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Rituximab antiproliferative effect in B-lymphoma cells is associated with

acid-sphingomyelinase activation in raft microdomains

Christine Bezombes, Soléne Grazide, Céline Garret, Claire Fabre, Anne Quillet-Mary, Sabina Miller,

Jean-Pierre Jaffrézou, and Guy Laurent

Rituximab is a chimeric human immuno-
globulin G1 (IgG1) anti-CD20 monoclonal
antibody with significant activity against
CD20* malignant B cells. Rituximab is
currently used with success in the treat-
ment of B-cell-derived lymphoid neopla-
sias either alone or in combination with
chemotherapy. However, the predomi-
nant mechanism by which rituximab ex-
erts its antitumor properties in vivo re-
mains unknown. In the present study, we
demonstrate that in Daudi and RL
B-lymphoma cells, rituximab (without

cross-linking) used at the saturating dose
of 10 mwg/mL induced moderate accumula-
tion in G; phase, growth inhibition, and
significant loss in clonogenic potential.
However, in these cells, rituximab in-
duced no apoptosis. Furthermore, we ob-
served that treatment with rituximab re-
sulted in arapid and transient increase in
acid-sphingomyelinase (A-SMase) activ-
ity and concomitant cellular ceramide
(CER) generation in raft microdomains.
We also observed that rituximab-treated
cells externalized both A-SMase and CER

that colocalized with the CD20 receptor.
Finally, we present evidence that ritux-
imab-induced growth inhibition may be
mediated through a CER-triggered signal-
ing pathway, leading to the induction of
cell cycle-dependent kinase inhibitors
such as p27(Kipl) through a mitogen-
activated protein kinase (MAPK)—-depen-
dent mechanism. (Blood. 2004;104:
1166-1173)

© 2004 by The American Society of Hematology

Introduction

Rituximab is a chimeric human immunoglobulin G1 (1gG1)
anti-CD20 monoclonal antibody with significant activity against
CD20* malignant B cells. Rituximab is currently used with success
inthetreatment of B-cell-derived lymphoid neoplasias either alone
or in combination with chemotherapy. The predominant mecha-
nism by which rituximab exerts its antitumor properties in vivo
remains debated. However, in vitro studies suggest that complement-
mediated cytotoxicity or antibody-dependent cell-mediated cytotox-
icity could play an important role. It has been also shown, at least in
some malignant B cells, that rituximab may exert apoptotic or
antiproliferative effects.! Nevertheless, it has been established that
this antibody induces only modest levels of apoptosis unless it is
cross-linked with antihuman immunoglobulin, whereas treatment
with rituximab without cross-linker results in reduced cell growth
kinetics.2 Although rituximab's antiproliferative effect has been
minimized compared with apoptosis, the fact that responding
patients generally displayed progressive tumor mass reduction and
that complete response is usually achieved several weeks after
completion of therapy suggests that, in vivo, cell growth inhibition
could play a more important role than apoptosis which rather
implies rapid tumor cell disintegration.

The effect of rituximab on cell growth suggests that this
antibody activates CD20-coupled signaling pathways, resulting in
the production of second messengers, which, in turn, could interfere

with cell-cycle control. Indeed, previous studies have established
that, once activated by rituximab, CD20 molecules are redistrib-
uted to raft microdomains and that interaction between CD20 and
raft membrane protein components results in the activation of the
transmembrane signaling machinery (reviewed in Deans et al9).
CD20-associated raft proteins include Src-family members such as
Lyn, Fyn, and Lck, as wdl as p75/80 (Cbp/PAG), a tyrosne
phosphorylated protein, which actsin concert with Lyn. Thesetyrosine
phosphorylation events play an important role in mediating down-
stream effector signaling pathways. Among these pathways, it has
been proposed that the activation of the mitogen-activated protein
kinase p38BMAPK s critical for the inhibitory effect of rituximab.
However, the mechanisms that link transmembrane signaling,
MAPK activation, and growth inhibition remain unknown.

We raised the possibility that ceramide (CER), a lipid second
messenger, may contribute to the propagation of CD20-mediated
signaling toward growth inhibition through MAPK. Indeed, CER
has emerged as not only a potent apoptosis inducer (reviewed in
Pettus et al®) but also a negative regulator of cell growth through
modulation of cell-cycle regulators, including p21(WAF-1) and
p27(Kipl).”8 In addition, CER regulates MAPK, not only extracel-
lular signal-regulated kinase (ERK) and c-jun NH2-terminal pro-
tein kinase (INK) but also p38MAPK .>11 Moreover, CER has been
involved in apoptosis induced by anti-immunoglobulin or through
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B-cell receptor (BCR) activation, suggesting that this mediator is
functional in B cells.1213

CER can be generated through different metabolic routesin the
cell. First, sphingomyelin (SM) hydrolysis on activation of either
neutral or acid sphingomyelinase (N-SMase or A-SMase), which
results in the release of CER and phosphocholine.** Second, CER
can be issued from de novo synthesis because of the stimulation of
serine palmitoyl transferase and/or CER synthase. Both of these
pathways have been implicated in the cellular response to stress
induced by genotoxic agents, radical oxygen species, and activa-
tion of death receptors, including Fas, p55 tumor necrosis factor
(TNF) receptor, and p75 neurotrophin receptor.

In this study, we have investigated whether rituximab may
influence CER metabolism in malignant B cells, and the possible
consequences of altered CER metabolism on MAPK activity,
cell-cycle control, and cell growth.

Materials and methods

Drugs and reagents

Rituximab and alemtuzumab (Campath-1H) were kindly provided by
Roche (Hertfordshire, United Kingdom) and Schering (Lille, France)
laboratories, respectively. Silica gel 60 thin-layer chromatography plates
were from Merck (Darmstadt, Germany). All other drugs and reagents were
purchased from Sigma Chemical (St Louis, MO), Alexis Biochemicals
(Paris, France), Matreya Biochemicals (Marne-La-Vallée, France), Carlo
Erba (Rueil-Malmaison, France), or Prolabo (Paris, France). SR33557 was
kindly provided by Dr J.M. Herbert (Sanofi-Synthélabo, Toulouse, France).

Cell culture

Daudi cells are Burkitt lymphoma cells, whereas RL cells are follicular
lymphoma cells carrying the t(14;18). Daudi and RL cells were obtained
from ATCC (Rockville, MD) and cultured in RPMI 1640 medium at 37°C
in 5% CO,. Culture medium was supplemented with 10% heat-inactivated
fetal calf serum (FCS), complemented with 2 mM L-glutamine, 200 U/mL
penicillin, and 100 pg/mL streptomycin (all from Eurobio, Les Ulis,
France). Chronic lymphocytic leukemia (CLL) cells were collected from
peripheral blood of patients with CLL after informed consent and separated
by Ficoll-Hypague density gradient. For each sample, flow cytometry
analysis reveded that CLL cells displayed a common CD19" CD5"
B-CLL phenotype.

Saturating concentration determination

After awash in phosphate-buffered saline (PBS) containing 1% FCS, Daudi
and RL cellswere incubated at 4°C for 30 minutesin presence of rituximab
at various concentrations or irrelevant human 1gG (10 wg/mL). After 2
washesin PBS containing 1% FCS, cells were incubated with a peroxidase-
conjugated goat antihuman 1gG antibody for 30 minutes at 4°C. Fluores-
cence intensities were evaluated by using flow cytometry (FACScan;
Becton Dickinson, Pont-de Claix, France). Saturating concentration of
rituximab was obtained from the fluorescence difference (AFL2) between
rituximab- and 1gG-treated cells.

Clonogenic assay

Cells were treated with rituximab (10 or 50 pg/mL), suspended in
completed medium (100 L), and seeded on 96-well plates (50 cells/well)
to determine the cell colony formation. After 7 days, the colony number was
determined under an inverted microscope, and the percentage of survival
was determined.

Cell cycle analysis

One million cells were permeabilized with ethanol 80% and stored at
—80°C during 2 hours. Cells were then washed, resuspended in propidium
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iodide (50 wg/mL), and treated for 30 minutes at room temperature with 0.1
mg/mL RNAse A. Cell cycle analysis was performed by flow cytometry
using aLysis |l program on a FACScan (Becton Dickinson, San Jose, CA).

Cell viability

Exponentially growing cells were treated or not with various concentrations
of Cye-ceramide, and viability was evaluated after atime course by counting
cellsusing trypan blue exclusion.

Reversibility assay

Exponentially growing cellswere treated or not with 10 pg/mL rituximab during
24 hours and then treated or not with 0.4% Sreptomyces griseus protease (Type
XXI; Sigma, &t Louis, MO). The revershility of the biologic effect of rituximab
was evaluated by counting cells using trypan blue exclusion.

Isolation of membrane microdomains

Rafts were isolated from cells as previously described.!® For each isolation,
100 x 105 cells were washed twice with PBS. After treatment with or
without the appropriate drugs, cells were pelleted by centrifugation,
resuspended in 1 mL ice-cold MBS-buffered saline (150 mM NaCl, 25 mM
2-(N-morpholino)-ethanesulfonic acid, pH 6.5) containing 1% (wt/vol)
Triton X-100. After 30 minutes on ice, cells were further homogenized by
10 strokes of a Dounce homogenizer on ice. Ice-cold MBS (1.5 mL) was
added, and 2 mL of this suspension was mixed with 2 mL of 80% (wt/vol)
sucrose in MBS. This mixture was subsequently loaded under a linear
gradient consisting of 8 mL 5% to 40% (wt/vol) sucrose in MBS. All
solutions contained the following protease inhibitors: 100 wM phenylmeth-
ylsulfonylfluoride; 1 mM EDTA (ethylenediaminetetraacetic acid); and
1uM each of aprotinin, leupeptin, and pepstatin A. Gradients were
centrifuged in aBeckman SW 41 swinging-rotor (Beckman Coulter, Roissy,
France) at 260/809g for 20 hours at 4°C. Twelve fractions of 1 mL each
were collected (from top to bottom), mixed by vortex, and stored at —80°C.
The protein content of both fractionsand thetotal initial cell suspensionwas
measured using bovine serum albumin (BSA) as standard.®

Cholesterol depletion and repletion

For cholesterol depletion, cells were incubated in RPMI 10% FCS
containing 10 mM methyl-B-cyclodextrin for 20 minutes at 37°C and then
used for fluorescence-activated cell sorting (FACS) analysis.

For cholesterol repletion, cholesterol-depleted Daudi cells were centri-
fuged and resuspended for 30 minutes at 37°C in RPMI 10% containing
cholesterol/methyl-B-cyclodextrin complexes: cholesterol (200 pl) in
CHCI3/CH30H (1/2 vol/vol) was added to afinal concentration of 2 mM in
10 mL RPMI 10% FCS containing 5 mM methyl-B-cyclodextrin while
stirring at 80°C. The solution was homogenized by sonication (60 kHz,
3 X 20 seconds), filtered through a 0.2-pm (VWR, Strasbourg, France),
and then maintained at 37°C. Cellswere washed and used for FACSanadysis.

A-SMase and N-SMase assays

On whole cells. A-SMase activity was assayed as previously described by
using [choline-methyl-*4C]SM (120 000 dpm/assay; NEN, Paris, France).1718

On raft fractions. Pooled fractions (250 L aliquot) were assayed for
the presence of different SMase activities.!” Reactions were started by
adding 250 p.L substrate solution that consisted of [1*C-methylcholing] SM
(1 X 10° dpm/assay; DuPont-NEN, Boston, MA), 0.1% (wt/vol) Triton
X-100, and 10 mM EDTA in 200 mM sodium acetate buffer (pH 5.0). After
a 2-hour incubation at 37°C, reactions were terminated by adding 2.5 mL
chloroform/methanol (2:1, vol/vol). Phases were separated by centrifuga
tion (1000g, 10 minutes), and the amount of released radioactive phospho-
choline was determined by subjecting 750 L of the upper phase to
scintillation counting.

The amount of radiolabeled substrate that was hydrolyzed during an
assay never exceeded 10% of the total amount of substrate added. For
calculation of the specific activities in total cell homogenates, values were
corrected for protein content, reaction time, and specific activity of the substrate.
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Metabolic cell labeling and sphingolipid quantitation

Total cellular CER quantitation was performed by labeling cells to isotopic
equilibrium with 1 wCi/mL (0.037 MBq) [9, 10-*H]palmitic acid (53.0
Ci/mmol [196.1 X 10 Bg/mmol]; Amersham Pharmacia Biotech, Orsay,
France) for 48 hours in complete medium as previously described.’® Cells
were then washed and resuspended in complete medium for time course
experiments. Lipidswere extracted and resolved by thin-layer chromatogra-
phy; CER was scrapped and quantified by liquid scintillation spectrometry.

SM quantitation was performed by labeling cellsto isotopic equilibrium
with 0.5 pCi/mL (0.0185 MBq) [methyl-*H]choline (81.0 Ci/mmol
[299.7 x 10 Bg/mmol]; Amersham Pharmacia Biotech) for 48 hours in
complete medium.1”-19 Cells were then washed and resuspended in com-
plete medium for kinetic experiments. Radiolabeled SM was extracted and
quantified by scintillation counting.

Total cellular CER quantitation in fresh B cells was performed using
Escherichia coli diacylglycerol kinase (Amersham, Buckinghamshire,
United Kingdom) according to previously published procedures.20

FACS analysis

Cells were incubated with or without 10 pwg/mL rituximab, fixed for 10
minutes in 4% paraformaldehyde (PFA) (wt/vol) in PBS. Cells were then
washed and further incubated for 45 minutes with a rabbit polyclonal
anti-A-SMase (Santa Cruz Biotechnology, Santa Cruz, CA) or mouse
monoclonal anti-CER 15B4 (Alexis, Coger, Paris, France). Cells were then
washed in PBS containing 1% heat-inactivated FCS, and stained for 45
minutes with fluorescein isothiocyanate (FITC)-labeled goat antirabbit or
antimouse (Jackson ImmunoResearch Laboratories, Baltimore, PA). After a
final PBS wash, cells were analyzed on a fluorescence-activated cell sorter
(FACscalibur; Becton Dickinson, Le Pont du Claix, France).

Confocal microscopy

Cells were incubated with or without 10 pwg/mL rituximab for 15 minutes,
fixed for 10 minutesin 4% PFA (wt/vol) in PBS, permeabilized or not for 10
minutes with 0.1% saponin in PBS containing 3% bovine serum albumin
(wt/vol) and 1 mM HEPES (N-2-hydroxyethy!piperazine-N’-2-ethanesul -
fonic acid) (PBS-BSA). Cells were then washed and further incubated for
45 minutes with a rabbit polyclona anti-A-SMase or with a mouse
monoclonal anti-CER 15B4. Cells were then washed in PBS-BSA and
stained for 45 minutes with FITC-labeled goat antirabhit, with Cy3-labeled
goat antimouse, or with Cy5-labeled mouse anti-human Fc. After a fina
PBS-BSA wash, cells were mounted on glass coverslips with Dako
mounting medium (Dako, Trappes, France). Slides were examined with a
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Carl Zeiss Axiovert 200 confocal microscope (Carl Zeiss, Oberkochen,
Germany) using a 63 X Plan-Apochromat objective (1.4 ail). An argon
laser at 488 nm was used to excite FITC (emission 515-540 nm), and a
helium-neon laser was filtered at 633 nm to excite Cy5 (emission 680 nm)
regulated by LSM 510 software (Zeiss). Control staining was performed
with secondary antibodies alone. For raft microdomain labeling, cells were
incubated with FITC-cholera toxin for 15 minutes at 4°C prior to fixation
with PFA. Cholera toxin, which binds GM1, a major lipidic component of
rafts, allows these microdomains to be detected.

Western blot analysis for ERK and p27(Kip1)

Five million exponentially growing cells treated or not with rituximab
(10 pg/mL) were washed in PBS, centrifuged, and lysed in the sodium
dodecyl sulfate (SDS) sample buffer containing 62.5 mM Tris (tris-
(hydroxymethyl)aminomethane) pH 6.8, 2% wt/vol SDS, 10% glycerol, 50
mM DTT (dithiothreitol), and 0.01% wt/vol bromophenol blue. Cell lysates
were then sonicated for 10 to 15 seconds. Sample (20 L) was heated for 5
minutes at 95°C, loaded onto 10% (wt/vol) SDS-polyacrylamide gel
electrophoresis (PAGE), and transferred electrophoretically onto nitrocellu-
lose membranes (Hybond-C; Amersham Pharmacia Biotech). Nonspecific
binding sites were blocked in 10 mM Tris-buffered saline (TBS) containing
0.1% Tween-20, 10% nonfat milk. Membranes were then incubated
overnight at 4°C with anti-ERK (Santa Cruz Biotechnology), antiphospho
p44/42 MAPK, or anti-p27(Kipl) (Cell Signaling Technology, Beverly,
MA) antibodies. Membranes were then washed 3 times at room tempera-
ture, and bound immunoglobulin was detected with secondary antibodies
coupled to horseradish peroxidase (Beckman-Coulter, Roissy, France). The
signal was visudized by enhanced chemiluminescence (ECL; Amersham
Pharmacia Biotech) and autoradiography.

Statistics

Quantitative experiments were analyzed by using Student t test. All
P values resulted from the use of 2-sided tests.

Results
Effect of rituximab on lymphoma B-cell growth

In Daudi cells, rituximab, at the saturating dose of 10 pg/mL,
induced an inhibition of the cell growth as measured by trypan blue
exclusion assay (Figure 1, Ai). To reinforce CD20 specificity, we
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Figure 1. Rituximab induces cell growth inhibition. (A) Daudi cells (3 X 10°) were either untreated ((J) or incubated with rituximab (M), an irrelevant 1gG (O), or
alemtuzumab (A), all at 10 pg/mL. At various time points, cell number was estimated by trypan blue exclusion assay. Results are mean of triplicate determinations and are
representative of 3 independent experiments. (Ai) Determination of rituximab saturation concentration. Aliquots of Daudi cells were incubated at 4°C for 30 minutes in the
presence of various concentrations of rituximab or an irrelevant human IgG (10 pg/mL). Saturating concentration of rituximab (10 pg/mL) was obtained from the fluorescence
difference (AFL2) between rituximab- and IgG-treated cells as described in “Materials and methods.” (B) Clonogenic assay. Daudi cells were either untreated or treated with
rituximab at 0.5, 1, 5, 10, or 50 p.g/mL. After 7 days, the number of colonies was determined under an inverted microscope, and the percentage of survival was determined.
Results are mean of triplicate determinations = SD. (C) Cell cycle analysis. Daudi cells were treated with 10 pg/mL rituximab, and cell distribution into the cell cycle was
performed as described in “Materials and methods.” Results are representative of 3 independent experiments.
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Figure 2. CER generation and SM hydrolysis in B cells. (Ai) Rituximab induces
CER generation and SM hydrolysis in B cells. Daudi ((J) and RL (M) cells were
prelabeled with [9, 10-3H] palmitic acid or [methyl-*H]choline to equilibrium for 48
hours and then treated with 10 pg/mL rituximab for various time points. After which,
both tritiated CER (top line) and SM (bottom line) levels were quantitated as
described in “Materials and methods.” Results are representative of 3 independent
experiments. (Aii) Mean of peak CER levels obtained from 3 independent experi-
ments. *P < .01. (B) Effect of fumonisin B1 on cell viability. Daudi cells were
preincubated (@) or not (O, []) 24 hours with 25 uM fumonisin B1 and then treated (O,
@) or not ([J) with 10 wg/mL rituximab. Cell number was estimated by trypan blue
exclusion assay. Results are the mean of 3 independent experiments = SD.

tested another chimeric antibody (anti-CD52, alemtuzumab) and a
nonimmune 1gG fraction. Neither alemtuzumab monoclonal anti-
body (MoAb; 10 pg/mL) nor 1gG (10 pg/mL) influenced cell
growth (Figure 1Aii). Similar results were obtained from RL cells
(data not shown). The inhibitory effect of rituximab was also
evaluated by clonogenic assay. As shown in Figure 1B, we found
that rituximab induced a dose-dependent reduction of colony
formation in Daudi cells with a maximum of 5 to 10 pg/mL.
Similar results were obtained with RL cells (data not shown). The
influence of rituximab on cell cycle distribution was performed
with propidium iodide/bromodeoxyuridine double staining. Our
experiments revealed that rituximab induced only a moderate
accumulation in G; phase (Figure 1C), but no signs of apoptosis
were observed as assessed by morphology and 4, 6-diamidino-2-
phenylindole, dilactate (DAPI) staining (data not shown).

The influence of time exposure of rituximab on cell growth
inhibition was also investigated. In these experiments, Daudi cells
coated with rituximab for 24 hours were treated with protease for 1
hour and then incubated for an additional period of 48 hours in
antibody-free medium, and cell viability was measured by trypan
blue exclusion assay. Proteolysis resulted in 79% * 9% reduction
of membrane-bound rituximab. However, cell growth inhibition
was maintained, whereas treatment with protease alone did not
affect cell viability (datanot shown).

Altogether, these results suggested that, in Daudi cells, ritux-
imab induced a CD20-mediated irreversible cell growth inhibition.
Moreover, it appeared that rituximab's effect was completed within
a short period of time, suggesting that the antibody triggered early
molecular events, resulting in cell growth inhibition. Among these
events, CER production was one of the possible candidates. For this
reason, we examined the effect of rituximab on CER metabolism.

Effect of rituximab on intracellular CER concentration in B cells

Daudi and RL cellswere prelabeled with [9, 10-3H] palmitic acid or
[methyl-2H]choline to equilibrium for 48 hours and then treated
with rituximab. In both cell lines, rituximab induced a rapid and
transient CER generation that peaked at 5 to 10 minutes (Figure 2).
Treatment with rituximab resulted in SM variations that mirrored
CER concentration changes (Figure 2). It is important to note that
the magnitude of SM loss and CER generation was comparable to
that observed on stimulation by Fas, TNFa, p75NTR, and chemo-
therapeutic agents in other cellular models.}* These results sug-
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gested that rituximab activated the SM cycle (ie, SM hydrolysis
and resynthesis).

CER concentration was a so monitored during a prolonged time
period in Daudi cellsto investigate whether rituximab could induce
delayed CER generation. However, metabolic labeling reveaded
that the intracellular CER concentration remained stable over 96
hours (Figure 2B). Because delayed CER accumulationisgenerally
associated with de novo synthesis,?12? this result suggested that
rituximab had no effect on CER synthase. As a matter of fact,
cotreatment with rituximab and fumonisin B1, a potent CER
synthase inhibitor, had no influence on intracellular ceramide
concentration (data not shown). Moreover, fumonisin B1 did not
affect the inhibitory effect induced by rituximab on cell viability
(Figure 2B). Altogether, these results suggested that, in rituximab-
treated cells, CER production was mainly due to SM hydrolysis on
stimulation of aSMase.

To confirm the influence of rituximab on CER metabolism in
other B cells, we measured the variation of intracellular CER
concentration in fresh leukemic B cells by using the diacylglycerol
(DAG) kinase assay. Clinical characteristics of the patients are
summarized in Table 1. DAG kinase assay reveded that, in
rituximab-treated B-CLL cells, CER concentrations were in-
creased, compared with untreated cells, in 6 of 8 samples. The
fold-increase ranged from 13% to 80% of basal values.

Effect of rituximab on SMase activities in B cells

Because both N-SMase and A-SMase have been involved in CER
production in cells treated with antitumor agents, we evaluated the
activities of these enzymes in Daudi and RL cells treated with
rituximab. These experiments showed that rituximab induced an
increase in zinc-independent A-SMase activity within 5 to 10
minutes, thus correlating with CER release and SM hydrolysis
(Figure 3A). However, N-SMase was unaffected (data not shown).
Importantly, SR33557, a potent A-SMase inhibitor,? significantly
abrogated not only A-SMase stimulation (Figure 3Bi) but also CER
production induced by rituximab (Figure 3Bii). Similar results
were obtained with perhexiline, another A-SMase inhibitor (data
not shown).?* Altogether, these results suggest that, in Daudi and
RL cells, rituximab-induced activation of CD20 resulted in A-SMase
stimulation is responsible for SM hydrolysis and subsequent CER
production.

Effect of rituximab on A-SMase cellular localization

On the basis of previous studies which have documented that on
death receptor—mediated A-SMase stimulation this enzyme translo-
cates to the surface of the cell, 2527 we investigated whether

Table 1. Characteristics of patients with B-CLL patients and CER
production in rituximab-treated B-CLL cells

CER
Age, Lymphocytosis, Durationfrom  Previous  accumulation,
Patient y mm?3 diagnosis, y therapy %

1 80 38 600 0 No +41
2 58 32 600 0.3 No +75
3 60 82 000 0 No £228)
4 74 59 800 0 No +36
5 66 30 600 4 CBL, CVP NS
6 66 70 100 11 CBL, CVP +80
7 75 19 100 11 CBL +13
8 73 32000 14 CBL NS

Variation of intracellular CER concentration was assayed by using the DAG
kinase assay. CBL indicates chlorambucil; CVP, cyclophosphamide, vincristine,
prednisone; NS, not significant.
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Figure 3. Inhibitory effect induced by rituximab is mediated by A-SMase
activation-derived CER. (Ai) Activation of A-SMase by rituximab in B cells. Daudi
(CJ) and RL (M) cells were treated with 10 wg/mL rituximab for various time points.
After which, A-SMase activity was quantitated as described in “Materials and
methods.” Results are representative of 3 independent experiments. (Aii) Mean of
peak A-SMase activation obtained from 3 independent experiments, = SD. *P < .01.
(B) Inhibition of rituximab-induced A-SMase activation and CER generation by
SR33557. Daudi ([J) and RL (M) cells were preincubated 1 hour with 30 .M SR33557
and then treated with 10 pg/mL rituximab for various time points. After which, both
A-SMase activity (i) and CER levels (ii) were quantitated as described in “Materials
and methods.” Results are mean of peak A-SMase activation and CER obtained from
3independent experiments, = SD. *P < .01.

rituximab may induce A-SMase trandocation from intracellular
compartments to the external leaflet of the plasma membrane. Asa
matter of fact, confocal microscopy on permeabilized cells re-
vealed that a subset of the intracellular A-SMase is redistributed
toward the cell membrane, colocalizing with CD20 in rituximab-
treated cells (Figure 4A). Flow cytometry analysis performed with
anti—A-SMase antibody in intact cells revealed that treatment with
rituximab resulted in A-SMase translocation to the plasma mem-
brane in Daudi and RL cells (data not shown) aswell asin B-CLL
cells (sample from patient 1 in Figure 4B).

Effect of rituximab on CER cellular localization

On the basis of previous studies that have documented that on
A-SMase trans ocation CER accumul ates at the cell surface, 2527 we
investigated whether rituximab may induce CER accumulation at
the external leaflet of the plasma membrane. Indeed, flow cytom-
etry analysis using an anti-CER 15B4 antibody reveded that
treatment with rituximab resulted in CER accumulation at the cell
surface of intact Daudi cells (Figure 4C) and RL cells (data not
shown) aswell asin B-CLL cells (sample from patient 1 in Figure
4D). Positive controls were provided by CER immunolocalization
using anti-CER 15B4 antibody in Daudi cells treated with bacterial
SMase (0.2 U) (Figure 4E).

Effect of long chain C,6-CER on cell viability

To evaluate the possible role of rituximab-induced CER accumula-
tion at the external surface of the plasma membrane on cell growth
inhibition, we evaluated the effect of C,¢-CER, a cell nonpermeant
CER, on Daudi cell viability. As shown in Figure 4F, C;s-CER
induced a concentration-dependent growth inhibitory effect, thus
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mimicking the effect of rituximab in these cells. This result
suggests that CER accumulation at the cell surface mediates cell
growth inhibition.

Membrane localization of rituximab-induced SM-CER pathway

Previous studies have described that rituximab induced CD20
redistribution to raft microdomains in malignant B cells.#28 On the
basis of results presented in Figure 4, we investigated whether
activated A-SMase colocalized with CD20. We first confirmed that
rituximab (10 pg/mL; 15 minutes) induced a CD20 delocalization
from heavy fractions to raft fractions in treated Daudi and RL cells
(Figure 5A). Moreover, we found that in rituximab-treated cells,
most A-SMase activity was contained into raft fractions (Figure 5B).
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Figure 4. Rituximab induces A-SMase and CER localization in the outer leaflet
of the cell membrane. (A) Cells (3 X 106) were treated with or without 10 wg/mL
rituximab for 10 minutes and analyzed by confocal microscopy by using rabbit
anti-SMase and/or mouse antihuman Fc. Results are representative of 3 indepen-
dent experiments. (B) Rituximab induces outer leaflet A-SMase localization in B-CLL
fresh cells. Intact cells (3 X 10) from patient 1 were treated or not with 10 wg/mL
rituximab for 10 minutes and analyzed by flow cytometry using a FITC-labeled rabbit
polyclonal anti-A-SMase. Results are representative of 3 independent experiments.
(C) Intact cells (3 X 10°) were treated (green line) or not (blue line) with 10 pg/mL
rituximab for 10 minutes and analyzed by flow cytometry by using a FITC-labeled
mouse monoclonal anti-CER 15B4. Results are representative of 3 independent
experiments. A stained FITC anti-mouse served as control (black line). (D) Rituximab
induces outer leaflet CER accumulation in B-CLL fresh cells. Intact cells (3 X 10°)
from patient 1 were treated or not with 10 pg/mL rituximab and analyzed by flow
cytometry by using a FITC-labeled mouse monoclonal anti-CER 15B4. Results are
representative of 3 independent experiments. (E) Bacterial SMase induces outer
leaflet CER accumulation in Daudi cells. Intact cells (3 X 106) were treated or not with
0.2 U bacterial SMase and analyzed by flow cytometry by using a FITC-labeled
mouse monoclonal anti-CER 15B4. Results are representative of 3 independent
experiments. (F) C16-CER mimics rituximab-induced inhibitory cell viability. Daudi
cells were treated or not (O) with C15-CER at 0.05 pM (@), 0.1 1M (A), or 0.5 pM (H),
and cell viability was estimated by trypan blue exclusion assay. Results are the mean
of 3 independent experiments + SD.
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Figure 5. Rituximab induces CD20 relocalization and A-SMase activation into
raft microdomains. Daudi and RL cells were treated or not for 10 minutes with 10
pg/mL rituximab, after which raft microdomains were isolated as described in
“Materials and methods.” (A) CD20 localization was determined by Western blot
analysis using a mouse anti-CD20 antibody. (i) Light (fractions 1-3); (ii) rafts (fractions
4-6); (iii) intermediate (fractions 7-9); and (iv) heavy (fractions 10-12). (B) A-SMase
activity was measured on each fraction after raft isolation as described in “Materials
and methods.” Results are the mean of 3 independent experiments = SD. (C) Daudi
cells were treated with 10 pg/mL rituximab for 15 minutes, then localization of CD20,
CER, and raft microdomains was determined as described in “Materials and
methods” by confocal microscopy.

Finally, as presented in Figure 5C, we observed that rituximab-
induced CER generation is colocalized with CD20 into raft
microdomains.

Role of raft microdomains on CER generation and A-SMase
activation

To evaluate the role of raft microdomains in rituximab signaling,
we used a cholesterol sequestering agent, methyl-B-cyclodextrin
(MBCD), on CER generation and A-SMase localization after
rituximab treatment. Daudi cells were preincubated with 10 mM
MBCD for 30 minutes and then treated with 10 pg/mL rituximab
for various times. We then evaluated the CER generation and
A-SMase localization at the cell surface by flow cytometry. These
experiments revealed that MBCD pretreatment resulted in total
inhibition of rituximab-induced A-SMase translocation (Figure 6)
and CER generation (data not shown). Moreover, our results
showed that cholesterol repletion restored the A-SMase (Figure 6)
trandocation and CER (data not shown) accumulation at the
cell surface.

Role of CER in rituximab signaling

CER has been described to trigger distinct intracellular signaling
pathways, including the stimulation of ERK (p44/42 MAPK), JNK,
and p38MAPK .>1129.30 Therefore, we evaluated whether rituximab
could activate these pathways through CER production. These
experiments showed that, in both Daudi and RL cells, treatment
with rituximab resulted in partial translocation of ERK proteins
into raft fractions as well as ERK phosphorylation in these
microdomains (Figure 7A). Moreover, SR33557 inhibits ERK
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Figure 6. Raft microdomains are essential for A-SMase outer leaflet localiza-
tion. Daudi cells were preincubated (O) or not ([J) with methyl-B-cyclodextrin during
20 minutes at 37°C for raft disruption and then treated or not with 10 wg/mL rituximab.
For cholesterol depletion-repletion experiment (@), cells were first treated with
methyl-B-cyclodextrin and then incubated with cholesterol as described in “Materials
and Methods.” A-SMase localization was determined by FACS cytometry on
nonpermeabilized cells. Results are the mean of 3 independent experiments + SD.

phosphorylation in both Daudi and RL intact cells (Figure 7B).
However, SR33557 did not significantly influence the activation of
INK and MAPK kinase 3 (MKK3), the upstream regulator of
p38MAPK (data not shown). These results suggest that the CER
pathway is an important functional component linking CD20
engagement and MAPK stimulation.

Previous studies have shown that CER could influence the
expression of some cell cycleregulators, including p21(WAF-1) or
p27(Kipl).7831 Therefore, we investigated whether the inhibition
of rituximab-induced CER generation may result in p21(WAF1)
and p27(Kipl) induction. In these experiments, we were unable to
detect p21(WAFL) induction in rituximab-treated cells (data not
shown). However, we found not only that rituximab did induce
p27(Kipl) expression but also that SR33557 significantly inhibited
this effect (Figure 7C).

Discussion

In this study, we show that, in Daudi and RL B-lymphoma cells,
rituximab used at the saturating dose induced moderate accumula-
tion in G; phase, growth inhibition, and significant loss in
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Figure 7. Rituximab induces ERK activation in raft microdomains and p27(Kip1)
expression. (A) Raft microdomains of cells treated or not for 15 minutes with 10
pg/mL rituximab were isolated and then immunoblotted with antibodies recognizing
ERK (p42/44 MAPK) and phospho-ERK (P-ERK). (i) Light (fractions 1-3); (i) rafts
(fractions 4-6); (iii) intermediate (fractions 7-9); and (iv) heavy (fractions 10-12). (B)
Daudi and RL cells (5 X 10°) were pretreated or not with 30 uM SR33557 for 1 hour,
after which cells were incubated with or without 10 pwg/mL rituximab for another 15
minutes. Cells were then immunoblotted with antiphospho-ERK antibody as de-
scribed in “Materials and methods”; (1) untreated controls, (2) SR33557 alone, (3)
rituximab alone, (4) SR33557 and rituximab. (C) Expression of p27(Kipl) was
determined by Western blot analysis in Daudi and RL cells; (1) untreated controls, (2)
SR33557 alone, (3) rituximab alone, (4) SR33557 and rituximab.
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clonogenic potential. However, in these cells, rituximab induced no
apoptosis. The antiproliferative effect of solubleformsof rituximab
without apoptosis has been already reported in various cellular
models, including Burkitt cells such as Daudi and Ramos.23233
Moreover, it has been also described that, whereas other malignant
B cells, including most t(14;18)-positive lymphoma cell lines,
displayed apoptotic features on incubation in the presence of
immobilized rituximab or goat antimouse antibody F(ab’), frag-
ments, Daudi cells were resistant.32 Whether resistance of Daudi
cells to rituximab is due to relatively low density of CD20
molecules, compared with sensitive B cells, remains uncertain
because BJAB, another Burkitt cell line, is also resistant, whereas
these cells exhibit high CD20 density.3*

In this study, we show for the first time that, in vitro, treatment
with rituximab may result in a rapid and transient increase in
cellular CER concentration. This rituximab effect was observed in
Burkitt cellsaswell asin most B-CLL cells. Theorigin of CER was
also investigated. Thus, there is no evidence that CER production
could be due to enhanced de novo CER synthesis. This result
contrasts with BCR activation that has been found to induce CER
accumulation through enhanced CER synthesis without affecting
either N- or A-SMases.’? In contrast, our study provides strong
evidence that, in Daudi and RL cells, CER is produced on SM
hydrolysis. Indeed, CER generation correlates with A-SMase
stimulation and SM loss. Moreover, A-SMase inhibitors prevented
A-SMase stimulation and CER production. This result also sug-
gests that N-SMase is not involved in the cellular response to
rituximab, whereas this enzyme has been implied in anti-lgM—
induced apoptosis.’2 Previous studies have described that A-SMase
can aso be stimulated on y- or UV-radiation or activation of death
receptors such as Fas or p75 low-affinity nerve growth factor
(NGF) receptor.2 These observations suggest ageneral function of
A-SMasesin mediating growth inhibition or apoptosis. However, it
remains unclear which A-SMase is involved in these processes.
Indeed, the A-SMase gene gives rise to both lysosoma SMase and
aZn2*-dependent so-called secretory A-SMase.®> More recently, a
third form of A-SMase has been detected in the detergent-resistant
membrane of NIH-3T3 and PC12 cells.® This enzyme is Zn?*
independent, resides inside secretory or lysosomal vesicles, and is
translocated onto the extracellular leaflet of the cell membrane on
stimulation by death receptors.?> Two lines of evidence suggest that
rituximab operates through this third form of A-SMase. First,
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A-SMase stimulation is Zn?* independent. Second, the enzyme is
translocated from intracellular compartments to the cell surface.
Thus, it is possible that this A-SMase subset represents a common
mediator of inhibitory signals triggered by death receptors, mono-
clonal antibodies, and, perhaps, other antitumor agents.

The mechanism by which CD20 leads to A-SMase stimulation
has not been investigated. However, it is likely that other protein
components act as adaptors in this signaling complex. In this
perspective, it isimportant to note that CD20 has been found to be
associated with Src kinases, including Lyn, Fyn, and Lck, but not
Blk or Bruton tyrosine kinase.3"3 Moreover, it has been reported
that anti-CD20 antibody elicits Src-mediated tyrosine phosphoryla-
tion eventsin normal and malignant B cells.3%41 On the basis of the
role of some Src kinases in regulating A-SMase*? one can
speculate that these enzymes could play a role in a functiona
interaction between CD20 and A-SMase.

Therole of CER accumulation at the external surface of the cell
in the inhibition of proliferation induced by rituximab is supported
by the observed inhibitory effect of C16-CER, a nonpermeant
synthetic CER. This intriguing observation establishes a link
between external signaling events and cell growth control machin-
ery. Asamatter of fact, A-SMase stimulation appears to be critical
for ERK stimulation and p27(Kipl) induction. The role of ERK in
regulating p27(Kipl) is not surprising. Indeed, previous studies
have shown that ERK is, among others, an important regulator of
p27(Kipl) expression.*344 Therefore, we propose amodel in which
the SM-CER pathway at least contributes to rituximab inhibitory
effect through p27(Kipl). This observation may have important
clinical implications. Indeed, previous studies have extensively
documented that p27(Kipl) expression or distribution is frequently
abnormal in lymphoid neoplasias, including advanced B-CLL,
mantle cell lymphoma, or diffuse large cell lymphoma.*>47

To conclude, our study suggests that rituximab induced a complex
signding pathway consisting in the stimulation of an intracellular
Zn?*-independant A-SMase followed by the translocation of the
active form of this enzyme to plasma membrane raft microdomains
and hydrolysis of the outer |eafl et-associated SM. CER issued from
SM hydrolysis facilitates the recruitment of MAPK componentsin
lipid microdomains and thus could be a critical intermediate of the
cellular response to rituximab by linking CD20 activation and
MAPK-mediated downstream effector signaling.
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