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Chapitre I — L'accumulation de céramides C et C,, par la voie de novo contribue

a l'apoptose spontanée des neutrophiles

Une fois libérés dans la circulation, les neutragghientament spontanément un processus de mort par

apoptose. En effet, aprés avoir passé quelqueeheaans la circulation, apparaissent a leur sueeestigmates
morphologiques de l'apoptose précoce tels queeleafisation de la PS. Les neutrophiles vieillissasont ainsi
reconnus et phagocytés par les macrophages spiéniie phénoméne permet une élimination "sansstrates

neutrophiles et évite toute libération spontanéecatenu cytotoxique, et par conséquent pro-inflateme, dans la
circulation. A I'heure actuelle, bien que plusiebgpothéses aient été formulées, personne n'a emeodémontrer
précisément les mécanismes moléculaires impliqaés Bapoptose spontanée des neutrophiles. Lesidésasont des
sphingolipides reconnues pour leur réle de messaggmondaires dans de nombreux processus biolagigiseque la
différentiation cellulaire, la sénescence et I'apsp. En particulier, dans les neutrophiles, il & @ontré que les
céramides facilitaient l'activation de la caspassi8e a la stimulation des cellules par FasL ea dotmation du
complexe multi-protéique DISC (Scheel-Toellratral., 2004a ; 2004b). Dans cette étude nous démonteondle

important joué par les céramides de type &€ G, dans 'apoptose spontanée des neutrophiles fragaitasolés de la
circulation sanguine et placés en culture.

Le taux intracellulaire des différents types de cidas a été mesuré par spectrométrie de masse, gndice
technique développée a I'Université de Liege padetret collaborateurs (2002). Le taux d'apoptostgariesuré par la
technique usuelle du double marquage a I'annexitTC et a I'iodure de propidium ; les cellules été analysées par
cytométrie de flux (FACSAria). Afin d'éviter unesky cellulaire lors de I'analyse, nous avons opté poe techniquin
situ pour mesurer l'activité des caspases-8, -9, -BnAemps donné, les neutrophiles ont été traités des peptides
substrats, inhibiteurs irréversibles et spécifiqdes différents types de caspases, couplés a désuies fluorogénes.
Apres une heure d'incubation avec ces peptidesgleges ayant conservé leur intégrité étaientyesgas par cytométrie
de flux. Le suivi au cours du temps des taux inthalegres des différents types de céramides a réane les céramides
de type Gs et G4 s'accumulaient spontanément dans les neutropbléegs en culture. Cette accumulation précédait
I'externalisation de la PS ainsi que 'activatiogscaspases-8, -9 et -3.

En traitant les granulocytes avec des inhibiteuégifigues des différentes voies de biosynthésedesnides,
nous avons montré que les céramidese€ G, étaient générées dans les neutrophiles par ladeaievo a partir de la
condensation de I'acide aminé sérine et d'un groapeacyle, dérivé d'un acide gras, couplé au gmeeZ\. Par contre,
nous avons montré que l'autre voie majeure de bibege des céramides, appelée voie de recycldgeSié, n'était pas
impliquée dans l'accumulation des céramideg €t Gg Toujours grace a Iutilisation de ces molécules
pharmacologiques, nous avons montré que l'augnientat! la diminution des taux endogenes gdeet G, augmentait
et diminuait, respectivement, les taux d’apoptose’activation des caspases-8, -9 et -3 dans lesraphiles. Ces
résultats ont été confirmés en ajoutant, au mdewculture, des céramidegs@t/ou G, exogénes. En effet, ce traitement
augmentait significativement le taux d'apoptose mgtrophiles. Enfin, nous avons traité des netilep avec du GM-

CSF et avons montré que cette cytokine anti-apiopi®tbloquait I'accumulation des céramideg € G, dans les
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neutrophiles. Au contraire, lorsque des neutrophdaient traités avec FasL, une molécule pro-apigptg les taux

endogéenes des céramideg & G4 n'étaient pas modifiés.
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De novo C,4- and C,,-ceramide generation contributes to
spontaneous neutrophil apoptosis
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Abstract:  Newtrophils rapidly undergo spontane-
ous apoplosis following their release from the bone
marrow. Although central to lenkoeyte homeosta-
si=, the mechani=ms that regulate neutrophil apo-
ptosis remain poorly understood. We show here
that apoptosi= of cultured nentrophils i= preceded
by a substantial inerease in the intracellular levels
of 16 and 24 carbon atom (C ;- and Cy, leer-
amides, which are lipid second messengers of
apoptosis and stress signaling. Treatment of neu-
trophils with fumonisin B, a selective inhibitor of
the de nove pathway of ceramide synthesis, pre-
vemted aceomulation of €, - and C, -ceramides.
Moreover, fumonisin B, significantly reduced
caspase-3, -8, and -9 activation and apoptosis in
these cellzs. Conversely, 3-O-methylzphingomyelin
and fantofarone, which are specific inhibitors of
neutral and acid sphingomyelinases, respectively,
neither inhibited €, - and €, -ceramide produc-
tion nor decreased the apoptesis rate in neutro-
phils, indicating that in these cells, ceramides are
not generated from membrane sphingomyelin.
Further experiments showed that inereasing en-
dogenous €, .- and C, -ceramide levels by using
DL-threo-1-phenyl-2-palmitoyvlamino-3 -morpho-
lino-1-propanel and (15, 2R)-D-erythro-2-(N-my-
ristoylamino)-1-phenyl-1-propanel, two inhibitors
of ceramide metabolism, enhances caspase-3, -8,
and -9 activity and inereases neutrophil apoptosis.
Similarly, apoptosis was induced rapidly when syn-
thetie G - andfor €, -ceramides were added to
neutrophil cultures. Finally, GM-CSF, a cytokine
that delays neutrophil apoptosis, abrogated €, .-
amd Co y=ceramide accumulation totally in eultured
neutrophils, whereas Fas ligation accelerated apo-
ptosis in these cells without affecting de novo cer-
amide production. We conclude that de nove gen-
eration of C .- and Cy -ceramides contributes 1o
spontaneous neutrophil apoptosis via caspase acti-
vation and that GM-CSF exerts its antiapoptotic
effects on nentrophils, at least partly through inhi-
bition of ceramide aceunmulation. J. Leukoc, Biol,

&1: 000 =0, 2007,

Key Words: caspases - GM-CSF - granulecytes - suriival

INTRODUCTION

Neutrophils represent 609 of the total circulating leukocytes
in humans and play a central role in host defense against
infectious microorganisma. Of all the cells of the immune
aystem, the neutrophil has the shorteat half-life, estimated to be
between 6 h and 18 h [1. 2]. After release into the bloodstream,
mature neutrophils rapidly undergo spontaneous apoptosis and
are eliminated through phagocytosis by spleen, bone marrow,
and liver macrophages [1-3]. The consequence of the short
half-life of circulating nentrophils is that 10™ neutrophils need
to be produced daily in the bone marrow to maintain homeoata-
siz [4]. The reazons why bloodstream neutrophils die rapidly
are not clear but may be related to the capacity of these cells
to inflict tissue damage if they are activated inappropriately [1].
In response to pathogen invasion, neutrophils migrate into
peripheral tizsues, where they kill pathogens using several
microbicidal mechanisma, including phagocytosis, production
of reactive oxyvgen intermediates, and release of proteases [3,
6]. To optimize pathogen elimination, the lifespan of extrava-
sated neutrophils is extended by a range of inflammatory
mediators, including cytokines such as GM-CSF [7] and bac-
terial components including LPS [8]. After killing the ingested
microorganisms, the neutrophils enter apoptosis and are
phagocytosed by resident macrophages. preventing loss of neu-
trophil contents and tissue destruction [3, 9]. It thus appears
that regulation of neutrophil lifespan is essential to prevent
tissue damage and to ensure the maintenance of neutrophil
homeostazia, the efficient removal of pathogens, and the reso-
lution of the inflammatory process. However, the molecular
mechanisms involved in the control of neutrophil apoptosiz
remain poorly understood.

Ceramides are bioactive sphingolipids, which mediate anti-
proliferative responses zuch as cell cycle arrest, senescence,
and apoptosis [10, 11]. The most common ceramides have acyl
chain lengths of 16 24 carbon atoms (C,.—C,,) and are pro-
duced in response to various stress stimuli, including TNF-o
Fas ligand (FasL), oxidative stress, anticancer drugs, ionizing
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radiation, and ultraviolet light [10, 11]. Ceramides are gener-
ated from the major membrane sphingolipid sphingomvelin by
acid and neutral sphingomyelinases (ASMase and NSMase) or
through the de novo svnthesis pathway [11-13]. De novo
ceramide biosynthesizs requires coordinate action of serine
palmitoyl transferaze and ceramide synthase to generate cer-
amides. Serine palmitoy] transferase catalyzes the condensa-
tion of serine and palmitov]l-CoA to form 3-ketozphinganine,
which is reduced to sphinganine and subsequently, N-acylated
by ceramide synthase to form dihydroceramide. Finally, a
double bond is introduced by dihydroceramide desaturase to
produce ceramides. However thev are formed, accumulating
ceramidez may induce cytochrome ¢ release, caspase activa-
tion. and apoptosis [10, 11]. Once generated, ceramides may be
converted into a variety of metabolites [12, 13]. Phosphoryla-
tion by ceramide kinase generates ceramide 1-phosphate, and
deacylation by ceramidases vields sphingozine. Ceramides
may alzo be converted back to aphingomvelin by sphingonmy-
elin synthase. Finally. ceramides can be glveosvlated by glu-
coavlceramide svnthase to form glucosyleeramides.

It haz been shown previously that the apoptotic program may
be initiated in neutrophils through reactive oxvgen species
iROSk-induced ASMase activation and subsequent ceramide
accumulation [14]. In the present study, we have further in-
veatigated the role of ceramides in regulating neutrophil apo-
ptosiz and show that de novo synthesis of Ce- and C,y-
ceramides iz a crucial event in the induction of spontanecus
neutrophil death. Moreover, we demonstrate that GM-CSF re-
duces accumulation of de novo-generated C.- and Gjy-cer-
amides in neutrophils, a mechanizm that could aceount for the
antiapoptotic function of this cytokine.

MATERIALS AND METHODS

Cell sorting, culture, and treatment

Human blood neutrophils, lymphoevtes. and monocytes were obtained from
butty coats (Transfusion Center, Liege, Belgium). Neutrophils were separated
from monenuclear cells by density centrifugation (Histopagque, Sigma-Aldrich.
Bornem. Belgium). Contaminating ervthrocytes were removed from the neutro-
phil fraction by hvpotonie lvsis. Lymphocytes and monocyles were isolated
from the mononuelear fraction by pesitive magnetie selection using microbeads
coated with anti-CD3 and anti-CD22 antibodies (lvmphocyies) or anti-CD14
antibodies imonocvtes) (CDE, CD22, and CD14 MicroBeads, Miltenyi Biotec,
Pari=. France). Neutrophil. lymphocyie, and monoevte purity, as determined by
counting of cvlospin preparations stained with Dift-Quick (Dade Behring.
Dudingen, Cermany), was always =9%%. Blood cells were cultured at a
density of 2 % 10° cells'ml in RPMI 1640 supplemented with 19 glutamine.
1050 FCS, 30 pg'ml streptomyein, and 30 IU/ml penicillin (all from Gibeo-
BRIL. Crand Island, NY, USA) HCT-116, human embryonic kidney (HEK)-
203, Hela, ovarian carcinoma (0 CAR)L Pheenix, Jurkat, and Raji cell lines
were obtained from American Trpe Culture Collection (Manassas. VA, USA)
Theze cell lines were cultured in DMEM (Hela. HEK-293, and Phoenix cells).
MeCov's 5A (HCT-116 cells). or RPMI 1640 (OVCAR. Jurkat, and Raji cells).
supplemented with 19 glutamine. 109: FCS, 30 pg/ml streptomyein, and 50
[W¥mL penicillin. Neutrophils were eultured in the presence or absence of
human recombinant CM-CSF (Peprolech EC, London, UKL fumonizin Bs
{Biomal, Plymouth Meeting, PA, USAL 3-O-methy¥lsphingomyelin (3-0MS:
Eiomaol). fantatarone (SR33537; Sanofi Pharm. N.V.. Brussels, Belgium). D1L-
threa-1-phenyl-2-palmitoylamino-3-merpholine-1-propancl. HCL (PPMP;  Ei-
omell, (13 2R)-D-erythro-24N-myristoylamino)-1-phenyl-1-propanal (MAFPF:
Biomal). synthetic C, .- o1 O -ceramides (Acros Organics, Geel, Belgium), or
soluble FasL (sFasL: PeproTech EC). CM-CSF and sFasL were dissclved in

PBES. Fumonizin By and PPMP were dissolved in water. MAPF, 3-OMS, and
fantofarane were dizsolved in ethanol. Cos- and Cog-ceramides were dizsolved
in ethanol/dodecan (99.8i0.2, vvi. An equal amount of solvent was always
added to control cultures.

Measurement of intracellular ceramide levels

Liquid chromatography-electrospray ionization tandem-mass speetrometry
(LC-ESI-MS/MS) was used to measure intracellular ceramide levels as de-
seribed previously [15]. Standard solutions for optimization of LC-ES]-M5/MS
were prepared by dizsolving ceramides in a 99.8/0.2 (v/v) mixture of ethancl?
formic acid to reach a concentration of 1 pg'ml. For extraction of cellular
lipids. eells were rinsed twice with ice-cold PBS. then scraped in PES. and
centrifuged at 800 g. The resulting pellet was homogenized in distilled water
by sonication. An aliquot of the cell homogenate was reserved for determina-
tion af protein levels. G, -reramide (10 ng; as an intenal standard) was added
to samples of cell lysates containing 200 e protein, Lipids sere extracted
using Folch’s partition with a mixture of chloroform and methanol (21, w'v).
Samples were then centrifuged at 1300 g and washed with chloratorm. meth-
anol, and water (24547, wwiv). The organie phase was evaporated to near
drvness under a gentle stream of dry nitrogen. The samples were reconstituted
by vortexing with 100 pl of 2 mixture of ethanolfarmic acid (998021 until
they were dissalved completely. To avoid any loss of lipids, the entire proce-
dure was performed in siliconized glassware. The LC-ESI-MS/MS procedure
we nzed detects endogenous ceramides G, . G Cope G and Gy [15]
The levels of each ceramide species were expresszed as their relative abun-
dance compared with Cyz-eeramide level in untreated neutrophil.

Detection of apoptosis by cytochemical staining

Apoptosis was assessed by staining with Annexin-¥-FIT'C and propidium
iodide (PI) using the Annexin-¥-Flucs staining kit (Roeche, Mannheim.
Germany). following the recommendations of the manufacturer. Flow cy-
tometry analvses were performed with a FACSAria™ (BD Bicsciences, San

Jose, CAL USA)

Assay of caspase activity

Caspase acliviies were determined using the CaspaTag™ caspase-3.
caspase-3, and caspase-9 in situ assay kits (Chemicon International, Billerica.
MA. USA). These are Huorochrome-labeled caspase inhibiters [sulforhoda-
mine-labeled Asp-Clu-¥al-Asp-fluoromethylketone (fmk) for caspase-3. Huo-
rescein-labeled Leu-Clu-Thr-Asp-tmk for caspase-&, and Huorescein-labeled
Leu-Clu-His-Asp-fmk for eazpase-%, which are cell-permeable and nontoxie
and covalently bind only active caspases. Analvsis of caspase activity was
performed using How cvtometry. Briefly, freshly izolated neutrophils and neu-
trophils that were cultured for 5 h in the absence or presence of 30 b
fumonizin Be, 50 pM MAPP, or 30 pM PPMP were washed and resuspended
in complete RPMI supplemented with flucrochrome-peptide-fmk for 1 h at
A7°C under 3% Ty, Cells were washed twice and resuspended in fixing
butter. The cells were analyzed immediately by flow cytometry.

Statistical analysis

Diata are presented as means % 50, The difference between mean values was
estimated using an ANOV A with subsequent Fisher's protected least signifi-
cant difference tests ot a Student’s ¢-test for unpaired data. A valve of P <2 0.03
wis corsidered significant. All presented results are representative of at least
three similar experiments.

RESULTS

Parallelism between C,s- and C,,-ceramide
accumulation and triggering of apoptosis in
cultured neutrophils

To determine the role of ceramides in spontanecus neutrophil
apoptosis, human blood neutrophils were izolated from buffy

coats and cultured for 0. 3, 6. 12, 18, and 24 h before
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measurement of Cy,_s;-ceramide content by LC-ESI-MS/MS
and assessment of apoptozaiz by the Annexin-V-FITC/PI detec-
tion method (Fig. 1. A and B). Figure 1A shows that high
levels of €.~ and Cgp-ceramides were detected in freshly
isolated neutrophilzs. Cy.- and C,,-ceramide rates remained
unchanged until 3 h but then inereazed gradually to peak at
12 h. Cyy-ceramide levels returned to baseline at 18 h. whereas
Ce-ceramide rates decreazed zlightly to reach intermediate
values at 18 h and 24 h. Cy -, Cp-. Capen and Cpp-ceramides
were barely detectable at any time-point. Freshly izolated
neutrophilz contained very few apoptotic cells (Fig. 1B). Apo-
ptosiz rates remained low until 6 h but increased dramatically
at 12 h. At thiz time-point, ~62% of neutrophils were dead.
The apoptotic rate then continued to increaze gradually, reach-
ing values of —80% at 24 h. It is noteworthy that the increaze
in Cyg- and €, -ceramide levels (hetween 3 h and 12 h) just
preceded the increaze in neutrophil apoptesis (12 h: compare
Fig. 1. A and B). The experiments zhown in Figure 1. A and B,
have been reiterated with neutrophilz iselated from freshly
sampled blood (“fresh neutrophils™) rather than with “bufly
coal neutrophilz.” Fresh neutrophilz provided similar resulis
than did buffy esat neutrophils (data not shown). Finally, the
relative abundance of Cji- and Cgp-ceramides in blood neu-
trophils were compared with those in various other cell types.
namely, primary lymphoeytes and monceytes, and the HCT-
116, HEK-293, Hela, OVCAR. Phoenix, Jurkat. and Raji cell
lines. Cyy-ceramide levels in neutrophils were comparable with
those in the ather cell types, excepl that only low C, -ceramide
rates were lound in freshly izolated and 12 h-cultured, primary
lvmphoeytes (Fig. 1C). Conversely, C -ceramide levels were

Fig. 1. Ceramide levels and apoptotic rates in cultured neutrophils. (A) Human blood
neutrophils were izolated and ealtured for o, 3. 6, 12, 16, and 24 h before assessment of
L4 sgceramide levels by LE-EST-MS/MS. =, Signiticantly different from Time 0 values,
and P = 0,05, (B) Neutrophils were assaved lor apoptosiz using dual-coler Annexin-V-
FITCPL staining and How extometry analyses. (2) G- and Coy-ceramide levels were
measuted in freshly isalated and 12 h—cultured nevtrophils (Neul Irmphoeytes (Lym), and
monocrles (Monl as well az in the HCT-116, HEK-293, Hela, OVCAR, Phoenix. Jurkat,
and Faji cell trpes.

much higher in neutrophilz than in any of the other cell tvpes
examined (Fig. 1C). These results show that C).-ceramide
production iz elevaled in neutrophils and that C.- and €, -
ceramide accumulation precedes apoptosis in theze cells.

Cqa- and C,, -ceramides are generated via the de
novo pathway in neutrophils and contribute to
spontanecus apoptosis of these cells

Ceramides can be generated from sphingomyelin through ac-
tivation of SMases or [rom activation of the de nove pathway. To
determine the =ource of G- and C, -ceramides in neatrophils,
we have treated cultured neutrophilz with 3-0MS, {antofarone
(BR33557), or fumonizsin B,. 3-0MS is a specific NSMaze
inhibitor [16]. whereas fantofamone zelectively blocks ASMaze
[L7] Fumonisin By i2 a specific inhibitor of ceramide synthase,
blocking the conversion of sphinganine to dihvdroceramide in
the de nove pathway [18, 19 As depicted in Figure 2A,
treatment of cultured neutrophils with fumonisin B, totally
prevented Cio- and Cyp-ceramide accumulation at & h and
12 h. Cyg-ceramide levels even declined below the bazeline in
fumonisin Ba-treated neutrophils. Conversely, 3-0MS and
fantofarone had no effect on ceramide production (Fige 2A)
Conszistent with these observations. fumonizin By, but neither
3-0MS nor fantofarone, reduced the rate of neatrophil apopto-
=iz significantly at 12, 18, and 24 h (Fig. 2B). Taken wgether,
these results indicate that €. and C, -ceramides generated
via the de nove pathway accumulate in neutrophilz. thereby
contributing to the induction of spontaneous apoptosiz. More-
over, it also appears that basal production of €, -ceramide 1= at
least partly dependent on the de novo pathway.
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Fig. 2. Effects: of fumonisin Bs, 240MS, and fantofarone (SR33557) on Cye- and Cog-ceramide levels and apoptotic rates. (A) Freshly isolated blood neatrophils
were treated with 30 pM fumonizin By, 10 pM 3-0MS, or 10 pM fantofarone, Zero, 3, 6. 12, 18, and 24 h later, intracellular Cye- and Cpg-ceramide levels were
estimated by LC-ESI-MS/MS. Untreated cells were used as controls. (B) Apoptotic rates were measured at the different time-paints by Annexin-V-FITC/PI staining
and flow cytemetry analyses. . Significantly diflerent from the values obtained with untreated cells (P<0.05).

Increasing endogenous C,e- and C,,-ceramide
levels using inhibitors of ceramide metabolism
increases neutrophil apoptosis

To further explore the role of ceramides in nentrophil apopto-
siz, we have amplified the endogenous ceramide levels in
cultured neutrophils by using PPMF and MAPF. two inhibitors
of ceramide metabolism. PPMP specifically inhibitz glucosyl-
ceramide synthaze, thus blocking ceramide glveosvlation [20].
MAFPP iz a selective inhibitor of the alkaline ceramidase,
which breaks down ceramides to sphingozine [21]. As shown in
Figure 3A, PPMP increased Cyi- and Cyy-ceramide levels
substantially in cultured neutrophilz, whereas MAPP enhanced
Cye-ceramide levels without affecting C,,-ceramide rates. The
effectz of PPMP and MAPF were obzerved as early as 3 h after
treatment and were maintained until 24 h (Fig. 3A). For
example, at 3 h, €, and C, j-ceramide levels in PPMP-treated
cells were equal to or even greater than those measured in
control cellz at 12 h. Similarly, C,;-ceramide levels were
higher in MAPP-treated cellz at 3 h than in untreated cells at
12 h. Elevation of endogenous ceramide levels was paralleled
by a significant increase in the apoptosis rates in PPMP- and
MAPP-treated neutrophils, az compared with untreated cells
iFig. 3B). confirming that € .- and C,,-ceramides may play an
active role in inducing the apoptotic program in these cells.

Rapid onset of apoptosis in neutrophils treated
with synthetic C,5- and C,,-ceramides

To ascertain that Cz- or Cyy-ceramide accumulation is suffi-
cient to induce neutrophil apoptosis, freshly izolated neutro-
phils were treated for 6 h with synthetic C,.- or Cpj-ceramides

before apoptosis was asseszed by Annexin-V-FITC/PI staining.
Treatment with synthetic C-ceramide significantly increased
the intracellular levels of C,;-ceramide without changing the
Cyy-ceramide contents (Fig. 1A, left panel). Similarly, treat-
ment with synthetic Cg,-ceramide drastically enhanced the
intracellular levelz of C,-ceramide (Fig. 4A. middle panel).
The apoptotic rate was increased significantly in the presence
of synthetic Co- or Cyy-ceramides (Fig. 4B). However, syn-
thetic Cig-ceramide was more potent than C,,-ceramide in
inducing neutrophil apoptosis (Fig. 4B, compare left and mid-
dle panels). Alternatively, neutrophilz were treated with a
combination of synthetic Cj.- and Cgy-ceramides, Addition of
Cye- and O, -ceramides led to a significant increase in intra-
cellular levelz of both ceramide species (Fig. 44, right panel).
Moreover, exogenously added C.- and C, -ceramides had an
additive effect on neutrophil apoptosis (Fig. 4B, compare right
panel with left and middle panels). These data establish that
accumulation of Cis- andfor Cgy-ceramides iz sufficient to
trigger neutrophil apoptosis.

De novo-generated C,5- and C, -ceramides
work upstream of caspase-3, -8, and -9 in
neutrophils

Several studies have demonstrated a critical role for caspase-3.
8, and -9 in spontaneouz neutrophil apoptosiz [14, 22-26).
The CaspaTag™ method was used to follow the activation of
these three caspazes in cultured neutrophils. Increased activity
of caspaze-3, -8, and -9 was already detected at 6 h in
untreated neutrophilz {(Fig. 5). The addition of fumonisin B, to
the culture medium clearly reduced caspase activation at this
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Fig. 2. Treatment ol cultured blood neutrophils with PPMP and MAPPE. (A) Elood nautrophils were incubated in the absence (Untreated) or presence of 30 p M
PPME o1 50008 MAPP. After 0, 3.6, 12, 18, and 24 h incubation, ©, - and C,-eeramide levels were measured using LC-ESI-MS/MS. (B Untreated and treated
neutrophils were assaved for apoptosiz at the different time-paints using dual-ealor Annexin-¥-FITC/PL staining and fow ertometry analyses. *, Significantly

different from the results obtained with untreated cells (P=0.05),

time-point (Fig. 5). Conversely. treatment with MAPFP and
PPMP =zignificantly increased caspase activity at & h (Fig. 5).
Together, these resulls indicate that de novo-generated .-
and Cgy-ceramides acl upstream of caspase-3, -8, and -9 in
neutrophils.

GM-CSF prevents C,4- and C,,-ceramide
accumulation in neutrophils

Numerouz inflammatory mediators are able to promote neutro-
phil survival in vitro and in vivo [27]. Among these molecules,
CM-CSF crucially contributes to inhibition of neutrophil apa-
plosiz at the site of inflammation [28]. Evidence for such an
antiapoptotic effect of CM-CSF iz provided in Fisure 6A,
where it can be seen thal apoptosis of CM-CSF-treated neu-
trophilz is delaved zignificantly as compared with that of un-
treated controls. Figure 68 zhows that treatment of cultured
neutrophils with GM-CSF totally prevented accumulation of de
novo-generated Cp.- and O, -ceramides, a finding that counld
partly explain the antiapoptotic function of this cytokine,

Fas ligation accelerates neutrophil apoptosis
without affecting de nove ceramide generation

Resting nentrophils respond (o Fas engagement by accelerating
their apoptosis rate [29]. a finding that we confirmed in the
prezent study (Fig. TA) Indeed. a threefold increase in apo-
piosiz was ohzerved at 6 h in sFasl-treated neutrophils when
compared with untreated contrals. At 12, 18, and 24 h, the
differences in apoptozsiz between sFasL-treated and untreated
neutrophils were leas pronounced but still significant. Figure
TB zhows that treatment with sFasL did not alter the levels of
- and Cyy-ceramides in neutrophilz, indicating that sFasI-
induced acceleration of neutrophil apoptosis is not dependent
on a rise in de novo ceramide production.

DISCUSSION

Blood neutrophilz enter apoptosis zpontaneously and are re-
moved from the circulation by macrophages within 24—48 h of
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leaving the bone mamrow [1, 2]. Therefore, the neutrophil
turnover is rapid, minimizing the rizk of lozs of their toxie
contents to the surrounding tissues. Although central to ho-
meostasiz, the mechanizms that control neutrophil apoptoziz
remain eluzive. In this study, we have addressed the question
of what iz the exact role of ceramides in regulating neutrophil
lifeapan. Ceramides are lipid second messengers involved in
many antiproliferative responses zuch as cell-evele arrest,
senescence, and apoptosiz [10, 11]. Previous reports have
implicated ceramides in neutrophil phvsiology. Firal. lacto-
syleeramide-enriched glveozphingolipid signaling microdo-
mains mediate superoxide generation in neutrophils through
the PI-3K-. p38 MAPK-. and protein kinaze C-dependent
signal transduction pathway [30]. Second, apoptosis may be
induced in neutrophils through ROS-induced ASMase activa-
tion and subsequent ceramide acenmulation [14]. In our study,
treatment with fumonisin By, a selective ceramide synthaze
inhibitor [18. 19]. not only blocked Ci4- and Coy-ceramide
accumulation but alzo reduced apoptosis in neutrophilz. Con-
versely, 3-0MS and fantofarone, which are specific inhibitors
of NSMase and ASMasze, respectively, neither affected intra-
cellular ceramide levels nor prevented apoptosis in these cells.
Chr results therefore provide evidenee that de novo-generated
Cye- and Coy-ceramides play a role in spontaneous neutrophil
apoptosis. Ce- and Cy-ceramide accomulation was inhibited
completely by fumonizin B, and therefore appeared to be
excluzively dependent on the de novo synthesis pathway. How-
ever, fumonisin B, only slowed down neutrophil apoptosis,
indicating that de nove C,e- and Gy -ceramides play a role but

are not abselutely required for the apoptotic process in these
cells and that other signaling mechanisms, independent of
ceramide biosynthesiz, are involved in induction of spontane-
ous neutrophil death. Frominent among these mechanisms
appears to be the gradual loss of Mecl-1. an antiapoptotic
protein of the Bel-2 family, in aging nentrophils [31]. More
recentlv, Zhu et al. [32] have demonstrated that deactivation of
the phozphatidylinesital  3.4.5-trisphosphate/Akt  signaling
pathway also playz a key mole in induction of neutrophil spon-
taneousz death.

Under normal conditions of de nove sphingolipid syothesis,
ceramides are not considered to be end-products with biolog-
ical activities, az they zerve as subsirates for sphyngomyelin
svnthaze and glucosvleeramide synthaze, enzvmes of complex
sphingolipid svnthesis. However. there is now a growing body
of evidence to implicate de novo-generated ceramides in in-
duction of apoptosiz [11]. For example, consistent with our
findings, accumulation of de nove C.- andfor Cpy-ceramides
provokes apoptosis in lvmphoma cells follewing BCR stimula-
tion [33], in LNCaF prostate cancer cells afler androgen abla-
tion [34], and in dendritic cellz (DC) cultured in the presence
of tumor supernatants [35]

An intriguing question that remains is: What are the molec-
wlar mechaniams that boost the de nove ceramide swnthesia
pathway. thereby leading to accumulation of €.~ and C,y-
ceramides and eventually to apoptosis in neutrophils? It has
been demonstrated that the de nove pathway may be activated
in response to TNF-o [36] free palmitoyl-CoA [37]. lympho-
toxin [38]). BCR cross-linking [33]. and chemeotherapeutic
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agents such as daunorubicin [39]. hexadecylphosphocholine
[40]. and etoposide [41]. In cur study, neutrophils were lefi
untreated, indicating that cell autonomous mechanisma are
involved in the activation of the de novo pathway. Further
investigations are needed to decipher theze mechanisms.
The use of LC-MS to identify specific molecular species of
ceramide has revealed the selective formation of Cje- and
C,4-ceramide during operation of the de novo pathway, indi-
cating that those ceramides are a potential signature for this
pathway [11]. Accumulation of de novo-generated C,.-cer-
amide has been reported to be responsible for apoptosis in-
duction in various cell types. For example, BCR-induced ap-
optoziz of lymphoma cells involves a highly selective increasze
in the levels of Cig-ceramide, formed specifically through the
de novo pathway [32]. Moreover, Eto et al. [34] showed that
increases in Cq-ceramide levels generated via the de nowo
pathway play a key role during the apoptosiz induced by
androgen ablation in the androgen-dependent LNCaP prostate

68



RESULTATS

Chapitre I- L'accumulation de céramidesg@t G4 par la voiede novo contribue a I'apoptose spontanée des neutrophiles

>

100
& sFas L *
=0 Unireaied
~ BO-
&
& B0
W
=
g “
<l
204
a s . : . . .
D 3 B 12 18 24
Time (h)
300
=8 16, sFas L
= O G106, Untreated
E‘; 240 = cz4, sFasL
o =0~ 24, Unireated
2 yg0;
L
o
= 1204
&
E 60 -
0

0 3 53 12 18 24
Time (h)

Fig. 7. Effects of treatment with sFasl on apoptosis and Cp - and C,,-
ceramide levels, (A} Blood neutrophils were treated with sFazL (25 ng/ml) for
0,3, 6,12, 18, and 24 h before apoptosis was assessed by Annexin-Y-FITC/PI
staining and flow cvlometry analyzes. Untreated cells were used as contrals, =,
Significantly different from the rezults obtained with untreated cells (P<005).
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cancer cell line. Here, we provide several lines of evidence
extending the role of de novo-generated ) -ceramide to the
initiation of spontanecus neutrophil apoptosis. First, C,g-cer-
amide was by far the predominant ceramide species present in
neutrophils and was much more abundant in nentrophils than
in any of the other cell types investigated. Second. fumonisin
B, totally abrogated C-ceramide aceumulation and substan-
tially reduced apoptosiz in cultured neutrophils. Finally, ex-
ogenously supplied C, -ceramide was particularly potent in
inducing nentrophil death. Our data, however, also implicate a
participation of de novo-generated C,,-ceramide in spontane-
ous neutrophil apoptosis. Indeed, Cg)-ceramide rates increased
significantly before apoptoziz detection in cultured neatrophils,
a process that was inhibited by fumonisin B,. Moreover, syn-
thetic C,,-ceramide, although less potent than C,.-ceramide,
was able to induce neutrophil death. Finally, exogenously
added C,4- and Cj;-ceramides had an additive effect on neu-
trophil apoptosiz. Cur findingz are therefore consistent with a
previous report that de novo-generated C,,-ceramide, in com-

bination with de novo-synthesized C,.-ceramide, participates
in tumor-induced DC apoptosis [35].

Once generated, ceramides can be phozphorylated by cer-
amide kinaze to vield ceramide-1-phosphate or can serve as
substrates {or the synthesiz of sphingomyelin or glucosyleer-
amidez. Alternatively, ceramide can be metabolized by cer-
amidazes to yield sphingosine. In this study, we have used
PPMF (namely, a selective inhibitor of glucosyleeramide syn-
thase) and MAPP {namely. a specific ceramidase inhibitor) to
block ceramide metabolism and to demonstrate defmitively
that accumulation of ceramides may trigger the apoptotic pro-
gram in neutrophils. PPMP increased Cz- and Cyy-ceramide
levels significantly in cultured neutrophils, whereazs MAFPP
only enhanced C.-ceramide concentrationz in these cells,
indicating that C,.-ceramide iz converted into glucosyleeram-
ide or sphingosine, and C,y-ceramide is only transformed into
glucosyleeramide. These findings show that the different cer-
amide species can be processed through distinet metabolic
pathways in neutrophils.

Activation of cazpase-3, -8, and -9 plays a crucial role in the
induction and execution of spontaneous neutrophil apoptosiz
[14, 22-26]. We have therefore examined whether de novo-
generated ceramides participate in caspase activation in neu-
trophils. It haz been reported that short-chain ceramides can
induce polyl ADP-ribose) polymeraze proteclysis and caspase
activation. two key events in the apoptotic process [42, 43).
Moreover, ceramides produced by the action of sphingomyeli-
nases are alzo potent inducers of caspase activity [44). The first
studies to examine the role of de novo-generated ceramides in
apoptozis were by Perry et al. [41]. Their resulis provided
evidence that ceramides from the de novo synthesiz pathway
and caspases activate an independent pathway during etopo-
side-induced apoptozis of Molt-4 leukemia cells. In their
model, de novo-synthesized ceramides induce caspase-inde-
pendent cell death by effecting changes in the membrane
structure, whereas caspases provoke DNA fragmentation in a
ceramide-independent manner. Consistent with this medel,
tumor-induced DC apoptoziz requires de novo formation of
- and Gy, -ceramides but oceurs via a caspase-independent
pathway [33). However, other studies placed de novo-generated
ceramides upziream of caspase activation in the apoptotic
program. Indeed, caspase activation and subsequent apoptosiz
are consecutive to de novo ceramide production in IgM-stim-
ulated lymphoma cells and androgen-deprived LNCaP prostate
cancer cells [33, 34]. In the present study, treatment of neu-
trophils with fumonisin B, substantially reduced activation of
caspase-3, -8, and -9, whereas treatment with MAPP and
PPMP enhanced caspase activity, demonstrating that de novo-
generated ceramides act upatream of cazpases in these cells.
Moreover, as caspase-8 activation leads to the cleavage of Bid
in neutrophils and therefore precedes mitochondrial depolar-
ization in these cellz [14]. we also conclude that de novo
generation of Cj.- and Cyy-ceramides iz an early event (up-
stream of mitochondrial depolarization) in spontaneous neutro-
phil apoptosiz.

Meutrophils have a short half-life. which is extended at the
inflammatory =ite by a range of inflammatory mediators and
bacterial components. Among these factors, CM-CSF potently
delayz neutrophil apoptosiz in vivo [28]. The molecular mech-
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anisms by which GM-CSF controlz neutrophil apoptosis are not
fully understood. It has been demonstrated that the protective
effectz of CM-CSF involve tyrosine kinase activity and subse-
quent activation of MAPEs [45]. In addition, it has been shown
that CM-CSF-delaved apoptosis in neutrophilz iz associated
with a cooperative regulation of Mel-1, an antiapoptotic protein
of the Bel-2 family, by the Janus kinase/STAT and PL-3K
pathways [46]. In parallel, it has been reported that the survival
effect of CM-CSF is cauzed by a PI-3K-dependent phosphor-
ylation and cytosolic translocation of Bad, a proapoptotic mem-
ber of the Bel-2 family [47]. In thiz studyv, we show that
CM-CSF totally abrogates accumulation of de nove-generated
- and C,y-ceramides, thereby providing a new mechanism
by which GM-CSF may prevent neutrophil apoptosis. However,
as GM-CSF had a greater effect on inhibiting neutrophil apo-
ptosiz than did fumonizin B, (compare Fig. 2B, left panel, with
Fig. 6A). it is evident that inhibition of C, .- and C;;-ceramide
production is not the sole mechanism accounting for the anti-
apoptotic effects of GM-CSF. Further studies are underway to
clarify the importance of inhibition of de novo ceramide syn-
thesiz in CM-CSF-mediated antiapoptosis.

Stimulation of the Faz death pathway resultz in rapid apo-
ptosiz in neutrophils [29]. We therefore sought to determine
whether de novo-generated ceramides participate in Fas-in-
duced neutrophil apoptozia. Fas engagement triggers de novo
ceramide production and apoptosiz in Jurkat cells [48]. How-
ever, although de novo-generated ceramides are implicated in
regulating the dephosphorylation of serinefarginine-rich pro-
teinz in responze to Fas activation in Jurkat cells [49] it
appears that de novo-produced ceramides do not act as critical
mediatora of Faz-induced apoptosis in these cells [48). In the
prezent study, treatment of neutrophils with sFasL. aceelerated
apoptozis but did not modify the levels of Cj.- and C,,-
ceramides, indicating that Fas-induced neutrophil apoptosis
does not require an increase in de nove ceramide generation.

In conclusion. we show that de novo-generated C,.- and
C;,-ceramides contribute to spontaneous neutrophil apoptosis
bv acting upstream of caspase-3 activation. Moreover, we pro-
vide evidence that GM-CSF exerts its antiapoptotic effects on
neutrophilz, at least partlv through inhibition of de nove cer-
amide accumulation.
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