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!"#"$%&"#"'()*

!out d�abord, je tenais à remercier tous les membres du jury, de m�avoir fait le très grand 

!"##$%&'($')*&+,-,)$&'.'-$++$'+!/0$1'

2$&-,'("#-'*%'!"#$%&&%'"()*+%"'$+'*%3',#-.%'"(/'*01#4'2%"3%'40+'$+'5#&6#'&4')"%&'*5",&')&,0'6$'

+$7)0'($'6,&$'$+'($'8%9$&'-$++$'+!/0$'*,#0,':%$')"%&'5"+&$'(,0)"#,;,6,+<'$#'-$'8"%&')*&+,-%6,$&1'

'

2$&-,'.'+",'!0'+71%')"%&'-$0'='*##<$0')*00<$0'*5$-'+",'*%'6*;"&*+",&$')$#(*#+'7"#'2>4'2?'$+'7$0'@'

*##<$0' ($' +!/0$1' A%' m�as connu$' en tant que petite pharma et m�a aidé$' .' 9&*#(,&1' A%' $0' %#$'

directrice de thèse absolument géniale avec qui j�ai pris énormément de plaisir à travailler. Tu m�as 

*))&,0';$*%-"%)'$+' 8$')$#0$'*5",&';$*%-"%)'<5"6%<'-$0'($&#,/&$0' *##<$0'#"+*77$#+' 9&B-$'.' +",1'

C"%0'*5"#0'+"%8"%&0')%'#"%0')*&6$&'$+'#"+&$'D&*#-!,0$'7%+%$66$'*'D*,+':%$'#"%0'*5"#0')%'*66$&' 6",#'

toutes les deux. Tu as toujours été à l�écoute et tu m�as toujours soutenu$4'7E7$'(*#0'6$0'7"7$#+0'

les plus difficiles pour moi. Je n�oublie bien entendu pas ton aide précieuse pour l�antiF7"%0+,:%$4'6$'

baume du tigre et l�aérius'!! C�est toi qui a éveillé mon intérêt pour l�immunologie et qui a su me 

convaincre de rester en thèse. Grâce à toi j�ai passé des moments extraordinaires et j�ai rencontré 

($0')$&0"##$0'D"&7,(*;6$01'G"%&'+"%+'H*'$+')"%&'+"%+'-$':%$'8$'#$'(,0')*04'2$&-,1'

Bien entendu, que serait le labo sans toutes les personnes merveilleuses que j�ai pu rencontrer.'

8+#"%1.4' $%!' )*&("#'I"-+$%&4' #"#' +"%8"%&0' )*0111' I"-+$%&' J*),+*,#$' K$#D,#' D*%(&*,+' (<8.' 6$' )$&7,0'

;*+$*%')"%&'H*111L'M"&('K$+'-$' 6"),#'($'+$&&$'.'N(,7;"%&9!111'?) Arbogast c�est bien cela'? Déjà d�un 

point de vue pratique, un énorme merci à toi pour ton aide sur mes figures. Illustrator ne m�écoute 

pas ni ne m�obéit. Merci aussi pour l�aide apporté$'au courant de ma thèse, et pour m�avoir appris 

;$*%-"%)1'J$' D%+'%#' &<$6')6*,0,&'($')"%5",&' -"7)+$&' 0%&' +",'$#' +$&7$'($'7*#,)' K$+')6%0'$#-"&$'OL4'

)"%&' *5",&' ($0' ,(<$0' 9<#,*6$0' "%' -"7)6/+$7$#+' 6"%D":%$0'O' PQ'7*#' "D' D"-%0'! D�un point de vue'

personnel, je dois dire que je ne m�attendais pas à rencontrer quelqu�un comme toi, que ce soit au 

travail en particulier ou dans la vie en général. Tu es l�une des meilleures personnes que j�ai pu 

rencontrer (quand tu es de bonne humeur). C�est grâce à toi que j�ai passé les meilleurs moments de 

7*'+!/0$1'A%'$0'%#$')$&0"##$'+&/0'D"&+$'*5$-'<#"&7<7$#+'($'5"6"#+<1'N+'7*69&<'+"#'-*&*-+/&$'($'

cochon (à la hauteur du mien), je trouve que tu es quelqu�un de formidable. Tellement de fous rires, 

+"%8"%&0'6.')"%&'7",4'(*#0'6$0'7"7$#+0'(,DD,-,6$0'-"77$'(*#0'-$%3')6%0'6<9$&01'A%'*0'&$#(%'7*'+!/0$'

vraiment agréable à vivre et pour ça et pour tout le reste, je ne te remercierai jamais assez. C�est le 

début d�une grande aventure'O'

Je n�oublie pas toutes les personnes de l�équipe 1 avec qui j�ai passé des moments fantastiques, 

$#+&$' 6$0' 0",&<$0' ;*&;$-%$' *%' 6*-4' "%' ($5*#+' %#'7*+-!' ($' D""+1' 90117-:4' ;'%1.71' $+' <'"#"%4' ($0'

bouffées d�air frais au courant de ma thèse, on en oublierai+')&$0:%$':%$'R%$#+,#'5,$#+'($'S*&&'$+'

:%$'T*##,-U'*("&$'6$'&,#-$F-"-!"#'O'V*#0'"%;6,$&'=>0, qui m�a formé$4'&*00%&<$, montré la voie. J�ai 



!"#$%&passé tout ce temps avec toi. Tu m�as entrainé sans relâche pour la MRT et ça en valait le coup, 

j�ai adoré avoi$& '!&(#))*+*'*,%&"-& .!*$-&/0-& ,12)-&-,&-03#$-&('/)&"-&(#/4#*$& '!& 3#55-03-$& !4-3& ,#*6&

7-$3*&8&9,&(/*)&+*-0&)/$:&!"#$%#&, avec qui j�ai eu les plus grosses frayeurs en restant tard le soir au 

'!+#6&;0-&(!/)-&-0&+!):& ,/& $-5#0,-)&-,&1#(&8&/0& <#5+*-&! J�ai ador%& ,#0& .$!03=(!$'-$:& ,!& '%>2$-,%:&

?!5!*)&"-&($*)-&"-&,@,-:&-,&/0&1/5#/$&0#*$&A&)#/1!*,6&'()*+"%#:& ,#/?#/$)&"*)3$-,:&,#/?#/$)&!"#$!+'-:&

,#/?#/$)&($@,&A&!*"-$&)!0)&?!5!*)&)-&('!*0"$-6&,-./"%:&$B'-/)-&5!*)&,-''-5-0,&>-0,*''-6&C!(!+'-&"-&,-&

($-0"$-&A&'!&"-$0*2$-&5*0/,-&-0&3#0)/',!,*#0&(!$3-&D/-&,!&"-0,&(!$,&-0&4$*''-&D/!0"&,#*&,/&4-/E&?/),-&

partir en vacances, ou prête à m�apporter une pizza la veille de mon congrès pour déstresser&8&

!")0"#"1:& !,,-0,*#00%-& -,& 'A& (#/$& ,#/,& '-&5#0"-:& A& 0#/)& !(($-0"$-& A& +!$!>#/*0-$& -)(!>0#'& D/!0"&

tout ce qu�on peut lui apprendre de français concerne les baraques à frites... Et enfin, 2"$/32"$/6&

7!*)&D/-&.-$!*,=#0&)!0)&,#*:&,-)&*0)/',-)&A&F1&"/&5!,*0:&'-)&,/+-)&D/*&4#'-0,&-,&5*3G!H'&D/*&1/$'-&! J�ai 

"%,-),%&,$!4!*''-$&!4-3&,#*&8&7!*)&je trouve que tu es une personne super avec qui j�ai beaucoup rigolé 

I-0&"-1#$)&"/&,$!4!*'&8J&8&

4)%5:&(#/$&,#0&!*"-&($%3*-/)-&,#/,&!/&'#0>&"-&5!&,12)-:&,!&($%)-03-&-,&,!&>-0,*''-))-&-,&,#0&1/5#/$&

,$2)&)(%3*!'&! Attention, je crois que c�est contagieux&8&&

7-$3*&!/))*&A&'##%321)"%&-,&'##%, pour avoir été là tout du long, à m�expliquer le côté obscur de la 

science. J�ai adoré travailler avec vous deux et vous m�avez apporté beaucoup, tant au niveau 

(-$)#00-'& D/-& ($#.-))*#00-'6& ;0-& (-0)%-& (#/$& 6/)"7&"1#%& -,& 8"+%9:& ,#/?#/$)& ,$2)& >-0,*''-)& -,&

dévouées, avec qui j�ai beaucoup aimé discuté dans notre vieil IPCB.&

9,&(/*)&+*-0&)/$:&/0&>$!0"&5-$3*&A&'##%3,-./"%&-,&:/"%));&8&

K& ,#/)&5-)&!/,$-)&3#''2>/-):&D/*&#0,&(-$5*)&"-& $-0"$-&3-,,-& ,12)-&('/)&!>$%!+'-6&L-)& )#*$%-)&>$#)&

n�importe quoi, du vin blanc et du pâté en croûte à 5h du matin, des tacos (oui oui Romain, personne 

n�oubliera... Jamais...&8J:& #/& ?/),-& "-)& +!$+-3/-)& *5($#4*)%)&8& 7-$3*& A& 4#/)& ,#/):& '<5-(=> ?-@1"#=>

'+%A=>B(%#&"#=>'5)"%#=>61)-+"#%=>6%)"7%=>C($"%666&-,&?�en passe. 6/+-*, on s�est connu-)&,$#(&,!$"6&M-)&

5#5-0,)&(!))%)&!4-3&,#*&%,!*-0,&.$!031-5-0,&>%0*!/E&8&7-$3*&(#/$&,#/,&8&

9,& +*-0& -0,-0"/:& 5-$3*& A& D71<%++%:& (#/$& ,!& +#00-& 1/5-/$& (-$5!0-0,-:& ,-)& -E3-''-0,)& 3#0)-*'):& ,!&

"*)(#0*+*'*,%:& ,!& ($#5(,*,/"-& -,& -..*3!3*té à régler n�importe quel problème&8& N/& -)& /0-& (-$)#00-&

merveilleuse et la fée de l�unité&! Merci pour tout ce que tu m�as apporté&8&O&3#5($*)&'-)&+#0+#0)&8&

K& ,#/,-)& '-)& !/,$-)& (-$)#00-)& -E,$!#$"*0!*$-)& D/*& #0,& %,%& 'A& (#/$& 5#*&P& '7&)"5:& ,#/?#/$)& !4-3& /0&

)chtroumpf ou deux, et prête à m�aider quelque soit la demande, même si c�est pour fabriquer un 

(-,*,& 31-4!'& #/& 3#''-$& "-)& .'-/$)& "-& 'Q)& )/$& /0-& 3!(-&8& 2-#"E(%=> 8%+./"#%> -,> 41<"%#:& 1-/$-/E&

5-5+$-)&"-& '!&3#0.$%$*-&"-)&#/$)&8&!"#$%#&>4+1$/%)=>-,>6/)"7&(#/$&4#)& *"%-)&-,&4#)&3#0)-*')6&F%00;:&

(#/$&,#0&!*"-&($%3*-/)-6&G1)"#%&-,&81H"5:&(#/$&,#/,-)&0#)&"*)3/))*#0)&3#/(&"-&>/-/'-:&-,&'-)&!/,$-)&

!/))*:&4#,$-&1/5#/$&-,&+#00-&1/5-/$6&

D�énormes pensées pour toutes ces personnes croisées au détour des doctoriales et avec qui j�ai 

!"#$%&(!$,!>-$&"-)&+/+/''-):&"/&'!$"&-,&"-)&3#31666&8&81@"%#=>'+%A"7=>I@@1=>'#&-"#%=>J1KL1... J�ai été 

plus qu�heureuse de vous rencontrer.&

Et puis mes amis, tous ceux qui me supportent depuis tant d�années maintenant, I@"+"%=>21)&"#=>

21)01(A=> M("++1(@%=> 2;)"1@=> 21)"1##%=> 61@"++%666& 9,& (!$,*3/'*2$-5-0,&!"# $%&'()*+,6& 7-$3*&

d�avoir été là en chaque instant, de m�avoir aidé-, soutenue, fait rire, à qui j�ai toujours pu me 

3#0.*-$& )!0)& ?!5!*)& $*)D/-$& "-& 5-& .!*$-& ?/>-$6& K4-3& D/*& *'& )/..*,& "-& "*$-& R#(& -,& c�est parti on se 



!"#!$%&"'(')$%!*!'+,-.'/,'0$%"'! Merci pour tout, d�être là et d�être toi'1'2#'0*"-'"-#"-+%3'4%"'."!,*#'

$56'.,-.'!"#'! Merci de tout c"ur'1'

2#' 7%*.' 0*"-' "-#"-+%' $%&#', pour m�avoir invité"' #$%#".' /".' ."5,*-".3' (' 5,-8"!' +".' !"7,.'

5"!&"*//"%x, à discuter, à boire un petit verre après une dure journée de marche, ou m�accueillir sans 

!9."!&"'7$%!':$%&"/';-<'=$%.')$--,>#!"'".#'%-'!9"/'0$-?"%!'"#'@"'-"'&$%.'!"5"!)*"!,*'@,5,*.',.."A<'

B"!)*',%..*'('(")#&*'de m�avoir accueilli"'"#'$CC"!#<<<B$-'7!"5*"!'0$+60$,!+'11'

!+,%-,*+.)+/).#""*<'=$%.',&"A'#$%@$%!.'9#9'/('7$%!'5$*3'(')?,4%"'*-.#,-#<'=$%.',&"A')$-#!*0%9'('C,*!"'

de moi celle que je suis aujourd�hui et j�espère en ce jour vous en rendre fiers. Il n�est jamais aisé de 

mettre des mots sur ce que l�ont !".."-#3'.%!#$%#'"-'7,!"*/'*-.#,-#<<<'D,.')?$."'C,)*/"'4%"'+"'&$%.'+*!"'

tout l�amour que j�ai pour vous et à quel point, maintenant que je suis grande, je réalise quel travail 

fastidieux c�était (et c�est toujours) que de me supporter au quotidien, moi et 5$-' ),!,)#E!"' +"'

cochon, ma tête de linotte, mon humeur changeante, mon impatience, et j�en passe. Vous avez été là 

+%'+90%#'('/,'C*-3'('5"'7!$#98"!3'5"'7$!#"!'#$%@$%!.'7/%.'?,%#3'$%'5"'!,5,.."!'+,-.'/".'5$5"-#.'$F'

j�étais au plus bas. A chacun de vous je dis merci, merci de m�avoir porté"'.*'?,%#3'5"!)*'7$%!'#$%#<'

0).)12+3)4)2+ 5*)167-82+9),#)2+0)&#*2+3)-"#1*2+!:*"2+;),)8<)2+=&)1>6.?&*2+=&)1>64?&*<<<'B"!)*'('

vous tous (et bien sur à ma famille en général) mais à vous en particulier. Outre d�être mon jour, il'

".#',%..*'/"'&G#!"<'

'





!"#$%"&

!"# $%&'(")*"*# &)+,+-%$*# .%$/+)"00"*# 1,$*# 0"# 23$"# !"#$%& chez l�Homme (telle que la mutation 

45667# .,(# "8"&.0"9# %$+# (:/"&&"$+# :+:# ,**%/-:"*# ;# )$"# .,+<%0%2-"# ,)+%-$=0,&&,+%-("# *:>3("#

,.."0:"#?@4A#B!"#$%&'(()*+,-./&0,(*12)3,-45&6+-4&)7(.-&+7&#78,7*59C#D"++"#.,+<%0%2-"#=,-+#.,(+-"#1"*#

-$+"(=:(%$%.,+<-"*#"+#"*+#/,(,/+:(-*:"#.,(#)$"#>,*/)0%.,+<-"#/%$1)-*,$+#;#1"*#$:/(%*"*E#)$"#=-'(%*"#

.)0&%$,-("#"+#1"*#*F&.+G&"*#0).)*H0-I"C##

#

@=-$#1"#&-")8#/%&.("$1("#0,#.<F*-%.,+<%0%2-"#1)#?@4AE#$%)*#,>%$*#2:$:(:#)$#&%130"#&)(-$#.%(+")(#

1"#0,#&)+,+-%$#/%(("*.%$1,$+"#B456J79#,)#&%F"$#1"#0,#+"/<$%0%2-"#DKA?LKMD,*NC#

#

D"*# *%)(-*# 1:>"0%.."$+# )$# .<:$%+F."# ?DA!# B!.9.:.& *);<+7./& +;;17)/.8+*+.7*5& /+(.,(.9# ,>"/# )$"#

1-&-$)+-%$#*-2$-=-/,+->"#1"*#OPE#OQ#"+#/"00)0"*#RS#"$#.:(-.<:(-"C#D"#1:=,)+#*"&'0"#T+("#.(:*"$+#13*#0"*#

.("&-"(*#*+,1"*#1"#1:>"0%.."&"$+#.)-*U)"#0"*#/"00)0"*#.(%2:$-+(-/"*#&:1)00,-("*#"+#+<F&-U)"*#*%$+#

+%)/<:"*C#V$#1:=,)+#,#"$#"=="+#:+:#%'*"(>:#1,$*#0,#=(,/+-%$#@#1"#W,(1F#1,$*#0,#&%"00"#%**")*"E#"+#,)#

*+,1"#1%)'0"#$:2,+-=#!RX#1,$*#0"#+<F&)*E#"+#*"&'0"#-$+(-$*3U)"#,)8#/"00)0"*#<:&,+%.%Y:+-U)"*C#!"#

plus, la réponse humorale est impactée puisque nous observons une quasi absence d�anticorps (IgM, 

A2Z#"+#A2@9C#D"*#(:*)0+,+*#*%$+#"$#,//%(1#,>"/#1"*#"8.:(-"$/"*#+7&9+-:)&&%$+(,$+#1"*#1:=,)+*#1"*#OP#"+#

OQ# &,+)("*C# D"*# *%)(-*# .(:*"$+"$+# .,(# ,-00")(*# )$"# "8.,$*-%$# 1)# /%&.,(+-&"$+# &F:0%Y1"# "$#

.:(-.<:(-"C#[$=-$E#0"#?@4A#:+,$+#/0,**:#.,(&-#0"*#-$+"(=:(%$%.,+<-"*E#$%)*#$%)*#*%&&"*#-$+:("**:*#;#0,#

(:.%$*"# A\R# AC# O"*# *%)(-*# ?PARZ# 456J7M]P# .(:*"$+"$+# '-"$# )$"# *-2$,+)("# A\RE# /"."$1,$+# 0"#

phénotype SCID est IFN indépendant, puisqu�il n�est pas réversé dans des animaux KO pour le 

(:/".+")(#,)8#A\R#AC##

#

[$#/%$/0)*-%$E#/"*#(:*)0+,+*#&"++"$+#"$#:>-1"$/"#)$#(G0"#-&.%(+,$+#1"#?PARZ#1,$*#0"#1:>"0%.."&"$+#

0F&.<%Y1"C##

#

!"#$%&'($%)%*+,-./%0123!/%*4,5/%,6-%,/%7(89'"::9;9<#%'=;:>"?79@



#

'(#)*+,)&

A$#<)&,$*E#.%-$+#&)+,+-%$*# -$#+<"#!"#$%#2"$"E#*)/<#,*#45667E# 0",1#+%#,#*">"("#,)+%-$=0,&&,+%(F#

1-*",*"#/,00"1#?@4A#B?PARZ#@**%/-,+"1#4,*/)0%.,+<F#^-+<#%$*"+#-$#A$=,$/F9C#P<-*#.,+<%0%2F#-*#/0,**-=-"1#

,*# ,$# -$+"(="(%$%.,+<F# ,$1# -*# /<,(,/+"(-_"1# 'F# ,# >,*/)0%.,+<F# 0",1-$2# +%# $"/(%*-*E# ,# .)0&%$,(F#

=-'(%*-*#,$1#,#0).)*H0-I"#.,+<%0%2FC##

#

A$#%(1"(#+%#'"++"(#)$1"(*+,$1#+<"#.,+<%.<F*-%0%2F#%=#+<-*#1-*",*"E#^"#2"$"(,+"1#,#&%)*"#&%1"0#^-+<#

+<"#/%(("*.%$1-$2#!-+7=#&)+,+-%$#B456J79E#)*-$2#DKA?LKMD,*N#+"/<$%0%2FC##

#

P<"*"#&-/"#1">"0%.#,#*">"("#/%&'-$"1#-&&)$%1"=-/-"$/F#1-*",*"#B?DA!9#^-+<#,#*-2$-=-/,$+#1"/(",*"#

%=#."(-.<"(,0#PE#Q#,$1#RS#/"00*C#P<-*#1"="/+#*""&*#+%#'"#.("*"$+#*-$/"#+<"#",(0F#*+,2"*#%=#1">"0%.&"$+#

*-$/"#&"1)00,(F#,$1#+<F&-/#.(%2"$-+%(#/"00*#,("#-&.,/+"1C#A$1""1E#+<-*#1"="/+#-*#,0(",1F#%'*"(>"1#-$#

W,(1F# =(,/+-%$# @# %=# QH/"00# .(%2"$-+%(*# -$# '%$"#&,((%^# ,$1# ,+# +<"# 1%)'0"# $"2,+->"# *+,+"# B!RX9# -$#

+<F&)*E#,$1#*""&*#-$+(-$*-/#+%#<"&,+%.%-"/+-/#/"00*C# A$#,11-+-%$E#+<"#<)&%(,0#("*.%$*"# -*# -&.,/+"1#

*-$/"# +<"("# -*# ,0&%*+# $%# *"/("+-%$# %=# ,$+-'%1-"*# B+%+,0# A27E# A2Z# ,$1# A2@9C# P<"# ("*)0+*# %=# +7& 9+-:)&

"8."(-&"$+*#,("# -$#,//%(1,$/"#^-+<#+<"#PH#,$1#QH#/"00#1"="/+*# +<,+#^"#%'*"(>"1# +7#9+9)>&7%("%>"(E#

these mice show a significant expansion of the monocytes� and granulocytes� compartments in the 

."(-.<"(FC&\-$,00FE#,*#?@4A#-*#,$#-$+"(="(%$%.,+<FE#^"#,0*%#/<"/I"1#+<"#A\R#.(%1)/+-%$C#?+-$2#456J7#

&-/"#,("#/<,(,/+"(-_"1#'F#,$#A\R#*-2$,+)("#')+#+<"-(#.<"$%+F."#-*#-$1"."$1"$+#%=#+<"#A\R#.,+<^,FE#

,*#+<"#.<"$%+F."#-*#$%+#(">"(*"1#-$#?+-$2#456J7#A\R@K#S`#&-/"C#

#

A$#/%$/0)*-%$E#%)(#("*)0+*#<-2<0-2<+#,#$"^#,$1#-&.%(+,$+#(%0"#%=#?PARZ#-$#0F&.<%/F+"#1">"0%.&"$+C###

#

A9=%B"C7$%)%*+,-./%0123!/%*4,5/%,6-%,/%'=;:>"D7%7989'":;9<#@ 

&
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-+(./&0/#&%+)12*/#&

!"#$%&!'&()*+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+-#

.&*'$+/$*+0&12#$*+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+34#

.&*'$+/$*+'!".$!25+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+34#

.&*'$+/$*+!))$5$*+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+36#

&)'#(/27'&()+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3-#

8!#'&$+&+9+L�immunité innée, première ligne de défense+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3:#

&9+&;<=>?@A<B>;#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#5b#

&&9+.CD+B;<C=EF=>;D+G&0)H+9+1F;F=IJB<F*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#5c#

AAH5C#O"*#A\R#A#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#5N#

AAH5C5C#Voies de signalisation déclenchées par l�activation d�IFNAR#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Xd#

AAH5C5C5C#4%-"#/,$%$-U)"#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Xd#

AAH5C5CXC#@)+("*#>%-"*#-$1)-+"*#.,(#0"*#A\R#A#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#X5#

AAH1.2. Production constitutive d�IFN ICCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#XX#

AAH5CXC5C#A\R#A#"+#/"00)0"*#*%)/<"*#<:&,+%.%Y:+-U)"*#BW?D*9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#XX#

AAH5CXCXC#A\R#A#"+#1-==:("$/-,+-%$#1"*#&,/(%.<,2"*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#XX#

AAH5CeC#7:/,$-*&"*#,$+-H>-(,)8#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Xe#

AAH5CJC#K:2)0,+-%$#$:2,+->"#1"#0,#>%-"#1"*#A\R#A#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#XJ#

&&&9+Détection d�agents pathogènes par le système immunitaire+K+.CD+8##D#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Xf#

AAAH5C#O"*#DH+F."#0"/+-$#("/".+%(*#BDOK*9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Xb#

AAAHXC#O"*#P%00H0-I"#("/".+%(*#BPOK*9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#e5#

AAAHeC#O"*#@A7XH0-I"#("/".+%(*#B@OK*9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#eJ#

AAAHJC#O"*#R`!H0-I"#("/".+%(*#BROK*9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#ef#

AAAH6C#O"*#KAZHAH0-I"#K"/".+%(*#BKOK*9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#ec#
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AAAH6. Autres senseurs d�ADN cytosoliques#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Jd#

AAAHfC5C#!@A#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Jd#

AAAHfCXC#!!gJ5#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#J5#

&%9+.I+L>BC+?CD+#.#D+C<+JI+L>BC+A1!*M*'&)1+K+N+JI+A=>BDFC+?CD+AOCPB;D#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#J5#

8!#'&$+&&9+&?C;<BEBAI<B>;+C<+AI=IA<F=BDI<B>;+?C+JI+L>BC+A1!*9+A1!Q8+�+*'&)1+,+4R#

&9+*'&)1#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#JX#

AH5C#!:/%)>"(+"#1"#?PARZ#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#JX#

AHXC#?+()/+)("#1"#0,#.(%+:-$"#?PARZ#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Je#

AHeC#@/+->,+-%$#"+#7-2(,+-%$#1"#?PARZ#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#J6#

AH3.1. STING, translocon et complexe d�exocytose#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#J6#

AHeCXC#@/+->,+-%$#.,(#0"*#>-()*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Jf#

AHeCeC#@/+->,+-%$#.,(#0"*#',/+:(-"*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Jb#

AHeCJC#4%-"#1"#*-2$,0-*,+-%$#2:$:(,0"#1"#?PARZ#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Jb#

AHeC6C#?PARZE#&-/(%'-%+"#"+#<%&:%*+,*-"#0F&.<%/F+,-("#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Jc#

AH3.6.Activation via l�ADN mitochondrial#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6d#

AHJC#K:2)0,+-%$#1"#?PARZ#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#65#

AHJC5C#K:2)0,+-%$#.%*-+->"#1"#0,#>%-"#1"#?PARZ#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6X#

AHJC5C5C#P(-.,(+-+"#&%+-=H/%$+,-$-$2#.(%+"-$#BPKA79#6f#"+#PKA7eX#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6X#

AHJC5CXC#K-$2#=-$2"(#.(%+"-$#Xf#BKR\Xf9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6e#

AHJC5CeC# A$,/+->"#(<%&'%-1#.(%+"-$#X# B-K<%&X9#"+#[)I,(F%+-/# +(,$*0,+-%$# -$-+-,+-%$# =,/+%(#eE#

*)')$-+#6#B[A\e?69#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6e#

AHJC5CJC#h-$/#=-$2"(#!WWD#1%&,-$H/%$+,-$-$2#.(%+"-$#5#Bh!WWD59E#@)+%/(-$"#&%+-0-+F#=,/+%(#

("/".+%(#B@7\K9#"+#A$*)0-$H-$1)/"1#2"$"#5#BAR?AZ59#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6J#

AHJCXC#K:2)0,+-%$#$:2,+->"#1"#0,#>%-"#1"#?PARZ#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#66#

AH4.2.1. TRIM30! (pour P(-.,(+-+"# &%+-=H/%$+,-$-$2# .(%+"-$# 9# "+# KR\6# B.%)(# K-$2# =-$2"(#

.(%+"-$#69#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#66#

AHJCXCXC#V'-U)-+-$H*."/-=-/#.(%+",*"#5e#BV?L5e9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6f#

AHJCXCeC#KAZHA#"+#AOHf#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6f#
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AHJCXCJC#?PARZ#"+#0,#&,/<-$"(-"#,)+%.<,2-U)"#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#6b#

AHJCXC6C#ROKDe#"+#ROKg5#B.%)(#R`!H0-I"#("/".+%(#De#%)#g59#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#f5#

AHJCXCfC#L(%+"-$#.<%*.<,+,*"E#72Xi#M7$XiH1"."$1"$+E#5@#BLL75@9#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fX#

&&9+A1!*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fe#

AAH5C#!:/%)>"(+"#"+#1"*/(-.+-%$#1"#0,#/HZ7LH@7L#*F$+<,*"#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fe#

AAH2. Activation de l�enzyme cGAS#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fJ#

AAHeC#K:2)0,+-%$#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#f6#

AAH3.1. Régulation par l�autophagie#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#f6#

AAHeCXC#K:2)0,+-%$#.,(#1"*#&%1-=-/,+-%$*#.%*+H+(,1)/+-%$$"00"*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#f6#

AAH3.3. Régulation de cGAS via des mécanismes épigénétiques et boucle d�autoH(:2)0,+-%$#CCC#ff#

AAH3.4. Régulation par l�ADN#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fb#

&&&9+A1!Q8#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fc#

AAAH5C#!"*/(-.+-%$#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fc#

AAAHXC#K:2)0,+-%$#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fc#

&%9+#FD@PF+?C+JI+L>BC+A1!*+�+A1!Q8+9+*'&)1#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#fN#

8!#'&$+&&&+K+*'&)1+C<+SI<O>J>TBCD+IDD>ABFCD+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+:U#

&9+.CD+B;<C=EF=>;>SI<OBCD#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#bd#

&&9+*'&)1+C<+AI;AC=#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#b5#

&&&9+*'&)1+C<+I@<>B;EJIPPI<B>;MI@<>BPP@;B<F#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#bX#

&%9+Q@<I<B>;D+?C+*'&)1#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#be#

A4H5C#?PARZ#"+#\DO#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#be#

A4HXC#?PARZ#"+#O[?#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#be#

A4HeC#?PARZ#"+#?@4A#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#bJ#

A4HeC5C#?-2$,+)("#A\R#"+#/,(,/+:(-*+-U)"*#/0-$-U)"*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#bJ#

A4HeCXC#D,(,/+:(-*+-U)"*#'-%0%2-U)"*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#b6#

A4HJC#@)+("*#&)+,+-%$*#!#/%(("*.%$1,$/"#W%&&"M*%)(-*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#b6#

8!#'&$+&%+�+/FLCJ>SSCPC;<+?CD+ACJJ@JCD+S=>TF;B<=BACD+OFPI<>S>VF<BW@CD+,,,,,+::#
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&9+.CD+ACJJ@JCD+D>@AOCD+OFPI<>S>VF<BW@CD+GX*7DH#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#bb#

&&9+/FLCJ>SSCPC;<+?CD+S>S@JI<B>;D+JYPSO>V?CD#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#bN#

AAH5C#OF&.<%.%Y3*"#Q#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#bN#

AAH5C5C#\,/+")(*#1"#+(,$*/(-.+-%$#"+#/F+%I-$"*#-&.0-U):*#1,$*#0,#(:2)0,+-%$#1)#1:>"0%.."&"$+#Q

#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#bN#

AAH1.2. L�émergence d�un répertoire varié de LB#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#c5#

AAH5CeC#!)#*+,1"#.(:H.(%Q#;#0,#*%(+-"#1"#0,#&%"00"#%**")*"#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cX#

AAH5CJC#O"#OQ#"$#.:(-.<:(-"#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#ce#

AAHXC#OF&.<%.%Y3*"#P#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cJ#

AAH2.1. Entrée de l�ETP (pour ?,:25&"&*.22&3:)=.7+-):9#1,$*#0"#+<F&)*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cJ#

AAHXCXC#[>%0)+-%$#1"*#.(%2:$-+")(*#+<F&-U)"*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#c6#

AAHXCXC5#!R5#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cf#

AAHXCXCX#!RX#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cf#

AAHXCXCe#!Re#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cb#

AAHXCXCJ#!"*#!RJ#,)8#!L#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cb#

AAHXCeC#O"#OP#"$#.:(-.<:(-"#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cc#

AAHeC#OF&.<%/F+"*#-$$:*#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#cN#

&&&9+/FLCJ>SSCPC;<+?CD+S>S@JI<B>;D+PYFJ>V?CD#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Nd#

8!#'&$+%+9+/FEBAB<D+BPP@;B<IB=CD+S=BPB<BED+G/&8H+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+Z3#

&9+1F;F=IJB<FD#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#N5#

&&9+/FEBAB<+BPP@;B<IB=C+A>P[B;F+DFL\=C+G*7&/H#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#NX#

AAH5C#?DA!#PHQiRSH#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#NJ#

!#[8"&.0"#1)#1:=-/-+#"$#j@Se#!#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#NJ#

AAHXC#?DA!#PHQHRSH#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#NJ#

!##[8"&.0"#1)#1:=-/-+#"$#@1:$%*-$"#1:,&-$,*"#B@!@9#!#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#NJ#

&&&9+/FEBAB<+BPP@;B<IB=C+A>P[B;F+G7&/H#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#N6#

AAAH5C#DA!#,>"/#1-&-$)+-%$#1"*#OP#D!Ji#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Nb#

!##[8"&.0"#1)#1:=-/-+#"$#ODS#!CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Nb#
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AAAHXC#DA!#,>"/#1-&-$)+-%$#1"*#OP#D!ci#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Nb#

�##[8"&.0"#1)#1:=-/-+#"$#h@Lbd#�#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Nb#

AAAHeC#DA!#,>"/#1-&-$)+-%$#1"*#OQ#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Nc#

�##[8"&.0"#1)#1:=-/-+#"$#AOHX5#�#CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC#Nc#

8#(]$'+/$+'X$*$+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+ZZ#

!%!)'98#(8(*+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3UU#

#$*2.'!'*+8!#'&$+&+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3UR#

#$*2.'!'*+8!#'&$+&&+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3RR#

++++++++++++++Q!'$#&$.+$'+Q$'X(/$*+9+SI=<BC+&&+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3R^+

++++++++++++++#$*2.'!'*+8!#'&$+&&+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3R6#

/&*72**&()+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3^^#

"&".&(1#!8X&$+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+346#

!))$5$*+,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,+3:3#

#

#

+ &
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'3!456'-6789&

!+ &

!A+ '7-+*):3(&

!786+ @4)(34,-,(.A&,*+/A&-53.&B&

!/!+ '/C7)(+7.&/C,;+7,(.&&

!/!Q+ '&/+(+7-.=:+7&,7/&;.-,22)3:)-.+7,(.&

!/!#3+ '/.7)(+7.&/.,;+7,(.&D$'E(3.*+8+*&F&

!/)+ '*+/.&/C()G5:+<)71*2C+H1.&

!/)P<+ 'I$&;+-)*4)7/:+,2&

!1*+ !57/:);.&'+*,:/+E%)1-+J:.(&&

!&QR+ '<(.7-&+7&K.2,7);,&L&

!_R+ '/.752,-.&M+7,(.&L&&

!`<+GIJBID+8_"H+ @:)-.+7&M+7,(.&N&&

!.#D+ '#KLE2+M.&:.*.3-):(&

!Q0#+ '1-)*:+7.&;)-+2+-5&8,*-):&:.*.3-):&&

!Q8_+ 'K@E,*-+9,-./&3:)-.+7&M+7,(.&

!83+ '*-+9,-):&3:)-.+7&F&

!#)+ '*+/.&:+<)71*2C+H1.&

!*7+ '3)3-)(+(E,(()*+,-./&(3.*ME2+M.&3:)-.+7&*)7-,+7+7=&,&O'DI&

!'0+ '*-+9,-+7=&-:,7(*:+3-+)7&8,*-):&

!<T+ '1-)34,=5&:.2,-./&=.7.(&

!'8+ '/.7)(+7.&-:+34)(34,-.&

&

"+ &

"RQ+ �2E;+*:)=2)<12+7&&

"AJ3U+ N&*.22&25;34);,&FP&

"7#+ N&O.22&D.*.3-):&

"/7!9R+ N2))/&/.7/:+-+*&*.22&,7-+=.7&L&&

"&#+ N,*12)9+:1(&+74+<+-):&)8&,3)3-)(+(&3:)-.+7&:.3.,-&

"Q/QD+ N)7.&;,::)6&/.:+9./&;,*:)34,=.(&

"*)+ N+2,-.:,2&(-:+,-,2&7.*:)(+(&&

&

7+ &

73W+ O);32.;.7-&*);3)7.7-&FH&&

7!#/+ O,(3,(.&:.*:1+-.;.7-&,7/&,*-+9,-+)7&/);,+7&

7!#/Z+ O,(3,(.&D.*:1+-;.7-&I);,+7&Q,;+25&K.;<.:&R&

7!*8+ O,(3,(.&,3)3-)(+(E:.2,-./&*5(-.+7.&3:)-.,(.&&

7"/+ OI$(&<+7/+7=&/);,+7&

778+ O5-)()2+*&*,:<)G53.3-+/,(.&

A9?B9!Q8+ O5*2+*&/+E,/C7)(+7.&;)7)34)(34,-.&

A9?B91Q8+ O5*2+*&/+E=1,7)(+7.&;)7)34)(34,-.&



L,2"#a#b##
#

7/_+ O5*2+7&/.3.7/.7-&M+7,(.&

7/)+ O5*2+*&/+71*2.)-+/.(&

70*93+ O)2)75&(-+;12,-+7=&8,*-):&F&

70*93#+ O)2)75&(-+;12,-+7=&8,*-):&F&:.*.3-):&

A1!Q8+ O5*2+*&%K@E'K@&

A1!*+ O5*2+*&%K@E'K@&(57-4,(.&

7&/+ IC8+*+-(&+;;17+-,+:.(&*);<+7C(&

7&&'!+ DC=12,-.1:&-:,7(*:+3-+)77.2&/1&OKS&##&

A_&'+ O5-)M+7.&:.*.3-):E-5:)(+7.&M+7,(.&

7.$7ab+ OE-53.&2.*-+7&/);,+7&8,;+25&GA&;.;<.:&T&&

7.8+ O);;)7&25;34)+/&3:)=.7+-):&

7.#D+ OE-53.&2.*-+7&:.*.3-):(&&

7QX+ Complexe majeur d�histocompatibilité&

7Q8+ O);;)7&;5.2)+/&3:)=.7+-):&

7(#(3!+ O):)7+7EF'&&

7S1+ O5-)(+7.E34)(34,-.E=1,7+7.&

7'/+ OE-.:;+7,2&/);,+7&

7'./+ OE-53.&2.*-+7E2+M.&/);,+7&

7''+ OE-.:&-,+2&

7%/+ O,:/+)9,(*12,:&/+(.,(.&

757.3+ U.:,-+7)*5-.&/.:+9./&*4.;)M+7.&

757.3U+ OEVEO&;)-+8&*4.;)M+7.&FP&&

757.R+ K,*:)34,=.&+782,;;,-):5&3:)-.+7EL&

&

/+ &

/!&Mc"893+ I$'E/.3.7/.7-&,*-+9,-):&)8&#DQ(&

/!Q8D+ I,;,=.E,(()*+,-./&;)2.*12,:&3,--.:7(&

?[+ I)1<2.&<:+7&

/7&#+ I.7/:+-+*&*.22&+;;17):.*.3-):&&

/7.#$37+ I$'&*:)((E2+7M&:.3,+:&3:)-.+7&FO&&

/7D+ O.2212.(&/.7/:+-+H1.(&

/79*&1)+ I.7/:+-+*&*.22E(3.*+8+*&#O'KWE=:,<<+7=&7)7+7-.=:+7&

//+ I);,+7.&/.&/+;C:+(,-+)7&

//543+ I?'IEN)G&S.2+*,(.&XF&

/CA<B;93+>@+7.$7:!+ OE-53.&2.*-+7&/);,+7&8,;+25&YA&;.;<.:&'&

/&8+ IC8+*+-(&+;;17+-,+:.(&3:+;+-+8(&

/Q5!!+ BAZE/+;.-452G,7-4.7)7.EXE,*.-+*&,*+/&

/)+ I)1<2.&7C=,-+9.&

/)1#93+ IO&$U&2.*-+7&=:)13&:.*.3-):EF&

/(7_d+ I./+*,-):&)8&*5-)M+7.(+(&[&&

/8+ I)1<2.&3)(+-+9.&

/*X+ I5(*4:);,-)(+(&(5;;.-:+*,&4.:./+-,:+,&

&

$+ &

$"%+ ?3(-.+7EN,::&9+:1(&&

$$!3+ ?,:25&.7/)();.&,7-+=.7&F&

$&0R!+ ?1M,:5)-+*&-:,7(2,-+)7&+7+-+,-+)7&8,*-):&L,&&



L,2"#a#c##
#

$&0^*6+ ?1M,:5)-+*&-:,7(2,-+)7&+7+-+,-+)7&8,*-):&WA&(1<17+-&B&

$)883+ ?*-)71*2.)-+/.&35:)34)(34)-,(.\34)(34)/+.(-.:,(.&

$8+ ?:5-4:)*5-.E*);;+-./&3:)=.7+-):&

$#_3MR+ ?G-:,*.2212,:&(+=7,2E:.=12,-./&M+7,(.&F\L&

$'8+ ?,:25&"&*.22&3:)=.7+-):&

0+ &

07.+ Q,;+2+,2&*4+2<2,+7&2131(&

0J<^+ Q;(E:.2,-./&-5:)(+7.&M+7,(.&W&

0(193+ Q:+.7/&)8&%'"'F&

0(5)3+ Q):M4.,/&<)G&$F&

&

1+ &

1!*+ %,;;,E,*-+9,-./&(.H1.7*.&

1!'!,3+ %'"'&N+7/+7=&@:)-.+7&F&&

17+ %.:;+7,2&*.7-.:&

197*0+ %:,712)*5-.&*)2)75&(-+;12,-+7=&8,*-):&

1Q8+ %:,712)*5-.\;,*:)34,=.&2+7.,=.E:.(-:+*-./&3:)=.7+-):&

1(0+ %,+7E)8E817*-+)7&&

&

X+ &

X&)+ S.;,-)3)+.-+*&#Q$E+7/1*+<2.&71*2.,:&,7-+=.7(&6+-4&,&LPPE,;+7)E,*+/&:.3.,-&

X&%+ S1;,7&+;;17)/.8+*+.7*5&9+:1(&&

X*7D+ S.;,-)3)+.-+*&(-.;&*.22(&

X*8+ S.,-&(4)*M&3:)-.+7(&

X*%+ S.:3.(&(+;32.G&9+:1(&

&

&+ &

&7!Q+ #7-:,*.2212,:&,/4.(+)7&;)2.*12.&&

&77+ #7-:,*:,7+,2&*,2*+8+*,-+)7&&

B$+9+/!8+ =EIE=21-,;52E;.()E/+,;+7)3+;.2+*&,*+/&

&0&3-+ #Q$E�E+7/1*+<2.&3:)-.+7&FZ&

&0&X3+ #Q$E+7/1*./&4.2+*,(.&O&/);,+7E*)7-,+7+7=&3:)-.+7&F&&

&0)+ #7-.:8C:)7&

&0)!#+ Interferon !/" receptor&

&0)1#+ Interferon � receptor&&&

&T+ #;;17)=2)<12+7.&&

&__+ I#B kinase&

&.+ #7-.:2.1M+7.&

&.R#1+ #]EL&:.*.3-):&=,;;,&&

&.78+ #IL^@]_Q^&#]O&3:.*1:():&&

&.7D+ #77,-.&]5;34)+/&*.22(&

&)*&13+ #7(12+7E+7/1*./&=.7.&F&&

&#!_+ #7-.:2.1M+7EF&:.*.3-):E,(()*+,-./&M+7,(.&&

&#0+ #Q$&:.=12,-):5&8,*-):&

B#O>PR+ #7,*-+9.&:4);<)+/&3:)-.+7&L&&



L,2"#a#N##
#

&*/+ #7-.:8.:)7&(-+;12,-):5&I$'&

&*136+ `<+H1+-+7&2+M.&;)/+8+.:&#!%FB&

&*10^+ #7-.:8.:)7E(-+;12,-./&=.7.&8,*-):&W&

&*1D+ #7-.:8.:)7&(-+;12,-./&=.7.(&

&*8+ #;;,-1:.&(+7=2.&3)(+-+9.&

&*#$+ #Q$E(-+;12,-+)7&:.(3)7(+9.&.2.;.7-&

&'!Q+ #;;17):.*.3-):&-5:)(+7.&<,(./&,*-+9,-+)7&;)-+8&

&2&*+ #7-.:7,-+)7,2&`7+)7&)8&#;;17)2)=+*,2&!)*+.-+.(&

&

]+ &

]!_+ a,71(&,*-+9,-./&M+7,(.(&

])_+ *Eb17&$E-.:;+7,2&M+7,(.(&

&

_+ &

_&#+ U+7,(.&+74+<+-):5&:.=+)7&

_&'M*70+ 9EM+-&4,:/5Ec1*M.:;,7&X&8.2+7.&(,:*);,&9+:,2&)7*)=.7.&4);)2)=&&

_(+ U7)*ME)1-&

_*X%+ U,3)(+d(&(,:*);,E,(()*+,-./&4.:3.(9+:1(&

&

.+ &

.!Q83+ ]5()();.E,(()*+,-./&;.;<:,7.&3:)-.+7&F&

.!8>D>PC+ ]OWE,(()*+,-./&34,=)();.&

."+ ]5;34)*5-.&N&

."+0>+ ]N&8)22+*12,+:.&&

."+Qc+ ]N&/.&2,&c)7.&;,:=+7,2.&

."+'+ ]N&-:,7(+-+)77.2&

.7^+ K+*:)-1<12.E,(()*+,-./&3:)-.+7&F'\FNE2+=4-&*4,+7&W&

.A`+ ]5;34)*5-.E(3.*+8+*&3:)-.+7E-5:)(+7.&M+7,(.&

./.+ ])6&/.7(+-5&2+3)3:)-.+7&

.$*+ ]131(&?:5-4C;,-.1G&(5(-C;+H1.&&

.0#+ ].1M.;+,\25;34);,E:.2,-./&8,*-):&

.18R+ ],<):,-):5&)8&=.7.-+*(&,7/&345(+)2)=5&L&

.&14+ 'I$&2+=,(.&#0&

.B;+ ]+7.,=.&

.(0+ ])((E)8E817*-+)7&

.(593+ ].*-+7E2+M.&)G+/+c./E2/2&:.*.3-):&&

.8*+ ]+3)3)25(,**4,:+/.&&

.##D+ ].1*+7.&D+*4&D.,3.,-(&

.'+ ]5;34)*5-.&"&

.'O+ !"#$%&'"()*+*%),$)-*

.'9X*7D+ ])7=&-.:;&S!O(&

.<B+ ]5;34)+/&-+((1.&+7/1*.:&

LT��+ Lymphotoxin ��&&

&

Q+ &



L,2"#a#5d##
#

Q!1'3+ K,=7.(+1;&-:,7(3):-.:&F&&

Q!.+ K5.2+7&,7/&25;34)*5-.&3:)-.+7&

QIJ<3+ K1*)(,E,(()*+,-./&25;34)+/&-+((1.&25;34);,&-:,7(2)*,-+)7&3:)-.+7&F&

Q!Q8D+ K+*:)<.E,(()*+,-./&;)2.*12,:&3,--.:7(&

Q!QD+ K+-)*4)7/:+,E,(()*+,-./&;.;<:,7.(&

Q!8^_34+ K+-)=.7E,*-+9,-./&3:)-.+7&M+7,(.&M+7,(.&M+7,(.&FX&&

Q!8_+ K+-)=.7E,*-+9,-./&3:)-.+7&

Q!%*+ K+-)*4)7/:+,2&,7-+9+:,2&(+=7,2+7=&3:)-.+7&&

Q783+ K)7)*5-.&*4.;),--:,*-,7-&3:)-.+7EF&

Q/R+>@+.YZ-+ ]5;34)*5-.&,7-+=.7&RZ&

Q/!6+ K.2,7);,&/+88.:.7-+,-+)7E,(()*+,-./&=.7.&B&

Q/.93+ K5.2)+/&/,3FLE,(()*+,-+7=&2.*-+7&F&

Q/8+ K1:,;52&/+3.3-+/.&

Q$0D+ K)1(.&?;<:5)&8+<:)<2,-(&

Q$8+ K.=,M,:5)*5-.\.:5-4:)*5-.&2+7.,=.E:.(-:+*-./&3:)=.7+-):&

QX%-d+ K)1(.&4.3,-+-+(&9+:1(&Z[&

Q&7.+ K5.2)+/&+74+<+-):5&*E-53.&2.*-+7E2+M.&:.*.3-):&&

Q_8+ K.=,M,:5)*5-.E*);;+-./&3:)=.7+-):&

Q88+ K12-+3)-.7-&3:)=.7+-):&

Q*)+ K).(+7&&

P'(#+ K,;;,2+,7&-,:=.-&)8&:,3,;5*+7&

Qa+ K5G)9+:1(&:.(+(-,7*.&&

QY/dd+ K5.2)+/&/+88.:.7-+,-+)7&3:+;,:5&:.(3)7(.&[[&&

&

)+ &

)+ $):;,2&

)!7X'+ $]DA&$1*2.)-+/.&)2+=);.:+(,-+)7&/);,+7&E&2+M.&D.*.3-):(&&

;A+ $)7&*);;17+H1C&

)/+ $)7&/C-.:;+7C&

)$Q(+ $QE�B .((.7-+,2&;)/12,-):&

)09�B+ $1*2.,:&8,*-):E�B&

)X$]3+ $)7E4);)2)=)1(&.7/Eb)+7+7=&F&&

)&7/+ $)-*4&+7-:,*.2212,:&/);,+7&

)_+ $,-1:,2&M+22.:&&

).#D+ $eIE2+M.&D.*.3-):(&&

)(/+ $1*2.)-+/.&)2+=);.:+(,-+)7&/);,+7&&

)(5+ $'I@S&)G5/,(.&&

)'/+ ":,7(;.;<:,7.&/);,+7&&

&

(+ &

(!*+ 2!5! oligoadenylate synthetase &

&

8+ &

S-RM*e*'Q3+ !.H1.(-)();.&F&

8!Q8D+ @,-4)=.7&'(()*+,-./&K)2.*12,:&@,--.:7(&

8Ia6+ @,+:./&<)G&3:)-.+7&B&



L,2"#a#55##
#

8&^_+ @4)(34,-+/52+7)(+-)2&WEM+7,(.&&

PKC �+ Protéine kinase C � &

8_#+ @:)-.+7&M+7,(.A&#Q$E+7/1*+<2.&/(D$'E,*-+9,-./&&

8(.!3+ @)25;.:,(.&I$'&'F&&

88R7+ @:)-.+7&34)(34,-,(.&LO&

88Q3I+ @:)-.+7&34)(34,-,(.A&K=L^&\K7L^E/.3.7/.7-A&F'&&

8e"83+ @)25=21-,;+7.E<+7/+7=&3:)-.+7&&

8#!!*+ @:)-.,();.E,(()*+,-./&,1-)+782,;;,-):5&(57/:);.&&

8#_7/+ @:)-.+7&M+7,(.A&/7,E,*-+9,-./A&*,-,25-+*&(1<17+-&&

8##D+ @,--.:7&:.*)=7+-+)7&:.*.3-):(&

8*Q"+ @:)-.,();.&(1<17+-&<.-,&&

8'8#7+ @:)-.+7E-5:)(+7.&34)(34,-,(.A&:.*.3-):E-53.A&O&&

pT�+ @:.ET cell �&

8b/+ @5:+7&/);,+7&

8bX&)+ @5:+7&,7/&S#$&/);,+7&8,;+25&

&

#+ &

#IE3+ 0ED'QEF&;1:+7.&2.1M.;+,&9+:,2&)7*)=.7.&4);)2)=&F&&

#!1!+ D.*);<+7,-+)7E,*-+9,-+7=&=.7.&&

#!)_.+ D.*.3-):&,*-+9,-):&)8&$QE!N&2+=,7/&

#!)'$*+ D.=12,-./&13)7&,*-+9,-+)7A&7):;,2&"E*.22&.G3:.((./A&,7/&3:.(1;,<25&(.*:.-./&

#$+ DC-+*121;&.7/)32,(;+H1.&

#056+ D.=12,-):5&8,*-):&V&B&&

#05!)_+ D.=12,-):5&8,*-):&VA&,7M5:+7&:.3.,-E*)7-,+7+7=&&

#05!8+ D.=12,-):5&8,*-):&VE,(()*+,-./&3:)-.+7&&

#&7_+ D#@E2+M.&+7-.:,*-+7=&*,(3,(.E2+M.&,3)3-)(+(&:.=12,-):5&3:)-.+7&M+7,(.&

#&19&+ D.-+7)+*&,*+/&+7/1*+<2.&=.7.&#&

#.#D+ D#%E#E2+M.&D.*.3-):(&&

#)!+S>J+&&&+ D$'&3)25;.:,(.&###&

#)!*$XR+ D+<)71*2.,(.&SL&&

#)0+ D+7=&8+7=.:&3:)-.+7&&

#(*+ D.,*-+9.&)G5=.7&(3.*+.(&

#@[BA>;+ D17&/);,+7E&,7/&*5(-.+7.E:+*4&/);,+7E*)7-,+7+7=&<.*2+7EFE+7-.:,*-+7=&

3:)-.+7&&

*+ &

*!QX/3+ !'K&/);,+7E&,7/&SI&/);,+7E*)7-,+7+7=&3:)-.+7&F&

*!%&+ !"#$%E,(()*+,-./&9,(*12)3,-45&6+-4&)7(.-&+7&+78,7*5&

*AI3+ !-.;E*.22&,7-+=.7&F&

*7&/+ Syndrome d"immunodéficience combinée sévère&

*0R+ S.2+*,(.&(13.:8,;+25&L&

*0_D+ !:*&8,;+25&M+7,(.(&

*XR+ !:*&4);)2)=5&L&

*X8R+ !:*&4);)2)=5&:.=+)7&LE*)7-,+7+7=&3:)-.+7&-5:)(+7.&34)(34,-,(.&L&&

*_&%.R+ !13.:M+22.:&9+:,2+*+/+*&,*-+9+-5&L!&&&

*.!QM7/36U+ !+=7,2+7=&25;34)*5-.&,*-+9,-+)7&;)2.*12.&&

*Q*+ !+7=2.-)7EK.:-.7&(57/:);.&&



L,2"#a#5X##
#

*(7*+ !133:.(():&)8&*5-)M+7.(&(+=7,2+7=&

*8+B.%)(#OP9# !+;32.&3)(+-+9.&

*8#B>%-(#A$+"(=:(%$%.,+<-"*9# !3,(-+*&3,:,3,:.(+(&&

*8$)7/+ !3)7/52).7*4)7/:)/5(32,(+,&&

*'!'+ !+=7,2&":,7(/1*.:(&,7/&'*-+9,-):(&)8&":,7(*:+3-+)7&

*'9X*7D+ !4):-&-.:;&S!O(&

*'&)1+ !-+;12,-):&)8&+7-.:8.:)7&=.7.(&

*'_4+ !.:+7.\-4:.)7+7.&3:)-.+7&M+7,(.&X&&

*Y`+ !32..7&-5:)(+7.&M+7,(.&

&

'+ &

'!"+ "'UFE<+7/+7=&3:)-.+7&

'!7$+ TNF� converting enzyme&

'I`3+ ":,7(8):;+7=&=:)6-4&8,*-):&<.-,E,*-+9,-./&M+7,(.&F&

'"_3+ "'$U&<+7/+7=&M+7,(.&

'710+ "&*.22&=:)6-4&8,*-):&

'7#+ "&*.22&:.*.3-):&

'?'+ ".:;+7,2&/.()G571*2.)-+/52&-:,7(8.:,(.&

'C<OC=B;+GIJBID+"*'RH+ N)7.&;,::)6&(-:);,2&,7-+=.7&L&&

'EIP+ ":,7(*:+3-+)7&8,*-):&'&;+-)*4)7/:+,2&

'EO+ ]"&8)22+*12,+:.&4.23.:&

'0#+ ":,7(8.::+7&:.*.3-):&

TGF�+ Tumor growth factor �&

'X$*+ ":+*4)E4.3,-)E.7-.:+*&(57/:);.&&

'&#+ ")22\#]EFD&

'&#!8+ "#D&/);,+7&*)7-,+7+7=&,/,3-):&3:)-.+7&&

'.#D+ ")22E2+M.&D.*.3-):(&&

'Q+ ":,7(;.;<:,7.&/);,+7&&

'Q$Q3:^+ ":,7(;.;<:,7.&3:)-.+7&FYW&&

'(#7X+ ")G)32,(;)(+(A&e-4.:A&D1<.22,A&O5-);.=,2)9+:1(&,7/&S.:3.(&+78.*-+)7(&&

'#!0+ "$Q&:.*.3-):&,(()*+,-./&8,*-):&&

'#!Q+ "D#QE:.2,-./&,/,3-):&;)2.*12.&&

'#!8+ ":,7(2)*)7&,(()*+,-./&3:)-.+7&

'#$53+ Wd&:.3,+:&.G)71*2.,(.&F&

'#&0+ "#DE/);,+7E*)7-,+7+7=&,/,3-.:E+7/1*+7=&+7-.:8.:)7E�&&

'#&Q+ ":+3,:-+-.&;)-+8E*)7-,+7+7=&3:)-.+7&&

''..+ "1<12+7&-5:)(+7.&2+=,(.E2+M.&

'Y`R+ "5:)(+7.&M+7,(.&L&

&

2+ &

2._3+ `$OBFE2+M.&M+7,(.&F&

28#+ `78)2/./&3:)-.+7&:.(3)7(.&

2*8+ `<+H1+-+7E(3.*+8+*&3:)-.,(.&

&

%+ &

%$10+ 0,(*1,:&.7/)-4.2+,2&=:)6-4&8,*-):&&



L,2"#a#5e##
#

%BSC=B;+ #74+<+-):5&3:)-.+7&.7/)32,(;+*&:.-+*121;E,(()*+,-./&#Q$&+7/1*+<2.&

L&#03+ 9+:,2&#Q$&:.=12,-):5&8,*-):&F&

%8*^4M8&_^7^+ @4)(34,-+/52+7)(+-)2&WEM+7,(.A&*2,((&W&

%*%+ 0.(+*12,:&(-);,-+-+(&9+:1(&

5+ &

5.8/#+ VE2+7M./&:.-+*12,-./&3+=;.7-,:5&/+():/.:&

&

c+ &

c!8:U+ _.-,E*4,+7E,(()*+,-./&3:)-.+7&M+7,(.YP&

c/XX73+ _+7*&8+7=.:&ISSO&/);,+7E*)7-,+7+7=&3:)-.+7&F&&

#



!"#$%&%'(%%

%

!"#$%&'%#&(")*+%#&

!

"#$%&'!(!)!&*+,-!.,-!#"/!#!00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000!(1%
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#

68-!7:;<-678&

='!-64&6&>&L immunité!innée,!première!ligne!de!0"?/@#/&

6>&68-!7:;<-678&

L�inflammation+ CD<+ @;C# =FS>;DC+ S=><CA<=BAC# >-*# ;# >-*# 1"# *+-&)0-# $:=,*+"*# B/%&&"# 1"*# ,2"$+*#

.,+<%23$"*E# 1"*# 1%&&,2"*# /"00)0,-("*# CCC9E# assurant l�élimination des pathogènes, et également la 

(:.,(,+-%$# 1"*# +-**)*# "$1%&&,2:*# B7"1_<-+%>E# Xddc9C# [00"# "*+# /0,**-U)"&"$+# /,(,/+:(-*:"# .,(# 6#

symptômes majeurs que sont la rougeur, l�oedème, la chaleur, la douleur et la perte de fonction 

+-**)0,-("C# D"*# .<:$%&3$"*# &,/(%*/%.-U)"*# ("=03+"$+# )$"# ,)2&"$+,+-%$# 1"# 0,# ."(&:,'-0-+:# 1"#

l�endothélium vasculaire permettant l�entrée de composants sériques (notamment des chimiokines)#

?I;D+JC+<BDD@+B;ECA<FMC;?>PPITFE#et l�infiltration de cellules immunitaires (P,I")/<-E#Xd5d9C#

L�immunité innée constitue l�une de nos premières lignes de défenseC#O"#'%$#1:(%)0"&"$+#1"#/"++"#

réponse immunitaire dépend de l�existence de#&:/,$-*&"*#1"#?F<CA<B>;+?CD+DBT;I@a+?C+?I;TC=E#U)-#

%$+# :+:# ,/+->"&"$+# ("/<"(/<:*# ,)# /%)(*# 1"# /"*# 1"($-3("*# ,$$:"*C# L%00F# 7,+_-$2"(E# $%+,&&"$+E#

:+,'0-+# 1,$*# 0"*# ,$$:"*# Nd# )$"# +<:%(-"# *"0%$# 0,U)"00"# 0,# (:.%$*"# -&&)$-+,-("# "*+#&:1-:"# .,(# 1"*#

*-2$,)8#1-+#1"#k#1,$2"(#l, relargués par les cellules de l�hôte (7,+_-$2"(E#5NNJ9C#L,(&-#/"*#*-2$,)8E#

,.."0:*#/!Q8D# B.%)(#I,;,=.E,(()*+,-./&;)2.*12,:&3,--.:7(9E#%$#.")+#/-+"(#)$#*+("**#/"00)0,-("E# 0,#

.(:*"$/"# d�ATP (pour '/C7)(+7.& -:)34)(34,-.9# /F+%*%0-U)", d�IL# BA$+"(0")I-$"9H1�, ou encore le 

("0,(2,2"#1"#.(%+:-$"*#1-+"*#W?L#B.%)(#S.,-&(4)*M&3:)-.+7(9C#!"#0,#&T&"#=,m%$E#1"*#&%+-=*#-**)*#1"#

.,+<%23$"*# =%(&"$+# 0,# /0,**"# 1"*# 8!Q8D# B.%)(# @,-4)=.7& '(()*+,-./& K)2.*12,:& @,--.:7(9E# 1:=-$-#

aujourd!hui sous Q!Q8D# B.%)(#K+*:)<.E,(()*+,-./&;)2.*12,:& 3,--.:7(9E# "$20%',$+# .0)*# 0,(2"&"$+#

0"*#&%+-=*#"8.(-&:*#.,(#0"*#,2"$+*#.,+<%23$"*#"+#/%&&"$*,)8C#

7CD+P><BED+S>@==>;<+f<=C#détectés par les cellules immunitaires de l�hôte au P>YC;+?C+=FACS<C@=D+

DSFABEBW@CD+ISSCJFD+8##+B.%)(#@,--.:7&:.*)=7+-+)7&:.*.3-):9#U)-#>%$+#,0%(*E#/%&&"#&"$+-%$$:#.0)*#

haut, engendrer une réponse immunitaire à l!origine du relargage de cytokines proH-$=0,&&,+%-("*#"+#

1"#/<-&-%I-$"*E#$%+,&&"$+#BA*<-I,^,E#Xd559C##

@-$*-E# .%)(# "8"&.0"E# 1"*# LKK*# +"0*# U)"# K"+-$%-/# ,/-1# -$1)/-'0"# 2"$"# A# BKAZHA9E# &"0,$%&,#

1-=="("$+-,+-%$H,**%/-,+"1#2"$"#6#B7!@69E#%)#"$/%("#OZLX#B2,<):,-):5&)8&=.7.-+*(&,7/&345(+)2)=5&L9E#





L,2"#a#5c##
#

."(&"++"$+# 1"# /,.+"(# l�@KR# B'*+/.& :+<)71*2C+H1.9# viral et d�induire une cascade de signalisation 

BS,+%E#Xddf#n#o%$"F,&,E#XddJ#n#Xdd69#."(&"++,$+#0,#production d�IFN#B.%)(##7-.:8.:)79#1"#+F."#A#BA\R#

I) et donc la mise en place d�une réponse antiH>-(,0"C#Suite à leur interaction avec l�ARN viral, ces 

<:0-/,*"*# (catalysant l�ouverture des acides nucléiques doubleH'(-$9# >%$+# "$# "=="+# ."(&"++("# 0"#

("/()+"&"$+#1"#&%0:/)0"*#,1,.+,+(-/"*#"+#,-$*-#/%$1uire à l�activation de kinases#+"00"*#U)"#0"*#7@L#

B.%)(# K+-)=.7E,*-+9,-./& 3:)-.+79# I-$,*"*E# ASS# B.%)(# I�B kinase9H("0,+"1# I-$,*"E# PQS5# B.%)(# "'$U&

<+7/+7=& M+7,(.9E# "+# 0,# I-$,*"# ASSHA# BS,^,-E# Xdd6#n# ?"+<E# Xdd69C# \-$,0"&"$+E# "00"*# >%$+# ,/+->"(# 1"*#

=,/+")(*#1"#+(,$*/(-.+-%$#+"0*#U)"#R\HkQ#B.%)(#$1*2.,:&8,*-):E�B9E#@L5#B.%)(#'*-+9,-):&3:)-.+7&F9#"+#

AK\e#B.%)(##Q$&:.=12,-):5&8,*-):&W9E#U)-#>%$+#T+("#+(,$*0%U):*#1,$*#0"#$%F,)E#*"#0-"(#,)#.(%&%+")(#1"#

l�IFN et permettre la sécrétion d�IFN I, induisant donc une puissante (:.%$*"#,$+-H>-(,0"C#

66>&A49&68-4!B4!789&C6B8D&>&E484!'A6-49&

O"*#A\RE#1:/%)>"(+#.%)(#0,#.("&-3("#=%-*#1,$*#0"*#,$$:"*#6d#BA*,,/*#"+#O-$1"&,$$E#5N6b#n#R,2,$%#"+#

S%p-&,E#5N6c9#*%$+#1"*#.%0F.".+-1"*#1:/(-+*#/%&&"#,..,(+"$,$+#;#)$"#=,&-00"#1"#AY<>`B;CD+B;?@B<CD+

au cours d�une infection virale#"+#.%**:1,$+#e#=%$/+-%$*#&,p")("*#BP(-$/<-"(-E#Xd5d9C#[$#"=="+E#%)+("#

0")(#(G0"#"**"$+-"0#1,$*#0,#?FEC;DC+I;<B9LB=IJCE# -0*#*%$+#$%+,&&"$+#/,.,'0"*#1"#P>?@JC=+JI+=FS>;DC+

BPP@;B<IB=C+ B;;FC# "+# d�activer le système adaptatif# ,=-$# 1"# ."(&"++("# la mise en place d�)$"#

(:.%$*"#1"#<,)+"#,==-$-+:#B!)('-$E#Xddd9C##

@# l�heure actuelle, il existe 3 classes d�IFN#,F,$+#:+:#-1"$+-=-:*#/<"_# 0"*#&,&&-=3("*E#/%1:*#.,(#1"*#

23$"*# *-+):*# *)(# 0"# /<(%&%*%&"# J# /<"_# 0,# *%)(-*# B/<(%&%*%&"# 9 chez l�Homme)#q# JCD# &0)+ &E# U)-#

incluent les IFN! (13 isoformes répertorié"s), ", #, $ et %, J�&0)+&&#(IFN&) et JCD+&0)+&&&#(' 1, 2 et 3, aussi 

,.."0:*# AOXNE# AOXc,# "+# AOXc'E# ("*."/+->"&"$+9# BO">FE# Xd55#n# L"*+I,E# XddJ9C# D"*# /F+%I-$"*# *"#

1-*+-$2)"$+#$%+,&&"$+#.,(#)$"# *-2$,0-*,+-%$#&%0:/)0,-("#'-"$#*.:/-=-U)"E# ;# +(,>"(*#1"*# (:/".+")(*#

1-==:("$+*# *"0%$# 0"*# *%)*Htypes, mais aussi des stimuli différents à l�origine de leur production#

B'I[JCI@+39C#



!"#$%&'(')'*+,&-'.&-'/!0'/'

!"#$%&'$()##*+",-$+"#$./0"#$(012)-.)("#$"-$#),-$23(02451#6$)5-."$+7,#$07$.1(),#"$7,-2892.70"6$+7,#$+"$,)3:."5#"#$;),<-2),#$:2)0)=245"#6$:1,1;245"#$)5$

+101-*."#>$?"(.1#",-7-2),$#<@137-245"$+"$07$9)2"$<7,),245"$+"#$%&'$%$"-$+"#$./0"#$7##)<21#$75A$%&'$%$B1.2345'.&'62,$.278'9:(;C>$

$

D:.1927-2),#$E$<=<>(:6$!"#"!$%&'()$*+,%&-(.,$/0$F$/!06$1.',2),2&.F$/!01*6$1.',2),2&."$�3 $2,*,4'&2$F$/>6$1.',25,6-(.F$/*!?6$1.',2),2&.$2,7658'&29$)8*'&2$:$F$

/@A!B6$ 1;<"='(%658',>$ 7,.,$ )8*'&2"?$ F$ C1D(6$ @8.6=$ A(.8=,$ /F$E<6(6$B&.&*9',$ *+,%&8''28*'8.'$ 42&',(."/F$@F696$ C2*$ +&%&5&79$ 2,7(&.$ D"*&.'8(.(.7$

42&',(.$'92&=(.,$4+&=4+8'8=,$D$E$@G<@6$C6442,==&2$&)$*9'&-(.,$=(7.85(.7F$HIJ96$F92&=(.,$A(.8=,$DE$K@6(L6$GH(I6('(.$=4,*()(*$4,4'(>8=,$/J>$



L,2"#a#5N##
#

.&1!)/ *(2*9'b8$* #$7$8'$2#+GD>@D9@;B<FDH *&1)!.&*!'&()

&0) &

A\R�

&0)!#

BA\R@K5M#A\R@K#X9

j,I5#M#PFIX

A\R ?+,+5 M#?+,+X#M#?+,+e

A\R! ?+,+J M#?+,+6

A\R" LAeS

A\R# @I+

A\R$ R\H#Q

A\R% 7@LS

&0)+&& A\R&
&0)9�#

BA\RH&K5M#A\RH&KX9

j,I5#M#j,IX
?+,+5#M#?+,+e M#?+,+6

LAeS
@I+

R\H#Q
7@LS

&0)+&&&

A\R'5MAOHXN

&0)9 #

BAOHXcK5 M#AOH5dKX9

j,I5#M#PFIX

A\R'XMAOHXc@ ?+,+5 M#?+,+X#M#?+,+e

A\R'eMAOHXcQ ?+,+6

'!".$!2+3+K+.CD+D>@D9types!d"IFN!et!leurs!signalisations!AOCg+JI+D>@=BD+G8C<D`Ih+RUU4H+

#

#

#

#

#

#

#

#

#

#

@'(:>-,+-%$*#q#!`<E#,0-,*#8_"E#@:)-.+7&M+7,(.&N& n#&0)E#7-.:8.:)7#n#&0)!#E##7-.:8.:)7&�\ &:.*.3-):#n+&0)9�#E##7-.:8.:)7&!&:.*.3-):##n#]I`E#a,71(&

,*-+9,-./& M+7,(.& n# Q!8_E# K+-)=.7E,*-+9,-./& 3:)-.+7# n# )09#BE#$1*2.,:& 8,*-):E"N#n# 8&^_E#@4)(34,-+/52+7)(+-)2& WEM+7,(.# n# *'!'E# !+=7,2&

":,7(/1*.:(&,7/&'*-+9,-):(&)8&":,7(*:+3-+)7#n#'Y`E#"5:)(+7.&M+7,(.C#

#

R%)*#$%)*#/%$/"$+("(%$*#1,$*#/"#&,$)*/(-+#*)(#0"*#A\R#I,(et(plus(exactement(les(IFN�(et(IFN ,(étant(

0"*# *%)*H+F."*# -&.0-U):*# 1,$*# 0,# .,+<%0%2-"# :+)1-:"# ,)# /%)(*# 1"# /"++"# +<3*"E# "+# &,p%(-+,-("&"$+#

responsables( d)un( nouveau( sousH2(%)."# 1"# &,0,1-"*# ,)+%H-$=0,&&,+%-("*E# U),0-=-:#

d)interféronopathies.#

66>FG&A/#&6B8&6&

D"*# &%0:/)0"*# .%**31"$+# 1"*# CEEC<D+ SJFB><=>SCD# voire( antagonistes,( puisqu)ils( sont( capables( de(

réguler( et( d)ind)-("# 0,# .(%0-=:(,+-%$E# 0,# 1-==:("$/-,+-%$E# 0,# &-2(,+-%$# "+# *)(>-"# /"00)0,-("# &,-*# ,)**-#

d)inhiber( la(prolifération(et(de(conduire(à( la(mort(cellulaire(par(apoptose# B0BT@=C+39# BZ%)2<E#Xd5X#n#

L0,+,$-,*E#Xdd69C#

O,# 2(,$1"# &,p%(-+:# 1"*# +F."*# /"00)0,-("*# "*+# /,.,'0"# 1"# .(%1)-("# 1"*# A\R# A# '-"$# U)"# 0"*# ACJJ@JCD+

OFPI<>S>VF<BW@CD+ D>BC;<+ A>;DB?F=FCD+ A>PPC+ D>@=AC+ PIiC@=CE# "+# .,(+-/)0-3("&"$+# 0"*# /"00)0"*#

1"$1(-+-U)"*# .0,*&,/F+%Y1"*# BA>,*<I->E# Xd5J9C# D"++"# .(%1)/+-%$# "*+E# /%&&"#&"$+-%$$:# .0)*# <,)+E#

*econdaire( à( la( reconnaissance( de( motifs( d),2"$+*# .,+<%23$"*# &-/(%'-"$*# B>-()*E# ',/+:(-"*E#

/<,&.-2$%$*9E# 0"*#7@7L*E# .,(# 0"*# LKK*C# D"+# "$2,2"&"$+# 7@7L*HLKK*# ,'%)+-+# ;# 0,# *:/(:+-%$# 1"#
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L,2"#a#Xd##
#

/F+%I-$"*#.(%H-$=0,&&,+%-("*#BAOH1�, ILH6..), dont l!expression provient principalement de l!activation 

1"#0,#>%-"#R\H!B, et d�IFN I, dont l�expression es+#(:2)0:"#.,(#0"*#AK\#e#"+#bC#V$"#=%-*#*:/(:+:*E#0"*#A\R#A#

*%$+# ("/%$$)*#.,(# 0")(# (:/".+")(# +(,$*&"&'(,$,-("#<:+:(%1-&:(-U)"#q# A\R@K# B.%)(# Interferon �/� 

:.*.3-):9E#/%&.%*:#1"*#*%)*Hunités IFNAR1 et IFNAR2. L�action des IFN I est autocrine ou paracrine 

B0BT@=C+R9#BA^,*,I-E#Xd5X9C&

66>FGFG&5H1/#&0/&#1I@+.1#+)1H@&déclenchées par l!activation d!IFNAR%

../010101*2&3)*'45&5367)*

O,#0-,-*%$#1"*#A\R#A#;# 0")(#(:/".+")(#,/+->"#0"*#I-$,*"*#U)-# 0)-#*%$+#,**%/-:"*#q#]!_3#1"#0,#=,&-00"#1"*#

j@S*#B.%)(#a,71(&,*-+9,-./&M+7,(.(9E#,**%/-:"#;# A\R@KXE#"+#'Y`R# B.%)(#"5:)(+7.&M+7,(.&L9#,**%/-:"#;#

IFNAR 1. Ces dernières vont ensuite être à l�origine de la phosphorylation du récepteur "+# 1)#

("/()+"&"$+#/%$*:/)+-=#1"#.(%+:-$"*#*'!'*#B.%)(#!+=7,2&":,7(/1*.:(&,7/&'*-+9,-):(&)8&":,7(*:+3-+)79#

U)-#>%$+# =%(&"(# l�hétérodimère STAT1 9+*'!'R,#D"#1"($-"(# =%(&"#)$#/%&.0"8"#,.."0:# &*10^# B.%)(#

#7-.:8.:)7E(-+;12,-./&=.7.&8,*-):&W9#*)-+"#;#0,#0-,-*%$#1"#AK\N#B0BT@=C+^9C##

D"#/%&.0"8"#"*+#"$*)-+"#+(,$*0%U):#1,$*#0"#$%F,)E#"+#*"#0-"#,)8#:0:&"$+*#1"#(:.%$*"#1"*#A\R#AE#A?K[#

B.%)(# #Q$E(-+;12,-+)7& :.(3)7(+9.&.2.;.7-9E# ."(&"++,$+# l�expression de plus de 1000 gènes induits 

par l�IFN, ou ISGs+ B.%)(# #7-.:8.:)7& (-+;12,-./& =.7.(9# B!,($"00E# 5NNJ#n# ?/<%22-$*E# Xd55#n# ?/<$"-1"(E#

Xd5J9C#D"*# A?Z*#/%1"*#.%)(#1"*#.(%+:-$"*#.%**:1,$+#1"*# =jJCD+<=\D+LI=BFDE# +"0*#U)"# 0,#1:+"/+-%$#1"#

.,+<%23$"*E# )$"# ,/+-%$# ,$+-Hvirale, la modulation de la réponse immunitaire, l�attraction et 

l�adhésion cellulaire ou encore l�induction de l�,.%.+%*"C# r)"0U)"*# "8"&.0"*# *%$+# /-+:*# 1,$*# 0"#

+,'0",)#/-H/%$+("#B'I[JCI@+R9C&

0&12#$+^+K+%>BCD+AI;>;BW@C+C<+;>;9AI;>;BW@C+?CD+&0)+&+

?)-+"#;#0,#0-,-*%$#1"*#A\R#A#;#0")(#récepteur IFNAR, s�ensuit l�activation des 

I-$,*"*#j,I5#"+#PFIX#U)-#/%$1)-*"$+#,)#("/()+"&"$+#"+#;#0,#=%(&,+-%$#1"*#

/%&.0"8"*# ?P@PC# !,$*# 0"# /,*# 1"# 0,# >%-"# /,$%$-U)"E# )$# <:+:(%1-&3("#

STAT1/STAT2 se forme, conduit à la production d�ISGF3 suite à la liaison 

avec IRF9, qui se fixera ensuite sur l�élément de réponse ISRE, permettant 

l�expression de nombreux ISGs. Dans le cas de voies non canoniques, des 

<%&%1-&3("*#?P@P#B?P@P5#%)#?P@Pe9#*"#=%(&"(%$+#.)-*#-(%$+#*"#=-8"(#*)(#

l�élément de réponse GAS, conduisant là encore à l�expression d�ISGs.#################

@'(:>-,+-%$*#q#1!*E#%,;;,E,*-+9,-./&(.H1.7*.#n#&0)E##7-.:8.:)7#n#&0)!#E#

#7-.:8.:)7E&�\ & :.*.3-):# n# &*#$E# #7-.:8.:)7E(-+;12,-./&:.(3)7(.&.2.;.7-# n#

&#0ZE# #7-.:8.:)7& :.=12,-):5& 8,*-):& R# n# &*10^E# #7-.:8.:)7E(-+;12,-./& =.7.&

8,*-):&W#n#]!_3E#a,71(&U+7,(.&F#n#*'!'E#(+=7,2&-:,7(/1*.:&,7/&,*-+9,-):&)8&

-:,7(*:+3-+)7#n#'Y`RE#"5:)(+7.&U+7,(.&L>#





L,2"#a#X5##
#

7!'$1(#&$*+&*1D $5$Q8.$* 0()7'&()

/F<CA<B>; ?C+SI<O>T\;CD C<+?FEC;DC ?C+

l�hôte

LSK#M#[A\X@SX
?:(-$"M+<(:%$-$" I-$,*" ,/+->,$+ [A\X� responsable de l�inhibition de la 

*F$+<3*"#1"#.(%+:-$"*

`@?5
D%$1)-+ ;#l�activation 1"#0,#K$,*"O /,.,'0"#1"#1:2(,1"( l�ARN >-(,0#"+#

1%$/ 1"#/%$+("/,(("( 0,#(:.0-/,+-%$ >-(,0"

4-."(-$" M#K?@!X Q0%/,2" 1)#("0,(2,2" 1"#.,(+-/)0"* >-(,0"*

P"+<"(-$"M#D!e5b [&.T/<" 0,#0-':(,+-%$ 1"*#.,(+-/)0"* >-(,0"*

AK\b @)2&"$+" 0,#.(%1)/+-%$#d�IFN A

A?Z56 L(%0-=:(,+-%$ 1"*#/"00)0"*#RS#"+#,&.0-=-/,+-%$#1"#0,#(:.%$*" A\R

!;TB>TF;\DC 4[Z\ A$1)-+ l�angiogénèse

!<<=IA<B>;+C<+I?OFDB>; ACJJ@JIB=C

AD@75
L"(&"+ 0"#("0,(2,2" 1"*#OQ#1"#0,#_%$"#&,(2-$,0" "+#.(%&")+ 0"*#

-$+"(,/+-%$*#OQMOP

DDO6
@++-(" 0"*#OP#"+#&%$%/F+"* ,)#*-+"#d�infectionE#"&.T/<" 0,#(:.0-/,+-%$ "$#

/,* d�infection .,(#WA4

#FS>;DC BPP@;B<IB=C C<+P>?@JI<B>;

78@ "+#Q Q0%U)" 0,#(:.0-/,+-%$ >-(,0" "+#-$1)-+ l�apoptose

D7W#A#"+#AA
L(:*"$+,+-%$#,$+-2:$-U)"E#=,>%(-*,$+#0,#(:.%$*"#P#/F+%+%8-U)"#1,$*#0"#
cas d�une infection par un pathogène intracellulaire / Induit la réponse 

,1,.+,+->"

AK\5M6Mb L"(&"++"$+ 0,#+(,$*/(-.+-%$ 1"#/F+%I-$"*#.(%H-$=0,&&,+%-("*

?`D? K:2)0,+")( $:2,+-= 1"#0,#>%-" 1"*#A\R#A

V?L5c K:2)0,+")( $:2,+-= 1"#0,#>%-" 1"*#A\R#A

!S>S<>DC

D@?LJMc L"(&"+ l�activation 1"#0,#/,*.,*" 5

\,*MD!N6 A$1)/+")( 1"#0,#&%(+#/"00)0,-(" .,(#,.%.+%*"

'!".$!2+R+: Exemples d�ISGs et leurs fonctions+

@'(:>-,+-%$*#q#!#)E#'*+/.&:+<)71*2CH1.#n#7!*8E#O,(3,(.&,3)3-)(+(E:.2,-./&*5(-.+7.&3:)-.,(.#n#7QXE#Complexe majeur d�histocompatibilité#n#

$&0R!E# ?1M,:5)-+*& -:,7(2,-+)7& +7+-+,-+)7& 8,*-):& L,#n# &7!Q3E# #7-:,*.2212,:& ,/4.(+)7& ;)2.*12.& F#n# &0)E#7-.:8.:)7#n# &#0E# #7-.:8.:)7& :.=12,-):5&

8,*-):#n#&*136E#`<+H1+-+7E2+M.&;)/+8+.:&#!%FB#n#."E#]5;34)*5-.&N#n#.'E#]5;34)*5-.&"#n#Qa!E#K5G)9+:1(&:.(+(-,7*.#n#)_E#$,-1:,2&M+22.:#n#(!*3E#

2�5�# )2+=),/.752,-.& (57-4.-,(.& F&n# 8_#E# @:)-.+7& M+7,(.A& #Q$E+7/1*+<2.& /(D$'E,*-+9,-./&n# #*!/RE# D,/+*,2& (E,/.7)(52& ;.-4+)7+7.& /);,+7E

*)7-,+7+7=&3:)-.+7&L#n#*(7*E#!133:.(():&)8&*5-)M+7.&(+=7,2+7=#n#'C<OC=B;E#%)#"*'RE#<)7.&;,::)6&(-:);,2&,7-+=.7&L#n#2*83dE#`<+H1+-+7&(3.*+8+*&

3:)-.,(.&F[#n#%$10h+0,(*1,:&.7/)-4.2+,2&=:)6-4&8,*-):&f&%BSC=B;E#0+:1(&+74+<+-):5&3:)-.+7&.7/)32,(;+*&:.-+*121;E,(()*+,-./&#Q$&+7/1*+<2.C+

#

*../010181*97(-):*;&3):*35<73():*$4-*,):*.=>*.*

Outre l�hétérodimère STAT1/STAT2, 0"*#.(%+:-$"*#?P@P#*%$+#/,.,'0"*#1"#=%(&"(#1"*#O>P>?BP\=CDE#

comme c�est par exemple le cas pour *'!'3# "+# *'!'^C# D"*# 1")8# /%&.0"8"*# <%&%1-&:(-U)"*#

B?P@P5M?P@P5#"+#?P@PeM?P@Pe9#*%$+#+(,$*0%U):*#1,$*#0"#$%F,)#&,-*#*"#=-8"$+#*)(#)$"#*:U)"$/"#1-+"#

k#Z@?#l# B.%)(# =,;;,E,*-+9,-./& (.H1.7*.) à la place de l�élément de réponse ISRE. De la même 

=,m%$E# ils vont permettre l�expression d�ISGs, et contribuer à la mise en place d�une réponse 

B;EJIPPI<>B=C#B0BT@=C+^9#B?/<$"-1"(E#Xd5J9C##

D�autres voies alternatives peuvent finalement aussi être activées par l�IFN I, à savoir la voie des 

Q!8_+>@+)09!BC##





L,2"#a#XX##
#

66>FGJG&Production constitutive d!IFN I&

`$#.%)((,-+#penser qu�étant donné leur fort potentiel antiviral, les IFN I ne seraient *F$+<:+-*:*#U)"#

*)-+"# ;# 1"*# *+-&)0-# +"0*# U)"# /")8# .(%1)-+*# 0%(*# d�-$="/+-%$*C# D"."$1,$+E# -0# ,# :+:# &%$+(:# U)"# 0,#

.(%1)/+-%$#1"*#A\R#A#*"(,-+#,)**-#-$1)-+"#1"#=,m%$#/%$*+-+)+->"C#

../018101*.=>*.*)(*'),,7,):*:&7'%):*%?#4(&$&@?(367):*ABCD:E*

[$#"=="+E#une production constitutive d�IFN I serait nécessaire à la maintenance et la mobilisation 

?CD+ X*7D# B.%)(# S.;,-)3)+.-+*& (-.;& *.22(E# /"00)0"*# *%)/<"*# <:&,+%.%Y:+-U)"*9C# O"*# A\R# AE# "+#

$%+,&&ent l�IFN!, induiraient la S=>JBEF=I<B>;+ ?CD+ X*7D+ W@BCDAC;<CDC# O"*# A\R# A# *"(,-"$+# 1%$/#

responsables de la régulation de l�expansion des cellules hématopoïétiques. De plus, des souris 

A\R@K#S`# B.%)(#U7)*ME)1-9# .(:*"$+"$+#)$#$%&'("# +%+,0#1"#W?D*#1-&-$):#.,(# (,..%(+# ;#1"*# *%)(-*#

/%$+(G0"*E# -&.0-U),$+#1%$/#0"*#A\R#A#1,$*#0")(#&,-$+"$,$/"#B$DDC=h+RUUZ9C#S-&#"+#/%00,'%(,+")(*#%$+#

pu observer qu�un traitement des HSCs avec de l�IFN! permettait, dans le cas de transfert de moelle#

%**")*"E# )$"# ,&:0-%(,+-%$# 1"# 0,# 2("=="# 1"# /"*# W?D*C# A0*# .)("$+# "$# %)+("# &"++("# "$# :>-1"$/"#

l�implication de la voie IFN!/Jak/Stat dans le développement, la maturation et le maintien des HSCs 

"&'(F%$$,-("*#BS-&E#Xd5f#n#!-,&%$1E#Xd559C#V$"#,)+("#:U)-."#,#1"# 0,#&T&"#=,m%$#*%)0-2$:# 0"#=,-+#

qu�en plus d�être responsable de la prolifération des HSCs, l�IFN I était régulé par un ISG, l�IRF2, 

SC=PC<<I;<+IJ>=D+JC+PIB;<BC;+?C+JI+W@BCDAC;AC+?CD+X*7D#B?,+%E#XddN9C#

../018181*.=>*.*)(*<3FF?-)5'34(3&5*<):*#4'-&$%4G):*

De plus, l�IFN� serait ;FACDDIB=C+N+ JI+?BEEF=C;<BI<B>;+?CD+PIA=>SOITCDE#*)(# 0"*U)"0*# -0#"8"(/"(,-+#)$#

effet inhibiteur. Il a été démontré que les IFN�/! diminueraient le nombre de récepteurs au CFSH5#

B.%)(#*)2)75&(-+;12,-+7=&8,*-):&F)#BW,&-0+%$E#5NNf9C#O"#(:/".+")(#,)#D\?H5#B.%)(#O)2)75&(-+;12,-+7=&

8,*-):&F&:.*.3-):E#D\?H5K9#=,-+#.,(+-"#1"#0,#=,&-00"#1"*#(:/".+")(*#,)8#=,/+")(*#1"#/(%-**,$/"C#A0#(:2)0"#

0,# 1-==:("$/-,+-%$E# 0,# *)(>-"# "+# 0,# &-2(,+-%$# 1"*# &%$%/F+"*M&,/(%.<,2"*# "+# 1"# 0")(*# .(:/)(*")(*#

BW)&"E# Xd5X). D"autre part, l�IFN! serait impliqué dans le contrôle de l�homéostasie osseuseC# [$#

"=="+E# -$1)-+# .,(# K@RSO# B.%)(# D.*.3-):& ,*-+9,-):& )8& $QE�B& 2+=,7/9# ,)# /%)(*# 1"# 0,# 2:$:(,+-%$#

d"ostéoclastes, un sousH+F."# 1"#&,/(%.<,2"*# -&.0-U):# 1,$*# 0,# (:*%(.+-%$# %**")*"E# -0# -$<-'"(,-+# 0,#

1-==:("$/-,tion et la prolifération de ces cellules en interférant avec l"expression du facteur de 

+(,$*/(-.+-%$# /H\%*# -$1)-+"# .,(# K@RSO# BW,&-0+%$E# 5NNf#n# P,I,F,$,2-E# XddX9C# O"*# *%)(-*# A\R@K5# S`#

présenteraient ainsi de légers signes d"ostéoporose en raison d"une prés"$/"# "8/"**->"#

d"ostéoclastes, dont la production n"est plus inhibée par l"expression d"IFN! (P,I,F,$,2-E#XddX9C##





L,2"#a#Xe##
#

!,$*#0"*#/,*#/-+:*#/-Hdessus, l�IFN" est produit via la voie JNK activant le facteur de transcription AP1, 

B=,/+")(# 1"# +(,$*/(-.+-%$# 1-&:(-U)"E# /%&.%*:# 1"# /Hj)$# "+# /H\%*9# %)# 1"*# .(%+:-$"*# @P\# B.%)(#

'*-+9,-+7=&-:,7(*:+3-+)7&8,*-):) (Karin, 1997).#D"#&:/,$-*&"#*"#1-*+-$2)"#1"#0,#>%-"#&"++,$+#"$#p")#0"*#

=,/+")(*# AK\eMAK\bMR\H�BE#qui engendre la production d!IFN" via une activation liée à la présence 

d!agents pathogènes. En effet, Hata et collègues ont montré que la délétion de IRF3 permet tout de 

même une expression constitutive d!IFN" (W,+,E# Xdd59E# U)-# *"(,-+# 1:."$1,$+"# 1"*# =,/+")(*# 1"#

+(,$*/(-.+-%$#@LH5#"+#R\H�B (Z%)2<E#Xd5e9C#

Outre son rôle dans l!homéostasie osseuse, l�IFN� serait produit+ SI=+ JCD+ /7D# B.%)(# *.2212.(&

/.7/:+-+H1.(9# C<+ JCD+ PIA=>SOITCD+ B;?FSC;?IPPC;<+ ?C+ JI+ S=FDC;AC+ ?C+ SI<O>T\;CDh# >-,# )$"#

*+-&)0,+-%$#',/+:(-"$$"E#0,#.0)*#-&.%(+,$+"#*+-&)0,+-%$#:+,$+#.(%1)-+"#.,(#],*-)<,*+221(#,*+/)34+21(E#

',/+:(-"#/%&&"$*,0"#1"#0,#=0%("#-$+"*+-$,0"C#D"++"#=%-*#"$/%("#/"++"#.(%1)/+-%$#*"(,-+#-$1:."$1,$+"#

d!IRF3/7, et dans ce cas nécessiterait la molécule adaptatrice MyD88 conduisant à# l!activation des 

>%-"*#?FI#"+#LAeS#B]"-**E#Xd559C#

D"/-# -&.0-U)"(,-+# 1%$/# )$"# production physiologique basale d�IFN I# p%),$+# )$# (G0"# 1,$*# 0,#

maintenance d�une homéostasie cellulaireE# &,-*# ."(&"++,$+# ,)**-# 1"# &%'-0-*"(# (,.-1"&"$+# 0"*#

:0:&"$+*#("*.%$*,'0"*#1e l!action antimicrobienne, et donc de conduire à une réponse immunitaire 

innée et adaptative rapide et efficace. Il a en effet été montré qu!un déficit de la production 

constitutive d!IFN I résulterait en une diminution de l!expression de protéines régula$+#"00"*H&T&"*#

l!expression de cytokines nécessaires à la mise en place d!une réponse effica/"# /%$+("# 0"*# ,2"$+*#

pathogènes. De plus, ce déficit d!IFN I conduit# "$#)$# ("&%1"0,2"#%**")8#,'"((,$+#"+#)$"#."(+"#1"#

l!homéostasie du compartiment médullaire des c"00)0"*#*%)/<"*#BZ%)2<E#Xd5e9C##

66>FGKG&L",+@1#%/#&+@)1>M1*+$N&

L!action antiHvirale des IFN I est médiée par l!action combinée des effecteurs antiH>-(,)8#/%1:*#.,(#0"*#

A?Z*# BL>B=+ 'I[JCI@+ R9C# !"# +(3*# $%&'(")8# A?Z*# *%$+# -$1)-+*# ,=-$# 1"# (:.%$1("# "==-/,/"&"$+# "$# /,*#

d!infection virale. Pour /"# =,-("E# /"*# A?Z*# ,)(%$+# 1"*# =jJCD+ A>PSJFPC;<IB=CD# "+# ,2-(%$+# +,$+# .%)(#

empêcher l�adhésion# C<+ JI+ E@DB>;+ ?C+ JI+ AISDB?C+ LB=IJC# ,>"/# 0,# &"&'(,$"# .0,*&-U)"E# &:1-,$+#

l�apoptose de particules viraleE#%)#"$/%("#.%)(#B;OB[C=+JC+AYAJC+?C+=FSJBAI<B>;+LB=IJC#B!"4""(E#Xdd59C#

L,(&-#/"*#.(%+:-$"*#-&.0-U):"*#1,$*#0,#&-*"#"$#.0,/"#1"*#&:/,$-*&"*#,$+-H>-(,)8E#%$#.")+#/-+"(#LSK#

B.%)(#@:)-.+7&M+7,(.A& #Q$E+7/1*+<2.&/(D$'E,*-+9,-./9E#`@?# B.%)(#2�5�#)2+=),/.752,-.& (57-4.-,(.9E#"+#

0"*#.(%+:-$"*#78#B.%)(#K5G)9+:1(&:.(+(-,7*.9C#`@?E#,.(3*#,/+->,+-%$E#>,#T+("#"$#&"*)("#1"#/%$+(-')"(#

à la dégradation de l!ARN viral, tandis que PKR inhibera la traduction de l!ARN messager viral. Les 

.(%+:-$"*#78#*%$+#U),$+#;#"00"*#.,(&-# 0"*#&-")8#/,(,/+:(-*:*#des ISGs. Il s!agit de GTPases dont le 





L,2"#a#XJ##
#

mécanisme d�action antiHviral passe par l�inhibition de la réplication virale. Nous citerons aussi le*#

&%0:/)0"*# 1)# D7W# B.%)(# Complexe majeur d�histocompati<+2+-C9E# dont l�induction# ."(&"++(,# 0,#

présentation antigénique et ainsi l�activation des 0F&.<%/F+"*# P# BOP9# "+# 0F&.<%/F+"*# Q# BOQ9C#

\-$,0"&"$+E#%)+("#le fait d�empêcher l�entrée du virus, d�autres molécules (telles que la viperin ou la 

+"+<"(-$h+'I[JCI@+R9#>%$+#empêcher sa sortie et éviter la propagation de l�infection (?,&)"0E#Xdd5#n#

W"(>,*H?+)''*E#Xd55#n#?/<$"-1"(E#Xd5J9C&

#

L%)(#0,#2(,$1"#&,p%(-+:#1"*#+F."*#/"00)0,-("*E#la voie majeure conduisant à la production d�IFN I est 

secondaire à l�activation de récepteurs cytosoliques reconnaissant des acides nucléiques d�origine 

virale, ou endogène, et particulièrement de l�ADN# B.%)(#'*+/.& /C()G5:+<)71*2C+H1.9# ?>@[JC+ [=B;#

B1'9. Dans la plupart des infections virales, une production précoce d�IFN I est requise afin de limiter 

au maximum l�initiation de la réplication virale, bien avant que les mécanismes immunitaires 

/"00)0,-("*#$"#*%-"$+#"==-/,/"*C&

[$#%)+("E#/"*#&:/,$-*&"*#.(%+ecteurs sont rapidement mis en place en réponse à l�exposition à des 

>-()*E#',/+:(-"*E#%)#/<,&.-2$%$*E#"+#."(&"++"$+#0,#*+-&)0,+-%$#1"#0,#(:.%$*"#-&&)$-+,-("#,1,.+,+->"#

-&.0-U),$+#l�activation des OP#<"0."(#BP<9, orchestrant l�activation 1"*#OP#/F+%+%8-U)"*E#"+#0,#(:.%$*"#

<)&%(,0"#BA^,*,I-E#Xd5d#n#S,^,-E#XddN9C#

#

66>FGOG&!"I$.+)1H@&@"I+)1M/&0/&.+&MH1/&0/#&6B8&6&

Une régulation négative de cette voie de signalisation parait donc nécessaire puisqu�@;C#<=>S+E>=<C+

sécrétion d�IFN I peut être délétère pour l�organBDPCC# [$# "=="+E# "00"# .")+# "$2"$1("(# 0,# *:/(:+-%$#

-$/%$+(G0:"#1"#/F+%I-$"*#.(%H-$=0,&&,+%-("*E#,.."0:"#+"&.T+"#/F+%I-$-U)"E#U)-#"*+#*%)>"$+#,**%/-:"#

;#)$"#-$=0,&&,+-%$#-$/%$+(G0:"#"+#;#)$"#,)2&"$+,+-%$#1"#0,#&%(+,0-+:C##

O"*#&:/,$-*&"*#&-*#"$#p")#-&.0-U)"$+E#"$+("#,)+("*E#)$"#1%^$Hrégulation de l�expression des sousH

unités du récepteur IFNAR, et l�induction de régulateurs négatifs comme les protéines *(7*#

B!133:.(():&)8&*5-)M+7.(&(+=7,2+7=9#%)#2*83d#B`<+H1+-+7&(3.*+8+*&3:)-.,(.&F[), ou enfin l�induction de 

l�"8.("**-%$#1"#PBA=>9!#)D#B!"#]""(1E#Xd5X9C#

O"# 23$"# /%1,$+# .%)(# 0,# *%)*H)$-+:# A\R@KX# .")+E# 1"# =,m%$# ,0:,+%-("E# 2:$:("(# )$# BD>E>=PC+

<=I;DPCP[=I;IB=C+<=>;W@F#incapable d�induire la moindre cascade de signalisation et inhibant de ce 

=,-+# 0"*# "=="+*#1"*# A\R# A# B!"#]""(1E#Xddb9C# O,# *%)*H)$-+:# A\R@K5# /%$+-"$+#U),$+# ;#"00"#)$#1%&,-$"#

(:2)0,+")(#,)#$->",)#DH+"(&-$,0E#.%)>,$+#T+("#)'-U)-+-$F0:#"+#1:2(,1:E#*-#'"*%-$#BS)&,(E#XddJ9C#
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V$"#[>@AJC+?C+=F<=>9A>;<=jJC+;FTI<BE#"*+#.,(#,-00")(*#&-*"#"$#.0,/"#"+#PF?BFC+SI=+JCD+&*1DC#D%&&"#

&"$+-%$$:# .0)*# <,)+E# /"(+,-$*# A?Z*# /%1"$+# .%)(# 0"*# .(%+:-$"*# *(7*# B"+# $%+,&&"$+# ?`D?59E# 1"#

.)-**,$+*#(:2)0,+")(*#$:2,+-=*E#;#0,#=%-*#1"*#A\R#A#"+#AAC#D"*#&%0:/)0"*#.%**31"$+#)$#1%&,-$"#/"$+(,0#

?WX#B.%)(#!:*&4);)2)=5&L9#("*.%$*,'0"#1"#0,#0-,-*%$#;#1"*#.(%+:-$"*#.,(+"$,-("*E#"+#$%+,&&"$+#1"*#

+F(%*-$"*#I-$,*"E#.)-*U)"# 0"#1%&,-$"#?WX#("/%$$,-+#*.:/-=-U)"&"$+# 0"*#.<%*.<%H+F(%*-$"*C#!"#.0)*E#

0")(#1%&,-$"#RH+"(&-$,0#SAK#B.%)(#M+7,(.&+74+<+-):5&:.=+)7) est impliqué dans l�inhibition de l�activité 

I-$,*"#1"*#.(%+:-$"*#/-'0:"*E#"+#=-$,0"&"$+#0")(#1%&,-$"#DH+"(&-$,0E#?`D?#'%8E#"*+#-&.0-U):#1,$*#0,#

1:2(,1,+-%$#/-'0:"#B\"$$"(E#Xddf#n#L-2,$-*E#Xd559C#7CD+P>JFA@JCD+SC=PC<<=>;<+JI#EBaI<B>;+?C+=FDB?@D+

@[BW@B<B;C+D@=+ JCD+`B;IDCD+?C+ JI+L>BC+]!_M*'!'h+C;<=IB;I;<+IJ>=D+ JC@=+I?=CDDITC+I@+S=><FID>PC+C<+

JC@=+?FT=I?I<B>;,#

?`D?5# ."(&"+# )$"# '%)/0"# 1"# (:+(%/%$+(G0"# $:2,+-=# "$# ,2-**,$+# "8/0)*->"&"$+# *)(# 0,# *%)*H)$-+:#

A\R@K5#1)#(:/".+")(#,)8#A\R#AC#[$#"=="+E#1"*#:+)1"*#%$+#&%$+(:#U)"#0"#/(%-*"&"$+#1"#*%)(-*#S`#.%)(#

?`D?5#"+#.%)(# A\R@K5# /%$1)-+# ;# 0,# (:>"(*-%$#1)#.<:$%+F."# -$=0,&&,+%-("#%'*"(>:# /<"_# 0"*# *%)(-*#

?`D?5# S`E# ,0%(*# U)"# 1"*# *%)(-*# ?`D?5# S`# /(%-*:"*# ,>"/# 1"*# *%)(-*# 1:=-/-"$+"*# .%)(# 0,# *%)*H)$-+:#

A\R@KX#$"#."(&"++"$+#.,*#)$"#+"00"# (:>"(*-%$# B\"$$"(E#Xddf). Cependant, l�in<-'-+-%$#1)#(:/".+")(#

$"#.,**"(,-+#.,*#1-("/+"&"$+#.,(#)$"#,/+-%$#*)(# 0,#*%)*Hunité IFNAR1, mais plutôt par l�interaction 

,>"/#0,#.(%+:-$"#,**%/-:"#;#/"++"#*%)*H)$-+:E#PFIXC#[00"#."(&"++(,-+#"$#"=="+#0,#1:*+,'-0-*,+-%$#1"#/"++"#

dernière et ainsi l�internal-*,+-%$#1"#0,#*%)*H)$-+:#A\R@K5#BL-2,$-*E#Xd559C#

2*83dE#U),$+#;#"00"E#*"#0-"#;#0,#*%)*H)$-+:#A\R@KX#"+#%//,*-%$$"#)$#AOI;TCPC;<+A>;E>=PI<B>;;CJ+?@+

=FACS<C@=E#0"#("$1,$+#&%-$*#*+,'0"C#!"#.0)*E# &*136E#)$#,)+("#23$"#-$1)-+#.,(#0"*#A\R#AE#>,#."(&"++("#

.,(# 0-,-*%$# ;# A\R@KXE# )$"# (:,/+-%$# ,.."0:"# &*1YJI<B>;C# D"++"# 1"($-3("# "*+# ("*.%$*,'0"# 1"# 0,#

diminution de l�ubiquitination de protéines et ainsi, d�une diminution de la dégradation et du 

("/F/0,2"#1"#/"*#.(%+:-$"*#/-'0"*C#D"/-#/%$1)-+#1%$/#;#)$"#,/+->,+-%$#*%)+"$)"#1"*#.(%+:-$"*#/-'0"*#1"#

A?Z56#B.%)(#`<+H1+-+7&2+M.&;)/+8+.:&#!%FB9C#2*83d+LI+A>;?@B=C+N+JI+=FT@JI<B>;+;FTI<BLC+?C+&0)!#+C;+

B;OB[I;<+ &*136h+ SC=PC<<I;<+ ?>;A+ @;+ =CAYAJITC+ ?@+ =FACS<C@=# B4-00,((%F,HQ"0+(-E# Xd5b#n# 7,0,I<%>E#

XddX9C&

[$=-$E#%)+("# 0,#1:2(,1,+-%$#1u récepteur ou l�action des protéines SOCS, la régulation négative des 

A\R# A# .,**"# .,(# l�expression de micro9!#)D# (miARN). Les miARN sont de petites molécules d�ARN 

$%$Hcodants capables de se fixer sur des ARN messagers et d�empêcher l�expression consécuti>"#1)#

gène cible. En effet, ils conduisent à la dégradation ou à l�inhibition de ces ARN messagers. 

L�expression de STAT1, protéine impliquée dans la cascade de signalisation en aval du récepteur 

A\R@KE# "*+# =-$"&"$+# (:2)0:"# .,(# &-KH5Jf,E# +,$1-*# U)"# &-KH566# supprimerait l�expression des 

/%&.%*,$+*#1"#0,#>%-"#A\R@KHj@SH?P@P#1,$*#0"*#OP#D!ci#B+"0*#U)"#?`D?59#B\%(*+"(E#Xd569C#
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666>&:4-4<-678&:!'E48-9&='-P7E4849&='!&A4&9Q9-4L4&6LL;86-'6!4&R&A49&=!!9&

D"*# (:/".+")(*# /,.,'0"*# 1"# 1:+"/+"(# 0"*# ,2"$+*# .,+<%23$"*E# 0"*# LKK*, permettent d�initier une 

(:.%$*"#(,.-1"#,.(3*#1:+"/+-%$#1"#*-2$,)8#1"#1,$2"(#BS,^,-E#XddN9C##

O"*# 8!Q8D, outre le fait d�être partagées au sein d�une même classe de pathogènes, sont des 

/%&.%*,$+*# &%0:/)0,-("*# "**"$+-"0*# .%)(# 0,# *)(>-"# 1"# /"*# 1"($-"(*# "+# -$/0)"$+# 1"*# 0-.-1"*E# 1"*#

0-.%.(%+:-$"*E# .(%+:-$"*E# 20F/,$"*# %)# ,/-1"*# $)/0:-U)"*# B7,E# Xd5f9C# &JD+ D>;<+ CaS=BPFD+ SI=+ ?C+

nombreux microorganismes mais absents de l�hôte, permettant ainsi la mise en place de signaux 

?C+ ?I;TC=+ W@B+ L>;<+ IJC=<C=+ JC+ DYD<\PC+ BPP@;B<IB=C+ ?C+ JI+ S=FDC;AC+ ?C+ SI<O>T\;CD+ C<+ IA<BLC=+

l�immunité innée#BP,$2E#Xd5X9C##

Les PRRs présentent l�avantage d�avoir un répertoire très variée leur permettant de reconnaitre un 

0,(2"#.,$"0#1"#&-/(%'"*C#!"#.0)*E#)$# +F."#1"#L@7L*#.%)((,#T+("# ("/%$$)#.,(#.0)*-")(*#LKK*C#D"/-#

."(&"++(,# ,-$*-# 0,# mise en place rapide d�une puissante réponse inflammatoire, c�est9N9?B=C+ JI+

S=>?@A<B>;+ ?C+ AY<>`B;CD+ S=>9inflammatoires et d�IFN+ &+ G>@+ &+ C<+ &&&H, mais aussi l�activation de 

PFAI;BDPCD+?C+?FEC;DC+ <CJD+W@C+ JI+SOIT>AY<>se, l�autophagie et autres types de mort cellulaire#

BQ()',I"(E#Xd56#n#A^,*,I-E#XddJ9C#

!"#$%&'(")8#.(%2(3*#%$+#:+:#=,-+*#"$#&,+-3("#1"#/%&.(:<"$*-%$#1"*#&:/,$-*&"*#1"#1:+"/+-%$#1"#

l�ARN viral, &,-*# beaucoup reste à découvrir sur la détection de l�ADN# &-/(%'-"$C# V$"# 1:+"/+-%$#

rapide d�agents pathogènes, d�ADN étranger ou d�ADN du soi est essentielle#.%)(# 0,#&-*"#"$#.0,/"#

d�une défense appropriée contre l�infection# "+# ,)(,#,)**-# 1"*# /%$*:U)"$/"*# *)(# 0"#1:>"0%.."&"$+#

d�une autoimmunitéC# @-$*-E#&-")8# :>,0)"(# 0"*#&:/,$-*&"*#&-*# "$# p")# ."(&"++(,-+# ,)**-# 1"#&-")8#

comprendre la réponse immunitaire contre les pathogènes et d�élucider les causes de pathologies 

,)+%-&&)$"*M,)+%-$=0,&&,+%-("*C##

#

!)(,$+#/"*#5d#1"($-3("*#,$$:"*E#1"#$%&'(")8#senseurs d�ADN#%$+#:+:#:+)1-:*#"+#&-")8#/,(,/+:(-*:*E#

+"0*#U)"#A\A5f#B.%)(##Q$E�E+7/1*+<2.&3:)-.+7&FZ9E#)$#&"&'("#1"#0,#=,&-00"#LoWAR#B.%)(#@5:+7&,7/&S#$&

/);,+7& 8,;+259# B?<,++2"$E# Xd559C# `$# .")+# :2,0"&"$+# /-+"(# !!gJ5# B.%)(# I?'IEN)G& S.2+*,(.& XF9E#

&"&'("# 1"# 0,# =,&-00"# 1"*# <:0-/,*"*#![!g/E# )$# *"$*")(# .%)(# 0"# /H1-H@7L# B.%)(# *5*2+*#/+E,/C7)(+7.&

;)7)34)(34,-.9E# /H1-HZ7L# B.%)(#*5*2+*#/+E=1,7)(+7.&;)7)34)(34,-.) ou l�ADNdb. R:,$&%-$*# *%$#

rôle en tant qu�hélicase reste mal connu (7,(-$<%E# Xd5b). Finalement, l�ADN cytoplasmique peut 

,)**-#,/+->"(#la signalisation de l�inflammasome dépendant d�AIM2 (pour '<(.7-&+7&K.2,7);,&L9C#

Ainsi, aujourd�hui, .0)*#1"#5d#*enseurs de l�ADN cytosoliques %$+#:+:#1:/(-+*#BL,0)1,$E#Xd5e9C##
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#

P%)*#/"*#LKK*#/-+:*#/-H1"**)*#*%$+#0%/,0-*:*#;#0,#*)(=,/"#1"*#/"00)0"*E#1,$*#0"#/F+%.0,*&"#%)#1,$*#1"*#

/%&.,(+-&"$+*# /"00)0,-("*# /F+%*%0-U)"*# *.:/-=-U)"*# B"$1%*%&"*E# 0F*%*%&"*9C# A0*# *%$+# 1->-*:*# "$# 6#

=,&-00"*#q##

O"*#P%00H0-I"#K"/".+%(*#BPOK*9E# 0"*#R)/0"%+-1"#%0-2%&"(-*,+-%$#1%&,-$#BR`!9#H# 0-I"#K"/".+%(*#BROK*9E#

0"*# KAZHAH0-I"# K"/".+%(*# BKOK*9# "+# 0"*# DH+F."# 0"/+-$# ("/".+%(*# BDOK*9# "+# =-$,0"&"$+E# 0"*# @OK*# B.%)(#

'#KLE2+M.&:.*.3-):(9#BQ()',I"(E#Xd569C#

666>FG&A/#&<>)ST/&./,)1@&*/,/T)H*#&C<A!#D&

Alors qu�ils sont A=@ABI@a#dans l�établissement d�une réponse immunitaire suite à une infection 

E>;TBW@CE# 0"*# DOK*# ("*+"$+# 0"*# &%-$*# :+)1-:*# 1"*# LKK*# /%$/"($,$+# 0"*# -$="/+-%$*# >-(,0"*# %)#

',/+:(-"$$"*C# L,(&-# ")8E#%$# .")+# /-+"(#/CA<B;93#C<+RE#/79*&1)# B.%)(#I.7/:+-+*& *.22E(3.*+8+*& #O'KWE

=:,<<+7=&7)7+7-.=:+79E#%)#"$/%("#/)1#93#B.%)(#IO&$U&2.*-+7&=:)13&:.*.3-):EF9#B'I[JCI@+^9C#

A0*#=%(&"$+#)$"#=,&-00"#("0,+->"&"$+#<:+:(%23$"#1"#(:/".+")(*E#.(:*"$+*#;#0,#=%-*#*%)*#=%(&"#D>J@[JC#

B%.*%$-$"*9E#%)#PCP[=I;IB=CE#&,-*#.%**:1,$+#+%)*#)$#1%&,-$"#,.."0:#DPO!#B.%)(#OE-53.&2.*-+7E2+M.&

/);,+79# ,F,$+# )$"# *+()/+)("# /,(,/+:(-*+-U)"# "$# 1%)'0"H'%)/0"# Bh"0"$*IFE# Xdd69C# O"*# DOK*# *%0)'0"*#

B/%&&"# .,(# "8"&.0"# 0"*# /%00"/+-$"*9# agissent simplement comme des opsonines, c�estH;H1-("#

/%&&"*#1"*#&%0:/)0"*#."(&"++,$+#1"#("/(%)>(-(#1"*#,2"$+*#&-/(%'-"$*#%)#1"*#/"00)0"*#-$="/+:"*#"+#

d�entraîner leur phagocytose par les macrophages, et donc n�induisant pas de cascade de 

*-2$,0-*,+-%$#BW%>-$2E#Xd5J9C#R%)*#$"#1:>"0%.."(%$*#-/-#U)"#0"*#DOK*#&"&'(,$,-("*C#





L,2"#a#Xc##
#

79<YSC+.CA<B; #CACS<>=D+G7.#DH

7.#D .>AIJBDI<B>; .BTI;? (=BTB;C ?@+JBTI;?

!"/+-$H5#M#DO[Df@ 7"&'(,$"#.0,*&-U)" �H5Ee#20)/,$"
D<,&.-2$%$*#M#
7F/%',/+:(-"*

!"/+-$HX#M#DO[Db@ 7"&'(,$"#.0,*&-U)" 7,$$%*" M# H&,$$,$"
D<,&.-2$%$* M#
7F/%',/+:(-"*

!DH?AZR#M#D!XdN 7"&'(,$"#.0,*&-U)" 7,$$%*" M#\)/%*"

D<,&.-2$%$* M#
7F/%',/+:(-"* M#4-()*#

B!"$2)"E#WA4E#
DF+%&:2,0%>-()*CC9#M#
L,(,*-+"*#B!*4+(-)();,

;,7()7+9

!RZKH5 M#DO[DN, 7"&'(,$"#.0,*&-U)" \%(&"* =-0,&"$+")*"* d!actine D"00)0"*#$:/(%+-U)"*

7-$/0" M#DO[DJ[ 7"&'(,$"#.0,*&-U)"  H&,$$%*"##M#Z0F/%0-.-1"*
D<,&.-2$%$* M#
7F/%',/+:(-"*

Q!D@HX 7"&'(,$"#.0,*&-U)" 7,$$%*"#M#\)/%*" A$/%$$)

!DAK#M#DO[DJ@ 7"&'(,$"#.0,*&-U)" M#[$1%*%&" 7,$$%*"#M#\)/%*" 4-()*#BWA49

?AZRKe#M#D!XdN1 7"&'(,$"#.0,*&-U)" 7,$$%*"#M#\)/%*" 7F/%',/+:(-"*

O`gH5 M#̀ OK5 7"&'(,$"#.0,*&-U)"
O!O#%8F1:"* M#O-.%.(%+:-$"*

&%1-=-:"*
[$1%23$"* M#Q,/+:(-"*

DO[DH5 7"&'(,$"#.0,*&-U)"

A$/%$$)

A$/%$$)

DO[DHX 7"&'(,$"#.0,*&-U)"

L%1%.0,$-$" "$1%23$"
M#4-()*#BWA49#M#

K<%1%/F+-$" B.(%+:-$"
1)#>"$-$#1"#*"(."$+9

DO[DJ! 7"&'(,$"#.0,*&-U)"

A$/%$$)
DO[D5XQ 7"&'(,$"#.0,*&-U)"

!D@K M#DO[DJQ 7"&'(,$"#.0,*&-U)"

7ADO M#DO[D5X@ 7"&'(,$"#.0,*&-U)"

7!OH5#M#DO[D6@ 7"&'(,$"#.0,*&-U)" 4-()*#B!"$2)"9

'!".$!2+^+K+.CD+7.#D+C<+JC@=D+JBTI;?D+

#

@'(:>-,+-%$*#q#7.$7abE#OE-53.&2.*-+7&/);,+7&8,;+25&GA&;.;<.:&T#n#/79*&1)E#I.7/:+-+*&*.22E(3.*+8+*&#O'KWE=:,<<+7=&7)7E+7-.=:+7#n#X&%E#S1;,7&

+;;17)/.8+*+.7*5&9+:1(#n#/)1#93E#IO&$U&2.*-+7&=:)13&:.*.3-):EF#n#7-$/0"E#K,*:)34,=.E+7/1*+<2.&*E-53.&2.*-+7n#"/7!9RE#N2))/&/.7/:+-+*&*.22&

,7-+=.7&L#n#/7&#A&I.7/:+-+*&*.22&+;;17):.*.3-):#n#.(593E#].*-+7E2+M.&)G+/+c./E2/2&:.*.3-):&F#n#./.E#])6&/.7(+-5&2+3)3:)-.+7n#Q&7.E#K5.2)+/&

+74+<+-):5&*E-53.&2.*-+7E2+M.&:.*.3-):#n#Q/.93E#K5.2)+/&/,3FLE,(()*+,-+7=&2.*-+7&F>&

#

O"*#DOK*#&"&'(,$,-("*#possèdent!ainsi!un!domaine!CTLD!extracellulaire,!de!même!qu�une!extrémité!

intracellulaire! particulière! porteuse! d�un! domaine! ITAM! (pour! #;;17):.*.3-):& -5:)(+7.& <,(./&

,*-+9,-+)7&;)-+8)!modifié! appelé! hemITAM.! Ce! domaine! est! particulier! puisqu�il! ne! contient! qu�un!

&%1)0"#1"#(:*-1)*#+F(%*-$"E#/%$+(,-("&"$+#,)#&%+-=#AP@7E#=ormé!d�un!tandem!de!deux!modules!de!

(:*-1)*#+F(%*-$"#*:.,(:*#.,(#f#;#c#,/-1"*#,&-$:*#B0BT@=C+49#BQ,)"(E#Xd5b9C#





L,2"#a#XN##
#

0&12#$+4+K+*<=@A<@=CD+?CD+P><BED+&'!Q9&'&Q+C<+XCP&'!Q+

O"*#&%+-=*#1"#',*"#("+(%)>:*#,)#$->",)#1"#$%&'(")8#(:/".+")(*#"+#."(&"++,$+#

0,# +(,$*1)/+-%$# 1)# *-2$,0# -$/0)"$+# $%+,&&"$+# 1"*# &%+-=*# AP@7# B.%)(#

#;;17):.*.3-):& "5:)(+7.E<,(./& '*-+9,-+)7& K)-+89# %)# APA7# B.%)(#

#;;17):.*.3-):& "5:)(+7.E<,(./& #74+<+-+)7& K)-+89# "$2"$1(,$+# ,)# /%$+(,-("# )$#

*-2$,0# -$<-'-+")(E# "+# =-$,0"&"$+E# )$# &%+-=# ,.."0:# W"&AP@7# B.%)(# S.;+E

#;;17):.*.3-):&"5:)(+7.E<,(./&'*-+9,-+)7&K)-+89#B"I@C=h+RU3:9C#

+

#

O"*#&-")8#/,(,/+:(-*:*#1"*#DOK*#*%$+#*,$*#1%)+"#!"/+-$H5#B/%1:#.,(#0"#23$"#O]?OY'#chez l�Homme#"+#

O2.*Y,#/<"_#0,#*%)(-*9#"+#!"/+-$HX#B/%1:#.,(#O]?OZ'&chez l�Hommen#O2.*X7#/<"_#0,#*%)(-*9C#!"/+-$H5#"*+#

&,p%(-+,-("&"$+# "8.(-&:# 1,$*# 0"*# /"00)0"*# 1"$1(-+-U)"*E# 0"*# &%$%/F+"*E# 0"*# &,/(%.<,2"*# "+# 0"*#

$")+(%.<-0"*E#,0%(*#U)"#!"/+-$H2 ne l�est que dans les cellules dendritiques, et en particulier dans les 

/"00)0"*#1"#O,$2"(<,$*#BS,$,_,^,E#Xdde9C#

/CA<B;93+i>@C+@;+=jJC+ BPS>=<I;<+?I;D+ JI+?FEC;DC+I;<B9E>;TBW@C+ B0BT@=C+69C# A0#>,#"$#"=="+#."(&"++("#

d�engendrer une réponse antiHmicrobienne et inflammatoire via la production d�espèces réactives de 

l�oxygène (ROS pour D.,*-+9.& )G5=.7& (3.*+.(9E# 0,# .<,2%/F+%*"# 1"# &,+:(-"0# :+(,$2"(# ,-$*-# U)"# 0,#

.(%1)/+-%$#1"#/F+%I-$"*#"+#/<-&-%I-$"*#BZ%%1(-12"E#Xd559C##

Suite à la liaison avec son ligand, le plus important d�entre eux :+,$+# 0"# !H5EeH20)/,$e d"origine 

=%$2-U)"E#!"/+-$H5# >,# *"#1-&:(-*"(# "+E# 1"# 0,#&T&"# =,m%$#U)"# 0"# POKJE# *"# ("0%/,0-*"(# ,)#$->",)#1"*#

radeaux lipidiques pour conduire à l"entrée du MAMP p,(#"$1%/F+%*"#BP,F0%(E#Xddb9C#

!"/+-$HX# B$%$# (".(:*"$+:# *)(# 0,# \-2)("# 69# ,2-(,# 1"# =,m%$#U),*-# :U)->,0"$+"# ;#!"/+-$H5C# D"."$1,$+E#

,F,$+#)$"#"8+(:&-+:#-$+(,/"00)0,-("#+(%.#/%)(+"#.%)(#-$1)-("#)$#*-2$,0E#!"/+-$HX#>,#*"#0-"(#;#0,#/<,s$"#� 

1)# (:/".+")( \/E#.%**:1,$+#)$#&%+-=# AP@7#U)-# 0)-#."(&"++(,#d"acti>"(# 0,# /,*/,1"#1"# *-2$,0-*,+-%$$#

BZ%%1(-12"E#Xd559C#

7C<<C+ EIPBJJC+ ?C+ =FACS<C@=D+ LI+ I@DDB+ =CA>;;Ik<=CE# %)+("# 0"*# /<,&.-2$%$*E# JCD+ &T!# B.%)(#

#;;17)=2)<12+7.&'9#DFA=F<FCDE#JCD+P@AB;CD+C<+JCD+�9TJ@AI;CD#d"autres microorganismes, tels que les 

[IA<F=BCD#]+(-.:+,&"+#K5*)<,*-.:+1;#BW%>-$2E#Xd5J9C##

Ceci va permettre d"initier une cascade de signalisation conduisant à une réponse inflammatoire 

,/+->:"#.,(#0,#.<%*.<%(F0,+-%$#1"*#1%&,-$"*#<"&AP@7#.,(#0"*#I-$,*"*#1"#0,#=,&-00"#?(/#B?\S*#.%)(#!:*&

8,;+25&M+7,(.(9#;#/%&&"$/"(#.,(#0"#=CA=@<CPC;<+?C+JI+`B;IDC+*Y`#B.%)(#!32..7&-5:)(+7.&M+7,(.9C#@#*%$#

+%)(E#*Y`+LI+IA<BLC=+JI+S=><FB;C+`B;IDC+C !#BLSD##) qui conduit à la formation d"un complexe associant 

0"*# .(%+:-$"*# D@K!N# B.%)(# O,(3,(.& D.*:1+-;.7-& I);,+7& Q,;+25& K.;<.:& R9E# Q/05d# B.%)(# N& *.22&
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L,2"#a#ed##
#

25;34);,&FP9#"+#7,0+5#B.%)(#K1*)(,E,(()*+,-./&25;34)+/&-+((1.&25;34);,&-:,7(2)*,-+)7&3:)-.+7&F9#

Bg)E#XddN9C## #

7C+A>PSJCaC+va finalement conduire à l�activation de TAK1#B.%)(#":,7(8):;+7=&=:)6-4&8,*-):&<.-,E

,*-+9,-./& M+7,(.& F9# S@BD+ N+ ACJJC+ ?C+ JI+ L>BC+ AI;>;BW@C+ ?C+ )09!"h+ C<+ ?CD+ Q!8_, à l�origine de la 

maturation des cellules dendritiques, de l�activation de l�inflammasome, de la production de 

cytokines, et également de l�activat-%$#1"#0,#.<,2%/F+%*"#B0BT@=C+69#B?+(,**"(E#Xd5X9C##

D@K!NE#-&.0-U):"#1,$*#0"#/%&.0"8"#.(:/:1"&&"$+#&"$+-%$$:E#p%)"#"$#.,(+-/)0-"(#)$#(G0"#/()/-,0#"$#

cas d�atteinte bactérienne puisqu�il a été observé chez des souris CARD9 KO une réplication 

',/+:(-"$$"# -$/%$+(G0:"# /%$1)-*,$+# (,.-1"&"$+# ;# )$"# -$=0,&&,+-%$# "8/"**->"# "+# )$"# &%(+,0-+:#

.(:&,+)(:"#1"*#,$-&,)8#B!%(<%-E#Xd5d9C#

D�autre part, DectinH1 est aussi à l�origine du recrutement de la protéine LC3 (pour K+*:)-1<12.E

,(()*+,-./& 3:)-.+7& F'\FNE2+=4-& *4,+7& W9# ,)# .<,2%*%&"#q# ODe# "*+# )$"# .(%+:-$"# *%0)'0"# ("/()+:"# ,)#

niveau de la membrane de l�autophagosome, à l�origine de la dégradation sélective de 

matériel/organelles (processus nommé autophagie) grâce à l�action d�hydrolases lysosomales (7,E#

Xd5X9C#

7,#"+#/%00,'%(,+")(#%$+#"$#"=="+#%'*"(>:#U)"#!"/+-$H5#/%$+(G0"# 0,#&,+)(,+-%$#1)#.<,2%*%&"#"+# 0"#

/<,(2"&"$+#1)#D7W#AA#B.%)(#Complexe majeur d�histocompatibilité de classe II9#.,(#("/()+"&"$+#1"#0,#

protéine LC3 au phagosome. Ce processus nécessiterait l�activation de Syk e+# 0,#.(%1)/+-%$#1"#K`?#

par la NADPH oxydase et conduirait à la formation d�un LAPosome (pour ]OW&,(()*+,-./&34,=)();.9#

B0BT@=C+69#B7,E#Xd5J9C#

#

Finalement, ces récepteurs sont responsables de la mise en place de l"immunité adaptative, de par 

JC@=+AISIAB<F+N+?B=BTC=+JI+?BEEF=C;ABI<B>;+?CD+.'O+LC=D+@;+SOF;><YSC+'O3+C<+'O3:#BZ(-$2<)-*E#XddN9C#

[$# "=="+E# !"/+-$H1 peut aussi activer d�autres voies comme RafH5E# -$1:."$1,&&"$+# 1"# ?FIE#

permettant d�activer R\H!Q#et augmentant ainsi l"activité transcriptionnelle de p66#.%)(#."(&"++("#0,#

.%0,(-*,+-%$#1"*#OP<#"$#P<5#"+#5b#"$#/,*#1"#*+-&)0,+-%$#.,(#O,7/+/,&,2<+*,7(&BZ(-$2<)-*E#Xddb9C#D"++"#

différenciation est en effet liée à la production d"IL6, d"IL23 induite par R\H!Q, mais aussi d"ILH1� 

puisque l"expression de la proHAOH1� dépend de la voie R\H!QE#,0%(*#U)"# 0"#/0->,2"#$:/"**,-("#;#*%$#

activité résulte de l"action de la caspase 8 en complexe avec CARD9, Bcl10 et Malt1 (0BT@=C+ 69#

BO"-')$1Z)+E#XddN#n#?+(,**"(E#Xd5X9C#

\-$,0"&"$+E# %)+("# 0"*# /<,&.-2$%$*E# /"(+,-$*# DOK*# B/%&&"# !RZKH59E# .%)((,-"$+# ,>%-(# )$# (G0"#

.(%+"/+")(#/%$+("# 0"*# -$="/+-%$*#>-(,0"*#"$#."(&"++,$+# 0,#/(%**Hprésentation d"antigènes .,(# 0"*#!D*#

,)8#OP#D!c#Bh"0"$,FE#Xd5X#n#W%>-$2E#Xd5J9C#





L,2"#a#e5##
#

666>JG&A/#&-H..>.1U/&*/,/T)H*#&C-A!#D&

O"*#POK*#*%$+#1"*#.(%+:-$"*#+(,$*&"&'(,$,-("*E#U)-#)$"#=%-*#0-:"*#;#0")(#0-2,$1E#E>=PC;<+?CD+?BP\=CD#

B<%&%1-&3("*E# %)# <:+:(%1-&3("*# +"0*# U)"# /")8# =%(&:*# .,(# 0"*# POK*# 5MX# %)# POK*# XMf9E# *-+):*# ;# 0,#

*)(=,/"#1"#0,#&"&'(,$"#.0,*&-U)"#%)#"$1%*%&,0"C##

Ces glycoprotéines sont constituées d�un domaine extracellulaire impliU):# 1,$*# 0,# ("/%$$,-**,$/"#

1"*#7@7L*C#?-+):#"$#.%*-+-%$#RH+"(&-$,0"E#/"#1%&,-$"#"*+#,.."0:#.##D#B.%)(#].1*+7.&D+*4&D.3.,-9E#

"+#/%$+-"$+#Xd#;#ed#(:*-1)*#$%$#/<,(2:*E#0,#.0).,(+#<F1(%.<%'"s, formant un brin ! et une hélice �. 

D"*# 1%&,-$"*# OKK*# >%$+# /%$=:("(# ;# 0,# .,(+-"# RH+"(&-$,0"# )$"# *+()/+)("# "$# ="(# ;# /<">,0E# "+# 0")(#

variabilité entre les différents TLRs est responsable de la spécificité du récepteur pour l!un ou l!autre 

0-2,$1#B0BT@=C+-9#BQ%+%*E#Xd559C#

0&12#$+-+K+Q>?FJBDI<B>;+D<=@A<@=CJJC+?CD+'.#D+GCaCPSJC+?@+'.#^h+"><>Dh+RU33H+

#

#

#

#

#

#

#

#

Modélisation de la structure de l!homodimère formé par le TLR3 (en bleu et violet) complexé avec de l!ARNdb (en rouge et vert9C#

#

!"# .0)*E# -0*# .%**31"$+# )$# 1%&,-$"# -$+(,/"00)0,-("# ,.."0:# '&## B.%)(# ")22\#]EFD9E# <%&%0%2)"# 1)#

1%&,-$"#DHterminal du récepteur de l!ILH1, permettant d!initier la cascade de signalisation à l!origine 

1"# 0,# +(,$*/(-.+-%$# 1"# 23$"*# -&.0-U):*# 1,$*# 0,# 1:="$*"# ,$+-Hmicrobienne et l!inflammation (S,^,-E#

Xd5d9C#

O"*# POK*# *%$+# ,)# $%&'("#1"# 5e# /<"_# 0"*#&,&&-=3("*# B+%)+"*# "*.3/"*# /%$=%$1)"*9# "+# '-"$# U)"# 0,#

plupart d!entre eux (TLRs 1 à 9) soient conservés entre l!Homme et la souris, il apparait que d!autres 

$"#*%$+#.,*#=%nctionnels chez l!une ou l!autre espèce. Par exemple, le TLR10 est non fonctionnel chez 





L,2"#a#eX##
#

0,#*%)(-*#*)-+"#;#)$"#-$*"(+-%$#(:+(%>-(,0"#1,$*#0"#23$"#/%1,$+#/"#POKE#+,$1-*#U)"#0"*#POK*#55E#5X#"+#5e#

n�existent pas chez l�Homme ('I[JCI@+49C#

'!".$!2+4+K#.CD+'.#D+C<+JC@=D+JBTI;?D+

+

@'(:>-,+-%$*#q# !#)?[E# '*+/.& :+<)71*2C+H1.& /)1<2.& <:+7#n# D[E# (+;32.& <:+7#n# !/)E# '*+/.& /C()G5:+<)71*2C+H1.#n# 7S1E# O5-)(+7.E34)(34,-.E

%1,7+7.>#

#

O"*#POK*#.")>"$+#T+("#1->-*:*#"$#*%)*H=,&-00"*E#/0,**:"*#*"0%$#1-==:("$+*#/(-+3("*E#+"0*#U)"#0"#+F."#1"#

L@7L*#("/%$$)C#@-$*-E# 0"*#POK*#5MX#"+#XMf#("/%$$,-**"$+#1"*# 0-.-1"*# +,$1-*#U)"# 0"*#POK*#eMbMc#"+#N#

("/%$$,-**"$+# 1"*# ,/-1"*# $)/0:-U)"*# B@I-(,E# Xddf). D�autre part, ils possèdent une distribution 

/"00)0,-("#1-==:("$+"#.)-*U)"#0"*#POK*#5MXMJM6Mf#"+#5d#*%$+#"8.(-&:*#;#0,#*)(=,/"#1"#0,#/"00)0"E#"+#1"#/"#

=,-+#*%$+#.(-$/-.,0"&"$+#-&.0-U):*#1,$*#0,#("/%$$,-**,$/"#1"#&%+-=*#',/+:(-"$*E#+,$1-*#U)"#0"*#POK*#

eMbMc# "+# N# *%$+# 0%/,0-*:*# 1,$*# 1"*# /%&.,(+-&"$+*# -$+(,/"00)0,-("*# +"0*# U)"# 0"*# "$1%*%&"*# %)#

"$1%*%&"*H0F*%*%&"*# B"$1%*%&"*# +,(1-=*9# "+# ,-$*-E# *"(%$+# *.:/-,0-*:*# 1,$*# 0,# ("/%$$,-**,$/"#

d�acides nucléiques (7%2"$*"$E# XddN). Néanmoins, cette localisation ne sera effective qu�après 

*+-&)0,+-%$#"$2"$1(:"#.,(#)$#L@7LE#.)-*qu�à l�état basal ces TLRs intracellulaires sont exprimés sur 

0"# (:+-/)0)&# "$1%.0,*&-U)"# BK[9# 1"*# /"00)0"*# BS,^,-E# XddN9C# A0# ,..,(,-+# .,(# ,-00")(*# U)"# /"++"#

'>JJ9JB`C #CACS<>=D+G'.#DH

'.# .>AIJBDI<B>; .BTI;? (=BTB;C ?@+JBTI;?

POK#5MX 7"&'(,$"#.0,*&-U)" P(-,/F0 0-.%.".+-1"
Q,/+:(-"* M#

7F/%',/+:(-"*

POKXMf 7"&'(,$".0,*&-U)" !-,/F0 0-.%.".+-1"
Q,/+:(-"*

B&F/%.0,*&"*9

POK#e
D%&.,(+-&"$+* -$+(,/"00)0,-("*

B"$1%*%&"9
@KR1' 4-()*#g#7821.7c,h

POK#J 7"&'(,$"#.0,*&-U)"

O-.%.%0F*,//<,(-1" Q,/+:(-"* Z(,&#H

Z0F/%.(%+:-$"*
d�enveloppe

4-()*#BK?49

POK#6 7"&'(,$"#.0,*&-U)" \0,2"00-$" Q,/+:(-"* =0,2"00:"*

POK#b
D%&.,(+-&"$+* -$+(,/"00)0,-("*

B"$1%*%&"9
@KR*' 4-()*#B4?49

POK#c
D%&.,(+-&"$+* -$+(,/"00)0,-("*

B"$1%*%&"9
@KR*' 4-()*#B4?49

POK#N
D%&.,(+-&"$+* -$+(,/"00)0,-("*

B"$1%*%&"9
7%+-=* $%$H&:+<F0:* 1"#

l�ADN BD.Z9#M#W:&%_%Y$"

Q,/+:(-"* Z(,&#H M#4-()*#
BW?49#M#L(%+%_%,-("* g@>&

8,2*+3,:1;h

POK#5d
B23$"&)(-$ $%$#=%$/+-%$$"09

7"&'(,$"#.0,*&-U)" A$/%$$) M

POK55
B.*")1%23$"$%$#=%$/+-%$$"0

/<"_#l�Homme9

D%&.,(+-&"$+* -$+(,/"00)0,-("*
B"$1%*%&"9

L(%=-0-$" M#/%&.%*,$+* 1"#
',/+:(-"*

)(%.,+<%2:$-U)"*

L(%+%_%,-("* g">&=)7/++h

M#Q,/+:(-"* g?>&*)2+h

POK5X
B23$",'*"$+#/<"_#l�Homme9

D%&.,(+-&"$+* -$+(,/"00)0,-("*
B"$1%*%&"9 L(%=-0-$" L(%+%_%,-("* g">&=)7/++h

POK5e
B23$",'*"$+#/<"_#l�Homme9

D%&.,(+-&"$+* -$+(,/"00)0,-("*
B"$1%*%&"9 @KR#(-'%*%&,0

Q,/+:(-"*
B*+(".+%/%U)"*9
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#

("/%$$,-**,$/"#1"#&%+-=*#&-/(%'-"$*#.")+#T+("#*%-+#1-("/+"E#/%&&"#.%)(#0"*#POK*#5MXE#e#"+#NE#U)-#*"#

0-"$+# ("*."/+->"&"$+#,)8# 0-.%.".+-1"*E#@KR1'#"+#&%+-=*#D.Z#B.%)(#O5-)(+7.E34)(34,-.E=1,7+7.9#1"#

l�ADN, ou alors indirecte, comme dans le cas du TLR4, qui reconnait le lipopolysaccharide (LPS, 

/%$*+-+),$+# &,p")(# 1"# 0,# &"&'(,$"# "8+"($"# 1"*# ',/+:(-"*# Z(,&# H9# au moyen d�une molécule 

,1,.+,+(-/"E#7!X#B,)**-#,.."0:"#OFNf#.%)(#25;34)*5-.&,7-+=.7&RZ9#BS,^,-E#Xdd59C##

.CD+'.#D+D>;<+CaS=BPFD+?I;D+ JI+SJ@SI=<+?CD+ <YSCD+ACJJ@JIB=CD+ GPIA=>SOITCDh+/7Dh+ ."h+ EB[=>[JID<CDh+

ACJJ@JCD+FSB<OFJBIJCD,,,Hh+W@C+AC+D>B<+?C+EIl>;+A>;D<B<@<BLCh+>@+B;?@B<C+IS=\D+B;ECA<B>;#BA^,*,I-E#XddJ9C#

L�activation et la dimérisation des TLRs permettra le rapprochement des domaines TIR et l�activation 

d�une cascade de signalisation, débutant par le recrutement de molécules adaptatrices comme 

QY/ddh+ '&#!8h+ '#&0+ >@+ '#!QE# *"0%$# 0"B*9# POKB*9# -&.0-U):*# BQ%+%*E# Xd569C# O"*# POK*# *%$+# "$# "=="+#

capables d�engendrer la transcription de gènes différents en fonction des adaptateurs utilisés. En 

"=="+E# )$"# ,/+->,+-%$# 1"# R\H!B et/ou des MAPKs incluant les protéines EKS5MX# B.%)(# .G-:,*.2212,:&

(+=7,2E:.=12,-./& M+7,(.& F\L9E# .ec# "+# jRS*# B.%)(# *Eb17& $E-.:;+7,2& M+7,(.() sera le résultat d"une 

*-2$,0-*,+-%$# PAK@LM7F!ccHdépendante, tandis que l"activation des IRFs est U),*-# "8/0)*->"&"$+#

1:."$1,$+"#1"*#&%0:/)0"*#PK@7MPKA\#B7%2"$*"$E#XddN#; O"Neill, 20079C#O"#POKJ#"*+#0"#*")0#/,.,'0"#

d"activer ces 2 voies tandis que les autres TLRs, à l"exception du TLR3, vont interagir uniquement 

,>"/#7F!cc#BS,2,$E#Xddc9C#O"*#23$"*#1%$+#0,#+(,$*/(-.+-%$#"*+#,/+->:"#.,(#0"*#POK*#/%1"$+#.%)(#1"*#

/F+%I-$"*#.(%H-$=0,&&,+%-("*E#1"*#.(%+:-$"*#,$+->-(,0"*#"+#,$+-&-/(%'-"$$"*E#"+#"$=-$#1"*#.(%+:-$"*#

permettant l"initiation de la réponse immunitaire adaptative (0BT@=C+:9C#

Le premier PRR à avoir été impliqué dans la détection d�ADN fut le TLR9# BW"&&-E# Xddd9# U)-#

("/%$$,-+#des motifs chimiques dont l"ADN du soi est dépourvu, comme par exemple les motifs nonH

méthylés de l"ADN, appelés CpG#1"#',/+:(-"*#%)#>-()*C##

Spécialisés dans la détection d"acides nucléiques, les TLRs 3 et 7, TLRs endosomaux tout comme le#

TLR9, reconnaissent respectivement de l"ARN double et simple brin (7%2"$*"$E#XddN#n#S,^,-E#XddN9C###

7CD+'.#D+?CD+A>PSI=<BPC;<D+B;<=IACJJ@JIB=CD+L>;<+S=FEF=C;<BCJJCPC;<+A>;?@B=C+N+@;C+=FS>;DC+I;<B9

LB=IJC+T=mAC+N+JI+S=>?@A<B>;+?C+AY<>`B;CD+S=>+B;EJIPPI<>B=CD+LBI+JI+L>BC+)09!B, et d"IFN I, via la voie 

&#0:#B0BT@=C+:9#BO"Neill, 2013). Cette synthèse d"IFN I serait celluleH1:."$1,$+"E#.)-*U)"#0"*#POKb#"+#N#

"$#.,(+-/)0-"(E#l"induiraient de façon prédominante dans les !D*#.0,*&,/F+%Y1"*C#

Cette détection d"acides $)/0:-U)"*# .")+# T+("# .(%'0:&,+-U)"# 1,$*# 0,#&"*)("# %t# 0,# 1-*+-$/+-%$# "*+#

difficile entre l"ARN/ADN du soi et étranger. C"est pourquoi leur localisation est restreinte aux 

compartiments endosomaux, limitant de ce fait la détection d"acides nucléiques du soiE#("*.%$*,'0"*#





L,2"#a#eJ##
#

1"#$%&'(")*"*#.,+<%0%2-"*#,)+%-&&)$"*E#"+#.(:*"$+*#"$#,'%$1,$/"#,)#$->",)#"8+(,/"00)0,-("#1,$*#

0"#/,*#1"#.,+<%0%2-"*#+"00"*#U)"#0"#0).)*#BQ,(',0,+E#Xd559C#

Finalement, le TLR9 est aussi en mesure d�être activé par l�hémozoïne, dérivé de @2,(;)/+1;&

8,2*+3,:1;, un pigment apparaissant suite à la dégradation de l�hémoglobine par le parasite. En effet, 

une fois capté par les cellules phagocytaires, l�hémozoïne s�accumule dans des phagolysosomes où 

"00"#*"(,#("/%$$)"#.,(#0"#POKNE#-$-+-,$+#0,#/,*/,1"#1"#*-2$,0-*,+-%$#7F!ccH1:."$1,$+"#BD%',$E#Xdd69C#

666>KG&A/#&'6LJ>.1U/&*/,/T)H*#&C'A!#D&&

La production d�IL91� et d�IL918 est l�une des caractéristiques majeures de l�activation de 

l�inflammasomeE#/%(("*.%$1,$+#;#1"*#/%&.0"8"*#.(%+:-U)"*#/F+%*%0-U)"*#1"#<,)+#.%-1*#&%0:/)0,-("E#

constitués d�un ALR ou d�un NLR, d�une protéine adaptatrice# B+"00"#U)"#@?D#u'3)3-)(+(E,(()*+,-./&

(3.*ME2+M.&3:)-.+7& *)7-,+7+7=&,&O'DIv9#et d�une cystéine protéase# B0,#.(%H/,*.,*"#59E#C<+ BPSJBW@FD++

?I;D+JI+?FEC;DC+I;<B9PBA=>[BC;;C#B0BT@=C+d9#BQ,)"($="-$1E#Xd5e#n#[-+"0E#Xd559C##

#

0&12#$+d+: Structure de l�inflammasome, exemples des inflammasomes NLRP3 et AIM2+
#

O"*# -$=0,&&,*%&"*# *%$+# 1"*# /%&.0"8"*# .(%+:-U)"*#

constitués d�un NLR ou d�un ALR, d�une protéine 

,1,.+,+(-/"# B/%&&"# .,(# "8"&.0"# ASC), et d�une 

/F*+:-$"# .(%+:,*"#q# 0,# .(%H/,*.,*"# 5C# O"*# @OK*# *%$+#

constitués d�un domaine carboxyH+"(&-$,0# WARE# "+#

d�un domaine NH+"(&-$,0# Lo!C# O"*# ROK*# B/=# &&&93,49#

quant à eux, sont constitués d�une structure tripartite 

,>"/#)$#1%&,-$"#DH+"(&-$,0#1"#+F."#OKKE#)$#1%&,-$"#

/"$+(,0# ,.."0:# R@DWP# B%)# R`!9E# "+# )$# 1%&,-$"# RH

+"(&-$,0# >,(-,$+# *"0%$# 0"# +F."# 1"# ROKC# !,$*# 0"# /,*#

présent, il s�agit du NLR NLRP3, dont le domaine NH

+"(&-$,0#"*+#/%&.%*:#1"#&%+-=*#Lo!C#

#

@'(:>-,+-%$*#q#!&QRE#'<(.7-&+7&K.2,7);,&Ln##!*7E#'3)3-)(+(E,(()*+,-./&(3.*ME2+M.&3:)-.+7&*)7-,+7+7=&,&O'DI#n#7!#/E#O,(3,(.&:.*:1+-.;.7-&

,7/& ,*-+9,-+)7& /);,+7#n# X&)E# 4.;,-)3)+.-+*& +7-.:8.:)7E+7/1*+<2.& 71*2.,:& ,7-+=.7(& 6+-4& ,& LPPE,;+7)E,*+/& :.3.,-#n# .##E#].1*+7.& D+*4&

D.,3.,-(n#)!7X'E#ROKE#$1*2.)-+/.&)2+=);.:+(,-+)7&/);,+7&E&2+M.&D.*.3-):(#n#8b/E#@5:+7&/);,+7C#

#

O"*# @OK*# =%$+# .,(+-"# 1"# 0,# =,&-00"# 1"# .(%+:-$"*# ,.."0:"# LoWARE# /%&.("$,$+# )$# 1%&,-$"# /,('%8FH

+"(&-$,0# WAR# B.%)(# 4.;,-)3)+.-+*& +7-.:8.:)7E+7/1*+<2.& 71*2.,:& ,7-+=.7(& 6+-4& ,& LPPE,;+7)E,*+/&

:.3.,-9# qui permet la liaison à l�ADN, et un domaine NH+"(&-$,0# Lo!# U)-# ,/+->"# 0,# /,*/,1"# 1"#
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L,2"#a#e6##
#

!&QR9JB`C+#CACS<>=D+G!.#DH

!.#D .>AIJBDI<B>; .BTI;? (=BTB;C ?@+JBTI;?

@A7X A$+(,H/F+%.0,*&-U)" @!R1' 4-()*#B"8C#q#
DF+%&:2,0%>-()*9#M#

Q,/+:(-"* g"8C#q#]+(-.:+,hA\A5f A$+(,H/F+%.0,*&-U)"M#$)/0:,-(" @!R1'

signalisation à l�origine de la formation de l�inflammasome. 7CD+!.#D+D>;<+IB;DB+AISI[JCD+?C+?F<CA<C=+

de l�ADN microbien viral mais aussi bactérien, qu�il soit cytosolique+ >@+ ;@AJFIB=C# B>%-(# A\A5f9#

B'I[JCI@+69#Bj-$E#Xd5e9C#

'!".$!2+6+K+.CD+!.#D+C<+JC@=D+JBTI;?D+

@'(:>-,+-%$*#q# !/)?[E# '*+/.& /C()G5:+<)71*2C+H1.& /)1<2.& <:+7& n+ !&QRE# '<(.7-& +7& K.2,7);,& Ln# # !.#E# '#KLE2+M.& :.*.3-):n# &0&3-E# #Q$E�E

+7/1*+<2.&3:)-.+7&FZ>#

#

A0*#>%$+#=,/-0-+"(#0"#("/()+"&"$+#1"#0,#.(%H/,*.,*"H1, et d�une molécule adaptatrice, ASC, commune à 

0,# .0).,(+# 1"*# -$=0,&&,*%&"*E# '-"$# U)"# /"(+,-$*# /%&.0"8"*# -$=0,&&,*%&"*# @?DH-$1:."$1,$+*#

.)-**"$+#,)**-#*"#=%(&"(C#7CD+D<=@A<@=CD+DC=>;<+C;D@B<C+=CDS>;DI[Jes d�une rapide dégradation des 

ACJJ@JCD+ B;ECA<FCD+ >@+ ?CD+ A>=SD+ F<=I;TC=Dh+ LBI+ JI+ SY=>S<>DCh+ C<+ ?@+ =CJI=TITC+ ?C+ AY<>`B;CD+ ?C+ JI+

famille de l�IL91 telles que l�IL91!, l�IL918 ou encore l�IL9^^+ BK,+<-$,&E# Xd5X#n# \"($,$1"*H@0$"&(-E#

XddN#n# ?/<,++2"$E# Xd559E#SC=PC<<I;<+ JC+ =CA=@<CPC;<+ ?C+ ;C@<=>SOBJCD+ C<+ ?C+ ACJJ@JCD+ SOIT>AY<IB=CD#

B0BT@=C+Z9#BO,&I,$=-E#Xd5J9C##

La caspase 1, activée par AIM2, est nécessaire à la production d�IL91! et d�IL93d+ SI=+ AJBLITC+ ?C+

S=FA@=DC@=D+S=>9AY<>`B;CDC#D"*#-$+"(0")I-$"*E#*:/(:+:"*#.,(# l�inflammasomeE#*%$+#%(-2-$,0"*#1,$*#0"#

*"$*#%t#"00"*#$"#$:/"**-+"$+#.,*#1"#&%1-=-/,+-%$*#.%*+Htranscriptionnelles via le RE et l�appareil de 

Golgi puisqu�elles ne contiennent aucune extrémité NH+"(&-$,0"# $:/"**,-("# ;# /"# +(,=-/# 1-+#

conventionnel. C�est pou(U)%-#"00"*#>%$+#T+("#.(%1)-+"*#*%)*#=%(&"#-$,/+->"#$:/"**-+,$+#)$#/0->,2"#>-,#

0,#/,*.,*"#5#BO,&I,$=-E#Xd5X9C#

Suite à la découverte d�AIM2, une seconde protéine de la famille des PYHIN, &0&3-E#,#:+:#1:/(-+"#.%)(#

*%$#(G0"#1,$*#0,#.(%0-=:(,+-%$#"+#0,#1-==:("$/-,+-%$#/"00)0,-("#BO),$E#Xddc9C#D"."$1,$+E#V$+"(<%0_$"(#"+#

collègues ont caractérisée une autre fonction de IFI16, qui est celle d�activer une réponse de type IFN 

A#q#"$#"=="+E#-0*#%$+#%'*"(>:#)$"#-$<-'-+-%$#1"*#23$"*#,/+->:*#.,(#0"*#A\R#A#/<"_#1"*#*%)(-*#S`#.%)(#A\A5f#

B,.."0:#A\AXdJ#/<"_#0,#*%)(-*9#BV$+"(<%0_$"(E#Xd5d9C#@-$*-E#&0&3-+?FAJC;AOCh+D@B<C+N+DI+JBIBD>;+ILCA+?C+

l�ADNdb et son association avec STING# B.%)(# !-+;12,-):& )8& +7-.:8.:)7& =.7.(9E# @;C+ =FS>;DC+ &0)+ &#

BV$+"(<%0_$"(E#Xd5d9C#Cependant, malgré sa fonction de senseur d�ADN cytosolique, cette protéine 

*"(,-+# &,p%(-+,-("&"$+# 0%/,0-*:"# ,)# $->",)# $)/0:,-("C# [$# "=="+E# /"# (:/".+")(# .%**:1"(,-+# 1"*# *-+"*#

d�acétylation contrôlant sa distribution cellulaire lui permettant ainsi de détecter à la fois de l�ADN 





L,2"#a#ef##
#

:+(,$2"(#1,$*# 0"# /F+%.0,*&"#"+#1,$*# 0"#$%F,)# B*)-+"#.,(#"8"&.0"#;#)$"# -$="/+-%$#.,(#S?W49C# A\A5f#

="(,-+# "$# "=="+# %==-/"# 1"# $,>"++"# "$+("# 0"# /F+%*%0# "+# 0"# $%F,)# BO-E# Xd5X9# "+# *"(,-+# ,)**-# /,.,'0"# 1"#

s�associer à ASC, sortir du noyau et activer l�inflammasome. En outre, il aurait aussi la capacité à 

=%(&"(#)$#-$=0,&&,*%&"#,)#*"-$#&T&"#1)#$%F,)#B0BT@=C+Z9#B?/<,++2"$E#Xd559C##

De la même façon que d�autres senseurs d�ADN (notamment cGAS [pour *5*2+*&%K@E'K@&(57-4,(.v9E#

A\A5f#*"(,-+#*"$*-'0"#;#0,#+,-00"#"+#;#k#l�habillage#» de l�ADNdb, permettant une discrimination entre de 

l�ADN du soi et de l�ADN pathogénique, l�ADN du soi étant complexé à de nombreuses histones 

B!"&.*"FE#Xd569C#

666>OG&A/#&87:>.1U/&*/,/T)H*#&C8A!#D&

/C+ JI+ PfPC+ EIl>;+ W@C+ JCD+ !.#Dh+ JCD+ ).#D+ D>;<+ S>@=+ AC=<IB;D+ =CDS>;DI[JCD+ ?C+ JI+ E>=PI<B>;+

d�inflammasomes suite à la détection de composants bactériens+C<+LB=I@aC##

O,#=,&-00"#1"*#ROK*#"*+#)$"#=,&-00"#1"#(:/".+")(*#/F+%.0,*&-U)"*#codés par 23 gènes chez l�Hom&"E#

eJ# /<"_# 0,# *%)(-*E#"+# /,(,/+:(-*:*#.,(#)$"# *+()/+)("# +(-.,(+-+"# /%$+"$,$+#)$#1%&,-$"#DH+"(&-$,0#1"#

+F."# OKKE# )$# 1%&,-$"# /"$+(,0# 1"# 0-,-*%$# ,>"/# 0"*# $)/0:%+-1"*# ,.."0:#R`!# B,)**-# $%&&:# 1%&,-$"#

NACHT), et finalement, un domaine effecteur à l�extrémité NHterminale permettant l�interaction avec 

d�autres protéines (P-$2E# Xddc9C# D"# 1"($-"(# .")+E# *"0%$# 0"# +F."# 1"# ROKE# T+("# 1"# +F."# D@K!# B.%)(#

*,(3,(.& :.*:1+-.;.7-& ,7/& ,*-+9,-+)7& /);,+79E# QAK# B.%)(# <,*12)9+:1(& +74+<+-):& )8& ,3)3-)(+(& 3:)-.+7&

:.3.,-9#%)#"$/%("#Lo!#B.%)(#@5:+7&/);,+7), comme c�est le cas pour les ALRs (0BT@=C+3U9C#

#

0&12#$+3U+K+*<=@A<@=C+?CD+?BEEF=C;<D+<YSCD+?C+).#D+

Les NLRs sont composés d�un domaine CH+"(&-$,0# 1"# +F."# OKKE# )$#

1%&,-$"# /"$+(,0# ,.."0:# R@DWP# B%)# R`!9# "+# )$# 1%&,-$"# "=="/+")(# RH

+"(&-$,0#>,(-,$+#*"0%$#0"#+F."#1"#ROKC#O"*#ROK@#.%**31"#)$#1%&,-$"#RH

+"(&-$,0# composé d�un domaine transactivateur (AD) en plus d�un 

1%&,-$"# D@K!E# 0"*# ROKQ# .%**31"$+# )$# 1%&,-$"# QAKE# 0"*# ROKD#

B/%&.("$,$+# R`!5E# R`!X# "+# RKOg5# .,(# "8"&.0"9# .%**31"$+#

)$-U)"&"$+#)$#1%&,-$"#D@K!E#"+#0"*#ROKL#un domaine CARD suivi d�)$#

1%&,-$"#RH+"(&-$,0#1"#+F."#Lo!C#

@'(:>-,+-%$*#q# !/A& -:,7(,*-+9,-):& /);,+7#n# "&#E# <,*12)9+:1(& +74+<+-):& )8&

,3)3-)(+(& 3:)-.+7& :.3.,-# n# 7!#/E# *,(3,(.& :.*:1+-.;.7-& ,7/& ,*-+9,-+)7&

/);,+7#n#7&&'!E#KSO&*2,((&##&-:,7(*:+3-+)7&,*-+9,-):#n#8b/E#@5:+7&/);,+7>#

+





L,2"#a#eb##
#

)(/9JB`C #CACS<>=D+G).#DH

0IPBJJCD ).#D .>AIJBDI<B>; .BTI;?

ROK@ DAAP@

A$+(,H
/F+%.0,*&-U)"

A$/%$$)

ROKQ R@AL ].=+)7.22, 37.1;)34+2,n#\0,2"00-$"

ROKD

R`!5MROKD5 @/-1"&:*%H1-,&-$%.-&"0-U)" B-[�!@L9#BQ,/+:(-"*9

R`!XMROKDX 7)(,&F0 1-.".+-1" B7!L9 BQ,/+:(-"*9

ROKDe A$/%$$)

ROKDJ
].=+)7.22, 37.1;)34+2,f&@(.1/);)7,(&,.:1=+7)(,f&!,2;)7.22,&

-534+;1:+1;f&!4+=.22, 82.G7.:+

ROKD6 A$/%$$)

ROKg5 A$/%$$)

ROKL

ROKL5MR@OL5 P%8-$" 1"#N,*+221(&,7-4:,*+(f&7!L

ROKLXMR@OLX A$/%$$)

ROKLeMR@OLe

@!R#,1:$%>-(,0� @KR#>-(,0 BA$=0)"$_,M?"$1,-9#� @KR#',/+:(-"$ �
O,7/+/,&,2<+*,7(\!,**4,:);5*.( *.:.9+(+,. � ?-2$,)8 1"#1,$2"(#

B@PL#"8+(,/"00)0,-("MR@!iCCC9#� P%8-$"* ."(&:,'-0-*,$+"*
BW:&%0F*-$"MR-2:(-/-$"ML$")&%0F*-$"CC9#� OL?CCC

ROKLJH5JMR@OLJH5J A$/%$$)

A0#"8-*+"#"$#"=="+#6#*%)*H=,&-00"*#1"#ROK*#/0,**:*#"$#=%$/+-%$#1"#/"++"#*+()/+)("#RH+"(&-$,0"#q#%$#.")+#

,-$*-#1-*+-$2)"(# JCD+).#!E#.%)(# 0"*U)"0*# 0,#.,(+-"#RH+"(&-$,0"#/%$*-*+"#"$#)$#1%&,-$"#,.."0:#DAAP@#

(régulateur transcriptionnel du CMH II) composé d�un domaine transactivateur (AD) en plus d�un 

1%&,-$"# D@K!E# JCD+ ).#"# ,F,$+# )$# 1%&,-$"# QAKE# JCD+ ).#7# .%**:1,$+# )$-U)"&"$+# 1"*# 1%&,-$"*#

D@K!E#JCD+).#8#,>"/#)$#1%&,-$"#Lo!#"+#=-$,0"&"$+E#JCD+).#5E#1%$+#0"#1%&,-$"#RHterminal n�est pas 

/%$$)#;#/"#p%)(#B0BT@=C+3U9#B?,0"<E#Xd559C#

L,(&-#0"*#.0)*#/%$$)*E#%$#.")+#/-+"(#R`!5#B%)#ROKD59#"+#R`!X#BROKDX9C#D"*#ROK*#("/%$$,-**"$+#1"*#

&%+-=*#1-==:("$+*#1)#.".+-1%20F/,$"E#/%&.%*,$+#&,p%(-+,-("#1"#0,#.,(%-#',/+:(-"$$"#q#0"#2H!H20)+,&F0H

&"*%H1-,&-$%.-&"0-/# ,/-1# B-[HDAP) que l�on trouve /<"_# 0"*# ',/+:(-"*# Z(,&# HE# "+# 0"# &)(,&F0#

1-.".+-1"#B7!L9E#.(:*"$+#;#0,#=%-*#1,$*#0"*#',/+:(-"*#Z(,&i#"+#H#BS,^,-E#XddN9C##

@0%(*# U)"# R`!5# "*+# -&.0-U):# 1,$*# 0,# ("/%$$,-**,$/"# -$+(,/"00)0,-("# 1"# 1->"(*"*# ',/+:(-"*#

"$+:(%-$>,*->"*#+"00"*#U)"#?(*4.:+*4+,&*)2+#%)#0"*#',/+:(-"*#1)#2"$("#@(.1/);)7,(E#R`!X#.,(+-/-."#;#

0,#1:+"/+-%$#1"*#',/+:(-"*#1)#2"$("#!-:.3-)*)**1(E#%)#1"#&F/%',/+:(-"*#B'I[JCI@+-9C#

'!".$!2+-+K+.CD+).#D+C<+JC@=D+JBTI;?D+

@'(:>-,+-%$*#q#!/)A&'*+/.&/C()G5:+<)71*2C+H1.#n#7&&'!E#KSO&*2,((& ##&-:,7(*:+3-+)7&,*-+9,-):# n# B+$9/!8E#'*+/.&;.()E1-,&-$%.-&"0-U)"#n#.8*E#

]+3)3)25(,**4,:+/.#n#Q/8E#K1:,;52&/+3.3-+/.#n#)!/nh#$+*)-+7,;+/.&,/C7+7.&/+71*2C)-+/.#n#)!&8E#$]D&8,;+25A&,3)3-)(+(&+74+<+-):5&3:)-.+7#n#

).#E#$eIE2+M.&:.*.3-):#n#)(/E#$1*2.)-+/.&)2+=);.:+c,-+)7&/);,+7#n#8b/E#@5:+7&/);,+7>#

#

/C+ EIl>;+ TF;F=IJCh+ à l�état basal ACD+ =FACS<C@=D+ DC+ <=>@LC;<+ ?I;D+ @;+ F<I<+ B;IA<BE+ T=mAC+ N+ ?CD+

B;<C=IA<B>;D+B;<=I9P>JFA@JIB=CDC#L,(#"8"&.0"#.%)(#R`!XE#0,#.,(+-"#DH+"(#BOKK9#-$+"(,2-+#,>"/#0,#.,(+-"#

RH+"(#B1%&,-$"*#D@K!#"+#R`!9#"$#,'*"$/"#1"#0-,-*%$#;#)$#0-2,$1#',/+:(-"$#B\(,$/<-E#XddN9C##
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L,2"#a#ec##
#

#&19&9JB`C+#CACS<>=D+G#.#DH

#.#D .>AIJBDI<B>; .BTI;? (=BTB;C ?@+JBTI;?

KAZHA

A$+(,H/F+%.0,*&-U)"

L"+-+* @KR1'n#@KR1' 5� 

+(-.<%*.<,+"
4-()*#B"8C#q#4?49

7!@6 O%$2#@KR1' 4-()*#B"8C#q#L%0-%#>-()*9

OZLX A$/%$$) 4-()*;#@KR

@.(3*# ,/+->,+-%$E# ces récepteurs vont s�oligomériserE# ."(&"++,$+# 1"# /"# =,-+# 0"# ("/()+"&"$+# .,(#

"8"&.0"E# >-,# -$+"(,/+-%$*# "$+("# 1%&,-$"*# D@K!E# 1"# 0,# *:(-$"M+<(:%$-$"# I-$,*"# KADS# B.%)(#D#@E2+M.&

+7-.:,*-+7=&*,(3,(.E2+M.&,3)3-)(+(&:.=12,-):5&3:)-.+7&M+7,(.9#XC#KADS#>,#1-("/+"&"$+#*"#0-"(#;#0,#*%)*#

)$-+:#R[7`#1"#R\H!B (IKK�) et permettre son ubiquitination, conduisant ainsi à l�activation de NF9

!B#B!,#?-0>,E#Xddb). D"autre part, #&7_R+SC=PC<+JC+=CA=@<CPC;<+?C+JI+`B;IDC+'!_3C#7C<<C+IA<BLI<B>;+

LI+EB;IJCPC;<+A>;?@ire à l"activation de la voie Akt, et de MAPKs telles que p38 ou JNK#BK,_,#@0-E#

Xd569C#'>@<CD+ ACD+ L>BCD+ L>;<+ SC=PC<<=C+ @;C+ =FS>;DC+ B;EJIPPI<>B=C+ =>[@D<C+ C<+ JI+ S=>?@A<B>;+ ?C+

AY<>`B;CD# telles que l"ILH6 et l"ILHcE# %)# 1"# /<-&-%I-$"*# +"00"*# U)"# DgDO5# B.%)(# M.:,-+7)*5-.& /.:+9./&

*4.;)M+7.9E# DgDOX# B.%)(#;,*:)34,=.& +782,;;,-):5& 3:)-.+7EL9E# "+# K@RP[?# B.%)(# D.=12,-./& 13)7&

,*-+9,-+)7A& 7):;,2& "E*.22& .G3:.((./A& ,7/& 3:.(1;,<25& (.*:.-./9E# PIi>=B<IB=CPC;<+ BPSJBW@FCD+ ?I;D+

l"attraction des monocytes/macrophages et+ ?CD+ .'+ I@+ site de l"inflammation# B0BT@=C+ 339#

B7,*)&%+%E#Xddf9C#

Parmi les NLRs, la protéine la plus étudiée, et ainsi l"inflammasome le mieux caractérisé, est NRLP3 

B,$/-"$$"&"$+#R@OLe9C# [8.(-&:# =%(+"&"$+# 1,$*# 0"*#&%$%/F+"*# "+# 0"*#&,/(%.<,2"*E# -0# "*+# ,**%/-:E#

/%&&"# @A7XE# ;# 0,# .(%+:-$"# ,1,.+,+(-/"# @?D# >-,# *%$# 1%&,-$"# LoKARC# V$"# =%-*# ,/+->:E# ROKLe#

s"oligomérise via ses sousHdomaines NACHT, et la caspase 1 s"active après clivage (K,+<-$,&E#Xd5X9C#

666>VG&A/#&!6E>6>.1U/&!/,/T)H*#&C!A!#D&&&&

Enfin, outre les TLRs et ALRs, d",)+("*# &%0:/)0"*# ,.."0:"*# #.#D+ D>;<+ DSFABIJBDFCD+ ?I;D+ JI+

reconnaissance d"acides nucléiques.#

Les RLRs appartiennent à une famille d"hélicases à ARN, appelées DExH/D box helicases, détectant de 

façon spécifique l"ARN cytosolique étranger issu de virus, pré*"$+#1,$*#0"#/F+%.0,*&"E#"+#("*.%$*,'0"#

de la mise en place d"une immunité antiHvirale via l"induction d"IFN I. Cette famille compte trois 

&"&'("*#U)"#*%$+#KAZHAE#7!@6#"+#OZLX#Bo%$"F,&,E#Xddc9#B'I[JCI@+:9C#

'!".$!2+:+K+.CD+#.#D+C<+JC@=D+JBTI;?D+

@'(:>-,+-%$*#q#!#)?[A&'*+/.&:+<)71*2C+H1.&/)1<2.&<:+7&f&#.18RE#],<):,-):5&)8&=.7.-+*(&,7/&345(+)2)=5&L&n#Q/!6E#K.2,7);,&/+88.:.7-+,-+)7E

,(()*+,-./&=.7.&B&o+#&19&E#D.-+7)+*&,*+/&+7/1*+<2.&=.7.&#&n##.#DE#D#%E#&2+M.&:.*.3-):(>&

#
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L,2"#a#eN##
#

D"*#<:0-/,*"*E#*,)=#OZLXE#.%**31"$+#)$"#.,(+-"#RH+"(&-$,0"#,.."0:"#D@K!E#)$#1%&,-$"#![8!MWH'%8#

responsable de l�activité hélicase, et un domaine CH+"(&-$,0#BDP!9#B0BT@=C+3R9C##

[$#.(:*"$/"#1"#*%$# 0-2,$1E#KAZHA#>,#,1%.+"(#)$"#/%$=%(&,+-%$#."(&"++,$+#1"# 0-':("(# 0"*#1%&,-$"*#

D@K!*E# /%$duisant au recrutement et à l�activation de la molécule adaptatrice MAVS (pour 

K+-)*4)7/:+,2& ,7-+9+:,2& (+=7,2+7=& 3:)-.+7& ,2+,(& AL?H5M# 4A?@MD@K!A\) après formation d�un filament 

autour de l�ARN (0BT@=C+3R9#Bj-,$2E#Xd559C##

O"*# 1%&,-$"*# D@K!*# 1"# 0,# .(%+:-$"#MDA5 ne sont, quant à eux, pas séquestrés en l�absence de 

0-2,$1#BS,+%E#Xddf#n#K"-I-$"E#Xd5J9C##

0&12#$+3R+K+$<I<+B;IA<BLF+?C+#&19&+

En l�absence de ligand, RIGHA# *:U)"*+("# *"*# 1%&,-$"*# D@K!C# !3*# ,/+->,+-%$# .,(#

l�ARN 5� triphosphate, RIGHA#>,#,1%.+"(#)$"#/%$=%(&,+-%$#."(&"++,$+#1"#0-':("(#0"*#

domaines CARDs, conduisant au recrutement et à l�activation de la molécule 

,1,.+,+(-/"#7@4?#.(:*"$+"#;#0,#=%-*#,)#$->",)#1"#0,#&"&'(,$"#&-+%/<%$1(-,0"#"+#

."(%8F*%&,0"C#

#

#

@'(:>-,+-%$*#q# !#)?[E# '*+/.& :+<)71*2C+H1.& /)1<2.& <:+7#n# 7!#/E# *,(3,(.&

:.*:1+-.;.7-& ,7/& ,*-+9,-+)7& /);,+7+n# 7'/E# O,:<)G5E-.:;+7,2& /);,+7#n# Q!%*E#

K+-)*4)7/:+,2&,7-+9+:,2&(+=7,2+7=&3:)-.+7#n##&19&h#D.-+7)+*&,*+/&+7/1*+<2.&=.7.&#C&

#

#

[$=-$E#OZLXE#$"#.%**:1,$+#,)/)$#1%&,-$"#D@K!E#,2-(,#/%&&"#)$"#&%0:/)0"#/%H,/+->,+(-/"#1"#7!@6E#

"+#-$<-'-+(-/"#1"#KAZHA#Bo%$"F,&,E#Xdd69C#

Une fois entré dans la cellule, le virus va générer, au cours de sa réplication, de l�ARNdb reconnu, 

A>PPC+ PC;<B>;;F+ SJ@D+ OI@<h+ SI=+ JCD+ #.#DC# !"# .0)*E# KAZHA# .")+# ,)**-# ."(&"++("# 0,#&-*"# "$# .0,/"#

d�une réponse antiHvirale suite à la détection d�ADNdb. Plus spécifiquement,#c�est l�ARN polymérase 

III (RNA pol III) qui va reconnaitre l�ADNdb, le convertir en ARN 5� triphosphate, qui va finalement 

IA<BLC=+#&19&+BD<-)E#XddN9C##

KAZHA# "+#7!@6#>%$+# ,>%-(#1es actions complémentaires puisqu�ils ne reconnaissent pas les mêmes 

sets d�ARN viraux. [$#"=="+E#+,$1-*#U)"##&19I se lie spécifiquement à l�ARNdbE#B;AJ@I;<+?CD#!#)+<=\D+

SC<B<D# Bwedd# .,-("*# 1"# ',*"*9E# ou possédant une extrémité 5� triphosphate, Q/!6+ DC+ JBC=I+

S=FEF=C;<BCJJCPC;<+N+?C+J>;TD+!#)?[#B.0)*#1"#5ddd#.,-("*#1"#',*"*9#BS,+%E#Xddf#n#K"-I-$"E#Xd5J9C#
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D"*#&%0:/)0"*#*%$+#/F+%*%0-U)"*#"+#1"*# 0%/,0-*,+-%$*#*.:/-=-U)"*# 0")(#sont attribuées une fois l�ARN 

1:+"/+:C# [$# "=="+E# KAZHA# -(,# *"# 0%/,0-*"(# .(:=:("$+-"00"&"$+# ;# 0,# 0-&-+"# 1"# 0,# &"&'(,$"# 1"*#

&-+%/<%$1(-"*# "+# 1)# ."(%8F*%&"# B%(2,$"00"# ;# *-&.0"# &"&'(,$"# ("*.%$*,'0"E# +%)+# /%&&"# 0,#

mitochondrie, de la !H%8F1,+-%$E#&,-*# ,)**-# 1"# 0,# 1:2(,1,+-%$# 1"#&:+,'%0-+"*9E# %t# *"# *-+)"#7@4?E#

permettant l"activation et la po0F&:(-*,+-%$#1"#/"++"#&%0:/)0"#,1,.+,+(-/"C#2;C+E>BD+IA<BLFCh+ACJJC9AB+

permettra à son tour l�activation de TBK1 et des complexes IKK, régulant ainsi la transcription des 

EIA<C@=D+&#0^h+&#0:+C<+)09!B+=CDSCA<BLCPC;<h+C<+A>;?@BDI;<+EB;IJCPC;<+N+JI+S=>?@A<B>;+d IFN"I"et"III,"

?C+ AY<>`B;CD+ S=>9B;EJIPPI<>B=CD+ C<+ ?CD+ &*1D# BQ()',I"(E# Xd5J9C# A0# ,..,(,-+# .,(# ,-00")(*# U)"# 0,#

0%/,0-*,+-%$# 1"# 7@4?# "$+(,-$"# 1"*# 1-==:("$/"*# 1,$*# 0,# (:.%$*"# ,$+-H>-(,0"# "$2"$1(:"# *)-+"# ;# 0,#

détection d"ARN viral. En effet, un signal en part,$/"# 1"# 0,# &"&'(,$"# &-+%/<%$1(-,0"# -$1)-(,#

l"expression d"IFN I et III, alors qu"une signalisation peroxysomale entrainera l"expression d"ISGs 

résultant exclusivement de l"IFN III (?"+<E#Xdd69#B0BT@=C+3^9C##

!"#.0)*E#,0%(*#U)"#0"*#KOK*#*%$+#.,(+-/)0-3("&"$+#connus pour leur production d"IFN en réponse à une 

attaque virale, ces récepteurs sont aussi capables de limiter la réplication virale par l"induction de 

mort cellulaire via la voie des caspases et de l"inflammasome, le domaine CARD n"étant pas 

-$1-*."$*,'0"#.%)(#/"#.(%/"**)*#BO"-E#XddN9C#

#

@-$*-E# 0"*#LKK*# p%)"#)$# (G0"# /()/-,0#1,$*# 0,# ("/%$$,-**,$/"#1"#$%&'(")8#.,+<%23$"*#"+# *-2$,)8#1"#

1,$2"(# B7@7L*# "+#!@7L*9E# /%&.("$,$+# ;# 0,# =%-*# 1"*#&%+-=*# ',/+:(-"$*E# >-(,)8E# =%$2-U)"*# %)# 1"*#

,/-1"*#$)/0:-U)"*C#A0*#*%$+#&,p%(-+,-("&"$+#"8.(-&:*#*)(#0"*#!D*E#0"*#&%$%/F+"*E#0"*#$")+(%.<-0"*#%)#

les cellules épithéliales et permettent la mise en place rapide d"une défense contre ces pathogènes.#

D"*# LKK*# *%$+# /0,**:*# *"0%$# 1-==:("$+"*# /,+:2%(-"*# B@OK*E# DOK*E# ROK*E# KOK*E# POK*9# "+# .")>"$+# T+("#

0%/,0-*:*#;#0,#=%-*#;#0,#&"&'(,$"#BPOK*#"+#DKO*9#%)#T+("#/F+%.0,&*-U)"*#B@OK*E#ROK*E#KOK*9C#

A0*#/%$1)-(%$+#+7&8+7.&à la transcription de facteur à l"origine de la production notamment d"IFN et de 

/F+%I-$"*#.(%H-$=0,&&,+%-("*#B0BT@=C+349C#

666>W. Autres senseurs d!ADN ,S)H#H.1X$/#&

666>WGFG&:'6&

[$# Xddb# =)+# 1:/%)>"(+# )$# autre" senseur" d ADN" cytosolique" appelé" DAI# B.%)(# I$'E/.3.7/.7-&

,*-+9,-):&)8&#DQ(E#,0-,*#hQLH59C#P,I,%I,#"+#/%00,'%(,+")(*#%$+#"$#"=="+#&-*#"$#:>-1"$/"#*%$#-&.0-/,+-%$#

1,$*#0,#.roduction d"IFN A#>-,#l"activation des voies NFH"B et IRF3E#"$#(:.%$*"#;#)$"#*+-&)0,+-%$#.,(#





L,2"#a#J5##
#

1)#.%0FB1@#q#dT), une séquence répétée synthétique d�ADNdb (P,I,%I,E#Xddb9C#A0#p%)"(,-+#$%+,&&"$+#

)$# (G0"# ,)# $->",)# 1"# 0,#&-/(%20-"# "+# 1"*# ,*+(%/F+"*# *)-+"# ;# )$"# -$="/+-%$# .,(# 0"# >-()*# W?4H5# B.%)(#

S.:3.(& (+;32.G& 9+:1(EF9# B\)((E# Xd559E# "+# 1,$*# 0"*# =-'(%'0,*+"*# *)-+"# ;# )$"# -$="/+-%$# .,(# 0"#

/F+%&:2,0%>-()*# B!"\-0-..-*E# Xd5d9C# R:,$&%-$*E# -0# *"&'0"(,-+# U)"# *%$# =jJC+ D>B<+ ACJJ@JC9DSFABEBW@CE#

.)-*U)"#O-.&,$$#et collègues n�%$+#.)#%'*"(>"(#,)/)$"#(:.%$*"#1"#!@A#*)-+"#;#)$"#*+-&)0,+-%$#.,(#

de l�ADN $-# 1,$*# 0"*# =-'(%'0,*+"*# "&'(F%$$,-("*# &)(-$*# B%)#7[\*9E# $-# 1,$*# 0"*# &%$%/F+"*# "+# 0"*#

&,/(%.<,2"*#<)&,-$*#BV$+"(<%0_$"(E#Xd5d#n#O-..&,$$E#Xddc9C##

666>WGJG&::YOF&

D%&&"#&"$+-%$$:#.0)*#<,)+E# 0"*#LKK*#/-+:*#.(:/:1"&&"$+#*%$+#/,.,'0"*#1"#1:+"/+"(#)$#*")0#+F."#

1"#L@7LC#

@)# /%$+(,-("E#!!gJ5E#&"&'("#1"# 0,# *)."(=,&-00"#1"*# <:0-/,*"*#![8!MW# B,.."0:"# ?\X#.%)(#4.2+*,(.&

(13.:8,;+25&L9# +%)+# /%&&"#KAZHAE# "*+#)$-U)"#"$# *%$#2"$("C# &J+ CD<+ C;+CEEC<+ AISI[JC+?C+ =CA>;;IB<=C+

deux types de ligands, à savoir l�ADNdb ainsi que les CDNs#B.%)(#*5*2+*&/+71*2.)-+/.(9#B`&)(,E#Xd5f#n#

L,(>,+-F,(E#Xd5X9C#

[8.(-&:#1,$*#0"*#/"00)0"*#1"$1(-+-U)"*#&F:0%Y1"*#"+#0"*#&%$%/F+"*E#!!gJ5#"*+#("U)-*#pour l�activation 

1"*#=,/+")(*#R\H!B et IRF3 en réponse à une stimulation par de l�ADNdb ou HSVH5E#.,(#,**%/-,+-%$#;#

?PARZ#"+#PQS5C#[$#"=="+E#)$"#*)("8.("**-%$#;#0,#=%-*#1"#!!gJ5#"+#?PARZ#,)(,-+#)$#"=="+#*F$"(2-U)"#*)(#

la production d�IFN", alors qu�)$# S`# 1"# /"++"# .(%+:-$"# '0%U)"(,-+# l�activation de TBK1 et la 

+(,$*/(-.+-%$#1"*#=,/+")(*#1"#+(,$*/(-.+-%$#R\H!B et IRF3 (h<,$2E#Xd559C#

c GAS et la voie STING constitue un autre senseur de l�ADN important que nous allons développer 

1,$*#0,#.,(+-"#*)->,$+"C#

65>&A'&5764&:49&!A!9&4-&A'&5764&<E'9Z9-68E&R&'&A'&<!76944&:49&<P4L689&

@0%(*# U)"# 0,# .0).,(+# 1"*# @KR# >-(,)8# *%$+# ("/%$$)*# .,(# 0"*# KOK*E# l�ADN intracytoplasmique sera, 

W@I;<+N+J@Bh+PIi>=B<IB=CPC;<+=CA>;;@+SI=+A1!*h+IA<BLI;<+?C+EIB<+JI+L>BC+*'&)1C#

Q-"$# U)"# /"*# 1")8# >%-"*# 1"# *-2$,0-*,+-%$# *%-"$+# 1-*+-$/+"*E# $:/"**-+,$+# /<,/)$"# 0")(*# .(%.("*#

&%0:/)0"*# ,1,.+,+(-/"*E# -0# "*+# ,..,()# U)"# /"00"*Hci s�entrecroisent. En effet, Brunette et 

/%00,'%(,+")(*#%$+#.)#&"++("#"$#:>-1"$/"#0"#=,-+#U)"#0,#(:.%$*"#A\R#A#.%)>,-+#T+("#U),*-&"$+#,'%0-"#

"$# /,*#1"#S`#1"#?PARZ#"+#7@4?E#&,-*#.,*#1,$*# 0"# /,*#%t# *")0e l�expression de# ?PARZ#:+,-+# ,'%0-"#

BQ()$"++"E#Xd5X9C#





L,2"#a#JX##
#

De plus, Chiu et collègues ont été les premiers à mettre en évidence le lien entre la détection d�ADN 

"+#KAZHI. En effet, des ADNdb bactériens ou viraux peuvent être à la fois responsables de l�activation 

de STING via cGAS, mais aussi être la cible de l�ARR#.%0#AAAE#permettant la production d�ARNdb, .(-*#"$#

/<,(2"#.,(#KAZHAC#[$#%)+("E#?PARZ#>,# -$+"(,2-(#,>"/#KAZHA#"+#7@4?#>-,#)$#/%&.0"8"#*+,'0"#*)-+"#;# 0,#

détection d�ARN viral (D<-)E#XddN#n#W%0&E#Xd5f9C#

Il a d�autre part#été observé qu�une déficience en STIRZ#1,$*#1"*#/)0+)("*#.(-&,-("*#%)#1"*#&%130"*#

murins, était responsable d�une plus grande sensibilité aux virus à @KR# BA*<-I,^,E# XddN9C# D<"$# "+#

/%0032)"*# %$+# d�ailleurs montré que l�absence de STING était corrélée avec )$"# 1-&-$)+-%$# 1"# 0,#

(:.%$*"#A\R#A#&:1-:"#.,(#KAZHA#*)-+"#;#0,#1:+"/+-%$#d�ARNdb intracytopla*&-U)"#BD<"$E#Xd5d9C#

7CAB+ ?FP>;<=C+ W@C+ [BC;+ W@C+ ?C+ ;>P[=C@DCD+ L>BCD+ ?C+ DBT;IJBDI<B>;h+ BPSJBW@I;<+ ?C+ ;>P[=C@a+

récepteurs différents, s�entrecroisent et sont mises en place afin de répondre efficacement+N+@;C+

infection virale ou bactérienne, cette réponse est d�autant plus efficace que ces voies agissent en 

synergie et s�activent l�une l�autreC#R%)*#,00%$*#&,-$+"$,$+#.0)*#.,(+-/)0-3("&"$+#$%)*#-$+:("**"(#;#

0,#>%-"#/Z@?H/Z@7L#�#?PARZC#

='!-64&66>&60/@)1?1,+)1H@&/)&,+*+,)"*1#+)1H@&0/&.+&MH1/&,E'9>&,E'L=&�&

9-68E&

6>&9-68E&

6>FG&:",H$M/*)/&0/&9-68E&

Comme mentionné précédemment, la défense de l�organisme contre l�-$>,*-%$#.,(#1"*#.,+<%23$"*#

-&.0-U)"# 0,# 1:+"/+-%$# 1"# &%+-=*# .,(+-/)0-"(*E# 0"*# L@7L*# B,/-1"# $)/0:-U)"# >-(,0E# &%+-=*# ',/+:(-"$*E#

*%)>"$+# 1"*# /%&.%*,$+*#&"&'(,$,-("*# +"0*# U)"# 0"# OL?#%)# 1"*# .(%+:-$"*# -**)"*# 1)# =0,2"00"9C# D"++"#

("/%$$,-**,$/"# *"# ="(,# 2(x/"# ,)8# LKK*# .(:/:1"&&"$+# &"$+-%$$:"*E# +"0*# U)"# 0"*# POK*# %)# ,)+("*#

*"$*")(*E# et permet ainsi l�activation de >%-"*# 1"# *-2$,0-*,+-%$# /%$1)-*,$+# ;# 0,# +(,$*/(-.+-%$# 1"#

=,/+")(*# 1"# +(,$*/(-.+-%$# +"0*# U)"# R\H!B ou les IRF3/7. Ces derniers mettront ainsi en place une 

(:.%$*"#,..(%.(-:"E#-$/0),$+#$%+,&&"$+#0,#.(%1)/+-%$#1"*#/F+%I-$"*#,$+-H>-(,0"*E#0"*#A\R#A#BA*<-I,^,E#

Xddc9C#

#
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!"# =,m%$# ;# 1:+"(&-$"(# .(:/-*:&"$+# 0"*#&:/,$-*&"*#&-*# "$# p")# ,)# /%)(*# 1"# /"++"# (:.%$*"# -$$:"E#

1-==:("$+"*# :U)-."*E# -$/0),$+# /"00"*# 1"# A*<-I,^,# BA*<-I,^,# ,$1# Q,('"(E# Xddc9E# D,&'-"(# Bj-$E# Xddc9E#

D<"$# B?)$E#XddN9#"+#?<)# Bh<%$2E#Xddc9#%$+# (:,0-*:#)$#>,*+"# */(""$-$2#.,(# +(,$*="/+-%$#1"#',$U)"*#

d�ADNc (pour 'I$& *);32C;.7-,+:.9E# ;# 0,# =%-*# <)&,-$*# "+#&)(-$*E# "+# %$+#&"*)(:# l�induction 1"# 0,#

.(%1)/+-%$#d"IFN!. #

@-$*-E# U)"0U)"*# &-00-"(*# 1"# /!R@# %$+# :+:# +(,$*="/+:*# 1,$*# 1"*# W[SXNeP# "8.(-&,$+# 0"# 23$"# 1"# 0,#

0)/-=:(,*"# *%)*# 0"# /%$+(G0"# 1)# .(%&%+")(# 1"# l"IFN! (IFN!HO)/9C# L%)(# /-$U# 23$"*E# 0,# *)("8.("**-%$#

engendrait une induction significative d"IFN!HO)/#B,>"/#)$#=%01#1"#Jdd9C#L,(&-#")8E#7@4?#BA*<-I,^,E#

Xddc9, ainsi qu"une molécule alors inconnue comme inducteur d"IFN!, STING. Une augmentation de 

la dimérisation (et donc de l"activation) du facteur de transcription IRF3 a d"autre part été observé"#

1,$*# 1"*# /"00)0"*# W[SXNeP# *)("8.(-&,$+# ?PARZC# !"# .0)*E# 0"*# /"00)0"*# W[SXNeP# %)# 1"*# 7[\*#

*)("8.(-&,$+# ?PARZ# 1">"$,-"$+# +(3*# (:*-*+,$+"*# ,)8# -$="/+-%$*# .,(# 4?4# B.%)(# 0.(+*12,:& (-);,-+-+(&

9+:1(9# BA*<-I,^,E# Xddc). Au contraire, une suppression de l"expression de ?PARZ# :+,-+# ("*.%$*,'0"#

d"une diminution de la réponse aux ARN et ADNdb cytosoliques (?)$E#XddN9C#

Q-"$#U)"#1:/%)>"(+e en 2008 comme étant une molécule impliquée dans l"induction d"IFN! après 

stimulation par de l"ADN, et permettant la mise en place d"une réponse immunitaire suite à la 

détection d"ADN viral (!"&.*"FE# Xd569E# STING est aujourd�hui reconnu comme essentiel+ ?I;D+ JI+

détection d�ADN viral et bactérien, ADN du soi ou CDNs bactériens, et BPSJBW@F+ ?I;D+ AC=<IB;CD+

SI<O>J>TBCD+I@<>B;EJIPPI<>B=CD#BQ)(1"++"E#Xd5e9C#

6>JG&9)*$,)$*/&0/&.+&T*H)"1@/&9-68E&

@**%/-:"# ,)# K[# à l"état basal, mais aussi aux mitochondries et aux MAMs (pour ;+-)*4)7/:+,E

,(()*+,-./&;.;<:,7.(9E#0,#.(%+:-$"#?PARZ#B,)**-#/%$$)"#*%)*#0"*#,0-,*#7Lo?E#7AP@#%)#"$/%("#[KA?9#

est composée de 379 acides aminés chez l"Homme, 378 chez la souris. $JJC+ CD<+ @[BW@B<IB=C+

puisqu�exprimée dans de nombreux tissus par un large panel de types cellulaires# B/"00)0"*#

"$1%+<:0-,0"*E#:.-+<:0-,0"*E#<:&,+%.%Y:+-U)"*"9#BA*<-I,^,#,$1#Q,('"(E#Xddc9C#

?PARZ#/%$+-"$+#J#<:0-/"*#+(,$*&"&'(,$,-("*#B5H5eNE#P75#;#P7J#.%)(#":,7(;.;<:,7.&/);,+7&F&i&X9#

,)#$->",)#1"#*,#.,(+-"#RH+"(&-$,0"# BRP!#.%)(#$E-.:;+7,2&/);,+7#n#5H56X9E#"+#)$#1%&,-$"#/,('%8FH

+"(&-$,0#$%&&:#DP!#B5eNHebN9C#D"0)-H/-#/%&.("$1# 0"#1%&,-$"#1"#1-&:(-*,+-%$#B!!9#1"# 0,#.(%+:-$"#

B566H5cd9E# U)-# "*+# 0)-H&T&"# -$/0)# 1,$*# 0"# 1%&,-$"# 1"# 0-,-*%$# ,)# /H1-HZ7L# ,.."0:# DQ!# B.%)(# *E/+E

%K@E<+7/+7=&/);,+7&%)#.0)*# 0,(2"&"$+#OI$(&<+7/+7=&/);,+7E#56eHeJd9E#"+# 0,#DPP# B.%)(#*E-.:& -,+2E#

eJdHebN9#B0BT@=C+369C#





L,2"#a#JJ##
#

C�est via son extrémité NH+"(&-$,0"# U)"# ?PARZ#"*+# ,$/(:# ,)#K[# B?)$E# XddN9E# .,(+-"# *+()/+)(,0"# .,(#

,-00")(*#"**"$+-"00"#pour l�interaction avec certains de ses régulateurs, positifs ou négatifs (tels que 

h!WWD5E#@7\K#%)#"$/%("#PKA7eX#"+#KR\6E#1:>"0%..:*#.0)*# 0%-$9#B?)$E#XddN9C#?)$#"+#/%0032)"*#%$+#

:+:# 0"*# .("&-"(*# ;# -1"$+-=-"(# )$# *-2$,0# 1"# (:+"$+-%$# ,)# K[E# ,.."0:# KoK# BbfHbc9E# *-+):# "$+("# 0"*#

1%&,-$"*# +(,$*&"&'(,$,-("*#P7X#"+#P7e#1"# 0,#.(%+:-$"#?PARZE#"+#)$#*"/%$1#1%&,-$"E#KAK# B5bcH

5cd9#,.(3*#0"#1%&,-$"#P7JC#D"*#1%&,-$"*#*%$+#"**"$+-"0*#.%)(#."(&"++("#0,#0-,-*%$#1"#?PARZ#;#*%$#

0-2,$1#.)-*#*%$#/<,$2"&"$+#/%$=%(&,+-%$$"0, puisqu�il est d�autant plus aisé à la protéine de subir 

des modifications structurales lorsqu�"00"#"*+#,$/(:"#;#0,#&"&'(,$"#1)#K[#B?)$E#XddN9C#

?,#(:2-%$#DQ!#U),$+#;#"00"#."(&"++(,#;#0,#.(%+:-$"#1"#=%(&"(#)$#<%&%1-&3("#.,(#0-,-*%$#<F1(%.<%'"#

d�une part,#"+# 0-"(# 0"*#1-H$)/0:%+-1"*#/F/0-U)"*#d�autre part. En l�absence de ligand, STING se trouve 

dans un état latent d�autoHinhibition via l�interaction entre le CBD et la CTT#BP,$,I,#,$1#D<"$E#Xd5X9E#

&,-*#+%)p%)(*#*%)*#=%(&"#1"#1-&3("#B`)F,$2E#Xd5e9C#O"#1-&3("#"*+#,)**-#/%$*%0-1:#.,(#1"*# 0-,-*%$*#

<F1(%.<%'"*#"+#<F1(%.<-0"*E#("$1,$+#0,#*+()/+)("#+(3*#*+,'0"#Bo-$E#Xd5X9C#@-$*-E#<>@<C+P>?BEBAI<B>;+?C+

DFW@C;AC+<>@AOI;<+JC+?>PIB;C+?C+?BPF=BDI<B>;+?C+JI+S=><FB;C+SC@<+S><C;<BCJJCPC;<+C;TC;?=C=+@;+

AOI;TCPC;<+ A>;E>=PI<B>;;CJ+ =BDW@I;<+ ?C+ ?FD<I[BJBDC=+ JI+ D<=@A<@=C+ C<+ ?C+ A>;?@B=C+ ?>;A+ N+ JI+

production d�un analogue moins stable.#

?+()/+)("00"&"$+E# ,.(3*# 1-&:(-*,+-%$E# ?PARZ# .("$1# )$"# /%$=%(&,+-%$# 1"# /%('"-00"# .,(=,-+"&"$+#

,p)*+:"#,)8#&%0:/)0"*#1"#5by#U)"#*%$+#0"*#D!R*C#D"*#0-2,$1*#1"#?PARZ#/%&.("$$"$+#0"*#/H1-HZ7LE#/H

1-H@7L# &,-*# ,)**-# /HZ@7L# B.%)(# *5*2+*& %K@E'K@9E# 1"*# D!R*# .(%1)-+*# $,+)("00"&"$+# .,(# 0"*#

bactéries ou à partir de fragments d�ADN# viral ou bactérien, par l�enzyme cZ@?# B.%)(# *E%'K@&

(57-4,(.). Cette poche est formée par les hélices !1 et 3 et une boucle formée par les feuillets "2 et 

eC##

O,# 0-,-*%$# ,)8# D!R*# ."(&"++(,# ,-$*-# )$# /<,$2"&"$+# /%$=%(&,+-%$$"0# 1"# 0,# .(%+:-$"# "$# 1:.0,m,$+#

,-$*-# 0,# DPP# ,=-$# 1"# ."(&"++("# l�activation de la .(%+:-$"E# +,$1-*# U)"# /"++"# "8+(:&-+:# DH+"(&-$,0"#

-$+"(,2-(,#,>"/#0,#I-$,*"#PQS5#B0BT@=C+3-9#Bo-$E#Xd5X#n#P,$,I,#,$1#D<"$E#Xd5X9C#+

0&12#$+3-+: Etat d�auto9B;OB[B<B>;+?C+JI+S=><FB;C+*'&)1++G!?IS<F+?C+"@=?C<<Ch+RU3^H,+

@'(:>-,+-%$*#q#7"/E#OI$&<+7/+7=&/);,+7&n#7/)DE#*5*2+*E/+71*2.)-+/.(#n#7''E#OE-.:&-,+2&n#'"_3E#"'$UE<+7/+7=&M+7,(.&FC#
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#

2;C+E>BD+IA<BLFCh+JI+S=><FB;C+PBT=C+?I;D+?CD+LFDBA@JCD+SF=B;@AJFIB=CD+>p+'"_3+CD<+=CA=@<FCC#V$#*-2$,0#

1"#/0->,2"#"8-*+"#"$#"=="+#;#l�"8+(:&-+:#RH+"(&-$,0"#1"#?PARZE#0)-#."(&"++,$+#1"#U)-++"(#0,#&"&'(,$"#

1)#K[C#

6>KG&',)1M+)1H@&/)&L1I*+)1H@&0/&9-68E&

Essentielle pour engendrer une réponse après reconnaissance d�ADN étranger viral (-**)#.,(#"8"&.0"#

d�,1"$%>-()*E# %)# 1"# W?49E# ',/+:(-"$# B/%&&"# .,(# "8"&.0"# ?(*4.:+*4+,& *)2+9# %)# 1"# D!R*E# *'&)1+

contrôle la transcription de nombreux gènes impliqués dans la défense de l�organisme# -$/0),$+#

$%+,&&"$+# 0"*# 23$"*# /%1,$+# .%)(# 0"*# A\R# A# "+# 1"*# /F+%I-$"*# .(%H-$=0,&&,+%-("*# +"00"*# que l�ILHf#

BA*<-I,^,E#Xddc#n#A*<-I,^,E#XddN#n#Q)(1"++"E#Xd55#n#?)$E#Xd5e9C##

#

!"#$%&'(")*"*#:+)1"*#%$+#.)#&"++("#"$#:>-1"$/"#0"#=,-+#U)"#?PARZ#:+,-+#("U)-*#.%)(#)$"#.(%1)/+-%$#

effective d�IFN I après exposition à de l�ADN étranger, tant dans les granulocytes, les macrophages et 

0"*#!D*C#[$#"=="+E#,=-$#1"#+"*+"(#*%$#(G0"#1,$*# la réponse médiée par de l�ADN étranger, Ishikawa et 

/%0032)"*# )+-0-*3("$+# 1"*#7[\*# 1:=-/-"$+"*# .%)(# ?PARZC#V$"# /%&.03+"# ,'(%2,+-%$# 1"# 0,# .(%1)/+-%$#

d�IFN! fut observée après transfection avec de l�ADN viral, bactérien ou de l�ADN stimulant l�IFN (ISD 

.%)(# #7-.:8.:)7& (-+;12,-):5& I$'E# 1"*# %0-2%$)/0:%+-1"*# 1'# 1"# J6.'# *,$*# *:U)"$/"# D.Z# BA*<-I,^,E#

XddN9C##

6>KGFG&9-68E[&)*+@#.H,H@&/)&,H%T./N/&d exocytose&

O"*#CDNs responsables de l�activation de STING#*%$+#1"*#&%0:/)0"*#.(%1)-+"*#.,(#0"*#',/+:(-"*#,=-$#1"#

(:2)0"(#0,#&%+-0-+:#',/+:(-"$$"#%)#0,#=%(&,+-%$#1)#'-%=-0&#',/+:(-"$C#L�activation de STING entraine 

DI+PBT=I<B>;+?@+#$+LC=D+?CD+LFDBA@JCD+SF=B;@AJFIB=CDh+>p+DC+EC=I+JC+=CA=@<CPC;<+?C+JI+S=><FB;C+'"_3#

BA*<-I,^,E#XddN9C#

[$#"=="+E#/%&&"#&"$+-%$$:#.(:/:1"&&"$+E#?PARZ#"*+#)$"#.(%+:-$"#,**%/-:"#,)#K[#"+#=,-+#.,(+-"#1)#

/%&.0"8"#PK@L# B.%)(#":,7(2)*)7&,(()*+,-./&3:)-.+79E# )$# /%&.0"8"# ("U)-*#.%)(# 0,# +(,$*0%/,+-%$#1"#

.(%+:-$"*# ;# +(,>"(*# 0,# &"&'(,$"# 1)# K[C# !"*# :+)1"*# 1"# /%H-&&)$%.(:/-.-+,+-%$# %$+# "$# "=="+# .)#

&%$+("(#)$"#-$+"raction entre STING et la protéine TRAP!#BA*<-I,^,#,$1#Q,('"(E#Xddc9C#D"#/%&.0"8"#

*"(,-+#.,(#,-00")(*#"$#:+(%-+"#/%$$"8-%$#,>"/#0"#+(,$*0%/%$E#)$#/%&.0"8"#&)0+-.(%+:-U)"#."(&"++,$+#0,#

+(,$*0%/,+-%$#1"#.%0F.".+-1"*#,)#+(,>"(*#1"*#&"&'(,$"*#'-%0%2-U)"*E#/%&&"#.,(#"8"&.0"#1)#/F+%*%0#

>"(*#0"#K[C#O"#+(,$*0%/%$#/%&.("$1#e#*%)*H)$-+:*#: SEC61�, SEC61! et SEC61#. #

Une colocalisation entre STING, TRAP! et SEC61! suggère donc que le translocon soit impliqué 

dans les fonctions et l�activation de STING et que ceci influe donc sur l�induction des IFN I#BA*<-I,^,#
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#

,$1# Q,('"(E# Xddc9#q# "$# "=="+E# )$# S`# 1"*# .(%+:-$"*# PK@Lb# "+# ?"/f5b# ,0+3("# *-2$-=-/,+->"&"$+# 0,#

.(%1)/+-%n d�IFN I BA*<-I,^,E#Xddc9C#

A*<-I,^,# "+# /%0032)"*# 1:&%$+(3("$+# d�ailleurs qu�en présence d�ADN, STING /%0%/,0-*"# ,>"/# [[@5#

B.%)(# ?,:25& .7/)();.& ,7-+=.7& F9, un marqueur des endosomes précoces, de même qu�avec TFR#

B.%)(#":,7(8.::+7&:.*.3-):9E#(:/".+")(#;#0,#+(,$*="((-$"#"+#&,(U)")(#1)#("/F/0,2"#1"*#"$1%*%&"*C#!"#

0,#&T&"#=,m%$E#?PARZ#-$+"(,2-(,-+#,>"/#?"/6C#?"/6#"*+#)$#/%&.%*,$+#1)#/%&.0"8"#d�exocytose#,F,$+#

.%)(# (G0"# 1"# =,/-0-+"(# 0"# +(,$*.%(+# >:*-/)0,-("# "$# ,**%/-,+-%$# ,)8# /%&.,(+-&"$+*# "$1%*%&,)8#

.:(-$)/0:,-("*# BA*<-I,^,#,$1#Q,('"(E# Xddc#n#W"-1"(E#Xd5e9C#D"# /%&.0"8"#%/+,&:(-U)"# B/%&.%*:#1"#

?"/eE# ?"/6E# ?"/fE# Sec8, Sec10, Sec15, Exo70 et Exo84) est en effet responsable de l�ancrage de 

>:*-/)0"*#*:/(:+(-/"*#;#0,#&"&'(,$"#.0,*&-U)"E#"+#=,/-0-+"#,-$*-#0"#("0,(2,2"#1"#.(%+:-$"*#1"*+-$:"*#;#

T+("#*:/(:+:"*#BO-.*/<)+_E#Xdde9C#

Ce complexe d�exocytose#avait d�ailleurs déjà été identifié en 2006 par l�équipe de ]<-+"# /%&&"#

composant obligatoire à la machinerie permettant d�activer TBK1 en réponse à une infection par de 

l�ADN viral (D<-"$E#Xddf9C#Un KO de Sec5 diminue en effet l�habilité de STING à activer le promoteur 

de l�IFN!. STING nécessite donc des interactions à la fois avec le translocon et le complexe de 

l�exocyste pour permettre sa sortie du RE et sa migration consécutive dans des vésicul"*#

.:(-$)/0:,-("*E#"+#PQS5#"00"H&T&"#*"(,-+#,**%/-:"#;#?"/6#BA*<-I,^,E#Xddc9C#

Ainsi, la présence d�ADN cytoplasmique conduit à l�activation de STING, responsable de son 

association avec TBK1 d�une part, et de son trafic périnucléaire via son interaction avCA+*CA6+C<+JC+

complexe TRAP, d�autre part, le tout facilitant la production d�IFN I#BL>B=+0&12#$+#FT@JI<B>;+*'&)1+

SITC+6R9#BA*<-I,^,#XddN9C#

6>KGJG&',)1M+)1H@&T+*&./#&M1*$#&

De nombreux ADN viraux sont à ce jour impliqués dans l�activation de la voie STING et no+,&&"$+#

0"*#,1:$%>-()*#%)#0"#>-()*#1"#0,#>,//-$"#BA*<-I,^,E#XddN#n#O,&E#Xd5J#n#7,E#Xd5f9C#!"#.0)*E#?PARZ#"*+#

,)**-#"**"$+-"0#1,$*# 0,#1:+"/+-%$#1"#(:+(%>-()*#/%&&"#.,(#"8"&.0"#W?4H5#%)#WA4# BZ,%E#Xd5e#n#o%<E#

Xd56#n#S,0,&>%I-#"+#K%-_&,$E#Xd5J9C#

W?4H1 est d�ai00")(*#0"#.("&-"(#>-()*#1:/(-+#/%&&"#,/+->,+")(#1"#?PARZC#[$#"=="+E#0"*#*%)(-*#?PARZ#S`#

&")(("$+#'",)/%).#.0)*# (,.-1"&"$+#U)"# 0"*# /%$+(G0"*# ,.(3*# -$="/+-%$#.,(# /"# >-()*C# [$#"=="+E# ,0%(*#

que les KO meurent dans les 7 jours suivant l�infection, 80% de survie#*%$+#%'*"(>:*#.%)(#0"#2(%)."#

/%$+(G0"#-$="/+:#1"#0,#&T&"#=,m%$#BA*<-I,^,#"+#Q,('"(E#XddN9C#





L,2"#a#Jb##
#

STING permettrait par ailleurs d�entraver la réplication de virus à ARN tels que le VSV, le virus Sendai 

%)#"$/%("# 0"# >-()*#1"# 0,#!"$2)"E#.(%','0"&"$+#"$# *F$"(2-"# ,>"/#KAZHA# BA*<-I,^,#"+#Q,('"(E# XddN#n#

@2)-(("E#Xd5X9C##

De nombreux virus sont ainsi capables d�activer STING, bien que certains soient aussi capables de 

?F<>@=;C=+ JI+ PIAOB;C=BC+ *'&)1# BW"(."*# >-()*E# L,.-00%&,# >-()*E# \0,>->-()*CCC9# ,=-$# 1"# =,>%(-*"(# 0")(#

.(%pre réplication, ou encore de synthétiser des antagonistes de STING afin d�échapper aux 

&:/,$-*&"*#1"#1:+"/+-%$#B7,E#Xd5f9C#S,0,&>%I-#"+#K%-_&,$#%$+#"$#"=="+#.)#%'*"(>"(#U)"#'-"$#U)"#0,#

>%-"# ?PARZ# *%-+# )$# -&.%(+,$+# &:/,$-*&"# 1"# 1:="$*"# /%$+("# W?4H5E# -0# "*+# ,)**-# $:/"**,-("# ;# *,#

(:.0-/,+-%$#1,$*#/"(+,-$*#+F."*#/"00)0,-("*E#"+#1,$*#/"(+,-$*#/%$+"8+"*#BS,0,&>%I-+"+#K%-_&,$E#Xd5J9C#

D�autres, tel que le KSHV (pour U,3)(+d(& (,:*);,E,(()*+,-./& 4.:3.(9+:1(9# .(%1)-+# 1"*# .(%+:-$"*#

>-(,0"*# B>AK\5# .%)(# 9+:,2& #Q$& :.=12,-):5& 8,*-):& F) capables d�inhiber l�interaction STING/TBK1 et 

d�empêcher ainsi la production d�A\R! B7,E#Xd56#n#?)(.(-*E#Xd5b9C#

6>KGKG&',)1M+)1H@&T+*&./#&(+,)"*1/#&

D%&&"# &"$+-%$$:# .(:/:1"&&"$+E# ;# 0,# =%-*# 1"*# ',/+:(-"*# Z(,&i# B]+(-.:+,& ;)7)*5-)=.7.(E#

!-:.3-)*)**1(& 35)=.7.(E# K5*)<,*-.:+1;& -1<.:*12)(+(CCC9# "+# Z(,&H# B].=+)7.22,& 37.1;)34+2,E#

O42,;5/+,&;1:+/,:1;...) sont en mesure d"activer directement la voie STING, majoritairement en 

produisant directement des CDNs. D"autres vont activer indirectement STINZ# >-,# /Z@?# U)-# >,#

1:+"/+"(#0")(#@!RC#Bien que STING soit nécessaire à la détection de certaines bactéries, il s�avère 

qu�il est aussi capable, dans certains cas, de faciliter leur survieE# .(%','0"&"$+# "$# 1-&-$),$+# 0,#

réponse immunitaire de l"hôte, bien que#0"*#&:/,$-*&"*#&-*#"$#p")#$"#*%-"$+#.,*#;#/"#p%)(#+%)+#;#=,-+#

:0)/-1:*#B!"FE#Xd56#n#@(/<"(E#Xd56#n#7,(-$<%E#Xd5b9C#

6>KGOG&5H1/&0/&#1I@+.1#+)1H@&I"@"*+./&0/&9-68E&

&J+ I+ F<F+ P>;<=F+ W@C+ *'&)1+ CD<+ IDD>ABF+ ILCA+ JC+ PBA=>D>PCh+ @;+ A>PSJCaC+ A>;<B;@+ ?C+ PCP[=I;CD+

provenant à la fois du RE, de l�appareil de Golgi et de vésicules de transport.#L0)*#.(:/-*:&"$+E#-0#,#

:+:#1:&%$+(:#U)"#0"#+(,=-/#1"#?PARZ#1)#K[#,)8#>:*-/)0"*#.:(-$)/0:,-("*#.,**"#.,(#0"#Z%02-#.)-*U)"#0,#

Q("="01-$"#@#B)$"#&%0:/)0"#,$+->-(,0"#-$<-',$+#0"#+(,$*.%(+#.(%+:-U)"#1)#K[#,)#Z%02-9#:+,-+#/,.,'0"#1"#

'0%U)"(#/"#.(%/"**)*#BA*<-I,^,E#XddN9C#

Après l"association de STING avec TBK1 et migration dans les vésicules périnucléaires, TBK1E# ,.(3*#

,)+%H.<%*.<%(F0,+-%$E#>,#.<%*.<%(F0"(#?PARZ#*)(#*,#*:(-$"#?eff. C"est cette phosphorylation qui va 

."(&"++("# 0"# ("/()+"&"$+# 1"# 0,# .(%+:-$"# AK\eE# U)-# *"(,# ;# *%$# +%)(# .<%*.<%(F0:"# .,(# PQS5C#

\-$,0"&"$+E# IS=\D+ IA<BLI<B>;h+ &#0^+ LI+ DC+ ?BPF=BDC=+ C<+ f<=C+ <=I;DJ>W@FC+ I@+ ;BLCI@+ ;@AJFIB=Ch+

induisant de ce fait la production d�IFN I (notamment d�IFN!) qui pourra agir de façon autocrine ou 
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SI=IA=B;C+ C;+ DC+ EBaI;<+ D@=+ D>;+ =FACS<C@=+ &0)!#+ C<+ B;?@BDI;<+ @;C+ =FS>;DC+ &0)+ &C# D"++"# 1"($-3("#

/%$*-*+"#"$#l�expression d�un ensemble de gènes appelés ISGs#>-,#0,#>%-"#j,I5MPFIX#BL>B=+8I=<BC+&+�+&&,3+

.CD+&0)9#B0BT@=C+3:9#BQ,('"(E#Xd5J#n#O-)E#Xd56#n#7,E#Xd5f9C#*'&)1+DC=I+C;D@B<C+=ISB?CPC;<+=CAYAJF+?C+

EIl>;+ N+ S=FLC;B=+ @;C+ IA<BLI<B>;+ D>@<C;@C+ ?C+ JI+ L>BC+ W@B+ S>@==IB<+ S><C;<BCJJCPC;<+ A>;?@B=C+ N+ @;+

PFAI;BDPC+I@<>9B;EJIPPI<>B=C+C;+AID+?C+;>;+=FT@JI<B>;,#

7C<+IaC+*'&)19'"_3+C;TITC+SI=+IBJJC@=D+JI+L>BC+?C+DBT;IJBDI<B>;+)09`"C#D"++"#*-2$,0-*,+-%$#("U)-"(+#

1"*#&%0:/)0"*#1"#0,#=,&-00"#PK@\E#2:$:(,0"&"$+#-&.0-U):"*#1,$*#0,#*-2$,0-*,+-%$#1"*#POK*C#[$#"=="+E#0,#

.,(+-"#DH+"(&-$,0"#1"#?PARZ#/%$+-"$+#1"*#&%+-=*#1"# 0-,-*%$#;# 0,#.(%+:-$"#PK@\X#Bj-$E#Xd559C#!"#.0)*E#

@'"#"+#/%00,'%(,+")(*#%$+#.)#1:&%$+("(#U)"#PK@\f#-$+"(>-"$+#"$#,&%$+#1"#0,#0-,-*%$#1"#?PARZ#,>"/#

PQS5#B@'"E#Xd5J9C#

@-$*-E# ,.(3*# .<%*.<%(F0,+-%$# 1"# ?PARZ# .,(# 0,# I-$,*"# PQS5E# /"++"# 1"($-3("# >,# ."(&"++("# 0,#

.<%*.<%(F0,+-%$#1"#AIQE#(:*)0+,$+#,-$*-#"$#)$#("0,(2,2"#1"#R\HkQ#B/%&.%*:E#.%)(#0,#>%-"#/,$%$-U)"E#

1"*# *%)*Hunités p50, p65 et de I!B", I!B" étant relargué du complexe par phosphorylation puis 

1:2(,1:#.,(# 0"#.(%+:,*%&"E#."(&"++,$+# 0,# +(,$*0%/,+-%$#1"#.6dM.f69E# 0,# +(,$*0%/,+-%$#$)/0:,-("#1)#

1-&3("# .6dM.f6# et donc l#expression de gènes dépendant*# 1"# /"# =,/+")(# 1"# +(,$*/(-.+-%$E#

$%+,&&"$+#-&.0-U):*#dans le stress cellulaire, la progression tumorale, l#inflammation et l#immunité#

B0BT@=C+3:9#BL,$1,FE#Xd5f9C##

!"#.0)*E#0,#*%)*H)$-+:#R[7`#B.%)(#$QE�B essential modulator9#.%)((,-+#T+("#"00"H&T&"#$:/"**,-("#;#

l#activation de TBK1 qui en retour phosphorylerait IKK� afin d#activer R\HkQ#B\,$2E#Xd5b9C##+

#

D%&&"#:>%U):#.(:/:1"&&"$+E#)$#S`#1"#?PARZ#1,$*#1"*#7[\*# (:*)0+"#"$#"=="+#"$#)$"#/%&.03+"#

abrogation de l#expression de l#IFN�, ainsi que de l#absence de translocation des#=,/+")(*#AK\eMb#1,$*#

0"#$%F,)C#!"*#1:=,)+*#1,$*# 0,#>%-"#1"#*-2$,0-*,+-%$#1"#R\H!B ont aussi été observés dans des MEFs 

?+-$2HMH#BA*<-I,^,E#XddN9C##

6>KGVG&9-68E[&%1,*H(1H)/&/)&\H%"H#)+#1/&.S%T\H,S)+1*/&&

/C+=FAC;<CD+F<@?CD+>;<+SC=PBD+?C+PC<<=C+C;+FLB?C;AC+JC+=jJC+A=@ABIJ+?C+*'&)1+?I;D+JI+=FT@JI<B>;+?C+

l�inflammation intestinale. En effet, on peut retrouver à la fois de l"ADN et des CDNs au niveau des 

/"00)0es intestinales, contribuant ainsi à l"activation de STING (K)10,==E#Xd5J9C##

D"/-# "*+# 1z# ,)# =,-+# U)"# 1"*#&-00-,(1*# 1"#&-/(%%(2,$-*&"*E# 1%$+# 1"*# ',/+:(-"*E# .,(+-/-."$+# ;# /"++"#

-&&)$-+:#&)/%*,0"#B7,F"(E#Xdd69C#[$#%)+("E#,=-$#1"#&,-$+"$-(#/"++"#<%&:%*+,*-"E#$%+("#%(2,$-*&"#

1%-+#T+("#/,.,'0"#1"#1-*/(-&-$"(#0"*#,$+-23$"*#"$#.(%>"$,$/"#1"#.,+<%23$"*#*,$*#*"#1-(-2"(#/%$+("#0"*#

/%&&"$*,)8# +%)+# "$# &,-$+"$,$+# )$"# ,/+->,+-%$# /%$*+-+)+->"# ',*,0"# 1)# *F*+3&"# -&&)$-+,-("#

-$+"*+-$,0#BW-00E#Xd5d9C##
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D�autre part, les cellules de l�épithélium intestinal sont parmi celles qui se renouvellent le plus et le 

plus vite, créant ainsi de nombreux corps apoptotiques avec risque de relargage d�acides nucléiques, 

autant de sources d�ADN pouvant stimuler les cellules du système immunitai("C#

V$"# (:2)0,+-%$# =-$"#1%-+# ,-$*-# T+("#&-*"#"$#.0,/"#,=-$#1"#&,-$+"$-(#)$#:U)-0-'("# /%$*+,$+#"$+("# 0"*#

&:/,$-*&"*# .(%H# "+# ,$+-H-$=0,&&,+%-("*# B\)I,+,E# Xd5e), la production d�IFN I au niveau intestinal 

étant l�un des mécanismes majeurs de régulation (P*/<)(+*/<"$+<,0"(E# Xd5J9C# &J+ I+ C;+ CEEC<+ F<F+

observé qu�une dérégulation du microbiote intestinal chez l�Homme était responsable d�une 

S=>?@A<B>;+I;>=PIJC+?C+AY<>`B;CD+S=>9B;EJIPPI<>B=CD#B?/<-(&"(E#Xd5f9C#

D�autre part, il a été montré que des souris élevées dan*# )$# "$>-(%$$"&"$+# *,$*# .,+<%23$"*#

Bk#2"(&H=(""#l9# 1:>"0%.."$+# .0)*-")(*# ,$%&,0-"*# -$+"*+-$,0"*# B-&&,+)(-+:# /"00)0,-("E# >-00-# .0)*#

-&.%(+,$+*E# /(F.+"*# .0)*# ."+-+"*9E# ,>"/# )$# (-*U)"# ,//()# 1"# 1:>"0%.."&"$+# 1"# /%0-+"*# BL"+"(*%$$h+

Xd5d#n# K%)$1E# XddN9E# ,-$*-# U)�une production diminuée de mucus et d�IgA protectrices (D,$"**%E#

Xd5b9C# `(# /"*# 1")8# 1"($-"(*# =,/+")(*# %$+# )$# (G0"# +(3*# -&.%(+,$+# 1,$*# 0,# .(%+"/+-%$# /%$+("# 0"*#

bactéries provenant du milieu extérieur, et limitant l�entrée vers la muqueuse intestinale des 

',/+:(-"*#1"#0,#=0%("#/%&&"$*,0"#BL,'*+E#Xd5f9C#[$#%)+("E#j%*"=*1%++-(#"+#/%0032)"*#1:&%$+(3("$+#U)"#

1"*# *%)(-*# *,)>,2"*# +(,-+:"*# .,(# ,$+-'-%+-U)"*E# $%$# *")0"&"$+# 1:>"0%.."$+# )$# .<:$%+F."# +(3*#

1:0:+3("#B,$:&-"E#+<(%&'%/F+%*"E#0")/%.:$-"E#.,$H0F&.<%.:$-"9E#&,-*#,)**-#)$"#=%(+"#1-&-$)+-%$#1)#

$%&'("# 1"# /"00)0"*# *%)/<"*# <:&,+%.%Y:+-U)"*# ,)# $->",)# &:1)00,-("# Bj%*"=*1%++-(E# Xd5f9C# @-$*-#

l�activité du microbiote a un impact important sur l�hématopoïèse.#

.CD+ D>@=BD+ *'&)1+_(+S=FDC;<C;<+@;+ AOI;TCPC;<+?C+PBA=>[B>PC+A>PSI=F+N+?CD+ D>@=BD+q'h+ C<+@;+

profil plus inflammatoire avec augmentation de la concentration d�IL93:h+C<+?FLCJ>SSCPC;<+IAA=@+

?C+A>JB<CDC#[$#"=="+E#/"*#*%)(-*#.(:*"$+"$+#1"*#>-00%*-+:*#-$+"*+-$,0"*#.0)*#,00%$2:"*#U)"#0"*#]P#B.%)(#

6+2/E-53., c�estH;H1-("# *,)>ages), ainsi que des cryptes plus courtes. Après coloration à l�acide 

.:(-%1-U)"# 1"# ?/<-==E# D,$"**%# "+# /%00,'%(,+")(*# .)("$+# .,(# ,-00")(*# %'*"(>"(# )$"# 1-&-$)+-%$# 1)#

$%&'("#1"#/"00)0"*#/,0-/-=%(&"*#("*.%$*,'0"*#1"#0,#.(%1)/+-%$#1"#&)/-$"C#O,#&)/-$"#"*+#$:/"**,-("#;#

la protection de la muqueuse intestinale puisqu�elle empêche la colonisation bactérienne. Ce 

.<:$%+F."# ("**"&'0"# "$# %)+("# ;# /"0)-# %'*"(>:# .(:/:1"&&"$+# .%)(# 1"*# *%)(-*# :0">:"*# 1,$*# 1"*#

,$-&,0"(-"*#1-+"*#k#2"(&H=(""#lC#

D,$"**%#"+#/%0032)"*#%$+#"$=-$#%'*"(>:#/<"_#0"*#*%)(-*#?PARZ#S`#)$"#1-&-$)+-%$#1"*#OP#.(:*"$+*#,)#

niveau de l�épithélium intestinal, qui constituent une première ligne de défense contre les 

.,+<%23$"*E#"+#$%+,&&"$+#1"*#OP#(:2)0,+")(*#BP("29E#"$#/%<:("$/"#,>"/#0"#1:>"0%.."&"$+#,//()#1"#

/%0-+"*#BD,$"**%E#Xd5b9C#

#
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Concernant l�homéostasie lymphocytaire, il a été observé que les ILCs (pour #77,-.&]5;34)+/&*.22(9E#

)$"#.%.)0,+-%$#/"00)0,-("#1:(->:#1)#.(%2:$-+")(#0F&.<%Y1"#/%&&)$#&,-*#1-*+-$/+"#1"*#0-2$:"*#Q#"+#P#

BL>B=+ 8I=<BC+ &%h+ &&9^,+ .CD+ JYPSO>AY<CD+ B;;FDh+ SITC+ dZ9E# *"(,-"$+# /%&.03+"&"$+# 1:(:2)0:*# 1,$*# 0"*#

?PARZ#S`#BD,$"**%E#Xd5b). Or il a déjà été démontré qu�une activation inappropriée de ce type de 

/"00)0"*#:+,-+#/%((:0:"#;#)$#.(%=-0#-$=0,&&,+%-("#BS0%*"E#Xd5f9C#

7CD+ACJJ@JCD+D>;<+SI=<BA@JB\=CPC;<+BPS>=<I;<CD+I@+;BLCI@+?CD+P@W@C@DCDh+;><IPPC;<+B;<CD<B;IJCDh+

puisqu�elles permettent d�engendrer une réponse rapide contre les pathogènes#B',/+:(-"*#-$+(,H#"+#

"8+(,H/"00)0,-("*E#.,(,*-+"*E#/<,&.-2$%$*CC9C#[00"*#>%$+#"$#"=="+#/%%(1%$$"(#)$"#(:.%$*"#-&&)$-+,-("#

.(:/%/"#.)-*U)"#*"$*-'0"*#,)#&%-$1("#*-2$,0#1"#*+("**# B4"(&-p0"$E#Xd5J#n#Z"("&-,E#Xd5b9C#[$#%)+("E#

1"*#*%)(-*#S`#/%$1-+-%$$"00"*#.%)(#PH'"+# BU)-# p%)"#)$#(G0"#/()/-,0#1,$*# 0"#1:>"0%.."&"$+#1"*# AOD*9#

1,$*#0"*#AOD#1:>"0%.."$+#*.%$+,$:&"$+#)$"#/%0-+"#1:/0"$/<:"#.,(#S.2+*)<,*-.:&-5342)7+1(#BZ"("&-,E#

Xd5b9C#

L,(&-#/"*#AOD*E#%$#1-*+-$2)"#e#2(%)."*#q#0"*#AOD5#/%&.("$,$+#0"*#/"00)0"*#RSE#0"*#AODX#"+#0"*#AODe#BL>B=+

8I=<BC+&%h+&&9^,+.CD+JYPSO>AY<CD+B;;FDh+SITC+dZ9C#

D,$"**%#"+#/%00,'%(,+")(*#%$+#.)#%'*"(>"(#U)"#1,$*#0"*#*%)(-*#?PARZ#S`E#0,#=(:U)"$/"#1"*#AOD5#"+#e#

:+,-+# ,)2&"$+:"#,0%(*#U)"# /"00"#1"*# AODX#:+,-+# 1-&-$):"# BD,$"**%E#Xd5b). Ce suggère donc qu�@;C+

perte de STING occasionne un déséquilibre dans l�homéostasie cellulaire intestinale, pouvant 

C;TC;?=er, en plus d�un phénotype intestinal inflammatoire, un déséquilibre à plus grande échelle, 

notamment en terme d�organogénèse et de développement lymphocytaireC#

Exprimées différemment tout au long de l�intestin, elles possèdent chacune un rôle protecteur q)-#

0")(#"*+#.(%.("C#O"*# AOD5#*%$+#&,p%(-+,-("&"$+#.(:*"$+"*#,)#$->",)#1)#+(,/+)*#*).:(-")(#+,$1-*#U)"#

les ILC2 sont présentes en petites quantité dans tout l�intestin, et finalement, les ILC3 sont 

.(-$/-.,0"&"$+#("+(%)>:"*#,)#$->",)#1)#/%0%$#BZ"("&-,E#Xd5b9C#

Ainsi, en plus d�être acteur central dans la détection d�ADNdb, STING est aussi un régulateur clé du 

&-/(%'-%+"# -$+"*+-$,0E# )$# 0:2"(# 1:*:U)-0-'("# .%)>,$+# "$+(,s$"(# 1"*# /%$*:U)"$/"*# 1:0:+3("*# .%)(#

l�hôte.#

6>KGWGActivation via l!ADN mitochondrial&&

D%$*-1:(:"*# /%&&"# 0"*# 2:$:(,+(-/"*# :$"(2:+-U)"*# 1"# 0,# /"00)0"E# 0"*# &-+%/<%$1(-"*# .%**31"$+# 1"#

nombreuses autres fonctions et notamment en cas d�infection bactérienne ou virale et 

d�inflammation. Comme mentionné précédemment, 0"*# !@7L*# *%$+# 0"*# *-2$,)8# 1"# 1,$2"(# U)-#

permettent la mise en place d�une réponse immunitaire chez l�hôte. Ces DAMPs# *%$+# -**)*# 1"*#





L,2"#a#65##
#

cellules de l�hôte, infectées ou mourantes. L�ADN relargué par la mitochondrie (ADNmt pour 'I$&

;+-)*4)7/:+,29# =,-+# .,(+-"# 1"*# !@7L*# BO-)E# Xd5f9C# Le relargage d�A/)P<+ CD<+ @;+ S=>ACDD@D+ PBD+ C;+

SJIAC+C;+AID+?C+D<=CDDh+;><IPPC;<+C;+=FS>;DC+N+@;C+ B;ECA<B>;+LB=IJC+GSI=+X*%93+SI=+CaCPSJCH+C<+

permet l�activation de la voie STINGC# D"# ("0,(2,2"#"*+#&:1-:#.,(# 0"# =,/+")(#1"# +(,$*/(-.+-%$#P=,&#

B.%)(# ":,7(*:+3-+)7& 8,*-):& '& ;+-)*4)7/:+,29# /%1,$+# .%)(# )$"# .(%+:-$"#&-+%/<%$1(-,0"# ("*.%$*,'0"#

entre autre du maintien de l�architecture mitochondriale. Un stress, provoqué par exemple par une 

-$="/+-%$#>-(,0"E#/%$1)-+#;#)$"#1-&-$)+-%$#1"#P=,&E#(:*)0+,$+#"$#)$"#."(+"#1"#*+,'-0-+:#1"#l�ADNmt et 

le relargage de fragments d�ADNmt (\,$2E#Xd5f#n#?)(.(-*E#Xd5f9C#

Cet ADNmt est ensuite reconnu par cGAS et conduit alors à l�activation de la voie cGAS/STING et la 

production d�IFN I. Au contraire, des souris KO pour cGAS, STING ou IRF3 ne sont p0)*#/,.,'0"*#1"#

.(%1)-("#1"s IFN I en réponse à de l�ADNmt.#

`)+("# /"# &:/,$-*&"# ':$:=-U)"# ;# 0,# /"00)0"# <G+"E# @;C+ IAA@P@JI<B>;+ <=>S+ BPS>=<I;<C+ ?C+

mitochondries endommagées peut aussi résulter en le relargage d�ADNmt dans le cytoplasme et 

f<=C+ IJ>=D+ =CDS>;DI[JC+ ?C+ SI<O>J>TBCD+ B;EJIPPI<>B=CD+ B.%0F,(+<(-+"# (<)&,+%Y1"E# ,+<:(%*/0:(%*"CC9#

BO-)E#Xd5f9C#

6>OG&!"I$.+)1H@&0/&9-68E&

V$"#,/+->,+-%$#$%(&,0"#1"#0,#>%-"#1"#?PARZ#après détection d�ADN cytosolique permet une défense 

appropriée de l�hôte. Au contraire, toute stimulation incontrôlée par /"+#@!R#.")+#/%$1)-("#;#)$"#

*:/(:+-%$# "8/"**->"# 1"# /F+%I-$"*# .(%H-$=0,&&,+%-("*# "+# d�IFN# AC# D"/-# .%)>,$+# T+("# ("*.%$*,'0"E# ;#

+"(&"E# 1)# 1:>"0%.."&"$+# 1"# .,+<%0%2-"*# ,)+%-$=0,&&,+%-("*E# /%&&"# 0"# ?@4A# B.%)(# !"#$%E

,(()*+,-./&9,(*12)3,-45&6+-4&)7(.-&+7&+78,7*5E#1:>"0%..:#.0)*#0%-$9C#

#

!"# =,m%$# ;# ,**)("(# )$"# *-2$,0-*,+-%$# %.+-&,0"E# (,.-1"# "+# "==-/,/"E# ?PARZ# >,# 1%$/# T+("# (:2)0:# >-,#

1-==:("$+"*#'%)/0"*#1"#(:+(%/%$+(G0"#"+#*"(,#>-+"#1:2(,1:#B"$#5X#<")("*9#,.(3*#,/+->,+-%$#B0BT@=C+3d9C#

A0# "*+# /%&&)$:&"$+# ,1&-*# U)"# +(,$*0%/,+-%$E# .<%*.<%(F0,+-%$# "+# )'-U)-+-$,+-%$# *%$+# 1"*#

/,(,/+:(-*+-U)"*# 1"# 0,# >%-"# ?PARZE# ,**)(,$+# *%$# ,/+->,+-%$E# 0,# .(%.,2,+-%$# 1)# *-2$,0# .)-*# *,#

1:2(,1,+-%$#(,.-1"E#0"#+%)+#*%)*#0"#/%$+(G0"#1"#$%&'(")*"*#&%0:/)0"*C#

#

La modification majeure permettant cette régulation est sans aucun doute l�ubiquitination de la 

S=><FB;C+D@=+JI+JYDB;C+G_H+C;+S>DB<B>;+36U+?C+JI+S=><FB;C+*'&)1h+IDD@=I;<+D>;+IA<BLB<F+G@[BW@B<B;I<B>;+

_33h+_-^H+>@+EIL>=BDI;<+@;+=CAYAJITC+SC=PI;C;<+SI=+JC+S=><FID>PC+G_4dH,+

#
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L,2"#a#6X##
#

L�ubiquitination est une modification postH+(,1)/+-%$$"00"# ("*.%$*,'0"# 1"# 0,# 0-,-*%$# /%>,0"$+"# 1"#

&%+-=*#)'-U)-+-$"*#;#1"*#(:*-1)*#0F*-$"#1"#.(%+:-$"*#/-'0"*C#D"#.(%/"**)*#"*+#/,+,0F*:#.,(#)$"#/,*/,1"#

d�enzymes appelées appelées E1HE# [XH# "+# [eHligases, permettant respectivement l�activation, la 

/%$p)2,-*%$#"+# 0,# 0-2,+-%$#1"#/"*#U)")"*#)'-U)-+-$"# BW"(*<I%E#5NNc9C#[+,$+#1%$$:# 0,#.(:*"$/"#1"#b#

résidus lysines sur l�ubiquitine, cela permet la formation d�une variété de chaînes incluant K6, K11, 

SXbE#SXNE#SeeE#SJc#"+#SfeE#"$#=%$/+-%$#1"# 0,# 0F*-$"#>-,# 0,U)"00"# 0"*#&%+-=*#)'-U)-+-$"#*%$+# 0-:*#"$+("#

")8C Il n�existe qu�une seule enzyme E1H, plus d�une trentaine d�E2HE#"+#1"#+(3*#$%&'(")*"*#)'-U)-+-$"#

[eH0-2,*"*#B.0)*#1"#bdd9#BW)E#Xd5f9C#

#

6>OGFG&!"I$.+)1H@&TH#1)1M/&0/&.+&MH1/&0/&9-68E&

./H10101*+-3$4-(3()*#&(3F/'&5(43535G*$-&()35*A+I.JE*KL*)(*+I.JM8*

'#&Q6-h+ @;C+ @[BW@B<B;C+ $^9JBTIDCh+ LI+ DC+ JBC=+ N+ *'&)1+ C<+ SC=PC<<=C+ D>;+ @[BW@B<B;I<B>;+ SI=+ Ii>@<+

d�une queue polylysine K63 sur la lysine 150 de STING, dans le but de faciliter à la fois sa 

?BPF=BDI<B>;+PIBD+I@DDB+DI+JBIBD>;+N+'"_3#B0BT@=C+3d9C#[$#"=="+E#)$#S`#1"#PKA76f#1-&-$)"#1"#=,m%$#

drastique la production d�IFN! et l�activation du promoteur ISRE à l�origine de l�expression des ISGs. 

@-$*-E# /�est l�ubiquitination de STING qui va permettre d�activer TBK1 et la voie des IFN# AC# [$#

*)("8.(-&,$+#?PARZ#"+#PQS5#1,$*#)$"#0-2$:"#/"00)0,-("E#"$#.(:*"$/"#%)#$%$#1"#PKA76fE#P*)/<-1,#"+#

/%0032)"*# %$+# /%$*+,+:# B.,(# :+)1"*# 1"# /%H-&&)$%.(:/-.-+,+-%$9# U)"#malgré l�absence de TRIM56, 

?PARZ#"+#PQS5#s�associaient,#&,-*#&%-$*#"==-/,/"&"$+C##

[$#.(:*"$/"#1"#PKA76fE#.,(#/%$+("E#0,#=%(&,+-%$#1)#/%&.0"8"#?PARZHPQS5#"*+#=,>%(-*:"E#*)22:(,$+#

1%$/# U)"# /"++"# [eH0-2,*"# =,/-0-+"# /"++"# -$+"(,/+-%$C# [$# ("&.0,m,$+# 0,# 0F*-$"# 56d# .,(# )$# ,)+("# ,/-1"#

,&-$:# BK9, et en observant qu�alors STING ne coprécipitait ni ne migrait plus 1,$*# 1"*# >:*-/)0"*#

.:(-$)/0:,-("*# vers TBK1, les chercheurs ont pu conclure que l�ubiquitination de STING est un 

prérequis nécessaire à l�activation et à la complexation avec TBK1. Néanmoins,#-0*#/%$*+,+3("$+#U)"#

cette modification n�est cependant pas nécessaire à la translocation dans des# >:*-/)0"*#

.:(-$)/0:,-("*E#.)-*U)"#+,$+#?PARZ#U)"#?PARZ#S56dK#"$#:+,-"$+#/,.,'0"*#BP*)/<-1,#Xd5d9C#

&J+C;+LI+?C+PfPC+S>@=+'#&Q^R+ B)$"#,)+("#[eH0-2,*"9E#.%)(# 0,U)"00"# 0"*#&T&"*#/%$/0)*-%$*#%$+#.)#

T+("# +-(:"*#.,(#h<,$2#"+# /%00,'%(,+")(*E#'-"$#U)"#/"++"#>%-"#$"# *"&'0"#.,*#&,p%(-+,-("C#[$#"=="+E# 0,#

&)+,+-%$# S56dK# 1"# ?PARZ# $"# 1-&-$)"# que partiellement l�ubiquitination .,(# /"++"# 1"($-3("C# [00"#

*"&'0"# $:,$&%-$*# ("U)-*"# .%)(# 0"*# -$+"(,/+-%$*# ?PARZHTBK1 en cas d�infection par le HSVH5# %)# 0"#

>-()*#?"$1,Y#Bh<,$2E#Xd5X9C#





L,2"#a#6e##
#

./H10181*I35G*F35G)-*$-&()35*8L*AI>=8LE*

#)0R-E# U),$+# ;#"00"E# "8"(/"#)$# (G0"#.,(+-/)0-"(C#[lle a tout d�abord été identifiée comme $^9JBTIDC+

responsable d�une polyubiquitination au moyen de résidus sérine K11E# "$# =-8,$+# /"++"# U)")"#

.%0F0F*-$"#*)(# 0"#&%+-=#S56d#1"#?PARZ#B0BT@=C+3d9E#permettant donc d�améliorer# l�association avec 

'"_3C# 7,-*# ,)# /%$+(,-("E# elle aurait aussi pour rôle d�atténuer l�ubiquitination K48 de STING#

B/%$1)-*,$+# ;# *,# 1:2(,1,+-%$# .,(# 0"# .(%+:,*%&"9# PF?BFC+ SI=+ #)06# B.%)(# D+7=& 8+7=.:& 3:)-.+7& BE#

1:/(-+"# .0)*# 0%-$9E# *,$*# .%)(# ,)+,$+# 1:*+,'-0-*"(# /"00"# "$# Sfe# U)-# ."(&"+# .,(# /%$+("# l�activation de 

?PARZC#D"/-#*)223("#1"#/"#=,-+#)$"#(:2)0,+-%$#.%*-+->"#1"#0,#>%-"#1"#*-2$,0-*,+-%$#?PARZC#[$#"=="+E#r-$#

"+#/%00,'%(,+")(*#%$+#.)#%'*"(>"(#U)"#0,#.%0F)'-U)-+-$,+-%$#1"#?PARZ#.,(#KR\6#>-,#0"*#*:(-$"*#SJcE#"+#

1%$/# 0,#1:2(,1,+-%$#1"#?PARZE#:+,-+#.,(+-"00"&"$+# -$<-':"#"$#/,*#1"#/%H"8.("**-%$#,>"/#KR\XfC#[$#

accord avec ces résultats, ils notèrent qu�en infectant des cellules avec les virus ?"$1,-# %)#W?45E#

STING était plus vite dégradé lorsque l�expression de RNF26 était abolie (r-$E#Xd5J#n#7,E#Xd5f9C##

Curieusement, cette protéine régulerait aussi négativement la réponse immunitaire innée puisqu�un 

I$%/IHdown de la protéine est à l�origine de l�inhibition# 1"# 0,# (:.0-/,+-%$# 1"*# >-()*# 4?4# "+# W?4H5E#

*)22:(,$+#-/-#)$"#,/+->-+:#1"#(:2)0,+")(#$:2,+-=#1"#0,#(:.%$*"#,$+->-(,0"#Br-$E#Xd5J9C#

./H101M1* .54'(3;)* -%&#N&3<* $-&()35* 8* A3I%&#8E* )(* O7P4-"&(3'* (-45:,4(3&5*

353(34(3&5*F4'(&-*MQ*:7N753(*K*AO.=MCKE*

B#O>PRE#)$"#,)+("#.(%+:-$"#("*.%$*,'0"#1"#0,#(:2)0,+-%$#.%*-+->"#1"#?PARZE#"*+#)$"#.(%+:-$"#;#*".+#

1%&,-$"*#+(,$*&"&'(,$,-("*E#+%)+#/%&&"#?PARZC&

O"*#(<%&'%Y1"*#*%$+#)$"#=,&-00"#1"#*:(-$"*#.(%+:,*"*#-$+(,&"&'(,$,-("*C#[00"*#$"#.%**31"$+#.,*#1"#

(:*-1)*# /,+,0F+-U)"*#&,-*# *%$+# -&.0-U):"*# 1,$*# 1"# $%&'(")*"*# >%-"*# 1"# *-2$,0-*,+-%$E# +,$+# 1,$*# 0,#

/(%-**,$/"# /"00)0,-("E# U)"# 0"# ("&%1"0,2"# &-+%/<%$1(-,0E# en passant par l�apoptose et la sécrétion 

.(%+:-U)"# B\(""&,$E# Xddc#n# 7/A0^,-$E# Xd5X9C# -K<%&X# "*+# $%+,&&"$+# /%$$)"# .%)(# "$+(,-$"(# 0,#

.(%1)/+-%$# 1"# PR\!# B.%)(# Tumor necrosis factor �9# ,.(3*# -$1)/+-%$# .,(# 0"# OL?# %)# ]+(-.:+,&

;)7)*5-)=.7.(E&"$#."(&"++,$+#0,#&,+)(,+-%$#"+#0"#+(,=ic de l�enzyme responsable de 0,#*F$+<3*"#1)#

PR\!E#P@D[#B.%)(#TNF� converting enzyme9#B7/A0^,-$E#Xd5X9C#

Par screening d�une banque de cDNA en fonction de l�habilité des protéines codées à réguler ou non 

A?K[E#O)%#"+#/%0032)"*#%$+#.)#-1"$+-=-"(#-K<%&X#/%&&"#=FT@JI<C@=+S>DB<BE+?C+JI+=FS>;DC+BPP@;B<IB=C+

innée suite à la détection d�ADN viralC#[$#"=="+E#la phosphorylation tant de TBK1, d�IRF3 que d�I!B" 

ISSI=IB<+ B;OB[FC+ D@B<C+ N+ @;+ _(+ ?C+ B#O>PR. D�autre*# ,(2)&"$+*# 0-"$+# /"# (:2)0,+")(# ;# ?PARZE# "+#

notamment le fait qu�-0#soit majoritairement localisé au niveau du RE et de l�appareil de Golgi. Luo et 

/%00,'%(,+")(*#%$+#"$#"=="+#.)#("&,(U)"(, qu�a.(3*#-$="/+-%$#1"#/"00)0"*#W"O,#.,(#W?4H5E#-K<%&X#*"#

1-**%/-"# du RE pour migrer vers l�appareil de Golgi et les lysosomes. De plus, un traitement par 
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#

Q("="01-$# @# Bcapable d�inhiber# 0"# +(,$*.%(+# .(%+:-U)"# 1)# K[# ,)# Z%02-9# est capable d�inhiber l�effet 

.%*-+-=#obtenu entre iRhom2 et l�activation du promoteur à l�IFN!E#*)22:(,$+#1%$/#U)"# -K<%&X#"*+#

$:/"**,-("#,)#+(,=-/#1"#?PARZ#>"(*#0"*#>:*-/)0"*#.:(-$)/0:,-("*C#

Etant associé avec les protéines TRAP! et Sec5, molécules impliquées dans la translocation de STING 

1)#K[#>"(*#0"*#>:*-/)0"*#.:(-$)/0:,-("*E#iRhom2 permettrait donc l�activation de STING en recrutant 

les protéines du complexe d�exocytose et du translocon+B0BT@=C+3d9C#

#

Enfin, Luo et collaborateurs ont pu démontrer qu�iRhom2 était responsable de la déubiquitination en 

SJc# 1"# ?PARZE# *,$*# .%)(# ,)+,$+# .%**:1"(# )$"# ,/+->-+:# 1"# 1:)'-U)-+-$,*"E# ,-$*-# /"*# ,)+")(*# %$+#

cherché quels étaient les partenaires d�IRhom2 responsables d�une telle activité. Il s�agirait d�EIF3S5. 

iRhom2 permet donc le recrutement de EIF3S5 vers STING au niveau du RE et de l�appareil de 

Golgi, et est impliqué dans sa stabilisation puisqu�elle permettrait, via EIF3S5, la déubiquitination 

?CD+P><BED+@[BW@B<B;C+JBFD+N+JI+JYDB;C+_4d+=CDS>;DI[JC+?C+JI+?FT=I?I<B>;+?C+*'&)1+SI=+JC+S=><FID>PC#

BO)%E#Xd5f9C#

./H101H1* R35'* F35G)-* SBBD* <&#435/'&5(43535G* $-&()35* 0* ARSBBD0EQ*

97(&'-35)* #&(3,3("* F4'(&-* -)')$(&-* A9J=IE* )(* .5:7,35/35<7')<* G)5)* 0*

A.>C.T0E*

[$=-$E# 0,#&%0:/)0"#c/XX73# ,# :+:# 1:/%)>"(+"# .,(# h<%)# "+# /%0032)"*# .,(# )$# */(""$-$2# 1"# .(%+:-$"*#

capables d�activer le promoteur de l�IFN!C# [$# "=="+E# )$# S`# 1"# h!WWD5# /<"_# 0,# *%)(-*# ,0+3("# 0,#

production d�IFN#A#"+#d�,)+("*#/F+%I-$"*#.(%#-$=0,&&,+%-("*#"$#(:.%$*"#;#)$"#-$="/+-%$#.,(#)$#>-()*#;#

@!RC#[$#%)+("E#/"*#*%)(-*#*"&'0"$+#.0)*#*"$*-'0"*#,)8#-$="/+-%$*#0:+<,0"*#.,(#W?45C#7>;D<B<@<BLCPC;<+

IDD>ABFC+N+*'&)1h+c/XX73+CD<+?>;A+;FACDDIB=C+N+DI+?BPF=BDI<B>;+C<+IB;DB+I@+=CA=@<CPC;<+?C+'"_3#

puisqu�un déficit d�expression#1"#h!WWD5#"$+(,-$"#)$"#1-&-$)+-%$#1"# 0,#1-&:(-*,+-%$#1"#?PARZC#D"#

(:2)0,+")(#,2-(,-+#1%$/#"$#,&%$+#1"#0,#/,*/,1"#1"#*-2$,0-*,+-%$#1"#?PARZ#Bh<%)E#Xd5J9C#

#

7C<<C+JBIBD>;+?C+*'&)1+ILCA+c/XX73+SC=PC<<=IB<+C;EB;+JC+=CA=@<CPC;<+?C+!Q0#+LBI+&)*&13+B0BT@=C+

3d9,+

A$-tialement connu comme promoteur de la dégradation de l�HMGHD%@#(:1)/+,*"#BZ%01*+"-$E#Xddf9E#

AR?AZ5#=)+# -1"$+-=-:"#.,(# l�équipe de Wang et collaborateur comme nécessaire à l�interaction entre 

@7\K#"+#?PARZ#,.(3*#-$="/+-%$#.,(#W?4H5C##

!"*# /"00)0"*# S`# BQ7!7*# .%)(# N)7.& ;,::)6& /.:+9./& ;,*:)34,=.(9# .%)(# 0,# .(%+:-$"# AR?AZ5#

.(:*"$+"$+#)$"#)'-U)-+-$,+-%$#&%-$*#-&.%(+,$+"#1"#?PARZE#)$#("/()+"&"$+#"+#)$"#+(,$*0%/,+-%$#1"#
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#

PQS5#1,$*#1"*#>:*-/)0"*#.:(-$)/0:,-("*#&%-$*#"==-/,/"#"+#"$#/%$*:U)"$/"E#)$"#.(%1)/+-%$#&%-$1("#

d�IFN�C#!"*#*%)(-*#S`#.%)(##7(+=F&*"(,-"$+#,-$*-#.0)*#*"$*-'0"*#,)8#-$="/+-%$*#.,(#W?4H5C##

[$# Xd5JE#],$2# "+# /%0032)"*# %$+#&%$+(:# U)�@7\K# *"(,-+# ("/()+:"# .,(# AR?AZ5# ,=-$# 1"# /,+,0F*"(# 0,#

.%0F)'-U)-+-$,+-%$#SXb#1"#?PARZE#("*.%$*,'0"#1"#*%$#,/+->,+-%$. D�autre part, sa localisation semble 

primordiale puisqu�une localisation au RE est essentielle pour permettre l�activation de la voie STING. 

AR?AZ5#*"(>-(,-+#1%$/#1"#.%$+#"$+("#?PARZ#"+#@7\K#B],$2E#Xd5J9C#

6>OGJG&!"I$.+)1H@&@"I+)1M/&0/&.+&MH1/&0/&9-68E&

!"#nombreux régulateurs négatifs de STING, voie majeure dans l�immunité antivirale, ont eux aussi 

:+:#-1"$+-=-:*C#P,$1-*#U)"#1"*#&%+-=*#)'-U)-+-$"*#0-:*#"$+("#")8#*"0%$#)$"#/"(+,-$"#/%$=-2)(,+-%$#BS55E#

K63..) vont être responsables de l�activation de STING, d�autres vont au contraire promouvoir sa 

dégradation (K48). Ainsi, il existe un type d�enzymes, les déubiquitinases, dont le rôle sera d�ôter les 

motifs ubiquitine activant STING. D�autres enzymes (telles que PPM1a ou NLRC3, développées plus 

0%-$9E#>%$+#,2-(#.0)*#+,(1->"&"$+E#,)#$->",)#1)#/%&.0"8"#?PARZMPQS5C#

./H18101*TRIM30 *A$&7-*+-3$4-(3()*#&(3F/'&5(43535G*$-&()35*E*)(*I>=K*A$&7-*

I35G*F35G)-*$-&()35*KE*

D%&&"#&"$+-%$$:#.(:/:1"&&"$+E#/"(+,-$"*#)'-U)-+-$"#0-2,*"*#>%$+#&"++("#"$#.0,/"#)$"#'%)/0"#1"#

(:+(%/%$+(G0"#$:2,+-=#"+#-$<-'"(#?PARZC#&

C�est le cas par exemple de TRIM30�E# 1:/(-+"# (:/"&&"$+# /%&&"# (:2)0,+")(# $:2,+-=# 1"# ?PARZ#

B],$2E#Xd569C#[$#"=="+E#/"++"#0-2,*"#"*+#/%$$)"#.%)(#(:2)0"(#$:2,+->"&"$+#0,#*-2$,0-*,+-%$#1)#POKJ#"$#

/-'0,$+# 0"*# .(%+:-$"*# P@Q# B.%)(# "'UFE<+7/+7=& 3:)-.+79# X# "+# e# 1)# /%&.0"8"# P@QXHP@QeHP@S5E#

responsable de l�activation du facteur de transcription NFH!B (?<-E# Xddc). C"est pourquoi Wang et 

/%0032)"*# %$+# >%)0)# 1:+"(&-$"(# *%$# (G0"# 1,$*# 0"# /%$+(G0"# 1"# 0,# (:.%$*"# -&&)$-+,-("# -$$:"# "$# *"#

=%/,0-*,$+#$%+,&&"$+#*)(#?PARZC#

A0*# %$+# "$# "=="+# .)# %'*"(>"(# qu"un knockHdown de TRIM30## 1,$*# )$"# 0-2$:"# /"00)0,-("# &)(-$"#

augmentait la production d"IFN#A#"+#d"AOHfE#,-$*-#U)"#0,#.<%*.<%(F0,+-%$#1"*#=,/+")(*#1"#+(,$*/(-.+-%$#

AK\e# "+# R\H!B# ,.(3*# +(,-+"&"$+# .,(# 1"# l"ADN viral. Une déficience en TRIM30# octroie donc une 

&"-00")("# .(%+"/+-%$# /%$+("# 1"*# -$="/+-%$*# >-(,0"*# ;#@!R# /<"_# 0,# *%)(-*C# @.(3*# ,>%-(# >:(-=-:# qu")$"#

/%0%/,0-*,+-%$# "8-*+,-+# '-"$# entre TRIM30# et STING, les auteurs ont pu observer que l"interaction#

entre ces deux protéines était responsable d"une dégradation de STING via le protéasome, puisque 

qu"une surexpression de la ligase améliorait l"ubiquitination >-,# 0,# *:(-$"# SJc# &,-*# .,*# SfeC# `(#

l"ubiquitination liée à la protéine K48 est généralement asso/-:"# ;# )$"# 1:2(,1,+-%$# .,(# 0"#





L,2"#a#6f##
#

.(%+:,*%&"C#TRIM30� est donc aujourd�hui considérée comme un régulateur négatif de la réponse 

immunitaire innée suite à la détection d�ADNdb, et ce, en promouvant l�ubiquitination liée à la 

DF=B;C+_4d+?C+JI+S=><FB;C+*'&)1+B0BT@=C+3d9#B],$2E#Xd569C#

#

L�@[BW@B<B;C+$^+JBTIDC+#)06+I+CJJC+I@DDB+F<F+AJIDDFC+I@+=I;T+?C+=FT@JI<C@=+;FTI<BE+?C+*'&)1C#[$#"=="+E#

/"++"#.(%+:-$"#+(,$*&"&'(,$,-("E#0%/,0-*:"#,)#$->",)#1"#0,#&-+%/<%$1(-"#"+#1)#K[E#>,E#"00"#,)**-E#=-8"(#

1"*# (:*-1)*# )'-U)-+-$"# 0-:*# ;# 0,# 0F*-$"# SJc# *)(# ?PARZC# D"/-# 1,$*# 0"# ')+# 1"# ."(&"++("# )$"#

("/%$$,-**,$/"#.,(#0"#.(%+:,*%&"#"+E#"$#/%$*:U)"$/"E#0,#1:2(,1,+-%$#1"#?PARZ#Bh<%$2E#XddN9C##

./H18181*UN3673(35/:$)'3F3'*$-&()4:)*0M*AUCV0ME*

A l�inverse des &%0:/)0"*# .(:/:1"&&"$+# /-+:"*# U)-# =-8"$+# 1"*# &%+-=*# )'-U)-+-$"# *)(# ?PARZE# JI+

S=><FB;C+2*83^+LI+?F@[BW@B<B;YJC=+*'&)1C#D"++"#&%1-=-/,+-%$#$"#=(,2-0-*"#+%)+"=%-*#.,*# l�association 

de STING avec AMFR ou TRIM32, responsables respectivement de l�ubiquitinati%$# SXb# "+# Sfe# 1"#

?PARZC# [00"# >,# /"."$1,$+# G+"(# 0"*# (:*-1)*# SXb# B&,-*# .,*# Sfe9E# "&.T/<,$+# "$# /%$*:U)"$/"# 0"#

("/()+"&"$+#1"#PQS5#.,(#?PARZC#!B;DBh+2*83^+CD<+;FACDDIB=C+N+JI+=FT@JI<B>;+;FTI<BLC+?C+JI+=FS>;DC+

I;<B9LB=IJC+LBI+@;C+?F@[BW@B<B;I<B>;+?C+*'&)1+B0BT@=C+3d9C##

On peut donc aisément comprendre qu�un KO de cette protéine sera responsable de l�activation des 

=,/+")(*#1"#+(,$*/(-.+-%$#AK\e#"+#R\H!B suite à une infection par HSVH5E#"+#,-$*-#1"#0,#&-*"#"$#.0,/"#

d"une réponse antivirale efficace avec l"induction 1"# /F+%I-$"*#.(%H-$=0,&&,+%-("*#"+#1"*# A\R# AC# [$#

effet, il a été démontré que des cellules déficientes pour USP13 étaient capables d"empêcher la 

(:.0-/,+-%$#1)#>-()*#W?45#"+#U)"#1"*#*%)(-*#1:=-/-"$+"*#.%)(#/"++"#.(%+:-$"#:+,-"$+#.0)*#(:*-*+,$+"*#

U)"#1"*#*%)(-*#/%$+(G0"*#;#)$"#-$="/+-%$#0:+,0"#.,(#/"#>-()*C#

@-$*-E#V?L5e# p%)"(,-+#)$#1%)'0"#(G0"E#,**)(,$+#;# 0,# =%-*#)$"#(:.%$*"# -&&)$-+,-("#1"#',*"#1,$*#1"*#

conditions physiologiques, de même qu"évitant une réponse inflammatoire excessive qui pourrait 

T+("# engendrée en cas d"infection virale, puisque cette déubiquitination de STING par USP13 se 

produit à la fois en présence et en l"absence de pathogènes (?)$E#Xd5b9C#

./H181M1*I.T/.*)(*.!/L*

D%&.+"#+"$)#1"# 0,#/%&.0"8-+:#1"# 0,#>%-"#?PARZE#1"#$%&'(")8#(:2)0,+")(*#*%$+#*)("&"$+#"$/%("#;#

1:/%)>(-(C#

K:/"&&"$+E#])#"+#/%0032)"*#%$+#.)#&"++("#"$#:>-1"$/"#0"#(G0"#1"#KAZHA#1,$*#/"++"#>%-"#B])E#Xd5b9C#

KAZHAE#/%&&"#:>%U):#.(:/:1"&&"$+E#"*+#une hélicase permettant la reconnaissance d"ARNdb viral. 

[00"#"*+#,**%/-:"#;#0,#protéine MAVS et conduit, tout comme STING, à l"activation de TBK1 et NFH!B 

afin d"engendrer la production d"IFN I (S,+%E#Xddf#n#S,+%E#Xddc9C#D%&.+"#+"$)#1)#0-"$#:+(%-+#"$+("#0"*#
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#

2 voies, il n�est pas étonnant de constater que *'&)1+ CD<+ C;+ =FIJB<F+ @;+ A>9EIA<C@=+ ?C+ JI+ =FS>;DC+

PF?BFC+SI=+#&19&+ D@B<C+N+@;C+ B;ECA<B>;+SI=+@;+LB=@D+N+!#)?[# Bo%$"&,F,E#XddN9E#"+#U)"#*)-+"#;# 0,#

présence d�ARN triphosphate, ligand direct de RIGHAE# #&19I permet d�induire l�augmentation de 

l�expression de STING BO-)E#Xd5f9C##

7CSC;?I;<h+Cn présence d�ADNdb, RIG9&+E>;A<B>;;C+A>PPC+=FT@JI<C@=+;FTI<BE+?C+*'&)1C#[$#"=="+E#

])#"+#/%0032)"*#%$+#.)#&"++("#"$#:>-1"$/"E#1,$*#)$"#0-2$:"#1"#/"00)0"*#1-.0%Y1"*#<)&,-$"*#,.."0:"*#

7KDH6E#qu�une augmentation de l�expression de RIGHA#:+,-+#/%((:0:"#;#)$"#diminution de l�expression 

de STING, et vice versa. Cette diminution n�étant que partielle, d�autres acteurs seraient impliqués 

dans cette régulation. En effet, l�ILH6, cytokine clé dans la régulation de l�inflammation, jouerait avec 

KAZHA# 0"#(G0"#1"#/%H(:gulateur négatif de STING, afin d�empêcher une réponse excessive suite à une 

infection virale. Par ailleurs, Wu et collègues démontrèrent que la déficience pour l�une ou l�autre de 

ces molécules était responsable de la déphosphorylation, et donc de l�inactivation d�ULK1 (voir 

paragraphe suivant). Ainsi, cette dégradation de STING via l�action de RIGHI et de l�ILHf#.,**"(,-+#.,(#

l�activation de ULK1#B0BT@=C+3d9#B])E#Xd5b9C#

./H181H1*C+.>T*)(*,4*#4'%35)-3)*47(&$%4G367)*

L�autophagie, un processus permettant de 1:2(,1"(# 1"*# /%&.%*,$+*# /F+%.0,*&-U)"*# 1,$*# 1"*#

vésicules à double membrane afin de maintenir l�homéostasie cellulaire, joue un rôle majeur dans la 

défense de l�organisme. Ce processus va permettre d�éliminer les pathogènes et d�induire la réponse 

-&&)$-+,-("#,/U)-*"#B!"("+-/E#Xdd6#n#O">-$"E#XddN9C#D"(+,-$*#,)+%.<,2%*%&"*#.%)>,$+#/%$+"$-(#1"*#

',/+:(-"*# *"# =%(&"$+#$%+,&&"$+# 2(x/"#;# 0,#.(%+:-$"#K,'bE# "$2"$1(,$+#1%$/# 0,#1"*+()/+-%$#1"# /"*#

1"($-3("*E# +"00"*#U)"#dans les cas d�invasion par#!-:.3-)*)**1(&35)=.7.(# "+#O)G+.22,&<1:7.-++>&D"++"#

,)+%.<,2-"#,$+-',/+:(-"$$"#.,(+-/)0-3("#"*+#/%$$)"#*%)*#0"#$%&#1"#8:$%.<,2-"&B?,-+%<E#Xd5d9C#

L�autophagie est généralement mise en place suite à l�inhibition de la kinase mTOR (pour ;,;;,2+,7&

-,:=.-&)8&:,3,;5*+79C#D"++"#1"($-3("#-$<-'"#"$#"=="+#VOS5#B.%)(#`$OBFE2+M.&M+7,(.&FE#%)#@PZ59#"$#0"#

.<%*.<%(F0,$+C#?%$#-$<-'-+-%$#,/+->"#VOS5#U)-#.%)((,#,0%(*#;#*%$#+%)(#.<%*.<%(F0"(#*"*#*)'*+(,+*#"+#

."(&"++("#0")(#+(,$*0%/,+-%$#1)#/F+%*%0#>"(*#0"#K[#"+#/%$1)-*,$+#,0%(*#,)#("/()+"&"$+#1)#/%&.0"8"#

LAeS# B.%)(# 34)(34,-+/52+7)(+-)2& WEM+7,(.9# -$/0),$+# 4L?eJE# 4L?56E# Q"/0-$5# "+# @PZ5JOC# D"# /%&.0"8"#

sera ensuite responsable du recrutement d�effecteurs permettant finalement la formation de 

l�autophagosome (O">-$"E#XddN9C#

+

D%&&"#&"$+-%$$:#.(:/:1"&&"$+E#VOS5#"*+#)$"#*:(-$"M+<(:%$-$"#I-$,*"#dont l�un des rôles est de 

.<%*.<%(F0"(#?PARZ#,.(3*#,/+->,+-%$#*)(#*,#*:(-$"#?eff#B?ef6#/<"_#0,#*%)(-*9C#S%$$%#"+#/%0032)"*#%$+#

en effet démontré que cette phosphorylation n�affectait en rien le trafic de STING >"(*# 0"# Z%02-E#





L,2"#a#6c##
#

confirmant là une modification survenant après migration vers l�appareil de Golgi. Ceci atténuerait 

l�activation d�IRF3, suggérant ici une boucle de rétrocontrôle négative. En effet, la même équipe a pu 

1:&%$+("(#U)"#/"++"#.<%*.<%(F0,+-%$#,=="/+,-+#spécifiquement IRF3 et la production d�IFN!, mais pas#

=%(+"&"$+#/"00"#1"#R\H"B#BS%$$%E#Xd5e9C#La sérine 366 sert en effet de site d�ancrage (avec la lysine 

ebJ9# ;# AK\eC# 2;C+ SO>DSO>=YJI<B>;+ ?C+ *'&)1+ SI=+ 2._3+ CPSfAOC=IB<+ ?>;A+ AC<<C+ B;<C=IA<B>;+

*'&)1M&#0^+B0BT@=C+3d9,+

Il faut tout de même noter qu�alors que certaines équipes ont mis en évidence que cette 

.<%*.<%(F0,+-%$#*)(#0,#*:(-$"#?eff#permettait la dégradation de STING, d�autres démontrèrent qu�elle 

:+,-+#$:/"**,-("#,)#("/()+"&"$+#1"#AK\eE#"+#;#*%$#,/+->,+-%$#/%$*:/)+->"#.,(#PQS5#BO-)E#Xd569C##

.I+ =FT@JI<B>;+ ?C+ JI+ `B;IDC+ 2._3+ BPSJBW@C+ C;+ >@<=C+ JI+ L>BC+ !Q8_# B.%)(# 'K@E,*-+9,-./& 3:)-.+7&

M+7,(.9# "+# &P`K# B@0"(*E# Xd5X9. L�AMPK, un senseur métabolique clé de la cellule permettant de 

&,-$+"$-(# *%$# <%&:%*+,*-"# :$"(2:+-U)"E# "*+# $%+,&&"$+# ,/+->:# "$# /,*# 1"# *+("**# "$>-(%$$"&"$+,0E#

comme par exemple un efflux de calcium ou une consommation d�ATP. En condition basale, l�AMPK 

&,-$+-"$+#VOS5#1,$*#)$#:+,+# -$,/+-=C#[$#/,*#1"#*+("**E#VOS5#*"(,#,0%(*#.<%*.<%(F0:#"+# 0-':(:#1"#*%$#

association avec l�AMPK, lui permettant alors de phosphoryler à son tour ses protéines cibles, dont 

?PARZC#

Une étude plus fine a permis de mettre en évidence le fait qu�après traitement par de l�ADNdb, la 

.<%*.<%(F0,+-%$# 1"# VOS5# "$# ?b6c# $"# *"&'0,-+# .,*# ,ffectée tandis que celle de l�AMPK était 

*-2$-=-/,+->"&"$+#(:1)-+"E#1-&-$),$+#"$#/%$*:U)"$/"#0,#.<%*.<%(F0,+-%$#1"#VOS5#B"=="+#("+(%)>:#0%(*#

d�une infection par HSV1). Ceci suggère que la régulation de ULK1 impliquée dans la voie STING passe 

)$-U)"&"$+# .,(# l�AMPK. Ceci fut confirmé lorsqu�ils inhibèrent l�AMPK au moyen du composé C#

B-$<-'-+")(#.<,(&,/%0%2-U)"9#1,$*#)$"# 0-2$:"# -&&%(+,0-*:"#1"#=-'(%'0,*+"*#<)&,-$*#B<P[KPHQj59E# 0,#

production d�IFN I ét,$+#,'%0-"#;#0,#*)-+"#1"#l�injection d�ADNdb, confirmant l�-$<-'-+-%$#1"#VOS5#.,(#

l�AMPK. De plus, une inhibition de l�AMPK, de même qu�une délétion d�ULK1, semblent stabiliser la 

.(%+:-$"# ?PARZE# -$1-U),$+# /"++"# =%-*# U)"# 0,# .<%*.<%(F0,+-%$# 1"# 0,# .(%+:-$"# .,(#VOS5# "$+(,-$"# *,#

1:2(,1,+-%$#BS%$$%E#Xd5e#n#?,0"-(%E#Xd569C#

#

!"#=,m%$#*)(.("$,$+"E#S%$$%#"+#/%00,'%(,+")(*#%$+#.)#-1"$+-=-"(#/Z@?#/%&&"#:+,$+#"**"$+-"00"#.%)(#

la dégradation de STING via l�activation de la voie AMPK/ULK1. De la même façon, A1!Q8+CD<+ J@B+

aussi responsable de la déphosphorylation de l�AMPK et ?>;A+?@+=CJI=TITC+?C+2._3h+A>;?@BDI;<+JN+

I@DDB+ I@+ =CAYAJITC+ ?C+ *'&)1,+ !B;DBh+ JCD+ ?B9nucléotides cycliques, alors même à l�origine de 

l�activation de STING, permettent de réguler son activité via une boucle de rétrocontrôle négatif 

PC<<I;<+C;+iC@+?CD+S=><FB;CD+?C+JI+PIAOB;C=BC+I@<>SOITBW@C#BS%$$%E#Xd5e9C##

#
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#

Ainsi, via une boucle de rétrocontrôle, les CDNs sont capables d�inhiber l�AMPK, activant alors ULK1. 

Cette dernière sera ensuite à l�origine de l�inhibition de STING par phosphorylation.#

+

A0# ,# "$# %)+("# :+:# .(:/:1"&&"$+# 1:&%$+(:# U)"# 0,# +(,$*0%/,+-%$# 1"# ?PARZ# >"(*# 0"*# >:*-/)0"*#

périnucléaires était nécessaire à l�activation de sa cascade de signalisation (?,-+%<E#XddN#n#Q)(1"++"E#

Xd5e9C# R:,$&%-$*E# 0,# 1:2(,1,+-%$# 1"# ?PARZ# *)-+"# ;# *%$# ,/+->,+-%$# $"# $:/"**-+"# .,*# 0,# =%(&,+-%$#

d�autophagosomes puisqu�aucune structure à double membrane n�a été observée après stimulation 

par de l�ADNdb. De plus, Atg (pour '1-)34,=5& :.2,-./& =.7.(9# bE# $:/"**,-("# ;# 0,# =%(&,+-%$# 1"#

l�autophagosome, ne semble pas jouer de rôle important# 1,$*# 0,# (:2)0,+-%$# 1"# 0,# (:.%$*"#

immunitaire induite par l�ADNdb, puisque la production de cytokines proH-$=0,&&,+%-("*E#1"#&T&"#

U)"# 0,# +(,$*0%/,+-%$# 1"# ?PARZE# *"# =,-+# $%(&,0"&"$+# 1,$*# 1"*# 7[\*# S`# .%)(# /"# 23$"C# O,# &T&"#

/%$/0)*-%$#,#.)#T+("#:+,'0-"#.%)(#@+25fO5C#L,(#,-00")(*E#-0#,#:+:#1:&%$+(:#U)"#0"*#>:*-/)0"*#/%$+"$,$+#

?PARZ#;#0,#*%(+-"#1)#Z%02-#:+,-"$+#"$#(:,0-+:#1"*#"$1%0F*%*%&"*#B?,-+%<E#XddN9C#[$=-$E#Z%$)2)$+,#"+#

/%Hauteurs ont pu observer que le trafic cellulaire de STING n�était pas altéré en cas de#KO du c!ur 

,)+%.<,2-U)"# B@+2eE# @+26# "+# @+2N,9E# *)22:(,$+# 1%$/# U)"# /"(+,-$"*# .(%+:-$"*# 1"# 0,# &,/<-$"(-"#

,)+%.<,2-U)"# *%$+# -&.0-U):"*# 1,$*# 0,# (:2)0,+-%$# 1"# 0,# >%-"# ?PARZE# &,-*# U)"# 0,# &,/<-$"(-"#

autophagique en soi n�est pas impliquée dans ce processus (Z%$)2)$+,E#Xd5b9C#'>@<+ACAB+?FP>;<=C+

IB;DB+ W@C+ JCD+ S=><FB;CD+ ?C+ JI+ PIAOB;C=BC+ I@<>SOITBW@C+ ;FACDDIB=CD+ N+ JI+ <=I;DJ>AI<B>;+ ?C+ *'&)1+

ITBDDC;<+B;?FSC;?IPPC;<+?@+S=>ACDD@D+I@<>SOITBW@C#Bg-"E#Xddb9C#

#

VOS5# B.(:/:1"&&"$+# 1:/(-+9E# .fX# B,0-,*# ?r?P75# .%)(# !.H1.(-)();.& F9E# ODe# "+# @+2N# $%+,&&"$+E#

(:2)0"$+# /"++"# >%-"# ,=-$# 1"#&,-$+"$-(# )$# $->",)# ',*,0# 1"# ?PARZ# +%)+# "$# "&.T/<,$+# )$"# (:.%$*"#

"8/"**->"#,)8#.,+<%23$"*#B?,-+%<E#XddN#n#S%$$%E#Xd5e9C#[$#"=="+E#ODe#"+#@+2N#/%0%/,0-*"$+#,>"/#?PARZ#

après stimulation par de l�ADNdb. #

?i l�on s�intéresse de plus près à Atg9, il apparait que la migration de STING du RE vers l�appareil de 

Z%02-#*"#=,-+#$%(&,0"&"$+#1,$*#1"*#7[\*#S`#.%)(#@+2NC#D"."$1,$+E#+,$+#*,#&-2(,+-%$#1)#Z%02-#>"(*#

les vésicules périnucléaires, que l�association avec TBK5# "+# 0,# .<%*.<%(F0,+-%$# 1)# =,/+")(# 1"#

+(,$*/(-.+-%$# AK\eE# *%$+# =%(+"&"$+# =,>%(-*:"*#"$#/,*#1"#S`#.%)(# 0,#.(%+:-$"#,)+%.<,2-U)"E# 0,-**,$+#

1%$/#*)..%*"(#U)"#!<TZ# i>@C+JC+=jJC+?C+=FT@JI<C@=+;FTI<BE+?C+JI+L>BC+*'&)1#B?,-+%<E#XddN#n#?,-+%<E#

Xd5d9C# 

@0%(*#U)"# l�autophagie peut être non sélective, certains récepteurs peuvent se lier à des molécules 

spécifiques et entrainer leur dégradation suite à l�incorporation dans des autophagosomes (O">-$"h+

Xd559C#D"*#(:/".+")(*#*%$+#"$#"=="+#/,.,'0"*#1"#/-'0"(#1"*#.(%+:-$"*#)'-U)-+-$F0:"*#"+#1"#0"*#"$+(,-$"(#

>"(*# 0"*#,)+%.<,2%*%&"*#>-,# -$+"(,/+-%$#,>"/#ODeC#!,$*# 0,#&"*)("#%t#/"++"#&%1-=-/,+-%$#.(%+:-U)"#
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#

est majoritaire en cas d�activation par les PRR, on comprend aisément le lien pouvant exister entre la 

(:.%$*"#-&&)$-+,-("#"+#0,#&,/<-$"(-"#,)+%.<,2-U)"C#

Prabakaran et collaborateurs ont d�ailleurs démontré que le récepteur autophagique spécifique des 

(:*-1)*#)'-U)-+-$"#.fXM?r?P75#:+,-+#"**"$+-"0#.%)(#0,#1:2(,1,+-%$#1"#?PARZ#*)-+"#;#)$"#*+-&)0,+-%$#

par de l�ADN ou cGAMP. En e=="+E#IS=\D+D>;+@[BW@B<B;YJI<B>;+LBI+JCD+DF=B;CD+_-^h+*'&)1+DC=I+=CA=@<F+

I@+ ;BLCI@+ ?C+ A>PSI=<BPC;<D+ S>DB<BED+ S>@=+ S-RC# D"++"# .(%+:-$"# *"&'0"# *%&&"# +%)+"# -&.%(+,$+"#

pour la régulation de la signalisation STING et, en corolaire, l�ubiquitination de STING par,-+#

-&.%(+,$+"#.%)(#*%$#-$+"(,/+-%$#,>"/#.fXE#*)22:(,$+#1%$/#U)"#0,#&,/<-$"(-"#,)+%.<,2-U)"E#"+#.0)*#

.(:/-*:&"$+# .fXE# "*+# "**"$+-"00"# ;# 0,# 1:2(,1,+-%$# 1"# ?PARZ# ,.(3*# *+-&)0,+-%$# BL(,',I,(,$E# Xd5c9C#

\-$,0"&"$+E# ACD+ D<=@A<@=CD+ S>DB<BLCD+ S>@=+ *'&)19S-R+ DC+ <=>@LC;<+ f<=C+ I@DDB+ E>=<CPC;<+ S>DB<BLCD+

S>@=+ JCD+ S=><FB;CD+ .7^+ C<+ .!Q83# B.%)(# 25()();.E,(()*+,-./& ;.;<:,7.& 3:)-.+7& F9E# &,(U)")(#

lysosomal, mettant donc la machinerie autophagique au c!ur de la migration de STING vers des 

/%&.,(+-&"$+*#1"#+F."#0F*%*%&,)8#,.(3*#*+-&)0,+-%$#1"#?PARZC#

Une stimulation par de l�ADN ou le ligand cGAMP serait ainsi responsable de la conversion de la 

.(%+:-$"#ODeHA#"$#ODeHAA#"+#,-$*-#1)# ("/()+"&"$+#1"#ODe#,)#$->",)#1"#?PARZ# B?,-+%<E#XddN#n#S%$$%h+

Xd5e9C#D"*#>:*-/)0"*#?PARZHODe#s�accumulent en effet après activation de STING#"+#@;C+B;OB[B<B>;+?C+

l�autophagie permettrait d�empêcher la dégradation de STING suite à son activationC# [$# "=="+E#

L(,',I,(,$# "+# /%0032)"*# %$+# &-*# "$# :>-1"$/"# /"# =,-+# "$# -$<-',$+# 0,# &,/<-$"(-"# ,)+%.<,2-U)"# ,)#

moyen d�un KO des gènes Atg3 ou ULK1, mais observèrent aussi ce phénomène grâce à une 

-$<-'-+-%$#.<,(&,/%0%2-U)"#,)#&%F"$#1"#0,#eH&:+<F0,1:$-$"#U)-#/-'0"#0"#/%&.0"8"#LAeS#1"#/0,**"#e#

B/%&.%*:#1"#4.*eJ#"+#4.*569E#%)#0,#',=-0%&F/-$"#U)-#"&.T/<"#0,#=)*-%$#1"#l�autophagosome avec les 

0F*%*%&"*#BL(,',I,(,$E#Xd5c9C##

La machinerie autophagique agirait donc comme un rétrocontrôle négatif de l�activation de STING, 

"$#.0)*#1"#.,(+-/-."(#;#*,#&-2(,+-%$#<%(*#1)#K[C#

\-$,0"&"$+E#S%$$%#"+#/%00,'%(,+")(*#%$+#,0+"($,+->"&"$+#1:0:+:#4L?eJ#BLAeS#1"#+F."#e9E#Q"/0-$H5#%)#

VOS5#1,$*#)$"# 0-2$:"#1"# =-'(%'0,*+"*C#D"*# +(%-*# /%&.%*,$+*# *%$+#"$#"=="+*#1"*#,/+")(*#&,p")(*#1)#

.(%/"**)*#,)+%.<,2-U)"#"$#/,*#1"#/,("$/"#"$#$)+(-&"$+*#Bo)E#Xd5b9C#!"#=,m%$#-$+:("**,$+"E+DC@JC+JI+

?FJF<B>;+?C+%8*^4+B;OB[C+JC+<=IEBA+?C+*'&)1E#-$1-U),$+#1"#/"#=,-+#)$#.(%/"**)*#-$1:."$1,$+#1"#VOS5C#

De la même façon, la seule suppression de VPS34 était capable d�empêcher la production d�IFN#A#.,(#

STING en présence d�ADNdb, alors qu�,)#/%$+(,-("E#1"#=,m%$#0%2-U)"E#0,#1:0:+-%$#1"#VOS5#."(&"++,-+#

d�augmenter cette productionC# 4L?eJ# *"(,-+# 1%$/# )$# (:2)0,+")(E# &,-*# /"++"# =%-*# .%*-+-=E# 1"# 0,#

*-2$,0-*,+-%$#1"#?PARZE#&"++,$+#"$#:>-1"$/"#0,#1),0-+:#1)#(G0"#,)+%.<,2-U)"#1,$*#0"#/%$+(G0"#1"#/"++"#

>%-"#BS%$$%E#Xd5e9C#

#
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#

Ainsi, la machinerie autophagique est fortement liée à l�activité de STING. Elle permet, outre sa 

+(,$*0%/,+-%$#1,$*#0"*#>:*-/)0"*#.:(-$)/0:,-("*E#1"#(:2)0"(#=-$"&"$+#*,#*-2$,0-*,+-%$C#

VOS5E# .fXE# ODe# "+# @+2N# >%$+#&"++("# "$# .0,/"# )$"# (:2)0,+-%$# $:2,+->"# 1"# ?PARZ# "$# =,>%(-*,$+# *,#

dégradation tandis que VPS34 permet d"augmenter la production d"IFN � via STING.#

./H181K1*>!IDM*)(*>!IW0*A$&7-*>XS/,3P)*-)')$(&-*DM*&7*W0E*

\-$,0"&"$+E#,0%(*#U)"#0,#.0).,(+#1"*#(:2)0,+")(*#,2-**"$+#1-("/+"&"$+#*)(#0,#.(%+éine STING, d"autres 

>%$+#.0)+G+#,2-(#*)(#0"#/%&.0"8"#?PARZMPQS5C#

#

O,# .0).,(+# 1"*#ROK*E# /%&&"# :>%U):#.(:/:1"&&"$+E# .,(+-/-."$+# ;# 0,#&-*"# "$# .0,/"# 1"# 0,# (:.%$*"#

-$=0,&&,+%-("#1"#=,m%$#;#."(&"++("#)$"#1:="$*"#"==-/,/"#/%$+("#0"*#.,+<%23$"*C#

!"#$%&'(")*"*#:+)1"*#%$+#/"."$1,$+#&%$+(:#)$"#(:2)0,+-%$#$:2,+->"#1"#/"++"#(:.%$*"#-&&)$-+,-("#

.,(# 0"*#ROK*# B@00"$E# Xd55#n# @$,$1E# Xd5X#n# ?/<$"-1"(E# Xd5X9C# L%)(# "8"&.0"E# h<,$2# "+# /%0032)"*# %$+#

démontré que NLRC3 était responsable de la diminution de l"activation de NFH!B en#-$<-',$+#PK@\f#

B?/<$"-1"(#"+#,0CE#Xd5X9C#

#

R:,$&%-$s, peu de choses sont décrites à l"heure actuelle concernant l"association entre les NLRs et 

les senseurs d"ADN. Zhang et collabor,+")(*# %$+# /"."$1,$+# .)# 1:&%$+("(#qu"un défaut de NLRC3 

/%$1)-*,-+#;#)$"#,)gmentation de la réponse immunitaire innée en réponse à de l"ADN intracellulaire 

"+#1)#/H1-HZ7LE#;#0,#=%-*#1,$*#0"*#/"00)0"*#<:&,+%.%Y:+-U)"*#"+#$%$#<:&,+%.%Y:+-U)"*C#D"/-#*)223("#

1%$/#)$# 0-"$#"$+("#?PARZ#"+# 0"*#ROK*E#"$#.,(+-/)0-"(#,>"/#RKODe#"+#ROKg5C#D"#n"est cependant pas 

valable pour d"autres molécules de la même famille telles que NLRP3, NLRP11, NLRC5 ou R`!XC#[$#

"=="+E# )$# S`#1"#$2:*W# 1,$*# 1"*# /"00)0"*# -$="/+:"*# .,(# 1)# /H1-HZ7L# /%$1)-*,-+# ;# )$"# ,)2&"$+,+-%$#

d"IFN�E#et NLRC3 réduisait significativement l"activation du promoteur 1"#l"IFN�.#

N"ayant pas d"effet direct sur IRF3, il fut donc suggéré que NRLC3 p%)"(,-+# )$# (G0"# "$# ,&%$+# 1)#

complexe STING/TBK1. En effet, ils observèrent qu"en présence de NLRC3, le trafic cel0)0,-("# 1"#

?PARZ# >"(*# 0"*# (:2-%$*# .:(-$)/0:,-("*# :+,-+# =%(+"&"$+# 1-&-$):C# [$# %)+("E#).#7^+ B;<C=ITB=IB<+ ILCA+

STING et TBK1 et amoindrirait leur interaction à l�état basal,# /"++"# -$<-'-+-%$# :+,$+# "$/%("# .0)*#

.(%$%$/:"#,.(3*#-$="/+-%$#.,(#W?4H5#Bh<,$2E#Xd5J9C##

!"# 0,#&T&"# =,m%$E# 1"*# /"00)0"*# 1"# +F."#Q$0D+ _(+ S>@=+ -'CE1+ >;<+ P>;<=F+ @;C+ S=>?@A<B>;+ IAA=@C+

d�IFN! et d�IL96 en présence d�ADN, de GMP cyclique ou de cGAMP, ainsi qu�une phosphorylation 

SJ@D+ BPS>=<I;<C+ ?C+ '"_3E# /%<:("$+# ,>"/# 0"*# (:*)0+,+*# /-+:*# .)-*U)"# /"++"# .<%*.<%(F0,+-%$# "*+#

nécessaire à la production d"IFN I et de cytokines proinflammatoires après activation de STING. Des 

/%$/"$+(,+-%$*# /(%-**,$+"*# 1"# ROKg5# "$2"$1("$+# )$"# -$+"(,/+-%$# ,&%-$1(-"# "$+("# ?PARZ# "+# PQS5E#





C%7+!R!NG!!

!

permettant à l�équipe de Guo de classe)!5S9TL!&488+!)'73*%.+3)!$'7%.#"!0+!AUJ5V!WM+8(-+I6!GOLE!X!

V346!GOLNY;!!

2nfin, Guo et collaborateur ont pu montrer qu�en l�absence de STING, l�expression d�IFN! et de 

&+).%#$-!JAV-!+-.!%<)47'+!-3#.+!Z!3$+!#$"+&.#4$!(%)!HJ[6!\3+!59STL!-4#.!+]()#8'!43!$4$;!^3!&4$.)%#)+6!

3$!_$4&_>down de NRLX1 en présence de STING permet une augmentation de l�expression à la fois 

de l�IFN! et des ISGs. NLRX1 "%@4)#-+!donc l�infection à HIV>VSV en permettant l�augmentation de la 

charge virale, via la réduction de l�expression d�IFN! suite à une régulation négative de la réponse 

#883$#.%#)+!8'0#'+!(%)!AUJ5V!WV346!GOLNY;!

!"#$%$&$'()*+,-.'/0*1/02+21,3'45%6'74.%6"8,/,.8,.+3'9:';((49:<'

C43)! "#$#)6! 3$! %3.)+! 7)43(+! #0+$.#"#%! !!"#$! &488+! ()4.'#$+! )'73*%.)#&+! 0+! *%! @4#+! AUJ5V6!

#$.+)%7#--%$.!%@+&!*%!(%).#+!B>.+)8#$%*+!0+!AUJ5V!WS#6!GOLEY;!CC,L^!+-.!3$!8+8<)+!0+!*%!"%8#**+!0+-!

CCGB!W(43)!!"#$%&'()*#+)*,$,+%(-.Y6!&4$$3+!(43)!)'73*+)!$'7%.#@+8+$.!*+-!@4#+-!#$03#.+-!+$!&%-!0+!

-.)+--! &+**3*%#)+! WU%.+_%`%6! LaaPY6! +.! #8(*#\3'+! 0%$-! *+! &4$.)b*+! 03! &I&*+! &+**3*%#)+! +$!

0'(:4-(:4)I*%$.! *+-!_#$%-+-!0'(+$0%$.+-!0+-!&I&*#$+-! WBMc!(43)!./01&'(2%)%'2%'$(3&',+%Y! WB:+$76!

LaaaY6!+.!"#$%*+8+$.!+$! #$:#<%$.! *%!.)%$-*4&%.#4$!0+!5d>"B par une déphosphorylation d�IKK! et de 

(NE!WA3$6!GOOa). Une précédente étude avait déjà pu mettre en évidence l�association entre PPM1B 

et TBK1, régulant négativement l�activation de cette dernière We:%46! GOLG). Il n�est donc pas 

-3)()+$%$.!0+!&4$-.%.+)!\3+!!!"#$%&'()*+%,'(-./0+1+,.%*-%02/+%34567;!2$!+""+.6!3$+!#$:#<#.#4$!0+!

PPM1A dans des HEK293T (via l�utilisation de siRNA) montre une exacerbation de la voie STING avec 

une augmentation de la phosphorylation de TBK1 et en conséquence de la dimérisation d�IRF3 (8/9%

:;#<Y;!

2$! 43.)+6! S#! +.! &4>%3.+3)-! (3)+$.! 8+.tre en évidence que STING et TBK1 s�inter>)'73*+)%#+$.!f! +$!

+""+.6! AUJ5V6!@#%! -4$! #$.+)%&.#4$! %@+&!UKcL6! (+)8+.! -%! )+*4&%*#-%.#4$! +.! %#$-#! -4$! %&.#@%.#4$6! .%$0#-!

que TBK1 facilite, via son activité kinase, l�agrégation de STING. PPM1A agit quant à lui sur *+-!0+3]!

")4$.-!+$!&4$03#-%$.!Z!*%!0'(:4-(:4)I*%.#4$!Z!*%!"4#-!0+!AUJ5V6!8%#-!%3--#!0+!UKcL!+**+>8g8+6!-+$-'+!

s�autophosphoryler afin de conduire à l�activation de la voie STING (S#6!GOLEY;!

B488+!8+$.#4$$'! (*3-! :%3., de nombreux senseurs d�ADN vont permettre l�activation de la voie 

AUJ5V6!+.!$4.%88+$.!9JV>J6! JdJLN!43!+$&4)+!MMTQL;!5'%$84#$-6! *%!@4#+! *%!8#+3]!&%)%&.')#-'+!Z!&+!

jour reste l�activation de STING via cGAS (alias Mb21d1).!
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66>&<E'9&

66>FG&:",H$M/*)/&/)&0/#,*1T)1H@&0/&.+&,>EL=>'L=&#S@)\+#/&

A1"$+-=-:"# .%)(# 0,# .("&-3("# =%-*# "$#Xd5X#.,(# 0"# 2(%)."# 1"# h<-p-,$# D<"$# B*@;h+ RU3^+o+ q@h+ RU3^9E# 0,#

/F/0-/HZ7LH@7L# *F$+<,*"# B/Z@?# ,)**-# ,.."0:"# 7QX5!5E# .%)(# K,<ELF& /);,+7& *)7-,+7+7=& F9# =,-+#

aujourd�hui partie des plus importants senseurs d�ADN impliqués, entr"#,)+("*E#1,$*#0,#(:.%$*"#,$+-H

>-(,0"C#[+,$+#0%/,0-*:"#;#0,#=%-*#1,$*#0"#/F+%*%0#"+#,)#$->",)#1"#."+-+"*#>:*-/)0"*E#CJJC+CD<+=CDS>;DI[JC+

de la détection d�ADN cytosolique (simple ou double brin) d�origine microbienne, et permet de 

AI<IJYDC=+JI+DY;<O\DC+?C+cGAMP en réponse à une stimulation par de l�ADN#BP,%E#Xd5f9C##

Structurellement, cGAS possède une conformation bilobée alternant des structures en hélices ! et 

feuillets " (h<,$2E#Xd5J9C#[00"#.%**31"#)$#1%&,-$"#/,+,0F+-U)"#$)/0"%+-1F0+(,$*=:(,*"E#*-+):#,)#/"$+("#

des feuillets ", ainsi que 2 domaines de liaison à l�ADN situés sur la face opposée de la protéine (o-$E#

Xd56#n# D<"$E# Xd5f). En l�absence d�ADN, cGAS se trouve (comme STING) dans un état d�autoH

-$<-'-+-%$#"+#*)'-+#)$#/<,$2"&"$+#/%$=%(&,+-%$$"0#,.(3*#liaison avec l�ADN, augmentant son activité 

/,+,0F+-U)"#1"# 1-$)/0:%+-1"# /F/0,*"# BD<"$E# Xd5f). Ceci permettra la synthèse de 2�3�H/Z@7L#,.(3*#

cyclisation d�un résidu 2�H5� au moyen de ponts phosphodiesters entre le GMP et l�AMP (0BT@=C+3:h+

SITC+ 4d9# B@'0,**"(E# Xd5e9C# A0# ,# .,(# ,-00")(*# :+:#%'*"(>:# )$"# <%&%0%2-"# 1"# *+()/+)("# "$+("# /Z@?#"+#

OAS1, responsable quant à elle de la destruction de l�ARN viral et cytosolique (])E#Xd5J9#q#/"*#1")8#

.(%+:-$"*#.(:*"$+"$+# /"."$1,$+#)$"#1-==:("$/"#1"# *:U)"$/"#1,$*# 0,# (:2-%$#1"# 0-,-*%$#,)# *)'*+(,+E#

conférant à cGAS une affinité à l�ADN plutôt qu�à l�ARN (D->(-0E#Xd5e9C#

Gao et collaborateurs ont démontré qu�une abolition de la production d�IFN" était observée en cas 

1"#I$%/IHdown (via l�utilisation de siRNA) de cGAS dans )$"#0-2$:"#1"#=-'(%'0,*+"*#&)(-$*#BONXN9#"$#

réponse à de l�ADN, mais que cette inhibition n�avait pas lieu en cas de stimulation par le virus 

?"$1,-E#>-()*#;#@KR#BZ,%E#Xd5e). Ainsi cGAS est bien spécifique de la détection d�ADN, et non d�ARN. 

O,#&T&"# %'*"(>,+-%$# ,# .)# T+("# =,-+"# 1,$*# 1"*# /"00)0"*# <)&,-$"*E# 0"*# PWL5# B?)$E# Xd5e9C# !"# .0)*E#

?<%22-$*#"+#/%0032)"*#1:&%$+(3("$+#U)"#1"*#/"00)0"*#-**)"*#1"#*%)(-*#S`#.%)(#/Z@?#$"#*%$+#.0)*#"$#

&"*)("#1"#.(%1)-("#1"*#IFN I en réponse à une stimulation par de l�ADN viral, et qu�en conséquence 

/"*#*%)(-*#*%$+#'",)/%).#.0)*#*"$*-'0"*#U)"#0"*#*%)(-*#/%$+(G0"*#;#)$"#-$="/+-%$#0:+,0"#.,(#)$#>-()*#;#

@!R#B?/<%22-$*E#Xd5e9C#

Enfin, cette enzyme, bien que spécifique de l�ADN en général, n�a cependant pas d�affinité 

.,(+-/)0-3("# .%)(# )$"# *:U)"$/"# 1%$$:"C# [$# "=="+E# /Z@?# *"# 0-"(,-+# ,)# $->",)# 1"# 0,# *+()/+)("# *)/("H

phosphate de l�ADNdb et non à ses bases (O-E#Xd5e). C�est pour cette raison que des modifications de 

l�ADN, telles qu�une oxydation causée par une irradiation aux UV (pour `2-:,E9+)2.-(), n�améliore ni 
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n�affaiblit la liaison de cGAS à l�ADN. Par contre, cette oxydation rendrait l�ADN plus résistant aux 

$)/0:,*"*# +"00"#U)"#PK[g5# B.%)(#Wd& :.3,+:&.G)71*2.,(.&F), et donc augmenterait la quantité d�ADN 

.(:*"$+"#1,$*#0"#/F+%.0,*&"E#,)2&"$+,$+#,-$*-#l�activité de cGAS et ainsi la production accrue d�IFN I 

BZ"<(I"E#Xd5e9C#

66>JG&',)1M+)1H@&de l!enzyme cGAS &

!"# =,m%$# -$+:("**,$+"E# @'0,**"(# "+# /%00,'%(,+")(*# %$+# &-*# "$# :>-1"$/"# 0"# =,-+# U)"E# %)+("# *%$#

,/+->,+-%$#1,$*#)$"#/"00)0"#1%$$:"#*)-+e à une infection, cGAS était capable d�activer ses homologues 

dans les cellules adjacentes. En effet, ils ont pu constater que l�infection d�une cellule conduit à la 

production de cGAMP suite à l�activation de cGAS, mais que cela se répercutait sur les au+("*#/"00)0"*#

voisines au moyen des jonctions communicantes. Ceci permet alors de conduire à l�activation de 

?PARZ# "+# 0,# .(%1)/+-%$# &,**->"# 1"*# A\R# AE# "+# 1%$/# 1"# ."(&"++("# )$"# (:.%$*"# ,$+-H>-(,0"# %)#

',/+:(-"$$"#(,.-1"#G0BT@=C+3:h+SITC+4dH##B@'0,**"(E#Xd5e9C#

En conditions physiologiques, cGAS est donc un senseur permettant la détection d�un large panel 

d�ADNs microbiens. De nombreuses études ont en effet mis en évidence une production d�IFN I 

1:."$1,$+"#1"#0,#>%-"#/Z@?H?PARZ#,.(3*#-$="/+-%$#.,(#0"*#>-()*#1"#0,#>,//-$"E#0"#/F+%&:2,0%>-()*E#0"#

>-()*#W?4#%)#"$/%("#0"#7W4fc#B.%)(#;)1(.&4.3,-+-+(&9+:1(&Z[9#BO-%E#Xd5f#n#h<,$2E#Xd56#n#])E#Xd56#n#

7,E#Xd5f9C#

L,(# ,-00")(*E# A1!*+ DC=IB<+ I@DDB+ @;+ DC;DC@=+ AJF+ ?CD+ =F<=>LB=@D, bien qu�en théorie ces derniers ne 

.,**"$+# .,*# .,(# 0"# /F+%.0,*&"C# [$# "=="+E# 1,$*# 1"*# /%$1-+-%$*# .<F*-%0%2-U)"*E# )$"# (:,/+-%$# 1"#

transcription réverse a lieu directement dans la capside virale, permettant au virus d�injecter son 

@!R#/%&.0:&"$+,-("#1,$*#0"#noyau afin qu�il soit intégré au génome de la cellule hôte. Dans des cas 

pathologiques, tels qu�une perte de fonction des exonucléases SAMHD1 (pour !'K&/);,+7E&,7/&SI&

/);,+7E*)7-,+7+7=&3:)-.+7&F) ou TREX1, de l�ADN «#(:+(%>-(,0#l#.")+#T+("#1:+"/+:#1,$*#0"#/F+%.0,*&"#

"+# ,/+->"(# ,-$*-# /Z@?# BK,*,-F,,<E# Xd5e#n# O,<,F"E# Xd5e#n# Z,%E# Xd5e9C# R:,$&%-$*E# )$"# (:2)0,+-%$#

.,(+-/)0-3("# "8-*+"# .%)(# 0"*# (:+(%>-()*C# [$# "=="+E# 0,# .(%+:-$"# LrQL5# B.%)(# 3)25=21-,;+7.E<+7/+7=&

3:)-.+79#,#(:/"&&"$+#:+:#-1"$+-=-:"#/%&&"#=,/-0-+,$+#0,#1:+"/+-%$#1"#/"+#@!R#(:+(%>-(,0#B.,(#"8"&.0"#

WA4H1) par cGAS. Cette protéine se lie directement à l�ADN rétrotranscrit et interagit avec cGAS afin 

d�initier la réponse immunitaire via STING et IRF3. PQBP1 et cGAS forment ainsi un complexe à 

=%$/+-%$# 1"# PRR permettant la mise en place d�une réponse spécifique aux rétrovirus. Un KO de 

PQBP1 inhibe ainsi la production d�IFN I suite à une infection par HIVH5#Bo%<E#Xd569C#

[$=-$E#de nombreuses bactéries sont responsables de l�activation de cGAS suite à l�entrée d�ADN 

[IA<F=BC;+ I@+ ;BLCI@+ AY<>SJIDPBW@CC# L,(&-# "00"*E# K5*)<,*-.:+,E# ].=+)7.22,E# !4+=.22,E# Q:,7*+(.22,E#
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O42,;5/+,E#$.+((.:+,#%)#"$/%("#0"#2(%)."#Q#1"*#?+(".+%/%U)"*#B7,(-$<%E#Xd5b), tandis que d�autres, 

+"00"*#U)"#]+(-.:+,#;)7)*5-)=.7.(# -$1)-*"$+#;# 0,#=%-s une production d�IFN I, dépendante de la voie 

/Z@?M?PARZE# &,-*# ,)**-# )$"# .(%1)/+-%$# -$1:."$1,$+"# 1"# /Z@?E# .)-*U)"# /"++"# ',/+:(-"# .(%1)-+#

directement des dinucléotides cycliques à l�origine de l�activation de STING (W,$*"$E#Xd5J9C#

66>KG&!"I$.+)1H@&

!"# 0,#&T&"# =,m%$# U)"# ?PARZE# "+# ,=-$# 1"# protéger l�organisme# /%$+("# )$"# (:.%$*"# -$=0,&&,+%-("#

"8/"**->"E#/Z@?#"*+#=-$"&"$+#(:2)0:"+B0BT@=C+3Z9C##

66>KGFG&Régulation par l!autophagie&

Nous avons vu précédemment que l�autophagie, outre son rôle dans la translocation d"#?PARZ#1)#K[#

>"(*# 1"*# >:*-/)0"*# .:(-$)/0:,-("*E# :+,-+# ,)**-# 0,(2"&"$+# -&.0-U):"# 1,$*# *,# (:2)0,+-%$C# A0# "$# >,# 1"#

&T&"#.%)(#/Z@?#.)-*U)"#"CAJB;93h+par exemple, impliquée dans la formation de l�autophagosome, 

interagit directement avec cGAS afin d�inhiber son activité catalytiqueC#!"#.0)*E#0,#0-,-*%$#1"#/Z@?#;#

Q"/0-$H5#."(&"++(,-+#0"#("0,(2,2"#1"#K)'-/%$#1)#/%&.0"8"#Q"/0-$H5C#K)'-/%$#"*+#)$#(:2)0,+")(#$:2,+-=#

de l�autophagie, et cGAS et Rubicon entrent en compétition pour la liaison à BeclinH5C# @-$*-E# 0"#

("0,(2,2"#1"#K)'-/%$#,/+->"(,-+#0"#/%&.0"8"#Q"/0-$H1 et faciliterait la dégradation sélective de l�ADN 

/F+%*%0-U)"# >-,# 0,# &,/<-$"(-"# ,)+%.<,2-U)"C# [$# /%$/0)*-%$E# après stimulation par de l�ADNdb, 

#@[BA>;+DC+?BDD>ABC+S=>T=CDDBLCPC;<+?@+A>PSJCaC+"CAJB;939PI3K, à mesure que cGAS s�y lie#BO-,$2E#

Xd5J9C#@-$*-E#0,#0-,-*%$#1"#/Z@?#,)#/%&.0"8"#Q"/0-$H1 conduit à l�inhibition de cGAS#B0BT@=C+3Z9C#D"++"#

-$<-'-+-on, bien que délétère pour la mise en place d�une forte réponse IFN, et donc antiH>-(,0"E#*"(,-+#

donc compensée par la dégradation directe de matériel viral au sein de l�autophagosome et 

.(->-0:2-"(,-+#,-$*-#0,#>%-"#1"*#POK*#B"$1%*%&,)89C#

66>KGJG&!"I$.+)1H@&T+*&0/#&%H01?1,+)1H@#&TH#)>)*+0$,)1H@@/../#&

D%&&"#:>%U):#.(:/:1"&&"$+E# 0"*#&%1-=-/,+-%$*#.%*+H+(,1)/+-%$$"00"*#1"*#.(%+:-$"*# +"00"*#U)"# 0,#

phosphorylation, l�acétylation, l�ubiquitination, la glutamylation ou encore la glycosylation, 

."(&"++"$+#)$"#(:2)0,+-%$#=-$"#1"#0")(#,/+->-+:C##

La glutamylation est une modification permettant la liaison covalente d�un acide glutamique sur une 

.(%+:-$"C# O,# 20)+,&F0,+-%$# 1"# /Z@?# "*+# /,+,0F*:"# .,(# 1"*# "$_F&"*# ,.."0:"*# 20)+,&F0,*"*E# "+#

$%&&:"*#PPOO#B.%)(#"1<12+7&-5:)(+7.&2+=,(.E2+M.9#J#"+#f#Bj,$I"E#Xdd69C#D"++"#(:2)0,+-%$#1"#/Z@?#,#:+:#

1:/%)>"(+"#.,(#g-,#"+#/%0032)"*E#U)-#%$+#&%$+(:#U)"#1"*#*%)(-*#1:=-/-"$+"*#.%)(#0"*#23$"*#O*3B&%)#ZE&

/%1,$+#.%)(#0"*#"$_F&"*#DDL6#"+#DDLf#("*."/+->"&"$+E#:+,-"$+#.0)*#>)0$:(,'0"*#;#)$"#-$="/+-%$#.,(#





C%7+!R!NN!!

!

HA[! 43! *+! @#)3-! 0+! *%! @%&&#$+! WT#%6! GOLNY;! B+-! &%)<4]I(+(.#0%-+-! WBBC! (43)! 0/$#+#1&0(

0,"4#5/)%)$&2,+%Y! -4$.! +$! +""+.! 0+-! +$hI8+-! (+)8+..%$.! *%! )'@+)-#4$! 03! (:'$48/$+! 0+!

7*3.%8I*%.#4$! &%)!+**+-! @4$.! (+rmettre d�ôter ces résidus glutamate (9474`-_#6! GOLOY;!C%)!%#**+3)-6!

&+-! -43)#-! B&(E>i>! produisent des concentrations plus faibles d�IFN I avec en particulier une 

diminution de la production d�IFN", et montrent un défaut d�activation d�IRF3. Ceci suggère d4$&!3$!

)b*+!0+!&+..+!840#"#&%.#4$!0%$-!*%!)'73*%.#4$!0+!*%!@4#+!&V^A>AUJ5V;!

2$! +""+.6! +$! )+&:+)&:%$.! 0+-! (%).+$%#)+-! %--4&#'-! %3]! +$hI8+-! BBCE! +.! N6! T#%! +.! &4**/73+-!

#0+$.#"#/)+$.!&V^A;!?$+!0'7*3.%8I*%.#4$!0+!&V^A!(+)8+..)%#.!-4$!%&.#@%.#4$;!2.!%*4)-!\3+!UUSSQ!+-.!

responsable d�une monoglutamylation de cGAS sur le résidu Glu302, inhibant l�activité synthase de 

cGAS, TTLL6 est lui responsable d�une polyglutamylation sur le résidu Glu 272, abolissant sa capacité 

à lier l�ADN. Ce phénomène de glutamylation est!donc à l�origine d�une régulation négative de cGAS 

en réponse à une infection virale par de l�ADN (T#%6!GOLNY;!

2$"#$6! 0+! *%! 8g8+! "%j4$! \3+! *%! 7*3.%8I*%.#4$6! *%! (:4-(:4)I*%.#4$! +-.! +**+! %3--#! )+-(4$-%<*+! 0+! *%!

)'73*%.#4$!"#$+!0+!()4.'#$+-;!

J0+$.#"#'+! Z! *%! "4#-! &488+! %&.+3)! 0%$-! *+! 8'.%<4*#-8+6! *%! -3)@#+! &+**3*%#)+6! *%! ()4*#"')%.#4$! +.! *%!

8#7)%.#4$!&+**3*%#)+6!*%!@4#+!0+!-#7$%*#-%.#4$!^_.!k43+!3$!)b*+!&+$.)%*!0%$-!*%!&+**3*+!W,%$$#$76!GOLFY;!

2**+!+-.!%&.#@'+!(%)!*%!CJDc6!+**+>8g8+!%&.#@'+!(%)!*+-!)'&+(.+3)-!%3]!Jd5!J!+.!JJ!W)+-(+&.#@+8+$.!Jd5^9!

+.!Jd5V9Y!Wc%3)6!GOOaY6!+.!%&.#@+!*%!()4.'#$+!8Ul96!3$!)'73*%.+3)!-#.3'!+$!%84$.!0+!*%!.)%03&.#4$!0+-!

JAV-!Wc%3)6!GOOPY!: ainsi on peut supposer qu�elle joue aussi un rôle central dans la régulation de la 

production d�Jd5!J;!2$!(%).#&3*#+)6!^_.!)'73*+!$'7%.#@+8+$.!*%!@4#+!AUJ5V!+$!(:4-(:4)I*%$.!&V^A!-3)!

sa sérine 305 (chez l�Homme, 291 chez la souris), supprimant ainsi l�activité enzymatique de la 

()4.'#$+!WA+46!GOLEY;!!

!!"#$#$%&'()*+,-./%01%2345%6-+%017%8'2+/-7817%'9-('/',-:)17%et boucle d!auto"

;'()*+,-./%

Il a été démontré que, dans certaines lignées tumorales qui perdent l�expression de cGAS, l�utilisation 

d�inhibiteurs de la méthylation de l�ADN permettait de restaurer l�expression de cGAS suggérant 

04$&!3$+!)'73*%.#4$!@#%!0+-!8'&%$#-8+-!'(#7'$'.#\3+-!W,%6!GOLEY;!

D�autre part, *+=% 5>6%5%+)?@1A1+=%+?+&B+&-/+,.%),%&'.&2B2,.&C*+%D2=/./E%+.%),+%-1D*/E/B-./2,%F+%*-%

02/+%B7$3G34567H%En effet, il est admis aujourd�hui que cGAS fait partie des ISGs, induit donc par les 

Jd5!J6!+.!\3+!-4$!+]()+--#4$!+-.!)'73*'+!(%)!Jd5^9;!&V^A!(4--/0+!+$!+""+.!3$!'*'8+$.!0+!)'(4$-+!Z!

l�IFN I dans son promoteur (ISRE). Enfin, Ma et colègues purent mettre en évidence le fait que dans 





L,2"#a#fb##
#

1"*#&,/(%.<,2"*#&:1)00,-("*#BQ77*#.%)(#N)7.&;,::)6&;,*:)34,=.() IFNAR KO, cGAS n�était pas 

-$1)-+# *)-+"# ;# )$"# *+-&)0,+-%$# .,(# /Z@7L# %)# .%0F1@q1P# B7,E# Xd569# *)22:(,$+# 1%$/# U)"# 0"*# A\R# A#

(:2)0"$+#l�expression de cette enzyme.#

66>KGOG&Régulation par l!ADN &

Etant activé exclusivement par de l�ADN, il parait logique d�envisager un contrôle de l�activation de 

cGAS par l�@!R# 0)-H&T&"C#D%&&"#&"$+-%$$:#.0)*#<,)+E# cGAS n�est pas activé par une séquence 

particulière de l�ADN. En revanche, une certaine longueur de séquence est nécessaire à son 

IA<BLI<B>;#puisque de petits ADN d�environ 15 paires de base ont une longueur suffisa$+"#.%)(#*"#0-"(#

;#/Z@?#&,-*#.,*#.%)(#."(&"++("#*%$#,/+->,+-%$C##

[$#"=="+E#%)+("# la préférence de cGAS pour la forme B de l�ADN#BD->(-0E#Xd5e9E# 0,#.0)*#/%&&)$"#1"*#

1%)'0"*#<:0-/"*#("+(%)>:"*#;#.W#$")+("#1,$*#1"*#/%$1-+-%$*#.<F*-%0%2-U)"*E#0,#(:.%$*"#A\R#A#*)-+"#;#0,#

détection d�ADN cytosolique se trouve être dépendante de la longueur de l�ADN. Ainsi, il a été 

démontré qu�un minimum de 40 paires de bases était nécessaire à la mise en place d�une telle 

réponse. Luecke et collaborateurs ont pu montrer qu�à la =%-*#0,#.<%*.<%(F0,+-%$#1"#PQS5E#&,-*#,)**-#

la dimérisation de STING, étaient favorisées lorsque la taille de l�ADN augmente. Ils supposèrent que 

/"++"#,/+->,+-%$#.%)>,-+#T+("# 0-:"#;#PK[g5C#[$#"=="+E#/"++"#"8%$)/0:,*"#."(&"+#1"#1:2(,1"(#1,$*# 0"#

/F+%.0,*&"# l�ADN potentiellement néfaste pour la cellule, qui pourrait engendrer une réponse IFN I 

"8/"**->"C#D"++"#"$_F&"#.%)((,-+#T+("#.0)*#"==-/,/"#1,$*#0,#1:2(,1,+-%$#1"*#."+-+*#@!R*C#D"."$1,$+E#

après transfection d�ADN de différentes tailles dans des cellules TR[g5# S`E# /"*# 1"($-3("*# *"#

/%&.%(+"$+#1"# 0,#&T&"#=,m%$#U)"#1"*#/"00)0"*#]PE#&%$+(,$+#U)"# 0,#1:."$1,$/"#;# 0,# 0%$2)")(#1"#

l�ADN ne dépend finalement pas de TREX1. Luecke et collaborateurs démontrèrent ainsi que 

l�accumulation de cGAMP dépendante de la longueur#du brin d�ADN après stimulation, était due à 

1"*#.(%.(-:+:*#-$+(-$*3U)"*#;#/Z@?C#7CAB+D@TT\=C+?>;A+W@C+A1!*+CD<+[BC;+IA<BLF+SI=+?C+J>;TD+!/)DE#

$%+,&&"$+# 1"# =,m%$# ;# :>-+"(# )$"# ,/+->,+-%$# "8/"**->"# 0-:"# ;# 0,# .(:*"$/"# 1"# ."+-+*# @!R*# U)-#

pourraient s�accumule(# 1,$*# 0"# /F+%.0,*&"# 1"*# /"00)0"*# /%&&"# *%)*Hproduit issu d�une division 

cellulaire, ou suite à la réparation de l�ADN par exemple, et qui#.%)((,-+#/%$1)-("#;#)$"#.,+<%0%2-"#

-$=0,&&,+%-("#BO)"/I"E#Xd5b9C#





L,2"#a#fc##
#

666>&<E'L=&

666>FG&:/#,*1T)1H@&

O"*#D!R*#.(%1)-+*#.,(#0"*#',/+:(-"*E#+"0*#U)"#0"#/H1-HZ7LE#/H1-H@7L#et 3�5�cGAMPE#1-==3("$+#U)"0U)"#

peu du ligand 2�3�HcGAMP produit par l�enzyme cGAS à partir de l�ADN bactérien, et découvert par le 

2(%)."#1"#h<-p-,$#D<"$#B0BT@=C+3:h+SITC+4d9##B])E#Xd5e9C##

A1!*+catalyse en premier lieu un résidu linéaire 2�5�, qui subit par la suite une cyclisation via des 

liens phosphodiesters 3�5�#B@'0,**"(E#Xd5e#n#h<,$2E#Xd5e). Ce résidu 2�5� est unique et rare, puisque 

0"*# 1-$)/0:%+-1"*# /F/0-U)"*# ',/+:(-"$*# .%**31"$+E# .%)(# 0eur part, 2 ponts 3�H5�H.<%*.<%1-"*+"(*E# "+#

sont alors appelés 3�5� CDNs (S(,$_)*/<E#Xd569C##

D�autres analogues de ce second messager existent, tel que le 3�3�HcGAMP (ou 3�3� CDN), découvert 

-$-+-,0"&"$+#1,$*# 0,#',/+:(-"#Z(,&H#0+<:+)&*4)2.:,.# B!,>-*E#Xd5X9#ou encore les 2�2�HcGAMP et 3�2�H

cGAMP, ces derniers étant des analogues de synthèse et non des ligands existant à l�état naturel. De 

.0)*E#'-"$#U)"# 0"*#/Z@7L*#*"# 0-"$+#1"# =,m%$#:U)->,0"$+e à STING, le ligand naturel 2�5�H/Z@7L#"*+#

/"0)-#("/%$$)"#.,(#?PARZ#,>"/#0,#.0)*#<,)+"#,==-$-+:#BZ,%E#Xd5e9C#

666>JG&!"I$.+)1H@&

Outre sa capacité à l�activer, cGAMP permet aussi de réguler STING puisqu�il agira sur l�AMPK afin 

d�activer ULK1, responsable d�un contrôle négatif de la protéine#?PARZ#B0BT@=C+3dE#SITC+6R9#BS%$$%E#

Xd5e9C##

O,#>%-"#/Z@?H/Z@7LH?PARZ#:+,$+#/%$*+,&&"$+#"+#=-$"&"$+#(:2)0:"E#-0#"8-*+"#:2,0"&"$+#)$#+)($%>"(#

de cGAMP. En effet, l�enzyme $)883# B.%)(#?*-)71*2.)-+/.& 35:)34)(34)-,(.\34)(34)/+.(-.:,(.9# ,#

:+:# -1"$+-=-:"# /%&&"# :+,$+# @;C+ SO>DSO>?BCD<F=IDC+ =CDS>;DI[JC+ ?@+ AJBLITC+ ?CD+ S>;<D+

phosphodiesters existant entre les molécules d�AMP et GMP, afin de recycler cGAMPC# D"++"#

hydrolase est exprimée dans de nombreux tissus mais son activité n�est pas retrouvée au niveau 

cytosolique. C�est en effet une enzyme transmembranaire, suggérant donc que 2�3�H/Z@7L#1%-+#T+("#

transporté jusqu�à la membrane afin d�être 1:2(,1:#B0BT@=C+3Zh+SITC+-69##BO-h+Xd5J9C#

!"#la même façon que cGAMP régule STING, l�inverse est vrai aussi. En effet, il a été démontré que 

0"*#/%$/"$+(,+-%$*#1"#/Z@7L#:+,-"$+#.("*U)"#5d#=%-*#*).:(-")("*#1,$*#1"*#*%)(-*#PK[g5HMH#?PARZ#HMH#

.,(# (,..%(+# ;# 1"*# *%)(-*# PK[g5HMHE# *)22:(,$+# )$# (G0"# 1"# ?PARZ# 1,$*# 0,# /0,-(,$/"# 1"# *%$# 0-2,$1#

BK%1"(%E#Xd569C#
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65>&!49;L4&:4&A'&5764&<E'9&�&<E'L=&>&9-68E&

@-$*-E#.%)(#(:*)&"(E#?PARZ#>,#*"#0-"(#,)8#1-H$)/0:%+-1"*#/F/0-U)"*#*F$+<:+-*:*#*%-+#1-("/+"&"$+#.,(#0"*#

',/+:(-"*E# soit à partir d�@!R# &%1-=-:# .,(# /Z@?C# Cette liaison se fera avec l�aide de la molécule 

h!WWD5#Bh<%)E#Xd5J9E#."(&"++,$+#0"#("/()+"&"$+#1"#0,#.(%+:-$"#@7\K#,)#&%F"$#1"#AR?AZC##

@7\K#>,#1%$/#/,+,0F*"(#0,#.%0F)'-U)-+-$,+-%$#1"#?PARZ#,)#&%F"$#1"#*:(-$"*#SXb#B],$2E#Xd5J9C#O"*#

&%0:/)0"*# KR\Xf# Br-$E# Xd5J9E# PKA76f# BP*)/<-1,E# Xd5d9# "+# PKA7eX# Bh<,$2E# Xd5X9# .,(+-/-."$+# "00"*#

,)**-#;#*%$#,/+->,+-%$#.,(#)'-U)-+-$,+-%$#.)-*U)"#("*.%$*,'0"#1"#0,#2("=="#1"#(:*-1)*#.%0F0F*-$"#S55#"+#

SfeC#

Cette ubiquitination K11 améliore l�activation de STING puisqu�elle permet de déstabiliser 

l�ubiquitination K48 médiée par les régulateurs négatifs de STING, RNF5 (h<%$2E#XddN) et TRIM!30 

B],$2E# Xd569C# [$# "=="+E# )$"# )'-U)-+-$,+-%$# SJc# ,&3$"# ?PARZ# ;# T+("# 1:2(,1:# "+# ("/F/0:# .,(# 0"#

.(%+:,*%&"C##

Une autre façon d�activer STING serait de conduire à sa déubiquitination K48 afin de désolidariser les 

&%+-=*#)'-U)-+-$"# 0-:*#;# 0,#*:(-$"#SJc#"+#/%$+(-')"(#,)#&,-$tien de sa stabilité. C�est notamment le 

rôle de l�enzyme EIF3S5, recrutée par iRhom2 (O)%E#Xd5f9C#

V$"# =%-*# ,/+->:E# ?PARZ# &-2("(,# 1)# K[# ;# 1"*# >:*-/)0"*# .:(-$)/0:,-("*# %t# -0# -$+"(,2-(,# ,>"/# *%$#

.,(+"$,-("#PQS5E#"+#,>"/#0"#=,/+")(#1"#+(,$*/(-.+-%$#AK\eC#D"++"#+(,$*0%/,+-%$#*"(,-+#("$1)"#.%**-'0"#

2(x/"# ;# 0,# &%0:/)0"# -K<%&XE# ("*.%$*,'0"# 1)# ("/()+"&"$+# 1"# 0,# .(%+:-$"# ,**%/-:"# ,)# +(,$*0%/%$#

TRAP", ainsi que du complexe de l�exocyste (O)%E#Xd5f9C#

D�autres molécules telles que ATG9a, NLRX1 ou NLRC3, vont être impliU):"*# 1,$*# 0,# (:2)0,+-%$#

$:2,+->"# 1"# ?PARZ# "$# "&.T/<,$+# 0,# /%&.0"8,+-%$# ?PARZHPQS5# B.%)(# @PZN,9# %)# "$# ,==,-'0-**,$+#

l�interaction entre STING et TBK1 (pour NLRX1 et NLRC3) (h<,$2E#Xd5J#n#Z)%E#Xd5f#n#?,-+%<E#XddN9C##

D�autres molécules de la machinerie autop<,2-U)"#B%)+("#@PZN,9#+"00"*#U)"#VOS5#%)#Q"/0-$H5E#>%$+#

(:2)0"(# $:2,+->"&"$+# 0,# >%-"# ?PARZC# [$# "=="+E# VOS5#.<%*.<%(F0"(,# ?PARZ# *)(# 0,# *:(-$"# ?eff#,=-$# 1"#

=,/-0-+"(#*,#1:2(,1,+-%$#BS%$$%E#Xd5e9E#Q"/0-$H5#U),$+#;#0)-#,2-(,#"$#,&%$+#1"#0,#>%-"#"$#-$<-',$+#/Z@?#

BO-,$2E#Xd5J9C#

#

STING est donc un activateur majeur de la production d�IFN I. Une fine régulation de cette voie est 

donc nécessaire afin d�éviter toute exacerbation pouvant conduire au développement de pathologies 

,)+%-$=0,&&,+%-("*C&

[$#"=="+E#)$"#*)(.(%duction persistante de l�IFN I#est aujourd�hui responsable de pathologies que l�on 

classe à l�heure actuelle#1,$*#0"#2(%)."#$%)>"00"&"$+#1:/(-+#1"*#-$+"(=:(%$%.,+<-"*#BK%1"(%{D(%^E#

Xd5b9C#
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='!-64&666&R&9-68E&/)&T+)\H.HI1/#&+##H,1"/#&

6>&A49&68-4!B4!787='-P649&

D"# 2(%)."# 1"# .,+<%0%2-"*# ,# :+:# 1:=-$-"# ("0,+->"&"$+# (:/"&&"$+E# "$# XddeE# 0"# +"(&"#

d�«#-$+"(=:(%$%.,+<-"#» n�ayant été proposé qu�en 2011 (D(%^E# Xd559C# A0# /%$/"($"# 1"*# PIJI?BCD+

génétiques associées à une très forte production d�IFN I et unC+D@=CaS=CDDB>;+?C+T\;CD+B;?@B<D+SI=+

JCD+ &0)+ &# B&*1D9C# D(%^# "+# /%00,'%(,+")(*# *%$+# .,(+-*# 1)# .%*+)0,+# U)"E# :+,$+# 1%$$:# U)"# /"(+,-$"*#

.,+<%0%2-"*#.%**:1,-"$+#1"*#/,(,/+:(-*+-U)"*#.<F*-%.,+<%0%2-U)"*#/%&&)$"*E#"00"*#.%)>,-"$+#*"0%$#

+%)+"#:>-1"$/"#.,(+,2"(#)$"#>%-"#'-%0%2-U)"#/%&&)$"C#A l�heure actuelle, des mutations dans près 

d�une vingtaine de gènes ont été imputées dans de telles pathologies et sont majoritairement 

=CDS>;DI[JCD+?C+?FEBAB<D+ BPP@;B<IB=CD+C<+?C+PIJI?BCD+I@<>B;EJIPPI<>B=CD# BD(%^E#Xd5b9C# [$#"=="+E#

1"*# ."(+"*# 1"# =%$/+-%$*# 1"# PK[g5# B@'"E# Xd5e#n# ?+"+*%$E# Xddc9# %)# ?@7W!5# BQ"<("$1+E# Xd5e9# *%$+#

responsables du développement du syndrome d�AicardiHZ%)+-3("*E#1)# 0).)*#;#"$2"0)("#B)$"#=%(&"#

rare de lupus érythémateux cutané de l�enfant, FCL pour Q,;+2+,2& *4+2<2,+7& 2131(E# L>B=+ 8I=<BC+ &&&#

SI=IT=ISOC+&%93,+*'&)1+C<+07.h+SITC+:^9#%)#("*."/+->"&"$+#-&.0-U):"*#1,$*#0"#O).)*#[(F+<:&,+")8#

*F*+:&-U)"#BO[?9#"+#0"#D4!#B.%)(#O,:/+)9,(*12,:&/+(.,(.9E#)$"#.,+<%0%2-"#/:(:'(%>,*/)0,-("C#

D�autres mutations génétiques, cond)-*,$+#;#1"*#."(+"*#1"#=%$/+-%$*#1"#KR@?[WX@MQMD#B7,/I"$_-"E#

Xd5f9E#A?Z56E#%)#"$/%("#;#1"*#2,-$*#1"#=%$/+-%$*#1"#KAZHA#Bj,$2E#Xd569#%)#A\AW5#BK-/"E#Xd5J9E#*%$+#;#

/%&.+"(#1,$*#/"#2(%)."C#D"*#.,+<%0%2-"*#*%$+#(:=:("$/:"*#1,$*#0"#+,'0",)#/-H1"**%)*#B'I[JCI@+d9C#

O,# &,p%(-+:# 1"# /"*# 23$"*# /%1"$+# .%)(# 1"*# .(%+:-$"*# -&.0-U):"*# 1,$*# 0,# ("/%$$,-**,$/"# %)# 0,#

dégradation d�ADN, d�ARN ou d�hybrides ARN:ADN cytosoliques, mais l�on retrouve aussi des 

.(%+:-$"*# -&.0-U):"*# 1,$*# 0"# .(%+:,*%&"# BL?7@e# .,(# "8"&.0"9# BQ("<&E# Xd569# %)# /,)*,$+# 1"*#

1:=,)+*#1"# 0,# >%-"#1"# l�UPR (pour `78)2/./&3:)-.+7& :.(3)7(.9# B/%&&"#?SA4XO9# B[/I,(1E#Xd5J9C#V$"#

-&.0-/,+-%$#1"#?PARZ#1,$*#/"#2(%)."#1"#.,+<%0%2-"*#1">-"$+#1%$/#%$#$"#.")+#.0)*#:>-1"$+C#

.I+SJ@SI=<+?CD+P@<I<B>;D+?C+ACD+T\;CD+BPSJBW@FD+?I;D+ le développement d�interféronopathies ont 

F<F+F<@?BFCD+?I;D+?CD+P>?\JCD+P@=B;Dh+SC=PC<<I;<+@;C+F<@?C+SJ@D+ISS=>E>;?BC+?CD+PFAI;BDPCD+

PBD+ C;+ iC@,# D"."$1,$+E# 1,$*# 0,# &,p%(-+:# 1"*# /,*E# 0,# /%$/%(1,$/"# "*+# =,-'0"# %)# .,(+-"00"# "$+("# 0,#

pathologie d�origine et son pendant murin. Ces modèles ne permettent ainsi que l�étude de quelques 

traits de la maladie, et non l�ensemble des voies impliquées. Néanmoins, il est important de rappeler 

que ces pathologies font partie d�un même groupe caractérisé par la présence d�un"#*-2$,+)("#A\RC#

`$#.")+#1%$/#."$*"(#U)"#/"(+,-$*#&:/,$-*&"*#B;#0,#=%-*#1,$*#0,#&-*"#"$#.0,/"#1"#0,#.,+<%0%2-"E#&,-*#

aussi dans son entretien) peuvent être similaires. Ainsi, l�étude de ces modèles murins, même s�ils 
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L,2"#a#b5##
#

s�éloignent#.,(+-"00"&"$+#1"# 0,#.,+<%0%2-"#<)&,-$"#"$# +"(&"#1"#.<:$%+F."E#.")>"$+#,..%(+"(#1"*#

-$1-/"*#-&.%(+,$+*#.%)(#0,#/%&.(:<"$*-%$#1"*#&:/,$-*&"*#.<F*-%.,+<%0%2-U)"*#B0BT@=C+RU9C#

O,# voie STING est capitale pour la détection d�ADNdb afin de permettre la mise en place d�une 

.(%+"/+-%$#/%$+("#1"*#-$="/+-%$*#>-(,0"*#"+#',/+:(-"$$"*E#"+#/%&.+"#+"$)#1"#0,#=-$"#(:2)0,+-%$#1"#/"++"#

voie, il est aisé de comprendre qu�@;C+IJ<F=I<B>;+?I;D+JI+=FT@JI<B>;+?C+*'&)1+SC@<+A>;?@B=C+N+@;C+

réponse inflammatoire exacerbée, néfaste pour l�hôteC#

V$"# 1:(:2)0,+-%$# 1"# ?PARZ# "*+# ,-$*-# -&.0-U):"# 1,$*# 1"*# .,+<%0%2-"*#

,)+%-&&)$"*M,)+%-$=0,&&,+%-("*# +"00"*# U)"# 0"# ?@4A# BO-)E# Xd5J#n# j"("&-,<E# Xd5J#n# # 7)$%_E# Xd56#n#

`&%F-&$-E# Xd56#n# # \("&%$1E# Xd5f#n# L-/,(1E# Xd5f#n# D0,(I"E# Xd5f#n# S%$-2E# Xd56#n#7"0I-E# Xd5b9E#&,-*#

,)**-#1,$*#0"#1:>"0%.."&"$+#1"#/,$/"(*#BD<"$E#Xd5f#n#]%%E#Xd5J#n#O-E#Xd5c#n#S0,(U)-*+E#Xd5J9C#R%)*#

1:>"0%.."(%$*#tout d�abord (,.-1"&"$+#*%$#-&.0-/,+-%$#1,$*#0"*#/,$/"(*C#

66>&9-68E&4-&<'8<4!&&&

L�immunité antiH+)&%(,0"#"*+#&,p%(-+,-("&"$+#(".(:*"$+:"#.,(#0"*#OP#/F+%+%8-U)"*#."(&"++,$+E#,.(3*#

reconnaissance d�antigènes tumoraux présentés par les DCs, une réponse cytolytique. Cette 

-$=-0+(,+-%$#-$+(,H+)&%(,0"#"*+#/%(rélée avec l�e8.("**-%$#1"#23$"*#-$1)-+#.,(#0"*#A\R#AE#*)22:(,$+#U)"#

/"*#/F+%I-$"*#.)-**"$+#T+("#("*.%$*,'0"*#1"#0,#&-*"#"$#.0,/"#1"#0,#(:.%$*"#,1,.+,+->"#&:1-:"#.,(#0"*#

OP# BW,(0-$E# XddN9C# [$# "=="+E# -0# ,# :+:# %'*"(>:# U)"# 1"*# *%)(-*# 1:=-/-"$+"*# .%)(# 0"# (:/".+")(# ,)8# A\R# A#

&%$+("$+#)$"#,/+->,+-%$#1-&-$):"#1"*#OP#D!ci#0-:"#;#)$"#1-&-$)+-%$#1"*#!D*E#$:/"**,-("*#,)#.(-&-$2#

1"*#OP# B\)"(+"*E#Xd55) ainsi qu�une augmentation de l�angiogénèse au sein des +)&")(*# B?.,,."$E#

Xd5J9C# D"*# A\R# p%)"$+# 1%$/# )$# (G0"# .(-&%(1-,0# dans l�immunosurveillance des cellules cancéreuses 

B\)"(+"*E#Xd5e9C#

A0# ,# 1%$/# :+:# *)22:(:# U)"# 0,# >%-"# ?PARZ# *"(,-+# -&.0-U):"# 1,$*# 0,# *:crétion d�IFN# A# *)-+"# ;# 0,#

("/%$$,-**,$/"#d�ADN#1)# *%-#.,(#/Z@?C#D"+#@!R#"*+#&,p%(-+,-("&"$+# -**)#1-("/+"&"$+#1"*#/"00)0"*#

cancéreuses, mais aussi de l�ADN génomique endommagé par les anticancéreux ou relargué par les 

mitochondries. Woo et collaborateurs ont pu mettre en évidence le fait qu�IS=\D#<=I;DSJI;<I<B>;+?C+

<@PC@=Dh+ACD+?C=;B\=CD+A=>BDDC;<+[CI@A>@S+SJ@D+=ISB?CPC;<+?I;D+?CD+D>@=BD+*'&)1+_(+SI=+=ISS>=<+

I@a+q'C#!"#0,#&T&"#=,m%$E#0"*#OP#D!c#1"#*%)(-*#?PARZ#S`#.(:*"$+,-"$+#)$#.(-&-$2#,&%-$1(-#/%$+("#

1"*# ,$+-23$"*# +)&%(,)8E# ,0%(*#&T&"#U)"# 0"*# *%)(-*#S`#.%)(#7@4?# B("*.%$*,'0"# 1"# 0,# .(%1)/+-%$#

d�IFN I et III suite à son inter,/+-%$# ,>"/# KAZHA# "+# 7!@69E# 7F!cc# %)# "$/%("# 0"*# POK*# eMbMNE# *"#

/%&.%(+,-"$+#$%(&,0"&"$+#BQ%*"E#Xd5b#n#!"$2E#Xd5J#n#]%%E#Xd5J9C#





!"#$%&%'(%%

%

!!!"#$%!&'#(%#)*%+!&,-)..)%!+&/)*%+!..*&!%(##

)*++$%+$,-.*,,/%01/2/3$++$,-4% 5$6% 789% 7% 6*,-%3$6%2:-*;.,$6%21<2."5$6%0*<1% 5"%+.6$%$,%05"2$%3$%

l�immunité antivirale et antimicrobienne, c�est pourquoi une expression basale de ces IFN existe, leur 

$=01$66.*,% /-",-% "+05.>./$% $,% 2"6% d�infection via notamment l�activation de la voie STING (?*<#@4%

(AB(CD% Une dérégulation de cette voie peut donc conduire à une expression excessive d�ISGs, 

!"#$%&'(#)* +* %#,* '%-(!)&.()&"#* $%* '/')01,* &11%#&)(&-,2* ,)* -,'3"#'(45,* $%* $6.,5"33,1,#)* $,*

3()7"5"8&,'*(%)"&#95(11()"&-,':(%)"&11%#,'D%

En outre, la présence excessive ou permanente d�ADN cytoplasmique (par exemple dans des cas 

0"-@*5*#.E<$6% 3$% 3/>.2.$,2$6% $,% $=*,<25/"6$s sensées dégrader l�ADN) est <,$% 2"<6$% .+0*1-",-$%

d�inflammation chronique et de%3/F$5*00$+$,-%3$%0"-@*5*#.$6%"<-*.++<,$6D%G,%$>>$-4%$55$%2*,3<.-%

au développement d�une réponse IFN I trop importante, à l�expression dérégulée d�ISGs impliqués 

3",6% 5$% 1$21<-$+$,-% 3$% 2$55<5$6% .++<,.-".1$6% $-% 5"% 01*3<2-.*,% $,% $=2H6% 3$% 2:-*;.,$6%

01*.,>5"++"-*.1es telles que l�IL1!/" ou le TNF!, alors responsables de l�entretien de l�inflammation 

$-%3$%3*++"#$6%-.66<5".1$6%IJ@",#4%(AAKCD%

L/2$++$,-4%MN79?%"%/-/%01*0*6/%2*++$%/-",-% .+05.E</%3",6% 5"%0"-@*5*#.$% 5<0.E<$4%$="2$1O",-% 5"%

+"5"3.$D% G,% $>>$-4% 3$% 5"% +P+$% >"Qon que d�autres senseurs de l�ADN/ARN déjà impliqués dans la 

0"-@*#/,H6$% 5<0.E<$4% R.,#% $-% 2*55"O*1"-$<16% *,-% 6<00*6/% <,$% .+05.2"-.*,% 2$,-1"5$% 3$% 5"% F*.$%

STING/cGAS dans la détection d�ADN du soi et le déclenchement de cette pathologie (R.,#4%(ABSCD%%

T$% TGM% $6-% <,$% 0"-@*5*#.$% "<-*.++<,$% 6:6-/+.E<$% 2@1*,.E<$% ,*-"++$,-% 2"1"2-/1.6/$% 0"1% <,$%

production d�autoanticorps suite à l�activation de LB autoréactifs, particulièrement des autoanticorps 

",-.UVR93O4% >*1+",-% 3$6% 2*+05$=$6% .++<,6% 1$60*,6"O5$6% 3$% ,*+O1$<=% 3*++"#$6% -.66<5".1$6D% G,%

outre, une activation chronique des voies permettant la détection d�ADN et ARN, ainsi qu�un défaut 

3$%25".1",2$%3$6%2*106%"0*0-*-.E<$6% I0$<-%P-1$%$,%6:,$1#.$%"F$2%<,$%"<#+$,-"-.*,%3$% 5"%+*1-"5.-/%

2$55<5".1$C4% 2*,-1.O<$,-% W% 5"% 6<101*3<2tion d�IFN I, alimentant donc la spirale pathologique. C�est 

0*<1E<*.%<,$%$="2$1O"-.*,%3",6%5"%F*.$%MN79?%0*<11".-%0*-$,-.$55$+$,-%2*,-1.O<$1%W%"##1"F$1%5$%TGMD%

9/",+*.,64%<,$%/-<3$%+$,/$%0"1%!"X"1."%$-%2*55H#<$6%2@$Y% 5"%6*<1.6%6$+O5$1".-%05<-Z-% .,3.E<$1% 5$%

2*,-1".1$D%G,%$>>$-4%3$6%6*<1.6%MN79?%[\%21*.6/$6%6<1%5$%>*,3%#/,/-.E<$%"<-*.++<,%]LT
!"#$!"#

%+*,-1$,-%

<,$%$="2$1O"-.*,%3$6%+",.>$6-"-.*,6%25.,.E<$6%0"1%1"00*1-%"<=%6*<1.6%]LT
!"#$!"#

4%1/F/5",-%3",6%2$%2"6%

<,%1Z5$%01*-$2-$<1%3$%MN79?D%)$%1Z5$%01*-$2-$<1%0*<11".-%1/6.3$1%3",6%5"%1/#<5"-.*,%,/#"-.F$%3$6%NTL6%

I!"X"1."4%(AB^). Cependant, étant donné qu�un phénotype similaire n�a pas été retrouvé dans le cas 

3$%6*<1.6%7L8_%[\%21*.6/$6%"F$2%3$6%6*<1.6%]LT
!"#$!"#

%IM@"1+"4%(ABSC4%.5%$6-%0*66.O5$%E<$%2$-%$>>$-%6*.-%

indépendant de sa fonction de senseur d�ADN.%
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65>&L;-'-6789&:4&9-68E&

Jusqu�à aujourd�hui, seul"*#1"*#&)+,+-%$*#1"#+F."#2,-$#1"#=%$/+-%$#BZ`\9#<:+:(%_F2%+"*#1"#!"#$%#%$+#

:+:# 1:/(-+"*# /<"_# l�Homme comme étant responsables de pathologies. Ainsi on retrouve des 

pathologies s�apparentant au LES (pathologies lupusH0-I"9E# 0"# ?F$1(%&"#@-/,(1-HZ%)+-3("*# B@Z?9# %)#

"$/%("#0"#?@4A#BO-E#Xd5b9C##

65>FG&9-68E&/)&B<A&

V$#2,-$#1"#=%$/+-%$#BZ`\9#1"#?PARZ#,#(:/"&&"$+#:+:#,**%/-:#;#)$"#,)+("#.,+<%0%2-"#,)+%-&&)$"#

,.."0:"#\DO# BQ,;+2+,2& *4+2<2,+7& 2131(9# BZ5ff[9# BL>B=+'I[JCI@+?C+ JI#8I=<BC+ &&&9^,+*'&)1+C<+*!%&h+SITC+

:49E#)$"#=%(&"#+(3*#(,("#1"#0).)*#caractérisée par l�apparition d�engelures au niveau des extrémités, 

avec ou sans atteintes d�organes. Elle est associée à une accumulation d�ADN et est généralement 

1)"#;#)$"#."(+"#1"# =%$/+-%$#1"*#"$_F&"*#PK[g5#BK-/"E#Xddb9#%)#?@7W!5#BK,>"$*/(%=+E#Xd559E#1"*#

endonucléases responsables de la dégradation de l�ADN cytosolique. Cette mutation de STING 

impliquée dans le FCL, G166E, serait responsable d�une activation constitutive de la voie et ainsi de la 

production d�IFN I, bien que cette production *%-+#.0)*#=,-'0"#U)"#/"00"#%'*"(>:"#1,$*#0"#/,*#d�autres 

&)+,+-%$*#Z`\#&"$+-%$$:"*#.0)*#0%-$#B0BT@=C+R39#BS|$-2E#Xd5b9C#

65>JG&9-68E&/)&A49&

R:,$&%-$*E#,0%(*#U)"#/"++"#&)+,+-%$#1"#?PARZ#"*+#,**%/-:"#,)#\DOE#)$"#:+)1"#(:/"$+"#1"#Q,0,1,#"+#

/%0032)"*#n�a pas permis de conclure quant à l�implication de mutations connues de STING dans le 

LES. En effet, après séquençage de l�exon 5 de "K?KFYW# /%1,$+# ?PARZ#/<"_#XX#.,+-"$+*# 0).-U)"*#

B"8%$# 1,$*# 0"U)"0# *"# *-+)"$+# 0"*# &)+,+-%$*# 45Jb7E# 45JbOE# R56J?E# 45667# "+# Z5ff[E# 0"*# .0)*#

=(:U)"mment associées à STING et occasionnant une pathologie autoinflammatoire), il s�avère 

qu�aucun d�entre eux ne présente ces mutations dans l�exon 5. Ceci tend donc à exclure "K?KFYW&

/%&&"#23$"#1"#*)*/".+-'-0-+:#,**%/-:#,)#0).)*#BQ,0,1,E#Xd569C#R:,$&%-$*E#-0#n�est pas à exclure que 

d�autres variations présentes ailleurs dans ce gène, puissent être corrélées avec l�apparition d�une 

.,+<%0%2-"# 0).-U)"C# !"# .0)*E# 0"# $%&'("# 1"# .,+-"$+*# :+)1-:*# "*+# +(%.# 0-&-+:# .%)(# ."(&"++("# 1"#

/%$/0)("#1:=-$-+->"&"$+C#



!"#" $%&'&()*! &+'*!$(!!()* ($$%*),)-(" .+(*/(.',"!0$'*(1"!&'&()*! +"12

,& ,3 *4 (5 '6789:

! "#$$% !&'()(&)*
� LT +&,-.

! LT '*'/

! LB 

'*'/
0

� 123

! 124

12% 0

5 4+6'(*

5� +*789:;<()*.

5 4=>?4@0

!(A9:.* ;7)':+&(9* B>9&.<>'&)&(9* B>&88&C7*.

-6A9()*. B>9*8&9D>.8&879:5;:+D69&)

;989<=>?

@ ABCD
% "#$$% !&'()(&)* += += += += += !(A9:.* ;7)':+&(9* B>9&.<>'&)&(9* B>&88&C7*.

-6A9()*. B>9*8&9D>.8&879:5;:+D69&) B>&98<9&)2(*% "#$$% !&'()(&)* += += += += +=

% "#$$% !&'()(&)* += += += += +=
E<6+:8F;* A*&7=:7;>':(+. .6GH9* I>

J*8&9D .8&879:5;:+D69&) B>&98<9&)2(*

% "#$$% @*>+:G: 0@ 0@ 0@ 0@

54+6'(*

5 K*7=:;6+(*

5 KF';<:;6+(*

5"&.=7)&9(8*.

5 K6.(:+. 7)=69&+8*.

5 LF+D9:'*>D*>J&F+&7D

5 !(A9:.* ;7)':+&(9*

5 498<9(8*

,=6@ ABCD

! "#$$% @*>+:G: += += += += +=
J*8&9D .8&879:5;:+D69&) B>;&8<:):2(*

;7)':+&(9* (+8*9.8(8(*))*

18E<FGH

@ ABCI

% "#$$% !&'()(&)* += += += += +=
J*8&9D .8&879:5;:+D69&) B>;&8<:):2(*

;7)':+&(9* (+8*9.8(8(*))* B>)6.(:+. 7)=69&+8*.

18E<FGH

@ ABCI

#/>% "#$$% !&'()(&)* ! LT CD4M>8:8&7N 0 !

� 123

� 124

12% 0

+=
J*8&9D>.8&879:5;:+D69&) B>-(A9:.* ;7)':+&(9* B>

*+2*)79*. B>&88&C7*. -6A9()*.

.=J>8H@0

ABCI

!>O'H9* D*>

#P
"#$$% @*>+:G: Q ! LT CD4M>8:8&7N 0 !

� 123

12% 0
+=

E&8<:):2(* ;7)':+&(9* (+8*9.8(8(*))* B>

86)&+2(*=8&.(* B>9&.<>'&)&(9* B>;:)F&98<9&)2(*

% "#$$% @*>+:G:
! LT CD4M>8:8&7N

! LT CD8M>8:8&7N
+= +=

� 12 ;:)F5

=):+&)*.

O.798:78

123P

+=

J*8&9D .8&879:5;:+D69&) B>;&8<:):2(*

9*.;(9&8:(9* G(9&)* B>-(HG9* B>9&.<>'&)&(9* B>
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65>KG&9-68E&/)&9'56&

65>KGFG&91I@+)$*/&6B8&/)&,+*+,)"*1#)1X$/#&,.1@1X$/#&

!"*#&)+,+-%$*#,)+%*%&,0"*#1%&-$,$+"*#Z`\#1,$*#0"#23$"#"K?KFYWE#/%1,$+#.%)(#0,#.(%+:-$"#?PARZE#

ont été décrites comme étant à l�origine d�un syndrome autoinflammatoire appartenant à la =,&-00"#

1"*#-$+"(=:(%$%.,+<-"*#BD(%^E#Xd5J#n#D(%^E#Xd5b9C##

Ce syndrome, aujourd�hui connu sous le nom de SAVI#B.%)(#!-+7=&,(()*+,-./&9,(*12)3,-45&6+-4&)7(.-&

+7& +78,7*59# "*+# /,(,/+:(-*:#.,(#)$"# -$=0,&&,+-%$# *F*+:&-U)"# *)(>"$,$+# ;#)$#x2"# +(3*#.(:/%/"E#)$"#

>,*/)0%.,+<-"# *:>3("E#&,p%(-+,-("&"$+#,)#$->",)#1"*#"8+(:&-+:*E#"+#.%)>,$+# /%$1)-("#;# 0,#$:/(%*"#

1"*# +-**)*# "+# ,&.)+,+-%$E# "+# =-$,0"&"$+E# 1,$*# /"(+,-$*# /,*E# ;# )$"# =-'(%*"# .)0&%$,-("# BO-)E# Xd5J#n#

j"("&-,<E# Xd5J#n# #7)$%_E# Xd56#n# `&%F-&$-E# Xd56#n# # \("&%$1E# Xd5f#n# L-/,(1E# Xd5f#n# D0,(I"E# Xd5f#n#

S%$-2E#Xd56#n#7"0I-E#Xd5b9C#

A ce jour, 28 patients ont été diagnostiqués comme porteur de mutations GOF de STING. 25 d�entre 

")8#*%$+#1-,2$%*+-U):#/%&&"#.,+-"$+*#?@4A#B'I[JCI@+Z9&BO-)E#Xd5J#n#j"("&-,<E#Xd5J#n##7)$%_E#Xd56#n#

`&%F-&$-E#Xd56#n##\("&%$1E#Xd5f#n#L-/,(1E#Xd5f#n#D0,(I"E#Xd5f#n#S%$-2E#Xd56#n#7"0I-E#Xd5b9C##

!,$*#XX#1"*#/,*#1"#&)+,+-%$*#?PARZ#Z`\#,**%/-:*#,)#?@4A, il s�agit de substitutions impliquant l�un 

1"*#J#,/-1"*#,&-$:*#*)->,$+#q#45JbE#R56J#"+#4566E#0%/,0-*:*#1,$*#0,#.,(+-"#("0-,$+#0"#1"($-"(#1%&,-$"#

+(,$*&"&'(,$,-("#1"#?PARZ#;# *%$#1%&,-$"#DP!# B45Jb9#%)#1,$*# 0"#1%&,-$"#1"#1-&:(-*,+-%$#1"# 0,#

.(%+:-$"#BR56JE#45669E#0,#1-&:(-*,+-%$#:+,$+#("U)-*"#.%)(#*%$#,/+->,+-%$#BO-)E#Xd5J#n#j"("&-,<E#Xd5J#n++

7)$%_E#Xd56#n#`&%F-&$-E#Xd56#n##\("&%$1E#Xd5f#n#L-/,(1E#Xd5f#n#D0,(I"E#Xd5f#n#S%$-2E#Xd569C#

O"*# e# ,)+("*# /,*# (:/"&&"$+# 1-,2$%*+-U):*# /%&&"# ?@4AE# .%(+"$+# )$"#&)+,+-%$# .%$/+)"00"# U)-# *"#

*-+)"#"$#.%*-+-%$#XdfE#Xc5#"+#XcJE#-&.0-U),$+#,-$*-#)$"#$%)>"00"#(:2-%$#1"#?PARZ#1,$*#0,#.,+<%0%2-"#

B7"0I-E#Xd5b9C#

'>@D+JCD+SI<BC;<D+I<<CB;<D+?C+*!%&+S=FDC;<C;<+@;C+DBT;I<@=C+&0)+&#(c�estH;H1-("#)$"#,)2&"$+,+-%$#1"#

l�expression des ISGs) de même qu�une augmentation des taux de cytokines dites induites par l�IFN I. 

L,(#,-00")(*E#)$"#.<%*.<%(F0,+-%$#/%$*+-+)+->"#1"#?P@P5#,#:+:#%'*"(>:"#1,$*#0"*#OQ#"+#OP#1"*#.,+-"$+*E#

.%)>,$+#+(,1)-("#)$"#,/+-%$#=(#0,#>%-"#1"*#A\R#A. D�autre part, le facteur IRF3 apparait *)("8.(-&:#1,$*#

les fibroblastes issus de patients, et l�expression de STING est à peine augmentée après sti&)0,+-%$#

.,(# *%$# 0-2,$1# /Z@7LE# +(,1)-*,$+# )$"# ,/+->,+-%$# /%$*+-+)+->"# 1"# ?PARZ# /<"_# /"*# .,+-"$+*C# D"*#

(:*)0+,+*#*)223("$+#U)"#0,#&)+,+-%$#/%$=3("#'-"$#)$#2,-$#1"#=%$/+-%$#;#0,#.(%+:-$"E#"+#/%$1)-+#;#)$"#

,/+->,+-%$#/<(%$-U)"#1"#0,#>%-"#?PARZC#
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#

L�expression de ?PARZ# 1,$*# 1"# $%&'(")8# +F."*# /"00)0,-("*# "+# $%+,&&"$+# 0"*# /"00)0"*# :.-+<:0-,0"*E#

"$1%+<:0-,0"*# "+# <:&,+%.%Y:+-U)"*# .%)((,-+# "8.0-U)"(# 0"*# ,++"-$+"*# .)0&%$,-("*# "+# >,*/)0,-("*#

%'*"(>:"*# ,)# /%)(*# 1)# ?@4A# BD0,(I"E# Xd5f9C# D"++"# *)(,/+->,+-%$# 1"# 0,# >%-"# ?PARZ# *"(,-+# "$# "=="+#

("*.%$*,'0"# 1"# 1F*=%$/+-%$*# 1"*# /"00)0"*# :.-+<:0-,0"*# ,>"/# /%&&"# /%$*:U)"$/"# 1"*# 0:*-%$*#

pulmonaires probablement provoquées par l�activation des macrophages alvéolaires ou des 

.$")&%/F+"*#BD(%^E#Xd5J9C#A0#,#.,(#,-00")(*#:+:#1:&%$+(:#+7&9+-:)&qu�en agissant directement sur les 

cellules endothéliales, STING serait responsable d�une inflammation et initierait la cascade de 

/%,2)0,+-%$C# V$"# -$=0,&&,+-%$# /<(%$-U)"# .(%>%U)"(,-+# ;# 0%$2# +"(&"# )$# .(%/"**)*# >,*%H%//0)*-=# ;#

l�origine de#0,#>,*/)0%.,+<-"#%'*"(>:"#,)#/%)(*#1)#?@4A#BD0,(I"E#Xd5f#n#O-)E#Xd5J9C##

65>KGJG&<+*+,)"*1#)1X$/#&(1H.HI1X$/#&

Les mutations connues à l�heure actuelle peuvent être familiale ou au contraire s�exprimer de 

EIl>;+DS>=I?BW@Ch+ISSCJF+P@<I<B>;+79%<"8"h+;>;+S>=<FCD+SI=+JCD+SI=C;<D,++

A l�échelle biologique, le SAVI est responsable d�une leucopénie, d�une lymphopénie ciblant+

PIi>=B<IB=CPC;<+JCD+.'E#&,-*#,>"/#)$#/%&.,(+-&"$+#Q#.")#%)#.,*#+%)/<:C#!"#=,m%$#2:$:(,0"E#0"*#OP#

+%+,)8# *%$+# +%)/<:*E# &,-*# %$# %'*"(>"# /<"_# /"(+,-$*# .,+-"$+*# )$"# 1-&-$)+-%$# *.:/-=-U)"# 1"*# OP#

&:&%-("*C# L,(# ,-00")(*E# -0# *"&'0"(,-+# U)"# les LT soient plus sensibles à l�apoptose# puisqu�une 

,)2&"$+,+-%$# 1"# 0,# /,*.,*"# e# ,# :+:# %'*"(>:"# /<"_# 0"*# .,+-"$+*# ?@4AC# O"*# OQ# U),$+# ;# ")8# 1%->"$+#

.(%','0"&"$+# *ubir des défauts fonctionnels, puisque l�on observe une OYSC=TIPPITJ>[@JB;FPBC#

,>"/#,)2&"$+,+-%$#1"*#A2Z#"+#)$"#,)2&"$+,+-%$#1"*#A2@#1,$*#1"#$%&'(")8#/,*C#O"*#A27#/"."$1,$+#

*%$+#$%(&,0"*C#.CD+ACJJ@JCD+)_+W@I;<+N+CJJCD+D>;<+;>=PIJCD+N+?BPB;@FCD#+,$1-*#U)"#0"*#.%.)0,+-%$*#

&F:0%Y1"*# $"# *"&'0"$+# .,*# -&.,/+:"*C# \-$,0"&"$+E# )$"# I;FPBCE# .(%','0"&"$+# *"/%$1,-("# ,)#

/%$+"8+"#-$=0,&&,+%-("E#"*+#>-*-'0"#/<"_#0,#.0).,(+#1"*#.,+-"$+*#B%>B=+'I[JCI@+8I=<BC+/BDA@DDB>;h+SITC+

3^69# BO-)E#Xd5J#n#j"("&-,<E#Xd5J#n+ +7)$%_E#Xd56#n#`&%F-&$-E#Xd56#n# #\("&%$1E#Xd5f#n#L-/,(1E#Xd5f#n#

D0,(I"E#Xd5f#n#S%$-2E#Xd569C#

.I+P@<I<B>;+JI+SJ@D+=C<=>@LFC+N+AC+i>@=+AOCg+JCD+SI<BC;<D+*!%&+CD<+JI+P@<I<B>;+%366Q,+

65>OG&'$)*/#&%$)+)1H@#&�&,H**/#TH@0+@,/&PH%%/Z#H$*1#&&

Q-"$# U)"# 0,# *:U)"$/"# .(%+:-U)"# <)&,-$"# 1"# ?PARZ# B<?PARZ9# .%**31"# c5}# 1"# *-&-0,(-+:# ,>"/# 0,#

séquence murine (mSTING), il s�avère que des différences structurales pourraient être responsables 

1"# (:.%$*"*# -&&)$-+,-("*# ?PARZH1:."$1,$+"*# *.:/-=-U)"*# ;# /<,U)"# "*.3/"# B0BT@=C+ R39# BW),$2E#

Xd5X9C#
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#

[$#"==et, alors que hSTING n�est pas capable de se lier au DMXAA (pour BAZE/+;.-452G,7-4.7)7.EXE

,*.-+*&,*+/9#)+-0-*:#/%&&"#,2"$+#,$+-H,$2-%2:$-U)"#1,$*#0"#+(,-+"&"$+#1"*#/,$/"(*E#/"++"#&%0:/)0"#*"#

fixe sans problèmes au mSTING et est capable d�activer sa cascade# 1"# *-2$,0-*,+-%$C# !"# 0,#&T&"#

=,m%$E# D%$0%$# "+# /%00,'%(,+")(*# %$+# .)# &"++("# "$# :>-1"$/"# )$"# (:.%$*"# &-$-&,0"# 1"*# LQ7D*#

<)&,-$*#,.(3*#*+-&)0,+-%$#.,(#1"*#D!R*E#/%$$)*#.%)(#,/+->"(#&?PARZ#BD%$0%$E#Xd5e9C#

V$# ,)+("# =,-+# ("&,(U),'0"# "*+# 0,# (:.%$*"# 1"# ?PARZ# ,)# >-()*# 1"# 0,# 1"$2)"C# D"# >-()*# "*+# "$# "=="+#

capable d�inhiber l�activation de hSTING mais pas de son homologue murin. V$"# 1-==:("$/"# 1"#

*:U)"$/"# .(:>-"$+# "$# "=="+# 0"# /0->,2"# 1"#&?PARZ# >-,# 0,# .(%+:,*"# R?XQeC# D"/-# "*+# ("*.%$*,'0"# 1"#

l�échappement viral provoqué#par ce virus chez l�Homme (@2)-(("E#Xd5X9C#

De nombreuses mutations ont été mis en évidence chez l�Homme, capables de moduler la réponse 

A\R#A#-$1)-+"#.,(#?PARZC#`$#.")+#.,(#"8"&.0"#/-+"(#0,#&)+,+-%$#KXcJ7E#+(%)>:"#.,(#*/(""$-$2#"+#1%$+#

0"*# "=="+*# %$+# :+:# observés suite à l�insertion de plasmide codant pour la mutation, dans des 

W[SXNePC# D"++"# &)+,+-%$# /%$1)-t à une hyperactivation de STING puisqu�elle est capable de 

*+,'-0-*"(#0"#1-&3("#?PARZ#"+#1%$/#1"#/%$1)-("#.%+"$+-"00"&"$+#;#)$"#.,+<%0%2-"#,)+%-$=0,&&,+%-("C#

!"# =,m%$# -$+:("**,$+"E# /"++"#&)+,+-%$# *"# *-+)"# 1,$*# 0,# .,(+-"# DH+"(&-$,0"# 1"# ?PARZ#"+# *"(,-+# 1%$/#

principalement impliquée dans la liaison de facteurs responsables de l�activation puis de la 

dimérisation de la protéine ou d�empêcher la l-,-*%$#,>"/#1"*#(:2)0,+")(*#$:2,+-=*#1"#?PARZ#BP,$2E#

Xd569C#

O,# &)+,+-%$# ."(+"# 1"# =%$/+-%$# KXNer# BKb5WHZXed@HKXNerE# ,)**-# ,.."0:"# W@r9# "*+# U),$+# ;# "00"#

("+(%)>:"#1,$*#XdCJ}#1"*#-$1->-1)*#1"#0,#.%.)0,+-%$#2:$:(,0"E#*"0%$#0"*#,/+)"00"*#',*"*#1"#1%$$:"*C#

[00"#conduirait à une production plus faible d�IFN! en affectant la liaison de STING avec les CDNs (j-$E#

Xd55#n#o-E#Xd5e9C#L,+"0#"+#/%00,'%(,+")(*#%$+#.)#&"++("#"$#:>-1"$/"#U)"#0,#&)+,+-%$#/%(("*.%$1,$+"#

/<"_# 0,# *%)(-*# /%$1)-+# ;# )$"# "8.("**-%$# ,&%-$1(-"# 1"# ?PARZ# 1,$*# 1"# $%&'(")8# +F."*# /"00)0,-("*E#

-$/,.,'0"#1"#(:.%$1("#;#)$"#*+-&)0,+-%$#.,(#1"*#D!R*#BL,+"0E#Xd5f9C#

\-$,0"&"$+E# 0,#&)+,+-%$# A5NNR#.(:*"$+"#/<"_# 0,# *%)(-*# B,.."0:"# *%)(-*#Z%01"$+-/I"+9# /%$1)-+#;#)$"#

abolition complète de la production d�IFN I après st-&)0,+-%$# .,(# 1"*# D!R*# B?,)"(E# Xd559C# D"++"#

mutation n�est cependant pas retrouvée chez l�Homme. #

#

D%&&"# &"$+-%$$:# .(:/:1"&&"$+E# 0,# &)+,+-%$# 45667# *)(# !"#$%& "*+# 0,# .0)*# =(:U)"&&"$+#

("+(%)>:"# ,)# /%)(*# 1)# ?@4AC# R%)*# ,>%$*# ,-$*-# 2:$:(:# )$# &%130"# &)(-$# ."(&"++,$+# )$"# :+)1"#

,..(%=%$1-"#1"*#&:/,$-*&"*#&-*#"$#p")#,)#/%)(*#1)#?@4AC#!"#=,m%$#-$+:("**,$+"E#/"#&%130"#,#."(&-*#
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!"#$%&%''%%

%

($%)$**+$%$,%-./($,0$%1,%+23$%($%45678%(",9% 3$%(-.$3:;;$)$,*% 3<);=:0<*"/+$>%$*%0$0/%?%1,%9*"($%

)-(133"/+$%;+-0:0$@%

C�est pourquoi nous développerons dans un second temps, dans cette%/,*+:(10*/:,>%3"%(/AA-+$,0/"*/:,%

($% 3"% 0$3313$% 9:10=$% =-)"*:;:B-*/C1$% .$+9% 3$9% 0$3313$9% )"*1+$9% 3<);=:B($9% $*% )<-3:B($9>% (",9% 3$9%

:+#",$9%3<);=:B($9%;+/)"/+$9@%

!"#$%&'%('�')*+,-.//,0,12'3,4'5,--6-,4'/7.8*192795,4':*0;2./.<*29=6,4'

%>'?&@'A&??B?&@'@CBAD&@'D&E"$C!CF&$%GB&@'HD@A@I'

A l�origine des cellules matures hématopoïétiques, on retrouve dans la moelle osseuse de9%

;+-01+9$1+9%)13*/;:*$,*9%ayant la faculté de s�autoD+$,:1.$3$+>%3$9%E4F9@%F$9%0$3313$9%9$%(-.$3:;;$,*%

(",9% 0$*% :+#",$% 3<);=:B($% ;+/)"/+$% G;1/9% ;"+% 3$% *=<)19% ;:1+% 3"% (/AA-+$,0/"*/:,% ($9% H5I>% ".",*% ($%

migrer via la circulation sanguine afin d�atteindre les organes lymphoïdes secondaires. %

Leur capacité d�auto!"#$%&'#((#)#$*+, -#, ).)#, /&#, (#&", -0112"#$304*0%$+, -25#$-"40*, -#, (#&",

)03"%#$'0"%$$#)#$*, 6523010/&#, 455#(2, 7,6*#)!3#((, $038#,J% GK/39:,>% LMMN%O% 7"#"9"P">% LMMNI@% Q,%

effet, Barker et collègues ont pu observer qu�une mutation dans le gène codant 0DR/*% 3/#",(% G"199/%

";;$3-% 4FS>% ;:1+% !"#$% &#''% ()&"*+I% ;+:.:C1"/*% ($9% ):(/A/0"*/:,9% "1% ,/.$"1% ($% 0$**$% ,/0=$>%

;+:T"T3$)$,*%;"+% +-(10*/:,%($9% /,*$+"0*/:,9%0$3313$9% 9*+:)"3$9D0$3313$9% 9:10=$9>%"/,9/%C1$%;"+%1,$%

(/)/,1*/:,%($%3"%9-0+-*/:,%($%):3-013$9%,-0$99"/+$9%"1%(-.$3:;;$)$,*%($9%E4F9>%+$9;:,9"T3$9%"3:+9%

d�un défaut de développement des HSCs (U"+R$+>%VWWXI@%

9((#6, 6%$*, #$, %&*"#, 3454:(#6, -#, -%$$#", $40664$3#, ;, (4, 1%06, 4&<, =(%:&(#6, "%&=#6, >2"?*8"%3?*#6@+,

5(4/&#**#6+,3#((&(#6,)?2(%A-#6,>="4$&(%3?*#6,#*,)43"%584=#6@+,3#((&(#6,-#$-"0*0/&#6,#*,4&<,3#((&(#6,

(?)58%A-#6,>BC+,BD+,EBF@%GG0=&"#,HHI@%%

H$%A"/*%C1$%3$%9<9*Y)$%=-)"*:;:B-*/C1$%9:/*%9/%."+/->%/,031",*%;319%($%VM%*<;$9%(/AA-+$,*9%($%0$3313$9%

provenant d�un même progéniteur (HSC) a longtemps intrigué. Ces HSCs sont en effet capables, 

";+Y9% *+",9A$+*% ($% ):$33$% :99$19$% ?% ($9% ",/)"1Z% /++"(/-9>% ($% +$0:,9*/*1$+% 3$% 0:);"+*/)$,*%

=-)"*:;:B-*/C1$%($9%9:1+/9%"A/,%($%+$0:,9*/*1$+%3$9%3/#,-$9%9",#1/,$9@%

Les HSCs n�expriment pas les marqueurs Lin (pour ,-.#)/#, c�estD?D(/+$%($9%)"+C1$1+9%($9%0$3313$9%

=-)"*:;:B-*/C1$9%)"*1+$9I%;+-9$,*9%"1%,/.$"1%($9%0$3313$9%(-[?%$,#"#-$9%(",9%1,$%3/#,-$%





!"#$%&%'`%%

%

0"1-.2<5.H1$4%+".6%$=01.+$,-4%2*++$%+$,-.*,,/%05<6%@"<-4%5$6%+"1E<$<16%[7N%$-%M)VB%I0*<1%%&'()*'!!+

,-&./'-+ 0CD% \,% 5$6% "00$55$% 3*,2% TM[% IT.,U% M)VBa% [7NaCD% )$--$% 0*0<5"-.*,% .,25<-% _% -:0$6% 3$% 2$55<5$6%

+<-5.0*-$,-$6%b% 5$6% TNUcM)6% I0*<1% 12-/+ &'#(+ 3%45C% capables de s�autoU1$,*<F$5$14% MNUcM)6% I0*<1%

%62#&+&'#(+3%45C%3/1.F/$6%3$6%TNUHSC mais ayant des capacités d�autoU1$,*<F$55$+$,-%05<6%5.+.-/$64%

$-%5$6%]!!%I0*<1%78!&."2&'-&+"#2/'-.&2#), ayant perdu cette capacité d�autoU1$,*<F$55$+$,-%I;&8%-,*

<<C%I]*11.6*,4%BKKdCD%%

=,'* >??'* ."#)* !"#$%&-,* +* 5(* 9"-1()&"#* $,* 3-"86#&),%-'* "5&8"3"),#)', c�estUWU3.1$% 2"0"O5$6% 3$%

3*,,$1% ,".66",2$% W% 3$% ,*+O1$<6$6% 5.#,/$6% 2$55<5".1$6% +".6% 0"6% W% -*<-$6% 5$6% 5.#,/$6%

@/+"-*0*e/-.E<$6D%!"1+.%2$6%01*#/,.-$<16%*5.#*0*-$,-64%*,%2*+0-$%5$6%)T!%I0*<1%42((2-+!9("62.:+

"#2/'-.&2#C%I[*,3*4%BKK'C%$-%5$6%)]!%I0*<1%42((2-+(9'!2.:+"#2/'-.&2#C%IV;"6@.4%(AAACD%)$6%2$55<5$64%

engagées dans l�une ou l�autre lignée (lymphoïde ou myéloïde, respectivement), sont à l�origine du 

3/F$5*00$+$,-%3$%-*<-$6%5$6%2$55<5$6%$>>$2-1.2$6%3<%6:6-H+$%.++<,.-".1$D%%

@"%'* !,'* 16!(#&'1,'* #6!,''&),#)* %#,* -68%5()&"#* !"135,A,* ,)* 9&#,* (9&#* $,* 3,-1,))-,* 5,*

$6.,5"33,1,#)*$,*)"%),'*5,'*!,55%5,'*1()%-,'*,99,!)-&!,'2*)"%)*,#*1(&#),#(#)*%#*6B%&5&4-,*$(#'*5(*

!-"&''(#!,*,)*5,*-,#"%.,55,1,#)*$,'*!,55%5,'*'"%!7,'%IM$.-"4%(ABACD%

Ce développement est régulé par de nombreux facteurs de transcription et cytokines telles que l�ILU_4%

l�ILU6, l�ILUBB% *<% $,2*1$% 5$% 85-U_% I0*<1% ;(5)#'!,&':+ &9#25.-'+ <.-,5'+ =C% 5.#",3D% 9/",+*.,64% .5% "% /-/%

3/+*,-1/%E<$%O.$,%E<$%5$6%2$55<5$6%6$%3/F$5*00",-%$-%01*5.>H1",-%"<%2*,-"2-%3$%2$6%2:-*;.,$6%0$13$,-%

aussi leur faculté d�autoU1$,*<F$55$+$,-4% .,3.E<",-% 3*,2% E<$% 5$6% 1/2$0-$<16% 1$2*,,".66",-% 2$6%

2:-*;.,$6%,$%6*,-%0"6%$=01.+/6%6<1%5$6%cM)6%+".6%6<1%5$6%2$55<5$6%3/fW%engagées dans l�une ou l�autre 

5.#,/$%IV3*5>66*,4%(AABCD%%

Cette régulation passe aussi par de nombreux facteurs de transcription, et l�on peut notamment citer 

la voie Wnt avec Wnt3a, permettant l�autoU1$,*<F$55$+$,-%3$6%cM)6%$,%2<5-<1$%.-+>.&#2+IL$:"4%(AA_CD%

En corolaire, des inhibiteurs de Wnt sont responsables d�une inhibition de la croissance de ces 

cellules ainsi qu�une diminution du repeuplement après irradiation (L$:"4%(AA_CD%%

C#,* ."&,* ,'',#)&,55,* $(#'* 5(* $&996-,#!&()&"#* ,)* 5(*1(&#),#(#!,* $,'* !,55%5,'* '"%!7,'* D,)* &135&B%6*

$(#'*5(*$&996-,#!&()&"#*$,'*=@E*,')*!,55,*&135&B%(#)*5,'*-6!,3),%-'*F")!72*%#,*9(1&55,*$,*3-")6&#,'*

)-(#'1,14-(#(&-,'2* ,A3-&16* '%-* 5,'* !,55%5,'* '"%!7,'* D5,%-* 5&8(#$* 6)(#)* ,A3-&16* '%-* 5,'* !,55%5,'*

')-"1(5,'*$,*5(*1",55,*"'',%',EG*

)$--$% >"+.55$% 3$% 1/2$0-$<16% 0*66H3$% 05<6.$<16% 5.#",364% 3.>>/1$,-6% 6$5*,% 5$6% $60H2$6D% )@$Y% 5"%

Drosophile par exemple, qui possède un seul récepteur Notch, il s�agit des protéines 

-1",6+$+O1",".1$6%R$5-"%$-%M$11"-$D%)@$Y%5$6%+"++.>H1$64%*,%2*+0-$%d%1/2$0-$<16%9*-2@%I9*-2@%B%W%
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L,2"#a#bN##
#

J9#"+#1"#$%&'(")8#0-2,$1*#+"0*#U)"#0"*#!"0+,H0-I"#5E#e#"+#JE#"+#j,22"1#5#"+#XE#%/+(%F,$+#;#/"++"#=,&-00"#

de nombreuses fonctions au sein de l�organisme (Q(,FE#Xddf#n#Q(,FE#Xd5f9C#

A l�état basal, les récepteurs Notch forment un hétérodimère dont les deux portions 

<:+:(%dimériques interagissent ensemble, empêchant l�accès aux protéases ADAM# B.%)(# '&

/+(+7-.=:+7& ,7/& ;.-,22)3:)-.+7,(.9C# V$"# =%-*# =-8:# ;# *%$# (:/".+")(# 0%(*U)"# 1")8# /"00)0"*# *%$+# "$#

contact, le ligand est internalisé, ce qui permet d�exposer le site de clivage a)8#.(%+:,*"*C#V$"#=%-*#

/0->:E# 0"#1%&,-$"#+(,$*&"&'(,$,-("Hintracellulaire devient alors un substrat pour la !H*"/("+,*"#U)-#

>,# ,0%(*# /,+,0F*"(# 0,# .(%+:%0F*"# -$+(,&"&'(,$,-("C# D"/-# ."(&"++(,# ,0%(*# 0"# ("0,(2,2"# 1)# 1%&,-$"#

-$+(,/"00)0,-("#1"#R%+/<E#RAD!#B.%)(#$)-*4& +7-:,*.2212,:&/);,+79#"+# 0,#.(%.,2,+-%$#1)#*-2$,0# B0BT@=C+

R^9#BS%.,$E#XddN9C##

L"expression des ligands de Notch est elleH&T&"#(:2)0:"#.,(#0,#>%-"#]$+#.(:/:1"&&"$+#/-+:"C#!"#0,#

&T&"# =,m%$E# 0"# =,/+")(# 1"# +(,$*/(-.+-%$# AI,(%*# ."(&"+# )$"# (:2)0,+-%$# 1"# /"++"# >%-"# "$# (:.(-&,$+#

R%+/<#1,$*#0"*#+<F&%/F+"*#BQ(,FE#Xd5f9C##

Z(x/"#;#)$"#>,*+"#:+)1"#+(,$*/(-.+%&-U)"E#1"#$%&'(")*"*#:U)-."*#%$+#.)#&"++("#"$#:>-1"$/"#)$"#

expression successive de gènes impliqués dans l"une ou l"autre lignée, suivant un ordre hiérarchiU)"C#

De plus, des études réalisées chez la souris montrèrent une augmentation de l"autoH("$%)>"00"&"$+#

des HSCs avec l"âge, ainsi qu"une augmentation des capacités de différenciation permettant de 

2:$:("(#0,#0-2$:"#&F:0%Y1"E#,>"/#1-&-$)+-%$#1"#.(%1)/+-%$#1"#/"00)0"*#0F&.<%Y1"*#BK%**-E#Xdd69C#

66>&:454A7==4L48-&:49&=7=;A'-6789&AQL=P7]:49&

66>FG&AS%T\HTH^2#/&3&

66>FGFG& B+,)/$*#& 0/& )*+@#,*1T)1H@& /)& ,S)HU1@/#& 1%T.1X$"#& 0+@#& .+& *"I$.+)1H@& 0$&

0"M/.HTT/%/@)&3&

O"#1:>"0%.."&"$+#1"#0,#0-2$:"#Q#"*+E#.,(&-#0"*#/"00)0"*#<:&,+%.%Y:+-U)"*E#0"#&-")8#/,(,/+:(-*:#;#/"#

p%)(C# D%&&"# &"$+-%$$:# .0)*# <,)+E# 0"# =,/+")(# 1"# +(,$*/(-.+-%$# R%+/<# "*+# $:/"**,-("# ,)#

développement lymphoïde. Favorisant l"entrée dans la lignée T, son inhibition permet ainsi l"entrée 

1,$*#0,#0-2$:"#QC#D"++"#-$<-'ition dépend d"autres facteurs tels que Pax5#B.%)(#@,+:./&<)G&3:)-.+7&B9#

%)#"$/%("#O\K#B.%)(# 2.1M.;+,\25;34);,E:.2,-./&8,*-):9E# +%)*#1")8#$:/"**,-("*#;# 0,#k#'-=)(/,+-%$#l#

>"(*#0,#>%-"#1"*#OQ#;#.,(+-(#1)#DOLE#.,(#-$<-'-+-%$#1"#R%+/<5#B`<-*<-E#Xdde9C#





C%7+!R!PO!!

!

S+-!()4.'#$+-!2G^!k43+$.!'7%*+8+$.!3$!)b*+!#8(4).%$.!0%$-!*%!*I8(:4(4m/-+!Wn+*#$0+)6!GOLLY6!<#+$!

qu�il ait aussi été constaté que de grandes quantités d�E2A favorisaient la différenciation myéloïde;!

S+-!()4.'#$+-!2G^!sont en effet capables d�assurer le développement B en agissant de concert avec 

PU.1 et l�IL>7R, activant à leur tour l�expression de Pax5 WA+8+)%06!GOOaY;!C%]E!+-.!-('&#"#\3+8+$.!

requis pour la différenciation en cellules B puisqu�il bloquera les gènes nécessaires au déclenchement 

0+!*%!0#""')+$&#%.#4$!U!+.!5c6!0+!"%j4$!Z!()#@#*'7#+)!&+**+!0+!*%!*#7$'+!K!WA#884$-6!GOLGY;!2$!43.)+6!#*!%!

'.'!0émontré que l�engagement vers la lignée B nécessitait une activation séquentielle des facteurs 

0+!.)%$-&)#(.#4$!#8(*#\3'-6!c�est à dire!2G^6!2<"L6!C%]E!43!dlTlL!W(43)!6#"3*%,2(4#5(#7Y!W,%$--4$6!

GOLGY;!

Il est aujourd�hui admis que la moelle osseuse est cons./.)'+% F+% ,/BI+=% F/=D+&='+=% F+% E-J2,%

F/=B2,./,)+=9% BI-B),+% D+&1+..-,.% *-% B&2/==-,B+% F+% D&2(',/.+)&=% F/=./,B.=9% K% F/EE'&+,.=% =.-F+=% F+%

F/EE'&+,B/-./2,! Wn#*-4$6! GOON). L�expression des récepteurs Notch est donc dépendante du 

8#&)4+$@#)4$$+8+$.!WB:+$76!GOOFY;!^#$-#6!'.%$.!04$$'!\3+!*%!@4#+!54.&:L!#$:#<+!*+!0'@+*4((+8+$.!

K6! #*! (%)%#.! &4:')+$.! 0+! (+$-+)! \3+! *+-! ()+8#+)-! ()'&3)-+3)-! K! )'-#0+$.! %3! $#@+%3! 0+! $#&:+-!

n�exprimant aucun ligand de Notch (U4_4I40%6!GOOQY;!!

M+! (*3-6! 0+-! &:#8#4_#$+-6! .+**+-! \3+! BTBSLG6! $'&+--%#)+! Z! *%! )'.+$.#4$! 0+-! HAB-! 0%$-! *%! 84+**+!

4--+3-+6! -+)%#+$.! $'&+--%#)+-! %3! 0'@+*4((+8+$.! *I8(:4m0+;! M+-! -43)#-! BTBSLG! cl! W43! cl! (43)!

BTB9Q6!)'&+(.+3)!0+!BTBSLGY!%3)%#+$.!+$!+""+.!3$!$48<)+!)'03#.!0+!SK;!B+..+!&:#8#4_#$+!(+)8+..)%#.!

$4.%88+$.!0+!)'73*+)!*%!*4&%*#-%.#4$!0+-!()47'$#.+3)-!K!0%$-!3$!+$@#)4$$+8+$.!-('&#"#\3+!%"#$!0+!

(+)8+..)+!*+3)!0'@+*4((+8+$.!WU4_4I%0%6!GOOQY;!

!

Comme mentionné précédemment, l�IL>F!k43+!3$!)b*+!&)3&#%*!0%$-!*+!0'@+*4((+8+$.!()'&4&+!0+-!SK!

W8%#-!(%)!0%$-!*+3)!8%.3)%.#4$!.+)8#$%*+Y!puisqu�il a été constaté chez des souris IL>F!0'"#&#+$.+-!W43!

cl!(43)!-4$!)'&+(.+3)Y!3$!%))g.!03!0'@+*4((+8+$.!%3!-.%0+!()4>K!W@4#)!(*3-!*4#$!(43)!*%!0+-&)#(.#4$!

0+-! 0#""')+$.-! -.%0+-! 0+! ()'&3)-+3)-! KY! WC+-&:4$6! LaaQY;! B+-! %$#8%3]! ()'-+$.+$.! (%)! %#**+3)-! 3$+!

0#8#$3.#4$!#8(4).%$.+!0+-!&+**3*+-!%3!-.%0+!BSC!WU-%(47%-6!GOLLY6!-377')%$.!04$&!\3+!&+..+!&I.4_#$+!

+-.!$'&+--%#)+!0/-! *+-!()+8#+)-! -.%0+-!0+!0'@+*4((+8+$.;!^#$-#!(%)!+]+8(*+6!F-,=%),+%B)*.)&+%F+%

D&2(',/.+)&=%1'F)**-/&+=%1)&/,=!"#!$"%&', il est nécessaire de rajouter de l�IL@L%-E/,%F+%D+&1+..&+%*-%

F/EE'&+,B/-./2,%F+%B+=%B+**)*+=%0+&=%*-%*/(,'+%M%F+%1A1+%N)+%D2)&%-==)&+&%*+)&%1-/,./+,%+,%B)*.)&+!

WB+)+0#76! GOLGY;! Bhez l�Homme,! l�IL>F! $+! -+8<*+! &+(+$0%$.! (%-! -3""#-%$.+! (43)! (+)8+..)+! *+!

0'@+*4((+8+$.!0+-!SK!+$!&3*.3)+!&'(8&$"#!WM43*%.4@6!GOLG!X!S3$0-.)o86!GOLGY;!

Cependant, alors que nécessaire à leur survie et à l�entrée en lignée B, l�IL>F! <*4\3+)%#.! *%!

0#""')+$&#%.#4$! %3! -.%0+! ()'>K! @+)-! *+! -.%0+! #88%.3)+;! ?$+! :I(4.:/-+! -43*+@'+! (%)! n#*-4$! +.!
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L,2"#a#c5##
#

collègues serait l�existence de niches spécifiques à chaque progéniteur. Ainsi, seules les cellules 

.(%2:$-+(-/"*#.%)((,-"$+#T+("#"$#/%$+,ct de cellules stromales exprimant l�ILHbE#+,$1-*#U)"#0"*#/"00)0"*#

immatures, correspondant à un stade plus avancé ne nécessitant plus d�ILHbE#*"# 0%/,0-*"(,-"$+#1,$*#

d�autres $-/<"*#.,(+-/)0-3("*#BL,((-*<E#XddN9C#

O"*# &"&'("*# 1"# 0,# =,&-00"# \`g`# ."(&"++"$+# 1�augmenter l�expression de l�ILHb# (:/".+")(# BAOHbKE#

D!5Xb9#BO-$E#Xd5d). Bien qu�initialement connue pour son rôle dans le développement B (elle était en 

"=="+#,.."0:"#OF&.<%.%-"+-$H5#"+#1:/(-+"#/%&&"#)$#=,/+")(#1"#/(%-**,$/"#1"*#/"00)0"*#.(:HB), l�ILHb#

"*+#aujourd�hui reconnue comme ayant un rôle à la fois dans la lymphopoïèse B et T (R,&"$E#5Ncc9C#

Des souris déficientes pour l�ILHb#%)#.%)(#*%$#(:/".+")(#.(:*"$+"$+#"$#"=="+#1"*#1:=,)+*#*:>3("*#1"#

1:>"0%.."&"$+# 1"*# OP# "+# OQ# BD"("1-2E# Xd5X9E# alors que l�ILHb# n�est ni requise ni suffisante chez 

l�Homme puisque des patients .%(+,$+#)$"#&)+,+-%$#."(+"#1"# =%$/+-%$#1,$*# 0"#23$"#/%1,$+# l�ILHbK#

possèdent un nombre normal de LB, suggérant un développement qui n�est pas altéré par l�absence 

1"#/"++"#/F+%I-$"#B!%)0,+%>E#Xd5X#n#O)$1*+(|&E#Xd5X9C##

0B;IJCPC;<h+ JC+ EIA<C@=+ ?C+ <=I;DA=BS<B>;+ Ikaros est nécessaire à la transition du CLP vers l�entrée 

?I;D+JI+JBT;FC+"#B\"(("-(%*H4-1,0E#Xd5e9C#

66>1.2. L!émergence d!un répertoire varié de LB&

Classés en fonction de l�apparition de PI=W@C@=D+ ?C+ D@=EIACh+ JI+ JBT;FC+ "+ I+ F<F+ D@[?BLBDFC+ C;+

?BEEF=C;<D+D>@D9<YSCD+ISSCJFD+E=IA<B>;D+?C+XI=?YC#D"*#=(,/+-%$*#/%(("*.%$1"$+#,)8#1-==:("$+*#*+,1"*#

1"#&,+)(,+-%$#1)#OQ#q#0"#DOL#1%$$"(,#$,-**,$/"#;#0,#/"00)0"#.(:H.(%Q#B=(,/+-%$#@9E#.)-*#,)#*+,1"#.(%Q#

B=(,/+-%$*# Q# "+# D# .%)(# 0"*# *+,1"*# .(%Q# .(:/%/"*# "+# +,(1-=*# ("*."/+->"&"$+9C# O"*# /"00)0"*# .(%Q#

1%$$"(%$+# "$*)-+"# $,-**,$/"# ;# la grande cellule préB (ou fraction C�), puis la petite cellule préB 

B=(,/+-%$# !9# ,>,$+# 1"# /%$1)-("# ;# 0,# =%(&,+-%$# 1"# 0,# /"00)0"# Q# -&&,+)("# B=(,/+-%$# [9# .)-*# &,+)("#

B=(,/+-%$#\9#B0BT@=C+R49#BW,(1F#,$1#W,F,I,^,E#Xdd59C#

D"*# *+,1"*# .(:/%/"*# 1"# 1:>"0%.."&"$+# *%$+# %(2,$-*:*# ,)+%)(# 1)# .(%/"**)*# 1"# (:,((,$2"&"$+#

génique permettant l�expression du récepteur à l�antigène des cellules B, le BCR B.%)(# N& O.22&

D.*.3-):9A#correspondant à l�immunoglobuline de surface. En effet, le réarrangement de ces gènes 

"*+#)$#.(%/"**)*#$:/"**,-("#,)#1:>"0%.."&"$+#1)#OQ#U)-#*"#.(%1)-+#+(3*#.(:/%/"&"$+C#A0#/%$*-*+"#"$#

)$"# ("/%&'-$,-*%$#1"# *"2&"$+*# 2:$-U)"*# BISSCJFC+ =CA>P[B;IBD>;+%G/H]E# 4#.%)(#4,(-,'0"E#!#.%)(#

!->"(*-+:#"+#j#.%)(#j%$/+-%$9#"+#/%$1)-+#;#0,#=%(&,+-%$#1"*#(:2-%$*#>,(-,'0"*#1"*#/<,-$"*#0%)(1"*#BW9#"+#

0:23("*#BO9#1)#QDK#B?/<,+_E#Xd559C#O"*#.("&-3("*#:+,."*#1"#/"#.(%/"**)*#("U)-3("$+#0"*#"$_F&"*#K@Z#

B.%)(# :.*);<+7,-+)7E,*-+9,-+7=& =.7.9# 5MXC# D"*# (:,((,$2"&"$+*# 1"# 23$"*# sont responsables d�une 

grande diversité d�Ig puisqu�il existe de nombreuses copies pour chaque *"2&"$+#1"#23$"*#4WE#!WE#jW#





!"#$%&%`(%%

%

I*<% gT4% hT% 0*<1% 5$6% 2@".,$6% 5/#H1$6C% $-% <,% ,*+O1$% 2*,6.3/1"O5$% 3$% 2*+O.,".6*,6% 0*66.O5$6% 0*<1% 5$%

1/"11",#$+$,-% 3$% 5"% 2@".,$% 5*<13$% I*<% 3$% 5"% 2@".,$% 5/#H1$), ainsi que lors de l�association de la 

2@".,$%5*<13$%$-%3$%5"%2@".,$%5/#H1$D%R$%05<64%2$--$%3.F$16.-/%$6-%$,2*1$%"<#+$,-/$%,*-"++$,-%0"1%

l�ajout aléatoire de nucléotides à la jonction entre les segments réarrangés par une enzyme appelée 

N3N% I0*<1%?'#(.-,!+:'52@9-8*!'2&.:9!+ &#,-5A'#,5'C%"<% 6-"3$%01*i% I>1"2-.*,6%ij)CD%)$2.%0$1+$-%3*,2%

l�émergence possible de milliers de BCR. %

!!"0121#34#56789#:;<":;=>#?#@7#5=;6A9#89#@7#B=9@@9#=559459#

T$6%>1"2-.*,6%3$%c"13:%6<O.66$,-%$,%01$+.$1%5.$<%<,%1/"11",#$+$,-%3$%5"%1/#.*,%F"1."O5$%3$%5"%2@".,$%

5*<13$% 3<% i)L% I1/"11",#$+$,-% gcRchcCD% )$% 1/"11",#$+$,-% 2*++$,2$% W% 0"1-.1% 3<% 6-"3$% 01*i%

I>1"2-.*,6%i%$-%)C%0<.6E<$%5$%6-"3$%01/UproB (fraction A), c�estUWU3.1$%5$6%2$55<5$6%i%5$6%05<6%.++"-<1$64%

n�exprime en effet que faiblement l$6%$,Y:+$6%LV?Bj(4%,/2$66".1$6%W%2$%1/"11",#$+$,-%#/,.E<$D%

L�expression 3$% 2$--$% 2@"k,$% 5*<13$% 0$1+$t ensuite le réarrangement d�une chaîne légère. Ce6%

1/"11",#$+$,-6%#/,.E<$6%6*,-%$,%*<-1$%+/3./6%0"1%3$%,*+O1$<=%>"2-$<16%3$%-1",621.0-.*,%-$56%E<$%

G(V4%1$6ponsable de l�initiation de la recombinaison VIRCJ puisqu�il permet l�expression des protéines 

RAG1/2. E2A induit aussi l�expression du facteur Pax5, à l�origine luiUmême de l�expression de 

nombreux composants du récepteur des LB (CD19, Ig! par exemple) (c"13:4%(AABCD%

=,'* 9-(!)&"#'* H* ,)* I* D')($,* 3-"HE2* !"--,'3"#$,#)* +* $,'* !,55%5,'* -,5()&.,1,#)* 8-(#$,'* ,)*

3-"5&96-(#),'* #6!,''&)(#)* notamment l�J=KL% IM.-,.2;"4% (AA'CD% )$6% 2$55<5$6% $=01.+$,-% $,2*1$% 5$%

+"1E<$<1% )RBB'% I*<% 2U[7NC% 01/6$,-% 6<1% 5$6% cM)6% I)$1$3.#4% (AB(). Suite à l�association du segment 

#/,.E<$%gc%"<%Rchc%3/fW%1/"11",#/4%5$6%01*Ui4%"00$5/6%W%2$%6-"3$%01*UB tardifs, perdent l�expression de 

2U[7ND%%

M.%5$%1/"11",#$+$,-%gIRCJ conduit à l�expression productive d�une chaine H (de type µ), cette chaîne 

c%6$1"%"5*16%$=01.+/$%$,%6<1>"2$%$,%"66*2."-.*,%"F$2%<,$%06$<3*U2@"k,$%5/#H1$4%>*1+",-%"5*16%5$%01/U

i)L4%3/>.,.66",-%5$%6-"3$%01/Ui%I2*11$60*,3",-%"<=%>1"2-.*,6%3$%c"13:%C� et D) (L*5.,;4%BKKdCD%%

)$--$% 06$<3*Uchaîne légère est composée de deux protéines dont l�expression est ici aussi induite 

par le facteur E2A. Ces protéines, "5 et VpréB, sont dites substitutives puisqu�au dernier stade de 

3/F$5*00$+$,-% +/3<55".1$% ITi% .++"-<1$4% >1"2-.*,% G% 3$% c"13:C4% $55$6% 6*,-% 1$+05"2/$6% 0"1% <,$%

l%F1".$%m% 2@"k,$% 5/#H1$D% )$% 01/UBCR est également associé aux protéines Ig! et # (respectivement 

)R'K"%$-%OC4%01*-/.,$6%-1",6+$+O1",".1$6%,/2$66".1$6%W%5"%-1",63<2-.*,%3<%6.#,"5%3<%01/Ui)L%$-%3<%

i)L%Ic"13:%",3%c":";"X"4%(AABCD%%
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L,2"#a#ce##
#

[$#"=="+E#,.(3*# 0"#*+,1"#.(:QE# 0"*#/"00)0"*#*)'-**"$+#"$*)-+"#)$#(:,((,$2"&"$+#1"# 0")(#/<,-$"# 0:23("#

B.,(#(:,((,$2"&"$+#1"*#23$"*#1"#(:2-%$*#>,(-,'0"*#1"#/<,-$"*#0:23("*9#suite à la perte d�expression 

1)#.(:HQDKC#O")(#+,-00"#1-&-$)"#"+#"00"*#"8.(-&"$+E# +7& 8+7.E#)$#QDK#1"#/0,**"# A27#;# 0")(#*)(=,/"# B,)#

*+,1"# -&&,+)("E# =(,/+-%$#[#1"#W,(1F9C#O"*#/"00)0"*#>%$+#,0%(*#*)'-(# 0,# +%0:(,$/"#/"$+(,0"#q# *")0"*# 0"*#

cellules n�exprimant pas de BCR autoréactif seront autorisées à quitter la moelle osseuse pour migrer 

"$#.:(-.<:(-"#BP)**-^,$1E#XddN9E#/"(+,-$"*#/"00)0"*#&,+)("*#F#("+%)($,$+#,.(3*#&,+)(,+-%$C##

66>FGOG&A/&A3&/@&T"*1T\"*1/&

?")0*#5d#;#ed}#1"*#OQ#-&&,+)("*#U)-++"$+#"=="/+->"&"$+#0,#&%"00"#%**")*"E#0"*#,)+("*#bd#;#b6}#*%$+#

/%$*-1:(:*#/%&&"#,)+%(:,/+-=*#"+#1"#/"#=,-+#*)'-**"$+#)$"#1:0:+-%$E#)$"#&%1-=-/,+-%$#1"#0")(#QDK#B1-+#

k#("/".+%(#"1-+-$2#l#%)#:1-+-%$#1"#(:/".+")(9, ou enfin une anergie, dans l�ordre décroissant de leur 

/,(,/+3("#,)+%(:,/+-=#BP*)-p-E#Xddf9C##

V$"#=%-*#*%(+-*#1"#0,#&%"00"#%**")*"E#0"*#OQ#-&&,+)("*#1-+#QXE#c�estH;H1-("#/%$>"$+-%$$"0*E#.,**"$+#.,(#

)$#*+,1"#-$+"(&:1-,-("#1-+#1"#+(,$*-+-%$#B/"#*%$+#0"*#OQ#+(,$*-+-%$$"0*9C#@#/"#*+,1"#,#0-")#0,#*:0"/+-%$#

.:(-.<:(-U)"#1:+"(&-$,$+#*-#0"#OQ#>,#1">"$-(#)$#OQ#=%00-/)0,-("#B\%9#%)#OQ#1"#0,#_%$"#&,(2-$,0"#B.%)(#

0,#(,+"9#B7h9C#L%)(#/"#=,-("E#/"#OQ#+(,$*-+-%$$"0#1"#*+,1"#5#BP59#>,#&-2("(#,)#$->",)#1"#0,#(,+"E#1,$*#0,#

_%$"#&,(2-$,0"#"+#1">"$-(#)$#OQ#PX#B+(,$*-+-%$$"0#1"#*+,1"#X9#*"#1-==:("$/-,$+#"$#\%#%)#7h#B0BT@=C+

R69C#

.CD+."+Qc+CaAJ@DBLCPC;<+J>AIJBDFD+?I;D+JI+=I<C+D>;<+BPSJBW@FD+?I;D+JCD+=FS>;DCD+O@P>=IJCD+<OYP>9

B;?FSC;?I;<CD+>@+'9B;?FSC;?I;<CD,+

@)#/%$+(,-("E#JCD+."+0>+AB=A@JI;<D+D>;<+=C<=>@LFD+N+JI+E>BD+?I;D+JI+=I<C+C<+JCD+TI;TJB>;D+JYPSOI<BW@CD,+

Ils participent à la réponse B au sein du centre germinatif et permettent la mise en place d�une 

=FS>;DC+O@P>=IJC+?B<C+<OYP>9?FSC;?I;<C+>@+'9?FSC;?I;<CE#c�estH;H1-("#U)�après présentation de 

l�antigène (Ag) par les /"00)0"*#présentatrices d�Ag au LT, le LT fournira des signaux d�activation aux LB#

$,Y=*#."(&"++,$+#0")(#&,+)(,+-%$C#

!"# 0,#&T&"# =,m%$#U)"#.%)(# 0"*#.(%2:$-+")(*E# 0,# >%-"#R%+/<#"*+# -/-# "$/%("#%&$-.(:*"$+"C# [$#"=="+E#

R%+/<X#"+#*%$#0-2,$1#!"0+,H0-I"#5#*"(,-"$+#/()/-,)8#1,$*#0"#1:>"0%.."&"$+#1"*#OQ#7h#BP,$E#XddN9C#

Finalement, des études ont montré le rôle de Notch dans l�activation des OQ# \%C# D"*# /"00)0"*#

"8.(-&,$+#!"0+,H0-I"#5#1:."$1(,-"$+#1"#R%+/<#.%)(#0")(#.(%0-=ération et la production d�Ig (P<%&,*E#

Xddb). Une autre étude démontra d�ailleurs que la voie Notch était requise pour permettre la 

différenciation des B en cellules sécrétrices d�anticorps (plasmocytes) et promouvait la commutation 

1"#/0,**"#1"*#A2#B?,$+%*E#Xddb9C#





!"#$%&%`d%%

%

Outre cette population B2, il existe des LB appelés LB B1. Cette population est particulière puisqu�elle 

,$%6<.-%0"6%5$%+P+$%3/F$5*00$+$,-%E<$%5$6%Ti%i(%$-%6$1".-%+"f*1.-".1$+$,-%issue du foie f!tal. De 

05<64%"5*16%E<$%5$6%Ti%2*,F$,-.*,,$56%+.#1$,-%$,%0/1.0@/1.$%3",6%5$6%*1#",$6%5:+0@*e3$6%6$2*,3".1$6%

I-$56%E<$%5"%1"-$%*<%5$6%#",#5.*,6%5:+0@"-.E<$6C4%5,'*=H*HM*-,'),#)*(%*#&.,(%*$,'*!(.&)6'*35,%-(5,'*,)*

péritonéales, où ils s�(%)"K-,#"%.,55,#)D% G-",-% 3*,,/% 5$<1% 5*2"5.6"-.*,% $-% 5"% 0*-$,-.$55$% 01/6$,2$%

d�agents pathogènes, il est donc logique de constater que ces cellules sécrètent spontanément de 

fortes quantités d�Ig (principalement des IgM). Par+.%$<=%2*U$=.6-$,-%3$<=%0*0<5"-.*,6%b%5$6%iB"%IE<.%

6/21H-$,-%60*,-",/+$,-%3$6%",-.2*1064%$-%,*-"++$,-%3$6%"<-*",-.2*106%3.-6%l%,"-<1$56%mC%$-%5$6%iBO%

IE<.%0"1-.2.0$,-%W%5"%1/0*,6$%"3"0-"-.F$C%I["X"@"1"4%(AA_CD%

N* 5(* 9"&'* 5,'*=H*>O*,)* 5,'*HM(*'"#)*#6!,''(&-,s à la réponse humorale précoce en cas d�infection%

Ic""64% (AAS%n% ]"1-.,4% (AAACD% G,% $>>$-4% /-",-% 5*2"5.6/6% W% 3$6% 2"11$>*<16% 0$1+$--",-% <,$% 3/-$2-.*,%

rapide de pathogènes circulants, ils sont capables d�interagir rapidement avec ces derniers. Tous 

3$<=% 6$1*,t responsables de la sécrétion d�anticorps TU.,3/0$,3",-$% "01H6% 3.>>/1$,2."-.*,% $,%

05"6+*2:-$6D% )$6% 3$<=% -:0$6% 3$% Ti% 6/21H-$,-% +"f*1.-".1$+$,-% 3$6% 7#]% I$-% 7#V% 0*<1% 5$6% iB"C% E<.%

0$<F$,-% $,% *<-1$% P-1$% 01*3<.-$6% 60*,-",/+$,-% 0"1% 5$6% iB"% $-% 6$1*,-% "5*16% "00$5/6% ",-.2*106%

,"-<1$56D%

!!"C1#-DB:E=:=FG59#%#

!!"2.1. Entrée de l!ETP (pour !"#$%&'&()$$&*#+,)-./+#H#87I5#@9#6EDB45#

I"11,* 1,#)&"##6* 3-6!6$,11,#)2* 5,* -6!,3),%-* F")!7* ,')* 1(P"-&)(&-,1,#)* &135&B%6* $(#'* 5,*

$6.,5"33,1,#)* @2* 5,* 3-&.&568&(#)* '%-* 5,* $6.,5"33,1,#)% HD% G,% $>>$-4% 3$6% 6*<1.6% 3/>.2.$,-$6% 0*<1%

9*-2@UB%01/6$,-$,-%<,%O5*2"#$%3",6%5$<1%3/F$5*00$+$,-%N4%"5*16%E<$%3$6%6*<1.6%1$2*,6-.-</$6%"F$2%

3$6%01*#/,.-$<16%+/3<55".1$6%$=01.+",-%<,$%>*1+$%"2-.F$%3$%9*-2@%01/6$,-$,-%<,%3/F$5*00$+$,-%i%

"5-/1/%IM2@+.--4%(AA(CD*

R$%5"%+P+$%>"Q*,%E<$%0*<1%5$6%Ti4%5$6%TN%2*++$,2$,-%5$<1%3/F$5*00$+$,-%3",6%5"%+*$55$%*66$<6$%W%

0"1-.1% 3<% 6-"3$% )T!4% 6$% 3.>>/1$,2.",-% $,% <,% 01*#/,.-$<1% "00$5/% l�ETP. Ce dernier va ensuite migrer 

3",6% 5$% -@:+<64% *1#",$% 5:+0@*e3$% 01.+".1$% $-% 5.$<% 3$% 3/F$5*00$+$,-% 3$6% TN4% ">.,% 3$% 1$2$F*.1% 5$6%

6.#,"<=%,/2$66".1$6%W%5"%3.>>/1$,2."-.*,%3$6%TN%IL*-@$,O$1#4%(ABdCD%%

)$6%GN!6%2*,6-.-<$,-%<,$%0*0<5"-.*,%-1H6%+.,*1.-".1$%IB%2$55<5$%6<1%BA%AAA%2$55<5$6%-@:+.E<$6C%+".6%.56%

0*66H3$,-% <,% >*1-% 0*-$,-.$5% 01*5.>/1"-.>% 2"0"O5$% 3$% #/,/1$1% 3$6% +.55.*,6% 3$% 2$55<5$6% -@:+.E<$6%

IV55+",4% (AA_). Néanmoins, ayant perdu la capacité à s�autoU1$,*<F$5$14% <,% "00*1-% 2*,6-",-% $,%

01*F$,",2$%3$%5"%+*$55$%*66$<6$%$6-%,/2$66".1$%"<%+".,-.$,%3<%0**5%N%Ii*:34%BKK_CD%
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C%7+!R!PE!!

!

O+%F'0+*2DD+1+,.%-%D)%A.&+%'.)F/'%.&P=%+,%F'.-/*%(&QB+%K%*-%B)*.)&+% "#!$"%&'!F+%B+**)*+=%=.&21-*+=%

murines issues de la moelle osseuse appelées OP9, transfectées afin d�exprimer les ligands Notch 

R+*.-@*/S+%#%2)%T!We:%$76!GOLN). En effet, cette signalisation Notch est requise à la fois pour l�entré+!

+$! *#7$'+! U! W^8-+$6! GOOQY6! 8%#-! %3--#! .43.! %3! &43)-! 03! 0'@+*4((+8+$.! U;! 2**+! &4$.)#<3+)%#.!

finalement aussi à l�orientation vers des cellules LT!" CD4p!43!BMPp, ou des LT#$ (l:#-:#6!GOODY;!

S%! (%).#&3*%)#.'! 03! .:I83-! )'-#0+! +$! *%! ()'-+$&+! 0+! $48<)+3]! *#7%$0-! 03! )'&+(.+3)! 54.&:6!

$4.%88+$.!M+*.%>*#_+!Q6!(+)8+..%$.!%*4)-!3$+!0#""')+$&#%.#4$!3$#\3+8+$.!@+)-!*%!*#7$'+!U!Wq%-:#)4>

l:.%$#6!GOLOY;!!

S�expression de PU.1 est quant à elle nécessaire au développement lymphoïde. Des souris KO pour 

C?;L! ()'-+$.+$.! +$! +""+.! 3$! 0'"%3.! -'@/)+! 0+! 0'@+*4((+8+$.! U! +.! 5c! WB4*3&&#6! GOOL!X! A(44$+)6!

GOOaY;!

!!"<$<$%=6.*),-./%017%9;.('/-,1);7%,>?8-:)17%

^()/-! +$.)'+! 0%$-! *+! .:I83-6! *+-! SU6! .43.! &488+! *+-! SK! 0%$-! *%! 84+**+! 4--+3-+6! (%--+$.! (%)!

0#""')+$.-!-.%0+-!0+!0'@+*4((+8+$.6!\3#!-+!distinguent en fonction de l�expression du récepteur 0+-!

SU!à l�%$.#7/$+!W%((+*'!UB9!(43)!9(0%11("%0%)$#"Y!+.!0+-!()4.'#$+-!+]()#8'+-!Z!*%!-3)"%&+!03!SU;!^#$-#6!

l�ETP évolue en stades doubles négatifs (DN) qui n�expriment ni le CD4 ni le CD8. Ces cellules!M5!-+!

0#-.#$73+$.! +$! (*3-#+3)-! -43->types dits DN1, DN2, DN3 et DN4. S�ensuit un stade immature CD8 

-#8(*+!(4-#.#"!0#.! JAC!W(43)! &::,$;"%(+&'<1%()#+&$&8%Y!'@4*3%$.!@+)-!3$!-.%0+!043<*+!(4-#.#"! WMCY!\3#!

+]()#8+! Z! *%! "4#-! *+! &4>)'&+(.+3)! BMQ! +.! BMP6! 8%#-! n�exprimant que faiblement le TCR. Enfin, ces 

&+**3*+-!0+@#+$$+$.!0+-!&+**3*+-!8%.3)+-!SU!-#8(*+-!(4-#.#@+-!WACY!BMQp!43!BMPp!W>/()&+%:UY;!

!

M+3]! .I(+-! 0+! SU! &4>+]#-.+$.!: les LT!" (la forme majoritaire des LT) et les LT#$. Ces 0+)$#/)+-!

diffèrent des LT!" de par le type d�antigène reconnu ainsi que leur fonction et leur distribution en 

(')#(:')#+;! 2$! +""+.6! &+-! &+**3*+-! (+)8+..+$.! 3$+! -'&)'.#4$! .)/-! )%(#0+! 0+! &I.4_#$+-! +.! )'-#0+$.!

()'"')+$.#+**+8+$.!0%$-! *+-!83\3+3-+-!W#$.+-.#$6!(4384$-6!3.')3-Y!8%#-!%3--#! *+!0+)8+!+.6!(43)! *%!

souris, l�épiderme ([%$.43)43.6!GOLQ!X!e%)#$6!GOLEY;!

!

V,+%E2/=%F-,=%*+%.IW1)=9%*+=%D&2(',/.+)&=%F+%*-%*/(,'+%4%D&2*/EP&+,.%+,%&'D2,=+%-)?%=/(,-)?%&+J)=%

F-,=%*+)&%1/B&2+,0/&2,,+1+,.%+.%B211+,B+,.%*+)&%D&2(&-11+%.&-,=B&/D./2,,+*H%O+=%=/(,-)?9%K%*-%

X-=+% F+% .2).% F'0+*2DD+1+,.% 49% D-==+,.% ,2.-11+,.% D-&% *+=% 02/+=%62.BI% +.%Y,.9%1-/=% &+D2=+,.%

'(-*+1+,.% =)&! F+=% BW.2S/,+=% .+**+=% N)+% Z549% 2)% l�IL7;! 2$! +""+.6! 0+-! -43)#-! cJU! cl! (4--/0+$.! 3$!

$48<)+! .)/-! )'03#.! 0+! .:I84&I.+-! M5! Wd%8#*#6! GOLF). D�aut)+! (%).6! J_%)4-! +.! V^U^>D! -4$.!





L,2"#a#cf##
#

"8.(-&:*#1,$*#0"*#.(%2:$-teurs précoces de façon à assurer le développement T. En effet, si l�un de 

ces deux facteurs de transcription vient à manquer, ce développement s�interrompt.#

#

Enfin, l�IL97 est nécessaire au développement des B et T chez la souris, alors qu�elle n�est pas 

requise pour le développement B chez l�Homme#B7%$(%"E#XddJ). Concernant le rôle de l�ILHb#1,$*#0,#

lymphopoïèse T, il a notamment été décrit chez l�Homme qu�une déficience dans la chaine ! du 

récepteur à l�ILH7 était responsable du développement d�un"# .,+<%0%2-"# 1"# +F."# ?DA!# B.%)(#

Syndrome d�immunodéficience combinée sévère9# PH# Qi# RSi# BL>B=+ 8I=<BC+ %h+ &&9/FEBAB<+ BPP@;B<IB=C+

A>P[B;F+ DFL\=Ch+ SITC+ ZR9, confirmant donc son rôle essentiel. En outre, l�ILHb# *"(,-+# )$# .)-**,$+#

=,/+")(#1"#/(%-**,$/"#.%)(#0"#1:>"0%.."&"$+#1"*#/"00)0"*#P#!R#"+#."(&"++(,-+#0"#&,-$+-"$#1"#/"#.%%0#

/"00)0,-("#"$#.(:>"$,$+#1"#0,#&%(+#/"00)0,-("#"+#"$#*+-&)0,$+#0,#.(%0-=:(,+-%$#1"*#!R#>-,#0,#LAeS#B\(FE#

Xdd69C#

../81810*S>0*

.CD+ACJJ@JCD+'+JCD+SJ@D+BPPI<@=CD+D>;<+JCD+/)3+G7/49+7/d9+7/R69+7/44nHh+W@B+S>DD\?C;<+<>@i>@=D+JC+

S><C;<BCJ+?C+DC+?BEEF=C;ABC=+C;+"h+)_h+)_'+>@+ACJJ@JCD+PYFJ>V?CDC#@)/)$#(:,((,$2"&"$+#1"*#/<,-$"*#

1"#PDK#n�a encore lieu au stade DN1 (stade que l�on peut comparer au stade préH.(%Q#1,$*#0,#0-2$:"#

Q9#B7%%("E#5NN6#n#L%((-++E#XddJ). Cette première étape de transition de l�ETP/DN1 au stade DN2 est 

&:1-:"# .,(# 0,# >%-"#R%+/<E# $%+,&&"$+# ("*.%$*,'0"# 1"# l�expression# 1)#&,(U)")(# 1"# *)(=,/"# D!X6#

(récepteur à l�ILHXE#-$+"(0")I-$"#$:/"**,-("#,)#1:>"0%.."&"$+#1"*#OP#"=="/+")(*#"+#,)**-#,.."0:"#PDZ\#

B.%)(#"&*.22&=:)6-4&8,*-):99#)$"#1"*#/,(,/+:(-*+-U)"#1)#*+,1"#!RX#B?/<&-++E#XddJ9C#

../81818*S>8*

.CD+/)Rh+A>==CDS>;?I;<+N+ JI+DCA>;?C+F<ISC+?@+?FLCJ>SSCPC;<+'+ G7/49+7/d9+7/R6n+7/44nHh+[BC;+

qu�engagés dans le développement de la lignée T, consti<@C;<+ JC+ D<I?C+ JC+ SJ@D+ S=>SBAC+ N+ @;+

?FLCJ>SSCPC;<+ ?C+ ACJJ@JCD+ )_+ B=,-*,$+# .,(+-"# 1"*# AOD5E# .%)(# #77,-.& 25;34)*5-.& F9# BK%+<"$'"(2E#

Xd55) et une partie de ces cellules peut, sous le contrôle de la voie Notch et en présence d�ILHb#"+#

d�ILHeeE#1">"$-(#1"*#AOD#X#BU)"#$%)*#1:>"0%.."(%$*#.0)*#0%-$9#B]%$2E#Xd5X9C#

A ce stade commence le réarrangement de la chaîne " du TCR. En outre, c�est à cette étape DN2 (et 

.0)*# .(:/-*:&"$+# !RX,9# U)"# 0"*# .(:/)(*")(*# P# %$+# 0,# .0)*# 2(,$1"# .(:1-*.%*-+-%$# ;# 1">"$-(# 1"*# OP#

porteurs d�)$#PDK##d#(ces cellules pouvant aussi provenir d�un stade DN3b) (D-%=,$-E#Xddf9C#

En outre, les cellules DN2 requièrent un fort signal de Notch afin de maintenir l�expression de ses 

23$"*#/-'0"*#/%&&"#$%+,&&"$+#0"#D!X6E#"8.(-&:#,)8#*+,1"*#!RX#"+#!Re#Bo-)E#Xd5d9C##





L,2"#a#cb##
#

V$"#=%-*#,)#*+,1"#!RX'E#/"*#/"00)0"*#*%$+#1:=-$-+->"&"$+#"$2,2:"*#1,$*#0,#0-2$:"#PC#[00"*#>%$+#,0%(*#

diminuer l�expression de KIT et augmenter l�expression du cluster CD3, de Thy1# B.%)(# -45EF& "E*.22&

,7-+=.79#"+#1"#K@Z5MXE#,-$*-#U)"#1"*#&%0:/)0"*#O/I#B.%)(#25;34)*5-.E(3.*+8+*&3:)-.+7E-5:)(+7.&M+7,(.9#

"+#h,.bd#B?/<&-++E#XddJ#n#o)-E#Xd5d9C#

#

O,#>%-"#]$+#"*+#"00"#,)**-#)$#(:2)0,+")(#.%*-+-=#1"#0,#+(,$*-+-%$#>"(*#0"#*+,1"#!RX#B?+,,0E#Xdde9C#

\-$,0"&"$+E# 0�expression du récepteur à l�ILHb# "*+# ,)2&"$+:E# ,-$*-# U)"# /"00"# 1"# K@Z5MX# U)-# >,#

permettre la recombinaison des gènes à l�origine de l�expression des régions variables du PDKC##

../8181M*S>M*

C�est au stade DN3 (CD49+7/d9+7/R6n+7/449H+W@C+JCD+.'+D>;<+JC+SJ@D+?FSC;?I;<D+?C+JI+L>BC+)><AO,+

7CD+ ACJJ@JCD+ ;C+ D>;<+ C;+ effet pas proliférantes et ne passeront au stade DN4 qu�en cas de 

réarrangement favorable de leur chaine ! du TCR#BD-%=,$-E#Xdd6), que l�on appelle !H*:0"/+-%$C#D"++"#

chaine !E# =%(&:"# .,(# ("/%&'-$,-*%$# 4B!9j# ;# .,(+-(# 1"# 23$"*# 4bE# !bE# jbE# s�apparie à ce st,1"#

B:U)->,0"$+#1"# 0,#.*")1%H/<,-$"# 0:23("#1"*#/"00)0"*#.(:Q) avec une chaine de substitution dite pT" 

B.%)(#3:.ET cell �). Cet assemblage conduit à la formation d!un préHTCR exprimé sous forme d!un 

/%&.0"8"#,>"/# 0"*#&%0:/)0"*#1"#D!eE#U)-#,**)("$+# 0,#*-2$,0-*,+-%$#1)#PDK#B+%)+#/%&&"# 0"*#/<,-$"*#

Ig� et ! pour le BCR) (4%$# Q%"<&"(E# 5NNb9C# D"# .(:HPDK# +(,$*&"+# 1"*# *-2$,)8# "$# .,**,$+# .,(# 0,#

.(%+:-$"#O/IE#"8.(-&:"#13*#0"#*+,1"#!RXC#

Ce n"est qu"après cette étape que les LT ne dépendent plus du signal Notch (P,2<%$E#Xddf9C#!,$*#0"#

/,*#%t#le réarrangement n"est pas productif, ces cellules ne passent pas à un stade DN4 et meurent 

(,.-1"&"$+C#

#

A ce stade est observée une diminution de l�expression du récepteur de l�IL9:,+ 7CAB+ SC=PC<<=IB<+

?>;A+@;+PIB;<BC;+?@+S>>J+?C+/)+S@BDW@C+ACJI+>AAIDB>;;C+@;+[J>AITC+?C+JI+S=>T=CDDB>;+LC=D+JC+D<I?C+

/8# B4,$#1"#]-"0"E#XddJ9C#[$=-$E# 0"# +<F&)*#"*+#)$#%(2,$"#U)-#*)'-+#)$"# -$>%0)+-%$#"$#1-&-$),$+#1"#

taille au fur et à mesure de l"avancée en âge de l"individu. Une diminution de la production#d"ILHb#

*"(,-+#0-:"#;#/"++"#-$>%0)+-%$#B\(FE#Xdd69C#

../8181H*S):*S>H*47Y*SV*

Après la !9DFJCA<B>;h+ JCD+ ACJJ@JCD+'+ DC+?FLCJ>SSC;<+ C;+/)4+ G7/49+7/d9+7/R69+7/449Hh+ ACJJ@JCD+W@B+

S=>JBE\=C;<+=ISB?CPC;<+C<+=FS=BPC;<+JCD+T\;CD+FGH1IJh+;FACDDIB=CD+N+JI+=CA>P[B;IBD>;+%G/H],+

O"*# !RJ# *"# 1-==:("$/-"$+# "$*)-+"# "$# A?L# BD!eH# D!JH# D!ci# .%)(# 0,# *%)(-*E# D!eH# D!Ji# D!cH# /<"_#

l"Homme) pour =-$-(#.,(#1">"$-(#1"*#/"00)0"*#1%)'0"*#.%*-+->"*#BD!Ji#D!ci9#Bh~�-2,HL=0 /I"(E#XddJ9C#
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L,2"#a#cc##
#

@)#/%)(*#1"#/"#*+,1"#!LE#/%&&"$/"#0"#(:,((,$2"&"$+#1"*#23$"*#1"#(:2-%$*#>,(-,'0"*#1"#0,#/<,-$"#a#

B4aE#ja9#1)#PDK#B0%/)*#"*:,) conduisant à l�expression de l�hétérodimère TCR��. Ce TCR subit ensuite 

)$"#*:0"/+-%$#.%*-+->"#2(x/"#,)8# -$+"(,/+-%$*#,>"/# 0"*#&%0:/)0"*#1"#D7W#BD7W#AA#.%)(# 0"*#OP#D!JiE#

D7W#A#.%)(#0"*#OP#D!ci9, responsables de la présentation de l�antigène aux LT (K%+<"$'"(2E#Xd5J9C#A0*#

subissent également une sélection négative, permettant d�éliminer les LT ayant une forte réactivité 

"$>"(*# 1"*# ,$+-23$"*# 1)# *%-# BS%/<E# Xd559C# @.(3*# .,**,2"# 1"# /"*# X# :+,."*# 1"# *:0"/+-%$E# 0"# OP# !L#

1">-"$+#?L#D!J#%)#D!cC#

66>JGKG&A/&A-&/@&T"*1T\"*1/&

2;C+ E>BD+ I@<>=BDFD+ N+ W@B<<C=+ JC+ <OYP@D+ C<+ PBT=C=+ C;+ SF=BSOF=BCh+ JCD+ .'+ L>;<+ DC+ ?BLC=DBEBC=+ IEB;+

d�acquérir de nombreux rôles effecteurs. Leur rôle final leur sera dictF+SI=+JC@=+C;LB=>;;CPC;<+C<+

JI+DFA=F<B>;+?C+;>P[=C@DCD+AY<>`B;CD,+

#

L,(&-# 0"*# OP# D!J# "=="/+")(*E# %$# .%)((,# 1-*+-$2)"(# 0"*# 'O3:h+ S>DDF?I;<+ @;+ S=>T=IPPC+

<=I;DA=BS<B>;;CJ+ ?FEC;DBE+ C<+ A>;?@BDI;<+ N+ @;C+ =FS>;DC+ B;EJIPPI<>B=CC# A0*# *%$+# /,(,/+:(-*:*# .,(# 0,#

sécrétion d�ILH5bE#AOHX5#"+#AOHXX#B`)F,$2E#Xd5X9C#R:/"**,-("*#;#0,#(:.%$*"#,$+->-(,0"#"+#;#0,#1"*+()/+-%$#

1"#',/+:(-"*#-$+(,/"00)0,-("*#$%+,&&"$+#.,(#,/+->,+-%$#1"*#&,/(%.<,2"*E# JCD+'O3+DC+?BD<B;T@C;<+SI=+

la sécrétion d�IFN�C# !"# 0,# &T&"# =,m%$E# JCD+ 'OR+ DFA=\<C;<+ ?CD+ AY<>`B;CD+ G&.94+ C<+ &.93^H+ W@B+ L>;<+

IA<BLC=+ JCD+."+C<+D<BP@JC=+ JC@=+S=>JBEF=I<B>;+C<+?BEEF=C;ABI<B>;, via également l�échange de signaux 

&"&'(,$,-("*#BD!JdHD!JdO9C#A0*#*%$+#$%+,&&"$+#-&.0-U):*#1,$*#0,#1:="$*"#,$+-.,(,*-+,-("C##

#

D�autres LT CD4, teJD+W@C+JCD+'EO#B.%)(#]"&8)22+*12,+:.&4.23.:9E#I@=>;<+@;+S=>T=IPPC+<=I;DA=BS<B>;;CJ+

SC=PC<<I;<+?C+S=>P>@L>B=+JI+=FS>;DC+O@P>=IJCE#/%$1)-*,$+#"8/0)*->"&"$+#;#)$"#,-1"#,)8#OQE#;#0")(#

*+-&)0,+-%$#"+E# +7&8+7.E#;#la sécrétion d�Ig#"+#0,#.(%1)/+-%$#1"#OQ#&:&%-("*C#$;EB;h+JCD+.'+=FT@JI<C@=D+

G'=CTDH+ A>;<=C[IJI;AC;<+ @;C+ =FS>;DC+ B;EJIPPI<>B=C+ CaACDDBLC+ C;+ S=>?@BDI;<+ ?CD+ DBT;I@a+

inhibiteurs, et notamment en sécrétant l�IL93U+>@+?@+'10#B.%)(#"1;):&=:)6-4&8,*-):9#!E#AY<>`B;CD+

BPP@;>D@SS=CDDBLCD#B0BT@=C+R:9#Bg-$2E#Xd5X9C#

#

.CD+.'+7/dn+W@I;<+N+CJJCD, ces cellules se différencient en LT cytotoxiques capables d�éliminer les 

ACJJ@JCD+ AB[JCD+ SI=+ DFA=F<B>;+ ?C+ SC=E>=B;C+ C<+ T=I;gYPCh+ ;><IPPC;<C# O,# ."(=%(-$"# *"(,# "$# "=="+#

/,.,'0"#1"#/%$1)-("#;#0,#=%(&,+-%$#1"#.%("*#,)#$->",)#1"#0,#&"&'(,$"#.0,*&-U)"#"+#.(%>%U)"(#,-$*-#

0,#0F*"#1"#0,#/"00)0"#/-'0"C#O"#2(,$_F&"#U),$+#;#0)-E#"$2"$1("(,#0,#&%(+#/"00)0,-("#.,(#,.%.+%*"#BW,01+

@$1"(*"$E#Xddf9C#
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L,2"#a#cN##
#

66>KG&AS%T\H,S)/#&1@@"#&&&&

.CD+ JYPSO>AY<CD+ B;;FD+>@+ &.7Dh+ D>;<+@;+T=>@SC+SI=<BA@JBC=+?C+ JYPSO>AY<CD+ AISI[JCD+?C+ =FS>;?=C+

rapidement en cas d�infection ou dommages tissulaires.  A l�heure actuelle, 3 groupes ont été 

1:/(-+*E#*"#1:>"0%..,$+#"$#.,(,0030"#1"*#OQ#"+#OP#B0BT@=C+Rd9#Bh%%IE#Xd5f9C##

.CD+ACJJ@JCD+)_+ISSI=<BC;;C;<+N+@;+3
C=

+T=>@SC+C;TJ>[I;<+I@DDB+JCD+ACJJ@JCD+&.73+GC<+;>PPF+?C+EIl>;+

TF;F=IJC+ &.73HC#Ces cellules permettent la mise en place d�une réponse immunitaire contre des 

SI<O>T\;CD+ B;<=IACJJ@JIB=CD# B/%&&"# .,(# "8"&.0"# 1"*# .(%+%_%,-("*# /%&&"# ].+(4;,7+,# %)# 1"*#

',/+:(-"*# -$+(,/"00)0,-("*# +"00"*# U)"# 0"*#&F/%',/+:(-"*9E# 0"*# >-()*# "+# ."(&"++"$+# )$"# (:.%$*"# ,$+-H

+)&%(,0"#Bh)//<-$-E#XddN9C##

Etant le pendant des LT cytotoxiques, ces cellules NK ont la capacité d�induire directement la mort 

/"00)0,-("#.,(#,.%.+%*"#,.(3*#0-,-*%$#1)#(:/".+")(#\,*#*)(#0"*#/"00)0"*#/-'0"*#B0"*#/"00)0"*#RS#"8.(-&,$+#

0"#0-2,$1#1"#\,*E#\,*O9C#[00"*#/%$+-"$$"$+#"$#%)+("#1"*#2(,$)0"*#."(&"++,$+#0,#0-':(,+-%$#1"#."(=%(-$"#

"+#1"#.(%+:,*"*#("*.%$*,'0"*#1"#0,#&%(+#.,(#,.%.+%*"#1"*#/"00)0"*#/-'0"*C#O"*#AOD5#U),$+#;#")8#*%$+#

*.:/-,0-*:*#1,$*#0,#(:.%$*"#1-(-2:"#/%$+("#0"*#.,+<%23$"*#-$+(,/"00)0,-("*#B?"-00"+E#Xd5f9C##

.CD+ACJJ@JCD+E>=PI;<+JC+second groupe d�ILCs (les ILC2) sont à l�origine de la sécrétion de cytokines 

SC=PC<<I;<+JI+?BEEF=C;ABI<B>;+?CD+.'+7/4n+C;+'ORh+PIi>=B<IB=CPC;<+BPSJBW@FD+?I;D+JI+?FEC;DC+I;<B9

SI=IDB<IB=C#B],0I"(E#Xd5e9C#De plus, ces cellules sont à l�origine (comme mentionné précédemment) 

1"# 0,# *:/(:+-%$#1"#&)/)*#,-$*-#U)"#1"# 0,# (:.,(,+-%$#1"# +-**)*#"$1%&&,2:*# B?"(,=-$-E#Xd56#n#4,//,E#

Xd5f9C#

.C+ ?C=nier groupe d�ILCs, les ILC3, est nécessaire au bon développement des ganglions 

lymphatiques, des plaques de Peyer au cours du développement f!tal, et, de façon générale, de 

<>@<CD+ JCD+D<=@A<@=CD+JYPSO>V?CD#puisqu�ils comprennent les LTI# B.%)(# 25;34)+/&-+((1.& +7/1*.:9C# A0*#

*%$+# $%+,&&"$+# -&.0-U):*# 1,$*# 0,# 1:="$*"# /%$+("# 0"*# .,+<%23$"*# "8+(,/"00)0,-("*E# 1,$*#

l�homéostasie microbienne intestinale et une dérégulation de leurs fonctions peut conduire au 

1:>"0%.."&"$+#1"#/%0-+"*#B7%$+,01%E#Xd569C#[$#%)+("E#-0#.,(,-+#:>-1"$+#;#/"#p%)(#U)"#/"++"#.%.)0,+-%$#

/"00)0,-("#"*+#.(:*"$+"#1,$*#+%)*#0"*#+-**)*#0F&.<%Y1"*#*"/%$1,-("*#"+#.,(+-/-."$+#,)#1:>"0%.."&"$+#

d�une réponse immunitaire adaptative (Z(%$I"E#Xd5f#n#]<-+"(*E#Xd5f9C#
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L,2"#a#Nd##
#

666>&:454A7==4L48-&:49&=7=;A'-6789&LQ4A7]:49&

/C+ JI+ PfPC+ EIl>;+ W@C+ S>@=+ JC+ A>PSI=<BPC;<+ JYPSO>V?Ch+ BJ+ CaBD<C+ @;+ SC;?I;<+ PYFJ>V?C+ I@+ 7.8h+

ISSCJF+ 7Q8h+ =CDS>;DI[JC+ ?C+ JI+ S=>?@A<B>;+ ?CD+ T=I;@J>AY<CDh+ PIA=>SOITCDh+ F=Y<O=>AY<CDh+

SJIW@C<<CD+C<+ACJJ@JCD+?C;?=B<BW@CD#B@I,*<-E#Xddd9C#

#

D"#D7L#1%$$"(,#$,-**,$/"#;#1")8# -$+"(&:1-,-("*E# 0"#Z7L# B.%)(#=:,712)*5-.\;,*:)34,=.& 2+7.,=.E

:.(-:+*-./&3:)=.7+-):E#,>"/#)$#.(%=-0#.<:$%+F.-U)"#D!5fMeX<-2<CD34+,) à l�origine de la formation des 

2(,$)0%/F+"*# "+# 1"*# &,/(%.<,2"*E# "+# 0"# 7[L# B.%)(# ;.=,M,:5)*5-.\.:5-4:)*5-.& 2+7.,=.E:.(-:+*-./&

3:)=.7+-):A#,>"/#)$#.(%=-0#.<:$%+F.-U)"#D!5fMeX0%^D!eJH9#U)-#1%$$"(,#0"*#/"00)0"*#:(F+<(%/F+,-("*#"+#

0"*#.0,U)"++"*#B@I,*<-E#Xddd9C##

!")8# +F."*# /"00)0,-("*# )$-.%+"$+*# =)("$+# 1:/%)>"(+*# .,(# R,I%(# "+# /%0032)"*# U)-# -*%03("$+# 0"#

.(%2:$-+")(# 1"*#&:2,I,(F%/F+"*E#7SL# B.%)(#;.=,M,:5)*5-.E*);;+-./& 3:)=.7+-):9C# D"# 1"($-"(# "*+#

ainsi à l�origine des#.0,U)"++"*#BR,I%(E#Xdde9C#!"#0,#&T&"#=,m%$#=)+#&-*#"$#:>-1"$/"#0"#.(%2:$-+")(#

exclusif des érythrocytes, l�EP (pour .:5-4:)*5-.E*);;+-./&3:)=.7+-):9#B0BT@=C+RZ9+BP"(*_%^*I-E#Xdd69C#

#

Ce développement myéloïde est favorisé par l�environnement médullaireE# 0"*# .(%2:$-+")(*#

0F&.<%Y1"*#*"#*-+),$+#.(-$/-.,0"&"$+#1,$*#0"*#(:2-%$*#/"$+(,0"*#1"#0,#+(,&"#%**")*"E#,0%(*#U)"#/")8#

1"# 0,# 0-2$:"# &F:0%Y1"# *"# *-+)"$+# .(:=:("$+-"00"&"$+# "$# '%(1)("# BR,2,*,^,E# Xddf#n# S%$1%E# Xd5d9C#

\-$,0"&"$+E# AC<+ C;TITCPC;<+ ?I;D+ JI+ JBT;FC+ PYFJ>V?C+ ?FSC;?+ ?C+ ;>P[=C@a+ EIA<C@=D+ ?C+

<=I;DA=BS<B>;#BL,)0E#Xd569C##

LVC5#.,(,-+#"$#"=="+#"**"$+-"0#,)#/<%-8#1"#0,#0-2$:"C#[$#"=="+E#1"#=%(+*#+,)8#1"#LVC5#*%$+#("U)-*#.%)(#0"#

1:>"0%.."&"$+#1"*#&,/(%.<,2"*E#1"*#+,)8#-$+"(&:1-,-("*#.%)(#0,#1-==:("$/-,+-%$#"$#2(,$)0%/F+"*#"+#

finalement, de faibles taux sont suffisants pour l�entrée en lignée B (],$2E#Xddc9C#

!"#.0)*, des souris déficientes pour c/EBP! présentent un#'0%/,2"#1)#D7L#>"(*#0"*#.(%2:$-+")(*#1"*#

monocytes et granulocytes, le GMP, alors qu�elles produisent un nombre normal de progéniteurs 

0F&.<%Y1"*#Bh<,$2E#XddJ9C##

AK\c#d�autre part, ,#:+:#%'*"(>:#/%&&"#-&.0-U):#1,$*#/"+#"$2,2"&"$+#&F:0%Y1"E#.,(+-/)0-3("&"$+#

.%)(# 0"*#&%$%/F+"*#"+# 0"*#/"00)0"*#1"$1(-+-U)"*#BS)(%+,I-E#Xd5J9E#&,-*#.,(+-/)0-3("&"$+#"$#/%)(*#1"#

développement plus qu�aux stades précoces (?-/<-"$E#Xd5f9C#

O,#0-2$:"#:(F+<(%Y1"#U),$+#;#"00"#*"(,#.0)*#1:."$1,$+"#1"#=,/+")(*#+"0*#U)"#Z@P@H5#%)#\`ZH5#B.%)(#

8:+.7/& )8& %'"'F9# .)-*U)"# 1"*# "&'(F%$*# 1:=-/-"$+*# .%)(# Z@P@C5# .(:*"$+"(,-"$+# )$# '0%/,2"# 1"# 0,#

1-==:("$/-,+-%$# ,)# *+,1"# .(%H:(F+<(%'0,*+"# B\)p-^,(,E# 5NNf) alors qu�un KO de FOGH5# '0%U)"(,-+#

/%&.03+"&"$+#0,#&:2,/,(F%.%Y3*"#BD<,$2E#XddX9C#
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#

D"# /<"&-$"&"$+# "*+# 1%$/# '",)/%).# &-")8# :+,'0-# 1".)-*# .")# "+# 0"*# =,/+")(*# 1"# +(,$*/(-.+-%$#

$:/"**,-("*#;#/<,U)"#0-2$:"#&-")8#1:=-$-*#BL,)0E#Xd569C#

#

D�autre part, d"*#/F+%I-$"*#telles que le TNF! ou l�ILH5#affecteraient l�hématopoïèse et favoriseraient 

le développement myéloïde au détriment de celui des lymphocytes. Le TNF!E# .,(# "8"&.0"E#

."(&"++(,-+#d�inhiber#l�expression de#DgDO5X#$:/"**,-("#;#0,#1-==:("$/-,+-%$#1"*#OQ#BV"1,E#Xdd69C#V$"#

,)+("# /F+%I-$"E# 0"# ZHD?\# B.%)(# %:,712)*5-.& *)2)75& (-+;12,-+7=& 8,*-):9# =,>%(-*"(,-+# 0,# *)(>-"# "+# 0,#

.(%0-=:(,+-%$# 1"*# /"00)0"*# &F:0%Y1"*# BQ,(("1,E# XddJ#n# W-''*E# Xddb9C# R:,$&%-$*# /"0)-Hci n�est pas 

$:/"**,-("#;#0")(#1:>"0%.."&"$+C#

R%)*#,00%$*#&,-$+"$,$+#,'%(1"(#0"*#1:=,)+*#1,$s l�une ou l�autre de ces voies de différenciation, qui 

vont conduire au développement d�un groupe de pathologies appelé Déficits Immunitaires Primitifs.#

='!-64&5&>&:"?1,1)#&1%%$@1)+1*/#&T*1%1)1?#&C:6=D&

6>&E484!'A6-49&

.CD+/&8+A>;D<B<@C;<+@;+T=>@SC+?C+SJ@D+?C+^UU+SI<O>J>TBCD# BeedE#L-/,(1E#Xd5c9# JBFCD+N+?CD+?FEI@<D+

génétiques et caractérisées par des anomalies de l�un ou plusieurs composants du système 

BPP@;B<IB=CC#D"*#1:=,)+*#.")>"$+#*"#+(,1)-("#*%-+#,)#$->",)#=%$/+-%$$"0E#,>"/#.,(#"8"&.0"#."(+"#1"#

=%$/+-%$#d�une enzyme, soit par un blocage du développement (absence d�une ou plusieurs lignées 

/"00)0,-("*#n#?DA!#B.%)(#!.9.:.&*);<+7./&+;;17)/.8+*+.7*5&/+(.,(.9#.,(#"8"&.0"E#1:+,-00:#.0)*#0%-$9C##

Ces pathologies peuvent affecter l�immunité innée et/ou adaptative "+# 0")(#"8.("**-%$#/0-$-U)"#"*+#

très variable. La plupart conduisent cependant à l�augmentation de la susceptibilité de l�individu aux 

infections, éventuellement au développement de symptômes autoimmuns, et à la mise en place d�un 

:+,+# -$=0,&&,+%-("C# O")(# diagnostic est souvent retardé, notamment dans le cas d�infections 

communes (sinusites, otites, infections bronchiques!) (7/D)*I"(E#Xd559C#

Leur nombre augmentant d�année en année (Q%)*=-<,E#Xd5e#n#L-/,(1E#Xd5c9E#-0*#$"#*%$+#;#/"#p%)(#.0)*#

/%$*-1:(:*E#1,$*#leur ensemble, comme des maladies rares et font l�objet d�un recensement annuel 

et d�une classification particulière permettant de faciliter le diagnostic "+# 0,# ("/<"(/<"# /0-$-U)"#

BQ%)*=-<,E# Xd5c#n# L-/,(1E# Xd5c9C# D"++"# /0,**-=-/,+-%$# ."(&"+# 1"# ("2(%)."(# "$+("# ")8# 1"*# 1:=-/-+*#

.,(+,2",$+# 1"*# &:/,$-*&"*# .<F*-%.,+<%0%2-U)"*# ,-$*-# U)"# 1"*# /,(,/+:(-*+-U)"*# .<:$%+F.-U)"*#
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#

communs, et est réalisée par un comité d�experts scientifiques appelé IUIS (pour #7-.:7,-+)7,2&`7+)7&

)8&#;;17)2)=+*,2&!)*+.-+.(9#BQ%)*=-<,E#Xd5c#n#L-/,(1E#Xd5c9C#

R%)*#1:+,-00"(%$*#1,$*#/"++"#.,(+-"#)$"#=,&-00"#1"#!AL#.,(+-/)0-"(*E#,.."0:*#?DA!E#/,(,/+:(-*:*#.,(#)$"#

,++"-$+"#1"#0,#0-2$:"#1"*#OPE#,**%/-:"#%)#$%$#;#)$"#,++"-$+"#1"*#OQ#"+#1"*#RSC!

66>&:4B6<6-&6LL;86-'6!4&<7L3684&9454!4&C9<6:D!

.CD+ *7&/+ A>;D<B<@C;<+ @;+ T=>@SC+ ?C+ PIJI?BCD+ =I=CD+ GS=FLIJC;AC+ ?C+ 3M6U+UUUHh+ P>;>TF;BW@CD#

BK%&,$%E#Xd5X9E#?@C+N+@;C+I<<CB;<C+S=>E>;?C+?C+JI+?BEEF=C;ABI<B>;+?CD+.'C#L0)*-")(*#=%(&"*#1"#?DA!#

peuvent être retrouvées pour lesquelles l�absence de T peut être accompagnée d�une déficience en 

OQ#"+M%)#"$#/"00)0"*#RSC#K:*)0+,$+#"$#)$"#,'*"$/"#1"#(:.%$*"# -&&)$-+,-("#,1,.+,+->"E# 0"*#.,+-"$+*#

*%$+# *)p"+*# ;#1"*# -$="/+-%$*# (:/)(("$+"*#13*# 0"#.0)*# p")$"# x2"C#!"#$%&'(")8#23$"*# *%$+# -&.0-U):*#

dans ces pathologies, et à l�heure actuell"E#5f#%$+#:+:# -1"$+-=-:*#BQ%)*=-<,E#Xd5c9C#O"*#?DA!#.")>"$+#

,>%-(# 1"*# +,'0",)8# /0-$-U)"*# +(3*# <:+:(%23$"*# -$/0),$+# 2:$:(,0"&"$+# 1"*# -$="/+-%$*# (:/)(("$+"*# "+#

sévères, parfois létales, la plupart du temps se développant très tôt. A cela peut aussi s�ajouter#)$#

1:=,)+#1"#/(%-**,$/"#*+,+)(%H.%$1:(,0#BP,*<"(E#Xd5X9C# !

D"*# .,+<%0%2-"*# *%$+# /0,**:"*# *"0%$# U),+("*# 2(%)."*#q# PHQiRSiE# PHQiRSHE# PHQHRSiE# PHQHRSH# B0"#

/,(,/+3("#k#H#» signifiant l�atteinte d�une lignée cellulaire et le caractère «#i#l#)$"#$%$#,++"-$+"#1"#0,#

0-2$:"#/"00)0,-("9#B'I[JCI@+3U9#BQ%)*=-<,E#Xd5c9C!
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1$)$ &Q8.&e2$

GE>;A<B>; ?C+JI+S=><FB;C A>?FCH
!)(Q!.&$*+.bQ8X(7b'!&#$*

*bQ8'(Q$*+8!#'&72.&$#*+!**(7&$*

GC;+?CO>=D ?CD+B;ECA<B>;DH

.' ." 7$..2.$* )_ &T

§ '9"9)_9

!:=-/-+ "$#
@1:$%*-$"
1:,&-$,*"

K5K

B/,+,0F*" ("/F/0,2"1"*#.)(-$"*9
P(3* ,',-**:* L")E 1-&-$):* L") L")E#1-&-$):"*

!:=-/-+* $")(%0%2-U)"*E ."(+" d�auditionE#1%&&,2"*
<:.,+-U)"*E#,$%&,0-"*#%**")*"*E##.(%+:-$%*"
,0>:%0,-(".)0&%$,-(" B"$+(,-$" 1-==-/)0+:*

("*.-(,+%-("*9

!F*2:$:*-"
(:+-/)0,-("

KAJ

B/,+,0F*"#0,#.<%*.<%(F0,+-%$ 1"*#$)/0:%*-1"*
&%$%H "+#+(-H.<%*.<,+"*9

P(3* ,',-**:*
R%(&,)8#;#
1-&-$):*

L") !-&-$):"* R")+(%.:$-".(%=%$1"E +<(%&'%/F+%.:$-"E#*)(1-+:

§ '9"9)_n

!:=-/-+ "$#K@Z5MX
FK.1IJ

B"$_F&"#1"#0,#("/%&'-$,-*%$ 4!j9
P(3* ,',-**:* P(3* ,',-**:* R%(&,0"* !-&-$):"* Z(,$)0%&"E#0F&.<%&",**%/-: ;#[Q4

!:=-/-+ "$#
!DOK[5D

54LFM14%NKF+M!,*O

B"$_F&"#1"#0,#("/%&'-$,-*%$ 4!j9
P(3* ,',-**:* P(3* ,',-**:* R%(&,0"* !-&-$):"* ?"$*-'-0-+: ,)8#(,F%$$"&"$+*

!:=-/-+ "$#!R@HLS
PFA45

B"$_F&"#1"#0, ("/%&'-$,-*%$ 4!j#M#."(&"+ RW[j9
P(3* ,',-**:* P(3* ,',-**:* R%(&,0"* 4,(-,'0" ?"$*-'-0-+: ,)8#(,F%$$"&"$+*E &-/(%/:.<,0-"

!:=-/-+ "$#
D[KRVRR`?M#gO\

7$#)2))(*M5.0M-QMR1

B-&.0-U):1,$* 0,#(:.,(,+-%$ 1"#l�ADN9
P(3* ,',-**:* P(3* ,',-**:* R%(&,0"* !-&-$):"*

?"$*-'-0-+: ,)8#(,F%$$"&"$+E#&-/(%/:.<,0-"E#
1F&%(.<-*&" =,/-,0

!:=-/-+ "$#!R@#
0-2,*" A4

L,.3

B-&.0-U):1,$* 0,#0-2,+-%$#1"#l�ADN9
P(3* ,',-**:* P(3* ,',-**:* R%(&,0"* !-&-$):"* 7-/(%/:.<,0-"E#1F&%(.<-*&" =,/-,0

§ '9"n)_9

!:=-/-+ "$#/<,-$"
/%&&)$"# 

,LJF.

Bl!une1"*#/<,-$" 1)#(:/".+")( ,)8#/F+%I-$"*# 9
P(3* ,',-**:*

R%(&,)8 >%-("
:0">:*

L") !-&-$):"* K"+,(1#1"#/(%-**,$/"E#+(%)'0"*#0F&.<%.(%0-=:(,+-=*

!:=-/-+ "$#j@Se
RKAS

B*-2$,0-*,+-%$#1)#(:/".+")( ,)8#/F+%I-$"*  9
P(3* ,',-**:*

R%(&,)8 >%-("
:0">:*

L") !-&-$):"* K"+,(1#1"#/(%-**,$/"E#+(%)'0"*#0F&.<%.(%0-=:(,+-=*

§ '9"n)_n

!:=-/-+ "$#AOHbK"
,LTUF

B/F+%I-$"#&,p")("#1,$* 0"#1:>"0%.."&"$+ 1"*#
/"00)0"*#<:&,+%.%Y:+-U)"*9

P(3* ,',-**:*
R%(&,)8 >%-("

:0">:*
R%(&,0"* !-&-$):"* \-3>("E#("+,(1#*+,+)(%H.%$1:(,0

!:=-/-+ "$#
/%(%$-$"HA#@

4VFV1K

B.(%+:-$" (:2)0,$+ l!actine M#,/+->-+:
,$+-',/+:(-"$$"ii9

P(3* ,',-**:* R%(&,)8 R%(&,0"* !-&-$):"*
?F$1(%&"#0F&.<%.(%0-=:(,+-=EE#&%0:/)0" -&.0-U):
1,$* 0"#1:>"0%.."&"$+ +<F&-U)"&,-* +<F&)*#

1:+"/+,'0"

!:=-/-+ "$#D!J6
P+PF4

B.<%*.<,+,*" -&.0-U): 1,$* 0,#>%-" j@S#M#,/+->"#
0"*#OQ#"+#OP9

P(3* ,',-**:* R%(&,)8 R%(&,0"* !-&-$):"* OP # $%(&,)8

!:=-/-+ "$#
D!e#MD!e$M#D!e%

45S5I45SM%I45J3U

B/%H(:/".+")(*1)#PDK9
P(3* ,',-**:* R%(&,)8 R%(&,0"* !-&-$):"* L,*#1"#OP # E#&,$-="*+,+-%$*#,)+%-&&)$"*

!:=-/-+ "$#\`gR5
6VW-1%

B-&.0-U):1,$* 0,#&,+)(,+-%$#1"*#OP#M#(:2)0"
l!expression 1"#0,#I:(,+-$"9

P(3* ,',-**:* R%(&,)8 R%(&,0"* R%(&,0"*

[.-+<:0-)& +<F&-U)" ,$%(&,0 B&%0:/)0" -&.0-U):"
1,$* 0"#1:>"0%.."&"$+ +<F&-U)" 9E#,0%.:/-"E#

1F*+(%.<-"1"*#%$20"*E#1:=,)+ ,)#$->",) 1)#+)'"#
$")(,0

'!".$!2+3U+K+8=B;ABSIJCD+AI=IA<F=BD<BW@CD+?CD+?FEBAB<D+BPP@;B<IB=CD+A>P[B;FD+DFL\=CD+G*7&/H+

@'(:>-,+-%$*#q#!/!E#'/C7)(+7.&/C,;+7,(.#n#!_RE#'/.752,-.&M+7,(.&L#n#7(#(3!E#O):)7+7EF'#n#/7.#$37E#I$'&*:)((E2+7M& :.3,+:&3:)-.+7&FO#n#

$"%E#?3(-.+7EN,::&9+:1(#n#0(5)3E#Q):M4.,/&<)G&$F#n#&TE##;;17)=2)<12+7.(&n#&.R#1E##]EL&:.*.3-):&=,;;,&n#&.9:#E##]EY&:.*.3-):&n#]!_^E#a,71(&

M+7,(.&W&n#."E#]5;34)*5-.(&N&n#.&14E#'I$&2+=,(.&#0&n#.'E#]5;34)*5-.(&"&n#)X$]3E#$)7E4);)2)=)1(&.7/Eb)+7+7=&F&n#)_E#$,-1:,2&M+22.:&n#8#_7/E#

@:)-.+7&M+7,(.A&/7,E,*-+9,-./A&*,-,25-+*&(1<17+-#n#8'8#7E#@:)-.+7E-5:)(+7.&34)(34,-,(.A&:.*.3-):E-53.A&O&n##!13MRE#D.*);<+7,-+)7E,*-+9,-+7=&

=.7.&F#

#

!,$*#0")(#=%(&"#&%-$*#*:>3("E#0"*#?DA!#*%$+#,.."0:*#DA!#B.%)(#IC8+*+-(&+;;17+-,+:.(&*);<+7C(9C#R%)*#

1:>"0%.."(%$*#U)"0U)"*#"8"&.0"*#1"#?DA!#PH#Qi#RSH#"+#PH#QH#RSH#"+#0"*#DA!#,>"/#,++"-$+"#1"*#OP#"+M%)#

les&LB,&puisqu!ils&se&rapportent&en&particulierE#"$#+"(&"#1"#.<:$%+F."#/"00)0,-("E#;#/"#U)"#$%)*#,>%$*#

.)#%'*"(>"(#1,$*#0"#&%130"#&)(-$#?PARZ#456J7M]P#1:>"0%..:#1,$*#/"++"#+<3*"C#
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66>FG&9<6:&->3_8`>&

/*OY)#$,)*<7*<?F3'3(*)5*Z9[M*�**

D<"_#0"*#.,+-"$+*#,++"-$+*#1"#/"#!ALE#0"*#0-2$:"*#P#"+#RS#*%$+#,++"-$+"*C#Q-"$#U)"#0"*#OQ#*%-"$+#.(%1)-+*#

"$#U),$+-+:#$%(&,0"E#0")(#,/+->,+-%$E#.(%0-=:(,+-%$#"+#1-==:("$/-,+-%$#*%$+#-&.,/+:"*E#.(%>%U),$+#)$"#

<F.%2,&&,20%')0-$:&-"#*:>3("#BP,*<"(E#Xd5X9C##

D"++"# &)+,+-%$# ,)+%*%&,0"# (:/"**->"# ."(+"# 1"# =%$/+-%$# (:*)0+"# "$# )$"# ,'*"$/"# +%+,0"# %)# )$#

1F*=%$/+-%$$"&"$+#*:>3("#1"#0,#j,$)*#I-$,*"#e#Bj@Se9E#)$"#+F(%*-$"#I-$,*"#-$+(,/"00)0,-("#$%+,&&"$+#

-&.0-U):"# 1,$*# 0,# *-2$,0-*,+-%$# 1"# (:/".+")(*# de cytokines porteurs de la chaine �c ('I[JCI@+ 3U9#

/%&&"#.,(#"8"&.0"# 0"*# (:/".+")(*#,)8#/F+%I-$"*# AOHXE# AOHJE# AOHbE# AOHNE# AOH56#%)#"$/%("# AOHX5# BW,,$E#

Xd55). Ce SCID se caractérise par de sévères infections bactériennes, virales et fongiques ainsi qu!un 

("+,(1#1"#/(%-**,$/"#*+,+)(%H.%$1:(,0#BR%+,(,$2"0%E#Xdd69C##

O,# 1:=-/-"$/"# "$# /"00)0"*# RS# /<"_# /"*# .,+-"$+*# /%$/%(1"# ,>"/# 0"# .<:$%type d!un modèle murin, 

porteur d!une mutation# ."(+"# 1"# =%$/+-%$# *.%$+,$:"# 1,$*# a,MW& BQfCD2HR(515
+&54"$

MO,_j9E# "+# U)-#

1:>"0%.."#)$#.<:$%+F."#?DA!#"+#"*+#-$/,.,'0"#1"#.(%1)-("#1"*#AOD*C#[$#"=="+E#)$#'0%/,2"#*"#.(%1)-+#

,)#$->",)#&:1)00,-("#,)#*+,1"#1"*#.(:/)(*")(*#1"*#AOD*C##

De plus, il a déjà été reporté chez l!Homme une incapacité des ILC1 à produire de l!IFNgE# "+# )$"#

différenciation de même qu!une prolifération diminuée à la fois pour les ILC1 et 3, en cas de 

+(,-+"&"$+#.,(#)$#-$<-'-+")(#1"#j@SeE#0"#P%=,/-+-$-'#BK%'-$"++"E#Xd5c9C#

[+,$+# 1%$$:# U)"# *,# /0-$-U)"# $"# ."(&"+# .,*# 1"# =,-("# 0,# 1-*+-$/+-%$# "$+("# /"# *F$1(%&"#"+# 0"#gH?DA!#

/,)*:# .,(# )$"#&)+,+-%$# 1,$*# 0,# /<,-$"# �c (appelée aussi ILH2R�), son diagnostic précis (en dehors 

d!un diagnostic génétique) est diffi/-0"C#O"#+(,-+"&"$+#1"#/<%-8#1"#/"++"#.,+<%0%2-"#("*+"E#/%&&"#.%)(#

0,# .0).,(+# 1"*# ?DA!E# )$"# 2("=="# ,00%2:$-U)"# 1"#&%"00"# %**")*"E# ,>"/# )$# +(,-+"&"$+# .(%.<F0,/+-U)"#

destiné à éviter le développement d!infections (R%+,(,$2"0%E#Xdd6#n#L-/,(1E#Xd5c#n#Q%)*=-<,E#Xd5c9C#

66>JG&9<6:&->3>8`>&

/**OY)#$,)*<7*<?F3'3(*)5*9<?5&:35)*<?4#354:)*A9S9E*�***

L!adénosine déaminase, ou ADA, est une enzyme clé exprimée de manière ubiquitaire, impliquée 

1,$*#0,#>%-"#1"#(:/).:(,+-%$M("/F/0,2"#1"*#.)(-$"*#U)-#."(&"+#0,#*F$+<3*"#1"*#$)/0:%+-1"*#.)(-U)"*#;#

partir d!intermédiaires de dégradation des nucléotides. Ce recF/0,2"#."(&"+E# +7& 8+7.E# 0,#.(%1)/+-%$#

d!AMP et de GMP, et ce de façon moins coûteuse en énergie que la voie de biosynthèse /.&7)9)#
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(c�estH;H1-("# 0,# *F$+<3*"# 1"# $)/0:%+-1"*# ;# .,(+-(# 1"#.(:/)(*")(*# *-&.0"*E# .0)+G+# U)"# .,(# ("/F/0,2"9C#

Bien qu�ubiquitaire, cet+"#"$_F&"#"*+#("+(%)>:"#"$#.0)*#2(,$1"*#U),$+-+:*#1,$*#0"*#+-**)*#0F&.<%Y1"*#

B+<F&)*# $%+,&&"$+9E# 0"# /"(>",)# "+# 0"# +(,/+)*# 2,*+(%-$+"*+-$,0E# "$# (,-*%$# 1)# .0)*# 2(,$1#

("$%)>"00"&"$+#1"#/"00)0"*#B\0-$$E#Xd5c9C#

Un déficit en ADA conduit à l�accumulation de métabolites de l�adénosine (2�déoxyadenosine, 

1:%8F,1"$%*-$"#+(-.<%*.<,+"9E#+%8-U)"*#.%)(#0,#1-==:("$/-,+-%$#1"*#0F&.<%/F+"*#PE#Q#"+#RS#B@.,*%>E#

Xdd59C#@-$*-E#)$#1:=-/-+#"$#@!@#/%$1)-+#;#)$#*F$1(%&"#1"#+F."#?DA!#PHQHRSH#B?,)"(E#Xd5X9C#@.,*%>#"+#

/%00,'%(,+")(*#ont d�ailleurs pu observer, dans un modèle murin ADAHMHE#)$"#,.%.+%*"#,//()"#1"*#

cellules au niveau thymiques. Cet effet n�est pas retrouvé en périphérie dans les organes lymphoïdes 

*"/%$1,-("*#+"0*#U)"#0,#(,+"#%)#0"*#2,$20-%$*#B@.,*%$E#Xdd59C#

@-$*-E# /"# ?DA!# "*+# /,(,/+:(-*:# .,(# )$"# 0F&.<%/F+%.:$-"# *:>3("# ,=="/+,$+# +%)+"*# 0"*# .%.)0,+-%$*#

0Fmphoïdes, ainsi qu�une forte hy.%2,&&,20%')0-$:&ie. D�autres manifestations non 

immunologiques peuvent aussi être observées en raison de la nature de l�enzyme et de son ca(,/+3("#

ubiquitaire. Par exemple, on peut citer le développement d�une fibrose pulmonaire, de déficits 

$")(%Hdéveloppementaux, d�une surdité et d�anomalies osseuses (]<-+&%("E# Xd5f9C# [$# %)+("E# 0"*#

"$=,$+*# @!@H1:=-/-"$+*# .(:*"$+"$+# ,)**-# 1"*# +(%)'0"*# 1)# /%&.%(+"&"$+# B<F."(,/+->-+:E# ,*%/-,0-+:E#

troubles de l�attention, agressivité) ainsi qu�un QI plus faible que la moyenne (\0-$$E#Xd5c9C#

?%$#1-,2$%*+-/# "*+# =,/-0-+:#.,(# 0,#&"*)("# 1"# l�activité de l�enzyme ADA, ainsi que de quantifier les 

métabolites de l�adénosine. A l�heure actuelle, le traitement de ce syndrome inclut une greffe 

allogénique de moelle osseuse ou une thérapie de substitution en ADA par d�administration d�un 

moyen d�un dérivé pégylé de l�ADA. Cette dernière n�assure pas un traitement complet de /"#

*F$1(%&"#&,-*# ."(&"+# +%)+# 1"# &T&"# )$"# 1:+%8-=-/,+-%$# 1"*# &:+,'%0-+"*# +%8-U)"*# B\0-$$E# Xd5c#n#

L-/,(1E#Xd5c#n#Q%)*=-<,E#Xd5c9C#

666>&:4B6<6-&6LL;86-'6!4&<7L3684&C<6:D&

De la même façon que pour le SCID, le CID s�articule autour de mutation dans des gènes im.0-U):*#

dans le système immunitaire, mais responsable d�atteintes moins sévères que les SCID ('I[JCI@+339C##

En effet, alors que les SCID présentent une absence totale de LT, plus ou moins accompagnée d�une 

,'*"$/"#1"#OQ#"+#/"00)0"*#RSE#0"*#DA!#$"#&%$+("$+#.,*#1"#0F&.<%.:$-"#,)**-#*:>3("C#

#

+

+
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.' ." 7$..2.$* )_ &T
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O"*#*F&.+G&"*#0"*#.0)*#/%)(,$+*#("*+"$+#1"#=,m%$#:>-1"$+"#)$"#2(,$1"#*)*/".+-'-0-+:#,)8#-$="/+-%$*E#

,>"/#1"*#,++"-$+"*#("*.-(,+%-("*#=(:U)"$+"*E#$%+,&&"$+C#D"(+,-$*#+F."*#1"#DA!#.")>"$+#T+("#+(,-+:*#

+%)+#/%&&"#0"#?DA!E#.,(#)$"#2("=="#,00%2:$-U)"#1"#&%"00"#%**")*"C#





L,2"#a#Nb##
#

666>FG&<6:&'54<&:6L68;-678&:49&A-&<:O_&

/**OY)#$,)*<7*<?F3'3(*)5*!D[*�***

O,#.(%+:-$"#ODS#est l�une des toutes premières permettant la transmission d)#*-2$,0#;#.,(+-(#1)#PDKC#

[$#"=="+E#,.(3*#,/+->,+-%$#1)#PDKE#ODS#>,#.<%*.<%(F0"(# 0"*#&%+-=*# AP@7*#.(:*"$+*#,)#$->",)#1"#*%$#

domaine intracellulaire, après quoi ZAP70 sera activée et conduira à son tour à l�activation de la 

/,*/,1"#1"#*-2$,0-*,+-%$C##

V$#1:=-/-+#"$#ODS#/%$1)-+#/<"_# 0"*#.,+-"$+*#;#)$"# =%(+"# -&&)$%1:(:2)0,+-%$C#[$#"=="+E#1"*#.,+-"$+*#

1:=-/-"$+*#.%)(#ODS#.(:*"$+"$+#,-$*-#)$"#0F&.<%.:$-"#P#,>"/#+(3*#.")#1"#D!J#"+#D!c#"8.(-&:*#;#0,#

&"&'(,$"#1"*#OPC#!"#.0)*E#-0#.,(,-+#:>-1"$+#U)"#/"*#OP#.(:*"$+"$+#un défaut d�activation puisqu�il n�y 

,# ,)/)$"# +(,$*&-**-%$# 1)# *-2$,0# 1)# PDKC# R:,$&%-$*E# \F$E# )$"# ,)+("# I-$,*"# /,.,'0"# "00"# ,)**-# 1"#

phosphoryler les motifs ITAM du TCR, peut compenser l�absence de Lck. C�est pourquoi on retrouve 

/<"_#/"*#.,+-"$+*#)$#1:=,)+#*")0"&"$+#.,(+-"0#"$#OPE#"+#$%$#+%+,0C#

7T&"# .,(+-"0E# )$# 1:=,)+# "$# OP# .")+# /%$1)-("# ;# )$# .<:$%+F."# *:>3("# /%&&"# 1"*# -$="/+-%$*#

(:/)(("$+"*#;#)$#x2"#.(:/%/"E#)$#("+,(1#*+,+)(%H.%$1:(,0E#1"*#.,+<%0%2-"*#-$=0,&&,+%-("*#+%)/<,$+#

0,# .",)# "+# 0"*# &)U)")*"*# $%+,&&ent, et le développement d�une autoimmunité. CelleH/-# .")+#

notamment s�expliquer en raison de la signalisation anormale du TCR, occasionnant des défauts dans 

0"*#&:/,$-*&"*#1"#+%0:(,$/"#1,$*#0"#+<F&)*C#

O"*#.,+-"$+*#.(:*"$+"$+#"$#%)+("#1"*#1:=,)+*#"$#P("2*#&,-*#)$"#"8.,$*-%$#1"*#OP#&:&%-("*C#[$#"=="+E#

ces LT sont capables de répondre à l�Ag indépendamment de Lck (W,)/IE# Xd5X#n# L-/,(1E# Xd5c#n#

Q%)*=-<,E#Xd5c9C##

666>JG&<6:&+M/,&01%1@$)1H@&0/#&A-&<:a_&

/**OY)#$,)*<7*<?F3'3(*)5*R9V\]*�***

!"# 0,# &T&"# =,m%$# U)"# .%)(# 0"# 1:=,)+# "$# ODSE# 0"# 1:=-/-+# "$# h@Lbd# %//,*-%$$"# )$"# *-2$,0-*,+-%$#

,&%-$1(-"# 1)# PDKC# [$# "=="+E# ,.(3*# ,/+->,+-%$# .,(# ODS, c�est ZAP70 qui se chargera à son tour de 

+(,$*&"++("#0"#*-2$,0#;#O@P#U)-#;#*%$#+%)(#,/+->"(,#0"*#1-==:("$+"*#/,*/,1"*#1"#*-2$,0-*,+-%$#"$2,2:"*#

.,(#0"#PDKC#@**%/-:"#,)#PDKE#/"++"#.(%+:-$"#"*+#,-$*-#-&.0-U):"#1,$*#0,#1-==:("$/-,+-%$#"+#0,#=%$/+-%$#

1"*#OPC#

V$#1:=-/-+#"$#h@Lbd#/%$1)-+#;#1"*# -$="/+-%$*#>-(,0"*#"+#%..%(+)$-*+"*# (:/)(("$+"*#,..,(,-**,$+# +(3*#

.(:/%/"&"$+# /<"_# 0"*# .,+-"$+*C# !"# .0)*E# -0*# .(:*"$+"$+# *%)>"$+# 1"*# -$="/+-%$*# ("*.-(,+%-("*# "+# 1"*#
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candidoses orales, malgré le fait qu�ils présentent par ailleurs un nombre normal de lymphocytes (et 

)$#$%&'("#$%(&,0#1"#OP#D!J9C##

O"# +(,-+"&"$+# 1"# /<%-8E# +%)+# /%&&"# .%)(# 0"*# ?DA!E# ("*+"# 0,# 2("=="# ,00%2:$-U)"# 1"#&%"00"# %**")*"#

B],0I%>-/<E#Xd5b#n#],$2E#Xd5d#n#L-/,(1E#Xd5c#n#Q%)*=-<,E#Xd5c9C#

666>KG&<6:&+M/,&01%1@$)1H@&0/#&A3&

/**OY)#$,)*<7*<?F3'3(*)5*.!/80*�***

D"++"#-$+"(0")I-$"#=,-+#.,(+-"#1"#0,#=,&-00"#1"*#/F+%I-$"*#;#(:/".+")(*#;#/<,-$"#�c. Elle est notamment 

-&.0-U):e dans la prolifération et l!activation des LT et LB, de même que dans la cytotoxicité des 

/"00)0"*# RSC# D%&&"# .%)(# 0"*# ,)+("*# /F+%I-$"*# 1"# /"++"# =,&-00"E# 0,# *-2$,0-*,+-%$# -$1)-+"# .,(# /"++"#

/F+%I-$"#.,**"#.,(#j@S5Me#U)-#,/+->"$+#;#0")(#+%)(#?P@P5Ee#"+#6C#

V$#1:=-/-+#"$#AOH21 conduit à une différenciation altérée des LB, ainsi qu�une production défectueuse 

1"#/F+%I-$"*#.,(#0"*#OPE#"+#)$"#/F+%+%8-/-+:#,&%-$1(-"#1"*#/"00)0"*#RSC#

O"*# .,+-"$+*# ,++"-$+*# .,(# )$# +"0# 1:=-/-+# .(:*"$+"$+# 1"# *:>3("*# -$="/+-%$*# Btelle qu�une 

/(F.+%*.%(-1-%*"9E# $%+,&&"$+# .)0&%$,-("*# B+)'"(/)0%*"9E# "+# .")>"$+# .(:*"$+"(# ;# +"(&"# )$"#

-$*)==-*,$/"#<:.,+-U)"C#A0#,#/"."$1,$+#:+:#%'*"(>:#)$"#<:+:(%2:$:-+:#1,$*#0"*#.<:$%+F."*#0-:*#;#)$#

1:=-/-+# "$# AOHX5# .)-*U)"# 1"*# .,+-"$+*# *,$*# /(F.+%*.%(-1-%*"# .")>"$+# T+("# ("+(%)>:*E# %)# /"(+,-$*#

.,+-"$+*#.")>"$+#.,(#"8"&.0"#1:>"0%.."(#1"*#&,0,1-"*#-$+"*+-$,0"*#-$=0,&&,+%-("*C#

A l�heure actuelle, très peu de cas ont été diagnostiqués comme présentant 1"*#&)+,+-%$*#1,$*# 0"#

gène de l�ILHX5# %)# 1,$*# *%$# (:/".+")(# B?+"."$*IFE# Xd5J#n# [(&,$E# Xd56#n# L-/,(1E# Xd5c#n# Q%)*=-<,E#

Xd5c9C
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'M+@)>T*HTH#&

La thématique globale de mon équipe d�accueil s�inscrit dans la recherche de l�éti>J>TBC+TF;F<BW@C+

?@+ J@S@D+ F=Y<OFPI<C@a+ DYD<FPBW@C+ G.$*Hh+ @;C+ PIJI?BC+ I@<>BPP@;C+ DYD<FPBW@Ch+ A>PSJCaC+ C<+

sévère, hétérogène sur le plan clinique et se caractérisant par la présence d�autoanticorps, dont 

des autoanticorps antinucléaires. L�étiologie génétiquC+?@+.$*+est encore mal connue. C�est dans 

cette optique que mon équipe d�accueil travaille en collaboration avec le laboratoire du Dr F. 

#BC@a9Laucat (Institut Imagine, Paris), dans le cadre d�un projet ANR (LUMUGENE).#

L�équipe du Dr. Rieux9.I@AI<+I+ B?C;<BEBF+?I;D+@;C+EIPBJJC+A>PS>=<I;<+^+PCP[=CD+IEECA<FD+SI=+@;+

*!%&h+ @;C+ P@<I<B>;+ OF<F=>gYT><C+ GA>;?@BDI;<+ N+ JI+ D@[D<B<@<B>;+ V155M) dans l�exon 5 du gène 

+!M!1US%A>?I;<+S>@=+ JI+S=><FB;C+*'&)1+ GS>@=+*'BP@JI<>=+>E+ &;<C=EC=>;+1C;CH+ Gj"("&-,<E#Xd5JH,+

D"++"#&)+,+-%$E#U)-#,#.,(#,-00")(*#:+:#("+(%)>:"#1,$*#1"*#/,*#*.%(,1-U)"*#1"#?@4AE#C;<=IB;C=IB<+@;C+

OYSC=IA<BLB<F+?C+*'&)1,+#

Comme présenté dans l�introduction, STING est considéré comme senseur d�ADN cytosolique et 

acteur central dans la mise en place d�une réponse IFN notamment dans le cas d�infections virales 

ou bactériennes. Cependant, si l�ADN du soi est habituellement confiné dans le noyau ou les 

PB<>AO>;?=BCDh+BJ+SC@<+I@DDBh+?I;D+AC=<IB;CD+AB=A>;D<I;ACDh+DC+=C<=>@LC=+I@+;BLCI@+AY<>SJIDPBW@C+C<+

IB;DB+conduire au développement d�une autoimmunité chez l�Homme et la souris. #

O,# &)+,+-%$# .(:/:1"&&"$+# &"$+-%$$:"# ,=="/+"# 0"# 1%&,-$"# 1"# 1-&:(-*,+-%$# 1"# ?PARZ# B+(3*#

<%&%0%2)"# "$+("# 0 W%&&"# "+# 0,# *%)(-*9# =,>%(-*,$+# *,# 1-&:(-*,+-%$E# .(%/"**)*# ("U)-*# .%)(# *%$#

,/+->,+-%$C# R%*# /%00,'%(,+")(*# %$+# :2,0"&"$+# &%$+(:# 0 ,/+->-+:# /%$*+-+)+->"# 1)# &)+,$+# <)&,-$#

45667# +7&9+-:)C#[$=-$E#)$"#,)2&"$+,+-%$#1"#0,#.(%1)/+-%$#1 A\R#A#.,(#0"*#/"00)0"*#1"*#.,+-"$+*#,#:+:#

1:&%$+(:"E#/%$*:U)"$/"#,++"$1)"#1 )$"#<F."(,/+->-+:#1"#?PARZ#Bj"("&-,<E#Xd5J9C##

R%)*# ,>%$*# 1%$/# 2:$:(:# )$# &%130"# &)(-$# 1"# 0,# .,+<%0%2-"# .%(+")(# 1"# 0,# &)+,+-%$# .%$/+)"00"#

<:+:(%_F2%+"#456J7M]PE#/%(("*.%$1,$+#;#la mutation V155M chez l�Homme (0,#.0)*#=(:U)"&&"$+#

décrite jusqu�ici# /<"_# 0"*# .,+-"$+*# ,++"-$+*# 1"# ?@4A9E# 1"# =,m%$# ;# ."(&"++("# )$"# &"-00")("#

compréhension des mécanismes mis en jeu, de l�impact de cette mutation sur le système 

-&&)$-+,-("#"+#=-$,0"&"$+E#1)#(G0"#1"*#A\R#A#1,$*#0"#.<:$%+F."#1"*#*%)(-*C#

@-$*-E#$%)*#$%)*#*%&&"*#"$#.("&-"(#0-")#-$+:("**:*#,)#.<:$%+F."#1"*#*%)(-*#?PARZ#456J7M]PE#"+#

1"#*,#1:."$1,$/"#>-*H;H>-*#1"*#A\R#A#"$#0"*#/(%-*,$+#,>"/#1"*#*%)(-*#1:=-/-"$+"*#.%)(#0"#(:/".+")(#,)8#
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Severe combined immunodeficiency in

stimulator of interferon genes (STING)

V154M/wild-type mice
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Illkirch-Graffenstaden, Paris, and Lyon, France, and Edinburgh, United Kingdom

Background: Autosomal dominant gain-of-function mutations

in human stimulator of interferon genes (STING) lead to a

severe autoinflammatory disease called STING-associated

vasculopathy with onset in infancy that is associated with

enhanced expression of interferon-stimulated gene transcripts.

Objective: The goal of this study was to analyze the phenotype

of a new mouse model of STING hyperactivation and the role of

type I interferons in this system.

Methods: We generated a knock-in model carrying an amino

acid substitution (V154M) in mouse STING, corresponding to a

recurrent mutation seen in human patients with STING-

associated vasculopathy with onset in infancy. Hematopoietic

development and tissue histology were analyzed. Lymphocyte

activation and proliferation were assessed in vitro. STING

V154M/wild-type (WT) mice were crossed to IFN-a/b receptor

(IFNAR) knockout mice to evaluate the type I interferon

dependence of the mutant Sting phenotype recorded.

Results: In STING V154M/WT mice we detected variable

expression of inflammatory infiltrates in the lungs and kidneys.

These mice showed a marked decrease in survival and

developed a severe combined immunodeficiency disease (SCID)

affecting B, T, and natural killer cells, with an almost complete

lack of antibodies and a significant expansion of monocytes and

granulocytes. The blockade in B- and T-cell development was

present from early immature stages in bone marrow and

thymus. In addition, in vitro experiments revealed an intrinsic

proliferative defect of mature T cells. Although the V154M/WT

mutant demonstrated increased expression of interferon-

stimulated genes, the SCID phenotype was not reversed in

STING V154M/WT IFNAR knockout mice. However, the

antiproliferative defect in T cells was rescued partially by

IFNAR deficiency.

Conclusions: STING gain-of-function mice developed an

interferon-independent SCID phenotype with a T-cell, B-cell,

and natural killer cell developmental defect and

hypogammaglobulinemia that is associated with signs of

inflammation in lungs and kidneys. Only the intrinsic

proliferative defect of T cells was partially interferon

dependent. (J Allergy Clin Immunol 2018;nnn:nnn-nnn.)

Key words: Severe combined immunodeficiency, stimulator of

interferon genes, V154M, type I interferon

Since its identification as an adaptor molecule in the cytosolic
DNA-sensing pathway, stimulator of interferon genes (STING)
has emerged as a central player in antiviral and antibacterial
immunity, autoinflammation, and cancer.1-5 STING is an
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Abbreviations used

APC: Allophycocyanin

BM: Bone marrow

BrdU: 5-Bromo-29-deoxyuridine

cGAMP: Cyclic GMP-AMP

CLP: Common lymphoid progenitor

DD: Dimerization domain

DN: Double negative

ER: Endoplasmic reticulum

FITC: Fluorescein isothiocyanate

GOF: Gain of function

HSC: Hematopoietic stem cell

IFNAR: IFN-a/b receptor

ILC: Innate lymphoid cell

ISG: Interferon-stimulated gene

KO: Knockout

LN: Lymph node

LT: Lymphotoxin

NK: Natural killer

PE: Phycoerythrin

SAVI: Sting-associated vasculopathy with onset in infancy

SCID: Severe combined immunodeficiency

STING: Stimulator of interferon genes

TBK1: TANK-binding kinase 1

Treg: Regulatory T

WT: Wild-type

endoplasmic reticulum (ER)–associated membrane protein

expressed in a wide variety of tissues, including endothelial,

epithelial, and hematopoietic cell types.6,7 Signaling through

STING can be induced by cyclic di-GMP, cyclic di-AMP, and

cyclic GMP–AMP (cGAMP). Such pathogen-associated

molecular patterns are recognized by STING, causing its

activation and subsequent migration from the ER to perinuclear

vesicles, where it recruits and activates TANK-binding kinase 1

(TBK1). STING-TBK1 then induces the phosphorylation,

dimerization, and nuclear translocation of interferon regulatory

factor 3, which drives a type I interferon response8 and the

expression of a set of interferon-stimulated genes (ISGs). The

STING–TBK1 axis is also known to phosphorylate IkB, resulting

in nuclear factor kB release, nuclear translocation, and increased

nuclear factor kB–dependent gene expression, a pathway

implicated in cellular stress, tumor progression, inflammation,

and immunity.9 Finally, this axis can also lead to phosphorylation

of signal transducer and activator of transcription 6 (STAT6),

which mediates immune signaling in response to cytokines and

viral infection.10

Therefore STING is an adaptor of DNA sensing, which appears

to be critical for the detection of diverse cytosolic cyclic

dinucleotides and DNA.11 Although usually confined to the

nucleus and mitochondria, in some circumstances abnormal

host DNA can be found in the cytoplasm, leading to development

of autoimmune features in mice and human subjects.12,13 For this

reason, in the homeostatic context, STING-mediated signaling

has to be finely regulated because chronic or constitutive activa-

tion, such as that caused by genetic mutation, might otherwise

lead to autoinflammation.14 Indeed, a number of gain-of-

function (GOF) mutations in TMEM173, which encodes STING,

have been described in patients with an autoinflammatory pheno-

type designated STING-associated vasculopathy with onset in in-

fancy (SAVI).15,16

SAVI is considered part of a group of diseases referred to as

type I interferonopathies, in which type I interferon–induced

signaling is considered to play a central role in disease

pathology.17,18 Patients with SAVI variably demonstrate systemic

inflammation and inflammatory lesions of the skin and lungs.

T-cell and natural killer (NK) cell lymphopenia is a consistent

feature, although patients do not present with classical symptoms

of immunodeficiency, such as severe susceptibility to pathogens.

Autoimmunity is also very rare.7,15,16 Today, the exact molecular

mechanisms leading to these various features remain uncertain.

Twenty-two patients from 15 families have been reported with

heterozygous GOF mutations in TMEM173 involving amino

acids at positions 147, 154, 155, and 166 localized near

(V147L) or within the dimerization domain (DD; N154S,

V155M, and G166E) of STING protein.15,16,19-24 These changes

have been suggested to lead to stabilization of the DD and thus

constitutive activation of STING.15,16 Three other patients with

SAVI have been described, carrying distinct mutations (namely

C206Y in exon 6 and R281Q and R284G in exon 7) located in

the cGAMP binding domain of STING that also lead to

constitutive activation of the protein, thereby implicating a

second region of STING important in type I interferon signaling.7

Here we generated a new knock-in mouse model with the

heterozygous V154M mutation corresponding to the V155M

mutation in human subjects (the most frequent mutation

described thus far) to better understand the effect of this mutation

on the immune system and the role of the type I interferon

pathway in patients with SAVI. These mice had a severe

combined immunodeficiency (SCID) phenotype, with T, B, and

NK lymphopenia; strong hypogammaglobulinemia; and an

expansion in the myeloid population, which was interferon

indepedent. They also had variable lung and kidney inflammation.

METHODS

Generation of STING V154M/WT knock-in mice

The V154M mutation was introduced in the Tmem173 locus by using

a standard CRISPR-meditated genome-editing procedure (Taconic

Biosciences GmbH, Cologne, Germany). In short, after hormone administra-

tion, superovulated C57BL/6NJ female mice were mated with C57BL/6NJ

male mice. One-cell stage fertilized embryos were placed in a drop of M2me-

dium under mineral oil. A microinjection pipette with an approximate internal

diameter of 0.5 mm (at the tip) was used to inject the mixed nucleotide

preparation containing the Cas9 protein and the specific gRNA (Fig 1, A)

into the pronucleus of each embryo. After injection, 35 injected one-cell stage

embryos were transferred to one of the oviducts of pseudopregnant NMRI

females. Founder animals were identified by using PCR of the targeted locus

after NcoI digestion. PCR samples per founder were subcloned, and multiple

clones were analyzed bymeans of DNA sequencing to confirm the presence of

the V145M mutation and exclude the presence of additional mutations near

the target sequence. One founder animal was then selected for an in vitro

fertilization procedure to generate G1 heterozygous pups. Predicted potential

off-target sites were analyzed in G1 heterozygous animals by using targeted

sequencing.

Mice

Mice were bred and backcrossed on a C57BL/6N background for 8

generations in specific pathogen-free conditions at the animal facility of the

Molecular and Cellular Biology Institute (IBMC, Strasbourg, France).

Littermate wild-type (WT) mice were always used as control animals. As

indicated in the Results section, for some experiments, STING V154M/WT

and WT littermate control mice were treated the whole time with antibiotic in
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drinking water (Baytril 10% oral solution [enrofloxacin], 150 mL/100 mL of

filtrated and autoclaved water; drinking water was changed every week).

STING V154M/WT mice were crossed with IFN-a/b receptor (IFNAR)

knockout (KO) mice (provided by CDTA, CNRS, Orl eans, France).25

Genotyping of STING V154M/WT mice was assessed by using PCR

amplification of genomic DNA extracted from tail samples with the following

primers: one forward primer in exon 4 (59- ATAGCAGTGCTGAGAGCA

AGC -39) and one reverse primer in exon 6 (59- GGGATCTAATGC

TCTCTTCTGG -39). PCR products were then treated for 1 hour at 378C

with NcoI restriction enzyme (New England Biolabs, Ipswich, Mass) to

distinguish the WT allele (1 band) from the mutated allele (3 bands). PCR

was performed with initial denaturation (at 958C for 5 minutes), followed

by 35 cycles of denaturation (at 958C for 30 seconds), annealing (at 61.58C

for 30 seconds), and extension (at 728C for 1 minute). Genotyping of IFNAR

KO mice was assessed by means of PCR amplification with the following

combination of primers: forward primer, 59-AAGATGTGCTGTTCCCT

TCCTCTGCTCTGA-39; reverse primer, 59-ATTATTAAAAGAAAAGACG

AGGCGAAGTGG-39; and third primer, 59-CCTGCGTGCAATCCAT

CTTG-39. PCR was performed as follows: 958C for 3 minutes and 35 cycles

at 948C for 15 seconds, 628C for 15 seconds, and 728C for 30 seconds.

All animal experiments were performed with the approval of the Direction

d epartementale des services v et erinaires (Strasbourg, France), and

protocols were approved by the ethics committee (Comit e d’ ethique en

mati!ere d’Experimentation Animale de Strasbourg, CREMEAS) under

relevant institutional authorization (Minist!ere de l’Education Nationale,

de l’Enseignement Sup erieur et de la Recherche; authorization no.

2015072907553237 [APAFIS#2387]). All control mice used in experiments

were littermate control mice.

Western blotting
Cell lysates were prepared from spleen-sorted CD432 naive B cells.

Proteins were size fractionated by means of 4%-20% gradient SDS-PAGE,

electrotransferred to a polyvinylidene fluoride membrane for 1.5 hours at

130 V, and immunodetected with rabbit polyclonal anti-mouse STING anti-

body (Proteintech, Rosemont, Ill). STING protein (band of approximately

40 kDa) was detected with a secondary horseradish peroxidase–conjugated

goat anti-rabbit IgG antibody (Jackson ImmunoResearch, West Grove, Pa).

Anti–b-actin antibody (Santa Cruz Biotechnology, Dallas, Tex) was used as

a protein loading control.

Flow cytometric analysis
Analyses of cell phenotype and proliferation rates were performed on

splenic, thymic, and bone marrow (BM) lymphoid populations by using a

4-color fluorescence cytometer (FACSCalibur), according to standard

protocols. The following antibodies were used: fluorescein isothiocyanate

(FITC), phycoerythrin (PE), peridinin-chlorophyll-protein complex, or

allophycocyanin (APC) anti–mouse IgM, CD19, B220, CD3, CD4, CD8,

CD21, CD23, CD44, CD62L, Mac1 (CD11b), Gr1 (Ly6C/G), CD49b, NK1.1

(CD161), CD86, CD25, CD138, and forkhead box protein 3 (all from BD

Biosciences, San Jose, Calif). Propidium iodide (2.5 mg/mL; Sigma, St Louis,

MO) or Fixable Viability Dye were used for discrimination of live and dead

cells. The following antibodies were used for BM and thymic progenitor

analysis: peridinin-chlorophyll-protein complex–Cy5.5, APC, Alexa Fluor

488, APC-eFluor 780, BV 421, BV 605, PE, Alexa Fluor 700, PE-Cy7, FITC,

Cy5, APC-Cy7, PE-CF594, PE–eFluor 610 or eFluor450 anti-mouse CD11b,

CD11c, CD317, Gr1, Lineage, c-Kit, Sca1, CD48 (from eBioscience,
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FIG 1. Murine STING V154M heterozygous mutation is associated with reduced survival. A, Introduction of

the murine mutation (V154M) corresponding to the V155M STING GOF mutation in human subjects using

CRISPR/Cas9 technology. sgRNA, Single guide RNA; UTR, untranslated region. B, Agarose gel electropho-

resis of PCR-amplified products using specific primers in exons 4 and 6 of Tmem173. Lane 1, DNA size

marker; lane 2, negative control of the PCR reaction; lanes 3-5, WT littermate mice; lanes 6-8, STING

V154M/WT mice. C, Visualization of the heterozygous V154M mutation by using Sanger sequencing of

genomic DNA (upper panel) and cDNA (lower panel) from WT littermate (left) and transgenic (right)

mice. D, Survival rates of STING V154M/WT mice, both untreated and treated with antibiotics (see the

Methods section), as well as control WT littermate mice (n 5 15 per group), were evaluated by using

Kaplan-Meier analysis. The result of the log-rank test is indicated. ***P < .0001.
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San Diego, Calif), Ter119, CD71, CD127, CD34, CD16/32 (from BD

Biosciences), and CD150 (from BioLegend, San Diego, Calif).

Lineage staining correspond to the following antibodies: anti-mouse CD3,

CD4, CD8, B220, CD11b, CD11c, Gr1, CD49b, and Ter119 (Ly76). These

analyses were performed with a 10-color fluorescence cytometer (FACS

Fortessa), according to standard protocols. The following antibodies were

used for splenic, BM, or thymic proliferation and apoptosis

analysis, respectively: FITC–anti-5-bromo-29-deoxyuridine (BrdU) and

FITC–Annexin V (from BD Biosciences). Data were analyzed with FlowJo

software (TreeStar, Ashland, Ore).

BrdU incorporation
BrdUwas first administered by using intraperitoneal injection of 100mL of

BrdU (1mg/mL; Sigma) 72 hours before analysis and also delivered tomice in

their drinking water at a concentration of 0.8 mg/mL. BM and thymi were

collected 72 hours after BrdU injection. Cells were fixed with Cytofix/

Cytoperm buffer (BD Biosciences) and permeabilized with permeabilization

buffer (BD Biosciences). DNA was then denatured with a DNAse solution

(100mg/mL; BDBiosciences) to improve the accessibility of the incorporated

BrdU to the detection antibody. A FITC mouse anti-BrdU antibody was used

to detect the incorporated BrdU. Cells were then analyzed by using flow

cytometry.

Complete blood count
Blood (150 mL) was collected in EDTA 2% anticoagulant solution

(30 mL/100 mL of blood). Complete blood counts (WBC, RBC,

and hemoglobin dosage) were performed in the Mouse Clinic Institute

(ICS, Illkirch, France).

Antibody detection by means of ELISA
Total IgM, IgG, and IgA levels were measured in sera from 3- to

6-month-old mice or in culture supernatants after stimulation. Sera were

obtained by means of blood centrifugation at 6000 rpm for 6 minutes. Levels

of total immunoglobulins were measured, as previously described.26

Absorbance was then read at 492 nm with the Multiskan FC photometer

and analyzed with SkanIt microplate reader software (Thermo Fisher,

Waltham, Mass). The concentration of total serum immunoglobulin was

evaluated by means of comparison with a standard curve using purified

mouse IgM, IgG, or IgA standards (Sigma, reference M-5170; Jackson

ImmunoResearch, reference 015000003; BD Biosciences, reference 553476).

Cell preparation and culture
In vitro B- and T-cell stimulations were performed in complete RPMI-1640

medium containing L-glutamine (Lonza, Basel, Switzerland) supplemented

with 10% FCS (Dutscher, South America), 50 mmol/L b-mercaptoethanol

(Gibco, Carlsbad, Calif), 1% penicillin/streptomycin (Gibco), 10 mmol/L

HEPES (Lonza), and 1 mmol/L sodium pyruvate (Lonza). Splenic naive

(CD432) B cells were purified by using negative magnetic selection (mouse

CD43 [Ly-48] MicroBeads; MACS; Miltenyi Biotec, Bergisch Gladbach, Ger-

many), and splenic T cells were prepared with the Dynabeads Untouched

Mouse T cells kit (Invitrogen, Carlsbad, Calif), according to the supplier’s

protocols. B cells were stimulated with either LPS from Salmonella typhosa

(10 mg/mL; Sigma-Aldrich) or goat anti-IgM alone (10 mg/mL; Jackson

ImmunoResearch), a combination of anti-CD40 antibody and recombinant

murine IL-4 (1 mg/mL, 5 ng/mL; Sigma), or a combination of anti-IgM and

anti-CD40 for 3 or 4 days, depending on the experiment. For T-cell

stimulation, plates were coated with anti-CD3 (10 mg/mL; BD PharMingen)

for 4 hours at 378C or O/N at 48C, and cells were then stimulated with

anti-CD28 (10 mg/mL; BD PharMingen) for 3 days at 378C. For proliferation

analysis, splenocytes or sorted splenic mature B cells were pretreated with

carboxyfluorescein diacetate succinimidyl ester dye (Sigma), according to

standard protocols, before being cultured for 4 days at 378C. Plasmabast differ-

entiation (B220lowCD1381 cells) was determined by using flow cytometry.

Quantitative real-time RT-PCR analysis
RNAwas extracted with the RNeasy Kit (Qiagen, Hilden, Germany), and

cDNA was obtained with the High Capacity Reverse Transcription Kit

(Applied Biosystems, Foster City, Calif) by using a T100 Thermal Cycler

(Bio-Rad Laboratories, Hercules, Calif). Quantitative real-time PCR

was performed on 10 ng of cDNA by using TaqMan Universal

Mastermix (Applied Biosystems) and Assays-on-Demand probes

(Applied Biosystems) as follows: Hprt1, Mm01318743_m1; Gapdh,

Mm03302249_g1; Sting, Mm01158117_m1; interferon-stimulated gene 15

(Isg15), Mm01705338_s1; interferon-induced protein with tetratricopeptide

repeats 1 (Ifit1), Mm00515153_m1; Cxcl10, Mm00445235_m1; Ifna4,

Mm00833969_s1; and Ifnb1, Mm00439552_s1. Each sample was amplified

in triplicate in a StepOnePlus real-time PCR system (Applied Biosystems).

mRNA levels were calculated with StepOne v2.1 software (Applied

Biosystems) by using the comparative cycle threshold method and normalized

to mean expression of the Hprt1 and Gapdh housekeeping genes.

Histologic analysis
Histologic processing and evaluation were performed in the Mouse

Clinic Institute on 5-mm-thick sections obtained from formalin-fixed

paraffin-embedded tissues. Bones were decalcified in rapid decalcifier for

2 hours (DC3; VWR Chemicals, Radnor, Pa). All tissues were stained with

hematoxylin and eosin. Lungs and kidneys were also stained with the Masson

trichrome method to demonstrate possible fibrosis.

Lymph node mapping
Mice were anesthetized with 2.5% isoflurane and injected subcutaneously

with 5% Evans blue dye (Sigma) into the front legs, hindfoot, and ears. After

30 minutes of continuous anesthesia, mice were killed and dissected to locate

the lymph nodes (LNs).27

Statistical analysis
Statistical significance was calculated with a 2-tailed Mann-Whitney test

with Prism software (GraphPad Software, La Jolla, Calif), except for survival

curves, which were evaluated by using Kaplan-Meier analysis (log-rank test).

All data were presented as means 6 SEMs.

RESULTS

Heterozygous STING V154M mice demonstrate

marked weight loss and reduced survival
Heterozygous mutations in STING, including V155M

mutation (V154M in mice), are responsible for the development

of SAVI.15,16 We generated heterozygous V154M mice with

CRISPR/Cas9 technology by inserting an oligonucleotide

containing 2 mutations (GTT into ATG, resulting in replacement

of a valine 154 with a methionine) into exon 5 of Tmem173

(Fig 1, A, green and red). The oligonucleotide also contained a

silent mutation encoding for an NcoI restriction site to facilitate

genotyping (Fig 1, A, yellow). In this way STING V154M/WT

mice could be distinguished from WT animals by using PCR

(Fig 1, B). We confirmed the presence of the mutation by using

Sanger sequencing of genomic DNA and cDNA (Fig 1, C).

We also analyzed STING expression in this model. It has been

shown that STING expression is decreased in HEK293FT cells

transfected with the V155M STINGmutation in comparison with

cells expressing WT STING.7,16 In agreement with this, we

noticed a reduction of nearly 50% of Sting mRNA and STING

protein in STING V154M/WT mice (see Fig E1, A and B, in

this article’s Online Repository at www.jacionline.org).
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Interestingly, V154M/WT mice showed a marked reduction in

survival comparedwithWTlittermates,with none survivingbeyond

150 days (Fig 1,D). Such a highmortality rate precluded analysis in

our animal facility conditions. Therefore, because themicewere not

raised in a germ-free environment, we treated them with enrofloxa-

cin, a broad-spectrum antibiotic. Survival was then significantly

improved (Fig 1, D), but STING V154M/WT mice still exhibited

weight loss compared with WT littermates (see Fig E1, C). STING

V154M/WT females were sterile, and therefore we were unable to

breed mice homozygous for the STING V154M allele.

Lung and renal inflammation occur variably in

STING V154M/WT mice
SAVI is characterized by an inflammatory state.15,16 In particular,

lung interstitial disease has been observed in the majority of

patients, as have skin lesions and systemic inflammation. These

features are not present in all patients, with rare familial cases of

the disease confirming sometimes marked variability in disease

expression.16 We noticed that 45% of STING V154M/WT mice

had slight (11) to severe (1111) alveolar or perivascular

inflammation, whereas none of the WT littermate group developed

these features (see Fig E2 in this article’s Online Repository at

www.jacionline.org). Of note, we did not detect any lung fibrosis

(see Fig E2), nor did our mice demonstrate skin lesions, arthritis,

or inflammation in the distal limbs (see Fig E2). Almost 30% of

the mice hadminimal renal inflammation (interstitial hypercellular-

ity in themedulla) with some patches of interstitial fibrosis, whereas

WT littermatemice did not have any. However, similar lesions have

not been reported in human patients with SAVI. Proteinuria was not

recorded in the STING V154M/WT mice. We did not observe any

correlation between organ inflammation in STING V154M/WT

mice according to whether they were treated with antibiotics (see

Fig E2). In addition, there was a significant increase in serum

IL-6 and TNF-a levels in mutant animals compared withWT litter-

mates (1.2 6 0.003 pg/mL vs 20.8 6 8.1 pg/mL for IL-6 and

3.86 0.003 pg/mL vs 5.76 1.2 pg/mL for TNF-a inWTand Sting

V154M/WT mice, respectively [mean 6 SEM]; P < .05,

Mann-Whitney test). Thus we conclude that STING V154M/WT

mice had inflammatory manifestations with variable expression.

STING V154M/WT mice develop a SCID
Considering the T-cell lymphopenia observed in patients with

SAVI,15,16 we analyzed the proportion of immune cell subsets in

peripheral lymphoid compartments. Because survival was

improved after treatment with enrofloxacin, all of the animals

included in this analysis received the antibiotic.

First, we noticed a complete absence of LNs in STINGV154M/

WTmice, even after coloration with Evans blue (see Fig E3 in this

article’s Online Repository at www.jacionline.org). In addition,

we saw a significant decrease in white blood cell counts in STING

V154M/WTmice compared withWT littermates (Fig 2, A). Flow

cytometric analysis showed that the distribution of blood

leukocyte subpopulations was different in STING V154M/WT

compared with WT animals, with a decrease in numbers of

B cells, CD41 and CD81 T cells, and NK cells associated with

an increase in numbers of granulocytes and monocytes (Fig 2, A).

Furthermore, STING V154M/WT mice had anemia (Fig 2, B),

which is consistent with the description in patients with

SAVI,15,16 possibly reflecting systemic inflammation.

In accordance with the blood analysis, the spleens of STING

V154M/WT mice demonstrated a severe reduction in numbers of

B cells, CD41 and CD81 T cells, and NK cells, both in terms of

percentage and absolute numbers, particularly affecting TandNK

cells. All B-cell subsets (follicular, transitional T1 and T2, and

marginal zone B cells) were also affected (Fig 2, C). The same

observation was made for T-cell subsets, where we recorded a

decrease in effector memory, central (markedly in CD81 T cells),

and naive T cells, with the latter being the most affected T-cell

subpopulation (Fig 2, C). The regulatory T (Treg) cell

compartment was also affected (see Fig E4 in this article’s Online

Repository at www.jacionline.org). However, even if the

percentages and absolute numbers of Treg cells were strongly

diminished (see Fig E4, A), the ratio of Treg cells to total CD41

T cells remained unchanged between STING V154M/WT and

WT littermatemice. Furthermore, the expression of the functional

marker CD25 on Treg cells was comparable between WT and

STING V154M/WT mice (see Fig E4, B).

In addition to the dramatic decrease in all lymphoid

populations, we noticed a significant increase of granulocyte

and monocyte populations in the STING V154M/WT mice

(percentages and absolute numbers; Fig 2, C). In agreement

with these latter results, we detected an excess of serummonocyte

chemotactic protein 1 (or CCL2) production in the sera of STING

V154M/WTmice (3.96 0.7 pg/mL vs 47.66 13.2 pg/mL inWT

and STING V154M/WT mice, respectively [mean 6 SEM];

P < .05, Mann-Whitney test).

Finally, consistent with the reduction in numbers of B cells,

total IgM and IgG levels were profoundly decreased in serum

STING V154M/WT mice in comparison with WT littermates,

and IgAwas undetectable (Fig 2, D). Thus the introduction of the

V154M heterozygous mutation in mice was responsible for

development of a SCID phenotype, affecting all lymphocyte pop-

ulations and associated with a severe hypogammaglobulinemia,

and a developmental defect in LNs.

B- and T-cell developmental blockade in STING

V154M/WT mice originates at the early immature

stages in BM and thymus
To understand the mechanisms of lymphocyte deficiency in the

periphery, we analyzed early developmental stages in the BM and

thymus. The hematopoietic stem cell (HSC) compartment in the

BM, containing long-term HSCs, short-term HSCs, and

multipotent progenitors, was not affected by the STING

V154M mutation (see Fig E5, A, in this article’s Online Reposi-

tory at www.jacionline.org). Similarly, the percentages and abso-

lute numbers of common lymphoid progenitors (CLPs) were

comparable in the 2 groups of mice (see Fig E5, B). However,

T- and B-cell lineages were markedly affected after the CLP

stage. Indeed, STING V154M/WT mice displayed a strong

reduction in pro-B and pre-B subsets, and an even more profound

decrease in immature and mature stages (Fig 3, A). These results

indicated that a developmental arrest between CLPs and further

stages of B-cell subsets is responsible for the peripheral B-cell

lymphopenia.

In addition, thymic T-cell development seemed to be very

affected because STING V154M/WT mice presented a residual

thymus consistent with markedly reduced cellularity (Fig 3, B).

Percentages and absolute numbers of early thymic progenitors

were comparable between STING V154M/WT and control
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animals (Fig 3, C). However, thymocyte development was pro-

foundly impaired at the double-negative (DN) 1 and DN2 stages

and, to a lesser extent, at subsequent stages (Fig 3, C).

Finally, the absolute numbers of double-positive and CD4 and

CD8 single-positive thymocytes were decreased in STING

V154M/WT mice (Fig 3, D), thus explaining the peripheral

T-cell lymphopenia. To analyze in more detail the mechanisms

of this lymphopenia, we also assessed the proliferation and death

status in progenitors both from BM and thymus using Annexin V

and BrdU staining (Fig 3, E and F). We observed that progenitors

from B- and T-cell lineages are more prone to die by apoptosis

(Fig 3, E). We also observed an increased incorporation of

BrdU, indicating increased proliferation (Fig 3, F). Thus we think

that the increased apoptosis of lymphoid progenitors possibly

accounts for the observed peripheral lymphopenia in STING

V154M/WT mice.

Considering the myeloid population and consistent with their

expansion in periphery, we also observed an increased percentage

of monocytes in the BM (see Fig E5, C). However, we did not

detect any increase in common myeloid progenitors and

granulocyte-monocyte progenitors (see Fig E5, B), suggesting a

homeostatic peripheral expansion of the myeloid compartment

as a consequence of impaired lymphocyte development.

Finally, a slight reduction of erythrocytes was noticed in the

BM of mutant mice (see Fig E5, D). Percentages and absolute

numbers of megakaryocyte and erythroid progenitors and

proerythroblasts were not statistically different between the 2

groups of mice (see Fig E5,B andD). Therefore this anemia could

be a consequence of inflammation or of a slight blockade in

erythrocyte development between the proerythroblast and

erythrocyte stages or both.

In conclusion, the profound T- and B-cell lymphopenia

observed in STING V154M/WT mice is at least partly a

consequence of an early developmental defect characterized by

an increased apoptosis of progenitors.

STING V154M mutation results in intrinsic defects

in mature T and B cells
Because of the T- and B-cell lymphopenia and reduced

antibody levels in STING V154M/WT mice (Fig 2), we further

investigated the expression of activation markers and the

proliferative response of these cells after in vitro stimulation.

We detected a 6-fold increase of the CD86 activation marker on

unstimulated STING V154M/WT B cells compared with that

on their WT counterparts. Overexpression of the CD86 marker

was also observed after stimulation with anti-CD40 and IL-4 or

with anti-IgM and anti-CD40 (Fig 4, A). Considering the pro-

found hypogammaglobulinemia in STING V154M/WT mice

(Fig 2,D), we quantified the secreted immunoglobulin in superna-

tants after stimulation of total splenocytes in vitro. Immunoglob-

ulins secretion was strongly decreased in supernatants from

STING V154M/WT splenocytes after stimulation with LPS,

LPS and IL-4, or anti-CD40 and IL-4 (Fig 4, B). This was not

the consequence of an intrinsic defect of proliferation or plasma

cell differentiation (Fig 4, C and D). However, STING V154M/

WT B cells were significantly more sensitive to apoptosis than

WT B cells, as shown by Annexin V staining after 2 days of

stimulation with several protocols of stimulation, including those

mimicking T-cell help (Fig 4, E).

Similar to B cells, splenic CD41 and CD81 T cells displayed a

hyperactivated profile at steady state, as shown by an

overexpression of the CD25 activation marker (Fig 5, A). STING

V154M/WT T cells also displayed a profound activation defect

after stimulation with anti-CD3 and anti-CD28 (Fig 5, A) along

with decreased proliferation and increased cell necrosis and

apoptosis (Fig 5, B and C). These results showed that mature

T cells from STING V154M/WT mice have an intrinsic

proliferative defect that cannot compensate the increased

mortality. Thus the very low production of immunoglobulins

in vivo could be the combined consequence of increased B- and

T-cell apoptosis, leading to a low number of B and T cells, and

a lack of T-cell help required for B-cell activation and

differentiation into plasma cells.

The SCID observed in STING V154M/WT mice is

type I interferon independent
Given that aspects of the SAVI phenotype have been proposed

to reflect enhanced type I interferon signaling, we analyzed the

expression of ISGs in STING V154M/WT mice. Expression of

Isg15, Ifit1, and Cxcl10/IFN-g–inducible protein 10 was

significantly increased in total splenocytes (Fig 6, A) and

confirmed in splenic sorted B cells from STING mutant mice

(Fig 6, B). Expression of IFN-a and IFN-b was also greater in

these cells (Fig 6, B), as expected with a STING GOF mutation.

To evaluate the effect of excessive type I interferon production

on the phenotype of STINGV154M/WTmice, we bred themwith

IFNAR KO animals. As expected, ISG expression returned to

basal levels in STINGV154M/WT IFNARKO animals (Fig 6,A).

FIG 2. Murine STING V154M heterozygous mutation is associated with a profound combined

immunodeficiency phenotype. A, Left, Total WBC count (3 103 cells/mL; n 5 5 in each group). Right,

Percentages of immune cell subpopulations in whole blood cells assessed by using flow cytometry (n >_ 9

in each group). B, Left, RBC count (3 106 cells/mL). Right, Hemoglobin levels (in grams per deciliter; n 5 5

in each group). C, Flow cytometry phenotypic characterization of splenic cells (indicated both as

percentages and absolute numbers; n >_ 13 in each group). Upper panel, Main splenic populations in the

spleens of WT littermate mice (open bars) and STING V154M/WT mice (black bars). Middle panel, left,

B-cell subpopulations gated on B2201IgM1 cells, with representative dot plots from WT littermate and

STING V154M/WT mice. Gates show transitional 1 (T1; CD21/CD35lowCD23low), transitional 2 (T2; CD21/

CD35highCD23high), follicular (Fo; CD21/CD35intCD23high), and marginal zone (Mz; CD21/CD35highCD23low)

populations. Middle panel, right, Representative dot plots of granulocytes (Gr1highMac11), monocytes

(Gr1intMac11), and NK cells (CD49b1NK1.11). Lower panel, T-cell subpopulations gated on CD41 and

CD81 T cells, respectively, with representative dot plots from WT littermate and STING V154M/WT mice.

Gates show effector memory (Eff. mem.; CD441CD62L2), central memory (Cen. mem.; CD44highCD62L1),

and naive (CD44lowCD62L1) T-cell populations. D, Levels of total IgM, IgG, and IgA (in micrograms per

milliliter) were measured in sera of WT littermate (open squares) and STING V154M/WT (solid circles)

mice. Each dot represents the result for 1 animal. ND, Nondetectable. Mice were 2 to 5 months old. Bars

represent means 6 SEMs. *P < .05, **P < .01, and ***P < .001, Mann-Whitney test.
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However, weight loss (Fig 6, C), hypogammaglobulinemia

(Fig 6, D), SCID phenotype (decrease of B, T, and NK cells),

and expansion of monocytes and granulocytes were not reversed

(Fig 6, E). This indicated that the blockade in T-cell, B-cell, and

NK cell development observed in STINGV154M/WTmice is not

type I interferon dependent. However, the antiproliferative and

prodeath effect of the STING V154M mutation in T cells was

reversed partially in double-mutant animals (Fig 6, F and G),

thus indicating both interferon-dependent and independent ef-

fects of STING GOF.

DISCUSSION

Development of lymphopenia affecting T and NK cells is a

common feature of patients carrying a STING V155M mutation

and other mutations, such as N154S or V147L.15,16 Total B-cell

counts in these patients are in the normal range, although memory

and switched memory B-cell counts are decreased.15,16 IgG and

IgA hypergammaglobulinemia is seen in several patients with

SAVI. Our data demonstrate that introduction of a STING

V154M mutation in mice (corresponding to the V155M mutation

in human subjects) leads to development of a SCID phenotype

(T, B, and NK lymphopenia) that is more profound than any thus

far described in a patient with SAVI, as well as an

important growth delay and a dramatic reduction in survival. These

mice also demonstrated marked IgM, IgG, and IgA

hypogammaglobulinemia. We conclude that both the T- and

B-cell lymphopenia are at least partly the consequence of a

blockade in early T- and B-cell progenitor development, therefore

highlighting an unforeseen role of STING in lymphoid

development.

Proliferation and apoptosis analyses performed onV154M/WT

lymphocyte progenitors showed both proliferative expansion and

increased apoptosis. Therefore the increased apoptosis of

lymphoid progenitors possibly accounts for the observed

peripheral lymphopenia in STING V154M/WT mice. Similar

observations have been made previously in different systems,

such as Drosophila or mouse embryonic fibroblasts,28-30 where

the authors concluded on a causal link between apoptosis and

proliferation. Indeed, a compensatory proliferation after cell

death can be triggered by caspases and be responsible for the

induction of adjacent surviving cells proliferation to replace

dying cells.28,29,31 Moreover, Cabatingan et al32 have proposed

a mechanism in which homeostatic B-cell proliferation is a

regulatory process related to the intrinsic B-cell defect. Further

experiments, such as transcriptome analysis in successive stages

of B- and T-cell development, are needed to better understand

the developmental arrest of lymphoid progenitors in STING

V154M/WT mice.

Several hypotheses can be proposed to explain the lymphocyte

development blockade observed in STING V154M/WT mice but

not in patients with SAVI. First, the level of STING expression

could be different in early T- and B-cell progenitors between

human subjects and mice.

Second, one can speculate that partners of STING and/or target

genes implicated in lymphocyte development are distinct

between species. These potential differences can lead to a toxic

effect on lymphoid progenitors that is more pronounced in mice

or not reversed by compensatory mechanisms existing in human

subjects.

In addition, we observed an absence of LNs in STING V154M/

WT mice. This could be, at least in part, the consequence of an

absence of lymphoid tissue–inducing cells, members of an emerging

family of innate lymphoid cells (ILCs) that play a key role in the

development of LNs and Peyer patches. ILCs develop from the

common innate lymphoid progenitor stage coming from CLP

progenitors in BM.33 Therefore, considering the blockade of

lymphoid cell development in STING V154M/WT mice after the

CLP stage, one could speculate that the ontogeny of ILCs is also

affected.

In addition, lymphotoxin (LT) a–deficient mice are also

lacking LNs, demonstrating an important role for lymphoid

tissue–inducing cell-derived LTa in secondary lymphoid organ

development during embryogenesis.34-36 Preliminary results

confirmed that LTa expression is decreased in T cells from

STING V154M/WT mice.

FIG 3. The defect observed in B- and T-cell populations occurs early in their development in the BM and

thymus. A, Immunophenotyping of B cells in the BM. Left, Representative dot plots from WT littermate and

STING V154M/WT mice. Gates show pro-B and pre-B cells (IgM2B220low) and immature (imm.;

IgM1B220low) andmature (IgM1B220high) B cells. Right, Mean6SEM of percentages and absolute numbers

in WT (open bars) and STING V154M/WT (black bars) mice (n >_ 6 in each group). B, Left, Total number of

thymocytes in WT littermate (open bars) and STING V154M/WT (black bars) mice (n 5 17 in each group).

Right, Pictures illustrating the abnormal thymus observed in STING V154M/WT mice compared with WT

littermate mice (7-week-old mice). C, Immunophenotyping of early T-cell progenitors (ETP) and double-

negative (DN) cells in the thymus. Left, Representative dot plots fromWT and STING V154M/WTmice. Gates

show early T-cell progenitors (Lin2CD441CD252c-Kit1) and the double-negative (DN) fractions DN1

(Lin2CD441CD252), DN2 (Lin2CD441CD251), DN3 (Lin2CD442CD251), and DN4 (Lin2CD442CD252). Right,

Mean 6 SEM of percentages and absolute numbers in WT littermate (open bars) and STING V154M/WT

(black bars) mice (n >_ 6 in each group). D, Immunophenotyping of double-positive (DP) and single-

positive cells in the thymus. Left, Representative dot plots from WT littermate and STING V154M/WT

mice. Gates show the double-positive (Lin2CD81CD41) and single-positive fractions (CD4:

Lin2CD41CD82/CD8: Lin2CD42CD81). Percentages and absolute numbers in WT littermate (open bars)

and STING V154M/WT (black bars) mice (n >_ 6 in each group). E, Cell death analysis by means of flow cy-

tometry with Annexin V staining. The first graph represents percentages of Annexin V1 cells in CLP, pro-

B and pre-B, immature, and mature stages in BM. The second graph represents each stage of T-cell lineage

in thymus. Open bars, WT littermate mice; black bars, STING V154M/WT mice (n5 5 in each group). F, Pro-

liferation analysis in progenitors using flow cytometry with BrdU staining. The first graph represents per-

centages of BrdU1 cells in BM progenitors, and the second graph represents thymic progenitors. Open

bars, WT littermate mice; black bars, STING V154M/WTmice (n5 5 in each group). Mice were 2 to 5 months

old. Bars represent means 6 SEMs. *P < .05, **P < .01, and ***P < .001, Mann-Whitney test.
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FIG 4. STING V154M/WT B cells display intrinsic functional defects. A, Left, Ratio of CD86 mean fluores-

cence intensity (MFI) gated on B2201 cells after 3 days of culture of sorted splenic B cells, in unstimulated

cells (NS), or after stimulation with LPS (10 mg/mL), anti-IgM (10 mg/mL), anti-CD40/IL-4 (1 mg/mL to 5 ng/

mL), and anti-IgM/anti-CD40 (10 mg/mL to 1 mg/mL; n >_ 5 in each group). Right, Histograms show represen-

tative overlays for WT littermate (white) and STING V154M/WT (gray) mice. B, Total IgM and IgG levels

(in nanograms per milliliter) were measured in supernatants after 3 days of culture of total splenocytes

from STING V154M/WT (black bars) or WT littermate (open bars) mice (n > 5 in each group) with LPS

(10 mg/mL), LPS/IL-4 (10 mg/mL to 5 ng/mL), or anti-CD40/IL-4 (1 mg/mL to 5 ng/mL). ND, Nondetectable.

C, Percentage of proliferating B cells after 4 days of stimulation with a combination of anti-IgM

(10 mg/mL) and anti-CD40 (1 mg/mL) or with LPS (10 mg/mL). Histograms show representative overlays

(n 5 5 in each group). CFSE, Carboxyfluorescein diacetate succinimidyl ester. D, Left, Percentage of

plasmablasts (B220low/2CD1381) after 3 days of stimulation of B cells with LPS (10 mg/mL). Open bars,

WT littermate mice; black bars, STING V154M/WT mice (n 5 6 in each group). Right, Representative dot

plots. E, Percentage of B-cell apoptosis (Annexin V1 cells) after 2 days of stimulation of splenocytes with

LPS (10 mg/mL), LPS/IL-4 (10 mg/mL to 5 ng/mL), anti-IgM (10 mg/mL), anti-CD40/IL-4 (1 mg/mL to 5 ng/

mL), and anti-IgM/anti-CD40 (10 mg/mL to 1 mg/mL; n > 10 in each group). Mice were 2 to 5 months old.

Bars represent means 6 SEMs. *P < .05, **P < .01, ***P < .001, and ****P < .0001, Mann-Whitney test.
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Finally, mature B and T cells displayed intrinsic defects

characterized by a hyperactivation status at steady state and by a

defect of activation and proliferation in mature T cells. We showed

that the hypogammaglobulinemia was not the consequence of a B

cell–intrinsic proliferation or differentiation defect. However, we

detected an increase of apoptosis in B and T cells. Therefore it is

plausible that the low immunoglobulin titers accompanying B-cell

lymphopenia relate to a lack of T-cell help.

Another common molecular feature of the SAVI phenotype for

all the mutations described thus far is an increased expression of

ISGs. In STING V154M/WT mice we detected a significant

interferon signature in splenocytes and sorted B cells.

The magnitude of the interferon signature in our mice (almost

5-fold) is close to that described in murine models of the type I

interferonopathy Aicardi-Gouti eres syndrome carrying the

homozygous RNaseH2 G37S point mutation37,38 and animals

deficient for Samhd1.39 To our surprise KO of IFNAR in STING

V154M/WT mice rescued neither the defect in B-cell, T-cell, and

NK cell development nor the profound hypogammaglobulinemia

and did not reverse the expansion ofmyeloid cells, suggesting that

type I interferon does not play a causal role in the SCID phenotype

of STING V154M/WT mice. However, the in vitro proliferative

defect and the prodeath phenotype of mature T cells were

partially reversed by IFNAR deficiency.

These data suggest potential multiple effects of STING GOF,

comprising a type I interferon–independent blockade of

lymphocyte development at early stages on the one hand and an

anti-proliferative effect in T cells, which is partially type I

interferon dependent on the other hand. A defect of T-cell

proliferation in patients with SAVI has been described recently

but was not reversed by type I interferon or TNF neutralization

in vitro.40One difference between the 2 experimental models is the

fact that T cells in our mutant mice developed in an in vivo IFNAR

KO environment, as opposed to an ex vivo/in vitro setting. In addi-

tion, one cannot exclude the existence of species-specific mecha-

nisms in the control of T-cell proliferation through the STING/

type I interferon pathway. Finally, our data showed that the partial

rescue of the antiproliferative effect of STING in IFNAR KO T

cells could not reverse the low immunoglobulin production re-

corded in STING V154M/WT mice.

We observed some inflammatory manifestations in STING

V154M/WT mice, although with variable expression. These

included signs of pulmonary and renal inflammation in 45%

and 27% of the animals, respectively, which was associated with

an increased production of inflammatory cytokines. We did not

record any lung fibrosis or skin lesions, which is distinct from the

overall clinical picture of SAVI. The variable penetrance of

pulmonary and renal inflammation is in accordance with the

human disease state, which is also characterized by variable

expression, spanning early-onset systemic inflammation with

mutilating skin lesions and lethal pulmonary inflammation15,16

through ‘‘idiopathic’’ lung fibrosis21,23 and isolated chilblain
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FIG 5. STING V154M/WT T cells display intrinsic functional defects. A, Left, Ratio of CD25 mean fluores-

cence intensity (MFI) gated on CD41 or CD81 cells after 3 days of splenocyte culture, in unstimulated cells

(NS), or after stimulation with anti-CD3/anti-CD28 (10 mg/mL each) for WT littermate (white) and STING

V154M/WT (gray) mice (n 5 6 in each group). B, Left, Percentage of proliferating T cells after 4 days of

stimulation of splenocytes from WT littermate (white) and STING V154M/WT (black) mice with anti-CD3/

anti-CD28 (10 mg/mL each; n >_ 6 in each group). Right, Histograms show representative overlays. C, Left, Per-

centage of T cell death (propidium iodide [PI]1 cells) at steady state and after stimulation of splenocytes with

anti-CD3/anti-CD28 (10 mg/mL each) for 3 days (n >_ 6 in each group). Right, Percentage of T-cell death

(Annexin V1 cells) at steady state and after stimulation of splenocytes with anti-CD3/anti-CD28 (10 mg/mL

each) for 2 days (n > 10 in each group). Mice were 2 to 5 months old. Bars represent means 6 SEMs.

**P < .01, ***P < .001, and ****P < .0001, Mann-Whitney test.
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lupus inherited stably across several generations.24 In addition, an

intrafamilial disease expression variability is also observed in hu-

man subjects.16 The inconstant expression of organ inflammation

in the STING V154M/WT model suggests that environmental

factors (animal facility environment and potential interaction

with microbiota) are needed. Moreover, these results confirmed

that renal damages observed are not a consequence of the long-

term antibiotic treatment because only some mutant mice

(27%), but none of the treated control mice, presentedwith kidney

inflammation.

Warner et al41 recently described anothermodel of STINGGOF,

the N153Smodel, corresponding to the N154Smutation in patients

with SAVI. These mice had an inflammatory disease with pulmo-

nary inflammation in the absence of fibrosis and skin inflammation

associated with an immune deficiency, including T-cell lymphope-

nia. They concluded that some features of N153S mice were

different from those seen in STING N154S SAVI patients with

SAVI. Altogether, the data obtained from STING GOF mutations

in mice (N153S and V154M) are in support of partial differential

effects of STING pathway in human subjects and mice. The 2 an-

imal models have common characteristics, such as T-cell and NK

cell lymphopenia and the existence of inflammatory features.

The antiproliferative effect of STING N153S GOF was not as-

sessed by Warner et al, but an in vitro proliferative defect is seen

both in the STING V155M and in STING N154S human lympho-

cytes (F. Rieux-Laucat, unpublished results).16

However, some differences between the STING N153S and

V154M models are also observed. Indeed, the STING V154M

mice described here are characterized by B-cell lymphopenia and a

marked hypogammaglobulinemia, whereas STING N153S mice

demonstrated normal B-cell counts and hyper-IgM. This

hyperproduction, in the context of a T-cell lymphopenia in STING

N153Smice, is not explained for the moment, but it might relate to

a defective T-B cooperation in germinal centers. The lack of hyper-

IgM in the V154Mmodel suggests that B-cell precursors are more

affected than those of the N153S model. Whether this relates to

differential expression levels of the mutants or to different effects

on STING partners remains to be established.

Finally, expression of organic lesions was also different between

the 2 models. It has been shown that human N154S and V155M

mutations result in constitutive ER STING exit and thus activate

STING independently of cGAMPbinding.14Moreover, bothmuta-

tions are localized in the DD domain of STING and form constitu-

tive and stable dimers.15,16 However, some mutation-dependent

effects might be envisaged to explain the phenotypic differences

between these 2 models. Further experiments (eg, genome-wide

transcriptome profiling) comparing N153S and V154M murine

cells will be necessary to elucidate such differences. One might

also question a possible difference in the stability of the 2 mutant

proteins.

In addition, considering the important role of STING inviral and

bacterial sensing, we cannot exclude differences in environmental

factors (animal facility environment and health status) between the

2 models. The survival of the V154M/WT mice was statistically

increased after treatment with enrofloxacin, a broad-spectrum

antibiotic, perhaps arguing in favor of a microbially dependent

effect. However, an extensive bacteriologic analysis did not detect

any infection related to pathogens targeted by this antibiotic in our

mice. An alternative possibility is that enrofloxacin treatment had

an effect on the intestinal microbiota composition and that STING

interaction with the microbiota can affect the mice phenotype,

notably because STING is activated by cyclic dinucleotides and

that such CDNs can be produced by gut microbiota.42,43 Indeed,

STING seems to be highly implicated in the gut homeostasis, as

shown in STING-deficient mice.42 Thus we can suppose that a

fine regulation of Sting is necessary to maintain this homeostasis

and would explain variations between mice, depending on

interactions with the environment. Moreover, authors showed

that IgA seem to be essential for gut homeostasis because they

decrease the commensal bacterial penetration in the intestinal

epithelium.42 Therefore IgA deficiency in our GOF model

could also have an effect on intestinal microbiota and gut

homeostasis.

Considering these findings, this new mouse model constitutes

an important model in which to explore the role of STING in

lymphocyte development and to further improve our

understanding of pathophysiologic mechanisms of lymphopenia

in patients with SAVI on the one hand and SCID (including severe

hypogammaglobulinemia) on the other. Finally, the type I

interferon–independent mechanism of SCID development can

have important implications in the future treatment strategy of

patients with SAVI.

FIG 6. The SCID phenotype in STING V154M/WT mice is type I interferon independent, but the

antiproliferative effect in T cells is partly interferon dependent. A and B, RT-qPCR analysis of ISG in total

splenocytes (Fig 6, A) and in sorted mature splenic B cells (Fig 6, B) of WT littermate (open bars), STING

V154M/WT (black bars), STING WT/IFNAR KO (light gray bars), and STING V154M/WT/IFNAR KO

(dark gray bars). mRNA levels of 3 ISGs (n >_ 5 in each group; Fig 6, A and B) and of IFN-a and IFN-b

(n >_ 3 in each group; Fig 6, B) were measured by using quantitative RT-PCR. C, Weight curves of STING

WT/IFNAR KO mice (light gray circles) and STING V154M/WT/IFNAR KO mice (dark gray squares).

Each dot represents at least 8 mice. D, Flow cytometry phenotypic characterization of splenic cells from

WT/IFNAR KO (light gray) and STING V154M/WT/IFNAR KO (dark gray) mice (n 5 10 in each group).

Left, Bar graphs show mean 6 SEM percentages (n 5 10 in each group). Right, Representative dot plots

of each population: B cells (IgM1B2201), CD41 T cells (CD41CD82), CD81 T cells (CD42CD81), granulocytes

(Gr.; Gr1highMac11), monocytes (Mo.; Gr1intMac11), and NK cells (CD49b1NK1.11). E, Total IgM and IgG

levels (in micrograms per milliliter) were measured in serum of WT/IFNAR KO (open triangles) and STING

V154M/WT/IFNAR KO (gray diamonds) mice. Each dot represents 1 animal. F, Left, Percentage of

proliferating T cells after 4 days of stimulation of splenocytes from WT/IFNAR KO (light gray) and STING

V154M/WT/IFNAR KO (dark gray) mice with anti-CD3/anti-CD28 (10 mg/mL each; n 5 10 in each group).

Right, Histogram shows representative overlays.G, Percentage of T-cell death (propidium iodide [PI]1 cells)

at steady state and after stimulation of splenocytes with anti-CD3/anti-CD28 (10 mg/mL each) for 3 days

(n 5 10 in each group). Mice were 2 to 5 months old. Bars represent means 6 SEMs. *P < .05, **P < .01,

***P < .001, and ****P < .0001, Mann-Whitney test.
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Key messages

d A STING V154M/WT murine model demonstrated a

SCID affecting B, T, and NK cells, with a significant

expansion of monocytes and granulocytes. This SCID

phenotype was independent of the type I interferon

pathway, despite the observation of a significant

upregulation of interferon-induced gene transcripts.

d An antiproliferative effect was noticed in T cells, which

was partially interferon dependent.

d Variable inflammation of the lung and kidney was

observed.
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FIG E1. Weight loss and STING expression in STING V154M/WT mice. A, Detection of STING by using

immunoblot analysis on sorted splenic B cells (left, representative gel; right, quantification of Sting

expression; n 5 6 mice in each group). B, Expression of Sting mRNA assessed by using RT-qPCR after

RNA extraction of sorted splenic B cells from WT littermate (open bars) and STING V154M/WT (black

bars) mice (n >_ 4 in each group). C, Left, Weight curves of WT littermate mice (open squares) and STING

V154M/WT mice (black circles). Each dot represents at least 17 mice. Right, Representative picture of a

STING V154M/WT versus a WT littermate mouse, both female (age at analysis, 3 months). Bars represent

means 6 SEMs. *P < .05, **P < .01, ***P < .001, and ****P < .0001, Mann-Whitney test.
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FIG E2. Histologic analysis showing that STING V154M/WT mice present incomplete penetrance of a lung

and renal inflammatory phenotype. A, Summary of histologic analysis performed on 11 STING V154M/WT

mice versus 9 WT littermate mice. Each experiment is presented with a different color in the Mouse ID

column. Some mice were treated with the antibiotic (enrofloxacin, see the Methods section), as indicated

in the second column. B, Representative pictures of STING V154M/WT mice with organ damage (left; [A],

[C], and [E]) or absence of organ damage (right; [B], [D], and [F]). (A) and (B), Hind paws; (C) and (D), lungs;

(E) and (F), kidneys (cortex). (A)-(D), (G), and (H), Hematoxylin and eosin stain; (E) and (F), Masson trichrome

stain (fibrosis is demonstrated in blue). Ellipses circle the subcutaneous vascular network, which is

occasionally obstructed with cellular material. Dotted arrows indicate inflammatory foci in lung and kidney

medulla. Arrows point to fibrosis in the renal cortex. A, Alveolar parenchyma; B, bone; Br, bronchia;

BV, blood vessel; E, epidermis; G, glomeruli; HF, hair follicle; T, tubules. Scale bars correspond to

100 mm on (A) and (B), 500 mm on (C) and (D), and 250 mm on (E) to (H).
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FIG E3. Absence of LNs in STING V154M/WT mice compared with WT

littermates. Pictures are of a WT littermate (left column) and a STING

V154M/WT (right column) mouse (7-week-old mice). A, Auricular LNs.

B, Axillary LNs. C, Inguinal LNs. D, Popliteal LNs. LNs (arrow) were labeled

with 5% Evans blue dye after subcutaneous injection in the front legs,

hindfoot, and ears. Pictures are representative of 3 distinct experiments.

The phenotype was identical at different ages (7-, 12-, and 20-week-old

mice).
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FIG E4. Effect of STING GOF on Treg cells and their activation status. A, Left, Representative dot plots

of the relevant population both for WT littermate and STING V154M/WT mice (n >_ 10 in each group).

Right, Histograms showing percentages and absolute numbers of Treg cells (CD41Foxp31) and the ratio

Treg cells/total CD41 T cells. WT littermate mice are represented with open bars and STING V154M/WT

mice with black bars. B, Expression of CD25 on Treg cells. Histogram showing CD25 mean fluorescence

intensity (MFI); n >_ 4 in each group) and a representative overlay. Mice were 2 to 5 months old.

Bars represent means 6 SEMs. ***P < .001, Mann-Whitney test.
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FIG E5. Despite a defect in hematopoietic cell development after engagement in the B- and T-cell lineage,

early BM progenitors are not affected in STING V154M/WT mice. Each panel on the left shows representa-

tive dot plots of the relevant population, both for WT littermate and STING V154M/WT mice (n >_ 3 in each

group). Each population is shown in chronological order of appearance in development in the BM.

Percentages (middle) and absolute numbers (right) represented for WT littermate (open bars) and STING

V154M/WT (black bars) mice. A, Left, Gates show long-term (LT-HSC; Lin2Sca11c-Kit1CD482CD1501)

and short-term (ST-HSC; Lin2Sca11c-Kit1CD482CD1502) HSCs and the multipotent progenitor

(MPP; Lin2Sca11c-Kit1CD481CD1502) populations. B, Left, Gates show the common lymphoid progenitor

(CLP; Lin2CD127highc-KitlowSca1low), common myeloid progenitor (CMP; Lin2c-Kit1Sca12CD16/CD32int

CD34int), granulocyte/macrophage progenitor (GMP; Lin2c-Kit1Sca12CD16/CD32highCD34high), and the

megakaryocyte/erythrocyte progenitor (MEP; Lin2c-Kit1Sca12CD16/CD322CD342). C, Left, Gates show

conventional dendritic cell (DCs; CD3171CD11c1), plasmacytoid dendritic cell (pDCs; CD3171CD11c1),

monocyte (Mo.; Gr1intMac11), and granulocyte (Gr1highMac11) populations. D, Left, Gates represent

the megakaryocyte/erythrocyte lineage with proerythrocytes (Pro-Er.; CD711Ter119low) and erythrocytes

(Er.; CD711Ter1191). Bars represent means 6 SEMs. **P < .01, Mann-Whitney test.
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Une suspension de cellules médullaires est obtenue à partir d"un broyat des fémurs, des tibias, des os 

iliaques et du sternum des souris d"intérêt. Après numération, les cellules hématopoïétiques 
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.CD+?FEI@<D+B;<=B;D\W@CD+>[DC=LFD+?I;D+JCD+."+PI<@=CD+DCP[JC;<+f<=C+&0)+&9B;?FSC;?I;<D+

O"# ?@4A# :+,$+# considéré comme une interféronopathie, c�estH;H1-("# )$"# .,+<%0%2-"# /%$1)-*,$+# ;#

l�augmentation de la production des IFN I et de l�expression d�ISGs, nous#,>%$*#.(:/:1"&&"$+#>%)0)#

>:(-=-"(#*-#0"#.<:$%+F."#?DA!#%'*"(>:#1,$*#$%*#*%)(-*#?PARZ#456J7M]P#:+,-+#1:."$1,$+#1"*#A\R#A#%)#

$%$C# Pour ce faire, nous avons croisé nos souris d�intérêt avec des souris déficientes pour le 

(:/".+")(#,)8#A\R#A#BA\R@K#S`9#B\-2C#f#de l�articleE#Q%)-*E#Xd5c9C#

Il s�est avéré que la majeure partie du phénotype observé dans les souris STING V154M/WT était 

-$1:."$1,$+#1"*#A\R#A#B\-2C#fE#DE#!E#[#de l�article,#Q%)-*E#Xd5c9C#D"."$1,$+E#,.(3*#,$,0F*"#.0)*#.(:/-*"#

1)# /%&.,(+-&"$+# PE# $%)*# ,>ons pu constater que l�action antiH.(%0-=:(,+->"# 1"# ?PARZ# 1,$*# 0"*# OP#

matures, de même que l�augmentation de leur mortalité cellulaire, pouvaient être partiellement 

(:>"(*:"*# /<"_# 0"*# *%)(-*# ?PARZ#456J7M]P#M# A\R@K#S`# B\-2C#fE# \E#Z#de l�article,# Q%)-*E# Xd5c9C#D"/-#

$%)*# ,&3$"# 1%$/# ;# 0,# /%$/0)*-%$# U)"# 0"# 2,-$H1"H=%$/+-%$# 1"# ?PARZ# /%$1)-+# ;# 1"*# "=="+*# ;# 0,# =%-*#

1:."$1,$+*#"+#-$1:."$1,$+*#1"*#A\R#AC#

#

!"# =,m%$# ;# /%&.0:+"(# /"++"# ,$,0F*"E# $%)*# $%)*# *%&&"*# 1,$*# )$# *"/%$1# +"&.*# -$+:("**:*# ,)#

/%&.,(+-&"$+# 1"*# OQ# &,+)("*# /<"_# 0"*# *%)(-*# ?PARZ# 456J7M]P# M# A\R@K# S`, afin d�étudier le 

/,(,/+3("E#A\RH1:."$1,$+#%)#$%$E#1)#.<:$%+F."#1"*#OQ#&,+)("*#1,$*#0"*#*%)(-*#?PARZ#456J7M]PC#

!"#0,#&T&"#=,m%$#U)"#.%)(#0"*#OQ#?PARZ#456J7M]P#B\-2C#4, A de l�article,#Q%)-*E#Xd5c9E#l�analyse pa(#

/F+%&:+(-"#1"#=0)8#&%$+("#U)"#0"*#OQ#-**)*#1"*#*%)(-*#?PARZ#456J7M]P#M#A\R@K#S`#.(:*"$+"$+#)$"#

augmentation de l�expression du CD86, un marqueur d�activation des LB, à la fois à l�état basal (NS), 

&,-*# ,)**-# ,.(3*# *+-&)0,+-%$# ,>"/# )$# ,$+-/%(.*# ,$+-HA27# "+# )$# ,$+-/%(.*# ,$+-HD!JdE# %)# ,>"/# )$#

,$+-/%(.*#,$+-HCD40 et de l�ILHJ#B0BT,+3h+!9C##

Considérant l�importante réduction de la sécrétion d�immunoglobulines (Ig) après stimulation +7&9+-:)#

1"#OQ#?PARZ#456J7M]P#B\-2C#fE#B de l�article,#Q%)-*E#Xd5c9E#$%)*#$%)*#*%&&"*#:2,0"&"$+#-$+:("**:*#

,)8#A2#*:/(:+:"*#1,$*#0"#*)($,2",$+#1"#/)0+)("#,.(3*#*+-&)0,+-%$#1"#OQ#?PARZ#456J7M]P#M#A\R@K#S`C#

!"#0,#&T&"#=,m%$#U)"#0"*#OQ#1"*#*%)(-*#?PARZ#456J7M]PE#/"*#OQ#.(:*"$+"$+#)$#1:=,)+#1"#*:/(:+-%$#

1"*#A27#"+#A2Z#B1:+"/+:#.,(#[OA?@9#,.(3*#*+-&)0,+-%$#.,(#1)#OL?E#.,(#OL?#"+#AOHJ#%)#.,(#,$+-HD!Jd#"+#AOH

J#B0BT,+3h+"9C#

Cette fois encore, ce défaut de sécrétion n�est pas la conséquence d�une anomalie liée à la 

.(%0-=:(,+-%$#1"*#OQ#B\-2C#fE#D#1"#l�article,#">@BDh+RU3d9#.)-*U)"#+,$+#,.(3*#*+-&)0,+-%$#.,(#)$#,$+-/%(.*#
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L,2"#a#5Xf#

#

,$+-HA27# "+# )$# ,$+-/%(.*# ,$+-HD!JdE# %)# .,(# 1)# OL?E# 0"*# OQ# ?PARZ# 456J7M]P# M# A\R@K# S`# ("*+"$+#

/,.,'0"*#1"#.(%0-=:("(#$%(&,0"&"$+, d�après l�analyse de l�incorporation de CFSE par /F+%&:+(-"#1"#

=0)8#B0BT,+3h+7). Ce défaut de sécrétion n�est pas non plus lié à#)$"#1-==:("$/-,+-%$#,0+:(:"#1"*#OQ#"$#

.0,*&%/F+"*, d�après l�analyse de l�expression des marqueurs B220 et CD138 par cytométrie en flux#

B0BT,+3h+/9#B\-2C#JE#D de l�article,#">@BDh+RU3d9C#

#

[$=-$E# $%)*# ,>%$*# analysé la mortalité cellulaire par incorporation d�iodure de propidium (PI, 

3:)3+/+1;&+)/+/.9#"+#$%)*#,>%$*#("+(%)>:#dans l�ensemble l�augmentation de la mortalité cellulaire 

%'*"(>:"# 1,$*# 0"*# OQ# ?PARZ# 456J7M]P# ,.(3*# *+-&)0,+-%$# B\-2C# JE# E de l�article,# ">@BDh+ RU3d9E#

$%+,&&"$+#.,(#OL?E#,$+-HA27M,$+-HD!Jd#"+#,$+-HD!JdMAOJ#B0BT,+3h+$9C#D"++"#&%(+,0-+:#"*+#/"."$1,$+#)$#

.")# .0)*# -&.%(+,$+"# 1,$*# 0"*# ?PARZ# 456J7M]PE# U)"00"# U)"# *%-+# 0,# *+-&)0,+-%$C# R:,$&%-$*E# $%)*#

,>%$*#&%-$*#d�animaux dans cette seconde analyse et les techniques utilisées#pour l�analyse de la 

&%(+,0-+:#/"00)0,-(", dans l�article et dans cette seconde partie, $"#*%$+#.,*#+%)+#;#=,-+#0"*#&T&"*#B}#

PI+ ici, % Annexin 5+ dans l�article). Il faudra donc confirmer c"*# (:*)0+,+*# *)(# )$# $%&'("# .0)*#

important d�animaux.#

D"*# (:*)0+,+*# -$1-U)"$+# 1%$/# U)"E# '-"$# U)"# 0"# .<:$%+F."# 1"*# OP# &,+)("*# *%-+# .,(+-"00"&"$+#

1:."$1,$+#1"*#A\R#AE#0"*#1:=,)+*#-$+(-$*3U)"*#%'*"(>:*#1,$*#0"#/%&.,(+-&"$+#Q#$"#*"&'0"$+E#U),$+#;#

")8E#.,*#0-:*#,)8#A\R#AC##

#

2;C+B;?FSC;?I;AC+?@+SOF;><YSC+?CD+ACJJ@JCD+CaS=BPI;<+ JC+P@<I;<+%364Q+?C+*'&)1+LBD+N+LBD+?CD+

&0)+&+JIBDDC+D@SS>DC=+@;C+I@<=C+L>BC+=FT@JFC+SI=+*'&)1+

D%&.+"#+"$)#1)#=,-+#U)"# 0"#.<:$%+F."#%'*"(>:#*"&'0"#T+("#U),*-&"$+# -$+:2(,0"&"$+# -$1:."$1,$+#

1"#la voie des IFN I, et étant donné que l�activation constitutive de STING occasionne un phénotype 

1:0:+3("#/<"_#0,#*%)(-*#R56J?#U)-#*"(,-+#AK\e#-$1:."$1,$+#B>%-(#!-*/)**-%$E#],($"(E#Xd5b9E#$%)*#$%)*#

*%&&"*#,0%(*#1"&,$1:*#U)"00"*#.%)>,-"$+#T+("#0"*#>%-"*#,0+"($,+->"*#,/+->:"*#.,(#?PARZC#R%)*#,>%$*#

pu constater à l�état basal une hyperactivation des LB issus de souris STING V154M/WT et STING 

456J7M]P#M#A\R@K#S`E#&,-*#,)**-#"$#/,*#1"#*+-&)0,+-%$#,>"/#)$#,$+-/%(.*#,$+-HCD40. C�est pourquoi 

$%)*#$%)*# *%&&"*# -$+:("**:"*#,)8#>%-"*#1"# *-2$,0-*,+-%$#,/+->:"*#.,(# 0"#D!JdE# "+# "$#.,(+-/)0-"(# 0,#

>%-"# @I+C# O,# >%-"# @I+# *"&'0"# T+("# )$# '%$# /,$1-1,+# /,(# 0"*# OQ# "8.(-&,$+# 0,# &)+,+-%$# 1"# ?PARZ#

*"&'0"$+#.(%0-=:("(#/%(("/+"&"$+#&,-*#&")("$+#1"#&,$-3("#.0)*#-&.%(+,$+"C#

J�ai donc stimulé des LB spléniques triés (CD43H9#1"#*%)(-*#?PARZ#456J7M]P#"+#/%$+(G0"*#0-++"(&,+"E#

,>"/#1"*#,$+-/%(.*#,$+-HA27#"+#,$+-HCD40 et analysé l�activation de la voie Akt par WesternHQ0%+C#Q-"$#

que j�ai pu observer par cytométr-"# "$# =0)8# )$"# ,/+->,+-%$# .0)*# -&.%(+,$+"# 1"*# OQ# ,.(3*# /"++"#

stimulation, il s�avère qu�au contraire, cela conduise à une diminution de l�expression de phosphoH
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L,2"#a#5Xb#

#

@I+#BLH@I+9#B0BT,+R). Cette diminution est en accord avec les résultats d�apoptose (\-2C#JE#[#1e l�article,#

Q%)-*E#Xd5c), où l�on observe une augmentation de la mort cellulaire dans les LB des souris STING 

456JM]P#/%&.,(:#,)8#*%)(-*#/%$+(G0"*C#[$#"=="+E#@I+#"*+#)$#,/+")(#/"$+(,0#1,$*#0,#*)(>-"#/"00)0,-("C#

V$"# 1-&-$)+-%$# 1"# *%$# "8.("**-%$# .%)((,-+# 1%nc promouvoir l�apoptose et expliquer la forte 

&%(+,0-+:#1"*#OQ#%'*"(>:"C#

+

.C+ ?FEI@<+ ?FLCJ>SSCPC;<IJ+ S=FA>AC+ >[DC=LF+ ?I;D+ JI+ P>CJJC+ C<+ JC+ <OYP@D+ ?CD+ D>@=BD+ *'&)1+

%364QMq'+CD<+JBF+N+@;C+I;>PIJBC+B;<=B;D\W@C+I@a+ACJJ@JCD+OFPI<>S>VF<BW@CD+

Afin d�étudier plus "$#1:+,-0*#0"#1:=,)+#1"#&,+)(,+-%$#0F&.<%/F+,-("#%'*"(>:#1,$*#0,#&%"00"#%**")*"#

"+#0"#+<F&)*#1"*#*%)(-*#?PARZ#456J7M]PE#$%)*#,>%$*#(:,0-*:#1"*#"8.:(-"$/"*#1"#+(,$*="(+#1"#&%"00"#

%**")*"C#!")8#+F."*#1"#+(,$*="(+*#%$+#:+:#(:,0-*:*#,=-$#1"#&"++("#"$#:>-1"$/"# l�origine (stromale ou 

<:&,+%.%Y:+-U)"9#1)#1:=,)+#1:>"0%.."&"$+,0#1,$*#0"*#*%)(-*#?PARZ#456J7M]PC#

V$# .("&-"(# +(,$*="(+# 1"# /"00)0"*# &:1)00,-("*# -**)"*# 1"# *%)(-*# ?PARZ# 456J7M]P# %)# 1"# *%)(-*#

contrôles littermate (toutes de fond génétique C57BL/6 CD45.2+, c�es+H;H1-("# OF6CXi9# ,# :+:# (:,0-*:#

1,$*#1"*#*%)(-*#]P#1"#+F."#OF6C5CX#<:+:(%_F2%+"*#BD!J6C5CXi9C#!"*#*%)(-*#<:+:(%_F2%+"*#D!J6C5CXi#

*%$+#)+-0-*:"*#1,$*#/"#/,*#/,(#/"*#*%)(-*#*%$+#.0)*#=,/-0"*#;#%'+"$-(#"$#/(%-*"&"$+#B="(+-0-+:#*).:(-")("9E#

.,(# (,..%(+# ;# 1"*# *%)(-*# D!J6C5i# <%&%_F2%+"*E# "+# U)"# /"++"# "8.:(-"$/"# $:/"**-+"# )$# $%&'("#

important d�animaux. Nous pourrons facilement distinguer, par un double marquage CD45.1 et 

D!J6CXE#0"*#/"00)0"*#1)#("/">")(#BD!J6C5iMD!J6CXi9#1"*#/"00)0"*#1)#1%$$")(#BD!J6C5HMD!J6CXi9C#

@u bout d�un mois, la reconstitution de la moelle osseuse est vérifiée par analyse des populations 

<:&,+%.%Y:+-U)"*#.(:*"$+"*#1,$*#0"#*,$2E#.,(#/F+%&:+(-"#1"#=0)8C#@-$*-E#$%)*#,>%$*#.)#/%$*+,+"(#U)"E#

1,$*#0"#/,*#%t#0"*#*%)(-*#OF6C5CX#:+,-"$+#+(,$*=:(:"*#,>"/#1"*#/"00)0"*#&:1)00,-("*#-**)"*#1"#*%)(-*#]P#

0-++"(&,+"E#)$"#("/%$*+-+)+-%$#$%(&,0"#,>,-+#0-")#/<"_#0"*#*%)(-*#-((,1-:"*#,>"/#.0)*#1"#fd}#1"#/"00)0"*#

D!J6CXi#.(:*"$+"*#"$#.:(-.<:(-"#B0BT,^h+!9E#,>"/#.(:*"$/"#1"#OQ#BQXXdi#A27i9E#1"#OP#D!JiE#OP#D!ci#

"+#1"#/"00)0"*#&F:0%Y1"*#B2(,$)0%/F+"*#uZ(5<-2<#D!55'iv#"+#&%$%/F+"*#uZ(50%^#D!55'iv9#B0BT,+^h+"9C#

'& *)7-:,:+)E# 0,# .(-*"# 1"# 2("=="# "*+#&,)>,-*"# 0%(*U)"# $%)*# +(,$*=:(%$*# 1"*# /"00)0"*#&:1)00,-("*# 1"#

*%)(-*#?PARZ#456J7M]P#1,$*#1"*#*%)(-*#]P# -((,1-:"*C#[$#"=="+E# 0"*#*%)(-*#("/%$*+-+):"*#.%**31"$+#

&%-$*# 1"# 5d}# 1"# /"00)0"*# D!J6CXi# "$# .:(-.<:(-"# B0BT,^h+ !9C# D"*# /"00)0"*# *"&'0"$+# &,+)("(# "+#

.(%0-=:("(# &%-$*# '-"$E# /,(# 0"*# .%.)0,+-%$*# 0F&.<%Y1"*# *%$+# .")+# 1:+"/+,'0"*# "$# .:(-.<:(-"C# [$#

(">,$/<"E# -0# *"&'0"(,-+# U)"E# '-"$# U)"# 0"*# /"00)0"*# D!J6CXi# *%-"$+# .")# $%&'(")*"*# /<"_# 0"*# *%)(-*#

?PARZ#456J7M]PE# 0"*#.%.)0,+-%$*#&F:0%Y1"*#,-"$+#&%-$*#1"#&,0#;# *"#1:>"0%.."(#.,(# (,..%(+#,)8#

0F&.<%/F+"*# B0BT,+ ^h+ "9E# /"# U)-# "*+# "$# /%((:0,+-%$E# *)(# 0,# ',*"# 1"# /"*# =,/+")(*# :+)1-:*E# ,>"/# 0"#

.<:$%+F."# 1"*# /"00)0"*# *,$2)-$"*# 1"*# *%)(-*# ?PARZ#456J7M]P# $%$# -**)"*# 1"# +(,$*="(+# 1"#&%"00"#

%**")*"#B\-2C#XE#A de l�article,#Q%)-*E#Xd5c9C##
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L,2"#a#5Xc#

#

@-$*-E# 0"#1:=,)+#1"#1:>"0%.."&"$+# 0F&.<%/F+,-("#1:+"/+:#/<"_# 0"*#*%)(-*#?PARZ#456J7M]P#*"&'0"#

être d�origine hématopoïétique. Le transfert inverse est cependant nécessaire avant de conclure 

1:=-$-+->"&"$+C#

#

Ce transfert inverse consiste en l�injection de cellules médullaires de souris WT (Ly5.1, CD45.1+) dans 

1"*# *%)(-*# ?PARZ# 456J7M]P# %)#]P# 0-++ermate irradiées (CD45.2+). Après un mois, l�analyse des 

/"00)0"*#<:&,+%.%Y:+-U)"*#-**)"*#1)#*,$2#.:(-.<:(-U)"#.,(#/F+%&:+(-"#1"#=0)8#$%)*#."(&"+#1"#$%+"(#

)$"#'%$$"#.(-*"#1"#2("=="C#[$#"=="+E#;#0,#=%-*#/<"_#0"*#*%)(-*#?PARZ#456J7M]P#"+#0"*#*%)(-*#/%$+(G0"*#

0-++"(&,+"#("/">")*"*E#0"*#/"00)0"*#<:&,+%.%Y:+-U)"*#1)#1%$$")(#BD!J6C5i9#*"&'0"$+#*"#1:>"0%.."(#

$%(&,0"&"$+# B0BT,+4h+!9C#D"++"#.("&-3("#,$,0F*"#$%)*#."(&"+#1"#*)..%*"(#)$#(G0"# -$+(-$*3U)"#,)8#

/"00)0"*# <:&,+%.%Y:+-U)"*# 1,$*# 0"# .<:$%+F."# 1"*# *%)(-*# ?PARZ#456J7M]PE# *,$*# -&.,/+# >-*-'0"# 1)#

*+(%&,#&:1)00,-("C#

!")8#&%-*#.%*+H2("=="E#/"."$1,$+#B0BT,+4h+"9E#$%)*#.%)>%$*#/%$*+,+"(#U)"#'-"$#U)"#0"*#*%)(-*#?PARZ#

456J7M]P#,-"$+#)$"#("/%$*+-+)+-%$#&:1)00,-("#,&3:+):+#$%(&,0"E#-0#*"&'0"(,-+#/"."$1,$+#U)"#0"*#OP#

*"#1:>"0%.."$+#&%-$*#'-"$#U)"#/<"_#0"*#]P#0-++"(&,+"C#[$#"=="+E#+,$+#0"*#.(%.%(+-%$*#1"*#OP#D!Ji#U)"#

/"00"*# 1"*# OP# D!ci# *"&'0"$+# ,',-**:"*# /<"_# 0"*# ?PARZ# 456J7M]P# ("/%$*+-+):"*# .,(# (,..%(+# ,)8#

contrôles. Cela laisserait ainsi supposer, en plus du défaut d�origine <:&,+%.%Y:+-U)"E# )$# 0:2"(#

1:=,)+#1)#*+(%&,#1"*#*%)(-*#?PARZ#456J7M]PE#.")+Hêtre restreint à l�environnement thymique.#

+

Les cellules thymiques des souris STING V154M/WT semblent présenter un défaut d�expression du 

=FACS<C@=+)><AOh+;FACDDIB=C+N+JC@=+?BEEF=C;ABI<B>;++

D%&.+"#+"$)#1)#1:=,)+#1"#1:>"0%.."&"$+#1"*#OP#,-$*-#U)"#1)#.%+"$+-"0#1:=,)+#1)#*+(%&,#+<F&-U)"#

:>%U):#/-Hdessus, nous nous sommes intéressés à l�expression du récepteur Notch exprimé par les 

/"00)0"*#<:&,+%.%Y:+-U)"*#BL>B=+8I=<BC+&%+&&9R,3,+$;<=FC+de l�ETP dans le thymush+SITC+d69C#V$#1:=,)+#

d�expression du récepteur ou de son ligand pourraient en effet grandement impacter la 

différenciation des LT, compte tenu de l�importance de la voie Notch dans ce développement.#

De façon intéressante, des résultats préliminaires semblent indiquer un défaut d�expression du 

récepteur Notch, ou un défaut d�activation de ce récepteur B0BT,+6). En effet, l�expression de la partie 

-$+(,/"00)0,-("#1"#R%+/<#BRAD!9E#/0->:"#"$#/,*#1"# 0-,-*%$#,>"/#*%$# 0-2,$1E#*"&'0"#1-&-$):"#,)#*+,1"#

!RX# /<"_# 0"*# *%)(-*# ?PARZ# 456J7M]P# .,(# (,..%(+# ,)8# *%)(-*# ]PC# L%)(# (,.."0E# 0"*# /"00)0"*# !RX#

prolifèrent beaucoup et nécessitent fortement la voie Notch, or il s�agit aussi du stade auquel on 

.")+# %'*"(>"(# 0"# '0%/,2"# 0"# .0)*# -&.%(+,$+# 1,$*# 0,# 1-==:("$/-,+-%$# 1"*# OP# 1,$*# 0"*# *%)(-*# ?PARZ#

456J7M]P#.G&9+9)E# ;# 0,# =%-*#"$#$%&'("#,'*%0)#"+#"$#.%)(/"$+,2"#1"#/"00)0"*& B\-2C#eE#C de l�article#

Q%)-*E#Xd5c9C##
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L,2"#a#5XN#

#

D"."$1,$+E# ,)# *+,1"#!ReE# /"++"# "8.("**-%$# ,)2&"$+"# .%)(# 0"*# ?PARZ#456J7M]PE# *"# $%(&,0-*,$+#

,0%(*# .,(# (,..%(+# ,)8# ]PE# *)22:(,$+# 1%$/# )$"# *-2$,0-*,+-%$# R%+/<# U)-# .%)((,-+# *"# 1:>"0%.."(#

$%(&,0"&"$+#&,-*#U)-#*"&'0"#,0+:(:"#.,(+-/)0-3("&"$+#,)#*+,1"#!RXC#

#

!"# .0)*E# %$# /%$*+,+"# U)"# 0"*# *%)(-*# ?PARZ# 456J7M]P# *"&'0"$+# ,)**-# .(:*"$+"(# )$"# 1-&-$)+-%$#

d�expression de NICD au stade DN4, pouvant indiquer un défaut de maturation et de passage au 

stade DP. Des études montrent d�ailleurs que Notch serait requis pour le passage du stade DN vers le 

*+,1"#!LC#\-nalement, l�expression de NICD apparait diminuée dans les cellules SP CD8+. Le rôle de#

Notch au stade SP n�est pas bien défini, néanmoins, des études ont montré que la voie Notch 

.%)((,-+#=,>%(-*"(#0,#1-==:("$/-,+-%$#>"(*#0"#*+,1"#?Lc#BO,IFE#Xddc#n#!"(>%>-/E#Xd5e9C##

R:,$&%-$*E#RAD!#:+,$+#*)p"+#;#)$#("/F/0,2"#-&.%(+,$+E#-0#*"#.%)((,-+#U)"#/"++"#"8.("**-%$#1-&-$):"#

soit l�effet d�un turnover plus important chez les souris STING V154M/WT et il sera intéressant de 

compléter cette étude préliminaire par l�analyse de l�expression du récepteur à la membrane, ainsi 

qu�une analyse de l�expression, par qRTHLDKE#1"*#23$"*#/-'0"*#1"#R%+/<E#+"0*#U)"#/")8#/%1,$+#.%)(#

Z@P@eE#+HQ"+#%)#AOHJC##

+

7I=IA<F=BDI<B>;+?@+[J>AITC+?FLCJ>SSCPC;<IJ+S=FA>AC+?CD+S=>TF;B<C@=D+?C+."+C<+.'+BDD@D+?CD+D>@=BD+

*'&)1+%364QMq'h+SI=+?BEEF=C;ABI<B>;+D<%8D#C"%

Afin d�étudier plus en détails les stades de différenciation des progéniteurs qui pourraient être 

-&.,/+:*# .,(# 0"# 2,-$# 1"# =%$/+-%$# 1"# ?PARZ#1,$*# 0"*# *%)(-*# ?PARZ#456J7M]PE#"+# 1"# /%&.0:+"(# 0"*#

(:*)0+,+*#%'+"$)*#.G&9+9)#avec l�analyse par cytométrie de flux des progéniteurs médullaires (Fig. E5 

de l�article, Q%)-*#Xd5c9E# $%)*#,>%$*#)+-0-*:#)$# *F*+3&"#1"# /)0+)("# +7& 9+-:)&à l�aide d�une lignée de 

cellules stromales dérivées de la moelle osseuse, les OP9. Dans le cas d�une culture de progéniteurs 

T, ces cellules OP9 sont modifiées afin d�exprimer le ligand de Notch, DeltaH0-I"#5E#."(&"++,$+#)$"#

1-==:("$/-,+-%$#"8/0)*->"#>"(*#0,#0-2$:"#PC#V$"#/%H/)0+)("#"*+#,-$*-#&-*"#"$#.0,/"#"$+("#/"*#/"00)0"*#`LN#

"+# 1"*# /"00)0"*#&:1)00,-("*# .(%2:$-+(-/"*# +(-:"*# BO-$H#q# D!eE# D!JE# D!cE# D!55'E# D!5NE# D!JN'E#Z(5# "+#

P"(55N9#;#.,(+-(#1"#*%)(-*#?PARZ#456J7M]P#%)#/%$+(G0"*#0-++"(&,+"C#R%)*#,>%$*#/)0+->:#/"*#/"00)0"*#

."$1,$+#X6#p%)(*E#"$#,$,0F*,$+#0")(#*+,1"#1"#1-==:("$/-,+-%$#+%)*#0"*#6#p%)(*C#

D%$/"($,$+#0,#1-==:("$/-,+-%$#1"#0,#0-2$:"#1"*#OP#B0BT,+-9E#%$#.")+#%'*"(>"(#;#j5dE#1,$*#0,#/)0+)("#1"#

/"00)0"*#]PE# 0,#.(:*"$/"#1"#/"00)0"*#!R5E#U)-#*"#1-==:("$/-"$+#"$#!RX#.")#;#.")E#,>"/#.(:*"$/"#1"#

quelques DN3. Les DN2 sont présentes en grande quantité puisque c�est le stade où les cellules 

prolifèrent beaucoup avant d�entrer en stade DN3. Au stade DN3, en effet, les cellules pr%0-=3("$+#

beaucoup moins puisqu�elles réarrangent leur TCR par combinaison VB!9jC# [00"*# ("*+"$+# ,-$*-# .0)*#

0%$2+"&.*#"$#!ReC#[$=-$E#;#jXd#"+#jXeE#%$#%'*"(>"#)$#.,**,2"#"=="/+-=#>"(*#0"#*+,1"#!ReC#O,#/)0+)("#+7&

9+-:)&1"#/"00)0"*#&:1)00,-("*#-&&,+)("*#1"#*%)(-*#]P#0-++"(&,+"#*)(#1"*#/"00)0"*#`LNH!O5#."(&"+#,-$*-#
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L,2"#a#5ed#

#

1"#0"*#1-==:("$/-"(#"$#*+,1"*#!RC#V$"#/)0+)("#.0)*#0%$2)"#*"&'0"#$:/"**,-("#.%)(#%'+"$-(#1"*#!RJE#

'-"$#U)"#1"#$%&'(")*"*#.)'0-/,+-%$*#%'*"(>"$+#/"*#/"00)0"*#,)#'%)+#1"#Xd#;#XX#p%)(*C#

!"#=,m%$#/%<:("$+"#,>"/#0"*#(:*)0+,+*#%'+"$)*#+7&9+9)#B\-2C#3 de l�article,#Q%)-*E#Xd5c9E#$%)*#,>%$*#.)#

%'*"(>"(E# 1,$*# 0,# /)0+)("# 1"# /"00)0"*#&:1)00,-("*# -**)"*# 1"# ?PARZ# 46J7M]P# *)(# 1"*# `LNH!O5E# )$#

'0%/,2"#U),*-#/%&.0"+#,.(3*#0"#*+,1"#!R5#B0BT,+-9C#r)"0U)"*#/"00)0"*#*%$+#/,.,'0"*#1"#*"#1-==:("$/-"(#

"$#!RX#&,-*# /"# .%)(/"$+,2"# *"&'0"# $:20-2",'0"# /%&.,(:# ,)8#]P# 0-++"(&,+"C# D"*# /"00)0"*# ("*+"$+#

,-$*-#.%)(#0,#.0).,(+#'0%U):"*#"$#!R5E#/%&&"#-$1-U):#*)(#0"*#2(,.<"*#,)8#p%)(*#5dE#56#"+#XdE#%t#0,#

.%.)0,+-%$# 1"# /"00)0"*# !R5# "*+# .0)*# -&.%(+,$+"# /<"_# 0"*# ?PARZ# 456J7M]P# .,(# (,..%(+# ,)8# ]P#

0-++"(&,+"C# @# jXeE# /"."$1,$+E# -0# *"&'0"(,-+# U)"# 0,# .%.)0,+-%$# !RX# ,)2&"$+"# 0:23("&"$+# /<"_# 0"*#

?PARZ#456J7M]P#.,(#(,..%(+#,)8# p%)(*#.(:/:1"$+*E#.(%','0"&"$+#1z#,)#=,-+#U)"#/"++"#.%.)0,+-%$#

"*+# +(3*#.(%0-=:(,$+"C#@-$*-E# *-# U)"0U)"*#/"00)0"*#%$+# (:)**-# ;# *"#1-==:("$/-"(# "$#!RXE# -0# "*+# .(%','0"#

qu�ensuite elles aient beaucoup proliféré afin de permettre une différenciation effective en DN3, ce 

U)-#*"&'0"#T+("#0"#/,*#;#Xe#p%)(*C#

#

D%$/"($,$+#0,#1-==:("$/-,+-%$#en progéniteurs de la lignée B, l�étude du cheminement des différents 

*+,1"*#1"#1-==:("$/-,+-%$#,)#&%F"$#1"#0,#/)0+)("#*)(#`LN#$%)*#,#1%$$:#1"*#(:*)0+,+*#.0)*#1-==-/-0"*#;#

-$+"(.(:+"(C#R:,$&%-$*E#%$#.")+#1-*+-$2)"(#0"#1:>"0%.."&"$+#1"*#1-==:("$+"*#=(,/+-%$*#1"#W,(1FC#

O,# /)0+)("# 1"# /"00)0"*#&:1)00,-("*# 1"# *%)(-*#]P# ."(&"+# 13*# 0"# p%)(# 5d# 1"# 1-*+-$2)"(# 0"*# =(,/+-%$*#

@MQMDE#0,#=(,/+-%$#!#*"&'0,$+#T+("#;#*%$#&,8-&)&#13*#0"#1:')+#1"#0,#/)0+)("# B0BT,+:h+!h+"h+7h+/9C#@)#

'%)+#1"#56#p%)(*E#/"*#=(,/+-%$*#@MQ#"+#D#.(%0-=3("$+#1"#=,m%$#-&.%(+,$+"#.,(#(,..%(+#;#j5dC#O,#=(,/+-%$#

@# 1-&-$)"# "$*)-+"# ;# Xd# p%)(*E# ."(&"++,$+# )$# .,**,2"# $"+# >"(*# 0"*# =(,/+-%$*# Q# "+# D# U)-# *"#

&,-$+-"$$"$+E#+%)+#/%&&"#0,#=(,/+-%$#!#1%$+#0"*#.(%.%(+-%$*#("*+"$+#:U)->,0"$+*#;#j56#"+#jXdC#L)-*#;#

Xe#p%)(*E#0"*#=(,/+-%$*#@E#Q#"+#D#1-&-$)"$+#=%(+"&"$+E#.(->-0:2-,$+#,-$*-#0"*#*+,1"*#!#"+#[#B0BT,+:h+/h+$9C##

#

O"#.(%=-0#1"#1:>"0%.."&"$+#1"*#/"00)0"*#-**)"*#1"#*%)(-*#?PARZ#456J7M]P#*"&'0"#*)->("#;#.")#.(3*#

0,#&T&"#/-$:+-U)"E#;#U)"0U)"*#1-==:("$/"*#.(3*C#[$#"=="+E#0,#/)0+)("#1"#/"00)0"*#&:1)00,-("*#1"#*%)(-*#

?PARZ#456J7M]P#&%$+("E#;#j5dE#)$"#1-==:("$/-,+-%$#-$/%&.03+"#1"*#=(,/+-%$*#@E#QE#"+#D#B0BT,+:h+!h+"h+

79C#R:,$&%-$*#0,#=(,/+-%$#!#*"&'0"E#+%)+#/%&&"#.%)(#0"*#]PE#T+("#.(:*"$+"#13*#j5d#B0BT,+:h+/9C#@#j56E#

0,# =(,/+-%$#@#*"&'0"#,..,(,-+("E#*"#1:>"0%..,$+#,-$*-#,>"/#)$#+"&.*#1"#("+,(1#.,(#(,..%(+#,)8#]P#

0-++"(&,+"#B0BT,+:h+!9C#O"*#=(,/+-%$*#Q#"+#D#*)->"$+#0,#&T&"#+"$1,$/"E#0")(#1:>"0%.."&"$+#:+,$+#+%)+#

1"#&T&"#0-&-+:#B0BT,+:h+"h+79C#@#jXdE#1"#0,#&T&"#=,m%$#U)"#0"*#*%)(-*#/%$+(G0"*E#0,#=(,/+-%$#@#1-&-$)"#

"+#%$#.")+#%'*"(>"(#)$#1:>"0%.."&"$+#-&.%(+,$+#1"*#=(,/+-%$*#Q#"+#DC#D"*#*+,1"*#1"#1-==:("$/-,+-%$#

*"&'0"$+#1%$/#,..,(,s+("#,>"/#)$#+"&.*#1"#0,+"$/"#.,(#(,..%(+#,)8#]PC#[$=-$E#;#jXeE#0"*#=(,/+-%$*#@E#

Q#"+#D#1-&-$)"$+#"+#0"*#=(,/+-%$*#!#"+#[#.(%0-=3("$+#B0BT,+:h+!h+"h+7h+/h+$9C#P%)+#/%&&"#.%)(#0"*#*%)(-*#
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L,2"#a#5e5#

#

/%$+(G0"*E# 0"*# =(,/+-%$*#!#"+#[# ("*+"$+# ("0,+->"&"$+#/%$*+,$+"*E#"+# /"*# *+,1"*#$"# *"&'0"$+#.,*#T+("#

-&.,/+:*#.,(#0"#("+,(1#%'*"(>:#"$#1:')+#1"#/F/0"#1"#1-==:("$/-,+-%$#B0BT,+:h+/h+$9C##

#

Si l�on compare directement les fractions des souris STING V154M/WT ;#/"00"*#1"*# *%)(-*#]P#B0BT,+

:[BDHE# %$# .")+# %'*"(>"(# )$# '0%/,2"E# *+,+-*+-U)"&"$+# *-2$-=-/,+-=E# 13*# 0"*# .("&-"(*# p%)(*# 1"#

1:>"0%.."&"$+# 1"*# /"00)0"*# .%(+")*"*# 1"# 0,#&)+,+-%$# 456J7C# [$# (">,$/<"E# 0"*# U)"0U)"*# /"00)0"*#

s�étant différenciées avec succès permettent alors un développement normal des fractions D et E 

B.(:HQ#"+# -&&,+)("*9# B0BT,+:[BDh+!9C#@# j56E# *")0"# 0,#1-==:("$/-,+-%$#1"*# =(,/+-%$*#Q#"+#D# *"&'0"#T+("#

impactée alors qu�au bout de 20 jours, on arrive à retrouver autant de proB (fraction C) et préB (D) 

.%)(#0"*#/"00)0"*#1"*#?PARZ#456J7M]PE#/%&.,(:#,)8#]PE#1%$+#0"#.%%0#"*+#/"."$1,$+#1:p;#1-&-$):#"+#

+"$1#;#1-*.,(,s+("#B0BT,+:[BDh+"h+79C#[$=-$E#;#jXeE#%$#.")+#U),$+-=-"(#)$#1:=,)+#1"#1:>"0%.."&"$+#1"*#

=(,/+-%$*# Q# "+# D# -**)"*# 1"*# *%)(-*# ?PARZ# 456J7M]P# .,(# (,..%(+# ,)8#]P# B0BT,+ :[BDh+ /9C# !"# =,m%$#

étonnante, alors que l�on observe une forte diminution des cellules immatures (fractions E) .G&9+9)&

B\-2C#3, A de l�article,#Q%)-*E#Xd5c), il s�avère qu�+7&9+-:)&/"*#/"00)0"*#$"#*)'-**"$+#.,*#1"#(:"0#'0%/,2"E#

0,-**,$+#,0%(*#*)..%*"(#U)"#0"*#=,/+")(*#,p%)+:*#"$#/)0+)("#."(&"++"$+#1"#1:.,**"(#/"#1:=,)+C#

#

L�expression de STING semble varier en E>;A<B>;+?CD+?BEEF=C;<CD+S>S@JI<B>;D+?C+S=>TF;B<C@=D+

@=-$#1"#>:(-=-"(#*-#0"*#1-==:("$+*#'0%/,2"*#%'*"(>:*#.G&9+9)&"+#+7&9+-:)&,)#$->",)#+<F&-U)"#"+#&:1)00,-("#

sont dus à une différence d�expression de STING dans les différents progéniteurs successifs des 

0-2$:"*#Q#"+#PE#$%)*#,>%$*#&,(U):#0,#.(%+:-$"#.,(#/F+%&:+(-"#"$#=0)8C#R%)*#,>%$*#1,$*#)$#.("&-"(#

+"&.*#/<"(/<:#;#>:(-=-"(#*-#/"++"#"8.("**-%$#>,(-,-+#"$#=%$/+-%$#1"*#.%.)0,+-%$*#%'*"(>:"*E#/<"_#1"*#

*%)(-*# *,)>,2"*C#[$#"=="+E#/<"_#)$"#*%)(-*#]P# 0-++"(&,+"E#,ux différents stades DN, l�expression de 

?PARZ#*"&'0"#0,#.0)*#=%(+"#1,$*#0"*#!RX#,)#$->",)#+<F&-U)"C#A0#$"#*"&'0"#.,*#F#,>%-(#1"#1-==:("$/"#

majeure dans l�expression de STING entre les cellules SPCD4+ et SPCD8+ (0BT,+ dh+ !9C# !"# 0,#&T&"#

=,m%$# 1,$*# 0,# &%"00"E# 0"# DOL# .,(,-+# +(3*# .")# "8.(-&"(# ?PARZE# ,0%(*# U)"# 0"*# .(%H.(:Q# *"&'0"$+#

l�exprimer fortement (0BT,+dh+"9C#

`$#.%)((,-+#,-$*-#."$*"(#U)"#0"*#.%.)0,+-%$*#"8.(-&,$+#0"#.0)*#=%(+"&"$+#?PARZ#.%)((,-"$+#,-$*-#T+("#

0"*#.0)*#+%)/<:"*#.,(#0,#&)+,+-%$#456J7#,=="/+,$+#0,#=%$/+-%$#1"#?PARZC#[$#"=="+E#)$#2,-$H1"H=%$/+-%$#

"$+(,-$,$+# )$"# ,/+->,+-%$# /%$*+-+)+->"# 1"# 0,# .(%+:-$"E# .(%+:-$"# U)-# $:/"**-+"# )$"# =%(+"# (:2)0,+-%$#

pour éviter le risque d�entrainer une forte inflammation suite à la production d�IFN I, pourrait 

entraîner de défauts majeurs dans les populations l�exprimant fortement. En outre, j�ai pu observer 

,)# $->",)# +<F&-U)"# )$# 1:=,)+# 1"# 1:>"0%.."&"$+# *)(>"$,$+# ,)# *+,1"# !RX# .G& 9+9)& B\-2C# eE# D# 1"#

l�article# Q%)-*E# Xd5c9E# ,=="/+,$+# 0"*# OP# "$# .:(-.<:(-"# "+# "$# .,(+-/)0-"(# 0"*# OP# D!ciC# @)# $->",)#

&:1)00,-("E#0"#1:=,)+#1:>"0%.."&"$+,0#*)(>-"$+#,.(3*#0"#*+,1"#DOL#"+#/%$/"($"#.(-$/-.,0"&"$+E#1,$*#

0,#0-2$:"#1"*#OQE#0,#=(,/+-%$#@#1"#W,(1F#B.(%HpréB), n�ayant que peu d�impact pour les fractions B, C e+#
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#

D, puis touchant les cellules immatures et matures en périphérie. Ces données sur l�expression de 

?+-$2#1,$*#0"*#.(%2:$-+")(*#*%$+#1%$/#"$#,1:U),+-%$#,>"/#0"#.<:$%+F."#1"#'0%/,2"#1:>"0%.."&"$+,0#

%'*"(>:#.G&9+9)C#

#

Si l�on compare ensuite cette expression#1"#?PARZ#1,$*#0"*#.(%2:$-+")(*#1"#*%)(-*#]P#0-++"(&,+"#,>"/#

celles des souris STING V154M/WT, il s�avère que les stades DN2 et DN3 au niveau thymique 

*"&'0"$+# "8.(-&"(# ?PARZ# .0)*# =%(+"&"$+# "$/%("# U)"# 0"*# *%)(-*# /%$+(G0"*C# A0# "*+# ,0%(*# .%**-'0"# 1"#

*)22:("(#que la gravité de l�atteinte observée dans ces populations en particulier pourrait être liée à 

l�expression plus forte de STING (0BT,+dh+79C#[$=-$E#,)#$->",)#&:1)00,-("E#0"*#?PARZ#456J7M]P#"+#0"*#

]P# 0-++"(&,+"#"8.(-&"$+#?PARZ#1"# =,m%$#*-&-0,-("E#/"++"#"8.("**-%$#:+,$+# -&.%(+,$+"#,.(3*# 0"#DOLE#

1,$*#0"*#.%.)0,+-%$*#.(%H.(:QE#-&&,+)("*#"+#&,+)("*#B0BT,+dh+/). Une différence d�expression entre 

les 2 groupes de souris n�explique donc pas le phénotype, dans le cas de la lignée des LB.#
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78-90:8-,*"+0)";</=>,/)8*"*."?:9@6";A*B"1*-"-=9)8-"C3":8//*)>0/*6"10.-":*-"+)=D,.8/*9)-"/A<>8E9*-"1=9F:*".,D0/8?"G"H4I"#J8.K"LHMMN"LHOPK%6"H4O"#J8.K"LHMMN"

LHOPN%6"H4Q"#J8.K"LHMMK"LHOP%"*/"H4M"#J8.K"LHMMK"LHOPK%"*/":*-";*::9:*-"/A<>8E9*-"-8>+:*-"+=-8/87*-"G"2R"LHMN"*/"2R"LHSNT"=>?'U@+)*--8=."1*"23'45"10.-":*-"

+)=D,.8/*9)-">,19::08)*-" ;A*B"9.*" -=9)8-"C3" :8//*)>0/*" G"LJR" #J8.K"V8/:=W" 2;0I:=W" LHIOXN%6"+)=K+),Y" #YOOZK" 'D&K%6" 8>>0/9)*-" #YOOZ8./[N" 'D&N%"*/">0/9)*-"

#YOOZN"'D&N%T"=@?'U@+)*--8=."1*"23'45"10.-":*-"+)=D,.8/*9)-"/A<>8E9*-6"0.0:<-*";=>+0)0/87*"*./)*":*-"-=9)8-";=./)\:*-"#F0))*-"F:0.;A*-%"*/"23'45"]IPM&[C3"

#F0))*-" .=8)*-%T" J*" +0.*:" 19" A09/" >=./)*" 1*-" A8-/=D)0>>*-" )*+),-*./0/8?-" +=9)" :*-" +=+9:0/8=.-" ,/918,*-T" =A?'U@+)*--8=." ;=>+0)0/87*" 1*" 23'45" 10.-" :*-"
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%

!"#$%&'()*+),*,%-./,*01234*56789:;1*<).,-,*0=52*

*+,,$% ,$-./+--0% 120304$,,$-.5% 6$% 170-+.81$% 4$9% 9+:2/9% ;<=>?% @'A)BCD<% 1209$-.$% 3$2."/-$9%

9/,/6/.:4$9%"E$3%6"%1".7+6+#/$%7:,"/-$5%F/$-%G:"il ne la récapitule pas complètement%H1>?@)>-*6AIJ%K-%

$LL$.5%+-%1$:.%+F9$2E$2%37$M%6$9%1"./$-.9%:-$%68,17+10-/$%"LL$3."-.%6$9%N<%$.5%4$%L"O+-%#6+F"6$5%:-$%

6$:3+10-/$%H<%/.*!>.&/)*222*25BCDAD*E>.>F&#./,&/G-),*?/%@%H/G-),*+),*(>&/)$&,*0=52I*(>H)*J7IJ%P$%16:95%

3$2."/-9% 1"./$-.9% 1209$-.$-.% :-$% /-L/6.2"./+-% 4$% -$:.2+17/6$9% ":% -/E$":% 4$% 6"% 1$":% $.% :-$% "-0,/$5%

traits que l"on retrouve chez la souris V154M/WT. >0"-,+/-95% "6+29% G:$% 6$9% 1"./$-.9% 1$:E$-.%

1209$-.$2%une vasculopathie sévère pouvant entrainer une nécrose, ainsi qu"une importante atteinte 

1:6,+-"/2$%4$%.81$%L/F2+9$, je n"ai pu observer qu"une atteinte variable%":%-/E$":%4$9%1+:,+-9%37$M%

6"%9+:2/9%;<=>?%@'A)BCD<5%$.%":3:-$%609/+-%3:."-0$J%De plus, l"atteinte pulmonaire observée chez 

:-$% 1"2./$% 4$9% 9+:2/9%$9.%:-$% "..$/-.$% /-L6",,".+/2$% ,"/9% -+-% :-$% L/F2+9$5% d"après les marquages 

20"6/909%$-%7/9.+6+#/$J%*7$M% 6$9%1"./$-.9%;Q@=5%:-$%$R12$99/+-%E"2/"F6$%$9.% 3$1$-4"-.%+F9$2E0$J%!"2%

exemple, parmi les premiers patients décrits, sur les 6 porteurs de la mutation, seuls 3 d"entre eux 

1209$-."/$-.% :-$% L/F2+9$% 1:6,+-"/2$% HN/:5% ST')I5% 4$% 6"% ,U,$% L"O+-% G:$% .+:9% 6$9% 1"./$-.9%

diagnostiqués jusqu"à présent ne présentent pas .+:9%d"atteinte cutanée. V-%1$:.%0,$..2$%16:9/$:29%

781+.7W9$9%1+:2%$R16/G:$2%3$..$%4/LL02$-3$%4$%170-+.81$%$-.2$%6$9%1"./$-.9%$.%-+.2$%,+4W6$%,:2/-%X%

4$s facteurs environnementaux, des effets différents de la signalisation de STING entre l"Homme et 

6"%9+:2/95%+:%$-3+2$%:-$%différence d"$R12$99/+-%4$%;<=>?%4"-9%4/LL02$-.9%.81$9%3$66:6"/2$95%3+,,$%

1"2%$R$,16$%4"-9%6$9%12+#0-/.$:29%,04:66"/2$9J%K-%+:.2$5%N/:%$.%3+66W#:$9%+-.%1:%+F9$2E$2%G:$%;<=>?%

$9.% $R12/,0% -+.",,$-.% 4"-9% 6$9% ,+-+38.$95% ,"/9% ":99/% 4$% ,"-/W2$% /,1+2."-.$% 4"-9% 6$9% N<% $.% 6$9%

3$66:6$9% >Y5% ,"/9% n !est 1"9% $R12/,0% 4"-9% 6$9% -$:.2+17/6$9% $.% 6$9% NZ% HN/:5% ST')IJ% =6% 9$,F6$2"/.%

3$1$-4"-.% G:$% 37$M% 6"% 9+:2/95% +-% 2$.2+:E$% 3$..$% 12+.0/-$% $R12/,0$% ":99/% 4"-9% 6$9% NZ% (d"après nos 

209:6.".95%$.%d"après% 6$9%"-"689$9% .2"-932/1.+,/G:$9%4/91+-/F6$9%9:2% [[[J=,,#$-J+2#IJ%!"2%"/66$:295%%

d"après Immgen, l"expression de STING dans les #2"-:6+38.$9% $9.% G:"9/,$-.% -:66$5% 3+,,$% 37$M%

l"HommeJ%Q/-9/5% 6"expansion de 6"%1+1:6"./+-%#2"-:6+38."/2$%n"est probablement pas corrélée à une 

L+2.$% $R12$99/+-% 4$% ;./-#% 44"-9% 3$..$% 1+1:6"./+-5% ,"/9% 1+:22"/.% U.2$% 16:.\.% 4]$% ^% :-% ,03"-/9,$%

3+,1$-9".+/2$%^%6"%68,17+10-/$J%L"analyse de l"expression de Sting dans des granulocytes triés par 

_<`PCR quantitative serait intéressante afin de confirmer le degré d"expression de Sting dans les 

#2"-:6+38.$9%,:2/-9J%

>+.2$%,+4W6$%9$%3"2"3.02/9$%1"2%:-%170-+.81$%3$1$-4"-.%F/$-%16:9%90EW2$5%9:2%3$2."/-9%"91$3.95%G:$%

3$6:/%+F9$2E0%37$M% 6$9%1"./$-.9%;Q@=%1:/9G:$% 6"%9+:2/9%;<=>?%@'A)BCD<%40E$6+11$%:-%;*=P%90EW2$%

accompagné d"une mortalité élevéeJ% =6% 9$,F6$rait qu"une petite proportion de 1"./$-.9% ;Q@=%

1209$-.$-.%3$1$-4"-.%4$% 6"%,U,$%L"O+-%:-%;*=P%H"E$3% 68,17+10-/$%<5%Z%$.%>YI5% mais ceci n"est%-/%

3+,,:-% -/% 2$1209$-."./L% 4:% ;Q@=J% *+,,$% ,$-./+--0% 16:9% haut, ceci peut s"expliquer par une 
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expression différente de STING entre l"Homme $.%6"%9+:2/95%+:%4$9%4/LL02$-3$9%4"-9%9"%9/#-"6/9"./+-5%

1+:E"-.% "6+29% ",$-$2% ^% 4$9% 1"2.$-"/2$9% +:% #W-$9% 3/F6$9% 4/LL02$-.9% $.% 3+-4:/2$% "6+29% ^% :-% $LL$.%

.+R/G:$%16:9%/,1+2."-.%37$M%6"%9+:2/95%+:%-+-%20E$290%1"2%4$9%,03"-/9,$9%3+,1$-9".+/2$9%1+:E"-.%

exister chez l"Homme.%

Outre le SCID, l"un$% 4$9% 3"2"3.02/9./G:$9% remarquables de notre modèle est la présence d"une 

hypogammaglobulinémie (quasi absence d"IgM et d"IgG5%$.%absence d"=#QIJ%Q:%3+-.2"/2$5%6$9%1"./$-.9%

1209$-.$-.% :-$% 781$2#",,"#6+F:6/-0,/$% ?% $.% Q5% "E$3% 3$1$-4"-.% un taux d"=#B% -+2,"6J% *$..$%

781$2#",,"#6+F:6/-0,/$%$9.%retrouvée d"ailleurs dans un second modèle murin%#"/-%4$%L+-3./+-%4$%

;<=>?%G:$%-+:9%40E$6+11$2+-9%16:9%F"9%H1>?@)>-*6AI%HD"2-$25%ST'aIJ%*$..$%4/LL02$-3$%,"b$:2$%1$:.%

s"expliquer par le rôle inattendu de STING dans le développement hématopoïétique% +F9$2E0% 4"-9%

-+.2$% ,+4W6$% @'A)B, compte tenu du fait que la mutation V154M est responsable à la fois d"un 

F6+3"#$%":%-/E$":%4$%6"%6/#-0$%Z5%4/,/-:"-.%4$%3$%L"/.%6$%-+,F2$%4$%NZ%$-%102/1702/$5%,"/9%":99/%4$%6"%

6/#-0$%<5%"11+2."-.%4$%3$%L"/.%:-$%"/4$%,+/-42$%":R%NZJ%

*+,,$% ,$-./+--0% 16:9% 7":.5% :n papier récent, descriptif d"une autre mutation affectant STING%

(N154S chez l"H+,,$5% >'A(;% 37$M% 6"% 9+:2/9I% $.% 3+-4:/9"-.% ^% :-% #"/-`4$`L+-3./+-% 4$% 6"% 12+.0/-$5%

2$12+4:/.%4$%6"%,U,$%L"O+-%3$2."/-9%.2"/.9%170-+.81/G:$9%9"-9%1+:2%":."-.%U.2$%.+:.%^%L"/.%/4$-./G:$%

^%6"%,"6"4/$J%Ils retrouvent, à l"identique de notre modèle, une diminution%4$9%N<%$.%4$9%3$66:6$9%>Y%

"E$3% $R1"-9/+-% 4$9% 3$66:6$9% ,806+c4$9J% *$..$% 4/,/-:./+-% /,1+2."-.$% 4$9% N<% *P)d% $.% *Ped% H16:9%

/,1+2."-.$%1+:2% 6$9% N<%*Ped, à l"identique de notre modèle) peut s"expliquer notamment par une 

4/,/-:./+-% 4:% -+,F2$% 4$% .78,+38.$95% $-.2"/-"-.% :-$% 4/,/-:./+-% 4$9% 1203:29$:29% 4$9% N<5% 6$9% P>J%

*$1$-4"-.5%"6+29%G:$%j"ai pu observer%4"-9%-+.2$%,+4W6$%:-%F6+3"#$%4:%40E$6+11$,$-.%.78,/G:$%":%

stade DN2, Warner et collaborateurs n"ont pas pu mettre en évidence de blocage de développement%

^%:-%9."4$%1"2./3:6/$2J%=69%+-.%3$1$-4"-.%3+-L/2,0%G:$%6$9%40L":.9%/,1:.09%":R%N<%0."/$-.%/-.2/-9WG:$9%

et non liés au stroma, au moyen d"un modèle chimérique (transfert compétitif de moelle osseuse). 

P$%6"%,U,$%L"O+-5%#2f3$%^%:-%.2"-9L$2.%-+-`3+,10././L%4$%,+$66$%+99$:9$5%j"ai%1:%3+-L/2,$2%G:$%6$9%

40L":.9%+F9$2E09%4"-9% 6$9%NZ%$.% 6$9%N<%0."/$-.% /-.2/-9WG:$9%":R%3$66:6$9%70,".+1+c0./G:$9%H1>?@)>-*

6AIJ%>0"-,+/-9%/6%2$9.$%^%3+-L/2,$2%:-$%0E$-.:$66$%/,16/3"./+-%"44/./+--$66$%4:%9.2+,"%1:/9G:$%4$:R%

,+/9%"12W9%.2"-9L$2.%4$%,+$66$%+99$:9$%4$%3$66:6$9%/99:$9%4$%;<=>?%@'A)BCD<%4"-9%4$9%9+:2/9%D<%

/22"4/0$95%/6%9$,F6$2"/.%-0"-,+/-9%G:$%6$9%.":R%4$%N<%9+/.%4/,/-:0J%%

g-% ,/32+$-E/2+--$,$-.% "6.020% 1$:.% $-% $LL$.% 3+-4:/2$% ^% :-$% "16"9/$% ,04:66"/2$5% 4:$% ^% :-$%

4/,/-:./+-% 4$% 6"% 12+6/L02"./on et de l"adhérence des cellules stromales, responsable de la 

4/LL02$-3/"./+-%4$9%3$66:6$9%70,".+1+c0./G:$9%H;,/.75%ST'hIJ%
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Afin d"étudier plus en détails 6$% 40E$6+11$,$-.% 68,17+1+c0./G:$% $.% 6$% F6+3"#$% +F9$2E0% 4"-9% 6$9%

9+:2/9% ;<=>?% @'A)BCD<5% j"ai% ,/9% $-% 16"3$% 4$9% $R102/$-3$9% 4$% 3+`3:6.:2$% 4$% 3$66:6$9% ,04:66"/2$9%

/,,".:2$9%"E$3%4$9%3$66:6$9%9.2+,"6$9%4/.$9%V!i%402/E0$9%4$%6"%,+$66$%+99$:9$J%*$9%$R102/$-3$9%+-.%

1:%,$..2$%$-%0E/4$-3$%G:$%6$9%6/#-0$9%Z%$.%<%1209$-.$-.5%3+,,$%+F9$2E0%!"#$%$&'#:-%F6+3"#$%4W9%6$9%

12$miers stades de différenciation, confirmant l"origine hématopoïétique du défaut. Cependant, pour 

6$9%N<5%3+,,$%,$-./+--0%16:9%7":.5%4$9%40L":.9%":%-/E$":%4$9%-/37$9%.78,/G:$95%$.C+:%:-%,"-G:$%

4$% L"3.$:29%4$%4/LL02$-3/"./+-% tels que l"IL`a%+:%>+.37%37$M% 6$9%9+:2/9%;<=>?%@'A)BCD<%1+:22"/$-.%

0#"6$,$-.%U.2$%$-E/9"#09J%*$3/%1+:22"/.%"6+29%$-#$-42$2%alors la mise en place d":-%$-E/2+--$,$-.%

défavorable aux cellules hématopoïétiques puisqu"on observe une augmentation de la mortalité 

3$66:6"/2$%4"-9%3$9%+2#"-$9%68,17+c4$9%12/,"/2$9J%K-%+:.2$5%6"%3$66:6"2/.0%$9.%L+2.$,$-.%"F"/990$%^%6"%

L+/9% 4"-9% 6"% ,+$66$% +99$:9$% $.% 6$% .78,:95% 3e dernier n"étant quasiment plus que résiduel chez les 

;<=>?%@'A)BCD<J%<+:.%3$3/%",W-$%$LL$3./E$,$-.%^%9$%G:$9./+--$2%9:2%6$%2\6$%4$%;<=>?5%+:.2$%4"-9%

6$% 40E$6+11$,$-.% 70,".+1+c0./G:$5% 4"-9% 6"% ,/9$% $-% 16"3$% 4$9% +2#"-$9% 68,17+c4$9% 12/,"/2$95% 6$%

170-+.81$%4$9%3$66:6$9%9.2+,"6$9%$.%6$:2%"1./.:4$%^%1$2,$..2$%6"%4/LL02$-3/"./+-%4$9%j;*9J%

=6%1"2"/.%3$1$-4"-.%0.+--"-.%4$%-$%3+-9.".$25%(#)*%&*%5%":3:-%40L":.%":%-/E$":%4$9%3$66:6$9% 6$9%16:9%

1203+3$9%Hj;*95%B!!5%*N!%$.%*B!I5%6"/99"-.%9:11+9$2%:-$%$R12$99/+-%4/LL02$-./$66$%4$%;<=>?%4"-9%3$9%

3$66:6$9J%D"après notre analyse de l"expression de STING sur les progéniteurs par cytométrie chez la 

souris sauvage, il semble que l"expression de Sting soit faible au stade CLP, en comparaison aux 

9."4$9% 40F:."-.% 6"% 6/#-0$% <% HP>'I% $.% Z% H12+`120ZIJ% !"2% "/66$:295% /6% 1+:22"/.% 0#"6$,$-.% 8% "E+/2% :-$%

différence d"expression de STING $-.2$%6$9%12+#0-/.$:29%,04:66"/2$9%7:,"/-9%$.%,:2/-95%G:/%1+:22"/.%

$-%1"2./$%$R16/G:$2%6$9%4/LL02$-3$9%+F9$2E0$9%$-.2$%6$%170-+.81$%4$9%1"./$-.9%;Q@=%$.%3$6:/%4$%-+.2$%

,+4W6$%,:2/-J%

*+,1.$%.$-:%4$9%209:6.".9%+F.$-:9%9:2%>+.37%4"-9%6$9%9+:2/9%;<=>?%@'A)BCD<5%$.%9+-%2\6$%4"-9%6$%

40E$6+11$,$-.% /-.2"`.78,/G:$5% /6% 9$2"% /-.02$99"-.% 4$% 3+,160.$2% 3$..$% 0.:4$% 1206/,/-"/2$% 1"2%

l"analyse de l"expression des gènes cibles d$%>+.375%.$69%G:$%3$:R%3+4"-.%1+:2%?Q<Q(5%.`Z$.%+:%=N`)5%

afin de mieux comprendre l"implication d"une dérégulation de Notch dans le phénotype des souris 

;<=>?%@'A)BCD<J%

Une analyse plus poussée, telle qu"une analyse .2"-932/1.+,/G:$% 20"6/90$% ":R% 9."4$9% 4$%

40E$6+11$,$-.%":RG:$69% 6$%F6+3"#$%$9.% 6$%16:.% /,1+2."-., serait à envisager afin d"étudier plus en 

40."/69% 6$% F6+3"#$% 40E$6+11$,$-."6% +F9$2E0% 4W9% 6$9% 12$,/$29% 9."4$9% 4$% 4/LL02$-3/"./+-% 4$9%

12+#0-/.$:29%4$9%9+:2/9%;<=>?%@'A)BCD<J%%
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KL@)*+),*2M3*2*+>$,*@)*("#$%&'()*%?,).<#*

=6%0."/.%par ailleurs intéressant de s"intéresser de plus près aux rôle9%4$9%=k>%=%4"-9%6$%170-+.81$%4$9%

9+:2/95% puisqu"une amplification de leur production est l"une des conséquences de l"activation 

3+-9./.:./E$%4$%;<=>?%37$M%6$9%1"./$-.9%;Q@=%$.%4"-9%-+.2$%,+4W6$%,:2/-J%L"étude du rôle 4$9%=k>%=%H$.%

==%3+,,$%-+:9%6$%40E$6+11$2+-9%16:9%."24I%$9.%/,1+2."-.%."-.%1"2%6$:2%/,1"3.%9:2%6$%40E$6+11$,$-.%

et l"homéostasie médullaire, G:$% 1"2% 6$:2% /,1"3.% 1+.$-./$6% 9:2% l"expansion de cellules myéloïdes 

+F9$2E0$%$-%102/1702/$J%

K-%$LL$.5%Z:$376$2%$.% 3+66W#:$9%+-.%1:%40,+-.2$25%#2f3$%":%,+4W6$% 6:1/G:$%,:2/-% 9:2$R12/,"-.% 6$%

<N_a% H9+:2/9% <N_aJ'I5% G:$% 3$9% 9+:2/9% 1209$-."/$-.% :-$% $R1"-9/+-% ,"99/E$% 4$% 3$66:6$9% ,806+c4$9% $-%

102/1702/$J% *$..$% $R1"-9/+-% 0."/.% 12+E+G:0$% 1"2% l"émergence d"une sous`36"99$% 3$66:6"/2$% /99:$% 4:%

GMP, et provoquée par la sécrétion massive d"IFN I. En effet, 4"-9%6$:2%,+4W6$5%6$9%1P*9%"3./E0$9%1"2%

6"% 9:2$R12$99/+-% 4:% <N_a% produisent d"importantes quantités d"IFN I% 4$% ,"-/W2$% 3+-9./.:./E$5%

promouvant alors le développement des GMP. Un défaut de sécrétion d"IFN I limit$%":%3+-.2"/2$%6$%

40E$6+11$,$-.% 4$9% 3$66:6$9% ,806+c4$9% HZ:$376$25% ST'(IJ% =6% $9.% 4+-3% $-E/9"#$"F6$% G:$% 6"% 90320./+-%

constitutive d"IFN I, en réponse au gain`4$`fonction de STING, soit responsable de l"expansion des 

1+1:6"./+-9% ,806+c4$9% $-% 102/1702/$J% N$9% =kN I sont d"autre part responsables de la sortie de 

quiescence des HSCs afin d"induire leur prolifération et différenciation. Cependant, dans des 

conditions physiologiques, ces cellules retournent ensuite à l"état quiescent afin d"éviter une 

$R1+9/./+-% 12+6+-#0$% ":R% =k>% =% G:/% 3+-4:/2"/.% ^% 6$:2% "1+1.+9$% HP$% Z2:/-5% ST')IJ% =6% "% $-% +:.2$% 0.0%

observé que les IFN I peuvent être responsables d"une atteinte de la moelle osseuse conduisant alors 

^%:-$%"16"9/$%,04:66"/2$%$.%:-$%cytopénie, notamment en cas d"infection E/2"6$J%*$..$%"16"9/$%4$%6"%

moelle osseuse peut être à la fois due à l"atteinte 4$9%3$66:6$9%70,".+1+c0./G:$9%1"2%6$%E/2:95%$.%^%6"%

,/9$%$-%16"3$%4$%6"%201+-9$%"-./`virale, responsable de la production massive d"IFN I et de cytokines 

12+`/-L6",,".+/2$9%H;,/.75%ST'hIJ%

Il est étrange de constater qu"une production exagérée d"IFN I est responsable de tels dégâts quand 

:-$% 90320./+-% 3+-9./.:./E$% $9.% -03$99"/2$% ^% 6"% ,/9$% $-% 16"3$% 4$% -/37$9% 4$9% j;*95% ^% :-$% 20#:6"./+-%

+1./,"6$%4$%6"%209+21./+-%+99$:9$%$.%":%,"/-./en d"une homéostasie leucocytaire.%

En outre, il a déjà été constaté qu"un traitement oral par IFN (IFN2a5% G:/% 0."/.% "4,/-/9.20% 4"-9%

certains cas d"atteintes virales telles que les hépatites B et C, ou dans certains cas de cancers comme 

6$%,06"-+,$I%0."/.%2$91+-9"F6$%37$M%6$9%1"./$-.9%d"une hypoplasie médullaire, thrombocytopénie et 

"-0,/$%Hj+LL,"-5%'ii)IJ%

%

Afin de vérifier l"implication des IFN I dans notre phénotype, j"ai%32+/90%6$9%9+:2/9%;<=>?%@'A)BCD<%

"E$3%4$9%9+:2/9%40L/3/$-.$9%1+:2%6$%203$1.$:2%":R%=k>%=5%"11$60$9%=k>Q_%YVJ%P$%,"-/W2$%/-.02$99"-.$5%



!"#$%&%'(e%

%

je n"ai pas constaté, chez ces animaux STING V154M/WT C%=k>Q_%YV5%4$%20E$29/+-%4:%170-+.81$%":%

-/E$":% 4:% 1+:23$-."#$% 4$% 68,17+38.$9% ,".:2$9% $-% 102/1702/$J% g-% ,"2G:"#$% 4$9% 3$66:6$9% 9+:37$9%

9$2"/.% ^% 20"6/9$2% 4"-9% 4$9% 9+:2/9% ;<=>?% @'A)BCD<% C% =k>Q_% YV% "L/-% 4$% E02/L/$2% 6$9% 12+1+2./+-9% 4$9%

12+#0-/.$:29%6$9%16:9%1203+3$9%.$69%G:$%6$9%j;*9%$.%B!!J%Q/-9/5%G:$%3$%9+/.%3+-3$2-"-.%6$%170-+.81$%

;*ID ou l"expansion d$9% 1+1:6"./+-9% ,806+c4$9, ni l"un ni l"autre n"est réversé dans des STING 

@A)BCD<%C%=k>Q_%YV5%,+-.2"-.%"/-9/%:-%170-+.81$%/-401$-4"-.%4$9%=k>%=J%*$2."/-9%.2"/.9%,/-$:29%

4:% 170-+.81$5% 3+,,$% 6$% 40L":.% 4$% 12+6/L02"./+-% +:% 6"% ,+2."6/.0% ":#,$-.0$% 4$9% N<% ,".:2$95% 9+-.%

3$1$-4"-.% 1"2./$66$,$-.% =k>% =% 401$-4"-.9J% Ceci peut s"apparenter par exemple à ce qui a été 

+F9$2E0%4"-9%6$%3"9%4e l�infection par le VIH, où une surproduction d�IFN! par les pDCs entrainait une 

augmentation de l�expression de TRA=N%H1+:2%+,-.*!/(0!1#()&)0&2%2.%3145%36#/%6(31I%9:2%6$9%N<%*P)d%

et conduisait alors à l�augmentation de la mortalité de ce type cellulaire (j$2F$:E"65% STTAIJ% N$9%

40L":.9% +F9$2E09% 4"-9% 6$9% NZ% ,".:2$9% -$% 9$,F6$-.5% G:"-.% ^% $:R5% 1"9% U.2$% 401$-4"-.% 4$9% =k>% =J% =6%

serait donc intéressant d�étudier quelle(s) voie(s) "6.$2-"./E$H9I% 9$2"/H$-I.% 20#:60$H9I% 1"2% ;<=>?% $.%

+33"9/+--$2"/H$-I.%6$%170-+.81$%+F9$2E0%HE+/2%16:9%6+/-IJ%De plus, il n�a pas été possible de faire une 

G:$63+-G:$% 3+220lation entre l�expression de STING et la distribution cellulaire des cellules 

sécrétrices d�IFN I. De très nombreux types cellulaires sont en effet capables de sécréter des IFN I (les 

pDCs étant les principales sécrétrices d�IFN!), néanmoins, STING étant eR12/,0%4$%L"O+-%7+,+#W-$%

et relativement ubiquitaire, aucun pic d�expression n�est visible pour un type cellulaire sécréteur 

d�IFN I en particulier ([[[J=,,#$-J+2#IJ%

%

N�IFN"%1+:22"/.%b+:$2%6:/%":99/%:-%2\6$%4"-9%6$%170-+.81$%+F9$2E0%4"-9%6$9%9+:2/9%;<=>?%@'A)BCD<J%

N$9%$LL$.9%+F9$2E09%4"-9%-+.2$%,+4W6$% .$-4$-.%^% 6$%9:11+9$25% puisqu�"12W9%4$9%"-"689$9%,:.6/16$R%

1$2,$.."-.%6$%4+9"#$%4$%'(%38.+l/-$9%"-./`%$.%12+`/-L6",,".+/2$95%j�ai%1:%+F9$2E$2%:-$%":#,$-."./+-%

4$% 6"% concentration d�IFN"% HS5'% 1#C,N% 37$M% 6$9% 9+:2/9% D<% E9% 'T5S% 1#C,N% 37$M% 6$9% 9+:2/9% ;<=>?%

@'A)BCD<I. D�autre part, l�un des gènes faisant partie de notre signature IFN, 7"5/895% $9.% /-4:/.5%

+:.2$%1"2%6$9%IFN I, par l�IFN II.%

=6% $9t actuellement connu que l�IFN" altère de façon importante l�hématopoïèse en facilitant la 

4/LL02$-3/"./+-%4$9%j;*9%$.%$,1U37"-.%6$:2%":.+`2$-+:E$66$,$-.J%K-%3+-90G:$-3$5%3$9%j;*9%$-.2$-.%

4"-9% :-% 170-+.81$% $R7":9./L% $.% -$% 1$2,$..$-.% 16:9% 6"% 12+4:3./+-% 4$% 3$66:6$9% 70,".+1+c0./G:$9J%

L�action inhibitrice 4$%l�IFN" est dépendante d�une exposition chronique%HP$%Z2:/-5%ST')IJ%V25%3+,1.$%

.$-:%4:%L"/.%G:$%3$..$%38.+l/-$%$9.%,"b+2/."/2$,$-.%12+4:/.$%1"2%6$9%3$66:6$9%>Y%$.%6$9%N<%"3./E09%H"/-9/%

G:$% 1"2% 6$9% 3$66:6$9% 9.2+,"6$9I5% $.% G:$% 6$9% N<% 4$9% 9+:2/9% ;<=>?% @'A)BCD<% 9+-.% 3+-9./.:./E$,$-.%

activés, il n�est pas improbable qu�ils 9+/$-.%2$91+-9"F6$9%d�une sécrétion continue à la fois d�IFN I et 

==J
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%

*+,,$% ,$-./+--0% 16:9% 7":.5% j"ai% 1:% +F9$2E$2% 4"-9% -+.2$% ,+4W6$% ,:2/-% ;<=>?% @'A)BCD<% :-$%

"-0,/$% $.5% 4$% L"O+-% 3+702$-.$5% :-$% 4/,/-:./+-% 4$9% 12+#0-/.$:29% 4$9% 028.72+38.$9% H12+`

028.72+F6"9.$95% 028.72+F6"9.$9IJ% >+:9% "E+-9% 9:11+90% G:$% 3$6"% 1+:E"/.% U.2$% 9$3+-4"/2$% ^%

l"inflammation observée dans%-+.2$%,+4W6$J%*$6"%1+:22"/.%":99/%U.2$%4]%à une surexpression d�IFN! 

qui perturberait l�homéostasie érythrocytaire en inhibant les premiers stades de différenciation des 

érythrocytes mais aussi en augmentant l�hémophagocytose par les macrophages activés par l�IFN! 

HP$%Z2:/-5%ST')IJ%K-%$LL$.5%4$9%9+:2/9%.2"-9#0-/G:$9%$R12/,"-.%:-%4+,/-"-.%-0#"./L%1+:2% =k>?_5%$.%

"/-9/%12+4:/9"-.%des macrophages insensibles à l�IFN!5%ne présentent pas d�hémophagocytose (N%@@).I*

AO66IJ%

Une publication récente a d�ailleurs mis $-%0E/4$-3$% 6$% L"/.%G:$% l�expression de ;<=>?%1+:E"/.%U.2$%

20#:60$% par l�IFN! via STAT15% 4"-9% 6$9% l02"./-+38.$9% 7:,"/-9% H>/97/l"["5% ST'e). Il n�est donc pas 

impossible que l�on se retrouve face à une boucle d�autoamplification. L�IFN! serait sécrété par le9%N<%

"3./E09%1"2%;<=>?%@'A)B%à l�état basal, qui permettrait ensuite à son tour d�activer STINGJ% =6%9$2"/.%

donc intéressant de s�intéresser plus en détails à l�IFN! et son lien avec STING, par exemple E/"%

l�étude% 4$% 9+:2/9% YV% 1+:2% 6$% 203$1.$:2% ^% 3$..$% 38.+l/-$% H=k>?_IJ% =6% 1+:22"/.% 1"2% "/66$:29% U.2$%

intéressant de vérifier l�expression de l�IFNGR dans les LT en particulier, mais aussi dans les LB, 

1:/9G:$%6$%170-+.81$%+F9$2E0%4"-9%3$9%3$66:6$9%$9.%=k>%=%/-401$-4"-.J% %Z/$-%G:$%6$9%=k>%"/$-.%:-%2\6$%

/,1+2."-.%4"-9% l�aplasie%de la moelle osseuse, et compte tenu du fait que le phénomène n�est pas 

20E$290%4"-9% 6$9%9+:2/9%;<=>?%@'A)BCD<%C% =k>Q_%YV5% /6%$9.%12+F"F6$%qu�/6%8%"/.%:-%$LL$.%1:2$,$-.%

/-.2/-9WG:$%":%#"/-%4$%L+-3./+-%4$%;<=>?J%%

K-%$LL$.5%:-%1"1/$2%203$-.%"%1:%,+-.2$25%$-%,/,"-.%:-$%/-L$3./+-%F"3.02/$--$%1"2%/-b$3./+-%4$%3`4/`

?B!% 4"-9% :-% ,+4W6$% ,:2/-% H4+-3% :-$% "3./E"./+-% 4$% ;<=>?I5% G:$% 3$..$% /-b$3./+-% 0."/.% 2$91+-9"F6$%

d�une diminution du nombre de progéniteurs médullaires. De plu95% 3$% .2"/.$,$-.% ":% 3`4/`?B!%

4/,/-:$%6$9%3"1"3/.09%4$%2$1+1:6"./+-%E/"%.2"-9L$2.%4$%,+$66$%D<%4"-9%4$9%9+:2/9%D<%/22"4/0$95%"6+29%

G:$%4$9%9+:2/9%;<=>?%YV%#2$LL0$9%1"2%:-$%,+$66$%+99$:9$%D<5%$.% .2"/.0$9%":%3`4/`?B!5%1209$-.$-.%

:-$% 2$1+1:6"./+-% 3+,1"2"F6$% ":R% 3+-.2\6$9J% *$3/% /,16/G:$% 4+-3% 4/2$3.$,$-.% ;<=>?% 4"-9%

l�hématopoïèse%HY+F"8"97/5%ST'AIJ%

P$% 6"% ,U,$% L"O+-% G:$% 4"-9% -+.2$% ,+4W6$% ;<=>?% @'A)BCD<5% Y+F"8"97/% $.% 3+66"F+2".$:29% +-.% 1:%

observer que l�administration de c`4/`?B!%^%4$9%9+:2/9%$-#$-42"/.%37$M%3$9%4$2-/W2$9%:-$%4/,/-:./+-%

du nombre de globules blancs, plaquettes et du taux d�hémoglobine, $.% :-$% 4/,/-:./+-% 4$% 6"%

12+1+2./+-%4$%68,17+38.$9%"E$3%$-%3+-90G:$-3$%:-$%":#,$-."./+-%4$9%1+1:6"./+-9%,806+c4$9J%%

*$1$-4"-.5% 3+-.2"/2$,$-.% ^% -+.2$% ,+4W6$5% Y+F"8"97/% $.% 3+66"F+2".$:29% +-.% 9:##020% G:$% 3$..$%

diminution du nombre de HSC n�était pas attribuable à une augmentation de l�apoptose. J�ai% 1:%

3+-9.".$2% 6$% 3+-.2"/2$% #2f3$% ^% :-% ,"2G:"#$% 1"2% "--$R/-$% @% 4"-9% -+9% 12+#0-/.$:29J% P$% 16:95% 3$%
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%

170-+,W-$% 0."/.% 3+,1$-90% 1"2% :-$% ":#,$-."./+-% 4$% 6"% 12+6/L02"./+-% 4$9% 12+#0-/.$:29% H*N!5% 12+`

preB et LB immatures, ainsi que l�ETP et les cellules DN), que j�ai mis$%$-%0E/4$-3$%au moyen d�un 

,"2G:"#$% ":% Z24gJ% *$3/% 9:##W2$% "6+29% G:$% 6$% #"/-`4$`fonction STING est responsable d�effet plus 

délétère qu�une activation au c`4/`?B!5%3$%G:/%1"2"/.%3+702$-.%3+,1.$%.$-:%4:%L"/.%G:$%6"%,:."./+-%

V154M est responsable d�une "3./E"./+-%3+-9./.:./E$%4$%6"%12+.0/-$J%

%

m:$66$9% E+/$9% "6.$2-"./E$9% ^% 3$66$9% 4$9% =k>% 1+:22"/$-.% U.2$% "3./E0$9% 4"-9% 6$9% 9+:2/9% ;<=>?%

@'A)BCD<%n% g-$% 4$9% E+/$9% /,16/G:0$9% 1+:22"/.% U.2$% 6"% E+/$% >k`!B, avec sécrétion importante de 

38.+l/-$9% 12+`/-L6",,".+/2$95% 3+,,$% -+:9% "E+-9% 1:% 6$% 3+-9.".$2% 4"-9% -+.2$% ,+4W6$J% P$% 16:95% /6%

9$,F6$2"/.%G:$%6"%E+/$%Ql.5%32:3/"6$%1+:2%6"%12+6/L02"./+-%$.%6"%9:2E/$%3$66:6"/2$5%9+/.%"LL$3.0$5%":%,+/-9%

dans les cellules matures. Il pourrait donc être particulièrement intéressant d"étudier en détails les 

E+/$9%$.%1"2.$-"/2$9%/,16/G:09J%*$3/%1+:22"/.%U.2$%20"6/90%1"2%4$9%"-"689$9%/-4/E/4:$66$9%1"2%D$9.$2-`

Z6+.%HE+/$%1"2%E+/$I5%+:%1"2%6"%.$37-/G:$%*8<Vk5%+:%$-3+2$%":%,+8$-%4$%,$,F2"-$9%4$%D$9.$2-`Z6+.%

,:6./"22"85% 3+".0$9% 1+:2% 1$2,$..2$% 6"% 40.$3./+-% 4$% -+,F2$:9$9% 12+.0/-$9% 17+917+2860$9J% !"2%

ailleurs, nous avons recherché parmi les DIP aujourd"hui décrits chez l"Homme lesquels pouvaient 

avoir un phénotype proche de celui des souris STING V154M/WT, afin d"en approcher le mécanisme. 

N$%9$:6%G:$%-+:9%"8+-9%-+.0%$9.%6$%40L/3/.%$-%QPQ%H<%/.*!>.&/)*5*22BAD*0E2P*1BQB3RB5%(>H)*S8IJ%K-%$LL$.5%%

les patients présentent un taux bas de LT, de LB et de NK et d"anticorps. Cependant les patients 

présentent également une hyperéosinophilie sévère que nous n"avons pas observée dans nos souris. %

*

KL@)*+)*0&/$H*+>$,*@)*+#<)@%(()T)$&*+),*H>$H@/%$,*@'T(">&/G-),*)&*.L@)*+),*U1/%

Outre l"effet observé sur les populations matures en périphérie, nous avons pu constater que nos 

9+:2/9%;<=>?%@'A)BCD<%-$%1209$-."/$-.%":3:-%#"-#6/+-%68,17"./G:$5%-/%16"G:$%4$%!$8$2J%*$3/%"%0.0%

E02/L/0% 1"2% 3+6+2"./+-% ":% F6$:% KE"-9% "12W9% /-b$3./+-% 4"-9% 6$9% 1"..$9% $.% 6$9% +2$/66$9J% *$% 40L":.%

développemental pourrait s"expliquer par une absence de LTi, cellules à l"origine de l"organogénèse 

4$9%9.2:3.:2$9% 68,17+c4$95%$.% /99:$9%4:%*N!%":%-iveau médullaire. Bien qu"a:3:-%40L":.%4"-9%3$..$%

1+1:6"./+-%$-%1"2./3:6/$2% H*N!I% n"ait été observé, un blocage apparait dès l"entrée dans la lignée B 

H9."4$% 120`proB). Nous pourrions alors supposer qu"un défaut développemental pourrait aussi 

impacter l"ontogénie des ILCs, notamment en raison de l"absence de cellules NK, ,$,F2$%4$9%=N*'%$.%

/99:$9%4:%*N!J%%

K-% +:.2$5% des souris KO pour STING présentent, à l"inverse de nous et de façon cohérente, une 

fréquence augmentée d"ILC1 et (% $.% :-$% 4/,/-:./+-% 4$9% =N*S% H*"-$99+5% ST'aIJ
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%

*$1$-4"-.5%"6+29%G:$% 6$9% 3$66:6$9%>Y%1+99W4$-.% 6$:2%12+12$%12+#0-/.$:2% H1>Y5% /99:%4/2$3.$,$-.%4:%

CLP, sans intermédiaire par l�ILCP), les ILC sont issues de l�ILCP, lui`,U,$%/99:%4:%*N!%H<%/.*!>.&/)*25I*

22BCD*U),*@'T("%F'&),*/$$#,I*(>H)*VSIJ%g-%,"2G:"#$%4$%3$%12+#0-/.$:2%"/-9/%G:$%4$9%":.2$9%=N*9%9$2"/.%

à envisager afin de comprendre ce défaut développemental dans l�organogénèse des ganglions. %

J�ai commencé des%tests afin de déterminer l�âge optimal 4$9%9+:2/9%1$2,$.."-.%4$%,"2G:$2%6$9%N</5%

1:/9G:$% 6$9%#"-#6/+-9%9$%40E$6+11$-.%":%9."4$%$,F28+--"/2$%$.% L/-/99$-.% 6$:2%,".:2"./+-%G:$6G:$9%

9$,"/-$9%"12W9%6"%-"/99"-3$J%*$9%N</%-03$99/.$-.%$-%+:.2$%:-%9/#-"6%1"2./3:6/$2%1+:2%9$%40E$6+11$25%E/"%

6"%68,17+.+R/-$%"617"CF$."%HN<!'"SI, forme membranaire d�association de LTa%$.%4$%N<bJ%Y2:#6+E%$.%

3+66"F+2".$:29%+-.%$-%$LL$.%1:%,$..2$%$-%0E/4$-3$%:-$%"F9$-3$%4$%#"-#6/+-9%68,17"./G:$9%37$M%4$9%

"-/,":R%40L/3/$-.9%4"-9%6"%E+/$%4$%6"%LT!%+:%4$%6"%N<" (Y2:#6+E5%ST'(IJ%P$9%209:6.".9%1206/,/-"/2$9%4$%

PCR quantitative en temps réel semblent d�ailleurs montrer%:-e expression diminuée de la LT!%4"-9%

4$9%N<%,".:2$9%.2/09%4$%-+9%9+:2/9%;<=>?%@'A)BCD<%3+,1"20%":R%9+:2/9%D<%Ho`L+64%4$%'JTS%1+:2%6$9%

9+:2/9%D<%6/..$2,".$5%E9%TJ)%1+:2%6$9%N<%4$9%;<=>?%@'A)BCD<5%-pS%4"-9%37"G:$%#2+:1$IJ%

%

En outre, cette absence de LTi pourrait être à l"origine non seulement d"un défaut d"organogénèse 

des ganglions lymphatiques et plaques de Peyer, mais aussi d"une absence des LT CD4+ mémoires 

H3+,,$% +F9$2E0% 37$M% 6$9% 1"./$-.9% ;Q@=I% et d"une défense incomplète contre des pathogènes au 

niveau intestinal en raison d"un défaut de sécrétion des IgA.% Il n"a pas été possible de détecter des 

=#Q% 37$M% 6$9% 9+:2/9% ;<=>?% @'A)BCD<5% ^% 6"% L+/9% ":% -/E$":% 902/G:$5% ,"/9% ":99/% ":% -/E$":% /-.$9./-"65%

dosage effectuée au moyen d"un lavage intestinal%H4+--0$9%-+-%,+-.20$9IJ%%%

V25% la production d"IgA est en effet cruciale dans la défense de l"organisme contre les pathogènes 

/-.$9./-":RJ% L"IgA% 1$:.% U.2$% 4/2$3.$,$-.% 90320.0$% H9"-9% "/4$% 4$% 6"% 1"2.% 4$9% N<I% 1"2% 6$9% 3$66:6$9% Z'%

9/.:09%4"-9%6"%3"E/.0%102/.+-0"6$5%,"/9%":99/%4$%L"O+-%<`401$-4"-.$%4"-9%6$9%16"G:$9%4$%!$8$2J%K-%3"9%

d�absence de LTi (liée ou non à une absence de LT!"), l�+2#"-+#0-W9$% 4$9% 16"G:$9% 4$% !$8$2% $9.%

F6+G:0$% $.% la sécrétion d�IgA en est alors fortement impactée. Concernant la sécrétion d�IgA 

indépendante des LT, il semblerait que cette dernière soit elle aussi régulée par la LT!" $R12/,0$%1"2%

6$9%=N*9%HY2:#6+E5%ST'(IJ%%

P$% 16:95% Y2:#lov et collègues purent mettre en évidence que cette LT!" contrôlerait aussi la 

composition du microbiote, son absence impactant fortement sur la défense de l�hôte contre des 

1".7+#W-$9% /-.$9./-":R% HY2:#6+E5%ST'(IJ%K-%$LL$.5% N"-$%$.% 3+66"F+2".$:29%,/2$-.%:-$% L+/9%$-3+2$%$-%

évidence l�importance des LTi dans la défense intestinale5%G:/% 9$2"/$-.% l�origine de la formation de 

3281.+1".37$9% nécessaires à cette défense. Les cryptes de l�intestin sont les lieux de formation de 

3$66:6$9%01/.706/"6$9%-03$99"/2$9%^% 6"%320"./+-%4$% 6"%F"22/W2$% /-.$9./-"6$J% N$:2%#0-02"./+-%401$-4%4$%

signaux et notamment de l�interaction entre la chimiokine CCL20 (sé320.0$% 1"2% 6$9% 3$66:6$9%
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%

épithéliales) permettant d�attirer les LTi ($R12/,"-.%9+-%203$1.$:25%**_hIJ%!2+37$9%4$%3$9%3281.$9%9$%

9/.:$-.% 4$9% 3281.+1".37$95% 4$9% 2$#2+:1$,$-.9% 4$% 3$66:6$9% 3+,1+909% 4$% N</% $.% 4$% P*9J% *$9% N</%

peuvent sécréter de l�IL`'a% 9:/.$% ^% :-$% 9./,:6"./+-% 1"2% 6$9% P*9% "12W9% 40.$3./+-% 4$% 1".7+#W-$9%

/-.$9./-":R%HN"-$5%ST'SIJ%g-$%"F9$-3$%4$%N</%1+:22"/.%4+-3%209:6.$2%$-%:-$%40L$-9$%.2W9%",+/-42/$%4$%

l�hôte contre des pathogènes intestinaux.%

K-L/-5%Y/,%$.%3+66"F+2".$:29%,/2$-.%$-%0E/4$-3$% 6$%L"/.% G:$% 6"%,"/-.$-"-3$%4$9%N<%*P)d%,0,+/2$95%

1$2,$.."-.% :-$% 40L$-9$% "112+12/0$% 3+-.2$% 4$9% /-L$3./+-9% F"3.02/$--$95% 401$-4"/.% 4$% 9/#-":R%

,$,F2"-"/2$9%406/E209%-+.",,$-.%1"2%6$9%N</%HE/"%OX40 et CD30). Un défaut d�expression de l�OX40L 

$.%4:%*P(TN%9:2%6$9%N</%9$rait alors responsable d�une réponse immunitaire mémoire dépendante des 

LT CD4+ altérée dans la rate et l�intestin (Y/,5%STTiIJ%

De plus, il est aujourd�hui connu que la défense de l�embryon (et du nouveau né) contre des 

1".7+#ènes résulte dans la transmission de la mère à l�enfant d�IgG de haute affinité. Ce transfert de 

201+-9$%/,,:-/."/2$%,0,+/2$%$9.%2$-4:%1+99/F6$%E/"%6$9%N<%*P)d%,0,+/2$95%G:/%9$2"/$-.%"F9$-.9%$-%

3"9%4$%40L":.%4$%N</% HN"-$5%ST'SIJ% =6% 9$2"/.%"/-9/% 2"/9+--"F6$% de penser qu�en l�absence de défense 

immunitaire liée à un défaut de LB mais aussi de LT chez la mère, l�embryon serait incapable de 

9:2E/E2$J%Concernant notre modèle, je n�ai jamais réussi à obtenir de petits issus de femelles STING 

@'A)BCD<% H6$9% 1+2.0$9% -$% 12+E$-"/$-.% "6+29% G:$% 4$% ,f6$9% ;<=>?% @'A)BCD<% 32+/909% "E$3% 4$9%

femelles WT) et en conséquence, il n�a jamais été possible non plus d�obtenir d�animaux 

7+,+M8#+.$9J% =6%pourrait ne pas s�agir%4$%9.02/6/.0%4"-9% 6$%3"9%4$%-+9%9+:2/9%;<=>?%@'A)BCD<%,"/9%

d�u-%"E+2.$,$-.%%3#40!*&%impliquant alors STING dans l�embryogénèse. Q/-9/5%/6%9$2"/.%/-.02$99"-.%4$%

E02/L/$2%6$9%L+-3./+-9%+E"2/$--$9%4$9%9+:2/9%1+:2%3+-L/2,$2%+:%/-L/2,$2%3$..$%781+.7W9$J%P$%6"%,U,$%

L"O+-5%4"-9%6$%9$3+-4%,+4W6$%,$-./+--0%120304$,,$-.%H>'A(;I5%D"2-$2%$.%3+66"F+2".$:29%+-.%1:%

observer que l�homozygotie était létale dans leur modèle, et que les petits% (qu�ils soient 

7+,+M8#+.$9%+:%70.02+M8#+.$9%1+:2%6"%,:."./+-I%/99:9%4$9%L$,$66$9%;<=>?%>'A(;%-$%9:2E/E"/$-.%1"9%

^%6"%#$9."./+-J%=6%"%1"2%"/66$:29%été démontré que la signalisation de Notch, que l�on sait altérée dans 

-+.2$%,+4W6$%,:2/-5%$9.%L+2.$,$-.%/,16/G:0$%$.%-03$99"/2$%^%6"%4/LL02$-3/"./+-%4$9%j;*J%K-%$LL$.5%:-$%

9:2$R12$99/+-%4$%>=*P%4"-9%6$9%3$66:6$9%9+:37$9%$,F28+--"/2$9%,:2/-$9%3+-4:/.%^%:-$%":#,$-."./+-%

4$%6"%4/LL02$-3/"./+-%4$9%j;*9%":%3+:29%4$%6"%4/LL02$-3/"./+-%4$9%3+219%$,F28+c4$95%","9%91702/G:$9%

4$%3$66:6$9%9/,:6"-.% %3#$%0*&% 6"%#"9.2:6"./+-%G:/%1$2,$.%6"%,/9$%$-%16"3$%4$9%L$:/66$.9%$,F28+--"/2$9%

HP$%6"%?"2M"5%ST'a%q%Z:.l+5%ST'hIJ%L�on pourrait donc penser que STING, de par son action sur la voie 

Notch, entraine alors des défauts au cours de l�embryogénèse, empêchant la mise en place 4$%

l�embryon dans l�utérus et ainsi responsable d�une stérilité chez les femelles porteuses de la 

,:."./+-J
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KL@)*+-*,&.),,*+-*KW*

P$%-+,F2$:9$9%1:F6/3"./+-95%4+-.%6"%-\.2$5%+-.%1:%,$..2$%$-%0E/4$-3$5%$-%3"9%4$%#"/-%4$%L+-3./+-%4$%

;<=>?5% 4$9% 40L":.9% 16:9% /,1+2."-.9% 4"-9% 6$9% N<% 1"2% 2"11+2.9% ":R% ":.2$9% .81$9% 3$66:6"/2$9% H*$2F+-/5%

ST'a%q%N"2l/-5%ST'e%q%D"2-$25%ST'a%q%Z+:/95%ST'eIJ%%

>+:9% "E+-9% $-% $LL$.% +F9$2E0% :-$% 4/,/-:./+-% 42"9./G:$% 4$9% N<% *P)d% $.% N<% *Ped5% F$":3+:1% 16:9%

/,1+2."-.$%G:$%3$66$%+F9$2E0$%1+:2%6$9%NZJ%*$..$%4/,/-:./+-%$9.%3+22060$%"E$3%:-$%":#,$-."./+-%4$%

l�apoptose des LT ainsi qu�un défaut de prolifération. Larkin et collaborateurs ont d�ailleurs pu 

+F9$2E$25% après séquençage d�ARN, une augmentation des voies d�apoptose et de la cascade de 

9/#-"6/9"./+-%4$9%3"91"9$9%9:/.$%^%6"%9./,:6"./+-%4$%;<=>?%4"-9%6$9%N<%1"2%4:%PBoQQJ%=69%+-.%3+-36:%^%

:ne induction de la voie de l�UPR (avec importante surexpression de gènes impliqués dans l�UPR) et 

:-% 037$3% 1+:2% 3$9% 3$66:6$9% ^% 209+:42$% 6$% 9.2$99% 4:% _K% +33"9/+--0J% *$3/% 3+-4:/.% "/-9/% ^% :-$%

":#,$-."./+-%4$% 6"%,+2."6/.0%3$66:6"/2$5%$.%9$2"/.%:-$%201+-9$%9103/L/G:$%":R%N<5%$-%16:9%4$% 6"%E+/$%

3"-+-/G:$%1$2,$.."-.%4$%12+4:/2$%6$9%=k>%=%HN"2l/-5%ST'eIJ%

Il serait ainsi intéressant de s�intéresser de plus près au stress du RE, en premier lieu par cytométrie 

en flux avec marquage des membranes du RE (au moyen de l�E_% .2"3l$2I5% "L/-% 4$%E02/L/$2% 9/% 6$9% N<%

/99:9%4$%-+9%9+:2/9%;<=>?%@'A)BCD<%1209$-.$-.%:-$%$R1"-9/+-%4$%6"%."/66$%4$%3$..$%+2#"-$66$J%P"-9%

un second temps, nous pourrions vérifier l�expression des gènes de l�UPR (comme par exemple%3$:R%

3+4"-.%1+:2%=_K`1!, ATkh5%!K_Y5%oZ!'5%Z/1%$.%*jV!I%1"2%!*_%G:"-./."./E$%$-%.$,19%20$6%4"-9%4$9%N<%

.2/09J%K-%+:.2$5%:-%9.2$99%4:%_K%"%40b^%0.0%"99+3/0%^%;<=>?5%3+,,$%,03"-/9,$%4$%40L$-9$%9:/.$%^%:-$%

/-L$3./+-%1"2%4$9%F"3.02/$9%?2",dJ%*$..$%E+/$%1"99$2"/.%1"2%:-$% /-"3./E"./+-%4$% ,<V_5%2$91+-9"F6$%

alors de l"activation de l"UPR (B+2$../5% ST'aIJ% =6% $9.% /-.02$99"-.% 4$% 3+-9.".$2% G:$% 6$9% 9+:2/9% ;<=>?%

V154M/WT présentent une diminution de l"expression de Akt, à l"origine de l"activation de mTOR. Il 

est donc envisageable que l"activation% 3+-9./.:./E$% 4$% ;<=>?% 4"-9% -+.2$% ,+4W6$% 9+/.% 2$91+-9"F6$%

d"un stress important du RE, probablement non`209+6:% 3+,,$% 6$% 9:##W2$% N"2l/-% $.% 3+66"F+2".$:29%

HN"2l/-5%ST'eIJ%

KL@)*+-*T/F.%?/%&)*

Enfin, j"ai pu observer dans notre modW6$%:-$%/-L6",,"./+-%":%-/E$":%1:6,+-"/2$%$.%20-"65%F/$-%G:$%

6"% 10-0.2"-3$% 9+/.% E"2/"F6$5% 1:/9G:$% 9$:69% )Ar% $.%Sar% 4$9% "-/,":R% ;<=>?% @'A)CD<% 9+-.% .+:37095%

2$91$3./E$,$-.J%*$..$%E"2/"F/6/.0%$9.% 2$.2+:E0$%37$M% 6$9%1"./$-.9%;Q@=J% K-%$LL$.5% /6% $9.% /,1+2."-.%4$%

noter que certaines manifestations du SAVI chez l"Homme sont caractérisées par une pénétrance 

variable, puisque certains patients, en plus d"une vasculopathie, ont une atteinte pulmonaire 

associée à une inflammation chronique sévère. D"autres présentent a:% 3+-.2"/2$% :-% 170-+.81$%
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3:."-0%16:9%/,1+2."-.%"E$3%609/+-9%:6302"-.$9J%N$9%3"9%6$9%16:9%90EW2$9%3$1$-4"-.%9+-.%"99+3/09%^%4$9%

,:."./+-% 1!# 3&$&# H1"2% 2"11+2.% ":R% 3"9% L",/6/":RI% HU/-I* AO68*X* Y).)T/>"I* AO68*X* 9-$%ZI* AO67*X*

[T%'/T$/I*AO67*X**M.)T%$+I*AO6\*X*!/F>.+I*AO6\*X*E@>.])I*AO6\*X*R%$/HI*AO67IJ%

Néanmoins nous n�avons observé aucune fibrose pulmonaire ou lésion ulcérative%37$M%-+9%9+:2/9J%

Des facteurs environnementaux pourraient être à l�origine d�une telle variabilité dans notre modèle 

;<=>?%@'A)BCD<J%K-%$LL$.5%/6%"%40b^%0.0%4032/.%:-$%L+2.$%/-L6:$-3$%4:%,/32+F/+.$%9:2%6"%E+/$%;<=>?5%

G:/% 1+:22"/.% $R16/G:$2% 6$9% 4/LL02$-3$9% +F9$2E0$9% -+-% 9$:6$,$-.% "E$3% 6$9% 1"./$-.9% ;Q@=5% ,"/9% ":99/%

"E$3% 6$% 9$3+-4% ,+4W6$% ,:2/-% >'A(;% HD"2-$25% ST'aIJ% >+9% 9+:2/9% +-.% $-% $LL$.% 0.0% .2"/.0$9% 1"2%

l�antibiotique enrofloxacine, compte tenu de leur forte mortalité. Ce traitement a amélioré leur 

9:2E/$J%g-$%409+2#"-/9"./+-%4$%6"%L6+2$%3+,,$-9"6$%37$M%6$9%9+:2/9%;<=>?%@'A)BCD<%1+:22"/.%"/-9/%

/,1"3.$2% L+2.$,$-.% 9:2% 6$% 170-+.81$%+F9$2E0J% P$9%4/LL02$-3$9% 4$%,/32+F/+.$%1+:22"/$-.% $R16/G:$2%

:-$% ",06/+2"./+-% 4$% 6"% 9:2E/$% 4$% -+:9% "-/,":R5% L"E+2/90$% 1"2% 6$% .2"/.$,$-.% "-./F/+./G:$J% P$% 16:95%

-+:9%"E+-9%.2"-9L020%6"%6/#-0$%;<=>?%@'A)BCD<%4"-9%:-$%"-/,"6$2/$%"8"-.%:-%9.".:.%9"-/."/2$%16:9%

12+12$% H"-/,alerie SOPF, pour specific and opportunistic pathogen free, Orléans) que l�animalerie 

3+-E$-./+--$66$%4$%-+.2$%/-9./.:.J%P"-9%3$%-+:E$6%$-E/2+--$,$-.%;V!k5%6$9%9+:2/9%;<=>?%@'A)BCD<%

3+-9$2E$-.% 6$% 170-+.81$% ;*=P5% ,+/-9% 90EW2$% 3$1$-4"-.% H"E$3% :-$% 12+1+2./+-% $.% :-% -+,F2$% 16:9%

/,1+2."-.$% 4$% NZ% $.% 60#W2$,$-.% 16:9% 4$% N<I5% $.% 6$:2% 9:2E/$% $9.% 6"2#$,$-.% ",06/+20$5% $.% 3$3/%

.2"/.$,$-.% "-./F/+./G:$% H4+--0$9% -+-% 1:F6/0$9IJ% *$3/% 3+-9./.:$% :-% ":.2$% "2#:,$-.% $-% L"E$:2% 4$%

l�impact de l�environnement sur le phénotype SCID de9%9+:2/9%;<=>?%@'A)BCD<J 

En outre, l�importance du microbiote dans le développement et la maintenance d�un système 

/,,:-/."/2$%$LL/3"3$%"%40b^%0.0%40,+-.205%-+.",,$-.%1"23$%G:$%6$9%./99:9%4:%.2"3.:9%#"9.2+/-.$9./-"6%

3+,1.$% 16:9% 4$% 3$66:6$9% /,,:-/."/2$9% G:$% l�ensemble des tissus 68,17+c4$9% 9$3+-4"/2$9J% P$% 16:95%

3$..$% 7+,0+9."9/$% /-.$9./-"6$% $9.5% $-.2$% ":.2$95% 20#:60$% 1"2% 6$9% N<% 20#:6".$:29% HN/..,"-5% ST''%q%

k2"-l6/-5%ST'aIJ%N$9%9+:2/9%;<=>?%@'A)BCD<%1209$-."-.%:-%-+,F2$%.2W9%"F"/990%4$%N<%*P)d%H$.%4+-3%

4$% <2$#I5%+-% 1$:.% "/-9/% 1$-9$2% qu�:-% 3$236$% E/3/$:R% 9$%,$.% $-% 16"3$%X% :-$% "6.02"./+-% 4:%,/32+F/+.$%

"##2"E"-.% 6$% 170-+.81$% +F9$2E05% $.% 6$9% 3+-90G:$-3$9% 4:% ;*=P% 2$91+-9"F6$9% 4$% 6"% 489F/+9$%

/-.$9./-"6$J%

*

U/H$#)*01234*56789:;1*^*.),F-)+*_*

K-L/-5%-+:9%"E+-9%1:%2$,"2G:$2%au cours de nos recherches, qu�au moment de la redérivation de la 

6/#-0$%E$29%6"%9$3+-4$%"-/,"6$2/$%,$-./+--0$%16:9%7":.%H;V!k5%*P<Q5%V260"-9I5%:-$%":.2$%s%6/#-0$%t%"%

pu émerger. En effet, j�ai 3+-9.".0% 6+29% 4$9% 170-+.81"#$9% $LL$3.:09% 9:2% 6$9% "-/,":R% ;V!k5% G:$%
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certains d�entre eux, bien que possédant la mutation dans l�ADN génomique, présentaient un 

170-+.81$% 9/,/6"/2$% ":R% D<% 3+-.2\6$9J% *$9% 9+:2/9% HG:$% -+:9% "E+-9% "11$60$9% s%2$93:$4%tI% -$% 9+-.%

d�une part plus 9.02/6$9%1+:2%6$9%L$,$66$95%-$%1209$-.$-.%1"9%4$%;*=P5%12+4:/9$-.%4$9%"-./3+219%H=#B%

et IgG totales) et n�ont pas de signature IFN. Par séquençage, nous nous sommes rendus compte%G:$5%

bien que la mutation W154M soit présente dans l�ADN génomique,%3$66$`3/%n�était pas exprimée et 

4+-3%-+-%2$.2+:E0$% 6+29%4:%90G:$-O"#$%4$% l�ADN complémentaire. Ce phénomène%4$%20E$29/+-%4:%

170-+.81$% est intéressant puisqu�il ,+-.2$% G:$% 6$% 170-+.81$% ;*=P% $9.% 4/2$3.$,$-.% 401$-4"-.% 4$%

l�expression de la mutation V154M. De plus, il%1+:22"/.%,$..2$%$-%b$:%4$9%,03"-/9,$9%01/#0-0./G:$95%

1$2,$.."-.% :-/G:$,$-.% à l�allèle WT d�être exprimé.% Nous n�avons% 1"9% +F9$2E0% 4"-9% 6"% 20#/+-%

12+,+.2/3$% 4:% #W-$% ;./-#% d�empreinte9% 9103/L/G:$9% 4$% ,0.786"./+-J% g-$% 0.:4$% "112+L+-4/$% 9$2"/.%

-03$99"/2$%"L/-%de comprendre les mécanismes mis en jeu pour n�exprim$2%que l�allèle WT et non le 

,:.0J%

%

E%$F@-,/%$*H#$#.>@)*

Z/$-%G:$%6$%170-+.81$%4$%6"%9+:2/9%;<=>?%@'A)BCD<%-$%203"1/.:6$%1"9%3+,16W.$,$-.%6"%1".7+6+#/$%

7:,"/-$%;Q@=5%-+.2$%,+4W6$%$9.%/-.02$99"-.%"L/-%4$%3+,12$-42$%16:9%$-%40."/69%6$%2\6$%4$%;<=>?%4"-9%

6$% 40E$6+11$,$-.% 68,17+38."/2$5% 4"-9% 6"% L+-3./+-% 4$9% 68,17+38.$9% ,".:2$95% "/-9/% G:$% 4"-9% 6$%

40E$6+11$,$-.%#"-#6/+--"/2$J%Q/-9/5%3$%,+4W6$%1$:.%"/4$2%^%6"%3+,1207$-9/+-%4$9%,03"-/9,$9%,/9%

$-%b$:5%^%6"%L+/9%4"-9%6"%68,17+10-/$%+F9$2E0$%37$M%6$9%1"./$-.9%;Q@=5%,"/9%":99/%":%40E$6+11$,$-.%

de SCID chez certains d�entre eux.%*$6"%1+:22"/.%":99/%F0-0L/3/$2%^%6"%3+,1207$-9/+-%4$%1".7+6+#/$9%

de type SCID chez l�Homme, dont les mécanisme9%-$%9$2"/$-.%1"9%$-3+2$%3+--:9J%
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· !"#$%&'$%()*+*$%,'$%-./0.12324.$%5'$%!+*6*$%7'$%,*+*.$%7'$%8*/93.$%7'$%:.4*;.$%-'$%:.4*;.$%7'$%<0/0.3*$%

8'$%*=>%:#.1#$%7*%+,-'./*%0$1$2345#367%89:;'%<*=7<'>=7?%@61"1A3?%B"?%B"67$%C"2A"DE$%?$623E3#AB"E%

75@<13@7% A?% "% F"@AE5%GA1H% =AB"2IAJK361A$2$7% 75?I23@$LF"@AEA"E% BHAEDE"A?% E6<67*% 9H$6@"13E3#5% M,N%

(-OJ(->*%

· !"#$%7'$%*=>%?*4"#4$%@'-'%+,-'(/*%P51373EABJQR=J@$IA"1$IN%S8TRKJI$<$?I$?1%<23A?FE"@@"1325%#$?$%

A?I6B1A3?% ?$B$77A1"1$7% B"?3?AB"E%RUJV"<<"W% "B1AC"1A3?% 1H236#H% 8WX'*% Y362?"E%3F% CA23E3#5% >>N% M.,>J

M.('*%

· !"#$%7'$%:*4*/0.3*$%!'$%A.*$%7'$%,2==2$%:'$%,2==2$%,'$%B24*C#/$%!'$%!0=$%&'$%@9D3*=$%E'$%*=>%?*4"#4$%

@'-'%+,-'./*%S8TRK%2$B3#?A1A3?%3F%B513<E"7@AB%QR=%A?71A#"1$7%B$EE6E"2%I$F$?7$*%Z3E$B6E"2%B$EE%M-N%MJ

'M*%

· !"C*//#4$%!'$%@2C>#F1$%B'$%G*HC*4$%7'$%E#.3C.=;$%7'$%I.DD#$%@'$%520C$%('$%:2JK=#4$%,'L'$%M9>+.;$%&'$%*=>%

:24=9=;$%N'%+,-'./*%BK=S%<23I6B$7%"%,[JM[JEA?V$I%B5BEAB%IA?6BE$31AI$%7$B3?I%@$77$?#$2%1H"1%"B1AC"1$7%

S8TRK*%R"162$%(\>N%.>-J.>(*%

· !"C*//#4$%!'$%OF03.>P?94;1$%&'M'$%:#33#4C.=;$%('$%:24H*D0$%@'M'$%OF03.>D$%7'$%M*D)$%Q'$%*=>%:24=9=;$%N'%

+,-'./*% P$EE% A?12A?7AB% A@@6?A15% 7<2$"I7% 13% D571"?I$2% B$EE7% CA"% 1H$% A?1$2B$EE6E"2% 12"?7F$2% 3F% BK=Z!*%

R"162$%M-.N%M.-JM.(*%

· !>2CK//2=$% &'$% ?24;#$% <'&'$% ?46>#4$% E'$% 70#.C;**4>PB2=F0$% ,'$% !/D4*=>P@49=>/D423$% ('$% O.D=.F1*$% Q'$%

O*/*1.$%8'$%*=>%&*F2"/#=$%O'Q*%+,--'/*%]<2$#6E"1A3?%3F%UE1.%$^<2$77A3?%GA1HA?%1H$%D3?$%@"223G%_A?+J

/SB"'+`/BJVA1+`/%71$@%B$EE%B3@<"21@$?1%A7%"BB3@<"?A$I%D5%E377%3F%7$EFJ2$?$G"E%B"<"BA15*%T@@6?A15%'MN%

OM\JOO\*%

· !;9.44#$%O'$%B*#/D4#$%!'B'$%L*;=.$%O'$%L*D#C$%&'5'$%O*H*;#$%7'$%@9D3*=$%E'$%B*4.=;#4$%,'$%?#4=*CP59".2$%

E'$%O0*"3*=$%5'O'$%O.32=$%N'$%#D%*C'% +,-',/*%Q:Ra%A?HADA17%15<$%T% TUR%<23I6B1A3?% A?% A?F$B1$I%B$EE7%D5%

BE$"CA?#%H6@"?%S8TRK*%!_3S%<"1H3#$?7%>N%$'--,\.(*%

· !1*/0.$% ,'$% 74*H#4$% E'$% B.6*32D2$% 7'$% *=>%I#.//3*=$% ('M'% +,---/*% =% BE3?3#$?AB% B3@@3?%@5$E3AI%

<23#$?A132%1H"1%#AC$7%2A7$%13%"EE%@5$E3AI%EA?$"#$7*%R"162$%(-(N%'\.J'\)*%

· !1.4*$%O'$%R#3*D/9$%O'$%*=>%7*1#9F0.$%<'%+,--O/*%!"1H3#$?%2$B3#?A1A3?%"?I%A??"1$%A@@6?A15*%P$EE%',(N%

)>.J>-'*%

· !C#4/$% O'$% M2KKC#4$% !'O'$% I#//#C"24;$% O'$% *=>% OD241$% ?'% +,-',/*% 93E$% 3F% =Z!XJ@8b9J]EV'L,% A?% 1H$%

2$#6E"1A3?%3F%"613<H"#5c%B2377%1"EVN%7H321B617N%"?I%F$$ID"BV7*%Z3E$B6E"2%"?I%B$EE6E"2%DA3E3#5%.,N%,J''*%

· !CC#=$% ('G'$% B224#$% G'?'$% OF0=#.>#4$% B'$% M#.$% 8'$% E*H./$% ?','$% OF9CC$% B'!'$% @4./$% E'$% 52=#6$% ,'Q'$%

S.33#43*==$%!'@'$%?2+)*4>$%&'?'$%#D%*C*% +,-''/*%R_9;'%<231$A?%"11$?6"1$7% A?FE"@@"1325%2$7<3?7$7%

13%A?F$B1A3?%D5%A?1$2F$2A?#%GA1H%1H$%9TKJTJZ=aS%"?I%89=UOJRUJV"<<"W%7A#?"EA?#%<"1HG"57*%T@@6?A15%

.(N%>M(J>OM*%

· !CC3*=$%E'$%O*3"*=>*3$%!'$%,.3$%O'$%B.CC#4$%&'L'$%L*;*=$%!'$%I#CC$%E'$%B#4*)$%!'$%*=>%?0*=>22C*$%!'%

+,--./*% 8H5@3<3A$7A7% A?I$<$?I$?1% 3F% B3@@3?% E5@<H3AI% <23#$?A1327*% R"162$% A@@6?3E3#5% (N% 'O>J

')(*%

· !3/#=$%E'$%?C*=>#4$% &'B'$%M##$%@'5'$%7*=.;*1.$%,'$%:2=T2$%7'$%*=>%UC*H#CC$%5'!*% +,--(/*% T?7126B1A3?%3F%

IA71A?B1%PQ(%8%H$E<$2%B$EE%F"1$7%D5%IAFF$2$?1%?31BH%EA#"?I7%3?%"?1A#$?J<2$7$?1A?#%B$EE7*%P$EE%'')N%M'MJ

M,O*%

· !=*=>$%L','$%B*C.4#>>.$%5','$%M91#=/$%&'5'$%N2;#C$%L'$%?#4D.=$%&'$%M*31*=K.$%B'$%*=>%,*==#;*=D.$%7'E'%
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En annexe, vous trouverez des travaux auxquels j�ai participé en tant que co0auteurs, mais qui n�ont 
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Systemic lupus erythematosus (SLE) is a severe and heterogeneous autoimmune disease 

with a complex genetic etiology, characterized by the production of various pathogenic 

autoantibodies, which participate in end-organ damages. The majority of human SLE 

occurs in adults as a polygenic disease, and clinical  ares interspersed with silent phases 

of various lengths characterize the usual evolution of the disease in time. Trying to under-

stand the mechanism of the different phenotypic traits of the disease, and considering 

the central role of B cells in SLE, we previously performed a detailed wide analysis of gene 

expression variation in B cells from quiescent SLE patients. This analysis pointed out an 

overexpression of TRIB1. TRIB1 is a pseudokinase that has been implicated in the devel-

opment of leukemia and also metabolic disorders. It is hypothesized that Trib1 plays an 

adapter or scaffold function in signaling pathways, notably in MAPK pathways. Therefore, 

we planned to understand the functional signi�cance of TRIB1 overexpression in B cells 

in SLE. We produced a new knock-in model with B-cell-speci�c overexpression of Trib1. 

We showed that overexpression of Trib1 speci�cally in B cells does not impact B cell 

development nor induce any development of SLE symptoms in the mice. By contrast,  

Trib1 has a negative regulatory function on the production of immunoglobulins, notably 

IgG1, but also on the production of autoantibodies in an induced model. We observed 

a decrease of Erk activation in BCR-stimulated Trib1 overexpressing B cells. Finally, we 

searched for Trib1 partners in B cells by proteomic analysis in order to explore the regu-

latory function of Trib1 in B cells. Interestingly, we �nd an interaction between Trib1 and 

CD72, a negative regulator of B cells whose de�ciency in mice leads to the development 

of autoimmunity. In conclusion, the overexpression of Trib1 could be one of the molecular 

pathways implicated in the negative regulation of B cells during SLE.

Keywords: lupus, B cells, Trib1, mouse model, Ig secretion, negative regulator
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a severe and heterogeneous 
systemic autoimmune disease, mostly a�ecting women. Patients 
produce various pathogenic autoantibodies such as antinuclear 
antibodies (anti double-stranded DNA, anti-chromatin…), which 
participate in end-organ damages by a variety of mechanisms, 
notably via immune complex-mediated in ammation leading to 
glomerulonephritis and vasculitis, for example. !e majority of 
human SLE occurs in adult and the usual evolution of the disease 
in time is characterized by clinical  ares interspersed with silent 
phases of various lengths (1, 2). To date, we have no molecular 
explanation to the establishment and the maintenance of these 
clinically silent phases.

Several lines of evidence indicate that B cells are essential to the 
disease process and could present intrinsic abnormalities (3, 4): 
(1) B cells produce the autoantibodies; (2) in murine spontaneous 
models of SLE, B cells are activated before the disease onset, and 
in humans, autoantibodies are detectable long before the #rst 
symptoms (5); (3) murine models of SLE mice devoid of mature 

B cells no longer develop lupus phenotype (6); (4) it seems that 
the important role of B cells in lupus could also implicate their 
function of antigen presentation to CD4 T cells, and/or cytokine 
secretion (7). Intrinsic B cell abnormalities are illustrated by the 
fact that (NZBXNZW)F1 B-lineage cells present an enhanced 
in vitro responsiveness to accessory cell-derived signals (8). Most 
importantly, the disease can be transferred in mice by B  cells: 
immunode#cient SCID mice populated with pre-B  cells from 
(NZBXNZW)F1 mice, but not those populated with pre-B cells 
from non-autoimmune mice, develop many of the autoimmune 
symptoms present in (NZBXNZW)F1 mice, suggesting that 
genetic defects responsible for the development of SLE disease in 
(NZBXNZW)F1 mice are intrinsic to their B cells (9).

Considering the central role of B cells in SLE, in a previous 
work, we performed a genome-wide transcriptome analysis of 
B cells in lupus patients using microarrays, focusing on the remis-
sion phase of the disease, in order to avoid gene expression vari-
ations linked to B cell activation which accompanies lupus  ares 
(10). We notably identi#ed an underexpression of CARABIN, and 
then de#ned Carabin as a new regulator of B  cell function by 
functional genomics in new transgenic mouse models (11). In 
addition, we described an overexpression of FKBP11, which leads 
in mice to B cell tolerance breakdown and initiates plasma cell 
di�erentiation, two features of lupus B cells (12).

Our transcriptome analysis also pointed out an overexpres- 
sion of TRIB1 in B cells in quiescent SLE patients. Trib1 belongs to 
the tribbles family of proteins. !e tribbles gene was #rst identi#ed 
in Drosophila (13). In mammals, tribbles family of proteins is com-
posed of three members: Trib1, Trib2, and Trib3, all pseudokina- 
ses, whose amino acids sequence is very highly conserved between 
human and mice. Despite high degrees of similarity between 
human tribbles protein sequences, Trib1, Trib2, and Trib3 show 
distinct patterns of expression in human tissues and cellular func-
tions, and are linked to di�erent diseases. Trib1 has been notably 

linked to the development of human myeloid leukemia and to the 
negative regulation of lipid metabolism and the development of 
metabolic disorders (14, 15). It is hypothesized that tribbles play 

an adapter or sca�old function in signaling pathways, notably in 
MAPKs pathways (13, 16). Indeed, Trib1 interacts with MEK-1 
(upstream activator of ERK) and MKK4 (upstream activator 
of JNK). Overexpression of Trib1 in HeLa and in murine bone 
marrow (BM) cells enhances the extent and rate of ERK phos-
phorylation (17, 18) and inhibits AP1 activity, leading notably to 
a repression of IL8 promoter (17). But it seems that the expression 
of tribbles is regulated in a cell-dependent manner, thus contrib-
uting to the cell-type speci#city of MAPK responses (14). Trib1, 
as the other tribbles proteins, targets protein substrates to the 
proteasome and controls their E3 ligase-dependent ubiquitina-
tion (16). Trib1 is a serine/threonine pseudokinase containing a 
N-terminal PEST domain, and a central pseudokinase domain, 
which could position and regulate potential substrates targeting 
for ubiquitination. !e C-terminal domain of Trib1 contains a 
MAPKK/MEK regulatory motif, which was shown to bind to 

MEK1 in some cell types, and an ubiquitin E3 ligase-targeting 
motif, which binds to COP1 (16). Trib1 is highly expressed in 
BM, peripheral blood leukocytes (with the highest expression in 
the myeloid compartment), thyroid gland, and pancreas (16, 17).  

In immune system, Trib1 is known to be critical for the develop-
ment of M2 macrophages (19) and to interact with Foxp3 in regu-
latory T cells (20). However, its role in B cells is totally unknown.

A$er having con#rmed TRIB1 overexpression in B cells in an 
additional cohort group of quiescent SLE patients, we planned to 
understand the functional signi#cance of TRIB1 overexpression in 
B cells in human SLE. For this purpose, we generated a new knock-in 
(KI) model with B-cell-speci#c overexpression of Trib1. We showed 
that overexpression of Trib1 speci#cally in B cells does not impact 
B cell development nor induce any development of SLE symptoms 

in the mice. By contrast, Trib1 has a negative regulatory function on 
production of immunoglobulins, notably IgG1, but also on the pro-
duction of autoantibodies. Finally, we searched for Trib1 partners in 
B cells by proteomic analysis in order to decipher the mechanisms 
of regulatory function of Trib1 in B cells. We notably described for 
the #rst time in B cells the interaction between Trib1 and COP1, 
and with CD72, a negative regulator of B cells whose de#ciency in 
mice leads to the development of autoimmunity. In conclusion, the 
overexpression of Trib1 could be one of the molecular pathways 
implicated in the negative regulation of B cells during SLE.

MATERIALS AND METHODS

Patients

!e #rst cohort comprised 17 patients and 9 age- and sex-matched 
healthy controls. SLE patients ful#lling at least four diagnostic 
criteria according to the American College of Rheumatology (21) 
were prospectively included, provided that they were in a quiescent 
phase of the disease (with a SLEDAI score less than 4) and were 
receiving minimal treatment [no immunosuppressive drugs and 
less than 10 mg of prednisone per day if they needed steroids  
(4 patients)]. 10 patients were treated with hydroxychloroquine. 
Puri#ed CD19+ B cells from 17 patients blood sample (“cohort 1”)  
and 9 age- and sex-matched controls were subjected to a pan-
genomic transcriptome analysis (A�ymetrix GeneChip human 
genome U133 plus 2.0) (10). For the second cohort of patients 
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(“cohort 2”), 4 quiescent patients (3 females and 1 male) aging from 
25 to 32 years old with the diagnosis of SLE were selected. Only 
patients with no treatment, or hydroxychloroquine, or steroids less 
than 20 mg per day and without immunosuppressive treatments 
in the previous 6 months, at the time of diagnosis, were included. 
Patients were compared to healthy age- and sex-matched individu-
als. Mature naive B cells (CD3−CD19+CD27−IgM+CD24lowCD38low)  
were sorted (FACSAria II, BD Biosciences) and cell viability was 
assessed with DAPI (Sigma-Aldrich), before extraction of RNA for 
quantitative real-time RT-PCR analysis.
 is study was approved by the ethics committee of the 

“Hôpitaux Universitaires de Strasbourg” and patients gave their 
written informed consent.

Mice
Total RNA was extracted from C57BL/6 total splenocytes using 
RNeasy Kit (Qiagen). cDNA synthesis was done using High 
Capacity Reverse Transcription Kit (Applied Biosystems).  e  
coding sequence of mTrib1 (1118 pb, NM144549.4) was ampli-
!ed from cDNA using the following primers: Forward 5′-AT 

GCGGGTCGGTCCCGTGCG-3′ and Reverse 5′-CTAGC 
AGAAGAAGGAACTTATGTCACTG-3′.  e PCR conditions 
were as follows: 94°C for 5 min; 35 cycles at 94°C for 30 s, 58°C for 
30 s, and 72°C for 1 min.  e PCR product was !rstly cloned in  
the pCR2.1 TA cloning vector (Invitrogen) then two Asc1 
restriction sites were added by PCR using the following prim-
ers: Forward 5′AAGGCGCGCCGCGCAGATCCAGGGATT 

TACAAAGCCGGGGCCGCTCCGGCCAGGGCCGCGATGC 
GGGTCGGTCCC-3′ and Reverse 5′-AAAGGCGCGCCCTAGC 
AGAAGAAGGA-3′.  e PCR conditions were as follows: 94°C 
for 5 min; 30 cycles at 94°C for 30  s, 60°C for 30  s, and 72°C 
for 45  s. A"er a digestion step with AscI (Biolabs), the PCR 
product was cloned into the CTV Vector (Addgene) (22, 23).  e 
Trib1-ROSA KI mutant mouse line was established at the MCI/
ICS (Mouse Clinical Institute—Institut Clinique de la Souris, 
Illkirch, France1).  e linearized construct was electroporated 
in C57BL/6N mouse embryonic stem (ES) cells (ICS proprietary 
line). A"er G418 selection, targeted clones were identi!ed by 
long-range PCR and further con!rmed by Southern blot with an 
internal (Neo) probe and a 5′ external probe. Two positive ES 
clones were validated by karyotype spreading and microinjected 
into BALB/C blastocysts. Resulting male chimeras were bred 
with wild-type C57BL/6N females. Germline transmission was 
achieved in the !rst litter.  e presence of the transgene in the 
mice was assessed by a PCR performed on tail DNA, using the fol-
lowing primers: Forward 5′-ACGACCAAGTGACAGCAATG-3′ 
and Reverse 5′-CTCGACCAGTTTAGTTACCC-3′. Trib1-
ROSA Mb1Cre mice were obtained by crossing Trib1-ROSA 
KI mice with Mb1Cre Mice (24) that will allow Trib1 over-
expression speci!cally in B  cells from the pro-B  cell stage. 
 e presence of the Mb1Cre transgene was assessed by a PCR 
performed on tail DNA, using the following primers: Forward 
5′ ACCTCTGATGAAGTCAGGAAGAAC-3′ and Reverse 
5′-GCAGATGTCCTTCACTCTGATTCT-3′. All animal 

1 http://www.ics-mci.fr/en/.

experiments were performed with the approval of the “Direction 
départementale des services vétérinaires” (Strasbourg, France) and 
protocols were approved by the ethics committee (“Comité d’éthique 
en matière d’Experimentation Animale de Strasbourg,” CREMEAS, 
approval number AL/02/15/09/11 and AL/31/38/02/13).

Quantitative Real-time RT-PCR Analysis
RNA was prepared with RNeasy Kit (Qiagen) and cDNA 
was obtained with High Capacity Reverse Transcription Kit 
(Applied Biosystems). For RNA isolated from patients’ cells, 
a preampli!cation of 10  ng of cDNA was performed, with 
TaqMan® PreAmp Master Mix Kit (Applied Biosystems) on 
a T100™  ermal cycler (Biorad). Quantitative real-time 
PCR was performed on 10 ng cDNA using Taqman Universal 
Mastermix (Applied Biosystems) and Assays-on-Demand 
probes (Applied Biosystems) (Hprt1: Mm01318743_m1, 
Trib1: Mm00457875_m1, Pax5: Mm00435501_m1, 
Blimp1: Mm01187285_m1, total Xbp1: Mm00457357_m1, 
Bach2: Mm00464379_m1, Bcl-6: Mm00477633_m1, Irf4: 

Mm00516431_m1, Aicda: Mm00507771_m1, HPRT1: 
Hs01003267_m1, ACTB: Hs99999903_m1, GAPDH: 
Hs99999905_m1, TRIB1: Hs00179769_m1). Each sample was 
ampli!ed in triplicate in a StepOnePlus real-time PCR machine 
(Applied Biosystems). Relative expression levels were calculated 
with the StepOne v2.1 so"ware (Applied Biosystems), using the 
comparative cycle threshold method, and normalized to the 
endogenous control Hprt1, Gapdh and/or Beta-actin.

Flow Cytometry Analysis
Analyses of GFP expression, of cell phenotype, and class-switch 
recombination were performed on splenic, lymph nodes (LNs), 
thymic, and BM lymphoid populations by four-color #uorescence 
analysis according to standard protocols.  e following antibodies 
were used: PE, PerCP, Cy5 or APC anti-mouse B220, CD3, CD4, 
CD8, CD19, CD21, CD23, CD5, CD86, I-A/I-E, CD44, IgM, IgG1, 
IgG3, and CD138 (all from BD Biosciences). Propidium iodide 
was used for discrimination of live and dead cells. For prolifera-
tion analysis, cells were permeabilized a"er extracellular staining 
and !xed with the cyto!x/cytoperm permeabilization kit (BD 
Biosciences), then stained with the PerCP Cy5.5 anti-Ki67 antibody 
(BD Biosciences). For intracellular IgG1 staining, membrane B220 
staining was performed along with a saturation step using goat anti-
mouse IgG (5 µg/mL, Jackson Immunoresearch) for 30 min at 4°C. 
A"er a washing step, cells were !xed with 100 µL of !xation bu$er 
from Fixation/Permeabilization kit (eBioscience) during 20 min 
at room temperature, in the dark. Cells were then permeabilized 
with the permeabilization bu$er from Fixation/Permeabilization 
kit (eBioscience) and incubated for 30 min at room temperature 
in the dark with anti-mouse IgG1 (PE, Southern Biotech) and 
washed before acquisition by a cytometer. For all stainings, cells 
were analyzed using the FACS Calibur (BD Biosciences).  e data 
were analyzed with FlowJo so"ware (Treestar).

Mice Immunization
3-month-old mice were injected intraperitoneally at days 0, 7, and 14 
with, respectively, 50, 25, and 25 µg of LPS from S. typhimurium  
(Sigma) diluted in PBS; at days 0, 10, and 20 with 100  µg of 
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Ovalbumin (OVA) (Sigma) associated with 250 µg of alum hydrox-
ide; or at days 0 and 23 with, respectively, 100 and 10 µg of NP-KLH 
(Biosearch technology) associated with 250 µg of alum hydroxide.

Antibody Detection by ELISA
Total IgG, IgG1, IgG2b, IgG3, or IgM levels were measured in 
serum from 3- or 6-month-old mice, and in supernatant a�er 
3 days of stimulation, as previously described (12). Anti-dsDNA 
autoantibodies were measured as previously described (12). 
Anti-OVA and anti-NP-speci!c antibodies were measured as 
previously described (11).

Cell Preparation and Culture
To evaluate Trib1 overexpression within the di"erent cell compart-
ments, splenic mature CD43− B cells, CD43+ splenocytes and splenic 
T cells were puri!ed, using B-cell isolation kit (anti-CD43 (Ly-48) 
microbeads, Miltenyi Biotech) and Dynabeads Untouched Mouse 
T cells kit (Invitrogen) according to the supplier’s protocols. To study 
the activation of splenic mature B cells in vitro, total splenocytes were 
plated at 1.106 cells/ml in a culture medium composed of RPMI-1640 

(Lonza) containing 10% (v/v) FCS (PAN), 50 mM β-Mercaptoethanol 
(Gibco), 1% Penicillin/Streptomycin (Gibco), 10  mM HEPES 
(Lonza), and 1 mM Sodium Pyruvate (Lonza). Cells were stimulated 
with a combination of LPS (10 µg/mL, Sigma) and IL-4 (10 ng/mL, 
Sigma), or a combination of IL-4 (5 ng/mL, Sigma), IL-21 (10 ng/mL, 
Sigma), and anti-CD40 (10 µg/mL, BD Biosciences), or with agonists 
of TLR1/2 (250 ng/mL, PAM3CSK4, Invivogen), or TLR7 (1 µg/mL, 
Imiquimod, Invivogen) or TLR9 (5 µM, ODN2395, Invivogen). In 
some experiments, puri!ed splenic mature B  cells (CD43−) were 
plated at 1.106 cells/ml and were stimulated for 3 or 4 days with a 
combination of LPS (10 µg/mL, Sigma) and IL-4 (10 ng/mL, Sigma) 
or with LPS only (10 µg/mL, Sigma) using the same culture medium 
described above for total splenic cells. For the analysis of IgG secretion 
a�er blockade of protein transport, GolgiStop™ (BD Biosciences), 
containing monensin, was added in the appropriate wells directly 
into the medium (!nal dilution of GolgiStop™: 1:1,000), 8 h before 
the acquisition with the cytometer.

To evaluate the activation of signaling pathways by immu-
noblot analysis, splenic sorted mature B  cells were stimulated 
with F(ab′)2 goat anti-mouse IgM antibody at 10 µg/mL (Jackson 
Immunoresearch).

Trib1-Flag Expression
Flag-tagged Trib1 and Flag-tagged GFP (negative control) were 
cloned using standard molecular biology into the pMX-PIE 
and the pQCXIP retroviral vectors respectively, then were used 
to establish stably expressing CH12F3 (CH12) cell lines (25) as 
described previously (26, 27).

Immunoblot Analysis
Immunoprecipitation (IP) products or protein extracts were 
loaded on a bisacrylamide gel. Primary antibodies and dilutions 
were as follows: rabbit anti-phospho Erk (Cell signaling, 1:1,000), 
rabbit anti-Total Erk (Cell signaling, 1:1,000), anti-phospho Syk 
(Cell signaling, 1:500), anti-Total Syk (Cell signaling, 1:1,000), 
mouse anti-phospho IkB (Cell signaling, 1:1,000), rabbit anti-
Total IkB (Cell signaling, 1:1,000), mouse anti-Flag-M2 (Sigma, 

1/1,000 or 1:20,000), anti-COP1 (Bethyl, 1:1,000), anti-CD72 
(Santa Cruz Biotechnology, 1:1,000). #e secondary antibod-
ies and dilution were as follows: donkey anti-rabbit IgG (GE 
Healthcare, 1:10,000), mouse anti-rabbit light chain (Abcam, 
1:20,000). #e ratio phospho-p42/Total-p42 for one sample cor-
responds with the ratio between the values of phospho-Erk and 
total-Erk band density for that sample. #e density of each band 
was measured with ImageJ so�ware.

Anti-Flag IP and Mass Spectrometry 

Analysis
Cytoplasmic extracts from CH12-Trib1 and control cell lines 
were prepared using standard techniques. 20  mg of clari!ed 
extracts was taken into IP bu"er [IP-300: 20  mM Tris, pH 7.9, 
20% glycerol, 300  mM KCl, 0.125  mM EGTA, 0.25  mM EDTA, 
1  mM DTT, 0.5  mM PMSF, 1× protease inhibitor cocktail  
(Roche), 100  U/ml Benzonase (EMD), 0.025% NP-40], and 
precleared with protein G-agarose beads and mouse IgG (GE 
Healthcare) for 1 h at 4°C. 40 µL of Flag M2 agarose beads were 
added (50% slurry; Sigma-Aldrich) and incubated overnight at 
4°C. Proteins were eluted three times with 40 µL of Flag peptide  
(0.2  mg/mL; 30  min at 4°C). Eluted proteins were submitted to 
identi!cation by mass spectrometry as previously described (27). 
Proteomics data are available in Table S2 in Supplementary Material.

Statistical Analysis
Statistical signi!cance was calculated with a two-tailed Mann and 
Whitney test using Prism so�ware (GraphPad). All data were 
presented as mean ± SD.

RESULTS

Overexpression of TRIB1 in B Cells  

in SLE Patients
We previously analyzed a pangenomic transcriptome of puri-
!ed CD19+ peripheral B  cells in patients with inactive SLE in 
comparison to B cells from age- and sex-matched controls (10).  
We pointed out a 2.8-times overexpression of TRIB1 in all patients 
(p = 0.049) (Figure 1A). #e overexpression of TRIB1 was much 
higher (mean of 5.6-fold over healthy controls) in a subgroup of 
!ve patients (Figure 1A) displaying a similar and distinct gene 
expression pattern with many genes implicated in the unfolded 
protein response. #is subgroup of !ve patients was not di"erent 
from the other patients of the same cohort (cohort 1), consid-
ering their clinical or phenotypical characteristics (10). TRIB1 
overexpression was validated by quantitative real-time RT-PCR 
in a second cohort of SLE patients versus controls (Figure 1B).

Generation of B Cell-Speci�c Trib1 KI 

Conditional Mice
As the role of Trib1 in B cells and in autoimmunity has never 
been described, we decided to investigate in detail the possible 

role of TRIB1 overexpression in B cell function and in the pro-
motion of SLE. #erefore, we developed a functional genomic 
study in mice, by the generation of B  cell-speci!c Trib1 KI 
conditional mice. We inserted the coding sequence for murine 



FIGURE 1 | TRIB1 is overexpressed in B cells from quiescent systemic lupus erythematosus (SLE) patients. (A) TRIB1 mRNA expression levels in transcriptome 

analysis of puri ed mature B cells from 17 SLE quiescent patients (light gray) and from a subgroup of 5 patients (dark gray) compared to 9 age- and sex-matched 

healthy donors (HD). X-fold represents the 2exp(Pi-Tmean) value for the patients, where Pi is the value of the TRIB1 probe set signal for a given patient, and T mean the 

mean value of signals for the same probe set for the HD (Tmean = 8.005). (B) Quantitative real-time RT-PCR analysis of TRIB1 mRNA expression performed on 

puri ed B cells from HDs (n = 4) and quiescent SLE patients (n = 4). Relative expression levels were calculated with the comparative Ct method using the mean of 

the Ct between HPRT1, ACTB, and GAPDH for normalization. Each bar represents the level of TRIB1 mRNA relative to HD controls (Error bars, SD; *p < 0.05, 

***p < 0.001, Mann and Whitney test).
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trib1, preceded by the synthetic CAG promoter and a loxP-
�anked Neo-STOP cassette, into the ubiquitously expressed 
ROSA26 locus in the genome of C57BL/6 mice. We used the 
CTV vector designed by Xiao et al. in Rajewsky’s lab (22). A 
frt-�anked IRES-EGFP cassette, which is placed between the 
cloning site for trib1 insertion and the polyadenylation signal 
(pA), allows the detection of cells in which excision of Neo-
STOP cassette has been e cient and, therefore, constitutes a 
good reporter for Trib1 overexpression (Figure 2A). !e mice 
obtained by this strategy were named Trib1-ROSA mice. !ese 
Trib1-ROSA mice were used as controls in all experiments. 
!en, we developed a B cell-speci#c Trib1 KI model, by cross-
ing Trib1-ROSA mice with Mb1 Cre animals. !e mb-1 gene 
encodes the BCR Ig-α subunit (CD79a), and is expressed from 
the very early pro-B cell stage in BM (24). !e mice, overex-
pressing Trib1 speci#cally in B  cell lineage, will be therea$er 
named Trib1-ROSA Mb1Cre.

We #rst evaluated the speci#city of trib1 overexpression in 
B  cells in Trib1-ROSA Mb1Cre mice. We detected a six-times 
overexpression of Trib1 mRNA in sorted splenic mature B cells in 
Trib1-ROSA Mb1Cre mice, compared to control mice, by quan-
titative real-time RT-PCR. !e overexpression was not seen in the 
rest of splenic cells, neither in sorted splenic T cells (Figure 2B). 

We also analyzed the expression of GFP, reporter for Trib1 
overexpression, in di%erent lymphoid organs by �ow cytometry. 
!e average percentage of GFP+ cells was very high in B220+IgM+ 
B cells in spleen and LNs of Trib1-ROSA Mb1Cre mice (98.0 and 
95.0%, respectively), compared to control mice (1.4 and 2.3%, 
respectively), with almost no GFP expression in splenic CD3+ 
T cells (5.8 and 3.5% in Trib1-ROSA Mb1Cre and control mice, 
respectively) (Figures 2C,D). !ese results show that the dele-
tion of the STOP cassette was very e cient and speci#c of the 
B cell lineage in Trib1-ROSA Mb1Cre mice. Finally, about 70% 
of BM B220+ cells express GFP, compared to about 1% in control 
mice (Figures 2C,D). !is could be explained in part by the fact 
that, during B cell development in BM, B220 is expressed earlier  

(at Hardy’s fraction A, i.e., pre-proB stage) than Ig-α (Hardy’s 
fraction B, i.e., proB cell stage) (28). In conclusion, as expected 
with the Mb1Cre model, Trib1 is speci#cally overexpressed in 
B cell lineage in Trib1-ROSA Mb1Cre mice.

B Cell Phenotype in Mice Overexpressing 

Trib1 in B Cells
We next assessed the development of B  cells in primary and 
secondary lymphoid organs in Trib1-ROSA Mb1Cre mice, by 
�ow cytometry analysis. !e proportions of the di%erent subsets 
of B cells in BM, spleen, and LNs were not di%erent between 
Trib1-ROSA Mb1Cre and Trib1-ROSA control mice, showing 
that Trib1 overexpression in B cells does not have any impact on 
their development (Table 1). We detected in the spleen and LNs 
two distinct populations of GFP positive B cells in Trib1-ROSA 
Mb1Cre mice (Figure 2D). However, the proportions of MZ, 
T1, T2, and follicular B cells were not di%erent between splenic 
GFP+ and GFPhigh populations. Of note, as expected, Trib1 
overexpression in B cells did not impact neither T cell develop-
ment (Table S1 in Supplementary Material), nor the expression 
of activation markers CD44 and CD69 a$er stimulation with 
anti-CD3 and anti-CD28 antibodies for 72 h in vitro (data not 
shown). Because SLE is o$en associated with B  cell hyper- 
activity (2), we analyzed the expression of activation markers 
(CD86, MHC II, CD44) on B cells in spleen and LNs. !e results 
showed that Trib1 overexpression in B cells does not increase 
basal activation of B cells in secondary lymphoid organs (Figure 
S1 in Supplementary Material). In addition, the expression of 
CD86 expression on splenic B cells was not di%erent between 
Trib1-ROSA Mb1Cre and Trib1-ROSA mice, a$er in vitro stim-
ulation with various TLR agonists (Figure S2 in Supplementary 
Material).

A majority of SLE patients and lupus murine models develop 
a hypergammaglobulinemia (2, 29). !e level of serum IgM was 
comparable between the two groups of mice, and the levels of 
IgG was even decreased in Trib1-ROSA Mb1Cre mice compared 



FIGURE 2 | Generation of Trib1-ROSA mice and validation of Trib1 overexpression and GFP expression in Trib1-ROSA Mb1Cre mice. (A) Simpli�ed representation 

of Trib1-ROSA construct. (B) Quantitative real-time RT-PCR analysis of Trib1 mRNA expression performed on sorted splenic CD43− mature B cells (n = 9), splenic 

CD43+ cells (n = 9) and splenic T cells (n = 3), from 3-month-old Trib1-ROSA and Trib1-ROSA Mb1Cre mice. Each sample was normalized to the endogenous 

control Hprt1. Each bar represents the level of Trib1 mRNA relative to control mice. (C) Percentages of GFP+ cells analyzed by !ow cytometry (D) within B cell or 

T cell compartment from spleen [B220+IgM+ B cells (n = 9), CD3+ T cells (n = 4)], LN [B220+IgM+ B cells (n = 9)], and BM [B220+ B cells (n = 9)] of Trib1-ROSA and 

Trib1-ROSA Mb1Cre mice (Error bars, SD; ***p < 0.001, Mann and Whitney test).
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to Trib1-ROSA mice, although the di�erence was not statistically 
signi cant (Figure  3A). When IgG subclasses were quanti ed 
in serum, we noticed that the most decreased IgG subclass was 
IgG1 (186 µg/mL in Trib1-ROSA Mb1Cre versus 263.5 µg/mL 
in control mice) (Figure 3A). "e production of antigen-speci c 
antibodies was decreased a#er immunization with a T-dependent 

antigen (OVA) in Trib1-ROSA Mb1Cre mice compared to  
control mice, at day 20 for IgM and at day 30 for IgM and IgG, 
and the decrease was statistically signi cant for IgM (Figure 3B).

In conclusion, Trib1 overexpression in B cells does not have 
any impact on the development of B cells, nor on their activation 

status, but seems to have a slight negative impact on immuno-
globulin production.

B-Cell-Speci�c Trib1 Overexpressing Mice 

Do Not Develop Any Sign of Lupus
Trib1-ROSA Mb1Cre mice were analyzed to evaluate the 
development of lupus symptoms. "ey do not develop any 
proteinuria, even at old age (18 months) (data not shown). We 
quanti ed the basal level of serum anti-dsDNA IgM autoantibod-
ies, one of the hallmarks of SLE disease, by ELISA. At a young age  
(3-month-old), Trib1-ROSA Mb1Cre and Trib1-ROSA produce 



TABLE 1 | Flow cytometry analysis of B cell subsets from bone marrow (BM), 

spleen, and lymph nodes (LN) does not show any defect in B-cell development 

and differentiation in Trib1-ROSA Mb1Cre mice.

Trib1-ROSA

(n = 9)

Trib1-ROSA Mb1Cre

(n = 9)

BM

Pro-pre B 8.3 ± 2.2% 8.0 ± 2.9%

Immature 1.9 ± 1.0% 1.7 ± 0.7%

Transitional 1.4 ± 0.7% 0.8 ± 0.4%

Mature 1.8 ± 1.0% 1.5 ± 0.6%

Spleen

Total cellularity 66.6 106 ± 2.0.107 60.7 106 ± 1.9.107

Total splenic B cells 39.2 ± 12.7% 46.0 ± 10.3%

25.4 106 ± 10.1 106 28.2 106 ± 12.0 106

Fo 29.9 ± 11.2% 34.1 ± 5.1%

17.1 106 ± 6.0 106 20.6 106 ± 6.8 106

MZ 1.3 ± 0.5% 2.5 ± 2.5%

0.9 106 ± 0.6 106 1.8 106 ± 2.4 106

T1 10.8 ± 4.1% 10.3 ± 1.8%

6.4 106 ± 2.1 106 6.4 106 ± 2.8 106

T2 7.3 ± 2.9% 6.4 ± 1.8%

4.2 106 ± 1.9 106 3.9 106 ± 1.8 106

PB 1.1 ± 1.0% 1.1 ± 1.0%

0.74 106 ± 0.68 106 0.67 106 ± 0.68 106

B1 cells 0.8 ± 0.7% 0.7 ± 0.4%

0.43 106 ± 0.37 106 0.9 106 ± 0.8 106

LN

Total cellularity 6.3 106 ± 4.2 106 5.1 106 ± 3.0 106

Total LN B cells 28.1 ± 11.4% 28.0 ± 4.0%

2.2 106 ± 1.8 106 1.5 106 ± 1.1 106

PB 1.7 ± 0.7% 1.9 ± 0.3%

0.09 106 ± 0.06 106 0.11 106 ± 0.05 106

BM: Pro-Pre B (B220+IgM−); Immature (B220intIgM+); Transitional (B220intIgMhigh); 

Mature (B220highIgM+). Spleen/LN: Fo: Follicular (B220+IgM+CD23+CD21low); 

MZ: Marginal Zone (B220+IgM+CD23−CD21high); T1: Transitional 1 

(B220+IgM+CD23−CD21−); T2: Transitional 2 (B220+IgM+CD23+CD21high);  

PB: Plasmablast (B220+CD138low); B1 cells (CD19+B220+CD5+).

italic: absolute numbers.
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the same amount of anti-dsDNA IgM, whereas at 6 months, 

Trib1-ROSA Mb1Cre mice produce even less autoantibodies than 
control mice (Figure 4A). At 3 months, as mice from C57BL/6 
genetic background do not produce high titers of autoantibodies, 
we boosted the production of anti-dsDNA autoantibodies by an 
injection of LPS.  e injection of LPS mimics a bacterial infection 
and induces a polyclonal activation of B cells, including autoreac-
tive B cells producing natural autoantibodies. LPS from Salmonella 
typhimurium was chosen because it was shown to induce a high 
production of anti-DNA antibodies in young C57BL/6 and in 
(NZB × NZW)F1 mice (30). Mice were injected at days 0, 14, 
and 28, and the production of anti-dsDNA IgM was quanti!ed 
at day 28 by ELISA.  e injection of LPS induced an increase 
of anti-dsDNA IgM production both in Trib1-ROSA Mb1Cre 
and in Trib1-ROSA control mice compared to PBS-injected mice 
(Figure 4B). However, B-cell-speci!c Trib1 overexpressing mice 
produce less anti-dsDNA IgM than control mice, and the di"er-
ence was statistically signi!cant. In conclusion, the overexpression 
of Trib1 in B cells does not induce the development of SLE. On 
the contrary, it could have a regulatory function on anti-dsDNA 
antibody production, considering the results obtained in vivo in 
an induced model of autoantibody production.

Trib1 Overexpression in B Cells Negatively 

Regulates Ig Production
In order to better understand the impact of Trib1 overexpression 
on Ig (and notably IgG1) production, we stimulated total spleno-
cytes and splenic sorted B cells with various stimuli, including a 
combination of LPS and IL-4, known to induce the class-switching 
of B cells into IgG1-producing cells, and with several TLR ago-
nists (TLR7, TLR9, and TLR1/2) known to play a role in lupus 
physiopathology in both lupus mouse models and patients (31). 
We stimulated total splenocytes from Trib1-ROSA Mb1Cre and 
Trib1-ROSA control mice during 72  h with TLR agonists or 
with a combination of LPS and IL-4 and quanti!ed the produc-
tion of total IgG and IgG1 in supernatants by ELISA. All tested 
stimuli induced a decrease of IgG and IgG1 secretion in culture 
supernatants from Trib1-ROSA Mb1Cre splenocytes, compared 
to Trib1-ROSA splenocytes.  e decrease in IgG production was 
notably statistically signi!cant a#er TLR1/2 and TLR7 agonists 
stimulation (Figures 5A,B).  e stimulation of total splenocytes 
with LPS (TLR4 agonist) alone led to a non-statistically signi!cant 
decrease of IgG secretion in Trib1-ROSA Mb1Cre mice, compared 
to Trib1-ROSA mice (data not shown), however, LPS in combina-
tion with IL-4 induced a statistically signi!cant decrease of both 
IgG and IgG1 secretion (Figures 5A,B). In both cases, IgM secre-
tion was not a"ected (data not shown). Importantly, this defect of  
IgG/IgG1 secretion was intrinsic to B cells, because the stimulation 
of sorted splenic mature B cells only, with LPS and IL-4, led also 
to a decrease of IgG1 production (Figure 5C). We also tested a 
stimulation protocol that better mimics T cell help: the stimulation 
of total splenocytes with anti-CD40, IL-4, and IL-21 induced a 
non-statistically signi!cant decrease of IgG secretion in Trib1-
ROSA Mb1Cre mice, compared to Trib1-ROSA mice (Figure 5D), 
and IgM secretion was marginally a"ected (data not shown).
 en we analyzed the potential mechanisms leading to Ig 

production defect in Trib1 overexpressing B cells. As mentioned 
earlier, this de!ciency could not be attributed to a defect in 
B cell activation process, considering the equal/similar expres-

sion of activation markers a#er stimulation in vitro (Figure S2 
in Supplementary Material). An increase of B cell mortality or 
a decrease of B  cell proliferation could be responsible for the 
phenotype. However, there was no di"erence between the two 
groups of mice in the percentages of dead cells (Figures S3A,B in 
Supplementary Material) nor in the percentage of proliferating 
(B220+Ki67+) B  cells a#er stimulation in  vitro (Figures S3C,D 
in Supplementary Material). We also analyzed the plasma cell 
(PC) di"erentiation process. We tested two known models of 
in  vitro plasmablast di"erentiation, i.e., stimulation of B  cells 
with LPS and with LPS/IL-4, then we quanti!ed the percentage 
of B220lowCD138+ plasmablasts by $ow cytometry. Our results 
showed no di"erence between the two groups of mice (Figures 
S4A,B in Supplementary Material). In addition, we analyzed the 
expression of plasma cell di"erentiation program genes (repressed 

genes, such as Pax5, Bach2, Bcl-6, Aicda; induced genes, such 
as Blimp1, Xbp1, and Irf4) by quantitative real-time RT-PCR 
analysis. Considering the results, Trib1 overexpression does not 
interfere with PC di"erentiation genetic program (Figures S4C,D 
in Supplementary Material). Finally, a defect of class-switching 



FIGURE 4 | Trib1 overexpression in B cells induces a decrease of autoantibody production in a LPS-induced lupus mouse model. (A) Sera from 3-month-old and 

6-month-old Trib1-ROSA and Trib1-ROSA Mb1Cre mice were collected and basal anti-dsDNA IgM autoantibody titers were determined by ELISA. (B) 3-month-old 

Trib1-ROSA and Trib1-ROSA Mb1Cre mice were injected with PBS or LPS (at days 0, 7, and 14) and bleeded every week until day 28. The titers of anti-dsDNA IgM 

at day 28 were measured by ELISA. Because results were not different between PBS-injected Trib1-ROSA and Trib1-ROSA Mb1Cre mice, these mice were pooled 

on the PBS-injected control group. Each dot represents the result for one animal (*p < 0.05, Mann and Whitney test).

FIGURE 3 | Ig production in Trib1-ROSA Mb1Cre compared to Trib1-ROSA control mice, at basal level and after immunization with a T-dependent antigen. (A) Sera 

from 6-month-old Trib1-ROSA and Trib1-ROSA Mb1Cre mice were collected and total IgM and IgG, IgG1, IgG2b, and IgG3 concentrations were determined by 

ELISA. Each dot represents the result for one animal. (B) Trib1-ROSA mice (n = 7) and Trib1-ROSA Mb1Cre mice (n = 6) were immunized with ovalbumin (OVA) 

associated with alum hydroxide at days 0, 10, and 20. Serum was collected at days 20 and 30, then anti-OVA IgM, IgG, and IgG1 titers were measured by ELISA 

(*p < 0.05, **p < 0.001, Mann and Whitney test).
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could lead to a decrease of Ig secretion by Trib1 overexpressing 
B cells. We stimulated total splenocytes with LPS and IL-4 (for 
IgG1 class-switching) and with LPS (for IgG3) and quanti ed the 

MFI for surface Ig expression and the percentages of IgG1+ or 
IgG3+B220+ cells by !ow cytometry. We did not detect any di"er-
ence between Trib1 overexpressing and control B cells (Figures 



FIGURE 5 | Trib1 overexpression in B cells negatively regulates Ig production in vitro. (A,B) Total splenocytes were collected from Trib1-ROSA and Trib1-ROSA 

Mb1Cre mice and stimulated with TLR ligands or a combination of LPS (TLR4 ligand) and IL-4 during 72 h in vitro. The concentration of total IgG (A) and IgG1  

(B) in the supernatant was measured by ELISA. (C) Splenic mature B cells were puri ed from Trib1-ROSA and Trib1-ROSA Mb1Cre mice and stimulated in vitro with 

a combination of LPS and IL-4. The concentration of total IgG and IgG1 in the supernatant was measured by ELISA. (D) Total splenocytes from Trib1-ROSA and 

Trib1-ROSA Mb1Cre mice were stimulated with anti-CD40, IL-4, and IL-21 during 72 h in vitro. The concentration of total IgG in the supernatant was measured by 

ELISA. Each dot represents the result for one animal (US: unstimulated) (*p < 0.05, **p < 0.001, Mann and Whitney test).
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S5A–C in Supplementary Material). �e blockade of protein 
transport with GolgiStop™, containing monensin, in the culture 
of splenocytes with LPS and IL-4, showed a decrease of intracel-
lular IgG1 positive B cells and of intracellular IgG1 MFI in B cells, 
in Trib1-ROSA Mb1Cre compared to control mice (Figure 6). In 
conclusion, Trib1 overexpression in B cells negatively regulates 
the Ig secretory capacity.

Trib1 Interacts with CD72 and Its 

Overexpression Affects Erk Signaling
In order to !nd hypotheses on the mechanisms of B cell phenotype 
due to Trib1 overexpression, and considering the role of Trib1 in 

MAPK signaling (13, 16), we analyzed Erk signaling in splenic 
sorted mature B cells from Trib1-ROSA-Mb1 and control mice, 
a"er stimulation with anti-IgM antibody, by Western Blot. In- 
deed, Erk-dependent pathway is one of the major MAPK pathways 
activated in B cells a"er BCR engagement. �e phosphorylation 
of Erk was decreased in B  cells from Trib1-ROSA-Mb1 mice, 
compared to control mice, and the di#erence was statistically 
signi!cant at 2 min of stimulation (Figure 7). Proximal BCR sign-
aling Syk pathway was not a#ected (data not shown). �e defect 
in Erk pathway in Trib1 overexpressing B  cells probably does 
not explain the phenotype of these cells on its own. �erefore, 
we determined the partners of Trib1 in B cells in order to have 



FIGURE 7 | Trib1 overexpression in B cells induces a decrease of Erk phosphorylation after BCR engagement. Puri ed mature splenic B cells (CD43−) from 

Trib1-ROSA and Trib1-ROSA Mb1Cre mice were stimulated with anti-IgM (10 µg/mL) for the indicated time. Cell lysates were analyzed by western blot using 

anti-phospho Erk antibody (P-Erk). Total Erk was used as a loading control. The ratio of phospho-p42/Total p42 was calculated for each condition and represented 

in (A). Each dot is representative of one mouse. Representative immunoblots of the indicated stimulation timepoints are presented in (B). (US: unstimulated) 

(*p < 0.05, Mann and Whitney test).

FIGURE 6 | Trib1 overexpression in B cells induces a reduction in the production of secreted form of IgG1. Total splenocytes from Trib1-ROSA and Trib1-ROSA 

Mb1Cre mice were stimulated with LPS/IL-4 for 72 h in vitro [with (+) or without (Ø) the addition of a protein transport inhibitor “GolgiStop™” for the last 8 h of 

culture], then stained for intracytoplasmic IgG1 after a step of membrane Ig blocking using an anti-murine IgG antibody, a step of  xation and permeabilization,  

and  nally were analyzed by !ow cytometry. (A) Percentage of B220+ B cells stained for intracellular IgG1. (B) MFI of intracellular IgG1 staining on B220+ B cells.  

(C) A representative sample of each condition is shown. Each dot represents the result for one animal.
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a better insight of Trib1 function in these cells. We transduced 
a murine B cell line (CH12) with a retrovirus encoding a Flag-
mTrib1 and IRES-GFP reporter (CH12-Trib1) or only a Flag-GFP 
as a control (CH12-GFP). To identify cytoplasmic partners of 
Trib1, we performed Flag IP followed by SDS-PAGE and mass 
spectrometry identi cation.

Mass spectrometry analysis of 5 independent experiments 
revealed a list of 236 proteins speci cally enriched in CH12-
TRIB1 cells. Proteins were ranked according to the number of 
experiments in which they were identi ed, and their con dence 
score. We kept those proteins identi ed in at least three out of the 
 ve experiments (Table 2). !ese proteins were classi ed into the 
following groups: proteins implicated in ubiquitination process, 
regulators of signal transduction, regulators of protein produc-
tion, and secretion and chaperone proteins (Table  2). Among 
the previously identi ed and best characterized partner of Trib1, 
COP1 (13, 32), we found additional proteins, including notably 

CD72 (Table 2). CD72 is a very interesting candidate because it 
is a well-known negative B cell regulator. !e association between 

Trib1, COP1, and CD72 was veri ed by co-IP and Western Blot 
(Figure 8). Several partners of Trib1 are linked to the regulation 
of signal transduction (for example Spre1, Stk40, and Ppm1b) 
(Table  2; Figure S6 in Supplementary Material). Interestingly, 
Spre1 has been described as a negative regulator of Erk pathway 
(33, 34). Further experiments will be needed to understand the 
potential implication of these partners in the negative regulatory 
function of Trib1 in B cells.

DISCUSSION

We identi ed an overexpression of TRIB1 in human SLE B cells 
during clinically inactive disease by transcriptome analysis (10). 
!is overexpression was con rmed in a second cohort of SLE 
quiescent patients, by real-time qRT-PCR. !is led us to study the 



TABLE 2 | Proteins implicated in protein ubiquitination, signal transduction, protein production secretion are found as Trib1 partners in CH12 B cell line.

Accession number Full name Function n Score

Protein ubiquitination

COP1 E3 Ubiquitin-protein ligase COP1 Ubiquitin ligase 5 112

MALT1 Isoform 2 of mucosa-associated lymphoid tissue 

lymphoma translocation protein 1

Ubiquitin ligase—involved in BCL-10-induced NF-κB  

pathway activation

3 16

Signalization and signal transduction

Stk40 Serine/threonine-protein kinase 40 Serine/threonine kinase, negative regulator of NF-κB pathway,  

and p53-induced gene transcription

5 45

St38L Serine/threonine-protein kinase 38-like Kinase—involved in signal transduction regulation 4 45

MARCS Myristoylated alanine-rich C-kinase substrate Protein kinase C substrate 4 19

LAP2 Isoform 2 of Protein LAP2 HER2 adaptor—Inhibitor of NOD2-dependant NF-κB pathway  

and pro-in ammatory cytokine secretion

3 71

PPM1B Isoform Beta-2 of protein phosphatase 1B Associated to IKKB dephosphorylation and inactivation (NF-κB pathway) 3 23

CALM Calmoduline Implicated in calcium  ux 3 21

FLII Protein  ightless-1 homolog Involved in estrogen-induced signaling 3 18

CD72 B-cell differentiation antigen CD72 Negative regulator of B cells 3 16

SPRE1 Sprouty-related, EVH1 domain-containing protein 1 MAPK pathway regulator 3 15

JAK3 Tyrosine-protein kinase JAK3 Kinase involved in cytokine production pathway, cell development,  

differentiation, and proliferation

3 10

TR19L Tumor necrosis factor receptor superfamily member 19 L Involved in NF-κB pathway activation 3 8

Protein production and secretion

Eif4b Eukaryotic translation initiation factor 4B Required for mRNA binding to ribosome 3 39

EPN4 Clathrin interactor 1 Associated to clathrin vesicles transport from Trans-Golgi  

to endosomes

3 30

RS6 40S ribosomal protein S6 Ribosomal protein 3 15

RS18 40S ribosomal protein S18 Ribosomal protein 3 13

STX7 Syntaxin-7 Implicated in protein traf!c from early endosomes to  

plasma membrane

3 13

RS19 40S ribosomal protein S19 Ribosomal protein 3 7

Chaperone protein

HS90B Heat shock protein HSP 90-beta Chaperone protein 4 37

HS90A Heat shock protein HSP 90-alpha Chaperone protein 4 29

CDC37 Hsp90 co-chaperone Cdc37 Chaperone protein 3 14

Others

RNF219 RING Finger protein 219 Zinc !nger protein 5 122

Mass spectrometry analysis was performed on immunoprecipitation product (ntotal = 5). In each subgroup de ning their main function, the proteins are ranked according to the 

number of experiments in which they were found as Trib1 partners (column « n ») and their con dence score. (Accession numbers are coming from Swissprot Database).

FIGURE 8 | Trib1 interacts with COP1 and CD72 in B cells. CH12 cells were 

transfected with pMX-PIE/Flag-tagged Trib1 or GFP. The samples were 

immunoprecipitated with an anti-Flag antibody to precipitate both Flag-tagged 

proteins from cell cytoplasmic lysates (IP anti-Flag) or with total mouse serum 

(Control). The result is representative of at least three independent 

experiments. Note: considering the differences in Flag protein expression in 

CH12-Trib1 and CH12-GFP cells, two different dilutions of anti-Flag antibody 

were used for the bottom left part (1:1,000) and the bottom right part 

(1:20,000). (Input, total protein lysate; -, empty well).
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consequences of Trib1 overexpression on B cell phenotype and  
on the development of SLE in a new murine transgenic model. For 
this purpose, we developed a B-cell-speci c Trib1 KI conditional 
model, by an insertion of murine Trib1 coding sequence, pre-
ceded by a !oxed STOP cassette, into ROSA locus. We detected a 
six-times overexpression of Trib1 in splenic mature B cells in this 
model, thanks to an e"cient deletion of the STOP cassette by the 
Cre recombinase under the control of Mb1 promoter. #erefore, 
the level of Trib1 overexpression in this model was close to the 
one detected in B cells from quiescent SLE patients in our tran-
scriptome analysis or in the second cohort of patients. Because 
the overexpression of Trib1 begins at very early stage in B cell 
lineage in BM, we checked if Trib1 overexpression in our model 
could have an impact on B cell development. Our results showed 
that this was not the case. Altogether, these characteristics made 
this new mouse model suitable for this study.

Trib1-ROSA-Mb1 mice did not display any symptom of lupus 
disease: activation status of B  cells is normal, and we did not 
detect any feature of renal disease. On the contrary, we showed 
that Trib1 overexpression speci cally in B  cells had a negative 
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(Table  2). Trib1 has been mostly described in the literature 
as a regulator of MAPK signaling, in di�erent cell types. In 
HeLa cells, BM and myeloid leukemia cells, Trib1 was shown 
to interact, via its C-terminus domain, with MEK-1, and to be 
responsible for a hyperphosphorylation of Erk (13, 17). In other 
cell types, as muscular cells, Trib1 overexpression does not have 
any impact on Erk phosphorylation (36). Generally speaking, 
Tribbles proteins seem to act either as activators or inhibitors of 
MAPK pathways (17). We showed here that, in murine B cells, 
Trib1 overexpression seems to decrease Erk phosphorylation. 
!is could be linked to the defect in Ig production and secre-
tion observed in Trib1-ROSA-Mb1 mice. Among the partners, 
we identi"ed for Trib1 in B cells, Spred1 is a suppressor of Ras 
signaling, notably in innate lymphoid cells (34). !erefore, 
Trib1, via the recruitment of Spred1, could negatively regulate 
Erk signaling in B cells. !e immunosuppressive role of Trib1 
in B cells probably also implicate other partners. We identi"ed 
CD72 as another cofactor of Trib1 in B cells. CD72 is a nega-
tive regulator of B cells (37). It is a very interesting candidate 

because the production of immunoglobulin is increased in 
CD72-de"cient mice (38), and a decreased expression of CD72 
was associated with an increased surface IgG on B cells and to 
a severe disease in patients with lupus nephritis (39), arguing 
for a negative role of CD72 on immunoglobulin production. 
Moreover, the expression of the “b” isoform of CD72 which is 
the one expressed in C57BL/6 mice (and, therefore, in the mice 
analyzed in our study) and in CH12 cells (40), in MRL.CD72b/
lpr congenic mice, is protective against the development of the 
lupus disease (41, 42). In addition, CD72 downregulates BCR 
signaling, and notably NF-κB and Erk (43–45). Our preliminary 
experiments showed that NF-κB signaling was not a�ected in 
Trib1 overexpressing B cells a#er stimulation of the BCR path-
way (with anti-IgM antibody). However, it could be interesting 
to see if it is also the case when CD72 and BCR pathways are 
synergistically activated.

In conclusion, we described a new role of Trib1 as a negative 
regulator of B cells. Despite the polygenic nature of lupus disease 
in humans, one feature of B cells from quiescent SLE patients, i.e., 
Trib1 overexpression, in mice, is su$cient on its own to have an 
immunosuppressive e�ect on B cells. It would be interesting to  
see the e�ect of B cell-speci"c Trib1 overexpression on the devel-
opment of the disease in an SLE murine model. Moreover, there 
is no molecular explanation for the phenotype of SLE patients 
during silent phases of the disease, or for the maintenance of 
the clinically silent phases (46). As such, the overexpression of 
TRIB1 in B cells could constitute one of these protective molecu-
lar pathways. It would be interesting in the future to analyze 
the overexpression of TRIB1 in B cells in a prospective way, in 
order to study the correlation between TRIB1 expression and the 
quiescent or active nature of the disease in the same patient.
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impact on autoantibody production, notably a#er induction of 
anti-dsDNA antibody production with injection of LPS, mimick-
ing an infectious event. Moreover, Trib1 overexpression in B cells 
negatively regulated Ig production, in vivo at basal level or a#er 
immunization notably with a T-dependent antigen, and also a#er 
in  vitro stimulation. !e most impacted Ig subtype was IgG1. 
However, the e�ect does not seem to be speci"c of IgG1. Because 
class switching into IgG subclasses is notably guided by speci"c 
stimuli (as LPS and IL-4 in murine B cells, for IgG1) (35), one 
could hypothesize that the degree of engagement of Trib1 in this 
negative regulation depends on the signaling pathways activated 
in B cells and, therefore, on the receptor engaged at the surface 
of the cells. Our results showed that the defect in Ig production 
was neither the consequence of an activation defect of B cells, nor 
an increase of mortality or a decrease of viability, nor a defect in 
class switching and plasma cell di�erentiation program. However, 
we detected a decrease of the percentage of intracellular IgG1 
positive B cells and of intracellular IgG1 MFI in B cells in Trib1-
ROSA Mb1Cre compared to control mice a#er stimulation with 
LPS and IL-4. In conclusion, it seems that the decrease in Ig levels 
was mostly the consequence of a defect in Ig secretory capacity. 
Interestingly, the analysis of Trib1 expression in the di�erent B cell 
subpopulations has been done in C57BL/6 mice (corresponding 
to background of our Trib1 transgenic model),2 and in humans 
notably for B cells and plasma cells3 and shows that Trib1 is highly 
expressed in plasmablasts and in plasma cells, thereby arguing for 
an important function of Trib1 in Ig production.

We searched for Trib1 partners in murine B  cells, in order 
to understand the immunosuppressive role of Trib1. A#er IP of 
Trib1 in CH12 B cell line and mass spectrometry identi"cation, 
we selected a short list of Trib1 partners that could potentially 
be implicated in signal transduction and protein production 
and secretion. Among these partners, COP1 E3 ubiquitin ligase 
was already identi"ed as a partner of Trib1 in di�erent cell types  
(13, 19, 32), but never in B cells. It was notably shown in myeloid 
cells that COP1, via Trib1, targets C/EBPα for degradation by the 
proteasome (32). In mammals, C/EBPα is an important transcrip-
tion factor controlling myeloid di�erentiation (13). According 
to this function, it is almost exclusively expressed in myeloid 
cells4; therefore, this could explain why we did not identify it as a 
partner of Trib1 in B cells. We con"rmed the association of COP1 
with Trib1 in CH12 cells by IP and Western-Blot analysis. It is 
known that COP1 binding to Trib1 is essential to target protein 
substrates for degradation (13). Further experiments should 
explore in details the role of COP1 in the degradation of proteins 
implicated in Ig synthesis and secretion in B cells. Moreover, we 
pointed out JAK3 as a Trib1 partner in B cells. JAK3 is a kinase 
associated with di�erent cytokine receptors, notably IL-4 recep-
tor, therefore giving one explanation for the phenotype of Trib1 
overexpressing B cells a#er stimulation with LPS and IL-4.

!e regulation of several signaling pathways was a frequent 
characteristic of the partners we identi"ed for Trib1 in B cells 

2 https://www.immgen.org.
3 http://amazonia.transcriptome.eu.
4 http://immgen.org.
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Autophagy is a catabolic process, required to produce energy notably under nutrient deprivation. Moreover, 
basal autophagy is important to remove protein aggregates, damaged organelles such as defective mitochon-
dria or excess of endoplasmic reticulum (ER), in processes called mitophagy and reticulophagy, respectively. 
Autophagy is also involved in the regulation of lipid stores through the digestion of lipid droplets via the so- called 
“lipophagy”1. Basal autophagy has been shown to be crucial in long-lived cells, such as neurons, or metabolically 
active cells, such as hepatocytes. Immune cells like T lymphocytes exhibit di erential energy demands according 
to their developmental stage or their activation status. !us, naive T cells require glycolysis early a"er activation, 
to quickly sustain the energetic demand while, in contrast, memory T cell clones, use di erential energy produc-
tion systems to survive for months or years a"er priming2. Memory T cells are particularly dependent on fatty 
acid oxidation (FAO) that takes place in mitochondria, to generate adenosine tri-phosphate (ATP). Moreover, 
removal of damaged cellular components may also require autophagy at long-term.

Autophagy has been initially shown to play a role in peripheral T cell homeostasis in mouse chimera models3.  
By the use of several conditional deletion models, it was thus concluded that autophagy is essential for both 
CD4+ and CD8+ T cell survival and proper function4–10. However, these models relied on promoters driving 
autophagy-related genes (Atg) deletion early during T cell di erentiation. !ese models alone were thus not 
su#cient to distinguish if functional or survival defects were due to early developmental issues, or consequent 
to peripheral homeostatic disturbance. One study addressed this issue by deleting, with Estrogen Receptor-cre 
promoter, the essential autophagy gene Atg3, therefore only in mature T cells7. !is study led to new $ndings 
about the requirement of autophagy for ER homeostasis, several days a"er initial activation. However, these 
experiments were conducted in vitro and therefore integrated immune responses could not be studied. More 
recently, three other studies addressed this question in vivo for CD8+ T cells, by transfer experiments and using 
conditional deletion models only active at the CD8 T cell e ector stage. !ey concluded that CD8+ T cells require 
autophagy for their survival as memory cells11–13. !ese observations constitute an interesting parallel to other 
long-lived cell types, like neurons, in which autophagy is particularly required. Although investigated in CD8+ T 
cells, the role for autophagy in the memory of the CD4+ T cell compartment is not known yet.
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In this work, we generated mice with a deletion of Atg5, only in mature T cells, using the distal Lck (dLck) pro-
moter conditional knock-out strategy14. With this new model, we wanted to precisely de ne the role of autophagy 
in peripheral T cell homeostasis and function, in the absence of any developmental issue. We particularly focused 
our attention on the essential role of autophagy in memory CD4+ T cell survival. In addition to the proven role 
of autophagy in CD8 memory maintenance, we describe here a role for this essential survival process in humoral 
immunity, through the promotion of long-term memory CD4+ T cell survival. We show that in memory T cells 
ex vivo, as well as in cells obtained by in vitro di!erentiation systems, autophagy insures the control of lipid load 
and of a functional mitochondrial pool. "ese observations endow autophagy with a central role in the survival 
of memory CD4+ T cells.

+ To resolve the question whether 
autophagy is required for mature T cell homeostasis, we crossed Atg5f/f animals with mice harbouring a trans-
gene allowing CRE expression, under the control of the distal part of the Lck promoter (dLck-cre), only active 
in mature T cells. We  rst assessed the e#ciency of the deletion. As shown in Figs 1A and S1, no ATG5-ATG12 
conjugate was detected by immunoblot in peripheral CD4+ T cells isolated from Atg5f/f dLck-cre mice, contrary to 
littermates. No conversion from LC3-I to LC3-II (Light Chain 3 abbreviated from microtubule-associated protein 
light chain 3) was detectable, even a%er phorbol-12-myristate-13-acetate (PMA)/Ionomycine activation and/or 
under protease inhibitor treatment, con rming the e#ciency of autophagy inactivation in T cells. In thymocytes, 
no di!erence was seen between Atg5f/f dLck-cre mice, and littermate mice, in ATG5-ATG12 or in LC3-II levels. 
"is con rms the expected speci c ATG5 deletion only at the mature stage of T cells. We then investigated the 
impact of this deletion during T cell development. In accordance with the normal expression of ATG5 in the 
thymus, we did not observe any di!erence in thymic cellularity (not shown), or in the proportions of each major 
developmental subpopulation (Fig. 1B). "is suggests a normal development of T cells in our model. We then 
assessed the proportions of lymphocyte populations in secondary lymphoid organs. We observed a decrease in 
the proportion and number of spleen CD8+ T cells (Fig. 1C,D) from Atg5f/f dLck-cre mice compared to controls. 
However, in sharp contrast to all conditional deletions reported so far (with cre expressed under the control of 
cd4 or pLck promoters), we found no di!erence in CD4+ T cell number and proportion among other populations. 
"is  nding was extended to another lymphoid organ, namely lymph node (Figure S2). Interestingly, both CD8+ 

Figure 1. (A) "ymocytes or peripheral CD4+ T cells were isolated from spleens of littermate or Atg5f/f dLck-
cre mice. Cells were stimulated when indicated by 50 ng/mL PMA and 1 µg/mL Ionomycin for 18 hours. During 
the last 4 hours of stimulation, cells were treated when indicated with pepstatin A and E64d. Cell lysates were 
then processed by SDS-PAGE and blotted against ATG5 and LC3. Representative experiment of at least three 
replicates. Complete images of di!erent blotting of the same membrane, including data with wild type C57BL/6 
(B6) mice, are shown in Figure S1. (B) Le%: Representative dot plots of thymocytes stained by anti-CD4 and 
anti-CD8 Abs (le%) from B6, littermate (LM), Atg5f/f dLck-cre mice. Right: proportions among thymocytes 
of double negative (DN), CD4 single positive (CD4 SP), CD8 single positive (CD8 SP) or double positive 
(DP) cells (n = 5 LM and n = 4 Atg5f/f dLck-cre mice) (C). Representative dot plots of spleen cell staining by 
anti-CD4 and anti-CD8 Abs, a%er gating on TCRβ+B220− cells from B6, littermate LM, Atg5f/f dLck cre mice. 
(D) Percentages of CD4+, CD8+ T cells, and B cells among spleen cells (n = 13 B6, n = 17 LM and n = 17 Atg5f/f 
dLck-cre mice). (E) Absolute numbers of naive, e!ector memory (EM, CD44hi CD62lo) and central memory 
(CM, CD44hiCD62Lhi) CD4+ and CD8+ T cells in spleens (n = 12 for each genotype) among TCR-β+-gated 
cells. Each point represents the value obtained with one mouse. LM and Atg5f/f dLck-cre mice are compared by 
Mann Whitney U Test. *p < 0.05, ***p < 0.001.
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naive and memory-like (CD44hi) T cell numbers were decreased in Atg5f/f dLck-cre mice (Fig. 1E). !is pheno-
type suggests a global role for autophagy in the homeostasis of CD8+ T cell populations that is not observed in 
CD4+ T cells.

+ We then studied the possible causes of 
CD8+ T cell number decrease in Atg5f/f dLck-cre mice. Compared to littermate control mice, a higher number of 
memory-like CD8+ T cells (e"ector memory (EM) and central memory (CM)) displayed an apoptotic phenotype 
in Atg5f/f dLck-cre mice (Fig. 2A). Less naive CD8+ T cells were found in the absence of autophagy, suggesting 
that cells #rst acquired an activated phenotype before entering apoptosis, progressively leading to the depletion 
of the naive cell pool. !ese data are reminiscent of the ones obtained by Puleston et al.11 concluding that CD8+ 
T cell de#ciency in the absence of ATG5 is linked to an activated phenotype. In contrast, no impact of autophagy 
deletion was seen on CD4+ T cell apoptosis, leading to the conclusion that ATG5 could be essential for homeo-
static survival of CD8+ T cells, but not for CD4+ T cells. In addition, the survival di"erence observed between 
CD4+ and CD8+ T cells is not due to an escape to cre-mediated deletion in puri#ed CD4 T cells in vivo, as Atg5 
transcript levels are equally low in both T cell populations at steady state (Figure S3). We then isolated CD4+ and 
CD8+ T cells from Atg5f/f dLck-cre and control littermate mice and activated them with TCR-related stimulation 
conditions. We did not detect any survival defect in CD4+ T cells (Fig. 2B). However, CD8+ T cells exhibited 
a statistically signi#cant decrease of viability a$er TCR stimulation in combination with co-stimulation. !us, 
autophagy de#ciency a"ects mainly CD8+ T cells, at homeostatic conditions, and under stimulation. As survival 
defects could be linked to mitochondria function, we then assessed the basal mitochondrial load in isolated T 
cells. We used a double staining with mitotracker (MT) deep red, sensitive to mitochondrial membrane potential, 
together with MT green, staining mitochondria irrespectively of the membrane potential and allowing to normal-
ize the measurement of membrane potential to the mitochondrial load. First, we found that CD4+ T cells exhibit 
a higher mitochondrial mass in control T cells, in comparison to CD8+ T cells (“High mito” population, Fig. 2C). 
Interestingly, we detected more T cells with a high mitochondrial load, or T cells containing mitochondria with 
decreased membrane potential (damaged mito), in CD8+ T cells isolated from Atg5f/f dLck-cre mice compared to 

Figure 2. (A) Percentages of dead cells measured by Annexin V staining ex vivo from the spleen for the 
following populations: e"ector memory (EM, CD44hi CD62lo) and central memory (CM, CD44hiCD62Lhi) a$er 
gating on TCRβ+CD4+ cells or TCRβ+CD8+ cells, from littermate (LM) and Atg5f/f dLck-cre mice (n = 8 for 
each gentotype). (B) Percentages of viable cells de#ned as Annexin V−/propidium iodide (PI)−, de#ned a$er 
stimulation of puri#ed CD4+ (le$) or CD8+ T cells (right) under the indicated conditions (non-stimulated, 
stimulated by anti-CD3, by anti-CD3 and anti-CD28, or by 50 ng/mL PMA and 1 µM ionomycin, n = 4 for each 
genotype). (C) Staining of CD4+ or CD8+ T cells puri#ed from LM or Atg5f/f dLck-cre mice by mitotracker deep 
red and mitotracker green. Gates could be de#ned for cells with either high load of mitochondria (mitotracker 
deep redhi, mitotracker greenhi), low mitochondrial content (mitotracker deep redlow, mitotracker greenlow), 
or with damaged mitochondria (mitotracker greenhi, mitotracker deep redlow). On the right, histograms show 
the results of independent experiments (n = 4 for each genotype). (D) Ex vivo staining of spleen cells from LM 
or Atg5f/f dLck-cre mice, by Mitosox, a$er gating on TCRβ+CD4+ cells or TCRβ+CD8+. (Top) representative 
histograms are shown and (bottom) a summary of di"erent experiments is shown. LM and Atg5f/f dLck-cre mice 
are represented and compared by Mann Whitney U Test. **p < 0.01, *p < 0.05.
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control mice.  is indicates that ATG5 is required a!er thymus egress, in CD8+ T cells and not in CD4+ T cells, 
to reduce mitochondrial mass. We also found increased mitochondrial reactive oxygen species (ROS) production 
by Mitosox staining in spleen CD8+ T cells in the absence of ATG5, while no di"erence was observed in CD4+ 
T cells (Fig. 2D). Altogether, these $ndings could be related to the homeostatic defects observed in CD8+ T cells 
de$cient for ATG5 at the mature stage. In addition to survival defects, we noticed a speci$c proliferation impair-
ment in vitro a!er three days of TCR-related stimulations in CD8+ T cells, but not in CD4+ T cells (Fig. 3A,B), 
in terms of number of cells that enter into a at least one cycle of division. However, as no di"erence is seen on 
proliferation index in either CD4+ or CD8+ T cells, we can speculate that the proliferation defect is linked to the 
global survival decrease of some CD8+ T cells, and not to an abnormal intrinsic proliferative capacity. Moreover, 
the normal proliferative ability of autophagy-de$cient CD4+ T cells is not due to an enrichment of ATG5 express-
ing cells, as deletion is equivalent before and a!er stimulation (Figure S4). Taken together, these results endow 
autophagy with a role for CD8+ T cell homeostasis. Autophagy is in contrast dispensable for short-term survival 
and activation of CD4+ T cells.

+ In our model, 
neither basal survival of CD4+ T cells nor their short-term in vitro activation are compromised by the absence of 
autophagy.  is allowed us to de$ne in vivo the role of autophagy in T cell help during humoral responses. We 
immunized mice with the T-dependent antigen ovalbumin (OVA) and performed a boost at day 10 as indicated in 
Fig. 4A. We monitored the immune response by sampling blood at several time points a!er OVA administration, 
and 12 weeks a!er the start of the experiment. We did not observe any di"erence at days 5 and 15 in anti-OVA 
IgM production a!er immunization, suggesting that there is no major defect in Ig production (Fig. 4B). Absence 
of any major immunode$ciency or defects in class switching is supported further by the comparable titers of 
anti-OVA IgG between control mice and mice de$cient for autophagy in T cells measured at early time points 
(Fig. 4C). However, from 8 to 12 weeks, we noticed a signi$cantly reduced anti-OVA IgG titer in mice with Atg5 
de$ciency in T cells (Fig. 4D). We then performed a second boost to elicit immune memory and we observed 
that the response was weaker in Atg5f/f dLck-cre mice.  ese results are in accordance with the tendency of a 
decrease in proportions of germinal center (GC) B cells and the signi$cant lower splenic plasma cell percentage 
at week 8, when anti-OVA IgG levels start to decline (Figure S5). However, no decrease of TfH cell counts was 
found in mice with T cells de$cient for autophagy, ruling out a global defect on this cell subtype.  is decrease 
of long-term humoral response in the absence of autophagy in CD4+ T cells might then be related to a decline 
in antigen-experienced memory TfH cells (and not the whole population), or other helper cell subsets. We then 

Figure 3. (A) T cell proliferation monitored by carboxy%uoescein succinimidyl ester (CFSE) staining a!er 
stimulation by anti-CD3 antibody, a combination of anti-CD3 and anti-CD28 antibodies or 50 ng/mL PMA 
and 1 µg/mL ionomycin, for 72 hours. Percentages shown indicate CSFElow cells, i.e. cells that have proliferated. 
(B,C) Results obtained on several experiments are synthesized in histograms (n = 5 for each genotype). 
Littermate (LM) and Atg5f/f dLck-cre mice are represented and compared by Mann Whitney U Test. **p < 0.01, 
*p < 0.05. Percentages of proliferating cells are shown (B) as well as proliferation indexes (C), representing the 
total number of cell divisions, divided by the number of cells that have proliferated.
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wondered if the long-term e ect of autophagy deletion on speci!c antibodies could result from a global defect in 
humoral response in these mice, or to an early T cell senescence in the absence of autophagy in mature T cells. As 
mentioned before, we did not detect any signi!cant decrease of total IgG levels in Atg5f/f dLck-cre mice compared 
to controls, arguing against a general defect in Ig secretion (Fig. 4C). We then compared immunizations of young 
and older mice (20–24 weeks old) to assess if old mice exhibited a decreased response to !rst challenges (with 
only 1 boost at day 10). We did not observe any signi!cant di erences between young control mice and mice with 
autophagy-de!cient T cells (Fig. 4E), in accordance with our initial results at day 15 (Fig. 4D). At short-term, 
we did not see either any di erences in old mice when we compared their production of anti-OVA IgG, with or 
without ATG5 expression by T cells. #ese results show that Atg5 de!ciency in CD4+ T cells does not induce 
their early senescence. #ey rather suggest a speci!c e ect on the onset of a memory immune response. We 
then tested the possibility that an intrinsic defect in CD4+ T cell memory is the cause of the long-term humoral 
response decrease. To do so, we transferred both antigen-experienced CD4+ T cells (from B6 or littermate con-
trols, or Atg5f/f dLck-cre mice), and B cells in naive mice (Fig. 5A). We then immunized the transferred mice with 
OVA. We observed a detectable anti-OVA IgG response in mice transferred with littermate antigen-experienced 
CD4+ T cells (Fig. 5B), while no signal was detected with mice that received naive B6 T cells (not shown). 
#is result re$ects the e ective transfer of memory, as IgG are reminiscent of a secondary immune response. 
Interestingly, the anti-OVA IgG response was weaker when mice were transferred with autophagy-de!cient CD4+ 
T cells before immunization. In contrast, we observed a normal anti-OVA IgM response (Fig. 5B). #ese di er-
ences in IgG production were not due to initial de!ciency of the CD4+ T cell compartment or in T cell activation. 
Indeed, naive and memory T cell subsets in immunized donor mice, that re$ects the activation status of trans-
ferred cells (Fig. 5C), were comparable between control and autophagy-de!cient animals. In contrast, at the end 
of the experiment, the proportion of CD4+ T cells from the donor was reproducibly lower among CD4+ T cells 
when autophagy-de!cient T cells were transferred (Fig. 5D). #is suggests that autophagy is needed for the main-
tenance of injected cells in host animals, and thus for the transfer of memory. Taken together, these results show 
that an intrinsic defect in autophagy-de!cient CD4+ T cell compartment impairs the generation of a memory 
humoral response.

Figure 4. (A) Immunization protocol used for the results presented in B and C, to show the impact of T cell 
autophagy on long term humoral response. Mice received OVA in complete Freund’s adjuvant (CFA) i.p. at day 
0, and at day 10 OVA in incomplete Freund’s adjuvant (IFA). Mice were then injected i.p. at week 12 + 1 day with 
OVA in IFA. Sera were collected at days 5 and 15 and then at week 12 and week 12 + 5 days. (B) Anti-OVA IgM 
titers as measured by ELISA at days 5 and 15 (n = 10 littermates (LM) and Atg5f/f dLck-cre mice). (C) Total IgG 
levels measured by ELISA at di erent time points a%er the injection (n = 2 B6, n = 6 LM and n = 6 Atg5f/f dLck-
cre mice). (D) Longitudinal monitoring of anti-OVA IgG titers as measured by ELISA (n = 6 B6, n = 12 LM and 
n = 14 Atg5f/f dLck-cre mice). LM and Atg5f/f dLck-cre mice are compared by Mann Whitney U Test. **p < 0.01, 
*p < 0.05. (E) Histograms showing results of anti-OVA IgG, as measured by ELISA obtained a%er one injection 
at day 0 and one boost at day 10. Each point corresponds to a measurement for one mouse. Ab titers were 
measured at day 15. (Top) young mice (8–12-week-old, n = 6 B6, n = 12 LM and n = 14 Atg5f/f dLck-cre mice) 
and (bottom) old mice (20 to 24-week-old, n = 5 B6, N = 6 LM and n = 6 Atg5f/f dLck-cre mice) from di erent 
genotypes were compared. ns: non-signi!cant.
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+ We then aimed at delineating the 
underlying defects related to autophagy de ciency in CD4+ T cell memory. We sorted naive (CD44loCD62Lhi), 
e!ector memory (EM, CD44hiCD62Llo) and central memory (CM, CD44hiCD62Lhi) T cells from littermate con-
trols or Atg5f/f dLck-cre mice, by "ow cytometry. As shown before (Fig. 1E), no major di!erence in CM, EM and 
naive CD4+T cell repartition was observed before sorting, in Atg5f/f dLck-cre mice, in comparison to control mice 
(Fig. 6A). However, when we performed Atg5 transcript quanti cation, we observed that in contrast to naive 
T cells, EM and CM CD4+ T cells from Atg5f/f dLck-cre mice expressed Atg5 transcript levels closer to control 
mice (Fig. 6B). $is could re"ect a selection in vivo of cells expressing normal levels of ATG5, i.e. incompletely 
deleted by the cre activity. $is observation supports the notion that autophagy is integral to the maintenance of 
memory. Interestingly we observed in naive T cells, a higher level of neutral lipids, in the absence of autophagy 
(Fig. 6C,D). $is feature is less pronounced in memory cells, that partially escaped Atg5 deletion according to 
our previous observation. $is suggests that the regulation of lipid stores might be important for memory T cell 
survival. Interestingly, the overall levels of lipids in memory cells is higher than in naive cells. It is known that 
memory cells display a di!erent metabolism than naive cells, favouring FAO. We thus quanti ed the levels of 
hexokinase A and palmitoyl-carnitine transferase enzyme transcripts (Fig. 6E). We were not able to detect any 
di!erence in the levels of these enzymes, either in naive or in memory cells. $is could however be due to escape 
from the deletion in memory cells between littermate and Atg5f/f dLck-cre mice or indicate that the disequilibrium 
in neutral lipid stores in the absence of autophagy has no major consequence on the balance between glycolysis 
and FAO. In accordance with this latter hypothesis, we showed that 7-day activation of T cells de cient for auto-
phagy does not lead to more lactate production than control T cells (Figure S6). To overcome the selection of 
autophagy-competent cells in vivo, we generated memory cells in vitro, to assess the role of autophagy in CD4+ T 
cells. We magnetically-sorted CD4+ T cells from LM controls or Atg5f/f dLck-cre mice. We  rst stimulated them 
with anti-CD3 and anti-CD28 antibodies (Abs). In accordance with our previous  ndings, if no other survival 
signal was added, we did not detect any di!erence in terms of survival either in the absence or in the presence of 
autophagy in CD4+ T cells, in the days that followed this initial activation (Figure S7). As previously mentioned, 
cells initially puri ed showed no escape from Atg5 deletion by the cre recombinase (Figure S3). We then aimed 
at polarizing cells with cytokines, and culturing them during a long period of time, in the presence of IL-7. $e 
latter cytokine is known to drive and to maintain a memory phenotype. Interestingly, during the  rst days fol-
lowing activation, the survival rate was irrespective of CD4+ T cell genotype (Fig. 7A). However, from 21 days on 
a%er the start of the culture until the end of the experiment at day 42, in all the tested polarization conditions, a 
signi cant decreased survival of CD4+ T cells was seen with Atg5f/f dLck-cre mice (Fig. 7A,B). Interestingly, the 
carnitine-palmitoyl transferase inhibitor etomoxir, also led in our system to an overall decrease of cell viability of 

Figure 5. (A) Transfer experiment protocol used to determine the intrinsic defect in CD4+ T cell memory in 
the absence of autophagy. C57BL/6 (B6), littermate (LM) or Atg5f/f dLck-cre mice received OVA in CFA. B cells 
were isolated from wild B6 mice and CD4+ T cells isolated from LM or Atg5f/f dLck-cre mice. B cells and CD4+ 
T cells were transferred into naive wild type hosts, that were then immunized by OVA in IFA. (B) Measurement 
by ELISA of anti-OVA IgG and IgM in serum, 5 days a%er immunization of transferred naive hosts with OVA. 
Each point represents an individual measurement, histograms stand for means and bars represent standard 
deviation (n = 6 transfers with LM T cells and n = 7 with Atg5f/f dLck-cre T cells). (C) Le%: analysis of the 
proportions of TCRβ+CD4+ cells in the spleen of donor animals before transfer. Each point represents a single 
measurement. On the right, activation status of puri ed CD4+ T cells before the injection to host animals. 
Proportion of naive cells (CD44loCD62Lhi) central memory cells (CM, CD44hiCD62Lhi) and e!ector memory   
cells (EM, CD44hiCD62Llo) are indicated. (D) Le%: Dot plots representing the proportion of donor CD4 T cells 
(CD45.2+ cells among CD4+ cells) at the end of the experiment. Right: summary of the obtained results for the 
mouse studied. LM and Atg5f/f dLck-cre mice are compared by Mann Whitney U Test. **p < 0.01, ***p < 0.001.
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wild-type CD4+ T cells, in IL-7 supplemented cultures (Fig. 7C). Moreover, this long-term etomoxir treatment 
leads to an accumulation of neutral lipids, reminiscent of what is observed in Atg5f/f dlck-cre CD4 + T cells. !is 
suggests that autophagy could play a role in the mobilization of lipids in long-term T cell cultures or in limiting 
the toxicity of lipid storage. During the in vitro di"erentiation of memory cell, we also monitored the acquisi-
tion of the memory phenotype by CD44 and CD62L staining. We showed again that initial activation of CD4+ 
T cells is poorly impacted by the absence of autophagy. Indeed, the proportion between central memory (CM) 
and e"ector memory (EM) cells was comparable between cells puri#ed from wild type, LM control, and Atg5f/f 
dLck-cre-mice (Fig. 8A,B). However, a$er day 21, Atg5-de#cient CD4 T cells failed to e%ciently maintain a CM 
phenotype, compared to controls, as shown by the stagnation of the CM/EM ratio (Fig. 8A–C). !e results shown 
here for !0 cells, were observed in the other polarization conditions except for !1 cells, where statistical signi#-
cance was not reached (Figure S8). !ese results support the hypothesis that autophagy allows the survival of CM 
T cells. Contrary to the in vivo #ndings, CM T cells in vitro do not escape Atg5 deletion, as shown by the absence 
of Atg5 transcript enrichment a$er quanti#cation (Fig. 8D). We could then assess bioenergetic levels and strat-
egy for energy production, in memory cells de#cient for autophagy, in a more reliable way than in ex vivo cells. 
No di"erence in overall ATP cellular level was identi#ed in ATG5-de#cient memory T cells at day 28 (Fig. 8E, 
same results at day 21, results not shown). Same as in ex vivo situation, we found again no obvious di"erence in 
glycolysis enzyme transcript level in !0 cells (Fig. 8F). A decrease, not reaching signi#cance with the relatively 
low number of samples, is observed for cprt1. In line with this observation, we found a strong di"erence in lipid 
load during the di"erentiation of memory cells in vitro, more striking than the results in vivo, where some cells 
still express Atg5 (Fig. 9A). All these results underline that, although autophagy controls lipid stores in memory 
T cells, cell death observed in ATG5-de#cient cells is not primarily due to a major energy breakdown but could 
be linked to a defective FAO. We moreover observed that from day 0 to day 42, CD4+ T cells maintain a high 
load of mitochondria (Fig. 9B–D). We also observed a signi#cantly increased population of T cells with damaged 
mitochondria, meaning cells with depolarized mitochondria, together with a failure to maintain high loads of 
healthy mitochondria. Collectively, these results suggest that autophagy is an important factor in the survival of 
memory CD4+ T cells, mainly through the regulation of mitochondrial homeostasis. Autophagy activity could be 
important to limit the production of toxic compounds released by mitochondria, or accumulated as neutral lipids.

Figure 6. (A) Spleen cells from Littermate (LM) and Atg5f/f dLck-cre mice were stained by anti-TCRβ, 
anti-CD4, anti-CD62L and anti-CD44 antibodies. Naive (CD44loCD72Lhi), e"ector memory (EM, 
CD44hiCD62Lhi), central memory (CM, CD44hi, CD62Lhi) CD4+ T cells, were quanti#ed, and FACS-sorted. 
(B) Atg5 transcripts were quanti#ed by real-time PCR, a$er cDNA generation, on the indicated FACS-sorted 
cell populations. (C,D) Spleen cells were stained ex vivo by anti-TCRβ, anti-CD4, anti-CD62L and anti-CD44 
antibodies and Bodipy. Gating strategy to de#ne percentages of cells with a high staining of bodipy is depicted 
in C, while a summary of the 4 mice tested for each genotype is indicated in D. (E) Hexokinase and Carnitine 
palmitoyltransferase transcripts, were quanti#ed by real-time PCR, a$er cDNA generation, on the indicated cell 
populations sorted by FACS. LM and Atg5f/f dLck-cre mice are compared by Mann Whitney U Test. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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In this work, we generated a model with autophagy deletion in T cells, only from the mature stage on. We were 
thus able to bring new information about the precise role for autophagy in T cell homeostasis. As a matter of fact, 
models described previously5–9,15 could not exclude a negative impact of autophagy deletion during T cell devel-
opment, leading to the acute impaired survival and function that have been reported. !e work by Jia et al., also 
investigated the impact of autophagy de"ciency triggered only at the mature stage15 but with a di#erent model. 
!ey used an inducible Atg3 deletion model, with estrogen receptor promoter-mediated deletion. !ey described 
defects during long-term cultures a$er tamoxifen treatment in vitro, thus in mature T cells. However, this model 
did not allow to study the in vivo behaviour of autophagy-deleted T cells. Our aim was to "ll this gap of knowledge 
and analyse in vivo the consequences of autophagy inhibition in T cells in the periphery, excluding misinterpreta-
tions due to developmental issues. We report here that CD4+ T cells are poorly sensitive to autophagy impairment 
in the mature stage, contrary to CD8+ T cells. It has been reported previously that mitophagy was a major actor 
for T cell survival. Indeed, thymocytes exhibit a high mitochondrial load4,7. During thymus egress of di#erenti-
ated cells, mature T cells lose a considerable part of their mitochondrial load. Interestingly, we report here that 
this decrease in mitochondrial load is more pronounced in CD8+ T cells than in CD4+ T cells. Moreover CD8+ T 
cells produced more mitochondrial ROS in the absence of autophagy, which could explain their survival defect in 
this context. In relation to these "ndings, we found in vitro that CD4+ T cell activation, survival and proliferative 
capacity were not a#ected by the impairment of autophagy. !ese results may seem surprising considering the 
results published by Jia and colleagues showing that degradation of p27, favouring proliferation under TCR stim-
ulation, is mediated by autophagy16. In their work, however, most in vivo experiments focused on CD8+ T cells, 
in which autophagy seems to be more required for homeostasis. Moreover, experiments monitoring CD4+ T cells 
were performed with deletion early during development (by the use of the proximal Lck promoter). Collectively 
these results led to the conclusion that autophagy is not required for naive CD4+ T cell homeostatic survival and 
short-term activation, in contrast to CD8+ T cells.

In vivo experiments with Atg5f/f dLck-cre mouse model showed that autophagy was not required for short-term 
antibody response against a T-dependent antigen. Moreover, total IgG and IgM levels were found to be normal 
in Atg5f/f dLck-cre mice, con"rming that no major humoral immunosuppression occurs. Interestingly, however, 
we observed that long-term immune response was compromised in the absence of autophagy in CD4+ T cells. 
As we ruled out increased senescence of the CD4+ T cell compartment with Atg5 de"ciency, we hypothesized 

Figure 7. CD4+ T cells from C57BL/6 (B6) littermate (LM) and Atg5f/f dLck-cre mice, were isolated and 
stimulated by anti-CD3 and anti-CD28 antibodies for 7 days in the presence of polarizing cytokines to 
di#erentiate cells into !0, !1, !2 or !17 cells. Cells were then maintained in IL-7 supplemented medium 
for additional 35 days. (A) Longitudinal study of cell viability by %ow cytometry measurement of AnnexinV/
propidium iodide (PI) negative cells at indicated days for !0, !1, !2, and !17 cells. (B) Results obtained on 
individual experiments for cell survival at the end of the protocol, at day 42. Each point represents an individual 
measure; histograms stand for means and bars represent standard deviation. (C) B6 CD4 T cells were stimulated 
according to the same protocol for 21 days, and treated or not by 200 µM Etomoxir. Cell viability was assessed 
by measuring Annexin V-/PI- cells. Neutral lipid content was also measured and evaluated by the number of 
cells with high bodipy mean %uorescence (Bodipyhi cells). Atg5f/f dLck-cre mice are compared with LM by Mann 
Whitney U Test to LM mice (n = 8 per genotype). ***p < 0.001, **p < 0.01, *p < 0.05.
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that memory CD4+ T cells were selectively impacted by the absence of autophagy. Indeed, we observed that 
antigen-experienced CD4+ T cells transferred to a naive host were unable to recapitulate the memory e ect. We 
also evidenced a selection of autophagy-competent T cells in the central memory T cell compartment, showing 
the preferential importance for autophagy in this cell population in comparison to naive T cells. Moreover, mem-
ory CD4+ T cells di erentiated in vitro exhibited decreased survival. !ese "ndings are reminiscent of previous 
studies indicating that autophagy is integral to memory CD8+ T cell survival. Using transfer experiments with 
autophagy de"cient CD8+ T cells11, or mouse strains with autophagy deletion occurring only at the cytotoxic 
stage12, it has been previously shown that autophagy allowed the maintenance of the memory CD8 T cell com-
partment, and was mandatory for in#uenza memory cytotoxic response. Puleston and colleagues further showed 
that memory CD8+ T cells required autophagy for limitation of mitochondrial load and generation of ROS lead-
ing to increased apoptosis. We also found a deregulated mitochondrial pool in autophagy-de"cient memory 
CD4+ T cells showing that they require mitophagy for proper removal of damaged mitochondria. We further dis-
covered that this process seems more important for CM T cell survival than for EM T cells. Memory T cells have 
been shown to particularly rely on energy produced by mitochondria, such as FAO, for their long term survival2. 
We cannot rule out either an importance of proper ER content control by autophagy as suggested by Jia et al.15.

We also identi"ed for the "rst time a deregulated lipid storage in the absence of ATG5. Interestingly, lipid 
stores are more important in memory T cells, which can be put in line with the higher FAO activity of these cells 
compared to naive cells. Such a deregulation was also observed ex vivo, but only in naive cells, that did not escape 
ATG5 deletion. !e in vitro experiments show that although memory cells exhibit aberrant mitochondrial popu-
lations and lipid stores, their metabolism seems unchanged. Indeed, no major energy breakdown was noticed in 
the absence of ATG5, nor unbalanced glycolysis/FAO usage in comparison to control cells. We however observed 
that treatment by the FAO inhibitor etomoxir, in long-term IL-7 supplemented cultures, leads to an increased 

Figure 8. CD4+ T cells were isolated from C57BL/6 (B6) littermate (LM) and Atg5f/f dLck-cre mice and 
stimulated by anti-CD3 and anti-CD28 Abs for 7 days in the presence of polarizing cytokines to di erentiate 
cells into !0, !1, !2 or !17 cells. Cells were then maintained in IL-7 supplemented medium for additional 
35 days. (A) At indicated days (0, 7 and 42) cells were stained to detect CD44 and CD62L expression and 
analyzed by #ow cytometry. A representative experiment is shown for each genotype (B6, LM and Atg5f/f dLck-
cre). Central memory T cells (CM) were de"ned as CD44hiCD62Lhi, e ector memory T cells (EM) were de"ned 
as CD44hiCD62Llo and naive cells were de"ned as CD44loCD62Lhi. Atg5f/f dLck-cre mice are compared with 
LM by Mann Whitney U Test to LM mice (n = 8 per genotype). *p < 0.05 (B) Longitudinal study of the ratio 
between percentages of CM T cells and EM T cells among viable cells, measured by #ow cytometry, at indicated 
days for !0 cells. (C) Results obtained on individual experiments for ratio between percentages of CM T cells 
and EM T cells among viable cells at the end of the protocol, at day 42. Each point represents an individual 
measurement; histograms stand for means and bars represent standard deviation. (D) Quanti"cation of Atg5 
transcripts in the cultured !0 cells at days 7, 14 and 28 by real-time PCR. One littermate sample is arbitrarily 
set to 1. n = 4 each genotype except for D28 with n = 2 littermates and n = 4 Atg5 de"cient T cell samples. (E) 
ATP concentration measured on cell lysates for cell cultures at 28 days, with the conditions indicated in D. 
(F) Hexokinase and Carnitine palmitoyltransferase transcripts, were quanti"ed by real-time PCR, a%er cDNA 
generation, on the cultured !0 cells at days 7, 14 and 28. One littermate sample is arbitrarily set to 1. n = 4 each 
genotype except for D28 with n = 2 littermates and n = 4 Atg5 de"cient T cell samples.
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CD4+ T cell death and an accumulation of lipid stores, resembling the phenotype of Atg5f/f dLck-cre mice.  is 
suggests that autophagy could facilitate memory CD4+ T cell survival by regulating lipid turnover, but not for 
the generation of energy. We thus propose that the control of mitochondria and lipid stores by autophagy is par-
ticularly important to remove toxic compounds as ROS or excess lipids. Interestingly, high lipid loads are linked 
to cell death, especially via ER stress.  is phenomenon may be more pronounced when there is an aberrant 
lipid oxidation due to mitochondria-derived ROS, that might take place in ATG5 de!cient-memory CD4 T cells. 
Indeed, lipophagy has been shown to protect several cell types from cell death17.  is aspect deserved further 
studies.

In conclusion, we report here the crucial importance of autophagy in CD4+ T cell-related immune responses. 
Added to the previously described role of autophagy in CD8+ T cell memory response and thus in cytotoxic e"ec-
tor responses, our results lead us to conclude that optimal antibody responses require autophagy in T cells.  ese 
results can also be put in line with the described roles for autophagy in memory B cells and plasma cell long-term 
maintenance18–22.  us, in support of recent data11,12, our !ndings reinforce the idea that increasing autophagy 
could optimize the e#ciency of humoral responses at several levels. Moreover, inhibiting autophagy could limit 
the chronicity of systemic autoimmune responses, and this not only at the level of the B cell lineage as recently 
described21, but also by limiting the persistence of pathogenic autoreactive CD4+ T cells.

Atg5f/f mice were kindly provided by Prof. N. Mizushima23.  ey were crossed with distal Lck (dLck)-
cre mice for mature T-cell speci!c deletion14. Atg5f/f dLck-cre mice were compared with either C57BL/6 mice, 
or littermates (B6 Atg5f/+ dLck-cre mice or Atg5f/f mice). Genotype of mice was determined for Atg5 alleles 
by PCR as described in21. Presence of the cre transgene was assessed with the following primers pairs: cre-1 
5′-ATGGTGCCCAAGAAGAAGAG-3′; cre-2 5′-CAGGTGCTGTTGGATGGTCT-3′. Animal experimentation 
was performed according to guidelines of the local Institutional Animal Care and Use Committee (CREMEAS). 
Authorization for the presented experimentations was given by CREMEAS (reference AL/07/07/01/13).

Figure 9. CD4+ T cells were isolated from C57BL/6 (B6) littermate (LM) and Atg5f/f dLck-cre mice and 
stimulated by anti-CD3 and anti-CD28 Abs for 7 days in the presence of polarizing cytokines to di"erentiate 
cells into  0,  1,  2 or  17 cells. Cells were then maintained in IL-7 supplemented medium for additional 
35 days. (A) Longitudinal study of bodipy staining intensity. Cells were stained for CD62L and CD44. Cells 
exhibiting a CM phenotype (CD44hiCD62low), with a high level of bodipy staining, were quanti!ed at days 
7, 14 and 28. (B) At indicated days (0 and 42), cells were stained by mitotracker deep red and mitotracker 
green. Gates could be de!ned for cells with high load of mitochondria (mitotracker deep redhi, mitotracker 
greenhi), cells with low mitochondrial content (mitotracker deep redlow, mitotracker greenlow) and cells 
with damaged mitochondria (mitotracker greenhi, mitotracker deep redlow). A representative experiment 
is shown. (C) Longitudinal study of percentages of CD4T cells with high mitochondria content (right) or 
damaged mitochondria (le$). (D) Results obtained on several individual experiments for percentages of 
CD4+ T cells with high mitochondria content (right) or damaged mitochondria (le$) at day 42. Each point 
represents an individual measurement; histograms stand for means and bars represent standard deviation. 
Atg5f/f dLck-cre mice are represented and compared with LM by two-way ANOVA (n = 3 for each genotype). 
*p < 0.05 **p<0,01.
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Total RNA was puri ed from 5 × 106 T cells with RNeasy Mini Kit or from 105 cells with the 
RNeasy Micro Kit (Qiagen, Courtabeuf, France, 74103 or 74004) according to the manufacturer’s instructions. Samples 
were treated by DNAse (Qiagen, 79254) and RT was performed with the Maxima  rst strand synthesis (!ermoFisher, 
Illkirch, France). cDNA (10 ng) were used for real-time PCR (RT-PCR) on StepOne apparatus (!ermo-Fisher). Atg5, 
Hexokinase (Hk2), Carnitine Parlmitoyl Transférase (cpt1a) and Gapdh expression was assessed using Taqman Gene 
Expression Assays (!ermoFisher: Mm00504340_m1, Mm99999915_g1, Mm00443385_m1, MMm01231183_m). 
Atg5 mRNA levels were quanti ed by de ning ∆CT (CT Gapdh− CT “tested gene” where CT is ‘Cycle !reshold’) 
and ∆∆CT (∆CT sample−∆CT of one C57BL/6 mouse sample used for each plate). Values indicated correspond to 
2−∆∆CT. !e value obtained for 1 control sample in each plate is set to 1.

!e following antibodies were used for "ow cytometry analysis. For surface 
stainings: allophycocyanin (APC)-cyanine 7-labelled anti-mouse TCR-β (clone H57-597, BD Biosciences 553139), 
phycoerythrin (PE)-labelled anti-mouse CD62L (clone MEL-14, BD Biosciences 553151), "uorescein isothiocyanate 
(FITC), APC or peridinin chlorophyll (PerCP) cyanine 5.5-labelled anti-mouse B220 (clone RA3-6B2, BD Biosciences, 
553087, 553092, and 552771), FITC-labelled anti-mouse CD3ε (clone 145-2C11, BD Biosciences 553061), APC cya-
nine7, PE or PerCP cyanine 5.5, APC-labelled anti-mouse CD4 (clone GK1.5,552051, eBioscience 12-0041 or clone 
RM4-5, BD Biosciences, 550954, 553051), PerCP cyanine 5.5-labelled anti-mouse CD8 (clone 53-6.7, BD Biosciences, 
551162), APC cyanine 7 or FITC-labelled anti-mouse CD44 (clone IM7, BD Biosciences 559250, 103027, 553133), 
PE-labelled CD127 (IL-7R, clone A7R43 eBioscience 12-1271-82). For intracellular stainings: PE-labelled anti-mouse 
IL-4 (clone BVD4-1D11, BD Biosciences, 554389), PE-labelled anti-mouse IL-17A (clone eBio17B7, 12-7177-81), 
FITC-labelled anti-mouse IFN-γ (clone XMG1, BD Biosciences, 554411), Alexa-647-labelled anti-mouse/human 
TBET (clone O4-46, BD Biosciences, 561267), PE cyanine7-labelled anti-mouse GATA3 (clone L50-823, BD 
Biosciences, 562683), PerCP cyanine 5.5-labelled anti-mouse RORγT (cloneQ. 31-378, BD Biosciences, 560405), 
GL7-FITC (clone GL7, Biosciences 553666), anti-CD95 AF647 (clone JO2, BD Biosciences 563647), anti-PD1 (clone 
J43, BD Biosciences 551892), anti-CXCR5 APC (Clone 2G8, BD Biosciences 560615) anti-CD138 APC clone 281-2, 
BD Biosciences 558626). Splenocytes, thymocytes or lymph node cells were stained with indicated Abs and Fc blocking 
Ab CD16/CD32 Ab (clone 2.4G2, BD Biosciences, 553142) as described in21. A#er surface staining, in some cases, 
 xation and permeabilization set (eBioscience; 88-8824-00) was used to detect intracellular molecules. Cells were incu-
bated 30 min in the  xation bu$er, followed by a 10 min-incubation with anti-CD16/32 antibody in the bu$er fur-
nished by supplier and were  nally stained for 45 min with Abs indicated above. Between each step, cells were washed 
with supplier’s bu$er. Mitochondrial load and membrane potential were assessed by staining cells with respectively 
mitotracker green and deep red dyes (Fisher Scienti c, Pittsburgh, PA, USA; M-7514 and M22426) as described in21. 
Mitochondrial ROS production was assessed by Mitosox staining according to manufacturer’s instruction (Fischer 
Scienti c, M36008). Lipid storage was monitored with Bodipy staining (Fisher Scienti c, Illkirch, France) in PBS 
for 20 minutes at 37 °C. Cell survival was assessed using FITC or APC-labelled Annexin V (BD Bioscience, 556419, 
550475) in combination with propidium iodide (PI) at 1 µg/mL (Sigma-Aldrich, Saint-Quentin, France; P4170) or 
7-aminoactinomycin D (7-AAD, BD Pharmingen, 559925) following the indications from the suppliers. Samples were 
processed on a Gallios "ow cytometer (Beckman Coulter, Fullerton, CA, USA) and data were analysed with FlowJo 
so#ware v10 (FlowJo LLC, Ashland, OR, USA). Proliferation indexes were determined according to the “proliferation 
modelling” tool provided by FlowJo So#ware. Naive, e$ector memory, central memory CD4+ T cells were sorted from 
mouse spleens at the cytometry facilities of IGBMC (Institute for genetics, molecular and cellular biology, Illkirch, 
France) a#er TCRβ, CD4, CD62L and CD44 staining. Purity of each fraction was >98%.

Brie"y, 1.105 cells were lysed in the following bu$er: 25 mM Tris-HCl, 
150 mM NaCl, pH 7.5, 0.1% (v/v) Triton X-100 in the presence of protease inhibitors. ATP cellular levels 
were quanti ed with the ATP determination kit (Fisher Scienti c, France). !e results were normalized rel-
ative to the total protein content measured by BCA kit (Pierce). Lactate was quanti ed on supernatant from 
7-day cultures of puri ed CD4+ T cells in the aforementioned conditions. !e Lactate-Glo kit from Promega 
(Charbonnières-les-bains, France) was used according to manufacturer’s instructions.

!e following antibodies were used for immunoblots: ACTB (Santa Cruz Biotechnology, clone 
C4, sc-47778), MAP1LC3 (LC3, MBL, clone 51–11, ref M115–3) and ATG5 (Rabbit Polyclonal, Novus, NB110-
53818). In indicated conditions, cells were previously treated by lysosomal protease inhibitors E64d and pepstatin 
A (5 µg/mL each, Sigma-Aldrich, P5318 and E8640 respectively). When indicated, cells were stimulated with 
hamster anti-mouse CD3ε (5 µg/mL, clone 145-2C11, 55305, BD Pharmingen), hamster anti-mouse CD28 (5 µg/
mL, and clone 37.51, 553294, BD Pharmingen), phorbol-12-myristate 13-acetate (PMA, 50 ng/mL, Sigma) or 
ionomycin (1 µM, Sigma). Immunoblots were processed as described in21.

Intra-peritoneal (i.p.) injections were performed on day 1 and 10, with mice aged 8-20 
weeks. A third immunization was performed 12 weeks a#er the  rst one. Mice were bled on days 5 and 15, 
on weeks 8 and 12 + 5 days. Mice were immunized by OVA (100 µg, Sigma), at  rst injection in CFA (com-
plete Freund’s adjuvant, Sigma) and at second and third injections in IFA (incomplete Freund’s adjuvant, Sigma). 
Detection of anti-OVA IgM and IgG Abs was assessed by ELISA.

General procedure for ELISA was previously described21. Serum levels of 
total IgG and IgM were determined in immunized mice using the IgM/IgG quanti cation kit from Bethyl labora-
tories following manufacturer’s indications (Bethyl, Montgomery, TX, USA, E90-101/E90-131). Concentrations 
were determined with standard curves. Anti-OVA speci c Abs were titrated by serial dilutions of serum. Titers 
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correspond to the inverse of last dilution with optical density ≤ 0.2. IgG and IgM absolute quanti cations were 
performed a!er comparison to a standard.

Spleens were collected from B6, dLck-cre Atg5f/f mice or from littermates. 
Splenic CD4+ or CD8+ T were isolated with the Dynabeads untouched mouse CD4 or CD8 cells isolation kit 
("ermoFisher Scienti c, Illkirch, France, respectively 11415D and 11417D). Cells were >90% pure according to 
TCRβ+/CD4+/B220− or TCRβ+/CD8α+/B220− population quanti cations by cytometry. When indicated, cells 
were stimulated with hamster anti-mouse CD3ε (5 µg/ml, clone 145-2C11, 553057, BD Pharmingen), hamster 
anti-mouse CD28 (5 µg/ml, and clone 37.51, 553294, BD Pharmingen), PMA (50 ng/mL, Sigma) or ionomycin 
(1 µM, Sigma). Cell proliferation was assessed by staining cells with carboxy#uorescein succinimidyl ester diac-
etate (0.5 µM, CFSE, Sigma) before stimulation. When indicated, proliferation indexes were calculated with the 
tool provided by FlowJo and corresponds to the total number of divisions divided by the number of cells that went 
into division.

A!er isolation, splenic CD4 T cells were cultured at 
37 °C, 5% CO2 in complete medium (RPMI 1640 medium, 10% FCS, 10 mg/mL gentamycin, 10 mM HEPES 
and 0.05 mM β-mercaptoethanol, all purchased from Lonza BioWhittaker) supplemented with the according 
cytokine/antibody cocktail for each T helper cell subset. For the non-polarized condition ("0), cells were only 
stimulated with anti-mouse CD3ε and CD28 Abs (clone 145.2C11, 553057, and clone 37.51, 553294, see cell 
isolation and cell culture for the concentrations). In addition to the anti-CD3/CD28 Ab stimulation, anti-mouse 
IL-4 Ab (10 µg/mL, clone 11B11, 554432) and recombinant mouse IL-12 (2 ng/mL, p70, 554592) were added, 
for "1 polarization, anti-mouse IFN-ɣ Ab (10 µg/mL, clone XMG1.2, 554408) and recombinant mouse IL-4 
Ab (15 ng/mL, 550067) for "2 polarization and  nally anti-mouse IL-4 Ab, anti-mouse IFN-ɣ Ab, recombinant 
mouse IL-6 (10 ng/mL, 554582) and recombinant mouse TGF-β1 (1 ng/mL, R&D Systems, 7666-MB-005), for 
"17 polarization. "e cells were cultured at a density of 105 cells/well in a 96-well plate for four days. "en, cell 
polarization was assessed by #ow cytometry, cell medium was changed and recombinant IL-7 (5 ng/mL, 407-ML-
005, R&D Systems) was added every 3–4 days and the medium changed every 7 days. At these time points, cells 
were counted, and cell number was adjusted to 105 cells/well. "e CD4 T cells were maintained in culture for 42 
days. Cytokines and Abs used were purchased from BD Biosciences, except if otherwise speci ed. In some exper-
iments, cells were treated by 200 µM Etomoxir (Sigma-Aldrich, E1905) for 21 days.

"e donor mice (B6, dLck-cre Atg5f/f mice or littermates) were immunized with 100 µg 
OVA/CFA injected i.p. Four weeks later, the mice were sacri ced and CD4+ T cells were isolated from the spleen 
of each mouse. Memory B cells were also isolated from the spleen of one B6 immunized mouse. Positive mem-
ory CD4 T cell isolation was accomplished using the CD4 (L3T4) MicroBeads cell isolation kit (130-049-201; 
Miltenyi Biotec, Bergisch-Gladbach, Germany). Preparations contained more than 85% CD4+/CD8α−/B220− 
cells as checked by #ow cytometry (~20% were however neither CD8+ nor B220+). Negative isolation of memory 
B Cells was performed with the CD43 (Ly-48) MicroBeads cell isolation kit (130-049-801, Miltenyi) following 
manufacturer’s recommendations. Resulting CD4−/CD8α−/B220+ B cells were >90% pure. CD4+ T cells and 
B cells were co-injected in recipient B6 mice in the proportion of 2 × 106/2 × 106 cells respectively. Seven days 
a!er adoptive transfer the recipient mice were immunized with 100 µg OVA/CFA and 7 days later they were bled. 
Detection of anti-OVA IgM and IgG response was assessed by ELISA.

Data were analyzed with Prism v6 (GraphPad So!ware Inc, La Jolla, CA USA). Groups 
were compared by unpaired tests and considered signi cantly di%erent when p < 0.05. When sample size was 
su&cient to assume comparable normal distribution (Kolmogorov-Smirnov Test), unpaired t was performed. 
Otherwise the unpaired non-parametric Mann-Whitney U Test was used. Alternatively, when n <3, we per-
formed two-way ANOVA with Tukey Post-Hoc test.
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Functional autophagy is required for homeostasis 

maintenance and survival of Langerhans cells. 
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ABBREVIATIONS 



APC: antigen presenting cells 

Atg: Autophagy-related genes 

DCs: Dendritic cells 

DETC: Dendritic epidermal T cells 

ER: Endoplasmic Reticulum 

FCS: fetal calf serum 

IRE1: Inositol-requiring enzyme 1 

LCs: Langerhans cells 

LDs: Lipid droplets 

LN: Lymph nodes 

MHC-II: Major histocompatibility complex 

MT: Mitotracker 

ROS: reactive oxygen species 

UPR: Unfolded protein response 

TGF!-R1: Tumor growth factor ! receptor 1 

Xbp1 :X-box binding protein 1  

 

INTRODUCTION 

Langerhans cells (LCs) are resident sentinels of the epidermis, belonging to the antigen 

presenting cells (APCs) family (Nishibu et al., 2006). LCs arise from hematopoietic 

precursors, emerging from the yolk sac and the fetal liver, which colonise the skin before 

birth (Hoeffel et al., 2012). There, they may be maintained lifelong by local self-renewal 

mechanisms (Merad et al., 2002). Under stress conditions, such as pathogen recognition, LCs 

migrate to lymph nodes (LNs), where they directly prime T cell response and might 

contribute as other dendritic cells (DCs) to antigen presentation (Seneschal  et al., 2012 ; Van 

den Berg et al., 2015). As the first immune cell to potentially encounter pathogens during 

skin infections, a better understanding of LCs biology appears critical.  

Autophagy is a conserved mechanism of self-digestion, allowing the engulfment of 

cytoplasmic content into double-membrane vesicles, which fuse with lysosome for 

degradation and recycling of the sequestered content. Autophagy is regulated by nutrient 

sensors and is promoted as a response to nutrient starvation or to increased energetic demand. 

Autophagy can thus support metabolic needs (Galluzzi et al., 2014). It also acts as a quality-

control mechanism for organelle, for instance by compensating Endoplasmic Reticulum (ER) 

expansion, and preventing the accumulation of misfolded protein aggregates during the 



unfolded protein response (Anding et al., 2017; Niu et al., 2017). These selective forms of 

autophagy are particularly important in long-lived and self-renewing cells such as neurons, or 

B-1 B cells (Yoshii et al., 2016; Clarke et al., 2018). Autophagy is also important to sustain 

metabolic functions, by maintaining a function mitochondrial pool and by contributing to the 

efficient mobilization of fatty acids (!"#$%&$'()*$+,-./.  

At this day, several studies focused on autophagy and its potential functions regarding 

macrophages and DCs as reviewed in (Ghislat et al., 2018; Bah et al., 2017). These studies 

demonstrated a role for autophagy in DCs functions, such as in antigen presentation or 

proinflammatory signals modulations, but concluded excluded that autophagy is necessary 

for either macrophages or DCs homeostasis. However, a recent paper reported a defect in 

splenic resident CD8+ DCs in absence of the autophagic core protein Vps34 (Parekh et al., 

2017). As LCs are self-renewing long-lived cells, fulfilling APC functions, exposed to stress 

related to low nutrients availability or UV irradiation in epidermis, autophagy might be 

important for LC homeostasis. We tested this hypothesis by monitoring the consequences of 

a specific deletion of Atg5 in langerin-expressing cells.  

 

RESULTS 

 

ATG5 is necessary for Langerhans Cells network maintenance.  

We first aimed to determine if ATG5 was necessary for basal maintenance of LCs. To do so, 

we generate Atg5
+/-

 langerin
WT/Cre 

by crossing previously described mice Atg5
+/-

 and 

mlangerin
WT/Cre 

(Arnold et al., 2015; Zahner et al., 2011). This first generation was then 

crossed with Atg5
flox/flox

, described in (Hara et al., 2006), to generate Atg5
flox/-

 mlangerin
WT/Cre

 

(further abbreviated Atg5
flox/-

langerinCre) and their littermates Atg5
flox+-

 mlangerin
WT/Cre

 

(further abbreviated LM). These mice were genotyped as described by PCR in their original 

characterising paper (Figure S1A).  We also confirm the efficiency of Atg5 deletion by 

sorting LCs in draining lymph nodes (Figure S1B). Indeed, we were enable to detect Atg5 

mRNA in LCs sorted from Atg5
flox/-

langerinCre compared to our control mice, even if we 

observed similar level of the housekeeping gene Gapdh.   

We then assessed LCs percentage among CD45 expressing cells in the epidermis by flow-

cytometry. Since langerin expression in LCs is only complete between 7 and 10 days after 

birth (Trip et al., 2004), we first assessed LCs network at 10 days post birth and monitored it 

until 6 months (Figure 1A). In our control mice, we observed an increasing proportion of LCs 



among CD45 expression populations in the epidermis until 6 weeks, with a decrease of LCs 

at 6months. Such results were in accordance with previous reports (Trip et al., 2004). We 

observed 10 days post-birth a comparable proportion of LCs in Atg5
flox/-

langerinCre, 

suggesting an absence of major defect during the setting-up of LCs network in these mice. 

This proportion exponentially diminishes as a function of time, compared to control mice. 

Interestingly, LCs do not totally disappeared from the epidermis, but the population 

proportion reaches a plateau around 6 weeks after birth, which is maintain at least until 6 

months. To avoid any bias in our analyses, we additionally compared LCs percentage to 

dendritic epidermal T cells (DETCs) percentage (figure S2). The LCs/DETCs ratio is under 

physiological conditions maintained around 1. We observed a significant decrease of this 

ratio in our Atg5
flox/-

langerinCre compared to control mice, confirming a loss of LCs as a 

function of time.  

We also performed an immunofluorescent staining of LCs network using ear epidermis 

(figure 1B). As expected, we did not observe any obvious difference in LCs network when 

looking on 10 days mice. However, and accordingly to flow-cytometry results, we saw an 

important loss of LCs in 6 months old Atg5
flox/-

langerinCre. Interestingly, the remaining LCs 

were not disseminated along the epidermis, but rather forming patches. Such patterns are 

reminiscent of the one observed in tumor growth factor ! receptor 1 (TGF!-R1) deficient 

LCs (Zahner et al., 2011).  

Altogether, these results demonstrate that the core autophagic machinery protein ATG5 is 

crucial for epidermal LCs network maintenance. 

 

ATG5 deficient LCs undergo apoptosis. 

We then wanted to determine the reason that would lead to the observed decrease of ATG5 

deficient LCs in the epidermis. LCs as other DCs, are able to migrate to LN, either 

spontaneously, or following inflammatory signals (Henri et al., 2010). Under physiological 

condition, TGF!-R1 is necessary to maintain an immature LCs state (Kel et al., 2010). Loss 

of TGF!, signaling, induces a spontaneous maturation of LCs, which in return, upregulate 

several activation markers such as the major histocompatibility complex class two (MHC-II) 

or CD86. We first checked if in our Atg5
flox/-

langerinCre, LCs spontaneously maturate and 

emigrate from the epidermis. We then measure the relative amount of MHC-II and CD86 

expressed by LCs in the epidermis, during the first weeks of life of our mice (Figure 2A). We 

did not observe any difference in these markers expression in our Atg5
flox/-

langerinCre 

compared to our control mice. Since LCs are long-live cells DCs (Merad and Manz, 2009), 



we reasoned that a massive emigration from the epidermis should lead to an accumulation of 

these cells in the LNs. We digested the inguinal and brachial LNs, two skin draining LNs, of 

6 weeks old mice (Figure 2B). Interestingly, we observed a significant decrease in percentage 

and a tendency in LCs number and in our Atg5
flox/-

langerinCre compared to our control mice. 

Intriguingly a similar lowest amount of CD103+ DCs, a dermal subset that also express 

Langerin, was observed. However and as expected no difference were observed on other 

dermal DCs subsets that are not depleted in ATG5. These results exclude a massive 

deregulation in LCs spontaneous maturation and migration.  

To compensate for this spontaneous migration and maintain the integrity of their epidermal 

network, LCs proliferate at several timepoints, notably 4 weeks after birth (Chorro et al., 

2009; and unpublished observations). Consequently, we assessed if ATG5 deficient LCs 

present impaired proliferation capacities (Figure 2C). We observed comparable percentage of 

!"#$%&%"'(")*%+,-$.)./*and (BrDU) and Ki-67 stained LCs in 4 weeks old Atg5
flox/-

langerinCre compared to our control mice. These results led us to exclude a major 

proliferative capacity in ATG5 deficient LCs. 

Our next hypothesis was that LCs network was altered by an increased apoptosis of LCs in 

absence of Atg5. We assess this parameter by measuring the amount of the activated caspase-

3 form in LCs by flow cytometry (Figure 3C). Interestingly, we observed an increased 

expression of this pro-apoptotic protein in ATG5 deficient LCs, both in epidermis and in LNs. 

Altogether, these results demonstrate that ATG5 is crucial, even at basal state, for LCs 

survival. 

 

ATG5 is necessary for basal homeostasis maintenance of LCs. 

We next investigated the potential causes of this increased apoptosis rate in ATG5 deficient 

LCs. Previous experiments performed under electron microscopy, allowed the observation of 

mitochondria in double membrane structure, reminiscent of autophagosomes (Schuler et al., 

1984). Consequently, we assessed if mitophagy was impacted in LCs because of ATG5 

deficiency. In this purpose, we performed a double staining of LCs with mitotracker (MT) 

Green and Deep Red, on LCs extracted from 2 weeks old mice. While MT Deep Red is 

sensitive mitochondrial membrane potential, MT Green stains mitochondrial membranes 

independently of the membrane potential, allowing the normalization the measurement of 

membrane potential to the mitochondrial load. In these settings, we neither observed a 

difference in mitochondrial load nor in decreased membrane potential mitochondria, in 

Atg5
flox/-

langerinCre compared to our control mice, (Figure 3A). We also assessed the 



mitochondrial reactive oxygen species (ROS) production by performing a mitoSox staining 

(Figure 3B). Again we did not observe any difference between Atg5
flox/-

langerinCre and 

control mice. These results demonstrate that mitophagy is either not ATG5-dependent in LCs, 

or that they are not sensible to mitophagy loss. Whatever, it excludes a role for mitophagy, in 

our model, for the observed loss in LCs epidermal network.  

Unfolded protein response (UPR) is a cascade of several pathways induced in response to ER 

stress (Hetz and Rapa, 2018). In particular, the inositol-requiring enzyme 1 (IRE1)/X-box 

binding protein 1 (Xbp1) axis of the UPR, control DCs survival and maturation (Grootjans et 

al., 2016). Interestingly, heat-map generated on Immgen highlighted that LCs are supposed to 

express the higher level of several genes involved in UPR among DCs population (Figure S3). 

Since autophagy contribute to regulate ER swelling and to limit UPR response (Song et al., 

2018), we stained the ER compartment, of LCs extracted from 2 weeks old mice, by using 

ER-tracker, a dye highly specific for ER membrane (Figure 3C). Using this strategy, we 

observed an expended ER compartment in Atg5
flox/-

langerinCre compared to our control mice. 

In DCs, previous reports demonstrated that an IRE1/Xbp1 overactivation is associated with a 

higher generation of lipid droplets (LDs) (Grootjans et al., 2016). Thus we assess, this 

compartment by using bodipy, a neutral lipid staining dye (Figure 3D). Accordingly, we 

observed a higher neutral lipid load in Atg5
flox/-

langerinCre compared to our control mice, 

which suggests a higher number of LDs in these mice. To confirm this result, we observed 

these bodipy stained LCs under confocal microscope. Accordingly, we observed a higher 

number of bodipy spots, confirming that Atg5
flox/-

langerinCre possess a higher lipid droplets 

load. 

Altogether these results demonstrate that ATG5 is crucial for basal LCs homeostasis 

maintenance. 

 

 

Lipophagy is dispensable at short time for LCs survival. 

Regarding these results, we could however not exclude that ATG5 deficiency impaired LDs 

mobilisation through lipophagy. Indeed, LDs accumulation could also lead to an ER stress 

and a defective energetic mobilisation, both eventually leading to apoptosis (Vel!zquez et al., 

2016). To determine if lipid droplets accumulation leads to a cellular cytotoxicity, we treated 

LCs extracted from 6 weeks old C57BL/6 epidermis, with etomoxir, a carnitine 

palmitoyltransferase I, blocking the import and mobilisation of fatty acids by mitochondria. 

Consequently, we observed a higher neutral lipid load in treated LCs, compared to their 



none-treated counterpart 24h after treatment (Figure 4A). However, we did not observe any 

difference in percentage of caspase-3 expressing LCs (Figure 4B). These results suggest that 

a higher lipids load, does not induce lipid toxicity in LCs.  

To determine if LCs rely on lipophagy to generate energy, we starved LCs extracted from 6 

weeks old epidermis in PBS completed with 0,5% fetal calf serum for 8 hours. We then 

monitored the glucose uptake of these cells, using (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-

yl)Amino)-2-Deoxyglucose) (2-NDBG), a fluorescent glucose analogue (Figure 4C). We did 

not observe any difference in the relative amount of 2-NDBG uptake by LCs from Atg5
flox/-

langerinCre compared to control LCs. This result suggests that LCs are probably not relying 

that much on fatty acid metabolism. 

Altogether, these results suggests that lipophagy is not crucial in LCs.  

 

Autophagy is necessary to maintain human LCs homeostasis. 

We then wanted to investigate if this homeostasis maintenance of LCs is mediated by a 

specific role of ATG5 or if it involved selective autophagy. To do so, we treated LCs 

extracted from 6 weeks old C57BL/6 with the phosphatidylinositol-3-kinase inhibitor, 

wortmannin, which inhibit the initiation of the autophagic process. We then assess if 

wortmannin treatment reproduce the previously described phenotype. Interestingly, we 

observed an increased ER compartment, and a higher neutral lipids load in treated LCs, 

compared to none-treated one (Figure 5A).  

Based on these results, we assessed if human LCs share the same requirement for autophagy. 

We similarly treated human LCs with wortmannin. We observed, comparably to mice, an 

increased ER compartment and also a higher neutral lipids load in treated LCs compared to 

none-treated one (Figure 5B).  

Altogether, these results demonstrate that autophagy is required to limit ER stress in both 

mice and human LCs.  

 

 

 

MATERIALS AND METHODS 

Mice 

Mice were bred and maintained on a C57BL/6N background at the animal facility of the 

Institut de Biologie Mol!culaire et Cellulaire (IBMC, Strasbourg). Atg5
flox/flox  and 

mLangerinCre mice were respectively gifted by N. Mizushima and B.E. Clausen and 



previously characterized (Hara et al., 2006; Zahner et al., 2011). [Atg5
+/-

 ; mLangerinCre] 

were obtained from a first cross between mLangerinCre and Atg5
+/-

  (described in Arnold et 

al., 2015), then bred to Atg5
flox/flox

 to obtain [Atg5
flox/-

 ; mLangerinCre] and littermates 

[Atg5
flox/+

 ; mLangerinCre]. Mice were genotyped for their Atg5 allele and the mLangerinCre 

transgene as previously described (Arnold et al., 2015; Zahner et al., 2011). All mice were 

bred and maintained in accordance with guidelines of the local institutional Animal Care and 

Use Committee. 

 

Cell preparation and culture 

Brachial and inguinal lymph nodes were digested in R2 buffer, composed of RPMI-1640 

medium containing L-glutamine (Lonza), supplemented with 2% fetal calf serum (FCS; 

Dutscher), 50 mM !-Mercaptoethanol (Gibco), 1% Gentamicin (Gibco), 10 mM HEPES 

(Lonza), and containing 50µg.ml
-1 

DNAse and 10µg.ml
-1 

collagenase D (Roche) for 1h at 

37¡C under agitation.  

To assess the impact of autophagy inhibition on homeostasis, back skin was digested in R2 

buffer, containing 1mg.ml
-1 

dispase II (Roche) overnight at 4¡C. Entire epidermis was then 

deposed on RPMI medium supplemented with 10% FCS (Dutscher), 50 mM !-

Mercaptoethanol, (Gibco), 1% Gentamicin (Gibco), and 10 mM HEPES (Lonza), in Petri 

Dish at 37¡C for 24h to allow the crawl-out of LCs.  

LCs percentage in skin, basal caspase 3 activation and proliferation assays were measured 

after back skin digestion with Trypsin (Origin ?) for 45min at 37¡C. Epidermis was then 

dilacerated with forceps and further separated by 15min digestion in TrypLE (ThermoFisher) 

on a rotating wheel.  

 

Glucose uptake 

Cells obtained by crawl-out were starved for 24h in PBS (Lonza) supplemented with 0.5% 

FCS for 8 hours. Cells were then incubated in presence of 150"M of 2-[N-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose(N13195, ThermoFischer) for 30min at 37¡C. 

 

Pharmacological inhibitions 

Cells obtained by crawl-out were incubated with the phosphatidylinositol 3 kinase inhibitor 

wortmannin (W1628) or the carnitine palmitoyltransferase-1 inhibitor, etomoxir (E1905), 

both purchased from Sigma-Aldrich, at respectively 10µM and 200µM for 24h at 37¡C. 

 



5-bromo-2Õ-deoxyuridine (BrdU) incorporation  

BrdU was administered by intraperitoneal injection of 100!L BrdU (1mg/mL; Sigma) 72 

hours prior to analysis, and also delivered in mice drinking water at a concentration of 0.8 

mg/ml. Cells were fixed with Cytofix/Cytoperm buffer (BD Biosciences) and permeabilized 

with permeabilization buffer (BD Biosciences). DNA was then denatured with a DNAse 

solution (100!g/mL, BD Biosciences) in order to improve the accessibility of the 

incorporated BrdU to the detection antibody. 

 

Flow cytometry staining and analysis 

Analyses of cell populations were performed using a ten-colour fluorescence cytometer 

(Gallios
TM 

Beckman-Coulter), according to standard protocols. 

The following antibodies and reagents were used FITC, PE, PerCP5.5, PeCy7, APC, AF700, 

APCCy7 antiÐmouse CD8 (53-6.7), CD11c (HL3), CD103 (M290), Caspase 3 (C92-605), 

BrdU (B44), Ki67 (B56) from BD Biosciences, Langerin (929F3) from Dendritics, Ia-Ie 

(M51114.15.2), TCR"# (GL3), CD45 (30F11) from Biolegend, HLA-DR (L203) from R&D. 

FVD450 and FVD780 (65-0863-14 and 65-0865-14) from eBiosciences were used as 

viability markers. Mitotracker Green, Deep Red (M7514, M22426) MitoSox (M36008), 

Bodipy (D3922) and ER-tracker (E12353), stainings were performed accordingly to supplier 

(ThermoFisher) protocols. Data were analyzed with FlowJo software (Treestar). 

 

Quantitative real-time RT-PCR analysis 

RNA was extracted from lymph nodes sorted LCs on a FACS Aria cell sorter (BD 

Biosciences) with RNeasy microKit (Qiagen) and cDNA was obtained with Maxima Reverse 

Transcriptase Kit (ThermoFisher) using a T100 Thermal cycler (Biorad). Quantitative real-

time PCR was performed on cDNA using Taqman preAmp MasterMix and Taqman 

Universal Mastermix (ThermoFisher) and Assays-on-Demand probes (Gapdh: 

Mm03302249_g1,Atg5: Mm00504340_m1). Each sample was amplified in triplicate in a 

StepOnePlus real-time PCR system (Applied Biosystems). mRNA levels were calculated 

with the StepOne v2.1 software (Applied Biosystems), using the comparative cycle threshold 

method, and normalized to the mean expression of Gapdh housekeeping gene. 

 

Epidermis Immunofluorescence 

Ear epidermis was separated from the dermis by ammonium thiocyanate digestion (0.15M) 

for 20min at 37¡C. Epidermis was then fixed using glacial acetone for 15min at 4¡C and 



permeabilized with TBS 2% BSA 0.05% Triton. Antibodies (see clones used in flow-

cytometry) were incubated overnight at 4¡C. 4!,6-diamidino-2-phenylindole (DAPI, D1306, 

Molecular Probes) was incubated 15min at RT. Tissues were mounted and observed under a 

confocal microscope (Yokogawa Spinning Disk, Zeiss). 

 

LCs Immunostaining 

Cells obtained by crawl-out were stained with Mitotracker, ER-tracker or Bodipy (see 

references used in flow-cytometry), and added on Lab-Tek chamber slides (Thermo 

Scientific Nunc) coated with a poly-L-Lysine solution (Sigma-Aldrich) diluted in ultra-pure 

water (Lonza Inc.) 0.02% (v/v) to enhance cellular adhesion. Cells were fixed using 2% 

paraformaldehyde in PBS, for 15min at RT. Cells were then stained with an anti-p62 

(ab56416; abcam) and anti-langerin (929F3; Dendritics) overnight at 4¡C. p62 was indirectly 

stained by a donkey anti-mouse secondary antibody coupled to an Alexa555 dye was used 

(A-31570, ThermoFisher). DAPI (see above) was incubated 15min at RT. Tissues were 

mounted and observed under a confocal microscope (Yokogawa Spinning Disk, Zeiss). 

 

Statistical analysis 

Statistical significance was calculated with a two-tailed Mann & Whitney test using Prism 

software (GraphPad). All data were presented as mean ± standard Error of the Mean (SEM). 

P-values < 0.05 were considered statistically significant (*, p<0.05, **, p<0.01, ***, p<0.001, 

****,p<0.0001). 
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B cells play an important role in the development and pathogenesis of autoantibody (autoAb) mediated auto-
immune diseases. In healthy individuals, a�er a stochastic rearrangement of B cell receptors (BCR) during VDJ 
recombination, up to 75% of newly generated immature B cells of the bone marrow (BM) are autoreactive1. But 
the relatively low occurrence of autoimmune diseases, i.e. 3–8%2, implies that mechanisms exist to remove these 
autoreactive B cells or to render them unresponsive. Maintenance of B cell tolerance occurs at various checkpoints 
during B cell development. Central B cell tolerance mechanisms take place within the BM, and include clonal 
deletion, anergy, and receptor editing. B cells that leave the BM express a functional BCR and migrate to the 
peripheral lymphoid organs to mature3–7. However, some autoreactive B cells still reach the periphery.  erefore, 
additional peripheral tolerance checkpoints exist to remove these pathogenic B cells and include notably clonal 
deletion, anergy, and inhibition by regulatory T or B cells3–9.

Failure in one or more of these mechanisms may lead to tolerance breakdown and development of autoim-
mune diseases, such as systemic lupus erythematosus (SLE)10.  is progressive and complex disease is notably 
characterized by a defect in apoptotic cell clearance, leading to autoAb production against various nuclear anti-
gens, especially double-strand DNA (dsDNA) and nucleosomes.  is results in immune complex deposits in 
blood vessels and di!erent organs, responsible for both systemic and local chronic in"ammation11–16. Tolerance 
breakdown is an early event as anti-nucleosome autoAbs can be detected up to 10 years prior the #rst symptoms 
of the disease17,18. One of the remaining open questions is the precise phenotype of the autoreactive B cells pro-
ducing these pathogenic antinuclear autoAbs. Most of our knowledge comes from the analysis of B cell hybrid-
omas generated with B cells from anti-DNA transgenic mice19. Although these studies provided primordial data 
regarding tolerance mechanisms, the technology used is not suitable for large scale analysis and does not allow 
a direct phenotypic approach20,21. We previously developed a novel "ow cytometry-based method to identify 
self-reactive B cells with "uorescent nucleosomes in B6.56R mice22. Nucleosomes constitute the main autoan-
tigen in SLE. Indeed, although anti-dsDNA Abs are the most common autoAbs observed in SLE12, free DNA 
is usually rare and rather exist in the form of circulating nucleosomes, suggesting that nucleosomes constitute 
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both the driving immunogens and the targets of anti-dsDNA antibodies18,23. Moreover, nucleosomes have mul-
tiple autoepitopes24,25, allowing the detection of a large spectrum of representative pathogenic B cells. �e 56R 
anti-dsDNA heavy (H) chain knock-in mouse model is a useful tool to study B tolerance towards ubiquitous 
autoantigens, such as nucleosomes26. �e 56R transgene, a mutated form of the anti-3H9 DNA H chain, forms 
a BCR with an anti-DNA speci city when combined with almost all endogenous light chains. On a C57BL/6 
(B6) background, the 56R mutation (B6.56R) leads to a partial loss of tolerance19,27, allowing autoAb production 
with high a!nity for dsDNA and nuclear components19,26,28. �e B6.56R mouse has an in-frame 56R H chain 
rearrangement (constant region of “a” haplotype) on one allele (i.e. the transgenic allele), and normal B6H chain 
genes (constant region of “b” haplotype) on the other. In this model, detection of autoreactive B cells is based on 
the identi cation of cells carrying the transgene by PCR, or by #ow cytometry using anti-haplotype antibodies. 
Indeed, the two H chain alleles can be di$erentiated using anti-IgMa antibodies that speci cally bind to IgM 
with an heavy chain constant region of “a” haplotype (corresponding to the transgenic H chain), and anti-IgMb 
antibodies that bind to BCR expressed by the endogenous allele (“b” haplotype)19. However, editing of variable 
regions or pairing with speci c endogenous light chains (e.g. Vκ21) are known to abrogate DNA binding of the 
56R H chain19,26 and only 36% of the spontaneous hybridomas produced from B6.56R B cells recognize DNA26. 
�erefore, identi cation of the 56R H chain with only anti-IgMa labeling is not ideal to analyze autoreactive B 
cells in this model. For these reasons, we used labeled nucleosomes to characterize B cells based on their genuine 
autoreactivity22. In addition, B6.56R mice do not develop illness despite production of anti-dsDNA autoAbs26, 
unless they are crossed with autoimmune prone mice29,30. �us, our method could help decipher how autoreactive 
B cells are tolerized in this model.

In this report, we directly phenotyped splenic anti-nucleosome B cells in B6.56R mice and showed that most 
of them are kappa (κ) positive, harbor a marginal zone (MZ) phenotype with only few with follicular (FO) B 
cells characteristics. In addition, they failed to acquire a germinal center (GC) phenotype. �ese results re#ect a 
means to avoid any pathogenic activation of these anti-nucleosome B cells. Indeed autoreactive B cells are likely 
promoted into locations where their chances of inappropriate activation decrease.

Based on the gating strategy de ned in Fig. 1a, 
the di$erent splenic B cell subsets were evaluated by #ow cytometry. B220+ B cells were decreased both in abso-
lute number and frequency in B6.56R mice compared to C57BL/6 control mice (12.4*106 ± 2.1 vs. 34.4*106 ± 5.3 
and 27.9% ± 1.2 vs. 47.5% ± 1.7 respectively) (Fig. 1b and Supplementary Table 1). MZ B cells were increased in 
transgenic mice (4.8*106 ± 0.6 in B6.56 R vs. 2.9*106 ± 0.4 in C57BL/6 and 36.2% ± 2.0 vs. 10.6% ± 0.7%) while 
FO B cells were decreased both in absolute and relative numbers (8.1*106 ± 2.4 vs. 23.8*106 ± 3.2 and 48.2% ± 1.6 
vs. 76.8% ± 1.3). Among the more immature B cell subsets, transitional B cells were decreased in B6.56R com-
pared to C57BL/6 mice (0.5*106 ± 0.1 vs. 2.1*106 ± 0.2 and 2.1% ± 0.3 vs. 7.6% ± 0.5 respectively) (Fig. 1c and 
Supplementary Table 1). Further analysis showed a majority of T2 B cells in controls (3.7% ± 0.5 of B220+ cells) 
while the T3 compartment was the main transitional subset in transgenic mice (1.2% ± 0.2 of B220+ cells) 
(Fig. 1d). �ese data are in accordance with the literature26. In addition, no signi cant di$erence was found in the 
GC subset, neither in relative nor in absolute numbers (Fig. 1c and Supplementary Table 1).

We analyzed the heavy chain usage in B6.56R mice, in order to determine if the increase of MZ B cells is 
related to a potential sequestration of B cells with the 56R transgenic heavy chain (stained with anti-IgMa anti-
body). �e majority of splenic B220+ B cells were IgMa+ (74.3% ± 1.2) (Fig. 1e). �ese cells preferentially harbor 
a MZ phenotype compared to IgMb+ (38.6% ± 1.1 vs. 28.1% ± 2.4), whereas there was a higher frequency of 
IgMb+ in the FO B cell compartment (62% ± 2.7 vs. 49.6% ± 1.8) (Fig. 1f). �ese data are consistent with a pref-
erential migration of potential autoreactive B cells into the MZ. However, only a fraction of IgMa+ B cells have a 
self-reactive BCR, due to receptor editing of variable regions or pairing of transgenic heavy chain with speci c 
endogenous light chains19,26. �us, we decided to further analyse the phenotype of autoreactive B cells using a 
#ow cytometry based-assay using labeled nucleosomes22.

In accordance with our previous results22, a signi cant frac-
tion of B cells from B6.56R mice were labeled with nucleosomes. �is staining was almost speci c to B cells 
expressing the 56R heavy chain, and only few B cells from C57BL/6 were labeled (Supplementary Fig. 1). First, 
we assessed the light chain usage in B6.56R mice (Fig. 2). Considering all B220+ B cells, 77.8% ± 1.4 expressed 
κ chains, 2.6% ± 0.2 lambda (λ) chains and 5.2% ± 0.8 co-expressed both chains. In a fraction of B cells 
(14.4% ± 1.0), no light chain expression could be detected using commercially antibodies against κ or λ (Fig. 2 
and Supplementary Table 2). �is latter population could be putative Vλx expressing B cells, a light chain that 
abrogates DNA-binding31,32. Further analysis showed a higher frequency of κ expressing B cells in nucleosome+ 
compared to nucleosome− B cells compartment (92.6% ± 0.8 vs. 73.9% ± 1.3 respectively), with a low frequency 
of both λ+ B cells (2.1% ± 0.2 vs. 2.8% ± 0.2) and B cells expressing dual receptors (3.5% ± 0.5 vs. 6.2% ± 1.0). 
Finally, the proportion of cells without any κ or λ detection was almost negligible among the nucleosome+ B cells 
(Fig. 2b and Supplementary Table 2).

Compared to nucleosome− B cells, those that bound nucleosomes were chie#y associated with a MZ pheno-
type (56.7% ± 2.7 nucleosome+ vs. 27.2% ± 1.7 nucleosome−) and a low representation of FO B cells (35.0% ± 1.9 
nucleosome+ vs. 54.1% ± 1.5 nucleosome−). �ese data argue for FO exclusion and MZ sequestration of nucle-
osome+ B cells (Fig. 3a,b and Supplementary Table 2). Interestingly, although there were very few nucleosome+ 
B cells in C57BL/6 mice, these cells harbor a similar phenotype compared to B6.56R mice, with an increased 
frequency in the MZ compartment at the expense of the FO compartment compared to nucleosome− B cells 
(17.2% ± 1.6 nucleosome+ vs. 10.3% ± 0.7 nucleosome− MZ B cells and 65.8% ± 1.9 nucleosome+ vs. 77.3% ± 1.3 
nucleosome− FO B cells respectively) (Fig. 3c). �ese results suggest the existence of a potential similar MZ 



!!!"#$%&'(")*+,-).(#%./.)'(0*'%-,

1!"#$%&#'#"(!"#$!%&  13232 

Figure 1. B6.56R mice display lower proportion of total B cells, transitional B cells and FO B cells but a higher 
MZ B cell frequency, compared to C57BL/6 mice. (a) Gating strategy of the di�erent splenic B cell subsets. (b) 
B220+ B cells frequency in B6.56R mice (black) compared to C57BL/6 control mice (grey). (c) Frequency of the 
di�erent splenic B cell subsets (percentage among B220+ cells) in B6.56R mice (black) compared to C57BL/6 
mice (grey). (d) Transitional B cell frequency (percentage of B220+ cells) in B6.56R mice (black) and C57BL/6 
mice (grey). (e) IgMa+ and IgMb+ B cell frequency (percentage of B220+ cells) in B6.56R mice. (f) Frequency 
of MZ or FO B cells, among IgMa+ (black) or IgMb+ (white) B cell populations in B6.56R (indicated as the 
percentage of cells among IgMb+B220+ or IgMa+B220+ cells). n ≥ 7 in each group; mean ± SEM; spleen; mice 
aged from 2 to 8 months old. Two-tailed Mann-Whitney U-test. *P < 0.05, **P < 0.005, ***P < 0.001.
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sequestration mechanism in wild-type mice. With regard to the more immature B cells in B6.56R mice, a lower 
frequency of total transitional B cells was found in the nucleosome+ compared to the nucleosome− B cells 
(1.8% ± 0.2 vs. 2.3% ± 0.3 respectively), with a lower proportion of T3 subset (Fig. 4 and Supplementary Table 2). 
Finally, few GC B cells were found among nucleosome+ B cells (0.14% ± 0.02 vs. 0.58% ± 0.09), indicative of a 
potential GC exclusion of autoreactive B cells (Fig. 5 and Supplementary Table 2). Similar results were obtained 
when only the IgMa+ B cell population was analyzed (Supplementary Fig. 2), supporting the conclusion that these 
changes are directly related to self-reactivity and are not solely the consequence of 56R transgene expression.

Based on these results, we represented the cellular composition of each B cell subset. With respect to the tran-
sitional population in B6.56R mice, the proportion of nucleosome+ B cells was relatively high (26.4%) and the 
lowest representation of nucleosome+ B cells was in the T3 subset. MZ B cells had the highest cellular proportion 
of nucleosome+ B cells, as they represented almost half (47.7%) of the cellular content, whereas anti-nucleosome 
B cells represented 22.3% of FO B cells (Fig. 6). In the same manner, in C57BL/6 mice, MZ B cell population 
displayed a higher proportion of nucleosome+ cells compared to FO B cell compartment (Fig. 6). Finally, in 
B6.56R mice, GC B cells constituted the compartment with the lowest proportion of autoreactive B cells (10.3%) 
(Fig. 6). Altogether, these results are likely the consequence of tolerance mechanisms leading to sequestration of 
self-reactive B cells into the MZ, at the expense of FO and GC compartments.

�e development of autoreactive B cells is tightly regulated, and failure in one or more of the tolerance mecha-
nisms underlying elimination of autoreactive B cells may lead to autoantibody-mediated diseases. Anti-dsDNA 
is one of the most common autoantibodies in SLE33, and B6.56R mice possess self-reactive B cells producing such 
autoantibodies26.

Herein we show that B6.56R mice display an increased MZ proportion. �is expansion has been directly 
implicated in SLE pathogenesis in some murine models34,35, as the MZ is a major source of autoreactive B cells36. It 
has been suggested that a chronic BCR stimulation could promote homing of B cells into the MZ37. In agreement 
with this point, we show that nucleosome+ B cells, recognizing an ubiquitous autoantigen, adopt a MZ pheno-
type. Because MZ B cells are not favored for a nity maturation or class switching37, nucleosome+ B cells in the 
B6.56R model could be preferentially localized in MZ to reduce the propensity of inappropriate activation. �e 

Figure 2. In B6.56R mice, nucleosome+ B cells mainly express the κ light chain. (a) Representative plots 
of κ and λ staining among B220+, B220+nucleosome− or B220+nucleosome+ cells from B6.56R mice. (b) 
Frequency of κ+, λ+, κ+/λ+ or κ−/λ− B cells (indicated as percentage among B220+, B220+nucleosome− or 
B220+nucleosome+ cells) in B6.56R mice. n = 5; spleen; mean ± SEM; 4 months old mice. Two-tailed Mann-
Whitney U-test. *P < 0.05, **P < 0.005.
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presence of DNA reactive BCRs is likely to promote autoreactive B cells into microenvironment where the risk of 
any autoimmune response is decreased. However paradoxically, in the MZ B cells are more exposed to polyclonal 
B cell stimuli, such as lipopolysaccharides (LPS)38,39, suggesting additional mechanisms to prevent activation 

Figure 3. In B6.56R mice, nucleosome+ B cells harbor a MZ phenotype. (a) Gating strategy for �ow cytometry 
analysis of total B220+ cells (le ), nucleosome− B cells (middle) and nucleosome+ B cells (right) in B6.56R 
mice. (b,c) Frequency of total B cells (●), nucleosome− (■) and nucleosome+ B cells (▲) in MZ and FO B cell 
compartments in B6.56R (b) and C57BL/6 (c) mice (indicated as percentages among B220+, B220+nucleosome− 
or B220+ nucleosome+ cells). n ≥ 9 in each group; spleen; mice aged from 2 to 8 months old. Two-tailed 
Wilcoxon matched paired signed-rank test. *P < 0.05, **P < 0.005, ***P < 0.001.
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of autoreactive B cells in this location. Similarly to what was described in 56R mice on a BALB/c background, 
these B cells could undergo apoptosis followed by a rapid clearance by phagocytes40. �e lower representation of 
self-reactive B cells within the FO B cell compartment reduces the risk of inappropriate activation, since B cells 
excluded from this compartment cannot recirculate through the body and have a short half-life41–43.

In addition, we demonstrate that nucleosome+ B cells fail to acquire a GC phenotype, a tolerance mechanism 
that has been shown to be defective in SLE patients44. However, B6.56R mice spontaneously produce anti-dsDNA 
autoAbs of both IgM and IgG isotypes26, suggesting that nucleosome+ B cells could di erentiate and undergo 
class-switching via an extrafollicular pathway45.

Emigrant B cells that have passed the BM tolerance checkpoints migrate into the spleen to complete their 
maturation. �ese cells are known as transitional B cells, and can be further divided into three subsets – T1 
(CD93+IgMhighCD23−), T2 (CD93+IgMhighCD23low) and T3 (CD93+IgMlowCD23high)46,47 –. T1 B cells give rise 
to T2 B cells, that become FO precursors or can di erentiate into T3 B cells46–49. �e T1 stage appears to be an 
important tolerance checkpoint, as suggested by studies showing that BCR crosslinking induces excessive T1 
B-cell apoptosis50–52. Further maturation of T1 B cells is marked by a BAFF-mediated survival, with an upregula-
tion of BAFF-R53, and by enhancement of deletional tolerance, with an increased sensitivity to anti-IgM-mediated 
apoptosis54. �us, self-reactive T2 B cells are usually deleted, or may be oriented towards the T3 population that 
remains anergic in response to BCR cross-linking55,56. Lupus-prone mice are characterized by a decrease in T3 
B cells47, suggesting that this subset has an important role in autoimmunity development. Consistent with this 
hypothesis, we observed that this subset is more enriched in nucleosome− rather than in nucleosome+ B cells. 
�us, it seems that the T3 compartment is not a reservoir for functional autoreactive B cells but rather consists of 
inactive B cells that have successfully undergone tolerance. It is tempting to speculate that the T3 compartment is 
reduced in lupus-prone mice due to a defective tolerance process. On the contrary, the higher frequency of total 
T3 B cells representation in B6.56R mice could be the consequence of e ective tolerance mechanisms leading to 
anergic autoreactive B cells unable to bind the nucleosome, explaining the lower proportion of T3 nucleosome+ 
B cells in B6.56R mice.

�e suppression of autoreactivity is completed in part by receptor editing, allowing for the replacement of var-
iable segments expressed by B cells19,57–60. �is mechanism notably involves rearrangements of κ and eventually λ 
chains61–63. In B6.56R mice, the majority of anti-nucleosome B cells express a κ light chain, and only few express λ 

Figure 4. B6.56R mice show decreased frequency of nucleosome+ B cells in the transitional B cell 
compartment, with a speci!c lower representation of T3 B cells. (a) Gating strategy for "ow cytometry analysis 
of total B220+ cells (le#), nucleosome− B cells (middle) and nucleosome+ B cells (right) in B6.56R mice. (b) 
Frequency of total B cells (●), nucleosome− (■) and nucleosome+ B cells (▲) in total, T1, T2 and T3 transitional 
B cell compartments in B6.56R mice (indicated as percentages among B220+, B220+nucleosome− or B220+ 
nucleosome+ cells). n = 11; spleen; mice aged from 2 to 8 months old. Two-tailed Wilcoxon matched paired 
signed-rank test. *P < 0.05, **P < 0.005, ***P < 0.001.
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chains. �e absence of nucleosome+ B cells in the putative Vλx+ B-cell population – i.e. κ/λ double negative cells 
a er staining with commercially available antibodies – supports the fact that the Vλx editor is present and able 
to eliminate DNA binding capacity of the 56R transgene31,32. In addition, some κ+/λ+ B cells, that are known to 
be located in the MZ64, are present. �ese cells have undergone several rounds of receptor editing in a timeframe 
that is long enough to allow for the co-rearrangement of a λ and new κ chain. �is isotypic inclusion leads to the 
expression of a λ chain that allows DNA binding by the 56R transgene and one κ that abrogates this interaction64. 
It was suggested that this dual expression leads to a strong decrease of autoreactive BCR density, and such partial 
autoreactive B cells only display a low a!nity towards the autoantigen64. Our results con"rm this hypothesis with 
an absence of nucleosome binding among dual receptor expressing B cells, showing that this population is unable 
to interact with labeled nucleosomes because of diluted autoreactive BCR reactivity. However, as proposed by Li et 

al., the low residual autoreactivity could be su!cient to explain the homing of these B cells into the MZ31,64, where 
their sequestration may prevent their GC entry to control their pathogenic properties.

Taken together, these data directly highlight the existence of peripheral tolerance mechanisms that limit the 
development of autoreactive FO B cells and that render them unable to acquire a GC phenotype. �is process 
results in an accumulation of self-reactive MZ B cells. Our #ow cytometry assay, using labeled nucleosomes, can 
directly and quickly elicit the phenotype of these autoreactive B cells and give information about their preferential 
location. It is a useful tool for the study of B cell tolerance breakdown mechanisms, for example in B6.56R crossed 
with autoimmune prone models. �is could provide new clues to elucidate the pathogenesis of autoimmune 
diseases, such as SLE.

All experiments were carried out in accordance with the European Community guidelines on the pro-
tection of animals used for scienti"c purposes (Directive 2010/63/UE) and approved by the Regional Ethics 
Committee of Strasbourg (CREMEAS). 2 to 8 months-old C57BL/6 or B6.56R mice were bred in our animal 
facility (approved by French Veterinary Services, #F67–482–2). B6.56R transgenic mice were genotyped by PCR 
ampli"cation of tail DNA65. 56R mice on C57BL/6 background were kindly provided by M. Weigert (Department 
of Pathology, University of Chicago, Chicago, IL, USA).

Labeled nucleosome were produced as pre-
viously described22. Brie#y, nucleosomes were isolated from L1210 cells and DNA concentration was measured 
(dilution 1:100 in 0.1% (v/v) SDS solution). 200 µL of unlabeled nucleosome solution was mixed with 250 µL 
of bu$er (10 mM Tris-HCl, 0.7 mM EDTA, 3.6 M NaCl). 5-fold molar excess of AlexaFluor488 C5-maleimide 
(Molecular Probes) was added and incubated 3 hours at room temperature. Successive dialyses against solutions 

Figure 5. In B6.56R mice, nucleosome+ B cells fail to acquire a germinal center phenotype. (a) Gating strategy 
for GC B220+ cell, nucleosome− and nucleosome+ B cell analysis (le ). (b) Frequency of total B cells (●), 
nucleosome− (■) and nucleosome+ B cells (▲) in GC in B6.56R mice (indicated as percentage among B220+, 
B220+nucleosome− or B220+nucleosome+ cells (right). n = 14; spleen; mice aged from 2 to 8 months old. Two-
tailed Wilcoxon matched paired signed-rank test. *P < 0.05, **P < 0.005.
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of decreasing ionic force were performed. DNA concentration was measured (dilution 1:100 in 0.1% (v/v) SDS 
solution) and the samples were stored at −20 °C.

Flow cytometry was performed as previously described22. All steps are done in PBE (PBS 
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4), 0.5% (w/v) BSA, 2 mM EDTA) bu�er on ice, 
unless otherwise speci ed. Brie!y, 1*106 splenocytes were incubated with 100 µL of nucleosome solution (2 µg of 
DNA/mL) and incubated 20 min at 4 °C. "e cells were washed twice in PBE/0.1% (v/v) Tween 20 and classical 
surface staining was performed for 15 min at 4 °C. Cell viability was assessed by incubation with Fixable Viability 
Dye eFluor 780 (eBioscience) following the manufacturer’s protocol. Acquisition was performed on a Gallios 
!ow cytometer (Beckman Coulter). Data analysis was performed using Kaluza so#ware (Beckman Coulter) with 
“logicle” compensation66. A comprehensive list of anti-mouse antibodies used for this experiment includes: IgMa 
(clone DS-1), IgMb (clone AF6–78), B220 (clone RA3–6B2), CD95 (clone Jo2), kappa (187.1) and lambda 1, 2 and 
3 (R26–46) from BD Biosciences; CD23 (clone B3B4) and CD93 (clone AA4.1) from eBioscience; CD138 (clone 
281–2) and GL7 (clone GL7) from BioLegend; streptavidin-AlexaFluor700 from Molecular Probes.

Statistical comparison between groups was carried out using nonparametric two-tailed Wilcoxon 
matched paired signed-rank test or nonparametric two-tailed Mann-Whitney U-test using Prism 5.0 (GraphPad 
So#ware Inc.). All data were presented as mean ± standard error of the mean (SEM). A p-value less than 0.05 was 
considered as signi cant.

Figure 6. Composition of splenic B cell compartments. Repartition of nucleosome+ (black) and nucleosome− 
(grey) B cell splenic subsets in B6.56R and C57BL/6 mice. n ≥ 9; spleen; mice aged from 2 to 8 months old.
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