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ϰ.ϭ IŶtroductioŶ 

Apoptosis aŶd autoiŵŵuŶitǇ aƌe tǁo pheŶoŵeŶa, ǁhiĐh shaƌe esseŶtial siŵilaƌities iŶ
destƌoǇiŶg Đells. Hoǁeǀeƌ, apoptosis is a Ŷoƌŵal pƌoĐess, ǁhile autoiŵŵuŶitǇ is Ŷot.
Apoptosis Đould, at least iŶ soŵe ĐoŶditioŶs, Đause autoiŵŵuŶitǇ. The failuƌe to 
appƌopƌiatelǇ aĐhieǀe pƌogƌaŵŵed Đell death aŶd to Đleaƌ apoptotiĐ Đell fƌagŵeŶts is
disĐussed as a keǇ pathogeŶetiĐ faĐtoƌ leadiŶg to autoiŵŵuŶitǇ. 

ϰ.Ϯ Cell death 

The teƌŵ "apoptosis" ;fƌoŵ Gƌeek apo = fƌoŵ aŶd ptosis = falliŶgͿ ǁas fiƌst ŵeŶtioŶed iŶ 
ϭϵϳϮ iŶ the aƌtiĐle of JohŶ Keƌƌ aŶd Đo-ǁoƌkeƌs ;Bƌ J CaŶĐeƌ ϭϵϳϮ;Ϯϲ:Ϯϯϵ-ϱϳͿ to 
distiŶguish ďetǁeeŶ deǀelopŵeŶtal Đell death aŶd ŶeĐƌosis ;fƌoŵ Gƌeek Ŷekƌos = deadͿ as
uŶpƌogƌaŵŵed death of Đells due to iŶjuƌǇ, iŶfeĐtioŶ, ĐaŶĐeƌ, iŶfaƌĐtioŶ oƌ iŶflaŵŵatioŶ. 
Apoptosis is alŵost iŶǀisiďle iŶ tissue. IŶ ĐoŶtƌast, fiďƌiŶoid ŶeĐƌosis, ǁhiĐh is Đaused ďǇ
iŵŵuŶe-ŵediated ǀasĐulaƌ daŵage, is ŵaƌked ďǇ depositioŶ of fiďƌiŶ-like pƌoteiŶaĐeous 
ŵateƌial iŶ aƌteƌial ǁalls seeŶ ďǇ ŵiĐƌosĐope. 

Apoptosis is a pƌoĐess ĐhaƌaĐteƌized ďǇ the plasŵa ŵeŵďƌaŶe ďleďďiŶg, ĐǇtoplasŵiĐ aŶd
oƌgaŶelle ĐoŶĐeŶtƌatioŶ aŶd shƌiŶkage, ŶuĐleaƌ ĐhƌoŵatiŶ ĐoŶdeŶsatioŶ aŶd DNA
Đleaǀage at ĐeƌtaiŶ iŶteƌŶuĐleosoŵal sites, pƌoduĐiŶg ĐhaƌaĐteƌistiĐ ϭϴϬ-ϮϬϬ ďase paiƌs 
fƌagŵeŶts. FiŶallǇ, geŶeƌated Đellulaƌ fƌagŵeŶts oƌ apoptotiĐ ďodies ďeĐoŵe ƌapidlǇ
iŶgested ďǇ ŵaĐƌophages oƌ ŶeighďoƌiŶg Đells. Although Đells uŶdeƌgoiŶg apoptosis shoǁ
distiŶĐt ŵoƌphologiĐal ĐhaƌaĐteƌistiĐs, theiƌ ƌapid ĐleaƌaŶĐe geŶeƌallǇ ƌesults iŶ a ǀeƌǇ
sŵall Ŷuŵďeƌ of Đells that ĐaŶ ďe Đategoƌized as apoptotiĐ at aŶǇ giǀeŶ tiŵe. The highlǇ
effiĐieŶt eliŵiŶatioŶ of apoptotiĐ Đells oĐĐuƌs fast aŶd ǁithout tissue daŵage oƌ
iŶflaŵŵatioŶ. Apoptosis is kŶoǁŶ as pƌogƌaŵŵed Đell death, ďut the liŶkage ďetǁeeŶ
apoptosis aŶd pƌogƌaŵŵed Đell death, eǀolutioŶaƌilǇ ĐoŶseƌǀed pƌoĐess ǁas ŵade iŶ
eaƌlǇ ŶiŶeties, ŵoƌe thaŶ huŶdƌed Ǉeaƌs afteƌ FleŵŵiŶg's desĐƌiptioŶ of the ŶatuƌallǇ
oĐĐuƌƌiŶg foƌŵ of Đell death, theŶ Đalled "ĐhƌoŵatolǇsis" ;AƌĐhiǀ füƌ AŶatoŵie uŶd
PhǇsiologie ϭϴϴϱ;ϮϮϭ-ϰͿ. NoǁadaǇs tǁo foƌŵs of phǇsiologiĐal oƌ pƌogƌaŵŵed Đell death
aƌe distiŶguished: apoptotiĐ oƌ tǇpe I aŶd autophagiĐ oƌ tǇpe II. AutophagiĐ Đell death
iŶĐludes degƌadatioŶ of the Golgi appaƌatus, polǇƌiďosoŵes, aŶd eŶdoplasŵiĐ ƌetiĐuluŵ,
ǁhiĐh pƌeĐede ŶuĐleaƌ destƌuĐtioŶ. IŶteƌŵediate filaŵeŶts aŶd ŵiĐƌofilaŵeŶts aƌe laƌgelǇ
pƌeseƌǀed; pƌesuŵaďlǇ the ĐǇtoskeletoŶ is ƌeƋuiƌed foƌ autophagoĐǇtosis. VaĐuolizatioŶ is
a ĐoŵŵoŶ featuƌe. 
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ϰ.ϰ Basic ŵolecular ŵechaŶisŵs of apoptosis

The "deĐisioŶ" to aĐtiǀate a suiĐidal pƌoĐess is ŵade oŶ the ďasis of iŶtƌiŶsiĐ oƌ eǆtƌiŶsiĐ
apoptotiĐ ŵessages. IŶtƌiŶsiĐ iŶduĐeƌs Đoŵe fƌoŵ ŵitoĐhoŶdƌia oƌ ŶuĐleus. EǆtƌiŶsiĐ
iŶduĐeƌs aƌe ligaŶds ;ĐǇtokiŶesͿ foƌ death ƌeĐeptoƌs oŶ the Đell suƌfaĐe. But apoptosis ĐaŶ
ďe iŶduĐed also ďǇ laĐk of sigŶal ŵoleĐules pƌoduĐed ďǇ otheƌ Đells, ǁhiĐh ŶoƌŵallǇ ǁoƌk
iŶ ĐoŵďiŶatioŶs to ƌegulate the ďehaǀioƌ of the Đell. AŶ iŶdiǀidual Đell ƌeƋuiƌes ŵultiple
sigŶals to suƌǀiǀe; otheƌǁise it ǁill uŶdeƌgo a pƌogƌaŵŵed Đell death. 

IƌƌespeĐtiǀe of the iŶitial sigŶal, the Đoƌe ƌole ďeloŶgs to a faŵilǇ of pƌoteases that haǀe
ĐǇsteiŶe at theiƌ aĐtiǀe site aŶd Đleaǀe taƌget pƌoteiŶs at a speĐifiĐ aspaƌtiĐ site. TheǇ aƌe
Đalled Đaspases. SiŶĐe aĐtiǀatioŶ of Đaspases aŶd theiƌ Đleaǀage aƌe iƌƌeǀeƌsiďle, the 
eŶtƌaŶĐe iŶto apoptosis is iŶ aŶ all-oƌ-ŶoŶe ŵode, ǁithout a possiďilitǇ to tuƌŶ ďaĐk. 

Caspases aƌe sǇŶthesized iŶ iŶaĐtiǀe foƌŵ as pƌoĐaspases. EaĐh Đaspase ĐoŶsists of a
stƌuĐtuƌallǇ ƌelated ŵoleĐule ǁith pƌodoŵaiŶ, a laƌge suďuŶit aŶd a sŵall suďuŶit. The 
latteƌ tǁo ĐoŵďiŶe to foƌŵ tetƌaŵeƌs afteƌ Đleaǀage. WheŶ aĐtiǀated, theǇ Đleaǀe the
aspaƌtiĐ ŵoietǇ of aŶotheƌ pƌoĐaspases, ŵake theŵ aĐtiǀe. CuƌƌeŶtlǇ ϭϯ diffeƌeŶt
Đaspases haǀe ďeeŶ desĐƌiďed, ϭϭ of theŵ ǁeƌe fouŶd iŶ huŵaŶs. Based oŶ theiƌ fuŶĐtioŶ 
aŶd suďstƌate speĐifiĐitǇ theǇ ĐaŶ ďe Đlassified iŶto thƌee gƌoups: a/ upstƌeaŵ eŶzǇŵes,
ǁhiĐh aŵplifǇ death sigŶal; ď/ CED-ϯ-like Đaspases ;CED = Đell death, pƌoduĐt of geŶe Đed
iŶǀolǀed iŶ apoptosis fouŶd iŶ CaeŶoƌhaďditis elegaŶsͿ, ǁhiĐh ƌapidlǇ Đleaǀe stƌuĐtuƌal 
aŶd ǀital ĐoŵpoŶeŶts, aŶd Đ/ ICE-like Đaspases ;ICE = iŶteƌleukiŶe-ϭ ďeta-ĐoŶǀeƌtiŶg 
eŶzǇŵeͿ, ǁhiĐh ŵaǇ ďe iŶǀolǀed iŶ iŶflaŵŵatioŶ ƌatheƌ thaŶ death. 

The leadeƌ positioŶ aŵoŶg upstƌeaŵ eŶzǇŵes ďeloŶgs to iŶitiatoƌ pƌoĐaspases-ϴ. WheŶ
theǇ aƌe pushed togetheƌ ďǇ adapteƌ pƌoteiŶs, theǇ Đleaǀe theŵselǀes to aĐtiǀe iŶitiatoƌ
Đaspases-ϴ. IŶ the eŶzǇŵatiĐ ĐasĐade, Đaspases' aĐtiǀitǇ is aŵplified uŶtil keǇ ƌeaĐtioŶs aƌe
ƌeaĐhed: 

• Cleaǀage of a ĐǇtoskeletoŶ, ŵakiŶg Đell ĐiƌĐulaƌ aŶd less ƌigid 
• Cleaǀage of ŶuĐleaƌ poƌe pƌoteiŶs, ŵakiŶg ŶuĐleaƌ eŶǀelope ŵoƌe peƌŵeaďle 
• Cleaǀage of ŶuĐleaƌ laŵiŶs, ĐausiŶg iƌƌeǀeƌsiďle ďƌeakdoǁŶ of ŶuĐleaƌ laŵiŶa 
• Cleaǀage of a pƌoteiŶ that ŶoƌŵallǇ holds a DNase iŶ iŶaĐtiǀe foƌŵ 
• Cleaǀage of polǇ-;ADP-ƌiďoseͿ-polǇŵeƌase 
•  DegƌadatioŶ of ĐhƌoŵatiŶ aŶd its paĐkagiŶg pƌoteiŶs 

ϰ.ϱ RegulatioŶ of the cell death prograŵ 

Apoptosis is Ŷot a ƌesult of the disďalaŶĐe ďetǁeeŶ pƌo- aŶd aŶti- apoptotiĐ stiŵuli. The 
ŵost iŵpoƌtaŶt ƌegulatoƌǇ ŵeĐhaŶisŵs iŶ ŵaŵŵaliaŶs aƌe: death ƌeĐeptoƌs, Đaspases,
ŵitoĐhoŶdƌia, the BĐl-Ϯ faŵilǇ of pƌoto-oŶĐogeŶes aŶd tuŵoƌ-suppƌessoƌ geŶe pϱϯ. 

The ŵaiŶ death ƌeĐeptoƌs ;DRͿ aƌe CDϵϱ ;FasͿ, CDϭϮϬa ;TNF-RIͿ, DRϯ, DRϰ, DRϱ aŶd DRϲ, 
ǁhiĐh aƌe ƌespoŶsiǀe to ĐǇtokiŶes ďeloŶgiŶg to the tuŵoƌ ŶeĐƌosis faĐtoƌ faŵilǇ ;TNF-alfa, 
lǇŵphotoǆiŶ, FasL, ApoLϯͿ. The ďiŶdiŶg of a ligaŶd pƌoǀokes tƌiŵeƌizatioŶ of the ƌeĐeptoƌ
aŶd ƌeĐƌuitŵeŶt of iŶtƌaĐellulaƌ adaptoƌ pƌoteiŶs that aggƌegate iŶitiatoƌ pƌoĐaspase-ϴ. IŶ 
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ĐoŶtƌast to FasL, TNF-alfa ŵediated sigŶaliŶg ŵaǇ stiŵulate Đell pƌolifeƌatioŶ thƌough the
ŶuĐleaƌ faĐtoƌ kappa ďeta pathǁaǇ, depeŶdiŶg oŶ the Đell tǇpe, the ƌeĐeptoƌ ;CDϭϮϬa oƌ
CDϭϮϬďͿ aŶd otheƌ ƌegulatoƌs. The liŶk ďetǁeeŶ apoptosis aŶd TNF aĐtiǀitǇ shoǁs ǁhǇ
aďŶoƌŵal pƌoduĐtioŶ of TNF plaǇs aŶ iŵpoƌtaŶt ƌole iŶ seǀeƌal autoiŵŵuŶe diseases ;e.g.
ƌheuŵatoid aƌthƌitis, diaďetes ŵellitus, ŵultiple sĐleƌosisͿ. 

MitoĐhoŶdƌia haǀe a fuŶdaŵeŶtal positioŶ iŶ eǆeĐutiŶg apoptosis iŶduĐed ďǇ iŶtƌaĐellulaƌ 
sigŶals. WheŶ Đells aƌe stƌessed due to phǇsiĐal stiŵulus ;UV oƌ gaŵa ƌadiatioŶͿ, ĐheŵiĐal
stiŵulus ;geŶotoǆiĐ oƌ ĐǇtotoǆiĐ dƌugs, ŵetaďoliĐ poisoŶsͿ, oƌ aŶ alteƌed ĐoŶditioŶs
;detaĐhŵeŶt of Đells fƌoŵ the eǆtƌaĐellulaƌ ŵatƌiǆ, ĐǇtokiŶe- aŶd gƌoǁth faĐtoƌ-
depƌiǀatioŶͿ ŵitoĐhoŶdƌia ƌelease pƌo-apoptotiĐ pƌoteiŶs, iŶĐludiŶg ĐǇtoĐhƌoŵe Đ. It 
ďiŶds to aŶ adapteƌ pƌoteiŶ Apaf-ϭ, thus aĐtiǀatiŶg pƌoĐaspase-ϵ aŶd eŶzǇŵatiĐ ĐasĐade. 
AdditioŶal ŵitoĐhoŶdƌial aĐtiǀities leadiŶg to apoptosis aƌe the disƌuptioŶ of eleĐtƌoŶ
tƌaŶspoƌt aŶd ŵodifiĐatioŶ of Đellulaƌ ƌeduĐtioŶ-oǆidatioŶ poteŶtial. 

The ŵost iŵpoƌtaŶt pƌoto-oŶĐogeŶes iŶǀolǀed iŶ ŵaiŶtaiŶiŶg Đell suƌǀiǀal aŶd
pƌolifeƌatioŶ aƌe those ďeloŶgiŶg to the BĐl-Ϯ faŵilǇ. Its geŶe pƌoduĐts haǀe diffeƌeŶt 
fuŶĐtioŶs: BĐl-Ϯ ďǇ itself aŶd BĐl-XL aƌe iŶhiďitoƌs of apoptosis, ǁhile Bad, Baǆ, Bak, aŶd
Bid aƌe pƌoŵoteƌs. PƌoteiŶ Bad ďiŶds aŶd iŶaĐtiǀate iŶhiďitoƌs of apoptosis BĐl-Ϯ aŶd BĐl-
XL. Bid is aĐtiǀatoƌ of Baǆ aŶd Bak, ǁhiĐh aƌe iŶitiatoƌs of apoptosis thƌough stiŵulatiŶg 
ĐǇtoĐhƌoŵe Đ ƌelease fƌoŵ ŵitoĐhoŶdƌia. 

AŵoŶg tuŵoƌ-suppƌessoƌ geŶes, pϱϯ is the ŵost iŵpoƌtaŶt. IŶ ƌespoŶse to DNA daŵage,
the pƌoduĐt pϱϯ ĐaŶ iŶduĐe apoptosis thƌough the aĐtiǀatioŶ of geŶe eŶĐodiŶg
ĐǇtoĐhƌoŵe Đ ƌeleasiŶg pƌoteiŶs. 

IŶhiďitoƌs of apoptosis faŵilǇ ;IAPͿ iŶhiďit apoptosis ďǇ deteƌƌeŶĐe of aĐtiǀitǇ of soŵe
Đaspases aŶd ďǇ pƌeǀeŶtioŶ of aĐtiǀatioŶ of soŵe pƌoĐaspases. 

Soŵe otheƌ ŵodifieƌs of apoptosis haǀe ďeeŶ ƌepoƌted. NitƌiĐ oǆide ŵaǇ iŶĐƌease the 
ŵitoĐhoŶdƌial ŵeŵďƌaŶe poteŶtial aŶd ŵaǇ ĐheŵiĐallǇ ŵodifǇ ĐǇtoĐhƌoŵe Đ, ďoth
leadiŶg to pƌoŵote the ƌelease of ĐǇtoĐhƌoŵe Đ. OŶ the otheƌ haŶd, ŶitƌiĐ oǆide ŵaǇ
deĐƌease the aĐtiǀitǇ of Đaspases ďǇ iŶduĐtioŶ of theiƌ S-ŶitƌosǇlatioŶ. High leǀels of 
ƌeaĐtiǀe oǆǇgeŶ speĐies pƌoŵote lipid peƌoǆidatioŶ, ŵaĐƌoŵoleĐulaƌ daŵage aŶd ŶeĐƌotiĐ
Đell death, ǁhile loǁeƌ leǀels of ƌeaĐtiǀe oǆǇgeŶ speĐies pƌoŵote ĐhaŶges iŶ Đell sigŶaliŶg
that ƌesult iŶ apoptosis.  

ϰ.ϲ Apoptosis as causal factor for autoiŵŵuŶity 

Apoptosis is a pƌoĐess "ǁheƌe too ŵuĐh oƌ too little ĐaŶ lead to autoiŵŵuŶitǇ"
;GƌodzitskǇ T, ElkoŶ KB. Mt SiŶai J Med ϮϬϬϮ;ϲϵ:ϮϬϴ-ϭϵͿ. IŶdeed, the ĐapaĐitǇ foƌ 
uŶƌestƌiĐted self-ƌeŶeǁal is a daŶgeƌous pƌopeƌtǇ foƌ aŶǇ Đell to possess, aŶd ŵaŶǇ Đases
of leukeŵia oĐĐuƌ thƌough ŵutatioŶs that ĐoŶfeƌ this ĐapaĐitǇ. OŶ the otheƌ haŶd, too
ŵuĐh apoptosis of ďeta isle Đells of the paŶĐƌeas is iŵpliĐated iŶ the pathogeŶesis of
diaďetes ŵellitus. 

AĐtiǀatioŶ of Ŷaiǀe T Đells ďǇ aŶtigeŶ ƌesults iŶ the ŵassiǀe eǆpaŶsioŶ of aŶtigeŶ speĐifiĐ T 
Đells. The ŵajoƌitǇ of T Đells die due to apoptosis, ǁhile a sŵall Ŷuŵďeƌ suƌǀiǀe aŶd
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diffeƌeŶtiate iŶto ŵeŵoƌǇ Đells. This Đell destiŶǇ is ĐƌuĐial foƌ ouƌ uŶdeƌstaŶdiŶg of hoǁ
autoiŵŵuŶitǇ is eǀaded. Soŵe autoƌeaĐtiǀe Đells ŵaǇ esĐape Ŷatuƌal apoptosis aŶd 
ƌepƌeseŶt ĐoŶtiŶuous thƌeat ǁith poteŶtial autoiŵŵuŶe ƌespoŶse. But also apoptotiĐ
Đells do Ŷot disappeaƌ afteƌ phagoĐǇtosis. IŶgƌedieŶts of the apoptotiĐ ďleďs iŶdeed
suƌǀiǀe the iŶtƌaĐellulaƌ pƌoĐessiŶg aŶd aƌe ƌeĐǇĐled to the ŵeŵďƌaŶe of the phagoĐǇte. 
Massiǀe apoptosis oǀeƌloadiŶg the phagoĐǇtiĐ ĐapaĐitǇ ŵaǇ tƌiggeƌ aŶ autoiŵŵuŶe
ƌeaĐtioŶ thƌough pƌeseŶtatioŶ of ŶuĐleosoŵes to the iŵŵuŶe sǇsteŵ. EǀeŶ afteƌ death
Đell ĐoŵpoŶeŶts keep ďeiŶg peƌĐeptiďle to the iŵŵuŶe sǇsteŵ. Natuƌal aŶtiďodies ǁith 
aĐtiǀitǇ to apoptotiĐ ďleďs, oƌ the fiƌst ǁaǀes of autoaŶtiďodies, ǁhiĐh ďiŶd ǁith ƌelatiǀe
loǁ affiŶitǇ Đell deďƌis ;ŶotiĐeaďle also afteƌ iŶfeĐtioŶͿ ŵaǇ iŶĐƌease depletioŶ effiĐieŶĐǇ
ǀia opsoŶisatioŶ; ďut eǆteŶsiǀe oǀeƌload ǁith apoptotiĐ Đoƌps, eǆteŶsiǀe pƌeseŶtatioŶ of 
ŶuĐleosoŵes to lǇŵphoĐǇtes aŶd eǆĐessiǀe aŵouŶt of autoƌeaĐtiǀe aŶtiďodies Đould
disďalaŶĐe the iŵŵuŶe/apoptotiĐ hoŵeostasis aŶd ĐoŶtƌiďute to the pathogeŶesis of
sǇsteŵiĐ aŶd oƌgaŶ speĐifiĐ autoiŵŵuŶe disease. Apoptosis has tƌaditioŶallǇ ďeeŶ 
thought of as a ŶoŶ-iŶflaŵŵatoƌǇ pƌoĐess, ǁhiĐh does Ŷot iŶduĐe aŶ iŵŵuŶe ƌespoŶse.
Hoǁeǀeƌ, ƌeĐeŶt studies iŶdiĐate that apoptotiĐ Đells ĐaŶ ďe iŶǀolǀed iŶ ;autoͿ iŵŵuŶe
pƌoĐesses. TheǇ ĐaŶ displaǇ autoƌeaĐtiǀe aŶtigeŶ iŶ theiƌ suƌfaĐe ďleďs, theǇ ĐaŶ aĐtiǀate 
deŶdƌitiĐ Đells aŶd theǇ ĐaŶ iŶduĐe the foƌŵatioŶ of autoaŶtiďodies. 

ϰ.ϳ Apoptosis aŶd autoiŵŵuŶe diseases 

IŶ sǇsteŵiĐ autoiŵŵuŶe diseases, espeĐiallǇ iŶ sǇsteŵiĐ lupus eƌǇtheŵatosus,
autoaŶtiďodies agaiŶst a palette of iŶtƌa-Đellulaƌ aŶtigeŶs aƌe fouŶd. It has ďeeŶ 
suggested that huŵoƌal ƌespoŶse ŵaǇ ďe dƌiǀeŶ ďǇ the pƌoduĐts of apoptotiĐ Đells ǁith
the ĐeŶtƌal iŵpoƌtaŶĐe of the ŶuĐleosoŵes as poteŶtial ;autoͿaŶtigeŶs. It ǁas shoǁŶ that
afteƌ apoptosis, iŶduĐed iŶ keƌatiŶoĐǇtes folloǁiŶg UV light eǆposuƌe, the Đells eǆpƌess oŶ
theiƌ suƌfaĐe ;iŶ ďleďsͿ seǀeƌal iŶtƌaĐellulaƌ aŶtigeŶs suĐh as Ro, La, ƌiďosoŵes aŶd
ŶuĐleosoŵes; ďut aŶ iŶĐƌeased Ŷuŵďeƌ of ŶuĐleaƌ aŶtigeŶs peƌ se is Ŷot suffiĐieŶt to
iŶduĐe lupus-like autoiŵŵuŶe ƌespoŶse. AutoƌeaĐtiǀe B aŶd T Đells, esĐaped fƌoŵ Ŷatuƌal
apoptosis ŵight ƌepƌeseŶt additioŶal ŶeĐessaƌǇ ĐoŶditioŶ. Caspase aĐtiǀitǇ iŶ apoptotiĐ
Đells ŵaǇ lead to pƌeseŶtatioŶ of ĐƌǇptiĐ epitopes oƌ Ŷeoepitopes to ǁhiĐh the iŵŵuŶe
sǇsteŵ is Ŷot toleƌaŶt: ŵodified aŶtigeŶs ;phosphoƌilated, ĐitƌuliŶated, aĐetǇlatedͿ ŵaǇ
lead to aŶ iŶĐƌeased iŵŵuŶogeŶiĐitǇ. DiƌeĐt aĐĐess to the ĐǇtosol of aŶtigeŶs deƌiǀed
fƌoŵ the pƌoĐessiŶg of eŶgulfed apoptotiĐ Đell Đoƌpses has ďeeŶ ƌepoƌted iŶ aĐtiǀated
phagoĐǇtes. 

This eǀeŶt ƌesults iŶ pƌoteosoŵe-depeŶdeŶt pƌoĐessiŶg of apoptotiĐ Đell-assoĐiated 
aŶtigeŶs, tƌaŶsloĐatioŶ iŶto the eŶdoplasŵatiĐ ƌetiĐuluŵ aŶd loadiŶg iŶto MHC Đlass I
ŵoleĐules. AŶtigeŶs, ĐoŶtaiŶed iŶ theeŶgulfed apoptotiĐ ƌeŵŶaŶts ŵaǇ use ďoth MHC
Đlass I aŶd Đlass II ŵoleĐule pathǁaǇs as ǁell as otheƌ less-ĐoŶǀeŶtioŶal aŶtigeŶ 
pƌeseŶtatioŶ pathǁaǇ. Oďseƌǀed deĐƌeased NF-κB ;pϲϱͿ eǆpƌessioŶ iŶ lupus patieŶts ŵaǇ 
ďe liŶked ǁith iŶappƌopƌiate pƌoteasoŵe-depeŶdeŶt pƌoĐessiŶg, pƌoŵotiŶg autoiŵŵuŶe 
ƌespoŶse, espeĐiallǇ ǁheŶ deŶdƌitiĐ Đells aƌe iŶǀolǀed iŶ phagoĐǇtosis of apoptotiĐ Đells.
CoŵŵuŶiĐatioŶ aŵoŶg uŶĐleaƌed apoptotiĐ Đells aŶd iŶteƌfeƌoŶ-α eǆĐƌeted deŶdƌitiĐ Đells 
plaǇs aŶ iŵpoƌtaŶt ƌole iŶ the pathogeŶesis of disease. IŶĐƌeased CDϵϱ, CDϵϱL, aŶd CDϰϬL
eǆpƌessioŶ, deĐƌeased TGFβ seĐƌetioŶ, defeĐts iŶ phagoĐǇtosis aƌe fƌagŵeŶts of ouƌ
kŶoǁledge, ǁhiĐh suggest a stƌoŶg iŶǀolǀeŵeŶt of the apoptotiĐ pƌoĐesses iŶ the
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pathogeŶesis of sǇsteŵiĐ lupus eƌǇtheŵatosus.

AŶtiphospholipid sǇŶdƌoŵe is ĐhaƌaĐteƌized ďǇ autoaŶtiďodǇ-depeŶdeŶt defeĐts iŶ 
haeŵostasis, leadiŶg to aƌteƌial oƌ ǀeŶous thƌoŵďosis. The list of faĐtoƌs, iŶǀolǀed iŶ the
ĐoagulatioŶ pƌoĐess aŶd possiďle ĐleaƌaŶĐe of dǇiŶg Đells, is gƌoǁiŶg. AŵoŶg seǀeƌal
ƌeĐeptoƌ ŵoleĐules, ǁhiĐh ǁeƌe shoǁŶ to ŵediate uptake of apoptotiĐ Đells, ǁas also 
CDϲϴ ƌeĐeptoƌ, ǁhiĐh is a ƌeĐeptoƌ foƌ oǆidized loǁ deŶsitǇ lipopƌoteiŶs, Ŷot Ǉet
ĐhaƌaĐteƌized phosphatidǇlseƌiŶe ƌeĐeptoƌ aŶd phosphatidǇlseƌiŶe ďǇ itself. AĐtiǀated
platelets, ǁhiĐh seleĐtiǀelǇ eǆpose phosphatidǇlseƌiŶe, aƌe effiĐieŶtlǇ opsoŶised ďǇ 
ŶatuƌallǇ oĐĐuƌƌiŶg aŶtiphospholipid aŶtiďodies. AŶti-βϮ-glǇĐopƌoteiŶ aŶtiďodies aƌe oŶe 
of aĐtiǀe opsoŶiŶs foƌ apoptotiĐ Đells, ǁhiĐh iŶĐƌease the effiĐieŶĐǇ of the iŶteƌŶalizatioŶ
of apoptotiĐ Đell Đoƌpses, aŶd pƌefeƌeŶtiallǇ diƌeĐt theŵ to MHC Đlass II loadiŶg 
ĐoŵpaƌtŵeŶts. OŶ the otheƌ haŶd, aŶŶeǆiŶ ϱ has ďeeŶ deŵoŶstƌated to iŶteƌfeƌe ǁith
the ƌeĐogŶitioŶ aŶd ĐleaƌaŶĐe of dǇiŶg Đells, iŶĐƌeasiŶg theiƌ iŵŵuŶogeŶiĐitǇ iŶ ǀiǀo. 

SjoegƌeŶ's sǇŶdƌoŵe is a lǇŵphopƌolifeƌatiǀe disease ĐhaƌaĐteƌized ďǇ a destƌuĐtiǀe 
ŵoŶoŶuĐleaƌ Đell iŶfiltƌatioŶ iŶ saliǀaƌǇ aŶd laĐhƌǇŵal glaŶds. IŶ aŶiŵal ŵodels of MRL
ŵiĐe, hoŵozǇgous foƌ lǇŵphopƌolifeƌatiǀe ŵutatioŶ ;lpƌ/lpƌͿ, saliǀaƌǇ glaŶd lǇŵphoid
iŶfiltƌatioŶ siŵilaƌ to huŵaŶ SjoegƌeŶ's sǇŶdƌoŵe has ďeeŶ fouŶd. IŶ eǆpeƌiŵeŶtal as ǁell 
as iŶ huŵaŶ SjoegƌeŶ's sǇŶdƌoŵe high leǀels of CDϵϱ/CDϵϱL eǆpƌessioŶ ǁeƌe fouŶd iŶ
saliǀaƌǇ glaŶds, suggestiŶg a ŵeĐhaŶisŵ of apoptotiĐ Đell death. 

Diaďetes ŵellitus tǇpe ϭ ƌesults fƌoŵ aŶ oƌgaŶ-speĐifiĐ autoiŵŵuŶe ŵediated loss of 
iŶsuliŶ-seĐƌetiŶg β Đells. This ĐhƌoŶiĐ destƌuĐtiǀe pƌoĐess iŶǀolǀes ďoth Đellulaƌ aŶd
huŵoƌal ĐoŵpoŶeŶts deteĐtaďle iŶ the peƌipheƌal ďlood, ŵoŶths oƌ eǀeŶ Ǉeaƌs ďefoƌe
the oŶset of ĐliŶiĐal diaďetes. The studies fƌoŵ the last teŶ Ǉeaƌs suggested that the 
ŶeoŶatal ǁaǀe of β-Đell apoptosis ŵight pƌoǀide autoaŶtigeŶs ŶeĐessaƌǇ foƌ tƌiggeƌiŶg β-
Đell diƌeĐted autoiŵŵuŶitǇ. IŶ aŶiŵal ŵodels iŶĐƌeased TNFα ŵediated apoptosis has
ďeeŶ fouŶd, ǁhiĐh has ďeeŶ eǆplaiŶed ďǇ seleĐtiǀe ŶitƌiĐ oǆide-ŵediated upƌegulatioŶ of 
fuŶĐtioŶal CDϵϱ ŵoleĐules oŶ β Đells that aƌe suďseƋueŶtlǇ killed ďǇ CDϵϱL-pƌoduĐiŶg T 
Đells. 

Hashiŵoto's thǇƌoiditis is a ĐhƌoŶiĐ autoiŵŵuŶe disease ĐhaƌaĐteƌized ďǇ a pƌogƌessiǀe
destƌuĐtioŶ of thǇƌoid epithelial Đells aŶd ƌeduĐed pƌoduĐtioŶ of thǇƌoid hoƌŵoŶes. IŶ 
Ŷoƌŵal thǇƌoid aŶ eǆĐeptioŶallǇ loǁ ƌate of apoptosis is fouŶd, ƌesultiŶg iŶ sloǁ ďiologiĐal
tuƌŶoǀeƌ of thǇƌoĐǇtes. CDϵϱ is ǁeaklǇ oƌ Ŷot at all eǆpƌessed iŶ Ŷoƌŵal thǇƌoĐǇtes.
DuƌiŶg iŶflaŵŵatioŶ iŶteƌleukiŶ-ϭβ aŶd iŶteƌfeƌoŶ-α iŶduĐe ŵassiǀe CDϵϱ upƌegulatioŶ. 
SiŵultaŶeouslǇ eǆpƌessed CDϵϱ ƌeĐeptoƌ aŶd its ligaŶd Đause apoptotiĐ Đell death ďǇ
paƌaĐƌiŶe oƌ autoĐƌiŶe ŵeĐhaŶisŵs, ǁhile iŶfiltƌatiŶg T Đells do Ŷot seeŵ to plaǇ aŶ
eǆeĐutiǀe ƌole. 

UlĐeƌatiǀe Đolitis is a ĐhƌoŶiĐ iŶflaŵŵatoƌǇ gut disease ǁith ŵuĐosal alteƌatioŶs aŶd the
loss of ĐoloŶiĐ epitheliuŵ. The pƌeseŶĐe of apoptotiĐ Đoƌps iŶ the ĐƌǇpt epitheliuŵ
suggests aŶ iŶǀolǀeŵeŶt of apoptosis. The eǆpƌessioŶs of CDϵϱ oŶ epithelial Đells iŶ
ulĐeƌatiǀe Đolitis aŶd Ŷoƌŵal eŶteƌoĐǇtes aƌe Đoŵpaƌaďle. It has ďeeŶ pƌoposed that
possiďle iŶĐƌeased seŶsitiǀitǇ to CDϵϱ pƌoǀokes apoptosis: epithelial Đell death is
ŵediated ďǇ CDϵϱL-eǆpƌessiŶg laŵiŶa pƌopƌia lǇŵphoĐǇtes. 
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Multiple sĐleƌosis is a pƌogƌessiǀelǇ deŵieliŶatiŶg disease of the ĐeŶtƌal Ŷeƌǀous sǇsteŵ. 
DestƌuĐtioŶ of oligodeŶdƌoĐǇtes has Ŷot ďeeŶ ĐoŵpletelǇ Đlaƌified, ďut upƌegulatioŶ of
CDϵϱ/CDϵϱL pathǁaǇ seeŵs to plaǇ a ŵajoƌ ƌole, ŵost likelǇ ďǇ the iŶitiatioŶ of apoptosis
at the site of iŶflaŵŵatioŶ. 

Soŵe eǆaŵples eǆist ǁith deĐƌeased apoptosis aŶd autoiŵŵuŶitǇ. IŶ huŵaŶs deĐƌeased
CDϵϱ apoptosis has ďeeŶ fouŶd iŶ CaŶale Sŵith sǇŶdƌoŵe, iŶĐludiŶg ŶoŶŵaligŶaŶt
lǇŵphopƌolifeƌatioŶ ǁith autoiŵŵuŶitǇ. A defeĐtiǀe ĐleaƌaŶĐe due to ŵutatioŶs iŶ CDϵϱ
pƌoteiŶs ƌesults iŶ pƌoloŶged suƌǀiǀal of poteŶtiallǇ autoƌeaĐtiǀe lǇŵphoĐǇtes. High leǀels
of soluďle CDϵϱ, fouŶd iŶ ƌheuŵatoid aƌthƌitis patieŶts, ĐoŶtƌiďute to iŶhiďitioŶ of
sǇŶoǀioĐǇte aŶd iŶflaŵŵatoƌǇ Đell apoptosis. AŶ iŶadeƋuate apoptosis due to defeĐtiǀe
CDϵϱ ŵaǇ pƌoŵote eǆteŶded suƌǀiǀal of sǇŶoǀioĐǇtes. AdditioŶallǇ, theiƌ ƌespoŶsiǀeŶess
to CDϵϱL is deĐƌeased ďǇ TGFβ, iŶteƌleukiŶ-ϭβ aŶd TNF-α. Both lead to gƌoǁth of 
hǇpeƌplastiĐ paŶŶus aŶd destƌuĐtioŶ of Đaƌtilage. 

ϰ.ϴ CoŶclusioŶ 

Apoptosis oƌ pƌogƌaŵŵed Đell death ƌepƌeseŶts a Ŷatuƌal ǁaǇ to eliŵiŶate uŶǁaŶted
Đells. The eliŵiŶatioŶ does Ŷot oĐĐuƌ ǁithout aŶǇ ǀestige aŶd ƌeaĐtioŶs. EǀeŶ ŵoƌe,
eǀideŶĐe has ďeeŶ aĐĐuŵulated shoǁiŶg that apoptotiĐ death is iŶǀolǀed iŶ
;autoͿiŵŵuŶe ƌespoŶse, leadiŶg to sǇsteŵiĐ aŶd oƌgaŶ speĐifiĐ autoiŵŵuŶe diseases. We 
aƌe still faƌ fƌoŵ the Đoŵplete uŶdeƌstaŶdiŶg aŶd iŶteƌpƌetatioŶ of  all sigŶals aŶd 
pƌoĐesses iŶ the Đouƌse of apoptosis aŶd theiƌ iŶflueŶĐes oŶ autoiŵŵuŶitǇ. Faults at
diffeƌeŶt stages, iŶĐludiŶg deffiĐieŶĐies iŶ the ƌelease oƌ iŶ ƌespoŶse to eŶdogeŶous 
ŵoleĐules eǆĐƌeted ďǇ uŶĐleaƌed dǇiŶg Đells seeŵ to ďe iŶǀolǀed. 
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