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SUMMARY deeadaartsaeknommon
s d Lrdn s.bad b besisn ad

Much effort has been devoted in recent years to t surd feues Heaoogrsy beaes s
events linking recognition and disposal of apoptotitpzty f apates ae ted b b

cells to sustained immunity towards the antigen yderguingapopioss Mostauicenigersabendn
they contain. Programmed deatlia apoptosis

indeed provides most of the raw material the omeTharetesabiTsLLd-
immune system exploits to establish self t°|eranc"rgfe(1rdereedd1mmrqutbsts

i.e. to learn how to distinguish between self CON ximRmEme  t d.,199%andmembenebih-
stituents and foreign antigens, belonging to invadin t'rgisada*ret:—emwha’nec&fsds-

pathogens. In parallel, events occurring during ce te B ) .
death may enable a restricted array of molecule e tal,dN-eatdiy

endowed with diverse structure, function and intrapmal"ﬁdc.EldEE,OIl E The pasma mermbrane
cellular distribution to satisfy the requirement tome& edm_ ES. Fts'e.l S Lpm tal
evoke and maintain autoimmune responses. Dendr EPEE aue ot fe e al.,

ic cells (DCs), the most potent antigen presentinlgﬁ'.vkaliEd e tal., 19 lHwihee
cells, appear to play a crucial role. Here we will dis 82090 by spedcartooces Nudsosames

cuss some of the constrains regulating the access EMMuUENkdyotebeskdae

dying cells’ antigens to DCs, as well as censorshi werds dobestanded DNA  and e com-
mechanisms that prevent their maturation and tPoes o te chaveh ae ganeeted durg

full explication of their antigen presenting function. @m&mdcawmm

nudeese adveion (Anoua. e tal., 199
Apoptotic cells provide a preferential source of  Theealy modicaion of STRNA Degen e tal.,
antigens recognised by auto-antibodies and 2000 ad te earagamat of ST nuder
autoreactive T cells o abatas h dudes tet ae
Few niecdlir mobaukes becare &g gsof edudiongoicabs mey pesnete

Abbreviations used in this paper DCs, dendritic cells; APC, antigen presenting c@BsGPI32-glycoprotein I; ant2-GPl,
antif32-glycoprotein | antibodies; aPL, antiphospholipid antibodies; PS, phosphatidyl serine; SLE, systemic lupus erythemato-
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g fregooyes, entanag her immunoganidy (SLE) has been convincingly proposed (Herrmann
(cbaussed in Bopooga ard Pt 200 gal , 298 ). Accordingly uncleared dying leuko
Rlilicdai dd. A0Aeldgsheas - cytes accumulate in the blood and in solid tissue
thuiondsomeddessocssciauterpesolr - parenchymas of autoimmune patients (discussed in
ggoooss Futenoe odgaoesgaer - Rovereet al, 2000a). Besides the ghosts of dead
ad by sare kresss and phogheiesss duig cells, material generated during apoptosis and
guooss ae sy iexgsed naom - released as a consequence of the membrane-disrup
mure peirt (6= Roee aal. , 2000 200 tion of unscavenged cells becomes detectable in the
GagymeBbeesad by te gankes doo - sera of SLE patientdhis is the case of nucleo
bdynmpdoyesadaoriiuesoherldn somes, which are generated during apoptosis by
dgpyssnte gtd GamneBsdx - caspase-dependent nucleases, and that account for
teymosataps tsdodyngd - almost all the circulating DNAn SLE patients
Gestegbcamebedgsnte (RumoeadSE1MEn 1990,
e d auommure egporess (Casir
Roen dal. ,199Cbe T abmodit Apoptotic cells that ovecome the phagocytic
ab e by s o de ned b clearance ae immunogenic
petogestesssda ik driedadas The evobce deassad above SLpess et )
byooc T abneygpesatapebed amj:cdsmemnkgajlez_a&dsd
Qedataitgs atapsadta il)  gogoabpeben -

Hy aoumke n alohmure s The

Apoptotic cells and apoptotic cell associated o eat may ke Hed gt ok tet

antigens accumulate in autoimmune patients esgealydegnoshysaer s a

In vivg theunbalance between the number of deateatpstedeenapeda Bt
cells and the availability of functional scavengelauommunly .Acodngy |, the massive apoptosis

phagocytes results in the persistence of dying celof tissue cellsn vivo, which overwhelms the tis
or in the accumulation of the material they releasesue scavenging abilitprompts immune respons
A defective clearance of apoptotic cells in patientes towards previously ignored antigeis ¢
with systemic autoimmune diseases, and in particid. , 1998 Futanoe te ahieen d

lar in patients with Systemic Lupus Erythematosu:gogaobesonmamedsaniestegm -

Nucleosomes
sn-RMNFP [Ro, La)
hn-RNP
Nucleolar Ag

Anionic phospholipids

U m 4—| B2GPI

MNucleozomes

DMA Fig. 1 - Autoantigens are redis
Lamin B tributed during programmed
Flbosomas death. Heterogeneous antigens
ER frapments NuMA Ag redistribute in apoptotic blebs
gm FARF that become available for
snRNP (Ro) hn- and sn-BEME phagocytosis by antigen pre
Nuclaolar Ag senting cells. See text for dis

cussion.
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gan darudeer and adrogddad ad - Immature DCs capture in physiologic condition
bodes, hehrak f e paokyc auoure apoptotic cells at the periphery and fiafo lym-
dseese SLE (Mevaach agal. ,198sebdn) phoid ogans. Indirect evidence for apoptotic cell
Auicenibody produdion reuies numbeas: of processing by DCs comes from the study by Kurts
goabaf tetboammeteamd and collaborators (1998) that showed that massive
e asa st opedote apoptosisn vivo elicits tissue-specific autoimmu
eden®e d casadp mederaTs (Roee ¢ nity and that this event requires the presence of
a , A00sardssebeon) bone marrow derived antigen presenting cells.

The issue has been formally proved in a recent

The dendritic cell phagocytic system ise@sporr  elegant study: DCs that phagocytose apoptotic gut
sible for the immunogenicity of unscavenged epithelium cells constitutively shuttle their anti
apoptotic cells gens toT cell areas of draining lymph nodes
The clearance of dying cells involves scavenge(Huanget al, 2000).

macrophages or neighboring amateur phagocytt Few scavenger cells involved in the phagocytosis
(Ren and Savill, 1998; Dini, 2000yhese phago of apoptotic cells are antigen presenting cells. So
cytes are devoid of the ability to initiate immunefar only a subset of murine peritoneal macrophages
responsegccordingly macrophages that phagecy and both human and murine immature DCs have
tosed apoptotic cells fail to elicit immune responsebeen shown to cross-activate MHC-restricted
when administered to experimental animaldlymphocytes specific for their intracellular anti
(Ronchettiet al, 1999). In contrast, bone marrow- gens (Belloneet al. 1997; Albert et al, 1998a,
derived myeloid DCs are potent antigen presentin1998b, Rovereet al, 1998, Inabaet al, 1998,
cells, able to initiate immune responsesivo. DCs  Rovereet al, 1999a, Russet al, 2000, Sauteet
originate from CD34+ progenitors (discussed iral., 2000). DCs triggered sustained immunity to
Banchereatet al, 2000). DC precursors enter the intracellular antigens belonging to the apoptotic
blood, reach peripheral gans where they develop cells they phagocytose (Ronchettial, 1999).

to immature DCs. Immature DCs are capable t The outcome of cross-presentation of antigens
capture soluble antigenga macropinocytosis and from dying cells by DCs must be tightly regulated
particulate substrates, including microbes and celin vivo, since cells die continuously during devel
dying by apoptosis or necrosis, through phagecytcopment and normal tissue turnoveCs are some

sis (Inabeet al, 1998). how less proficient at phagocytosing apoptotic
To initiate immune responses, DCs residing in norcells than professional phagocytes (Rowetral,
lymphoid tissues need to mature (Banchereau ar1998b) and less represented than amateur phago
Steinman, 1998). Ciérentiating DCs progressively cytes.Therefore DCs may have limited access to
lose the ability to capture antigens. In parallel, the'dying cellsin vivo. This could contribute to explain
upregulate the ability to process internalized antigerthe higher immunogenicity of apoptotic cells in
and the molecular machinery involvedTircell actt = SLE patients, whose phagocytes are unable to
vation and co-stimulation. DC mature when ehal completely clear dying cell§his event may favor
lenged with primary pro-inflammatory signals the access of apoptotic cells to DCs (Hermahn
including bacterial components, CD40 engagemetal., 1998). Besides being more accessible, dying
and pro-inflammatory cytokines, likENFa and IL-  cells that escaped early clearance had a chance to
13 (Banchereau and Steinman, 1998; Lane anundego late apoptosié vivo. This may endow
Brocker 1999; Banchereagt al, 2000). them with a higher ability to elicit the maturation

Maturing DCs rearrange the actin-based cytoskelcof DCs, and to evoke autoimmunity vivo.

ton (Winzler et al, 1997) and following chemotac

tic signals selectively migrate Tocell areas of lym  The maturation elicited by products derived
phoid ogans. DCs that present antigensTtoells  from dying cells may impinge on the outcome
receive signals that prevent their apoptosis in thof DC presentation, favoring autoimmunity

lymph node and complete the féifentiation  Immature DCs challenged with an excess of-lym
process. In the absence of signals delivered by phoma cells undgoing post-apoptotic necrosis
cells, DCs die by apoptosis {W¥leret al.,1997).  vitro secrete ILB and TNF-a (Rovereet al,1998a
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and 1999a)These signalprompt their own matura  ssaarssgae dteflie d fregojes
tion and antigen presenting function in an autocrin dgendant by Clq iecgpns on e aes
and paracrine fashion. Pro-inflammatory signalsTrg
including IL13 and TNF-a, promote the migration pedegedsyesadteaesdteatyt
DCs from the periphery towards draining lymph negsbarigmpessigDCs
nodes (Roaket al, 1995). Unscavenged dying cells pugrmeimesseddshawus
may favor the recruitment of immature DCs. aseshwithpormrety oiddespo -
The signals that dying cells deliver that promoté e DCneu=m Trearidos gooss
the autocrine release of maturative factors are stigixja rmrynettecbebedioat
elusive. Howeverrecent studies provide several pegisClgorainmenynsakspaya
hints: _ , _ Rrbisacak e s de -
i) Low numbers of dying cells, which are swiftly tiadly ot praTEC e Wih ae
engulfedin vitro, fail to promote DC matura Hghy areened cLing te phyboress St
tion (Rovereet al, 1998a, 1999a, Galluceit et bieCedentn((RD)
al., 1999; Sauteet al, 2000). and seum amyad P et SAP) e o }
ii) Early apoptotic cells fail to promote DC doed b te ker h ieoree b e
maturation.Apoptotic cells must lgely over Trehither e tertere
whelm DCs, and be allowed to unger )
extensive disruption of plasma and intracellu mmdmm% dpen )
lar membranes. pis AN eE
iii) Cells killed by primary necrosis promote DC apEmodesade Hndte .
maturation.The event is therefore indepen of DNA  gsriom 'm

dent of caspase activation (Gallucst al,
1999; Sauteet al, 2000 and our unpublished Boh SAP and CRP diytedaaeddo )

results). Maturation requires repeated Cyclemmmaﬁm
of freezing and thawing (one cycle in hypo {ESEnatnteltBsMenher ol

tonic solution, that breaks plasma membrane EEOTESAP credegecediaTen Invvo

of most cells, is insfitient - Sauteret al,  MoeeRdyadheysrEnens/BepPS E
2000 and our unpublished results). SLE feiies ae ecmbed der mmuzam

iv) Once released, signal(s) are soluble (Saatter mm . fad  199.
al., 2000 and our unpublished results). Trese iesks itze tet priads [y a

Different laboratories are devoting much eyer d& @&t rde Theyaridadeethemmre
to the study of these “pre-packaged signals”: -solt 'e3%0nEes elded by mootel componernts

ble molecule(s), stored in intracellular compart GEIA YR sadhcugheesetEh -
ments in living cells, released only after extensiv¢metde  fre arirbdis esores Qu

disruption of intracellular membranes and able t(@sd0)  Trassdelityodiges

elicit DC maturation. It is likely that a molecular @rtebsetsfampores-ampos -
identification will be achieved in the next future. BmhedigesRoee é¢d. ghriekr

) fomupelefomarnenpessnty
Factors that associate to the membrane of PEgOESaITUNYDEETaOMTLY
apoptotic cells that escaped phagocytosis may Ts doubdeedted ik & shaed by te CDI4

control immunogenicity by apoptotic cells Hqér V\rrfmdaﬁtem%bﬂad
sheftcpratdtedssapeh - nte porbmmeny egoee D nedgy

\/\g/%mrpbmtaiebﬂmasmh miodaes and in e nonphoget degianee o

immunogaouis and oher moekss, induding aibgsdigass Gegay ,2000. Trekb -

memanes of oot ok Tre By of drenteesesdteseder gertiegoressned

h a cresat fadn o Clg cHEt nie

goopet ok acumuee n ied paedhyma The cross talk between scavenggrhagocytes

and arinudeer arbodes cbvep Bdo gal., and antigen presenting DCs

1998). Urscavenged goopioic bodes aooumube Thebddinbnmetoyreedonduingrnanel
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gt daane Rnad k9B s macrophages challenged witthana fideinflam-
adeed \a o et pdey wgoeeg matory signal like LPS release high amounts of
pehnays pro-inflammatory cytokines, likdNF-a and IL-
) Pregojes snly egf ass udr gag 1B. The challenge with apoptotic cells will faeili
gisspeaigtassntayreics tate the release ofGF{3 by LPS stimulated
i) PregoyjiesieeeseimmunoeguBny s macrophagesTGF{3 will quench the autocrine
whthhungechinbmmeionandpposs - release of proinflammatory cytokines. Further
yeatanmmunappesseide more it will down regulate their release by phago
hmunoeguay fdos ind.de tarsming cytes that did not engulf apoptotic cells, acting in
gonh fdo-betla (TG B, whth h un a paracrine fashion (Fadek al.,1998b).
leaus postgath B2 ad [he adieig A similar autocrine/paracrine regulation has been

B (Factk gal., 1998a), IL-10 (\dll et al, proposed for IL-10 (™l et al., 1998). IL-10
1997) and soluble Fas-ligand (Brown and Savillquenches inflammation and interferes withcell
1999).The latter event, which leads to Fas-medi activation. It also inhibits the maturation of antigen
ated apoptosis of bystander leukocytes, may kpresenting DCs (Allavenst al, 1998) and apoptot
involved in the termination of the inflammatory ic tumor cells are more immunogenic in mice bear
responsen situ. Such factors mediate theirfeét  ing a genetically disrupted IL-10 gene (Roncheitti
in both an autocrine and justacrine fashional., 1999). Interference with the local recruitment

sequestration

v

IGNORANCE

Fig. 2 -Diverse outcomes of the interaction between dying cells and phagdggtaance In normal conditions, other phagocytes

compete with immature DCs for the clearance of dying cells, prevéhtie§ activation.The antigens will be ignoretmmunity

immature DCs contribute to the clearance of dying cells that escaped scavenger phagocytes. In the presence of pro-inflammatory
cytokines or unidentified signals released from dying cells themselves, DCs mature and migrate to draining lygapkdiiere

they activatel lymphocytes specific for antigens of the dying cEllerance In the absence of maturative signals, or in the presence

of signals that interfere with DC maturation, DCs that phagocytosed apoptotic cells do not mature. Presentation of epitdees fro

nalized apoptotic cells by immature DCs blocks the activation of autore@dsimghocytes. Bystander macrophages internalizing
apoptotic cells secrete IL-10 am@GF, which obstacle DC maturation and favor the induction of tolerance.
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and the function of antigen presenting DCs at the siling favours the internalisation of apoptotic cells by
of inflammation is shared byGF{1, which also immature DCs, which &€iently presented anti
inhibits their migration in response to chemotacticgens derived from their intracellular processing to
stimuli (Ogateet al.,1999). class ll-restricted lymphocytes and secret@étiF-

The scheme in Figure 2 depicts a view of thea and IL-18 (Rovereet al, 1999b). Circulating aPL
interaction between scavenger and antigen pretherefore short circuit the clearance of apoptotic
senting phagocyteShe outcome of the cross-talk cells towards a dangerous outcome, leading to ini
among soluble factors generated and released atiation of autoimmunity and possibly continuously
consequence of the recognition of apoptotic cellre-boosting an established autoimmune response.
may determine the outcome of the cross—presentThe existence of such amplificatory loops may-con
tion of apoptotic cell antigen by DGAntigen pre  tribute to the spreading of autoimmunity towards
sentation by immature DCs blocKscell activa  cellular components.

tion, favoring tolerance versus autoimmunity Autoantibodies frequently develop in subjects
recovering from acute infections or during chronic
Dying cells recognized by antibodies infectious diseases. In the vast majority of the sub

The exposure of anionic phospholipids is an earljects, still non identified endogenous censorship
feature of programmed cell death. Human auteantmechanisms prevent autoimmuniybetter under
bodies capable to bind anionic phospholipids (aPLstanding on the molecular control on these events
have been described in patients with autoimmunwill allow us to consider both sides of the coin, the
or infectious diseaseAutoimmune aPlhave been physiologic establishment of self tolerance and the
associated to a syndrome characterised by throrpathogenesis of systemic autoimmunity
bosis, recurrent abortions, thrombocytopenia, an
possible neurological involvementhe B2-GPI
cofactor is required for the binding of aRLanion = REFERENCES
ic phospholipidsin vitro (discussed in Roubgy
1996). B2-GPI has a highly positively clgegd  Albert M.L., Sautfer B., andt Bt_hardvl\fgya';]la :?]Zr&(igtiilgsgsl
sequence region that is involved in anionic phosacduire antigen from apoptotic ce -
phglipid bindgi’ng and in aPlrecognition of the restricted CTLs. Naturd92 86-89, 1998.
complex. B2-GPI also buers exposed anionic Albert M.L., Pearce S.FFrancisco L.M., Sauter B., Roy, P
chages on apoptotic cells and human aftd to Silverstein R.L., and Bhardwaj N.: Immature dendritic cells
PS stabilised32-GPI on the surface of apoptotic phagocytose apoptotic cells via alphavbeta5 and CD36, and

. . cross-present antigens to cytotoXidymphocytes. J. Exp.
cells (Priceet al., 1996, Manfrediet al, 1998a, Med.188 1359-1368, 1998.

1998b, Pittonkt al, 2000). : . : :

Si he 19505 M d llab (Allavena P, Piemonti L., Longoni D., Bernasconi S., Stoppac
ince the 5 S, o“ore an . _CO ”a OI"atorjciaroA., Ruco L., and Mantovawi.: IL-10 prevents the diér-
stressed the notion _that false positive” serologitentiation of monocytes to dendritic cells but promotes their mat

tests for syphilis, which are due to aPL, were ass(uration to macrophages. Edr Inmunol28, 359-369, 1998.
ciated with an increased risk for autoimmune dis smoura z., Piette J.C., Bach J.&nd Koutouzov SThe key
eases. Macrophages phagocytose aPL-boutrole of nucleosomes in lupuarthritis Rheum.42, 833-843,
apoptotic cells with higher ffiency and secrete 1999.

substantial amounts ofNF-a (Manfredi et al,  Banchereau J., and Steinman R.M.: Dendritic cells and the
1998a, 1998b)The clearance of apoptotic cells control of immunity Nature392, 245-252, 1998.

ma.y be skewed I.n patle“nts Wlt,l,1 CIrCUIa,tmg aPL Banchereau J., Briere,FCaux C., Davoust J., Lebecque S.,
which have persistent “recalls” of antigen (theiiyy., pulendran B., and Palucka K.: Immunobiology of-den
apoptotic cell) in the presence of potential adju dritic cells.Annu. RevIimmunol.18, 767-81, 2000.

vants (the opsonizing antibodies), with the generegg|ione M., lezzi G., Rovere RGalati G., Ronchetd., Prot

tion of TNF-a in situ. ti M.P., Davoust J., Rugarli C., and ManfrediA.: Process
Immature DCs express receptors for the Fc-fracing of engulfed apoptotic bodies yieldscell epitopes. J.

ment of immunoglobulins, which they use to €on Immunol.159, 5391-5399, 1997.

centrate antigens for presentation To cells  Byjma M, al R C: Hesogreas ey
(Banchereau and Steinmann, 1998ijtibody bind RN\Pdaied studuies (HERDS) ae matkass of tarsap -
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