylserine content.

To investigate whether treatment with rigG; 13B8.2 could modify the lipid content in
Jurkat T cells, cells were treated with 20 pg/ml rlgG; 13B8.2 for 10 minutes and then lipids
were extracted with chloroform/methanol and further separated by HP-TLC with different
solvent mixtures. Treatment with rlgG; 3B8.2 did not modify the proportion of neutral lipids
(e.g. diacylglycerol 1-2 and 1-3, cholesterol, free fatty acids, triacylglycerol and cholesterol
ester) in whole lipid extracts (data not shown). Similarly, cholesterol content was comparable
in GM1" membrane fractions 4-5 obtained from cells incubated or not with rlgG; 13B8.2, as
demonstrated by Amplex Red flurorimetry (data not shown). Conversely, the content of polar
lipids in whole lipid extracts was partially affected by treatment with rlgG; 13B8.2 (Fig. 1).
Specifically, phosphatidylserine (PS) level showed a significant 0.81 fold-decrease (P value =
0.019), whereas sphingomyelin, phosphatidylcholine, phosphatidylinositol, phosphatidic acid
and phosphatidylethanolamine content was not significantly modified and was comparable to

that of a previous report [30].

3.2. rlgG; 13B8.2 increases C18:0 fatty acid level in GM1™ membrane rafts

To assess in detail the relative proportion of fatty acids, their length and degree of
saturation, GM1"membrane rafts from cells treated or not with rigG; 13B8.2 were analyzed
by GC (Fig. 2). As expected for liquid-ordered phases [30, 31], GM1" membrane raft
fractions mainly contained C16:0 (palmitic acid) and C18:0 (stearic acid) saturated fatty

acids, which corresponded to approximately half of the whole fatty acids extracted from
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untreated or 13B8.2-treated cells. C18:1 mono unsaturated fatty acid (oleic acid) was also
mainly detected either in untreated or 13B8.2-treated cells. Treatment with rlgG; 13B8.2
induced a significant 1.28 fold-increase in C18:0 fatty acid level in GM1" membrane rafts in
comparison to untreated cells (Fig. 2, P value = 0.02), whereas C16:0 and C18:1 were not

affected by antibody treatment.

3.3. rlgG; 13B8.2 treatment stimulates ceramide release in Jurkat T cells

Sphingolipids, particularly ceramides, which play a role in apoptosis and proliferation,
are an important group of lipid mediators found in membrane rafts. Since C18:0 fatty acids,
whose level was specifically increased following rlgG; 13B8.2 treatment, are constitutive
elements of many types of lipids including ceramides, we then assessed by flow cytometry
whether rlgG; 13B8.2 influenced ceramide release at the cell membrane. A 10-min treatment
with rlgG; 13B8.2 induced a slight increase (11%) in ceramide concentration at the cell
membrane (Fig. 3A, upper panels); this effect was time-dependent since a 4h-treatment
increased ceramide accumulation up to 21%. Permeabilization of Jurkat T cells with methanol
after antibody treatment further increased ceramide detection to 50% after 10-min antibody
treatment and to 73% after 4-h antibody treatment (Fig. 3A, lower panels). No signal was
detected when using fluorescein-conjugated secondary antibody alone (data not shown).
These results suggest that ceramide accumulation following rigG; 13B8.2 treatment could be
due to de novo cytoplasmic synthesis or intracellular lysosomal SMase activation as well as to
sphingomyelin hydrolysis through direct membrane SMase activation. Pre-treatment with
imipramine, an acid SMase inhibitor which blocks membrane ceramide synthesis from
sphingomyelin, reduced ceramide release in 13B8.2-treated and permeabilized cells, whereas

neither fumonisin B1 nor myriocin (which inhibit de novo ceramide synthesis) did affect
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ceramide production following a 10 min-antibody treatment (Fig. 3B). Taken together these

findings indicate that rigG; 13B8.2 treatment stimulates ceramide release in Jurkat T cells.

3.4. rlgG; 13B8.2-induced ceramide release is correlated with enhanced acid
sphingomyelinase activity

Many stimuli including cytokines, G protein-coupled receptors and stress favor
hydrolysis of sphingomyelin to ceramide and phosphorylcholine, a reaction catalyzed by
SMases. We thus quantified acid SMase activity in whole cell lysates and GM1" membrane
raft fractions, from cells treated or not with rlgG; 13B8.2 using the Sphingomyelinase
Amplex Red fluorimetry assay. As shown in Figure 4A, a significant 2-fold increase in acid
SMase activity (P value = 0.015) was observed in 13B8.2-treated whole cell lysates in
comparison to untreated cells, where the activity was comparable to that of the positive
SMase control. This result was confirmed in GM1" membrane rafts from 13B8.2-treated cells
that showed a strong 5-fold increase in acid SMase activity (P value = 0.001) in comparison
to GM1*-membrane rafts from untreated cells.

To confirm that acid SMase was activated by rigG; 13B8.2, Jurkat T cells were treated
with rlgG; 13B8.2 for 1 to 60 minutes, lysed in Triton X-100 and then incubated with radio-
labeled sphingomyelin in pH 5.0 acetate buffer. A time-dependent, significant 1.62-fold
increase in acid SMase activity was observed in 13B8.2-treated cells in comparison to
untreated cells (medium) with values ranging from 1.599 + 0.139 nmol/h.mg protein after 1
min-treatment (P value = 0.039) to 2.027 £ 0.107 nmol/h.mg protein after 60 min-treatment
(P value = 0.012) (Fig. 4B). Finally, incubation with the irrelevant anti-CD20 rituximab
antibody did not significantly increase the acid SMase activity in Jurkat T cells that are

CD20-negative. These results indicate that 13B8.2-induced ceramide accumulation at the cell
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membrane is linked to the increase of acid SMase activity in GM1" membrane rafts following

treatment with rlgG;.

3.5. Exogenous bacterial SMase, like rlgG; 13B8.2, increases ceramide release and excludes
the ZAP-70 kinase from GM1* membrane rafts

Bacterial SMase is a convenient tool to increase cell surface ceramide level because it
readily hydrolyzes sphingomyelin to ceramide on the outer leaflet of the plasma membrane.
Moreover, addition of exogenous SMase inhibits Ca™ signals generated by CD3 cross-
linking, thapsigargin and ionomycin in Jurkat T cells [32]. Since rlgG; 13B8.2 can inhibit
Ca'" signaling induced by CD3 stimulation [33], we questioned whether exogenous SMase
could also modulate ZAP-70 reorganization outside membrane rafts. To this end, Jurkat T
cells were incubated with bacterial SMase or rlgG; 13B8.2, lysed with Brij98 detergent and
membrane rafts separated through sucrose gradient ultracentrifugation. Bacterial SMase
treatment induced a 93.9% increase in ceramide release, as measured by the percentage of
ceramide-positive cells (Fig. 5A), in comparison to untreated cells. No binding was observed
when fluorescein-conjugated secondary antibody alone or the anti-ceramide antibody 15B4
alone was used (data not shown). Before rigG; 13B8.2 treatment, CD4 and the ZAP-70 kinase
were localized both in the raft and non-raft fractions from Jurkat T cells. rlgG; 13B8.2
treatment completely re-localized CD4 in the membrane raft fractions 4 and 5, whereas ZAP-
70 was excluded from the raft fractions and concentrated in the non-raft fraction 12.
Similarly, bacterial SMase treatment excluded the ZAP-70 kinase from membrane rafts (Fig.
5B), but did not affect CD4 localization inside and outside the membrane rafts. GM1
expression, which identifies Brij98-resistant raft fractions, was mainly observed in fractions 4
and 5 whereas CD71, a marker of non-raft fractions, was localized in fraction 12 as

previously reported [16]. Taken together, these results indicate that exogenous SMase
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increases ceramide content at the membrane and segregates ZAP-70 outside GM1* membrane

rafts like the rlgG; anti-CD4 antibody 13B8.2.
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4. Discussion

Changes in lipid metabolism, which are closely connected to changes in lipid
membrane composition, can dramatically affect the localization and function of membrane
raft resident proteins [34]. For example, modifications of fatty acids in membrane rafts
modulate ZAP-70 phosphorylation and consequently suppress signal transduction in T cells
[35]. In a previous work we showed that, in Jurkat T cells, the anti-CD4 antibody rlgG;
13B8.2 induces accumulation of CD4 inside membrane rafts and exclusion of the ZAP-70
kinase and its downstream targets SLP-76, PLCyl and Vav-1 from the raft machinery [16].
We now report that rlgG; 13B8.2 affects the lipid rheostat in GM1" membrane rafts of Jurkat
T cells by increasing ceramide release through acid sphingomyelinase activation and by
decreasing the level of phosphatidylserine without modifying the cholesterol content. These
effects are correlated with ZAP-70 exclusion from membrane rafts.

Cells undergo physiological turnover through induction of apoptosis and phagocytic
removal, partly through externalization of phosphatidylserines from the cytosolic leaflet to the
outer leaflet of the membrane. Phosphatidylserine externalization in cells undergoing death
receptor-mediated apoptosis seems to be Ca**-dependent [36]. Our finding that rigG; 13B8.2
lowers phosphatidylserine level in Jurkat T cells explains why treatment with rigG; 13B8.2
did not induce phosphatidylserine-dependent apoptosis in T cell lymphomas [19] and blocked
CD3-induced Ca™ increase and the subsequent signaling pathways [33]. Similarly, other
CD4-specific antibodies have been shown to modulate phosphatidylserine level in vitro [37].

We also report that rlgG; 13B8.2 treatment induces a time-dependent increase in
ceramide  production  through acid SMase activation.  Activation of the
sphingomyelin/SMase/ceramide axis can be induced by radiations, chemotherapeutic agents

or receptor ligands [3, 4, 38] and, in some cases, a biphasic ceramide release was observed
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with a first short-term (1-10 minutes) phase [3, 4, 39, 40] followed by a later one [39]. Such
biphasic cycle was also reported following neutral SMase activation [41]. We thus
hypothesize that rigG; 13B8.2, which triggers CD4/ZAP-70 raft reorganization mainly during
the first 30-60 seconds post-treatment [16], induces ceramide release first from the membrane
sphingomyelin pool through direct acid SMase activation in the outer leaflet of the membrane,
and then stimulates a second ceramide burst either through de novo ceramide synthesis [42],
or through PKC-mediated phosphorylation of lysosomal acid SMase leading to ceramide
release [43]. The inhibition observed with the SMase inhibitor imipramine argues in favor of
the implication of the sphingomyelin/SMase/ceramide axis, but additional experiments are
needed to assess whether the imipramine-induced inhibition affects cell signaling. The
inability of the myriocin and fumonisin B1 inhibitors to block ceramide release suggests that
de novo ceramide synthesis is probably not activated by rlgG; 13B8.2 treatment, as
previously reported for other antibodies [4, 38]. The role of antibody-mediated activation of
intracellular lysosomal acid SMase remains to be clarified. Interestingly, antibody-triggered
CDA40 raft clustering [8] and ultra-violet radiations [40] also induce translocation of acid
SMase from the intracellular pool leading to ceramide release in membrane rafts [8]. Ultra-
violet radiations as well as chemotherapeutic agents [44] stimulate PKC-6-mediated
phosphorylation of intracellular acid SMase leading to remodeling of the cellular cytoskeleton
and further acid SMase translocation to the membrane. Since rigG; 13B8.2 modulates PKC-0
distribution  together ~with CD4 [16], PKC-0 could participate in the
activation/phosphorylation of lysosomal acid SMase in Jurkat T cells following treatment
with rlgG; 13B8.2.

Exogeneous SMase was reported to induce ceramide release in CD3-stimulated T cells
concomitantly with inhibition of Ca™ flux [32] and inhibition of IL2 production through

inhibition of NF-xB activity [45]. Ceramide also blocked IL2 production in T lymphoma cells
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through PKC-6-mediated, but not TNF-a-induced, NF-kB activation [45]. Sphingomyelin
appears to be a critical raft constituent that enables translocation of signaling molecules, such
as ZAP-70 and PKC-6, as demonstrated in sphingomyelin synthase 1 knockdown cells [46].
Here we demonstrate that ZAP-70 is excluded from membrane rafts of Jurkat T cells
following treatment with bacterial SMase, probably through sphingomyelin consumption. The
use of sphingomyelin-deficient cells could probably clarify this point. Similarly, treatment
with rlgG; 13B8.2 induces ceramide release (this work) and inhibits CD3-induced T cell
activation and proliferation through blockade of intracellular Ca*™ flux, NF-xB activation and
IL2 secretion [15, 33]. These events have been associated with CD4/PKC-6 translocation
inside rafts and ZAP-70 exclusion from membrane rafts [16]. All these findings indicate that
the lipid-protein rheostat in membrane rafts can be modulated by therapeutic antibodies in
order to physically structure signaling platforms  through  sphingomyelin
consumption/ceramide-induced aggregation and to maximize and synergize their anti-tumoral
effects through dynamic lipid/protein partitioning inside/outside rafts.

The signaling pathways, through which CD4/ZAP-70/PKC-6 modulation and SMase-
induced ceramide release could synergize, remain to be elucidated in rlgG; 13B8.2-treated
cells. Two upstream PKC-0 effectors (PDK1 [47] and ADAP [48]) and one downstream
effector (the adapter protein Carmal [49]) could play a role because they are involved in the
PKC-6-mediated NF-xB pathway [47—49] and ceramide inhibits PKC-6-mediated NF-xB
activity [45]. PDK1 recruits both PKC-6 and Carmal to membrane rafts, phosphorylates
PKC-0, thereby regulating NF-kB activation [47]. PDK1 also phosphorylates PKC-5 [50],
which in turn activates lysosomal acid SMase through phosphorylation [43], leading to
ceramide release. Moreover, sphingosine, a hydrolysis product of ceramide, can activate
PDK1 by autophosphorylation [51]. ADAP binds to Carmal and regulates NF-kB activation
[48] but also binds to PI3K-generated phosphoinositides [52] which activate PDK1 activity
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[50]. Finally Carmal, upon phosphorylation mediated by PKC-6, bridges membrane-proximal
events and nuclear signaling leading to NF-kB activation, and also organizes protein
translocation in membrane rafts [53]. We can thus hypothesize that, upon CD4 targeting by
rigG; 13B8.2, ZAP-70 is physically excluded from membrane rafts, this exclusion being
correlated with acid SMase-mediated sphingomyelin consumption for ceramide synthesis,
thus inhibiting NF-xB activity. ADAP/PDK1 proteins are concomitantly recruited to
membrane rafts together with CD4 and PKC-6 [16], enabling PI3K activation, thereby
producing phosphoinositides and further activating PDK1 and PKC-6. PKC-6-mediated
phosphorylation of acid SMase increases ceramide release which acts as a negative feedback
to control PKC activation, thus strengthening the inhibition of NF-kB activity. These
antibody-induced events lead to inhibition of cell proliferation [19]. In conclusion, in this
work we show that besides modulating CD4/ZAP-70 in membrane rafts, rlgG; 13B8.2
activates the acid sphingomyelinase/ceramide pathway, an important event for structuring raft
platforms and transducing CD4-related intracellular signals, which can fine-tune the rigG;
13B8.2-triggered tumoral effects. These findings indicate that the assessment of the lipid-
protein rheostat in membrane rafts following treatment with biotechnological drugs could
open new avenues for raft-based therapeutics based on the combination of lipid modulators,
such as fenretinide [11, 12] and aplidine [13] or the fatty acid synthase inhibitor C75 [54], and

therapeutic antibodies.

20



Acknowledgements

We thank Professor Thierry Levade (INSERM U858, Toulouse, France) for scientific
and technical advice and for reading the manuscript. We also acknowledge Geneviéve Heintz
(INSERM U896) and Stéphane Carpentier (INSERM U858) for excellent technical
assistance, respectively in cell culture and in radioactive quantification of acid
sphingomyelinase activity. This work was partly supported by a grant from the Ligue
Nationale Contre le Cancer, Comité de 1’Hérault. M.C. was a recipient of a doctoral
studentship from the Ligue Nationale contre le Cancer, Comité de 1’Hérault, and the
Association de Recherche contre le Cancer. M.R. was a recipient of a doctoral studentship

from the Ligue Nationale contre le Cancer, Comité de I’Hérault.

21



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Singer SJ, Nicolson GL. The fluid mosaic model of the structure of cell membranes.
Science 1972; 175: 720-31.

Lingwood D, Simons K. Lipid rafts as a membrane-organizing principle. Science 2010;
327: 46-50.

Cremesti A, Paris F, Grassmé H, Holler N, Tschopp J, Fuks Z, et al. Ceramide enables
fas to cap and kill. J Biol Chem 2001;276: 23954-61.

Bezombes C, Grazide S, Garret C, Fabre C, Quillet-Mary A, Miller S, et al. Rituximab
antiproliferative effect in B-lymphoma cells is associated with acid-sphingomyelinase
activation in raft microdomains. Blood 2004;104: 1166-73.

Chentouf M, Rigo M, Pelegrin A, Chardés T. Targeting CD4 to disrupt signaling
through membrane rafts: towards a raft-based therapeutics. Immun Endoc and Metab
Agents Med Chem 2008;8: 375-92.

Rajendran L, Kndlker HJ, Simons K. Subcellular targeting strategies for drug design
and delivery. Nat Rev Drug Discov 2010;9: 29-42.

Hannun YA, Obeid LM. The Ceramide-centric universe of lipid-mediated cell
regulation: stress encounters of the lipid kind. J Biol Chem 2002;277: 25847-50.
Grassmé H, Jendrossek V, Bock J, Riehle A, Gulbins E. Ceramide-rich membrane rafts
mediate CD40 clustering. J Immunol 2002;168:298-307.

Grassmé H, Jekle A, Riehle A, Schwarz H, Berger J, Sandhoff K, et al. CD95 signaling
via ceramide-rich membrane rafts. J Biol Chem 2001;276:20589-96.

Grassmé H, Cremesti A, Kolesnick R, Gulbins E. Ceramide-mediated clustering is

required for CD95-DISC formation. Oncogene 2003;21:5457-70.

22



[11]

[12]

[13]

[14]

[15]

[16]

[17]

Shan D, Gopal AK, Press OW. Synergistic effects of the fenretinide (4-HPR) and anti-
CD20 monoclonal antibodies on apoptosis induction of malignant human B cells. Clin
Cancer Res 2001;7: 2490-5.

Gopal AK, Pagel JM, Hedin N, Press OW. Fenretinide enhances rituximab-induced
cytotoxicity against B-cell lymphoma xenografts through a caspase-dependent
mechanism. Blood 2004;103:3516-20.

Barbosa NM, Jimeno J, Aracil M, Medina D, Bertino JR, Banerjee D. Combination of
plitidepsin and rituximab is effective for treatment of rituximab-resistant non-hodgkin’s
B-cell lymphoma. American association for Cancer Research, Annual meeting, 2008,
Abstract 4039, San Diego.

Bes C, Briant-Longuet L, Cérutti M, Heitz F, Troadec S, Pugniére M, et al. Mapping the
paratope of anti-CD4 recombinant Fab 13B82 by combining parallel peptide synthesis
and site-directed mutagenesis. J Biol Chem 2003;278:14265-73.

Troadec S, Bes C, Chentouf M, Nguyen B, Briant L, Jacquet C, et al. Biological
activities on T lymphocytes of a baculovirus-expressed chimeric recombinant 1gG(1)
antibody with specificity for the CDR3-like loop on the D1 domain of the CD4
molecule. Clin Immunol 2006;119: 38-50.

Chentouf M, Ghannam S, Bes C, Troadec S, Ceérutti M, Chardes T. Recombinant anti-
CD4 antibody 13B82 blocks membrane-proximal events by excluding the ZAP-70
molecule and downstream targets SLP-76, PLC gamma 1, and Vav-1 from the CD4-
segregated Brij 98 detergent-resistant raft domains. J Immunol 2007;179: 409-20.

Briant L, Robert-Hebmann V, Acquaviva C, Pelchen-Matthews A, Marsh M, Devaux C.
The protein tyrosine kinase p56Ick is required for triggering NF-kappaB activation upon
interaction of human immunodeficiency virus type 1 envelope glycoprotein gp120 with

cell surface CD4. J Virol 1998;72: 6207-14.

23



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Briant L, Robert-Hebmann V, Sivan V, Brunet A, Pouysségur J, Devaux C.
Involvement of extracellular signal-regulated kinase module in HIV-mediated CD4
signals controlling activation of nuclear factor-kappa B and AP-1 transcription factors. J
Immunol 1998;160: 1875-85.

Troadec S, Chentouf M, Nguyen B, Cérutti M, Olive D, Bes C et al. In vitro anti-
tumoral mechanisms of baculovirus-expressed recombinant anti-CD4 antibody 13B82
on T cell lymphomas. J Immunother 2007;30: 190-202.

Garcia-Ruiz C, Mari M, Morales A, Colell A, Ardite E, Fernandez-Checa JC. Human
placenta sphingomyelinase, an exogenous acidic pH-optimum sphingomyelinase,
induces oxidative stress, glutathione depletion, and apoptosis in rat hepatocytes.
Hepatology 2000;32: 56-65.

Wiegmann K, Schitze S, Machleidt T, Witte D, Kronke M. Functional dichotomy of
neutral and acidic sphingomyelinases in tumor necrosis factor signaling. Cell 1994;78:
1005-15.

Jaffrézou JP, Levade T, Bettaieb A, Andrieu N, Bezombes C, Maestre N, et al.
Daunorubicin-induced apoptosis: triggering of ceramide generation through
sphingomyelin hydrolysis. EMBO J 1996;15:2417-24.

Grazide S, Maestre N, Veldman RJ, Bezombes C, Maddens S, Levade T, et al. Ara-C-
and daunorubicin-induced recruitment of Lyn in sphingomyelinase-enriched membrane
rafts. FASEB J 2002;16:1685-7.

Folch J, Lees M, Sloane Stanley Gh. A simple method for the isolation and purification
of total lipides from animal tissues. J Biol Chem 1957;226: 497-509.

Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J

Biochem Physiol 1959;37: 911-7.

24



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Vitiello F, Zanetta JP (1978) Thin-layer chromatography of phospholipids. J
Chromatogr 1978;166: 637-40.

Juguelin H, Heape A, Boiron F, Cassagne C. A quantitative developmental study of
neutral lipids during myelinogenesis in the peripheral nervous system of normal and
trembler mice Brain Res 1986;390: 249-52.

Macala LJ, Yu RK, Ando S. Analysis of brain lipids by high performance thin-layer
chromatography and densitometry. J Lipid Res 1983;24: 1243-50.

Browse J, McCourt PJ, Somerville CR. Fatty acid composition of leaf lipids determined
after combined digestion and fatty acid methyl ester formation from fresh tissue. Anal
Biochem 1986;152:141-5.

Rouquette-Jazdanian AK, Pelassy C, Breittmayer JP, Cousin JL, Aussel, C. Metabolic
labelling of membrane microdomains/rafts in Jurkat cells indicates the presence of
glycerophospholipids implicated in signal transduction by the CD3 T-cell receptor.
Biochem J 2002;363: 645-55.

Rawicz W, Smith BA, Mclintosh TJ, Simon SA, Evans E. Elasticity, strength, and water
permeability of bilayers that contain raft microdomain-forming lipids. Biophys J
2008;94: 4725-36.

Breittmayer JP, Bernard A, Aussel C. Regulation by sphingomyelinase and sphingosine
of Ca2+ signals elicited by CD3 monoclonal antibody, thapsigargin, or ionomycin in the
Jurkat T cell line. J Biol Chem 1994;269: 5054-8.

Jabado N, Pallier A, Le Deist F, Bernard F, Fischer A, Hivroz C. CD4 ligands inhibit
the formation of multifunctional transduction complexes involved in T cell activation. J

Immunol 1997;158: 94-103.

25



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Garner AE, Smith DA, Hooper NM. Sphingomyelin chain length influences the
distribution of GPIl-anchored proteins in rafts in supported lipid bilayers. Mol Membr
Biol 2007;24: 233-42.

Shim JH, Choi HS, Pugliese A, Lee SY, Chae JI, Choi BY, et al. (-)-Epigallocatechin
gallate regulates CD3-mediated T cell receptor signaling in leukemia through the
inhibition of ZAP-70 kinase. J Biol Chem 2008;283: 28370-9.

Hampton MB, Vanags DM, Porn-Ares MI, Orrenius S. Involvement of extracellular
calcium in phosphatidylserine exposure during apoptosis. FEBS Lett 1996;399:277-82.
Aussel C, Breittmayer JP, Pelassy C & Carrel S. Inhibition of phosphatidylserine
synthesis induced by a CD4 mAb, B666 in Jurkat T cells. J Lipid Mediat 1992;5: 219-
25.

Boucher LM, Wiegmann K, Futterer A, Pfeffer K, Machleidt T, Schitze S, et al. CD28
signals through acidic sphingomyelinase. J Exp Med 1995;181: 2059-68.

Abdel Shakor AB, Kwiatkowska K, Sobota A. Cell surface ceramide generation
precedes and controls FcgammaRl|I clustering and phosphorylation in rafts. J Biol Chem
2004,279: 36778-87.

Charruyer A, Grazide S, Bezombes C, Miiller S, Laurent G, Jaffrézou JP. UV-C light
induces raft-associated acid sphingomyelinase and JNK activation and translocation
independently on a nuclear signal. J Biol Chem 2005;280: 19196-204.

Jaffrézou JP, Maestre N, de Mas-Mansat V, Bezombes C, Levade T, Laurent G.
Positive feedback control of neutral sphingomyelinase activity by ceramide. FASEB J
1998;12: 999-1006.

Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons from

sphingolipids. Nat Rev Mol Cell Biol 2008;9: 139-50.

26



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Zeidan YH, Hannun YA. Activation of acid sphingomyelinase by protein kinase Cdelta-
mediated phosphorylation. J Biol Chem 2007;282: 11549-61.

Zeidan YH, Wu BX, Jenkins RW, Obeid LM, Hannun YA. A novel role for protein
kinase Cdelta-mediated phosphorylation of acid sphingomyelinase in UV light-induced
mitochondrial injury. FASEB J 2008;22: 183-93.

Abboushi N, El-Hed A, El-Assaad W, Kozhaya L, EI-Sabban ME, Bazarbachi A, et al.
Ceramide inhibits IL-2 production by preventing protein kinase C-dependent NF-
kappaB activation: possible role in protein kinase Ctheta regulation. J Immunol
2004;173: 3193-3200.

Jin ZX, Huang CR, Dong L, Goda S, Kawanami T, Sawaki T, et al. Impaired TCR
signaling through dysfunction of lipid rafts in sphingomyelin synthase 1 (SMS1)-
knockdown T cells. Int Immunol 2008;20: 1427-37.

Lee KY, D'Acquisto F, Hayden MS, Shim JH, Ghosh S. PDK1 nucleates T cell
receptor-induced signaling complex for NF-kappaB activation. Science 2005;308: 114-
8.

Medeiros RB, Burbach BJ, Mueller KL, Srivastava R, Moon JJ, Highfill S, et al.
Regulation of NF-kappaB activation in T cells via association of the adapter proteins
ADAP and CARMAL. Science 2007;316: 754-8.

Wang D, You Y, Case SM, McAllister-Lucas LM, Wang L, DiStefano PS, et al. A
requirement for CARMAL in TCR-induced NF-kappa B activation. Nat Immunol
2002;3: 830-5.

Le Good JA, Ziegler WH, Parekh DB, Alessi DR, Cohen P, Parker PJ. Protein kinase C
isotypes controlled by phosphoinositide 3-kinase through the protein kinase PDK1.

Science 1998;281: 2042-5.

27



[51]

[52]

[53]

[54]

King CC, Zenke FT, Dawson PE, Dutil EM, Newton AC, Hemmings BA et al.
Sphingosine is a novel activator of 3-phosphoinositide-dependent kinase 1. J Biol Chem
2000;275: 18108-13.

Heuer K, Arbuzova A, Strauss H, Kofler M, Freund C. The helically extended SH3
domain of the T cell adaptor protein ADAP is a novel lipid interaction domain. J Mol
Biol 2005;348: 1025-35.

Gaide O, Favier B, Legler DF, Bonnet D, Brissoni B, Valitutti S, et al. CARMAL is a
critical lipid raft-associated regulator of TCR-induced NF-kappa B activation. Nat
Immunol 2002;3: 836-43.

Vazquez-Martin A, Colomer R, Brunet J, Menendez JA. Pharmacological blockade of
fatty acid synthase (FASN) reverses acquired autoresistance to trastuzumab (Herceptin
by transcriptionally inhibiting 'HER2 super-expression' occurring in high-dose
trastuzumab-conditioned SKBR3/Tzb100 breast cancer cells. Int J Oncol 2007;31: 769-

76.

28



Figure legends

Fig. 1. Polar lipid quantification in rlgG; 13B8.2-treated cells. Jurkat T cells were treated with
rigG; 13B8.2 (M) or left untreated (1), and polar lipids were extracted from whole cell lysates
with choloroform/methanol, separated by HP-TLC and quantified by densitometric scanning.
SPM, sphingomyelin; PC, phosphatidylcholine; PS,  phosphatidylserine;  PI,
phosphatidylinositol; PA, phosphatidic acid; PE, phosphatidylethanolamine. Each experiment
was done in triplicate from three independent biological samples and data are expressed as

mean = SD.

Fig. 2. Relative proportion, length and degree of saturation of fatty acids in rlgG; 13B8.2-
treated Jurkat T cells. Lipids were extracted with choloroform/methanol from GM1" raft
fractions of untreated- (H) and rlgG; 13B8.2-treated (P1) cells. The relative proportion of fatty
acids, their length and degree of saturation were analyzed by GC after conversion to the
corresponding methyl ester by hot methanolic sulfuric acid. These results were obtained from

three independent experiments.

Fig. 3. Ceramide quantification in rlgG; 13B8.2-treated Jurkat T cells. (A) Jurkat T cells were
treated with rlgG; 13B8.2 for 10 min or 4 h (grey line) or not (dark line), and ceramide release
was analyzed by flow cytometry without (upper panels) or after methanol permeabilization
(lower panels). (B) After 30-min pre-incubation or not with sphingomyelinase (SMase)
inhibitors, Jurkat T cells were treated with rlgG; 13B8.2 for 10 minutes (M) or left untreated

(O0), permeabilized and analyzed by flow cytometry. The percentage of ceramide-positive
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fluorescent Jurkat T cells was measured as in A. FB1, Fumonisin B1; Imi; Imipramine; Myr,

Myriocin.

Fig. 4. Acid SMase activity is increased in rlgG; 13B8.2-treated cells. (A) Jurkat T cells were
treated or not with rlgG; 13B8.2 for 10 minutes, and then lysed with Brij98 detergent. GM1*
membrane fractions were separated by sucrose gradient ultracentrifugation and identified by
dot-blot with peroxidase-conjugated cholera toxin. Acid SMase activity in whole cell lysates
and GM1" raft fractions was quantified using the Amplex Red Sphingomyelinase Fluorimetry
Kit. (B) Jurkat T cells were left in medium alone (), or treated with rigG; 13B8.2 (M) or the
irrelevant antibody rituximab (B) for different lengths of time, lysed and then mixed with
radio-labeled sphingomyelin. Acid SMase (ASMase) activity was normalized to the amount
of protein in each fraction. Each experiment was done in triplicate from two independent

biological samples and data are expressed as mean + SD.

Fig. 5. Effects of bacterial SMase treatment in Jurkat T cells. (A) Cells were treated with
bacterial SMase for 1 h (dark line) or not (dotted line) and ceramide release was analyzed by
flow cytometry as in Figure 4. (B) Analysis of ZAP-70 and CD4 distribution in membrane
fractions (after Brij98 detergent lysis and sucrose gradient ultracentrifugation) from untreated,
rigG; 13B8.2-treated and bacterial SMase-treated Jurkat cells. Expression of GM1 and CD71
is used to discriminate between raft and non-raft fractions, respectively. Following treatment
with rlgG; 13B8.2 or bacterial SMase ZAP-70 is excluded from the raft fractions, whereas

only incubation with rlgG; 13B8.2 segregates CD4 in the raft fractions.
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