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1.! Haematopoiesis 
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08! C)00*! 4#))$! U! #/D15/04D1#$E! )#%W04D1#$! ;G/2,%)04D1#$E! &0,04D1#$! 2,*! )D&3504D1#$?! 2,*!
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1.1.!Haematopoietic stem cell and its markers 
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C)00*!4#))$!21! 15#! 1%/,!08! 15#!Rg15!!4#,1%/D!;M2F.&0-E!hngn@!P233#,5#.&E!honm@!/#-.#T#*!CD!
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1.2.!HSC and progenitor cell hierarchy 
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1.3.!Embryonic haematopoiesis 

 

K-#,!150%G5!&0$1!08!15#!$1%*.#$!0,!52#&21030.#$.$!T2$!3#/80/&#*!%$.,G!&2&&2).2,!

#&C/D0$E!015#/!$3#4.#$!2)$0!40,1/.C%1#*!10!15#!/#$#2/45!.,!15#!8.#)*A!^0,I&2&&2).2,!&0*#)$!

%$#*!80/!52#&21030.#$.$!$1%*.#$!2/#!.,1/0*%4#*!.,!<5231#/!RA!V,!$0&#!42$#$E!15#!0C$#/-21.0,$!.,!

,0,I&2&&2).2,! $3#4.#$! 3/#4#*#*! 150$#! *0,#! .,!&2&&2)$! 2,*! 80/! 1521! /#2$0,! 15#D!T.))! C#!

&#,1.0,#*!.,!15.$!45231#/!10!#&352$.$#!32/1.4%)2/!#-#,1$A!



V,1/0*%41.0,!

RS!

 

 

 

 

J5#!.*#2!1521!C)00*!4#))$!2/#!2)/#2*D!80/&#*!.,!15#!#&C/D0!#&#/G#*!&0/#!152,!2!4#,1%/D!

2G0A!V,!hnhRE!<52/)#$!=A!M.,01!.,!15#!M2,%2)!08!>%&2,!#&C/D0)0GDE!T5.45!.$!15#!1#F1C00W!

2**/#$$#*!10!#&C/D0)0G.$1$!2,*!2))!35D$.4.2,$!.,!G#,#/2)E!$%GG#$1#*!1521!15#!80/&21.0,!08!.,1/2I!

20/1.4! C)00*! 4)%$1#/$! 0/.G.,21#*! 8/0&! 15#! #,*015#).%&! 0/! 21! )#2$1! 2*5#/#*! 10! 15#! 20/1.4!

#,*015#).%&!.,!15#!5%&2,!#&C/D0!;M.,01E!hnhR?A!b#1E!15#!#F241!0/.G.,!08!15#$#!4#))$!/#&2.,#*!

%,4)#2/!2,*!15#!:%#$1.0,!08!15#!0/.G.,!08!C)00*!4#))$!8/0&!15#!.,1/2!0/!#F1/2I#&C/D0,.4!$0%/4#!

2/0$#A!_015!5D3015#$#$!08!>=<$!0/.G.,! /#I#&#/G#*! .,! 15#!hnig+$!T5#,!M00/#! 2,*!M#142)8!

*#$4/.C#*!1521!15#!D0)W!$24!&#$0*#/&!T2$!4232C)#!10!G#,#/21#!4#))$!T.15!52#&21030.#1.4!241.-.1D!

T5.)#!B.#1#/I9.#-/#!$%GG#$1#*!2,!#&C/D0,.4!0/.G.,!08!>=<$!;B.#1#/)#,I9.#-/#E!hni]@!M00/#!

2,*!M#142)8E!hnig?A!
 

J0*2DE!2!42$42*#!08!$#-#/2)!T2-#$!T.15!*.$1.,41!52#&21030.#1.4!241.-.1.#$!*%/.,G!#&C/D0!

*#-#)03&#,1!.$!2!T#))I#$12C).$5#*!40,$#,$%$!244#31#*!CD!15#!&2O0/.1D!08!$4.#,1.$1$!.,!15#!8.#)*A!

B%/.,G!#&C/D0,.4!*#-#)03&#,1E!1T0!$%44#$$.-#!T2-#$!08!52#&21030.#$.$!044%/$X!15#!3/.&.1.-#!

2,*!*#8.,.1.-#!T2-#$A!J5#!K/CJC#CT,*.IT,*12W#$!3)24#!3/.0/!10!C)00*!4./4%)21.0,!.,!15#!#F1/2I!

#&C/D0,.4!&#$0*#/&E!C#G.,,.,G!2/0%,*!*2D!Ki!10!KiA]!.,!&.4#!2,*!21!*2D!Rh!.,!15#!5%&2,!

#&C/D0! ;M#*-.,$WD! #1! 2)AE! Rghh@! M.WW0)2! 2,*! `/W.,E! Rggm?A! J5#! D0)W! $24! 52$! C##,!

*#&0,$1/21#*! #F3#/.&#,12))D! 2$! 15#! 8./$1! 3)24#! T.15! 52#&21030.#1.4! 241.-.1D! 2,*! 52$! C##,!

40,$.*#/#*!80/!2!T5.)#!2$!15#!0,)D!$0%/4#!08!52#&21030.#1.4!4#))$!;M00/#!2,*!M#142)8E!hnig?A!

>0T#-#/E! /2.$.,G! #-.*#,4#! 0,! 15#! .,1/2I#&C/D0,.4! $0%/4#! 08! C)00*! 4#))$! 244%&%)21#*A! V,!

32/1.4%)2/E!.1!T2$!$50T,!1521!D0)WI$24!0/.G.,21.,G!C)00*!4#))$!)24W!$#)8I/#,#T2)!42324.1D!2,*!1521!

>=<$! 40%)*! C#! *#1#41#*! T#))! 281#/! 15#! 3#2W! 08! 15#! 3/.&.1.-#! T2-#! ;<%&2,0! #1! 2)AE! hnnm@!

M#*-.,$WD!2,*!BN.#/N2WE!hnnm?A!V,*##*E!15#!3/.&.1.-#!T2-#!G.-#!/.$#!10!2!/#$1/.41#*!,%&C#/!08!

C)00*!4#))!303%)21.0,$!$%45!2$!3/.&.1.-#!,%4)#21#*!#/D15/04D1#$E!&24/0352G#$!2,*!,#%1/035.)$!

;P2).$!#1!2)AE!hnnn?A! J5#! .,1#/#$1! 10!3/04%/#!$1%*.#$!0,! 15#!3/.&.1.-#!T2-#!08!52#&21030.#$.$!

*#4).,#*!281#/!15#!*.$40-#/D!08!15#!*#8.,.1.-#!T2-#!2,*!15#!*#$4/.31.0,!08!>=<$A!<%//#,1)DE!15#!

.&30/12,4#!08!15#!3/.&.1.-#!T2-#!.$!C#.,G!/#I#$12C).$5#*A!"#4#,1!$1%*.#$!$50T#*!1521!3/.&.1.-#!

&24/0352G#$!3)2D!2!/0)#!%,1.)!2*%)1500*!2$!&#&C#/$!08!1.$$%#I/#$.*#,1!&24/0352G#!303%)21.0,$!

2,*! 1521! 15#! 3/.&.1.-#!T2-#!&2D! .,8)%#,4#! 15#! *#8.,.1.-#!T2-#! ;K$3x,IP2)2Ny,! #1! 2)AE! RghZ@!

L0&#N! P#/*.G%#/0! #1! 2)AE! RghZ?A! H/0%,*! *2D! KoAR]E! 2,015#/! T2-#! 08! &D#)0I#/D15/0.*!

3/0G#,.10/$! 044%/$A! J5#! &D#)0I#/D15/0.*! 3/0G#,.10/$! 15#,! *.88#/#,1.21#! .,10! 1T0! $3#4.8.4!

).,#2G#$E! 15#!#/D15/04D1#$!2,*!&D#)0.*!4#))$! ;P2).$!#1! 2)AE!hnnn?A!J5#! ).,#2G#! 821#!*#4.$.0,! .$!

40,1/0))#*! CD! 2,! 2,12G0,.$&! C#1T##,! 1T0! 1/2,$4/.31.0,! 82410/$E! LHJHh! 2,*! P\AhA! j5.)#!



V,1/0*%41.0,!

RZ!

 

 

 

 

LHJHh!/#3/#$#,1$!2!4/.1.42)!82410/!80/!15#!#/D15/0.*!2,*!&#G2W2/D04D1#!*.88#/#,1.21.0,E!P\Ah!

&#*.21#$!&D#)0.*!4#))!*.88#/#,1.21.0,A!LHJHh!2,*!P\Ah!1/2,$4/.31.0,!82410/$!2,12G0,.$#!15#./!

/#$3#41.-#! 241.-.1D! 2,*! 2%10I/#G%)21#! 15#&$#)-#$E! T5.45! 3#/&.1! 10! W##3! C2)2,4#! C#1T##,!

,%&C#/$!08!#/D15/0.*!2,*!&D#)0.*!4#))$!;L/28E!RggR?A!"#4#,1)DE!,#T!8.,*.,G$!%$.,G!)0,GI1#/&!

$.,G)#!4#))!1/24W.,G!*#&0,$1/21#*!1521!C)00*!4#))!*.88#/#,1.21.0,!*0#$!,01!8%))D!40//#$30,*!10!15#!

C2)2,4#!08!15#!1T0!/#$1/.41.0,!82410/$A!J5#./!/#$%)1$!$%GG#$1!1521!15.$!C2)2,4#!T0%)*!/215#/!C#!2!

$%330/1.-#!&#452,.$&!10!15#!).,#2G#!450.4#!*#4.$.0,!08!2)/#2*D!32/1.2))D!/#$1/.41#*!3/0G#,.10/$!

;>033#!#1!2)AE!Rghm?A!
 

J5#!0,PCMC#CT,*.IT,* 08! 52#&21030.#$.$! 80))0T$! 15#! 3/.&.1.-#!T2-#! 2,*! .$! 15#! 0,)D!

$0%/4#!08!52#&21030.#1.4!$1#&!4#))$A!V1!044%/$!21!*2D!KhgA]!.,!15#!&0%$#!2,*!21!*2D!Ro!.,!15#!

5%&2,!#&C/D0!.,!15#!20/12IG0,2*I&#$0,#35/0$!;HLM?!;L/.1N!2,*!>./$45.E!Rghm@!M#*-.,$WD!

#1!2)AE!Rghh@!M..))#/!#1!2)AE!hnnZ@!M.WW0)2!2,*!`/W.,E!Rggm@!J2-.2,!#1!2)AE!Rghg?A!K-#,!150%G5!

15#! HLM! 52*! C##,! *#&0,$1/21#*! 2$! 15#! .,1/2#&C/D0,.4! $.1#! 08! *#8.,.1.-#! 52#&21030.#$.$!

2)/#2*D! .,! 15#! hnng$E! 15#! 4#))%)2/! 0/.G.,! 08! >=<$! $1.))! /#&2.,#*! 2,! %,2,$T#/#*! :%#$1.0,!

;<%&2,0!2,*!L0*.,E!Rggi@!L/.1N!2,*!>./$45.E!Rghm?A!JT0!*.$1.,41!15#0/.#$!2C0%1!>=<$!4#))%)2/!

0/.G.,!#&#/G#*A!j5.)#!15#!8./$1!0,#!40,$.*#/#*!15#!&#$0*#/&2)!4#))$!%,*#/)D.,G!15#!*0/$2)!20/12!

2$! 15#!3/#4%/$0/!08! 15#!>=<$E! 15#! $#40,*!0,#! 82-0%/#*! 15#! #,*015#).2)! 0/.G.,! ;<%&2,0!2,*!

L0*.,E!Rggi@!J2-.2,!#1!2)AE!Rghg?A! J5#!8./$1!15#0/D!*#$4/.C#*!15#!3/#$#,4#!08!$%CI20/1.4!32145#$!

;=HP?E! $1/%41%/#$! )0421#*!C#)0T! 15#!20/1.4! 8)00/! ;6CDE/,*U1?A!J5#$#! $1/%41%/#$! 15#,!&.G/21#!

10T2/*!15#!20/1.4!8)00/!10!.,1#/42)21#!2,*!/#245!15#!C)00*$1/#2&!.,!0/*#/!10!)21#/!40)0,.$#!15#!

52#&21030.#1.4! 0/G2,$! ;<%&2,0! 2,*!L0*.,E! Rggi@! J2-.2,! #1! 2)AE! Rghg?A! J5#! $#40,*! 15#0/D!

/#).#*!0,!15#!,M0"#N,'CI'*"/CDCMA!V,!15.$!15#0/DE!15#!NI,J"D,MC&*,M0"#N,'CEJ*.$!15#!40&&0,!

3/#4%/$0/! 80/! 1T0! 303%)21.0,$! U! 15#! -2$4%)2/! #,*015#).%&! 2,*! 15#! >=<$! ;6CDE/,* U2?A! J5#!

52#&0G#,.4!#,*015#).%&!233#2/$!10!*.88#/#,1.21#!8/0&!2!40&&0,!3/#4%/$0/!08!2))!#,*015#).%&!

U!15#!-2$4%)2/!2,*!15#!52#&0G#,.4!0,#E!42))#*!15#!52#&2,G.0C)2$1A!J5#!#,*015#).2)!0/.G.,!08!

15#!>=<$!T2$!40,8./&#*!/#4#,1)D!CD!$#-#/2)!)2C0/210/.#$!%$.,G!*.88#/#,1!2,.&2)!&0*#)$A!a0/!

15.$!/#2$0,E!0,)D!15.$!&0*#)!T.))!C#!.,1/0*%4#*!.,!*#12.)$!.,!15#!80))0T.,G!32/2G/235$A!



V,1/0*%41.0,!

R]!

 

 

 

 

!
 

6CDE/,*U*H*>."*0C$#CM&#*#N,"/C,$*"P*8=3$*,JS/-"MC&*"/CDCM)!
;H?!J5#!$%CI20/1.4!32145#$!15#0/D!3/030$.,G!15#!&#$0*#/&2)!0/.G.,!08!15#!>=<$!&.G/21.,G!8/0&!15#!$%CI20/1.4!
32145#$! ;G/##,l3%/3)#?! 10! .,1#/42)21#! .,! 15#!-2$4%)2/! #,*015#).%&!2,*!G.-#! /.$#! 10! .,1/2I20/1.4! 4)%$1#/$!08!>=<$!
;D#))0T?A!;_?!J5#!52#&0G#,.4!#,*015#).%&!15#0/D!$%GG#$1.,G!15#!40&&0,!3/0G#,.10/!80/!-2$4%)21%/#!2,*!C)00*!
4#))$A!

 

 
 

1.4.!Endothelial origin of HSCs 
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08! >=<! #&#/G#,4#! T5.)#! 15#! )0T#/! 32/1! *#$4/.C#$! 15#! #-0)%1.0,! 08! #,*015#).2)! 2,*! >=<! &2/W#/$A! "#)21.-#!
.,4/#2$#l*#4/#2$#!08!&2/W#/!#F3/#$$.0,!.$!.,*.421#*!CD!$21%/21.0,l1/2,$32/#,4D!08!40)0%/!0-#/!1.&#A!_MPZE!_0,#!
M0/350G#,#1.4!P/01#.,!ZE!K1-RE!K1$!d2/.2,1!G#,#!R@!a9[hE!a0#12)!9.-#/![.,2$#!h@!>=<E!52#&21030.#1.4!$1#&!4#))@!
=>>E! =0,.4! >#*G#50G@! JVKRE! JD/0$.,#! W.,2$#! T.15! V&&%,0G)0C%).,I).W#! 2,*! KLaI).W#! *0&2.,$! R@! dKI42*E!
d2$4%)2/!K,*015#).%&!<2*5#/.,E!

 

 
 

`,4#!15#!52#&0G#,.4!#,*015#).%&!.$!$3#4.8.#*E!>=<!#&#/G#,4#!044%/$A!J5#!3/04#$$!08!

>=<$!3/0*%41.0,!.1$#)8!.$!/#8#//#*!2$!15#!#,*015#).2)I10I52#&21030.#1.4!1/2,$.1.0,A!J5.$!3/04#$$!

52$!C##,!*#$4/.C#*!40,4%//#,1)D!.,!15#!&0%$#!2,*!N#C/28.$5!#&C/D0$!;_#/1/2,*!#1!2)AE!Rghg2@!

_0.$$#1! #1! 2)AE! Rghg@![.$$2! 2,*!>#/C0&#)E! Rghg?E!T5.45! 40,8./&$!0,4#! 2G2.,! 15#! 40,$#/-#*!

&#452,.$&! 08! 52#&21030.#$.$! .,! -#/1#C/21#$A! J5#! #,*015#).2)! 4#))! $12/1$! 10! $#32/21#! 8/0&! 2!

%,.80/&!#,*015#).2)!4#))!)2D#/E!30)2/.$#$E!C#,*$!2,*!$)0T)D!*#1245#$!8/0&!15#!#,*015#).%&!10!

80/&!.,1/2I20/1.4!4)%$1#/$A!J5.$!3/04#$$!2$!T#))!2$!15#!$3#4.8.421.0,!08!52#&0G#,.4!#,*015#).%&!

.$! *#3#,*#,1! 0,! "%,Fh! 1/2,$4/.31.0,2)! 82410/! 2,*! $#-#/2)! $.G,2)).,G! 3215T2D$! ;6CDE/,* V?E!

.,4)%*.,G!^0145E!j,1!2,*!>#*G#50G!;L/.1N!2,*!>./$45.E!Rghm?A!



V,1/0*%41.0,!
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1.5.!Signalling pathways 
 

;"#&N*$CDMI''CMD*3215T2D!.$!.,-0)-#*!.,!&2,D!2$3#41$!08!#&C/D0,.4!*#-#)03&#,1!2,*!

3)2D$!2!/0)#!.,!4#))!821#!*#4.$.0,!2,*!4#))!*.88#/#,1.21.0,A!V1!T2$!.*#,1.8.#*!80/!15#!8./$1!1.&#!.,!

*&'+',-!./#&%12,1$E! C%1! .1! .$! #-0)%1.0,2/D! 40,$#/-#*! .,! &0$1! $3#4.#$! .,4)%*.,G! &2&&2)$A!

^0145! .$! 2! 82&.)D! 08! 1/2,$&#&C/2,#! /#4#310/$! 40,12.,.,G! Z!*.88#/#,1! /#4#310/$! .,!&2&&2)$!

,2&#*!^0145hIZA!V1!C.,*$!10!2!).G2,*!)0421#*!0,!15#!$%/824#!08!15#!$2&#!4#))!0/!15#!2*O24#,1!0,#!

80/!15#!O%F124/.,#!$.G,2)).,G!;_.G2$!2,*!K$3.,0$2E!RghR?A!H1!)#2$1!]!8%,41.0,2)!^0145!).G2,*$!

#F.$1!.,!-#/1#C/21#$A!J5#D!2/#!*.-.*#*!.,10!R!G/0%3$!U!B#)12!0/!B#)12I).W#!;B))!hE!SE!Z?!2,*!c2GG#*!

;h! 2,*!R?A!K245! ).G2,*!52$! 2!*.88#/#,1! #F3/#$$.0,!3211#/,! 2,*!2!*.$1.,41! /#$%)1.,G! $.G,2)).,GA!

B%/.,G! #&C/D0,.4! 52#&21030.#$.$E! ^0145! 3)2D$! 2! 4/%4.2)! /0)#! .,! 15#! *#1#/&.,21.0,! 08! 15#!

52#&21030.#1.4!821#!C%1!2)$0!.,!15#!2/1#/.2)!821#A!J5/##!^0145!).G2,*$E!c2GG#*!hE!c2GG#*!R!2,*!

B#)12!Z!2/#!#F3/#$$#*!.,!20/1.4!#,*015#).%&A!J5#!1T0!4#))!821#$!U!5#&21030.#1.4!-#/$%$!2/1#/.2)!

U!2/#!40,1/0))#*!CD!$3#4.8.4!^0145!).G2,*$A!c2GG#*!h!&%12,1$!$1.))!#F3/#$$!#,*015#).2)!&2/W#/$!

C%1!82.)!10!3/0*%4#!>=<$E!*#&0,$1/21.,G!1521!c2GG#*!h!.$!.,-0)-#*!.,!>=<!3/0*%41.0,A!`,!15#!

015#/!52,*E!c2GG#*!R!2,*!B#)12!Z!2/#!/#:%./#*!80/!2/1#/.2)!$3#4.8.421.0,!;_.G2$!2,*!K$3.,0$2E!

RghR@![.&!#1!2)AE!RghS?A!
 

=.&.)2/)D! 10! 15#! ^0145! 3215T2DE!@M#* $CDMI''CMD* .$! 2)$0! .,-0)-#*! .,! &2,D! 2/#2$! 08!

#&C/D0,.4!*#-#)03&#,1A!J5#!j,1!82&.)D!40,$.$1$!08!hn!).G2,*$!1521!C.,*!10!a/.NN)#*!/#4#310/$!

10!241.-21#!0,#!08!15#!*.$1.,41!*0T,$1/#2&!3215T2D$A!J5#$#!*0T,$1/#2&!3215T2D$!2/#!*.-.*#*!

.,10!#.15#/!42,0,.42)!G/0%3E!$%45!2$!qI421#,.,E!0/!,0,I42,0,.42)!3215T2DE!80/!#F2&3)#!c^[!2,*!

P[<A!j,1l!qI421#,.,!241.-.1D!.$!1/2,$.#,1)D!/#:%./#*!80/!15#!#&#/G#,4#!08!9JI>=<$!.,!15#!HLMA!

V1! $##&$! 1521! 2! 1/2,$.#,1! 241.-21.0,! .$! /#:%./#*! 80/! 15#! $3#4.8.421.0,! 08! 15#! 52#&0G#,.4!

#,*015#).%&!.,!15#!HLM!2,*!.$!G/2*%2))D!*0T,I/#G%)21#*!0,4#!15#!52#&0G#,.4!#,*015#).%&!

$12/1$!10!%,*#/G0!K>J!10!80/&!>=<$!;L/.1N!2,*!>./$45.E!Rghm@!"%.NI>#/G%.*0!#1!2)AE!RghR?A!
 

8,0D,N"D*$CDMI''CMD* ;>5?!2)$0!C#)0,G$! 10!3215T2D$!3)2D.,G!2,!#$$#,1.2)! /0)#!*%/.,G!

#&C/D0,.4! *#-#)03&#,1A! V,.1.2))D! .*#,1.8.#*! .,!*&'+',-!./# 2$! 2! $.,G)#! >5! G#,#E! >#*G#50G!

$.G,2)).,G!52$!S!).G2,*$!.,!-#/1#C/21#$E!=0,.4!5#*G#50G!;=55?E!V,*.2,!5#*G#50G!;V55?!2,*!B#$#/1!

5#*G#50G!;B55?A!V55!52$!C##,!.*#,1.8.#*!2$!15#!).G2,*!3/#$#,1!.,!52#&21030.#1.4!4#))$!2&0,G!

015#/!1.$$%#$!;9.&!2,*!M21$%.E!Rghg?A!>5!$.G,2)).,G!3)2D$!2!/0)#!*%/.,G!C015!15#!3/.&.1.-#!2,*!

*#8.,.1.-#!T2-#$!08!52#&21030.#$.$A!V55!.$!/#:%./#*!80/!15#!80/&21.0,!08!C)00*!.$)2,*$!*%/.,G!
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15#! 3/.&.1.-#!T2-#E!T5.)#!=55! $##&$! 10! 288#41! $#-#/2)! 2$3#41$! 08! *#8.,.1.-#!52#&21030.#$.$E!

/2,G.,G!8/0&!3/0).8#/21.0,!10!*.88#/#,1.21.0,!;9.&!2,*!M21$%.E!Rghg?A!
 

>/IM$P"/JCMD* D/".#N* PI&#"/* S,#I* ;JLaIq?! 2,*! #$3#4.2))D! .1$! &#&C#/! C0,#!

J"/KN"D,M,#C&*K/"#,CM*U*B2!<%UG*/#G%)21#$!>=<!G#,#/21.0,A!M.4#!)24W.,G!_MPZ!*.#!!"#0%1&'#

3/.0/! 15#! C)00*! 80/&21.0,E! $%GG#$1.,G! 1521! _MPZ! .$! 4/%4.2)! *%/.,G! #2/)D! *#-#)03&#,1A!

M0/#0-#/E!$1%*.#$!.,!015#/!$3#4.#$!$%45!2$!21"',0+#52-#!40,8./&#*!15#!/0)#!08!_MPZ!$.G,2)).,G!

.,!15#!3/.&.1.-#!2,*!*#8.,.1.-#!T2-#$A!V1$!#F3/#$$.0,!&2D!.,*%4#!15#!#F3/#$$.0,!08!2!,%&C#/!08!

>=<I2$$04.21#*! 1/2,$4/.31.0,! 82410/$E! .,4)%*.,G!=<9E!LHJHIR!0/!9M`IRA!H,015#/!30.,1!08!

.,1#/#$1! .$! 15#! 30)2/.N#*! #F3/#$$.0,! 08! _MPZ! $321.2))D! .,! 15#! HLMA!_MPZ! #F3/#$$.0,! .$!

/#$1/.41#*!10! 15#!-#,1/2)!32/1!08! 15#!HLME!40//#$30,*.,G!3#/8#41)D!10! 15#!#F4)%$.-#!/#G.0,!08!

>=<!#&#/G#,4#!2,*!80/&21.0,!08!.,1/2I20/1.4!4)%$1#/$!.,!5%&2,!;B%/2,*!#1!2)AE!Rggi@!M2/$52))!

#1!2)AE!Rggg@!=2*)0,!#1!2)AE!RggZ?A!J5.$!$%GG#$1!1521!_MPZE!T5.45!.$!*#$4/.C#*!2$!2!-#,1/2).$.,G!

82410/! *%/.,G! 15#! #2/)D!*#-#)03&#,1E!&2D! #:%2))D! 40,1/.C%1#! 10! .,1/2I20/1.4! 4)%$1#/$! $3#4.8.4!

-#,1/2).$21.0,!;B2)#!#1!2)AE!hnnR?A!_MPZ!&2D!3)2D!/0)#!*%/.,G!)21#!352$#$!08!K>J!2$!,2$4#,1!

>=<$! .,4/#2$.,G)D! #F3/#$$! _MPZ! ).G2,*$! ;B%/2,*! #1! 2)AE! Rggi?A! V,1#/#$1.,G)DE! 15#! &0%$#!

#&C/D0!.$!15#!0,)D!W,0T,!#F4#31.0,!80/!15.$!#F3/#$$.0,!3211#/,!2&0,G!2))!-#/1#C/21#$A!V,*##*E!

.,!15#!HLM!08!15#!&0%$#!#&C/D0E!_MPZ!.$!#F3/#$$#*!.,!15#!T50)#!20/12!2,*!40,40&.12,1)DE!

15#! 80/&21.0,!08! 15#! .,1/2I20/1.4! 4)%$1#/$! .$! ,01! /#$1/.41#*! 10! 15#!-#,1/2)!32/1! ;b0W0&.N0!2,*!

BN.#/N2WE!Rghg?A!
 

`15#/! $.G,2)).,G! &0)#4%)#$! 52-#! C##,! 3/030$#*! 10! 3)2D! 2! /0)#! *%/.,G! *#8.,.1.-#!

52#&21030.#$.$A!8"J,"S"W*D,M,$E!$%45!2$!=`p!2,*!>`p!52-#!C##,!$50T,!10!*#1#/&.,#!4#))!

.*#,1.1D!*%/.,G!#&C/D0,.4!*#-#)03&#,1A!>0F!32/2)0G%#!G/0%3!S! ;>0F2S?!288#41$!#,*015#).2)!

2,*!42/*.0-2$4%)2/!*#-#)03&#,1!2,*!$##&$!10!3)2D!2!/0)#!.,!15#!&2.,1#,2,4#!08!15#!#,*015#).%&!

3/.0/! 10! 52#&21030.#1.4! 1/2,$.1.0,! ;V240-.,0! #1! 2)AE! Rghh?A! =0Fhi! .$! 2! *0T,$1/#2&! 12/G#1! 08!

>0F2S! 2,*! .$! #:%2))D! /#:%./#*! 80/! >=<$! #&#/G#,4#E! 3/0C2C)D! 15/0%G5! ^0145h! $.G,2)).,GE!

C#42%$#!2!)0$$!08!=0Fhi!*#4/#2$#$!^0145h!#F3/#$$.0,!;<)2/W#!#1!2)AE!RghS@!L/.1N!2,*!>./$45.E!

Rghm?A!
 

J5#! 241.-21.0,! 08! 15#$#! $.G,2)).,G! 3215T2D$! )#2*$! 10! 15#! #F3/#$$.0,! 08! 1/2,$4/.31.0,!

82410/$!T5.45!2/#!#$$#,1.2)!/#G%)210/$!08!K>JE!2$!T#))!2$!&2/W#/$!4%//#,1)D!%$#*!80/!#&C/D0,.4!

>=<$! .*#,1.8.421.0,! ;L/.1N! 2,*! >./$45.E! Rghm?A! J5#! 3/.,4.32)! 1/2,$4/.31.0,! 82410/E!XY;ZF*

;HM9h?!G0-#/,$!15#!*#1#/&.,21.0,!08!52#&21030.#1.4!821#!8/0&!15#!52#&0G#,.4!#,*015#).%&A!
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V1$!#F3/#$$.0,!3/#4#*#$!K>J!2,*!.$!15#/#80/#!40,$.*#/#*!2$!0,#!08!15#!#2/).#$1!&2/W#/$!08!>=<$A!

"\^ph! .$! $3#4.8.42))D! /#:%./#*! 10! .,*%4#! K>J! C%1! ,01! 15#/#281#/! T5#,! >=<! &2/W#/$! 2/#!

#F3/#$$#*!;<5#,!#1!2)AE!Rggn?A!^#-#/15#)#$$E!"\^ph!#F3/#$$.0,!.$!,01!).&.1#*!#F4)%$.-#)D!10!

15#!52#&0G#,.4!#,*015#).%&!.,!15#!&0%$#!#&C/D0A!V1!.$!2)$0!80%,*!.,!&#$#,45D&2)!4#))$!.,!15#!

*0/$2)!20/12!2,*!.,!15#!HLME!.,!15#!3)24#,12E!.,!52#&21030.#1.4!4#))!4)%$1#/$E!.,!-.1#)).,#!2,*!

%&C.).42)!2/1#/.#$!;^0/15!#1!2)AE!hnnnE!RggR?A!
 

1.6.!Embryonic HSCs markers 
 

H32/1!8/0&!"%,FhE!015#/!&2/W#/$!52-#!C##,!%$#*!10!.*#,1.8D!#&C/D0,.4!>=<$A!H,015#/!

3/.,4.32)!&2/W#/!3/030$#*!80/!>=<!.*#,1.8.421.0,!.$!15#!.,1#G/.,!2)352IVV_E!2)$0!42))#*!<BZh!0/!

VJLHR_A!\,).W#!015#/!&2/W#/$E!<BZh!3/01#.,!.$!#F3/#$$#*!0,)D!CD!,2$4#,1!>=<$E!T5.)#!&21%/#!

>=<$!52-#! )0T#/!<BZh!#F3/#$$.0,!;M.WW0)2!#1!2)AE!RggS@!"0C.,!#1!2)AE!Rghh?A!V,!15#!&0%$#!

#&C/D0E!>=<$!*0!,01!#F3/#$$!<BZh!2,D&0/#! .,! 15#!80#12)! ).-#/! ;"0C.,!#1!2)AE!Rghh?A!<BZh!

#F3/#$$.0,!)21#/!C#40&#!/#$1/.41#*!10!&#G2W2/D04D1#$!;M.WW0)2!#1!2)AE!RggS?A!J5#!1/2,$4/.31.0,!

82410/! 4MDC! 2)$0! ).,#$! %3! 10! ,2$4#,1! >=<$! &2/W#/$! 2,*! .1$! )24W! .&32./$! *#8.,.1.-#!

52#&21030.#$.$E!$3#4.8.42))D!>=<$!&2.,1#,2,4#!2,*!*.88#/#,1.21.0,!;L/.1N!2,*!>./$45.E!Rghm?A!

K,*0G).,!;<Bhg]?!.$!2,015#/!&2/W#/!/#30/1#*!.,!15#!#&C/D0,.4!20/1.4!/#G.0,!2,*!,2$4#,1!>=<$A!

M0/#0-#/E!.1$!)#-#)!08!#F3/#$$.0,!*.88#/$!2440/*.,G!10!15#!1D3#!08!>=<$A!=50/1I1#/&!>=<$!2,*!

3/0G#,.10/$! #F3/#$$! .,1#/&#*.21#! )#-#)$! 08!<Bhg]!T5.)#! 5.G5! #F3/#$$.0,! .$! /#$1/.41#*! 10! 15#!

)0,GI1#/&!>=<$! ;"0:%#$! #1! 2)AE! RghR?A! =#-#/2)!&2/W#/$! 4%//#,1)D! %$#*! 80/! 2*%)1! >=<$! 2/#!

#F3/#$$#*!.,!C015!2*%)1!2,*!,2$4#,1!4#))$!.,4)%*.,G!<BSZE!PK<HMIh!2,*!4IW.1!B6CDE/,*[GA!<I!

W.1!.$!0,#!08!15#!8#T!&2/W#/$!T50$#!#F3/#$$.0,!)#-#)!*0#$!,01!*.88#/!*%/.,G!*#-#)03&#,1!2,*!

&.G51!C#!%$#*!80/!.*#,1.8.421.0,!08!C015!#&C/D0,.4!2,*!2*%)1!>=<$A!`,!15#!015#/!52,*E!<BSZ!

#F3/#$$.0,!*#4/#2$#$!*%/.,G!2*%)1500*!2,*!.1$!5.G5#/!)#-#)!08!#F3/#$$.0,!C#40&#$!/#$1/.41#*!10!

=JI>=<!;M4[.,,#DIa/##&2,!#1!2)AE!Rggn@!`$2T2!#1!2)AE!hnnm?A!
 

<0,1/2/D! 10! 15#! 3/#-.0%$)D! *#$4/.C#*! &2/W#/$E! <BZ]! .$! %3/#G%)21#*! *%/.,G! >=<!

&21%/21.0,!2,*!&.G51!C#!%$#*!10!*.$1.,G%.$5!3/#I&21%/#!8/0&!&21%/#!4#))$!;M4[.,,#DIa/##&2,!

#1!2)AE!Rggn?A!<Bh]g!2,*!<BZo!2)$0!40%,1!2&0,G!15#!&2/W#/$!T50$#!#F3/#$$.0,!.,4/#2$#$!T.15!

>=<!&21%/21.0,!2,*!*%/.,G!52#&21030.#1.4!0/G2,!40)0,.$21.0,A!J5#./!*.88#/#,1.2)!#F3/#$$.0,!

3#/&.1$!10!*.$1.,G%.$5!>=<$!21!*.88#/#,1!$12G#$!08!&21%/21.0,!;M4[.,,#DIa/##&2,!#1!2)AE!Rggn?A!
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6CDE/,*[*H*5JS/-"MC&*8=3*JI/L,/$)!
J5#!$%/824#!&2/W#/$!2,*! 1/2,$4/.31.0,!82410/$!%$#*! 10! .*#,1.8D!#&C/D0,.4!>=<$!.,!&2&&2)$A!J5#!&2/W#/$!2/#!
*.88#/#,1.2))D!#F3/#$$#*!*%/.,G!$%44#$$.-#!$1#3$!08!>=<!#&#/G#,4#!2,*!&21%/21.0,A!"\^phE!4MDC!2,*!<BZh!2/#!
#F3/#$$#*!*%/.,G! #2/)D! 352$#$! 2,*! .,! ,2$4#,1!>=<$E!T5.)#!<Bhg]E!<IW.1E!<BSZ! 2,*! PK<HMIh! /#&2.,$! %,1.)!
2*%)1500*A!

 

 
 

1.7.!The HSC journey 
 

J5#!HLM!/#G.0,!.$!40,$.*#/#*!2$!15#!0,)D!.,1/2#&C/D0,.4!$0%/4#!08!>=<$A!V,!&2&&2)$E!

52#&21030.#1.4!241.-.1D!52$!C##,!*#$4/.C#*!.,!3)24#,12!.,!2**.1.0,!10!15#!HLMA!J5#!3)24#,12!.$!

2,!#F1/2#&C/D0,.4!1.$$%#!80/&.,G!15#!.,1#/824#!C#1T##,!15#!80#1%$!2,*!15#!&015#/A!J5.$!5.G5)D!

-2$4%)2/.$#*!1.$$%#!52$!C##,!.*#,1.8.#*!2$!2,!.&30/12,1!$0%/4#!08!>=<$!T5.45!*0!,01!0/.G.,21#!

8/0&! 15#!HLM!;BN.#/N2W! 2,*!"0C.,E! Rghg@!L#W2$! #1! 2)AE! Rgg]@!"0C.,! #1! 2)AE! Rggn?A!H$! 15#!

3)24#,12!.$!2!$3#4.8.4!0/G2,!08!&2&&2).2,!*#-#)03&#,1!2,*!.$!,01!3/#$#,1!.,!)0T#/!-#/1#C/21#!

$3#4.#$E!.1!T.))!,01!C#!*#12.)#*!.,!15.$!.,1/0*%41.0,A!
 

H81#/!#&#/G#,4#!2,*!&21%/21.0,E!>=<$!8./$1!$##*!15#!80#12)!).-#/!T5.45!.$!2,!#&C/D0,.4!

0/!1/2,$.10/D!52#&21030.#1.4!0/G2,!;6CDE/,*\?!C#80/#!40)0,.$.,G!15#!*#8.,.1.-#!52#&21030.#1.4!

0/G2,$! ;6CDE/,*\?A!>=<$! )042).$#*! .,! 15#! $%CI20/1.4! 4)%$1#/$!T.15.,! 15#!*0/$2)!20/12!C#40&#!

&0C.)#!2,*!O0.,!15#!C)00*!4./4%)21.0,A!J5#!4./4%)21.,G!>=<$!$##*!15#!80#12)!).-#/!8/0&!*2D!KhhA]!

80/!15#!&0%$#!2,*!KSg!80/!15#!5%&2,!#&C/D0!;M.WW0)2!2,*!`/W.,E!Rggm?A!J5#!P",#I'*'CT,/*.$!2!

52#&21030.#1.4!0/G2,!#F4)%$.-#)D!*%/.,G!#&C/D0,.4!*#-#)03&#,1!2,*!*%/.,G!30$1,212)!$12G#$!

15#!).-#/+$!8%,41.0,!C#40&#$!/#$1/.41#*!10!&#12C0).$&A!



V,1/0*%41.0,!

SR!

 

 

 

 

V,!15#!1/2,$.10/D!52#&21030.#1.4!0/G2,E!>=<$!5.G5)D!3/0).8#/21#A!J5/0%G50%1!15#!T50)#!

0,10G#,DE!15#!3/0).8#/21.0,!/21#!08!>=<$!.$!21!.1$!5.G5#$1!.,!15#!80#12)!).-#/!;K&2!2,*!^2W2%45.E!

Rgh]?A!J5#!,%&C#/!08!4#))$!/#245#$!.1$!&2F.&%&!2/0%,*!*2D!Khm!.,!15#!&0%$#!#&C/D0!2,*!

15#,!$12/1$!10!*#4).,#!;M.WW0)2!2,*!`/W.,E!Rggm?A!J5#!C#52-.0%/!08!>=<$!.,!80#12)!).-#/!*.88#/$!

8/0&! 15#! 0,#! 08! >=<$! $##*#*! .,! *#8.,.1.-#! 52#&21030.#1.4! 0/G2,$E! T5#/#! 15#D! 2/#! &0$1)D!

:%.#$4#,1! T5.)#! .,! 15#! 80#12)! ).-#/! 3/0).8#/21.0,! 3/#*0&.,21#$A! V,! 15#! 80#12)! ).-#/E! 4#))$! 2/#!

241.-#)D!4D4).,G!2,*!$3#4.8.4!$.G,2)$!&.G51!C#!/#:%./#*!10!3/0&01#!$D&&#1/.4!*.-.$.0,$A!=#-#/2)!

82410/$!52-#!C##,!$50T,!10!40,1/.C%1#!10!4#))!#F32,$.0,!$%45!2$!.,$%).,I).W#!G/0T15!82410/!R!

;VG8R?!0/!2,G.030.#1.,I).W#!3/01#.,$!;M.WW0)2!2,*!`/W.,E!Rggm@!Y52,G!2,*!90*.$5E!RggZ@!Y52,G!

#1!2)AE!Rggm?A!
 

!

6CDE/,*\*H*8I,JI#"K"C,#C&*"/DIM$)!
=45#&21.4!/#3/#$#,121.0,!08!$.1#$!08!3/.&.1.-#!;D0)W!$24E!D#))0T?!2,*!*#8.,.1.-#!;HLME!G/##,?!52#&21030.#$.$!2,*!
15#!52#&21030.#1.4!0/G2,$!$##*#*!CD!>=<$!15/0%G50%1!#&C/D0,.4!;80#12)!).-#/E!C/0T,?!2,*!2*%)1!;15D&%$E!C)%#!
2,*!C0,#!&2//0TE!/#*?!*#-#)03&#,1A!>#2/1!.$!$50T,!.,!3.,WA!

 

 
 

J5#!#N-JE$**#-#)03$!$50/1)D!281#/!15#!80#12)!).-#/!2,*!.$!40,$.*#/#*!2$!0,#!08!15#!8./$1!

*#8.,.1.-#!52#&21030.#1.4!0/G2,$!10!C#!40)0,.$#*A!J5#!*#-#)03&#,1!08!15#!15D&%$!.$!.,*%4#*!CD!

15#! 40)0,.$21.0,! 08! 15#! 8./$1! JI4#))! ;V10.! #1! 2)AE! Rggh@!"2&0,*! #1! 2)AE! RghZ?A!K3.15#).2)! 4#))$!



V,1/0*%41.0,!

SS!

 

 

 

 

80/&.,G! 15#! 15D&%$! 1.$$%#! 10G#15#/!T.15!&#$#,45D&2)!4#))$! 15/0%G5!$#-#/2)! )2D#/$E! /#&0*#)!

T.15!15#!8./$1!3/#4%/$0/$!8/0&!30)2/.$#*!)2D#/$!10!4)%$1#/$A!J5#!#3.15#).2)!4)%$1#/$!)21#/!C#40&#!

15#!$.1#!T5#/#!JI4#))!3/#4%/$0/$!50&#!;V10.!#1!2)AE!Rggh?A! `,4#! 15#! 15D&%$!52$!&21%/#*E! 15#!

$#40,*!T2-#! 08! -2/.0%$!3/#4%/$0/$E! 40,$.$1.,G!08!&%)1.I).,#2G#! 3/0G#,.10/$E!<9P! 2,*!<MPE!

&.G/21#!2,*!$##*!15.$!1.$$%#!;"2&0,*!#1!2)AE!RghZ?A!
 

=12/1.,G!21!*2D!KhiA]!.,!15#!&0%$#!#&C/D0E!>=<$!233#2/$!.,!15#!S"M,*JI//".*;_M?E!

T5.45! .$! 40,$.*#/#*! 2$! 15#! 3/.,4.32)! *#8.,.1.-#! 52#&21030.#1.4! 0/G2,A! a#T! *2D$! #2/).#/E! 15#!

$W#)#12)! *#-#)03&#,1! 52$! C#G%,E! $12/1.,G! 8/0&!&#$#,45D&2)! 4#))$! 15/0%G5! 450,*/04D1#$! 10!

0$1#0C)2$1! *.88#/#,1.21.0,A! a/0&! -#/D! #2/)D! $12G#$! 08! *#-#)03&#,1E! C0,#! 80/&21.0,! .$!

2440&32,.#*!CD!-2$4%)2/.$21.0,!;M.WW0)2!2,*!`/W.,E!Rggm?A!J5#!50&.,G!08!>=<$!10!15#!C0,#!

&2//0T! .$! 2! /#)21.-#)D! 82$1! 3/04#$$!044%//.,G! *%/.,G! hIR! *2D$!T5.)#!>=<$! 241.-#)D!32$$! 15#!

C)00*l_M!#,*015#).2)!C2//.#/!10!#,1#/!15#!_MA!H)150%G5!15#!.,.1.2)!3/04#$$!08!50&.,G!.$!/23.*!

2,*!$.&3)#E!15#!#,G/281&#,1!2,*!$##*.,G!.,!15#!_M!/#:%./#$!15#!40,1/.C%1.0,!08!&2,D!82410/$!

2,*! 15#./! &%1%2)! .,1#/241.0,! ;923.*01! #1! 2)AE! Rgg]?A! `,#! 08! 15#! W#D! $.G,2)).,G! &0)#4%)#$!

.*#,1.8.#*! 10! 40,1/0)! >=<$! 50&.,G! .$! 15#! <p<9hR! 45#&0W.,#l<p<"Z! /#4#310/! 32./.,GA!

<p<"ZE!$12,*$!80/!<IpI<!45#&0W.,#!/#4#310/!1D3#!Z!2,*!.$!#F3/#$$#*!0,!15#!$%/824#!08!>=<$A!

V1!.$!/#:%./#*!80/!$1#&!4#))!&.G/21.0,!2,*!80/!15#!O0%/,#D!8/0&!80#12)!).-#/!10!15#!_MA!V,!15#!_ME!

15#!$1/0&2)!4#))!*#/.-#*!82410/!;=BaIh!0/!<p<9hR?!#F3/#$$.0,!4/#21#$!2!G/2*.#,1E!1521!2))0T$!

15#!4#))!45#&0I211/241.0,!;923.*01E!Rggh@!923.*01!#1!2)AE!Rgg]@!j5#110,!2,*!L/252&E!hnnn?A!J0!

2))0T!>=<$!$##*.,G!2,*!2*5#/.,G!T.15.,!15#!1.$$%#E!$#-#/2)!2*5#$.0,!&0)#4%)#$!2/#!#F3/#$$#*!

0,! 15#! >=<! $%/824#A! J5#$#! .,4)%*#! <BZZE! 3)21#)#1I#,*015#).2)! 4#))! 2*5#$.0,! &0)#4%)#$!

;PK<HMIhE! <BSh?E! 5#32/.,! C.,*.,G! 3/01#.,! 2,*! 9I$#)#41.,! ;j5#110,! 2,*! L/252&E! hnnn?A!

B.$1.,41! 4#))! 1D3#$E! G/0T15! 82410/$E! 4D10W.,#$! 2,*!&21/.F! 40&30,#,1$! 2/#! /#:%./#*! 10! 4/#21#!

$3#4.8.4! 40,*.1.0,$! $%330/1.,G! >=<$! &21%/21.0,E! $%/-.-2)! 2,*! $1#&,#$$A! J50$#! $3#4.8.4!

40,*.1.0,$E!42))#*!>=<$!,.45#E!2/#!*#8.,#*!.,!*#12.)!.,!P2/1!SA!

V,!15#!)2$1!*#42*#$E!15#!$1%*.#$!08!#&C/D0,.4!2,*!2*%)1!52#&21030.#$.$!.,!&2&&2).2,!

&0*#)$!/#-#2)#*!&0$1!08!15#!4%//#,1!W,0T)#*G#!0,!>=<!0/.G.,!2,*!821#A!M2,D!$3#4.8.4!&2/W#/$!

52-#! C##,! *#8.,#*! 2,*! #,2C)#! 2! C#11#/! 452/241#/.$21.0,! 08! >=<$! 2,*! 15#./! ,#.G5C0%/.,G!

$%C303%)21.0,$A!"#4#,1)DE!1T0!,#T!2$3#41$!08!15#!$1%*.#$!52-#!211/241#*!/#$#2/45#/$+!211#,1.0,A!

a./$1E! ,#T! ,0,I&2&&2).2,!&0*#)$! 10! $1%*D! #&C/D0,.4! 52#&21030.#$.$! $12/1! 10! #&#/G#! 2,*!

2))0T!10!/#-#2)!2**.1.0,2)!.,80/&21.0,!2,*!2!,#T!30.,1!08!-.#TA!=#40,*E!15#!.&30/12,4#!08!$1#&I!

4#))!&.4/0#,-./0,&#,1!*%/.,G!15#./!#&#/G#,4#E!&21%/21.0,!2,*!50&.,G!.,!15#!52#&21030.#1.4!



V,1/0*%41.0,!

SZ!

 

 

 

 

0/G2,$!$12/1!10!C#!12W#,!.,10!2440%,1!2,*!$1%*.#*!*##3)D!10!452/241#/.N#!2))!15#!4#))$!2,*!15#./!

$.G,2)$!1521!42,!40,1/0)!>=<!0,10G#,DA!J5#$#!1T0!2$3#41$!T.))!C#!*#$4/.C#*!2,*!*.$4%$$#*!.,!

15#!80))0T.,G!1T0!32/1$A!



V,1/0*%41.0,!

S]!

 

 

 
 

2.! Animal models used to study the embryonic haematopoiesis 
 
 

 
>2#&21030.#$.$! /#$#2/45! 52$! C##,! 3#/80/&#*! %$.,G! $#-#/2)! -#/1#C/21#! &0*#)$E! C015!

&2&&2).2,! 2,*! ,0,I&2&&2).2,A! H))! 08! 15#&! 52-#! #F1#,*#*! 0%/! W,0T)#*G#! 08! 15#!

52#&21030.#1.4! $D$1#&!*%/.,G! 15#! )2$1!D#2/$A!j5.)#!#245!&0*#)!52$! .1$!0T,!2*-2,12G#$!2,*!

).&.121.0,$E!40&C.,.,G!15#&!3#/&.11#*!10!%,*#/$12,*!15#!52#&21030.#1.4!3/04#$$#$!T5.45!40%)*!

,01! C#! #)%4.*21#*! CD! 2! $.,G)#! &0*#)A! H&0,G! 15#! -#/1#C/21#! &0*#)$! 8/#:%#,1)D! %1.).$#*! 80/!

52#&21030.#$.$!/#$#2/45E!T#!42,!8.,*!15#!&0%$#E!N#C/28.$5E!F#,03%$!2,*!45.4W!;M#*-.,$WD!#1!

2)AE!Rghh?A!j5.)#!15#!&0%$#!.$!15#!&0$1!081#,!%$#*!&0*#)!80/!.1$!4)0$#$1!$.&.)2/.1D!10!15#!5%&2,!

0/G2,.$&E!#245!08!15#!015#/!&0*#)$!52-#!C/0%G51!,#T!2$3#41$!152,W$!10!15#./!2*-2,12G#$A!a./$1!

08! 2))E! #245! 08! 15#&! 52$! #F1#/,2)! #&C/D0,.4! *#-#)03&#,1! #,2C).,G! 15#! $1%*D! 08! #&C/D0,.4!

52#&21030.#$.$A! KF1#/,2)! *#-#)03&#,1! 2))0T$! *./#41! 0C$#/-21.0,! 08! #&C/D0G#,#$.$! *%/.,G!

T5.45!52#&21030.#$.$!044%/$A!a0/! .,$12,4#E! 15#!%$#!08! 45.&#/.4! 45.4W!#&C/D0$!3#/&.11#*! 10!

*#&0,$1/21#! 15#! #&C/D0,.4! 0/.G.,! 08! 2*%)1! 52#&21030.#1.4! $D$1#&! ;B.#1#/)#,I9.#-/#E! hni]?A!

a%/15#/&0/#E!F#,03%$!2,*!N#C/28.$5!#&C/D0$!#,2C)#*!2!*#12.)#*!452/241#/.N21.0,!08!15#!HLM!

2$! 15#! $.1#! 08! >=<$! #&#/G#,4#E! .,4)%*.,G! .1$! $321.2)! 0/.G.,! 3/.0/! 10! $1%*.#$! 3#/80/&#*! .,!

&2&&2).2,!&0*#)$!152,W$!10!15#!30$$.C.).1D!08!/23.*!G#,#1.4!2,2)D$.$!;<.2%I\.1N!#1!2)AE!Rggg@!

L#/.,G!#1!2)AE!hnno?A!

 
 

 
2.1.!Chicken embryo 

 

J5#! 45.4W#,! #&C/D0! 52$! 2! )0,G! 5.$10/D! 2$! 2! &0*#)! .,! *#-#)03&#,12)! C.0)0GDA! V1!

40,1/.C%1#*! 10! $#-#/2)! C/#2W15/0%G5$! .,! 15#! 8.#)*! 08! 52#&21030.#$.$A! V1$! %$#! 40,8./&#*! 1521!

*#8.,.1.-#!52#&21030.#$.$!52$!2,!.,1/2I#&C/D0,.4!0/.G.,!2,*!$50T#*!80/!15#!8./$1!1.&#!1521!>=<$!

*#/.-#*! 8/0&! 15#! 52#&0G#,.4! #,*015#).%&! ;B.#1#/)#,I9.#-/#E! hni]@! c288/#*0! #1! 2)AE! hnno?A!

B#$3.1#!15#!40&&0,!W#D!30.,1$!*%/.,G!15#!#$12C).$5&#,1!08!52#&21030.#$.$!C#1T##,!2-.2,!2,*!

&2&&2).2,! #&C/D0$E! $#-#/2)! 2$3#41$! 52-#! C##,! $0! 82/! *#$4/.C#*! #F4)%$.-#)D! .,! 15#! 2-.2,!

#&C/D0!2,*!&2D!C#!%,.:%#!10!15.$!$3#4.#$A!B#12.)#*!$1%*D!08!15#!2-.2,!*0/$2)!20/12!/#-#2)#*!.1$!

-#/D!$3#4.8.4!40&30$.1.0,A!V,!15#!45.4W#,!#&C/D0E!$0&.1#I*#/.-#*!#,*015#).%&!40,1/.C%1#$!10!

15#! /#&0*#)).,G! 08! 15#! *0/$2)! 20/12E!T5.45! .,! 15#! 015#/! $3#4.#$! 52$! C##,! *#$4/.C#! $0! 82/! 10!

0/.G.,21#!8/0&!15#!$3)2,45,03)#%/2)!&#$0*#/&!;c288/#*0!#1!2)AE!Rghg@!P0%G#1!#1!2)AE!Rggm?A!V,!

15#!45.4W#,!#&C/D0E!15#!$0&.1.4!4#))$!&.G/21#!10T2/*!15#!20/12!10!32/1.4.321#!10!15#!#,*015#).%&!



V,1/0*%41.0,!

Sm!

 

 

 

 

/#&0*#)).,G!;6CDE/,*]?!.,10!1T0!*.$1.,41!352$#$A!a./$1)DE!$0&.1.4!4#))$!80/&!15#!*0/$2)!32/1!08!

15#!20/12!2,*!$#40,*)D!15#D!/#3)24#!15#!52#&0G#,.4!#,*015#).%&!T5.45!&#2,T5.)#!G2-#!/.$#!10!

>=<$!;P0%G#1!#1!2)AE!Rggm?A!J5.$!1T0I$1#3!/#&0*#)).,G!241!0,!15#!20/12!*0/$0I-#,1/2)!30)2/.1DA!

J5#!*.$40-#/.#$!.,!15#!8.#)*!08!52#&21030.#$.$!%$.,G!15#!2-.2,!2,.&2)!&0*#)!40%)*!C#!0C12.,#*!

152,W$!10!&#150*$!#F4)%$.-#)D!*#-#)03#*!T.15.,!15.$!$3#4.#$!$%45!2$!45.&#/.4!1/2,$3)2,121.0,!

0/!%,.)21#/2)!!"#'$'##)#41/030/21.0,A!

 
 

 

!
 

6CDE/,*]*H*3"JK"$C#C"M*"P*#N,*I"/#I*CM*#N,*&NC&L,M*,JS/-")!
J/2,$-#/$2)!$#41.0,$!08!45.4W#,!1/%,W!*%/.,G!#&C/D0,.4!*#-#)03&#,1A!J5#!$0&.1.4!4#))$!;D#))0T?!&.G/21#!-#,1/2))D!
8/0&!$0&.1#$!;G/#D?! 10! 15#!20/12!;/#*?! 10!32/1.4.321#! 10! 15#!20/12!/#&0*#)).,G!;/#*lD#))0T?A!^JE!,#%/2)! 1%C#@!^4E!
,010450/*@!BHE!*0/$2)!20/12A!

 
 
 
 

 

2.2.!Zebrafish embryo 
 

B%/.,G!&D!P5B!15#$.$E!V!52-#!%$#*!15#!N#C/28.$5!#&C/D0!2$!2,!2,.&2)!&0*#)!10!$1%*D!

52#&21030.#$.$A! a0/! 15.$! /#2$0,E! V! T.))! 5.G5).G51! .,! 15#! 80))0T.,G! 32/2G/235$! #&C/D0,.4!

52#&21030.#$.$! .,! N#C/28.$5! T.15! .&3241! 0,! 40,$#/-#*! &#452,.$&! C#1T##,! -#/1#C/21#$A!

Y#C/28.$5! ;0/! */"!'# &1&!'?! .$! 2! $&2))! 1/03.42)! 8/#$5T21#/! 8.$5! C#)0,G.,G! 10! 15#! 82&.)D!

34,&!"!5/1A!V1$!,21%/2)!52C.121!.$!.,!=0%15!H$.2!;>.&2)2D2,!/#G.0,?!T5#/#!.1!).-#$!.,!Roz<!$)0T)D!



V,1/0*%41.0,!

Si!

 

 

 

 

8)0T.,G!T21#/A!V1!30$$#$$#$!$#-#/2)!452/241#/.$1.4$!T5.45!&2*#!.1!2!$%.12C)#!2,*!-#/D!3/0&.$.,G!

2,.&2)!&0*#)!80/!*#-#)03&#,1!;6CDE/,*^?A!a./$1!08!2))E!.1$!$&2))!$.N#!.$!2,!.&30/12,1!2$3#41!80/!

2! )2C0/210/D!2,.&2)A!H$! 15#!$.N#!.$!*./#41)D!3/030/1.0,2)! 10! 15#!2&0%,1!08!&21#/.2)E!800*!2,*!

3)24#!/#:%./#*!80/!50%$.,G!10!#$12C).$5!15#!5%$C2,*/DE!N#C/28.$5!42,!C#!/2.$#*!2,*!&2.,12.,#*!
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015#/!&2/W#/$!233#2/!T.15!15#!1/2,$I*.88#/#,1.21.0,!08!$1#&!4#))$E!4*Zh!;2)$0!42))#*!.1G2RC?!2,*!

4&DCA! <%//#,1)DE! 2! 40&C.,21.0,! 08! 1T0! 0/! 15/##! 08! 15#! &#,1.0,#*! &2/W#/$! 10G#15#/! T.15!

#,*015#).%&I$3#4.8.4!&2/W#/$! .$!%$#*! 10! .*#,1.8D!>=<$A!B#$3.1#! 15#!5.G5! $.&.)2/.1D!C#1T##,!

2,.&2)!&0*#)$E!15#!N#C/28.$5!0/150)0G%#!80/!<BSZ!52$!,01!D#1!C##,!*#$4/.C#*!.,!N#C/28.$5A!
 

<0,1/2/D!10!15#!&2&&2).2,!#&C/D0$E!.,!15#!N#C/28.$5!#&C/D0E!>=<$!#&#/G#!0%1$.*#!15#!

*0/$2)!20/12!2,*!O0.,!15#!C)00*!$1/#2&!15/0%G5!15#!30$1#/.0/!42/*.,2)!-#.,!;P<d?!;[.$$2!#1!2)AE!

Rggo?A! >=<$! 15#,!&.G/21#! 15/0%G5! 15#!HLM!10T2/*! 15#!-#.,!T2))E! 15#D! .,1/2-2$21#! .,10! 15#!

-#.,! 2,*! O0.,! 15#! C)00*! $1/#2&! 10! /#245! 15#! 52#&21030.#1.4! 0/G2,$! 15/0%G5! 4./4%)21.0,A!J5#!

&IE0I'*NI,JI#"K"C,#C&*#C$$E,*;<>JE!6CDE/,*FU?! .$! 15#!8./$1!0/G2,!10!C#!40)0,.$#*!CD!>=<$!

*%/.,G!#&C/D0,.4!*#-#)03&#,1!;M%/2D2&2!#1!2)AE!Rggm?A!>=<$!)#2-#!15#!C)00*!$1/#2&!.,!15#!

42%*2)! 32/1! 08! 15#! C0*DE! CD! #F1/2-2$21.,G! .,10! 15#! <>JA! J5#! <>J! .$! 80/&#*! 2,*! /#&0*#)!

3/0G/#$$.-#)D!T.15!15#!8./$1!>=<$!2//.-.,G!10!$##*!15.$!52#&21030.#1.4!1.$$%#A!>=<$!8./$1!2//.-#!

.,!15#!<>J!8/0&!Zo!538!0,T2/*$E!T.15!15#!3#2W!08!40)0,.$21.0,!C#1T##,!S!2,*!Z!*38!;M%/2D2&2!

#1!2)AE!Rggm?A!>=<$!8./$1!2*5#/#!10!15#!#,*015#).2)!T2))E!15#,!#F1/2-2$21#!/23.*)D!10!15#!2C)%&.,2)!

$.*#!08! 15#!#,*015#).2)!T2))!T.15.,!&.,%1#$A!`,4#!0%1$.*#! 15#!4./4%)21.0,!$#-#/2)!#,*015#).2)!

4#))$!/#&0*#)!2/0%,*!2!$.,G)#!>=<!10!80/&!2!304W#1!42))#*!#,*015#).2)!4%**).,G!10!4/#21#!2,!

233/03/.21#!#,-./0,&#,1!80/!4#))!*.-.$.0,!;J2&3).,!#1!2)AE!Rgh]?A!
 

B%/.,G!15#!80))0T.,G!O0%/,#DE!>=<$!/#245!15#!#N-JE$*;6CDE/,*FU?E!T5.45!.$!15#!8./$1!

*#8.,.1.-#! 52#&21030.#1.4! 0/G2,E! 8/0&! ]Z! 538! ;[.$$2! #1! 2)AE! Rggo?A! J5#! 15D&%$! 50&#$! 15#!

)D&350C)2$1$E!T5.45!2/#!15#!)D&350.*!3/0G#,.10/$E!$.&.)2/!10!15#!&2&&2).2,!#&C/D0$A!`,4#!



V,1/0*%41.0,!

Z]!

 

 

 

 

15#/#E! 15#D! 3/0).8#/21#! 2,*! *.88#/#,1.21#! 10! G.-#! /.$#! 10! /2GI30$.1.-#! JI)D&3504D1#$! 15/0%G5!

.W2/0$!30$.1.-#!3/#4%/$0/$!;[.$$2!#1!2)AE!Rggo?A!a.,2))D!>=P<$!40)0,.N#!15#!W.*,#D!;6CDE/,*FU?E!

T5.45!.$!15#!*#8.,.1.-#!52#&21030.#1.4!0/G2,!40//#$30,*.,G!10!15#!&2&&2).2,!C0,#!&2//0TA!

J5#!LC0M,-*JI//".*.$!$##*#*!8/0&!Z!*38!2,*!.1!/#&2.,$!15#!$.1#!08!52#&21030.#$.$!15/0%G50%1!

15#!/#$1!08!15#!)2/-2)!2,*!T50)#!2*%)1!).8#!;K))#11!2,*!9.#$45W#E!Rghg@!=0,G!#1!2)AE!RggZ?A!

 
 

 

!
 

6CDE/,*FU*H*_,S/IPC$N*,JS/-"*NI,JI#"K"C,#C&*"/DIM$)!
B/2T.,G!$50T.,G!15#!)042).$21.0,!08!15#!$.1#$!08!>=<!0/.G.,E!15#!HLM!/#G.0,!;/#*?E!15#!#&C/D0,.4!52#&21030.#1.4!
0/G2,E!<>J!;C)%#?!2,*!*#8.,.1.-#!52#&21030.#1.4!0/G2,$E!15D&%$!;D#))0T?!2,*!W.*,#D!&2//0T!;G/##,?A!

 
 
 
 

 
B#$3.1#! 15#! )24W!08!#F1#,$.-#! $1%*.#$!0,! 15#!W.*,#D!&2//0TE!T#!&.G51!30$1%)21#! 1521!

&#452,.$&!08!>=<!/#G%)21.0,!*%/.,G!15#!2*%)1!).8#!.$!40,$#/-#*A!J5#!8%,41.0,2)!2,2)D$.$!2,*!

40&32/.$0,!08!15#!N#C/28.$5!W.*,#D!&2//0T!,.45#!10!15#!&2&&2).2,!C0,#!&2//0T!$1.))!/#&2.,$!

10! C#! #)%4.*21#*A! J5#! 1.$$%#! $1/%41%/#! 2,*! 52#&21030.#1.4! 0/G2,! &.4/0#,-./0,&#,1! T.))! C#!

*#12.)#*!.,!32/1!SA!



V,1/0*%41.0,!

Zm!

 

 

 
 

3.! HSCs environments 
 
 

 
J5#!3/0*%41.0,!08!C)00*!4#))$!/#).#$!0,!241.-#!2,*!8%,41.0,2)!>=<$A!>=<!#&#/G#,4#E!

3/0).8#/21.0,E!&.G/21.0,!2,*!&21%/21.0,!12W#!3)24#!.,!$#-#/2)!52#&21030.#1.4!$.1#$!.,!15#!#&C/D0!

2,*!2*%)1@!#245!$1#3!044%/$!.,!2!*.88#/#,1!1#&30/2)!T.,*0TA!J5#!*.-#/$.1D!08!2,210&.42)!$.1#$!

&2W#$! 15#! %,*#/$12,*.,G! 08! 2))! 2$3#41$! 08! 52#&21030.#$.$! -#/D! 452))#,G.,GA! K-#/D! *.$1.,41!

)0421.0,!.$!452/241#/.$#*!CD!.1$!4#))!2,*!#F1/24#))%)2/!40&30$.1.0,!T.15!$3#4.8.4!$.G,2)).,G!2,*!

.$!*#8.,#*!2$!>=<$!#,-./0,&#,1E!2)$0!,2&#*!>=<$!,.45#A!

 
 

 
3.1.!Yolk sac environment 

 

B%/.,G!#&C/D0,.4!*#-#)03&#,1E!15#!8./$1!52#&21030.#1.4!3/#4%/$0/$!#&#/G#!.,!15#!D0)W!

$24!T5.45!/#3/#$#,1$!15#!8./$1!2,210&.42)!$.1#!08!52#&21030.#$.$A!B#$3.1#!.1$!/#)21.-#)D!$.&3)#!

$1/%41%/#E! 15#! C.)2D#/! 0/G2,! 1521! #,-#)03$! 15#! *#-#)03.,G! #&C/D0! $%C$12,1.2))D! 40,1/0)$!

3/.&.1.-#! 52#&21030.#$.$A! V,*##*E! 52#&21030.#1.4! 241.-.1D! 044%/$! .,! 15#! .,,#/! )2D#/! U! 15#!

-.$4#/2)! &#$0*#/&! I! T5.)#! 15#! 0%1#/! )2D#/! U! 15#! -.$4#/2)! #,*0*#/&! I! 40,1/.C%1#$! 10!

52#&21030.#$.$! CD! V,*.2,! 5#*G#50G! ;V>>?! $#4/#1.0,A! V>>! 241.-21#$! 15#! C0,#! &0/350G#,.4!

3/01#.,IZ!;_MPZ?!)#2*.,G!10!15#!.,.1.21.0,!08!52#&21030.#1.4!241.-.1DA!V,!2**.1.0,E!15.$!1.$$%#!.$!

5.G5)D! -2$4%)2/.$#*E! ).W#! 2))! 15#! 015#/! 8%1%/#! 52#&21030.#1.4! 1.$$%#$! ;H)IB/##$! #1! 2)AE! Rgh]@!

=%G.D2&2!#1!2)AE!Rghh?A!

 
 

 
3.2.!AGM environment 

 

J5#!$.1#!08!>=<!#&#/G#,4#!.,!2))!-#/1#C/21#!#&C/D0$!.$!)0421#*!.,!2!/#G.0,!40I)042).$.,G!

15/##!*.88#/#,1!$1/%41%/#$!U!15#!-2$4%)21%/#E!15#!/#3/0*%41.-#!2,*!#F4/#10/D!0/G2,$!U!42))#*!20/12I!

G0,2*I&#$0,#35/0$!0/!HLMA!V,!15#!HLME!$#-#/2)!82410/$!2,*!4#))!303%)21.0,$!52-#!2)/#2*D!

C##,!*#$4/.C#*!10!.,8)%#,4#!*.$1.,41!$1#3$!08!15#!0,$#1!08!*#8.,.1.-#!52#&21030.#$.$A!J5#!>=<$!

15#&$#)-#$! 0/.G.,21#! #F4)%$.-#)D! 8/0&! 15#! -#,1/2)! T2))! 08! 15#! 20/12! !"# $!$'E! /#-#2).,G! 2!

30)2/.$21.0,!08!15.$!-#$$#)A!J5.$!)042).$21.0,!3)2D$!2!W#D!/0)#A!V,*##*E!15#!-#,1/2)!T2))!#F5.C.1$!

#.15#/!15#!52#&21030.#1.4!241.-.1D!0/!15#!$%330/1.-#!/0)#!;P##1#/$!#1!2)AE!Rggn?!T5#/#2$!15#!*0/$2)!

T2))! 0,)D! 3/0-.*#$! $%330/1.-#! $.G,2)).,GA! V,1#/#$1.,G)DE! 15#! *0/$2)! 32/1! 08! 20/12! 42,! #F5.C.1!

52#&21030.#1.4!241.-.1D!!"#$!%&'#.8!40I4%)1%/#*!T.15!15#!1.$$%#$!$%//0%,*.,G!15#!-#,1/2)!32/1!08!



V,1/0*%41.0,!

Zi!

 

 

 

 

15#!20/12!!"#$!$'#;=0%.)50)!#1!2)AE!Rghm?A!J5#$#!8.,*.,G$!#&352$.$#!15#!.&30/12,4#!08!15#!20/12!

&.4/0#,-./0,&#,1!.,!>=<!#&#/G#,4#A!H81#/!15#./!#&#/G#,4#E!>=<$!244%&%)21#!.,!.,1/2I20/1.4!

4)%$1#/$!T5.45!/#3/#$#,1!2,015#/!5#1#/0G#,.4!$1/%41%/#!$%330/1.,G!>=<$A!V,1/2I20/1.4!4)%$1#/$!

40,12.,E!.,!2**.1.0,!10!15#!$1#&!4#))$!15#&$#)-#$E!3/#I>=<$E!3/0G#,.10/$!2,*!4#))$!T.15!).&.1#*!

).,#2G#!301#,1.2)E!$1/0&2)!4#))$!2,*!015#/$!;_0.$$#1!#1!2)AE!RghZ?A!V,!2**.1.0,!10!15#!5#1#/0G#,#.1D!

08!4)%$1#/$E!$#-#/2)!1D3#$!08!4#))$!2/#!80%,*!0%1$.*#!15#!4)%$1#/$E!$%45!2$!$1/0&2)!4#))$E!,#%/0,$E!

)#%W04D1#$!0/!$&0015!&%$4)#!4#))!3/#4%/$0/$!;6CDE/,*FV?A!

 
 

 

!
 

6CDE/,*FV*H*a/#N"D"MI'*TC,.*"P*#N,*17!*#"*TC$EI'C$,*#N,*&,''$*$E//"EM0CMD*#N,*0"/$I'*I"/#I)!
d2$4%)2/! 2,*!52#&0G#,.4! #,*015#).%&! 80/&.,G! 15#!-#$$#)! ;C)%#! 2,*! G/##,?! 2,*!G.-.,G! /.$#! 10! 15#! .,1/2I20/1.4!
4)%$1#/$!;D#))0T?E!$1/0&2)!4#))$!#,-#)03.,G!15#!-#$$#)$!;G/#D?!2,*!15#!$D&3215#1.4!,#%/0,!4)%$1#/$!.,!15#!$%CI20/1.4!
/#G.0,!;32)#!G/##,?A!

 
 

M2,D!$0)%C)#!82410/$!.,4)%*.,G!4D10W.,#$!2,*!3/0I.,8)2&&210/D!82410/$E!G/0T15!82410/$!

0/!,#%/01/2,$&.11#/$!52-#!C##,!*#1#41#*!.,!15#!HLM!2,*!#245!08!15#&!T2$!80%,*!10!C#!4/%4.2)!

80/!15#!#$12C).$5&#,1!08!*#8.,.1.-#!52#&21030.#$.$A!=.&.)2/)D!10!15#!D0)W!$24E!_MPIZ!$.G,2)).,G!

2$!T#))!2$!>5!3215T2D!2/#!C015!#F3/#$$#*!.,! 15#!HLM!;</.$2,!#1!2)AE!Rghm@!M2/$52))!#1!2)AE!

Rggg?A!_MPIZ!2,*!>5!288#41!*.88#/#,1.2))D!>=<$!241.-.1DA!_2$#*!0,!15#./!*#3#,*#,4#!10!15#$#!

$.G,2)$E!T#!42,!*.$1.,G%.$5!1T0!*.$1.,41!>=<!1D3#$!.,!15#!HLMX!_MPZI/#$30,$.-#!2,*!,0,I!

_MPZI241.-21#*!>=<$A!KF4#31!80/! 15#!>=<I82410/$!#F3/#$$.0,!T5.45!15#D!52-#!.,!40&&0,E!

15#!1T0!303%)21.0,$!*.88#/!CD!15#./!G#,#!#F3/#$$.0,A!j5.)#!15#!_MPZI241.-21#*!>=<$!&2.,12.,!

2!5.G5!#F3/#$$.0,!)#-#)!08!#,*015#).2)!82410/$E!$%45!2$!P#42&hE!dKI<2*E!J.#IRE!#,*0G).,E!2,*!2!



V,1/0*%41.0,!

Zo!

 

 

 

 

*#1#41#*!#F3/#$$.0,!08!>=<!82410/$E! 15#!,0,I_MPZI241.-21#*!;C%1!>5!*#3#,*#,1?!303%)21.0,!

#F3/#$$#$!.,!5.G5#/!)#-#)!>=<!&2/W#/$E! .,4)%*.,G!4IW.1!0/!4*Zh!2,*!,0!0/!)0T!)#-#)!08!K>J!

.,*%4.,G! 1/2,$4/.31.0,! 82410/! =0FhiA! J5#! 8%,41.0,2)! *.88#/#,4#! C#1T##,! 15#! 1T0! 303%)21.0,$!

/#&2.,$!10!C#!#)%4.*21#*!;</.$2,!#1!2)AE!Rghm?A!
 

=.G,2)).,G!8/0&!$D&3215#1.4!,#/-0%$!$D$1#&!.,,#/-21.,G!15#!*0/$2)!20/12!.,!15#!&0%$#!

#&C/D0! 8/0&! *2D! Khg! /#G%)21#$! >=<! #&#/G#,4#! ;a.145! #1! 2)AE! RghR?A! J5#! $D&3215#1.4!

3/#4%/$0/$!&.G/21#!-#,1/2))D!8/0&!15#!,#%/2)!4/#$1!10!15#!20/12!2,*!15#!1/2,$4/.31.0,!82410/$!L212S!

2,*!>2,*R! .,.1.21#! 15#./!*.88#/#,1.21.0,! .,10! $D&3215#1.4!,#%/0,$! 10! 80/&!G2,G).0,$A!K245!08!

150$#!82410/$!52$!C##,!$50T,!10!.,8)%#,4#!.,*./#41)D!52#&21030.#$.$!15/0%G5!15#!$D&3215#1.4!

,#/-0%$! $D$1#&! *#-#)03&#,1A! J5#! ,#%/0,$! 15#,! $D,15#1.N#! 421#450)2&.,#$E! 15#!

,#%/01/2,$&.11#/$!2$$04.21#*!T.15!15#!$D&3215#1.4!$D$1#&A!J5#!/#)#2$#*!421#450)2&.,#$!241.-21#!

K>J!15/0%G5!15#!2*/#,#/G.4!/#4#310/$!0,!15#!$%/824#!08!8%1%/#!>=<$!;a.145!#1!2)AE!RghR?A!J5#!

*#12.)#*!*#$4/.31.0,!08!$D&3215#1.4!*#-#)03&#,1!2,*!.1$!/0)#!.,!52#&21030.#$.$!.$!*#-#)03#*!.,!

32/1!]A!
 

P/0I.,8)2&&210/D! $.G,2)).,G! 40,1/0)$!>=<! #&#/G#,4#! -.2! 15#!^0145! 3215T2D! .,! 15#!

N#C/28.$5!#&C/D0A!J%&0%/!,#4/0$.$!82410/!2)352!;J^a|?E!3/0*%4#*!2,*!/#)#2$#*!CD!3/.&.1.-#!

,#%1/035.)$!3/#$#,1!.,!15#!HLME!241.-21#$!J^a!/#4#310/!1D3#!R!#F3/#$$#*!CD!#,*015#).2)!4#))$!

2,*!241.-21#$!^aI}_!2,*!^0145!3215T2D$!;K$3x,IP2)2Ny,!#1!2)AE!RghZ?A!J5#!^0145!241.-21.0,!

15#,! .,.1.21#$! >=<! #&#/G#,4#! .,! 15#! HLMA! J0G#15#/! T.15! J^a|E! 2,015#/! .,8)2&&210/D!

4D10W.,#E!.,1#/8#/0,!G2&&2!;Va^r?!40,1/.C%1#$!10!*#8.,.1.-#!52#&21030.#$.$!.,!15#!HLMA!Va^r!

#F3/#$$.0,!.&32./&#,1!*#4/#2$#$!15#!,%&C#/!08!#&#/G.,G!>=<$!.,!C015!&0%$#!2,*!N#C/28.$5!

#&C/D0$A! a.,2))DE! 15#! 40&C.,#*! .&32./&#,1! 08! C015! $.G,2)).,G! Va^r! 2,*! J^a|! 241$!

$D,#/G.$1.42))D! 2,*! 42%$#$! 2! G/#21#/! *#4/#2$#! 08! >=<$! #&#/G#,4#! &#2$%/#*! CD! "%,Fh!

#F3/#$$.0,!;9.!#1!2)AE!RghZ?A!V,1#/)#%W.,!S!;V9IS?!.$!2,015#/!4D10W.,#!*#1#41#*!.,!15#!HLM!*%/.,G!

>=<!#&#/G#,4#!.,!15#!&0%$#!#&C/D0A!V9IS!.$!#F3/#$$#*!CD!2))!&2O0/!-#$$#)$!2,*!>=<$!2,*!

40,1/0)$! 15#! $%/-.-2)! 2,*! #F32,$.0,! 08! ,2$4#,1! >=<$! 2$! 2! *0T,$1/#2&! 12/G#1! 08! "%,Fh!

#F3/#$$.0,!82410/!;"0C.,!#1!2)AE!Rggm?A!

 
 

 
3.3.!Foetal liver and CHT environment 

 

J5#! 80#12)! ).-#/! ;a9?E! 0/! 15#! <>J! .,! 15#! N#C/28.$5! #&C/D0$E! $#/-#! 2$! 2! 1/2,$.10/D!

52#&21030.#1.4!0/G2,!.,!T5.45!>=<$!&21%/#!2,*!3/0).8#/21#A!J5#!52#&21030.#1.4!,.45#!40,12.,$!



V,1/0*%41.0,!

Zn!

 

 

 

 

2!5.G5!-2/.#1D!08!4#))$!.,4)%*.,G!>=<$!15#&$#)-#$E!3/0G#,.10/$E!#,*015#).2)!4#))$E!8.C/0C)2$1$E!

&24/0352G#$! 2,*! ,#%1/035.)$E! $1/0&2)! 4#))$! 2,*! 5#3210C)2$1$! ;.,! 42$#! 08! a9?A! >#3210C)2$1$!

#F3/#$$! 2,*! /#)#2$#! $#-#/2)! G/0T15! 82410/$! U! =<aE!KP`! 2,*! V9Im! 0/! V9Ii! U! $%330/1.,G! 4#))!

*.88#/#,1.21.0,E!#$3#4.2))D!.,10!#/D15/0.*!0/!)D&350.*!).,#2G#!;H)IB/##$!#1!2)AE!Rgh]?A!J5#!a9!

&24/0352G#$! 4/#21#! 2! $%330/1.-#!&.4/0#,-./0,&#,1! CD!&.G/21.,G! 8/0&! 15#! $.,%$0.*$! 10! 15#!

32/#,45D&2A!J5#/#E!CD!.,1#/241.0,!T.15!15#!#/D15/0C)2$1$E!&24/0352G#$!2))0T!15#!8.,2)!$1#3!08!

#/D15/04D1#! *.88#/#,1.21.0,! 2,*! #,%4)#21.0,! &#*.21#*! CD! #/D15/0C)2$1! &24/0352G#! 3/01#.,A!

P#/.-2$4%)2/! 8.C/0C)2$1$! 2/#! )0421#*! 2/0%,*! 15#! C)00*! -#$$#)$A! J5#./! 40I)042).$21.0,!T.15! 15#!

-#$$#)!$%GG#$1$!1521!15#D!&2D!C#!.,-0)-#*!.,!&D#)0.*!4#))!*.88#/#,1.21.0,A!V,!2**.1.0,E!8.C/0C)2$1$!

40,1/.C%1#!10!15#!&.4/0#,-./0,&#,1!#F1/24#))%)2/!0/G2,.$21.0,!15/0%G5!15#!3/0*%41.0,!08!&21/.F!

40&30,#,1$E!$%45!2$!8.C/0,#41.,!2,*!40))2G#,!;P2D%$5.,2E!RghR?A!
 

J5#!-2$4%)2/!#,*015#).%&!288#41$!80#12)!).-#/!52#&21030.#$.$!15/0%G5!$#-#/2)!2$3#41$A!

=.&.)2/)D!10!15#!015#/!52#&21030.#1.4!1.$$%#$E!15#!-2$4%)2/!#,*015#).%&!10G#15#/!T.15!$&0015!

&%$4)#! 4#))$! 40,1/0)! 1.$$%#! 3#/&#2C.).1D! 3#/&.11.,G! 15#!&.G/21.0,! 2,*! 50&.,G! 08! 15#!>=<$A!

a%/15#/&0/#E!#,*015#).2)!4#))$!&2.,12.,!#/D15/04D1#!2,*!&D#)0.*!4#))!*.88#/#,1.21.0,!!"#$!%&'A!V,!

15#!N#C/28.$5!#&C/D0E!15#!#,*015#).2)!4#))$!3/#$#,1!.,!15#!<>J!/#*.$1/.C%1#!15#&$#)-#$!2/0%,*!

>=<$!10!80/&!2!$3#4.8.4!&.4/0#,-./0,&#,1!$%330/1.,G!>=<$!3/0).8#/21.0,!;6CDE/,*F[?A!J5.$!

$3#4.8.4!#,*015#).2)!4#))!C#52-.0%/!2,*!/#&0*#)).,G!52-#!C##,!42))#*!4%**).,G!CD!15#!2%150/$!08!

15#!$1%*D!;J2&3).,!#1!2)AE!Rgh]?A!

V,!2**.1.0,!10!15#!-2$4%)2/!#,*015#).%&E!$1/0&2)!4#))$!40,1/.C%1#!10!15#!&2.,1#,2,4#!2,*!

#F32,$.0,!08!>=<$!.,!#&C/D0,.4!52#&21030.#1.4!0/G2,$A!"#4#,1!$1%*.#$!.,!N#C/28.$5!2,*!&0%$#!

&0*#)$!$50T#*! 15#!3/#$#,4#!08!$1/0&2)!4#))$! .,!3/0F.&.1D! 10! 15#!$##*#*!>=<$!;[52,!#1!2)AE!

Rghm@!M%/2D2&2!#1!2)AE!Rgh]?A!V,1#/#$1.,G)D!15#!4#))$!*0!,01!0/.G.,21#!8/0&!15#!$2&#!3/#4%/$0/$A!

V,!15#!N#C/28.$5!<>JE!15#!$1/0&2)!4#))$!*#/.-#!8/0&!15#!42%*2)!$0&.1#$E!T5#/#2$!.,!15#!&0%$#!

80#12)!).-#/E!,#$1.,u!$1/0&2)!4#))$!$%GG#$1!2!,#%/2)!4/#$1!0/.G.,!;[52,!#1!2)AE!Rghm@!M%/2D2&2!#1!

2)AE!Rgh]?A!V,!N#C/28.$5!#&C/D0$E!$0&.1#I*#/.-#*!$1/0&2)!4#))$!40,1/.C%1#!10!15#!80/&21.0,!08!15#!

<>J!,.45#!;6CDE/,*F[?A!J50$#!3/0G#,.10/$!0/.G.,21#!8/0&!15#!-#,1/2)!C0/*#/!08!42%*2)!$0&.1#$A!

H81#/! 1/2,$I*.88#/#,1.21.,G! CD! KMJE! 15#D! .,1#/241! T.15! #,*015#).2)! 4#))$! 2,*! $%330/1! 15#!

80/&21.0,! 08! 15#! 42%*2)! -#.,! $.,%$0.*! 3)#F%$! ;M%/2D2&2! #1! 2)AE! Rgh]?A! V,!&0%$#! #&C/D0$E!

,#$1.,u! $1/0&2)!4#))$!2))0T!>=<$!#F32,$.0,!.,!15#!80#12)!).-#/!*%/.,G!#&C/D0,.4!*#-#)03&#,1!

T5.)#!281#/!C./15!15#!80#12)!).-#/!,.45#!.$!/#0/G2,.$#*!T.15!15#!)0$$!08!15#$#!$1/0&2)!4#))$!;[52,!

#1!2)AE!Rghm?A!



V,1/0*%41.0,!

]g!
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6CDE/,*F[*H*>N,*b,S/IPC$N*38>*,MTC/"MJ,M#)!
=1/%41%/#! 08! 15#! <>J! ,.45#! T.15! 15#! $0&.1#I*#/.-#*! $1/0&2)! 4#))$! ;G/#D?! 40,1/.C%1.,G! 10! 15#! >=P<! ;G/##,?!
&2.,1#,2,4#! 2,*! #F32,$.0,! 2,*! #,*015#).2)! 4#))$! ;/#*?! #,4)0$.,G! >=P<$! 10! 4/#21#! 2! 4#))I*.-.$.0,! 3/0&01.,G!
&.4/0#,-./0,&#,1A!

 
 
 
 

 
3.4.!Bone marrow niche 

 

_0,#!&2//0T!;_M?!/#3/#$#,1$!2!40&3)#F!$1/%41%/#!40,$.$1.,G!08!$#-#/2)!*.$1.,41!4#))!

1D3#$! T5.45! 3/0-.*#$! 2! C#,#8.4.2)! #,-./0,&#,1! 80/! >=<$! 50&.,GE! 3/0).8#/21.0,! 2,*!

*.88#/#,1.21.0,A!H/1#/.0)2/!-#$$#)$!2,*!423.))2/.#$E!#,*015#).2)!4#))$E!&24/0352G#$E!0$1#0C)2$1$E!

0$1#04)2$1$! 2,*! $1/0&2)! 4#))$! 80/&! 2! %,.:%#! 15/##I*.&#,$.0,2)! $42880)*! 1521! $%330/1!

52#&21030.#1.4! 4)%$1#/$! ;<2)-.! 2,*! 9.,WE! RghZ?A! J5#! 40,4#31! 08! f,.45#+! 52*! C##,! 2)/#2*D!

3/030$#*! .,!hnio! 10!*#$4/.C#! 15#!3)24#!T5#/#!$3#4.8.4!4#))$!#$12C).$5!4)0$#! .,1#/241.0,$!T.15!

>=<$!10!&2.,12.,!$1#&!0/!3/0G#,.10/!4#))!C#52-.0%/!;=4508.#)*E!hnio?A!

>=<$!42,!C#!80%,*!.,!&0$1!/#G.0,$!08! )0,G!C0,#$A!>0T#-#/!T#!42,!*.$1.,G%.$5#*!21!

)#2$1! 1T0! *.$1.,41! 2,210&.42)! $.1#$! $##*#*! 3/#8#/#,1.2))D! CD! $3#4.8.4! 4#))! 303%)21.0,$X! 15#!

#,*0$1#2)! ,.45#! 4)0$#! 10! 15#! C0,#! $%/824#! 2,*! 15#! 3#/.-2$4%)2/! ,.45#! 2$$04.21#*! T.15! 15#!

2/1#/.0)#$!4)0$#!10!15#!C0,#!4#,1/#!;H)IB/##$!#1!2)AE!Rgh]?A!J5#!1T0!*.$1.,41!)0421.0,$!$%GG#$1!

*.88#/#,1!4#))!821#!/#$1/.41.0,!*#3#,*.,G!0,!15#!82410/$!2,*!$.G,2)).,G!&0)#4%)#$!$3#4.8.4!80/!#245!



V,1/0*%41.0,!
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/#G.0,A!̂ #-#/15#)#$$E!15#!15#0/D!08!1T0!*.$1.,41!,.45#!/#G.0,$!52$!C##,!40&3).421#*!CD!1T0!8241$A!

a./$1E!>=<$!%,).W#!&0$1!015#/! 2*%)1! $1#&!4#))$!2/#!#F1/20/*.,2/.)D!&0C.)#! 2,*!081#,!&.G/21#!

8/0&!0,#!40&32/1&#,1!10!15#!015#/!;>$%!2,*!a%45$E!RghR?A!=#40,*E!15#!C0,#!&0/350)0GD!&2D!

*.88#/!*#3#,*.,G!0,!15#!1D3#!08!C0,#!$1%*.#*A!j5.)#!.,!15#!)0,G!C0,#$!T#!42,!*.$1.,G%.$5!15#!

#,*0$1#2)! 2,*! 3#/.-2$4%)2/! N0,#! T.15! T#))! ).&.1#*! C0%,*2/.#$E! .,! 15#! 42)-2/.%&E! 15#!

&.4/02/45.1#41%/#!#F4)%*#!15#!*.$1.,41.0,!C#1T##,!15#!1T0!N0,#$!;90!<#)$0!#1!2)AE!Rggn@!p.#!#1!

2)AE!Rggn?A!
 

V,!15#!)0,G!C0,#$E!167$!$'#).-#!.&2G.,G!/#-#2)#*!15#!3/#8#/#,1.2)!)042).$21.0,!08!>=<$!.,!

15#!,M0"$#,I'*/,DC"M*T5#/#!15#!4#))$!/#&2.,!&0$1)D!:%.#$4#,1!*%#!10!15#!3/#$#,4#!08!$#-#/2)!

82410/$A!J5#!,.45#!#F5.C.1$!$3#4.8.4!35D$.0)0G.42)!3/03#/1.#$!.,4)%*.,G!5D30F.2!*%#!10!15#!)0,G!

*.$12,4#!8/0&!15#!C)00*!-#$$#)$!2,*!2!5.G5!40,4#,1/21.0,!08!8/##!42)4.%&!.0,!40&.,G!8/0&!15#!

C0,#!$%/824#!;H*2&$!#1!2)AE!Rggm@!^0&C#)2IH//.#12!#1!2)AE!RghS?A!J5#!&2.,!4#))$!3/#$#,1!2/#!15#!

0$1#0C)2$1$!T5.45!2/#!.,!*./#41!40,1241!T.15!>=<$!2,*!233#2/!10!3/0&01#!15#./!&2.,1#,2,4#!2,*!

:%.#$4#,4#A!;d.$,O.4!#1!2)AE!RggZ?A!
 

J5#! K,/CTI$&E'I/* b"M,* 08! 15#! _M! ,.45#! .$! 40&30$#*! 08! $#-#/2)! 4#))! 303%)21.0,$E!

.,4)%*.,G! 15#! 2/1#/.0)#$E! 3#/.-2$4%)2/! &#$#,45D&2)! 4#))$E! 3#/.4D1#$E! $D&3215#1.4! ,#/-#$! 2,*!

,0,I&D#).,21.,G! =45T2,,! 4#))$A! V,! 15#! )0,G! C0,#E! 15#! 241.-21#*! >=<$! 0/! 3/0G#,.10/$! 2/#!

3/#8#/#,1.2))D! )042).$#*! .,! 15#! 3#/.-2$4%)2/! N0,#E! &0/#! 3/#4.$#)D! .,! 4)0$#! 3/0F.&.1D! 10! 15#!

2/1#/.0)#$A!j5#,!15#D!2/#!,##*#*E!15#!>=<$!.,!15#!C0,#!&2//0T!$12/1!10!3/0).8#/21#E!#,1#/!15#!

C)00*!$1/#2&!2,*!*.88#/#,1.21#!.,!15#!4./4%)21.0,A!>0T#-#/E!,01!2))!>=<$!2/#!*#$.G,21#*!10!#,1#/!

15#!C)00*$1/#2&!2,*!$0&#!2/#!/#12.,#*!8/0&!&0C.).$21.0,!CD!<p<9hR!$.G,2)).,G!;=%G.D2&2!#1!

2)AE!Rggm?A!
 

"#G2/*.,G! 15#! 42)-2/.%&E! 15#! &0/350)0G.42)! $1/%41%/#! *.88#/$! 8/0&! 15#! )0,G! C0,#$E!

15#/#80/#!T#!42,,01!*.$1.,G%.$5!1T0!/#G.0,$!.,!15#!_MA!)"#$!$'#.&2G.,G!08!&0%$#!42)-2/.%&!

/#-#2)#*! 15#! *D,2&.4! 2,*! ,0,I/2,*0&! 30$.1.0,.,G! 08! 15#! >=<$! /#)21.-#! 10! 15#! ,.45#! 4#))!

40&30,#,1$A! =.&.)2/)D! 10! 15#! )0,G! C0,#! $##*.,GE! 9JI>=<$! T#/#! )042).$#*! .,! 15#! 4)0$#$1!

3/0F.&.1D! 10!0$1#0C)2$1$E!T5#/#2$!>=<!&21%/21.0,!044%/$! .,!2!*.$12,1!2/#2!8/0&!0$1#0C)2$1$A!

>0T#-#/E!C#42%$#!0$1#0C)2$1$!2/#!)042).$#*!.,!15#!-.4.,.1D!08!15#!-#$$#)$E!T#!42,,01!2$$%&#!15#!

3/#$#,4#! 08! #,*0$1#2)! 2,*! 3#/.-2$4%)2/! ,.45#E! C%1! /215#/! /#8#/! 10! 3#/.#,*0$1#2)I3#/.-2$4%)2/!

,.45#!;90!<#)$0!#1!2)AE!Rggn?A!



V,1/0*%41.0,!

]R!

 

 

 

 

!
 

6CDE/,*F\*H*>N,*S"M,*JI//".*MC&N,)!
J5#!4#))%)2/!40&30$.1.0,!08!15#!#,-./0,&#,1!T5#/#!>=<$!50&#!.,!15#!C0,#!&2//0T!2,*!15#!82410/$!1521!40,1/.C%1#!
10!15#./!/#1#,1.0,l&0C.).$21.0,A!9#81!$.*#X!>=<$!;G/##,?!2/#!/#12.,#*!.,!15#!C0,#!&2//0T!*%#!10!<p<9hR!$.G,2)).,G!
8/0&!<H"!$1/0&2)!4#))$A!KF3/#$$.0,!2,*!/#)#2$#!08!<p<9hR!.$!40,1/0))#*!CD!&24/0352G#$!;G/#D?!0/!,#G21.-#)D!CD!
2*/#,#/G.4! ,#/-#$! ;-.0)#1?A! ".G51! $.*#X! 90$$! 08! &24/0352G#$! 0/! 2*/#,#/G.4! ,#/-#! 241.-.1D! /#*%4#! <p<9hR!
#F3/#$$.0,!8/0&!<H"!$1/0&2)!4#))$A!V1!/#$%)1$!.,!>=<!&0C.).$21.0,A!

 
 
 
 

 
H32/1! 8/0&! 1T0! $3#4.8.4! *.$1.,41! ,.45#$! .,! 15#!_ME! #245! 4#))! 303%)21.0,! $3#4.8.42))D!

40,1/.C%1#$! 10! ><=! 50&#0$12$.$! ;6CDE/,* F\R* /#-.#T#*! CD!M#,*#)$0,! 2,*! a/#,#11#E! RghZ?A!

5M0"#N,'CI'* 4#))$! 80/&! 15#! $%/824#! 08! C)00*! -#$$#)$! 2,*! 10G#15#/! T.15! 3#/.-2$4%)2/! 4#))$!

40,$1.1%1#! 2! ,21%/2)! C2//.#/! 80/! .,1/2! 2,*! #F1/2-2$21.0,A! M0/#0-#/E! #,*015#).2)! 4#))$! $#4/#1#!

82410/$! 10! .,*%4#!>=<!#F32,$.0,E! $%45!2$! 15#!KI$#)#41.,!2*5#$.0,!&0)#4%)#! ;j.,W)#/! #1! 2)AE!

RghR?A!
 

!,$,M&N-JI'* $#,J* &,''$* ;M=<?! 2,*! 15#./! *#/.-21.-#$! 2/#! 2! 5#1#/0G#,#0%$! 4#))!

303%)21.0,! 1521! $1.))! )24W$!3/#4.$#!*#8.,.1.0,!2,*!452/241#/.$21.0,A!H$!&%)1.301#,1!3/#4%/$0/$E!

M=<$!40%)*!*.88#/#,1.21#! .,10!0$1#0).,#2G#! 4#))$E! 2*.304D1#$E! 450,*/04D1#$E! 3#/.-2$4%)2/! 0/!



V,1/0*%41.0,!

]S!

 

 

 

 

$1/0&2)!4#))$A!M=<$!2/#!/#3/#$#,1#*!CD!15#./!*.88#/#,1.21#*!&#&C#/$!.,!C015!,.45#$!T5#/#!15#D!

3)2D!%,.:%#!2,*!.,*.$3#,$2C)#!/0)#$A!
 

H$!3/#-.0%$)D!$121#*E!"$#,"S'I$#$*2/#!2!&2O0/!40&30,#,1!08!15#!#,*0$1#2)!/#G.0,!08!15#!

_M!,.45#A!J5#D!0/.G.,21#!8/0&!15#!&#$#,45D&2)!$1#&!4#))$!;M=<?E!40,8./&.,G!15#!40&3)#F!

/0)#!08!M=<$!.,!2))! 15#!40&32/1&#,1$!08!15#!_MA!`$1#0C)2$1$!233#2/! 10!&2.,12.,!>=<$!2,*!

2)$0! 10! $%330/1! 15#./! )0,GI1#/&! /#40,$1.1%1.0,! 42324.1D! 281#/! 1/2,$3)2,121.0,! ;<2)-.! 2,*!9.,WE!

RghZ?A!J5#!"$#,"&'I$#$E!15#!015#/!&#&C#/!08!0$1#0).,#2G#!4#))$E!$##&!10!C#!*.$3#,$2C)#!80/!>=<!

&2.,1#,2,4#A!
 

<,/CTI$&E'I/* &,''$* 2/#! )042).$#*! 0,! 15#! $%/824#! 08! -#$$#)$E! 4)0$#! 10! >=<$! 2,*!

$D&3215#1.4!,#/-#$A!H!$%C303%)21.0,!08!3#/.-2$4%)2/!4#))$E!42))#*!<p<9hRI2C%,*2,1!/#1.4%)2/!

;<H"?! 4#))$! 2/#! 15#! &2.,! $0%/4#E! 2$! 15#! ,2&#! .,*.421#$E! 08! <p<9hR! 45#&0W.,#A! J5.$!

45#&0W.,#! .$! 15#! W#D! 3)2D#/! .,! >=<! /#1#,1.0,! .,! 15#! _M! ,.45#A! J50%G5! 15#! #F241!

452/241#/.$21.0,!08!31X*&,''$* /#&2.,$!%,4)#2/E! 15#D!2/#!*#$4/.C#*!2$!4#))$!#F3/#$$.,G!,#$1.,!

;^#$?E!)#31.,!/#4#310/!0/!&DF0-./%$!/#$.$12,4#Ih!;MFIh?A!<p<9hR!#F3/#$$.0,!2,*!.1$!.,1#/241.0,!

T.15!.1$!32/1,#/!/#4#310/!<p<"Z!#F3/#$$#*!CD!>=<$!2/#!$0!82/!15#!3/.,4.32)!&2,,#/!10!/#12.,!

>=<$!.,!15#./!$3#4.8.4!,.45#A!<H"!4#))$E!2$!15#!&2O0/!3/0*%4#/$!08!<p<9hRE!211/241!>=<$!U!

nZv!08!>=<$!$12D!.,!40,1241!0/!.,1#/241!T.15!<H"!4#))$!;=%G.D2&2!#1!2)AE!Rggm?A!
 

!I&/"KNID,$*2/#! 40,$.*#/#*! 2$!015#/! $.G,.8.42,1!3)2D#/$! .,! 15#!C0,#!&2//0T!,.45#A!

J5#D!2/#!)0421#*!.,!4)0$#!3/0F.&.1D!10!>=<$!2,*!15#./!3/#$#,4#!#,$%/#!>=<$!/#1#,1.0,!15/0%G5!

<p<9hR!$.G,2)).,GA!M24/0352G#!*#3)#1.0,!CD!4)0*/0,21#!).30$0&#!0/!LI<=a!1/#21&#,1!.,!&.4#!

3/0&01#$! 15#!&0C.).$21.0,!08!>=<$!2,*! 15#./! /#)#2$#! .,! 15#!C)00*! $1/#2&A!>=<! /#1#,1.0,!CD!

&24/0352G#$!$##&$!10!C#!&#*.21#*!15/0%G5!,#$1.,u!;^#$u?!$1/0&2)!4#))$!;3/0C2C)D!<H"!4#))$?A!

V,*##*E!150$#!4#))$!2/#!15#!$0%/4#!08!<p<9hR!45#&0W.,#!T50$#!#F3/#$$.0,!)#-#)!.$!40,1/0))#*!

CD!&24/0352G#$! ;<50T!#1!2)AE!Rghh@!j.,W)#/!#1! 2)AE!Rghg?A!;,E#/"KNC'$E! 15#!015#/!3/.,4.32)!

&#&C#/! 08! &D#)0.*! )#%W04D1#$E! 2/#! 2)$0! 3/#$#,1! .,! 15#! _M! ,.45#A! J5#./! /0)#! .,! >=<$!

&0C.).$21.0,!233#2/$!10!C#!&.,0/!2,*!*.$3#,$2C)#!40&32/#*!10!15#!/0)#!08!&24/0352G#$!;<2)-.!

2,*!9.,WE!RghZ?A!
 

V,1#/#$1.,G)DE!&24/0352G#$! 2/#! ,01! 15#! $.,G)#! 3)2D#/! 40,1/0)).,G!<p<9hR! $.G,2)).,GA!

=-JKI#N,#C&*M,/T"E$*$-$#,J*$.G,2)).,G!52$!C##,!3/0-#*!10! .,8)%#,4#!15.$!3215T2D!2$!T#))A!

J5#!C0,#!&2//0T!.$!5.G5)D!.,,#/-21#*!CD!$D&3215#1.4!,#/-#$!T5.45!2/#!)0421#*!4)0$#!10!15#!

3#/.-2$4%)2/!!/#G.0,A!!J5#!!,#%/0,$!!/#)#2$#!!,#%/01/2,$&.11#/$!!T5.45!!241!!15/0%G5!!2*/#,#/G.4!
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/#4#310/$!$3#4.8.42))D!#F3/#$$#*!.,!*.$1.,41!4#))!303%)21.0,$A!j5.)#!15#!qR! /#4#310/!.$!)042).$#*!

0,!15#!$%/824#!08!0$1#0C)2$1$!2,*!>=<$!15#&$#)-#$E!15#!qS!/#4#310/!.$!#F3/#$$#*!CD!^#$u!$1/0&2)!

4#))$! ;[212D2&2! #1! 2)AE! Rggm?A!J5#!,#/-0%$! $D$1#&!,#%/01/2,$&.11#/$! 241.-21#! qS!/#4#310/! 0,!

^#$u! $1/0&2)!4#))$E!.,*%4#!=3h!$.G,2)).,G!T5.45!)#2*$!10!15#!*#4/#2$#!08!<p<9hR!#F3/#$$.0,!

;M#,*#NIa#//#/!#1!2)AE!Rggo?A!J5#!>=<!#G/#$$!.$!15#/#80/#!40,1/0))#*!CD!1T0!*.$1.,41!&2,,#/$!

T5.45!241!.,*#3#,*#,1)D!15/0%G5!<p<9hR!#F3/#$$.0,A!V,*##*E! &24/0352G#!*#3)#1.0,!&2D!$1.))!

32/1.2))D!&0C.).$#!>=<$! .,! 15#!$D&3215#410&.$#*!C0,#!&2//0T!;<50T!#1!2)AE!Rghh?A!J5#!qR!

/#4#310/!$.G,2)).,G!233#2/$!10!C#!*.$3#,$2C)#!.,!15.$!3/04#$$A!J5#!$D&3215#1.4!,#/-0%$!$D$1#&!

.,!G#,#/2)!2,*!.1$!*.$1.,41!/0)#!.,!52#&21030.#$.$!2/#!.,1/0*%4#*!.,!32/1!]A!
 

J5#!$D&3215#1.4!,#/-#$!.,!15#!_M!2/#!#,$5#215#*!T.15!,0,&D#).,21.,G!=&N.IMM*&,''$A!

J5#$#!,#%/2)!4/#$1!*#/.-21.-#$E!*#8.,#*!2)$0!2$!G).2)!4#))$!&.G51!C#!0,#!08!15#!301#,1.2)!3)2D#/$!

.,!>=<!*0/&2,4D!/#G%)21.0,A!J5#./!8%,41.0,!.$!C2$#*!0,!241.-21.0,!08!JLaq!$.G,2)).,GA!j5#/#2$!

15#!)21#,1!JLaq!.$!3/0*%4#*!CD!&0$1!08!_M!4#))$E!15#!241.-#!80/&!.$!/#$1/.41#*!10!=45T2,,!4#))$!

)2D.,G!.,!32/2))#)!10!15#!-#$$#)$A!J5#!241.-#!JLaq!$.G,2)$!1/.GG#/!=&2*R!2,*!=&2*S!$.G,2)).,G!

.,!>=<$!CD!*./#41!4#))I10I4#))!40,1241A!J5.$!#,$%/#$!1521!0,)D!4#))$!.,!*./#41!40,1241!T.))!#,1#/!

15#!*0/&2,4D!$121#A!V,1#/#$1.,G)DE!0,)D!R]v!08!=&2*RlS!241.-21#*!4#))$!T#/#!80%,*!.,!15#!*./#41!

40,1241!T.15!=45T2,,!4#))$E!$%330/1.,G! 15#!15#0/D! 1521!>=<!2/#!5.G5)D!&.G/21.,G!T.15.,!15#!

C0,#!&2//0T!/#G.0,$!;b2&2N2W.!#1!2)AE!Rghh?A!
 

10CK"&-#,$* /#3/#$#,1! 2! )2/G#! 32/1! 08! 15#! 2*%)1! C0,#! &2//0T! .,! 5%&2,! 2,*! 15#./!

3/030/1.0,! .,4/#2$#$! T.15! 2G#A! J5#! /0)#! 08! 15#! 2*.304D1#$! .,! >=<$! 50&#0$12$.$! /#&2.,$!

40,1/0-#/$.2)A!J5#!:%2,1.1D!08!2*.304D1#$!.,4/#2$#$!T.15!2G#!T5.)#!40,40&.12,1)D!>=<!241.-.1D!

*#4/#2$#$E!$%GG#$1.,G!2!,#G21.-#!/#G%)21.0,!08!52#&21030.#$.$!CD!2*.304D1#$A!<0,$.$1#,1!T.15!

15.$! 5D3015#$.$E! $3#4.8.4! 2*.304D1#! 2C)21.0,! .,! 15#!&2//0T! .&3/0-#$!>=<!#,G/281&#,1! 281#/!

1/2,$3)2,121.0,!2$!T#))! /#40-#/D!281#/! .,O%/D!;^2-#./2$!#1!2)AE!Rggn?A!>0T#-#/E! .,!40,1/2/D!10!

150$#!8.,*.,G$E!2*.304D1#$!$#4/#1#!2*.30,#41.,E!T50$#!/#4#310/!.$!#F3/#$$#*!.,!>=<$!2,*!T50$#!

241.-21.0,!.,4/#2$#$!>=<!3/0).8#/21.0,!;<2)-.!2,*!9.,WE!RghZ@!B.M2$4.0!#1!2)AE!Rggi?A!
 

>=<$!G0!15/0%G5!0/!50&#!.,!$#-#/2)!*.88#/#,1!#,-./0,&#,1$!*%/.,G!15#./!O0%/,#DA!J5#$#!

$0I42))#*! ,.45#$! /#3/#$#,1! 2! $%330/1.-#! #,-./0,&#,1! 80/! #245! $1#3! *%/.,G! *#-#)03&#,1! 2,*!

50&#0$12$.$E!$%45!2$!>=<$!#&#/G#,4#E!#F32,$.0,E!&21%/21.0,E!:%.#$4#,4#!2,*!&0C.).$21.0,A!

K245! 08! 15#! #,-./0,&#,1$! 40,12.,$! $#-#/2)! 4#))%)2/! 2$! T#))! 2$! &0)#4%)2/! 40&30,#,1$A! J5#!

40&3)#F.1D! 08! 15#! ,.45#! &2W#$! >=<! /#$#2/45! 452))#,G.,G! C%1! 2)$0! -#/D! $1.&%)21.,GA! JT0!
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4#))%)2/! 40&30,#,1$! 40,1/.C%1.,G! 10! >=<! ,.45#$! 2&0,G! 015#/! /0)#$E! 15#! &24/0352G#$! 2,*!

3#/.35#/2)!,#/-0%$!$D$1#&E!T.))!C#!4)0$#)D!.,1/0*%4#*!.,!15#!80))0T.,G!1T0!45231#/$A!
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4.! Macrophages 
 
 

 
M24/0352G#$E!2$!0,#!15#!&2O0/!3)2D#/$!.,!.,,21#!.&&%,.1DE!52-#!C##,!*#$4/.C#*!80/!15#!

8./$1! 1.&#! .,! honRA! J5#D! 52-#! C##,! .*#,1.8.#*! 2$! 352G04D1.4! 4#))$! /#$30,$.C)#! 80/! 32150G#,!

#).&.,21.0,! ;M#145,.W088E! honR?A! J5/0%G5! 15#! 80))0T.,G! *#42*#$E! .1! 52$! C##,! $50T,! 1521!

&24/0352G#$! 30$$#$$! &%45! &0/#! 42324.1.#$! 152,! O%$1! 352G04D10$.$A! B#$3.1#! 15#./! 3/.&2/D!

352G04D1.4!8%,41.0,E!&24/0352G#$!2)$0!#F3/#$$!2!5.G5!-2/.#1D!08!4D10W.,#$!2,*!G/0T15!82410/$A!

J5#D! 2/#! .,-0)-#*! .,! 24%1#! 2,*! 45/0,.4! .,8)2&&21.0,! 2,*! 40,1/.C%1#! 10!&2,D! ,0,I.&&%,#!

3/04#$$#$! .,4)%*.,G! 2,G.0G#,#$.$E! 1.$$%#! /#&0*#)).,GE! /#G#,#/21.0,E! &21/.F! *#G/2*21.0,E!

&#12C0).$&!2,*!G#,#/2)! 1.$$%#!50&#0$12$.$! ;/#-.#T#*!CD!P0))2/*E!Rggn@!jD,,!#1!2)AE!RghS?A!

M24/0352G#$! 42,! 245.#-#! 2))! 15#$#! *.$1.,41! /0)#$E! C#42%$#! 15#D! 30$$#$$! 1T0! .&30/12,1!

452/241#/.$1.4$!U!2!5.G5!3)2$1.4.1D!;0/!5#1#/0G#,#.1D?!2,*!15#!2C.).1D!10!.,-2*#!&0$1!1.$$%#$!;KC#/1!

2,*!a)0/#DE!hnSn?A!
 

B%/.,G!*#-#)03&#,1E!&24/0352G#$! #&#/G#! 8/0&! 15#! 1T0!52#&21030.#1.4!T2-#$A!J5#!

8./$1!T2-#!G.-#$!/.$#!10!15#!3/.&.1.-#!&24/0352G#$!;2)$0!42))#*!D0)WI$24!*#/.-#*!&24/0352G#$?!

T5.45! 3)2D! 2! 4/%4.2)! /0)#! *%/.,G! #2/)D! *#-#)03&#,1E! .,4)%*.,G! 2,G.0G#,#$.$! 0/! 1.$$%#!

/#&0*#)).,GA!J5#D!42,!/#&2.,!%,1.)!15#!2*%)1!$12G#!2$!15#D!40)0,.$#!&0$1!1.$$%#$!10!*.88#/#,1.21#!

.,10!1.$$%#I/#$.*#,1!&24/0352G#$!).W#!&.4/0G).2!.,!15#!C/2.,E!2)-#0)2/!&24/0352G#$!.,!)%,G$!0/!

[~388#/!4#))$!.,!).-#/!;6CDE/,*F]?A!
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9.$1!08!1.$$%#!/#$.*#,1!&24/0352G#$E!15#./!0/G2,!)0421.0,!2,*!3/.,4.32)!8%,41.0,A!K245!40)0%/!/#3/#$#,1$!/#$.*#,1!
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B%/.,G!15#!$#40,*!T2-#E!>=<$!2/#!G#,#/21#*!T5.45!42,!)21#/!*.88#/#,1.21#!.,10!2))!C)00*!

4#))$! .,4)%*.,G! &24/0352G#$A! B#8.,.1.-#! &24/0352G#$! 42))#*! C0,#! &2//0T! *#/.-#*!

&24/0352G#$! ;_MBM?! 2/#! 80/&#*! CD! 2! $#:%#,4#! 08! *.88#/#,1.21.0,! $1#3$! 8/0&!>=<$A! J5#!

40&&0,!&D#)0.*! 3/0G#,.10/$! ;<MP?! 8./$1! G.-#! /.$#! 10! &0,04D1#$! .,! 15#! C)00*! 4./4%)21.0,A!

M0,04D1#$!#F5.C.1!$#-#/2)!&2/W#/$!$%45!2$!9Dm<!5.G5!2,*! )0TE!<BhhCE!<BhZE!<Bhh]!2,*!

45#&0W.,#!/#4#310/$!<<"R!0/!<pS<"hA!V,!15#!4./4%)21.0,E!&0,04D1#$!3/0G/#$$.-#)D!)0$#!15#!

9Dm<! #F3/#$$.0,E! $%GG#$1.,G! 1521! $#-#/2)! &0,04D1#! $%C$#1$! &2D! #F.$1$A! M0,04D1#$! 15#,!

#F1/2-2$21#!10!241.-#)D!.,8.)1/21#!1.$$%#$!%30,!45#&0W.,#I.,*%4#*!211/241.0,A!B#3#,*.,G!0,!15#!

)042)! #,-./0,&#,1E! &0,04D1#! *.88#/#,1.21#! ! 2,*! 30)2/.N#*! .,10! &24/0352G#$! T.15! $3#4.8.4!

35#,01D3#A! M24/0352G#$! 2/.$#,! 8/0&! 15#! _M! 15#,! W##3! 15#./! 42324.1D! 10! 3#/80/&! $#-#/2)!

8%,41.0,$!*#3#,*.,G!0,!15#./!#,-./0,&#,1!;L0/*0,!2,*!J2D)0/E!Rgg]@!b2,G!#1!2)AE!RghZ?A!

 
 

 
4.1.!Macrophage activation 

 

J5#! *.88#/#,1! /#$30,$#! 08! &24/0352G#$! 10! 15#! )042)! $.G,2)).,G! 2)T2D$! 1/.GG#/#*! 15#!

$4.#,1.$1$+! .,1#/#$1!2,*!3/0&01#*!15#./!#880/1$! 10!421#G0/.$#!15#&A!J5.$! )#*!10!15#!40,4#31!08!
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&24/0352G#!30)2/.$21.0,!10T2/*!2!$3#4.8.4!35#,01D3#$!)21#/!42))#*!Mh!2,*!MRA!M0/#!152,!Rg!

D#2/$! 2G0E! .1! 52$! C##,! $50T,! 1521! 0,4#! &24/0352G#$! .,8.)1/21#! 15#! 1.$$%#E! 15#D! 241.-21#!

15#&$#)-#$! .,! /#$30,$#! 10! )042)! $.G,2)).,GA! J5#! 1T0! #F1/#&#! 241.-21.0,! 3/08.)#$! 52-#! C##,!

*#8.,#*! 2$! 15#! 4)2$$.42)! 241.-21.0,! 42%$#*! 3/.,4.32))D! CD! 15#! .,1#/8#/0,! G2&&2! ;Va^�?! 2,*!

).3030)D$24452/.*#!;9P=?!0/!15#!2)1#/,21.-#!241.-21.0,!.,*%4#*!CD!15#!.,1#/)#%W.,IZ!;V9IZ?!0/!hg!

;V9Ihg?!;=1#.,!#1!2)AE!hnnR?A!M24/0352G#$!15#,!$12/1!10!#F3/#$$!$3#4.8.4!&2/W#/$!.,!/#$30,$#!10!

*.88#/#,1!$.G,2)).,G!2,*!#F5.C.1!*.88#/#,1!,.1/0G#,!&#12C0).$&A!J5.$!*.88#/#,4#$!3#/&.11#*!15#./!

*#$4/.31.0,!2,*!4)2$$.8.421.0,A!<)2$$.42))DI241.-21#*!&24/0352G#$E!42))#*!2)$0!Mh!&24/0352G#$!

#F3/#$$!&2.,)D!.,8)2&&210/D!82410/$E!$%45!2$!1%&0%/!,#4/0$.$!82410/!2)352!;J^a2?E!.,1#/)#%W.,I!

h!;V9Ih?E!.,1#/)#%W.,Im!;V9Im?E!.,1#/)#%W.,IhR!;V9IhR?E!.,1#/)#%W.,IRS!;V9IRS?A!J5#D!2)$0!#F3/#$$!

.,*%4.C)#!,.1/.4!0F.*#!$D,152$#!;^`=R?!T5.45!&#12C0).$#$!,.1/0G#,A!J50$#!&24/0352G#$!2/#!

G#,#/2))D!40,$.*#/#*!2$!3/0I.,8)2&&210/D!&24/0352G#$!C2$#*!0,!15#./!#F3/#$$.0,!3/08.)#!15#./!

C#52-.0%/!;6CDE/,*F^?A!

 
 

 

!
 

6CDE/,*F^*H*!Fc!O*JI&/"KNID,*K"'I/CbI#C"M)!
J5#! 241.-21.0,! 08! $3#4.8.4! 4D10W.,#$! 2,*! #F3/#$$.0,! 82410/$! .,! /#$30,$#! 10! *.$1.,41! 4D10W.,#$! $%&&2/.N#*! .,!
40)0%/#*!12C)#$A!M24/0352G#$!30)2/.$#!10T2/*!Mh!35#,01D3#!;0/2,G#?!.,!/#$30,$#!10!Va^r!0/!9P=!$.G,2)).,G!2,*!
$12/1! 10! #F3/#$$! $3#4.8.4!&2/W#/$! $%&&2/.$#*! .,! 15#! 0/2,G#! 12C)#A!M24/0352G#$!30)2/.$#! 10T2/*!MR!35#,01D3#!
;G/##,?!281#/!V9IZ!0/!V9Ihg!$.G,2)).,G!2,*!$12/1!10!#F3/#$$!&2/W#/$!$%&&2/.$#*!.,!15#!G/##,!12C)#A!JT0!40)0%/#*!
$42)#!$50T$!1521!MhlMR!35#,01D3#!241.-21.0,!0,)D!/#3/#$#,1$!1T0!#*G#$!08!2!40,1.,%%&!08!.,1#/&#*.21#!$121#$A!
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`,!15#!015#/!52,*E!15#!2)1#/,21.-#I241.-21#*!&24/0352G#$!0/!MR!&24/0352G#$!;6CDE/,!
 

F^?!2/#!081#,!42))#*!2,1.I.,8)2&&210/D!&24/0352G#$!2$!15#D!#F3/#$$!&0/#!&#12C0).$&I/#)21#*!

&2/W#/$!0/!G/0T15!82410/$!$%45!2$!&2,,0$#!/#4#310/!;M"<h!0/!<BRgm?E!G2)2410$#!/#4#310/E!

H/G.,2$#! ;H"L?E! JLaC! 0/! .,1#/)#%W.,Ihg! ;V9Ihg?A! j5.)#! Mh! &24/0352G#$! $50T! 2! 5.G5!

%,.80/&.1D!24/0$$!$3#4.#$!2,*!*.88#/#,1!.,8#41.0%$!40,*.1.0,$E!MR!&24/0352G#$!*.$3)2D!2!5.G5!

-2/.2C.).1D!2,*!3)2$1.4.1D!#-#,!.,$.*#!15#./!0T,!421#G0/DA!a0/!15.$!/#2$0,E!$0&#!$1%*.#$!3/030$#*!

2!$D$1#&!08!8%/15#/!$%C421#G0/.$.,G!MR!&24/0352G#$!.,10!MR2E!CE!4!2,*!*E!2440/*.,G!10!15#./!

8%,41.0,$E!&2/W#/!#F3/#$$.0,!2,*!241.-210/$A!MR2!&24/0352G#$!2/#!30)2/.N#*!.,!/#$30,$#!10!V9I!

Z! 2,*! hg! 2,*! 3)2D! /0)#! .,! 32/2$.1#! .&&%,#! 40,1/0)A! MRC! &24/0352G#$! 2/#! 40,$.*#/#*! 2$!

.&&%,#I/#G%)210/$! 2,*! 2)$0! #F3/#$$! 3/0I.,8)2&&210/D! 82410/$! $.&.)2/)D! 10!Mh!&24/0352G#$!

$%45!2$!V9Ih!2,*!mA!MR4!&24/0352G#$!2/#!.,-0)-#*!.,!1.$$%#!/#32./!2,*!/#&0*#)).,G!2,*!30$$#$$!

15#!452/241#/.$1.4$!T5.45!52-#!C##,!&0$1!081#,!2$$04.21#*!T.15!MR!&24/0352G#$!5.$10/.42))DA!

J5#! )2$1! $%C421#G0/DE!MR*!2/#!&24/0352G#$!*#$4/.C#*!2,*! .,-0)-#*! .,! 1%&0%/!3/0G/#$$.0,E!

42))#*!1%&0%/I2$$04.21#*!&24/0352G#$!;JHM?A!
 

J5#!40,4#31!08!&24/0352G#!30)2/.$21.0,!$121#!52$!C##,!#$12C).$5#*!0,!5%&2,!2,*!&%/.,#!

&24/0352G#$A!H$! 15#! 3/04#$$! 08! 52#&21030.#$.$! 2,*! C)00*! 4#))! *.88#/#,1.21.0,! .$! 40,$#/-#*!

2&0,G!2))!-#/1#C/21#$E!15#!*.-#/$.1D!08!&24/0352G#!30)2/.$21.0,!&.G51!C#!40,$#/-#*!100A!=#-#/2)!

$1%*.#$! 52-#! $50T,! 1521! &24/0352G#$! .,! )0T#/! -#/1#C/21#$! 2)$0! #F3/#$$! 3/0I.,8)2&&210/D!

82410/$!*%/.,G!24%1#!.,8)2&&21.0,!2,*!MRI).W#!82410/$E!$%45!2$!2/G.,2$#!.,!,0,I.,8)2&&210/D!

40,*.1.0,$A! V,! 2**.1.0,E! .,! .,-#/1#C/21#$! $%45! 2$! *&'+',-!./E! 352G04D1#$! T5.45! 2/#! 15#!

#:%.-2)#,1!08!&24/0352G#$!.,!-#/1#C/21#$!#F3/#$$!45.1.,2$#IS!).W#!S!3/01#.,!;b&h?!T5.45!.$!2!

MR!&2/W#/! .,! &0%$#!&24/0352G#$! ;"�$N#/E! Rgh]?A! J0G#15#/E! 15#$#! /#$%)1$! $%GG#$1! 1521!

&24/0352G#!241.-21.0,!*.-#/$.1D!&.G51!C#!40,$#/-#*!0/!30$$#$$!40&32/2C)#!32/2&#1#/$!15/0%G5!

15#!2,.&2)!W.,G*0&A!
 

J5#! &24/0352G#! 30)2/.$21.0,! 40,4#31! .$! C2$#*! 0,! 15#! $1%*.#$! 3#/80/&#*! 0,! C0,#!

&2//0TI*#/.-#*!&24/0352G#$A!H$!3/#-.0%$)D!$121#*E!T#!*.$1.,G%.$5!1T0!1D3#$!08!&24/0352G#$!

*#3#,*.,G!0,!15#./!0/.G.,A!j5#15#/!15#!MhlMR!40,4#31!&.G51!C#!#F1/230)21#*!10!1.$$%#I/#$.*#,1!

0/!G#,#/2))D!10!D0)W!$24I*#/.-#*!&24/0352G#$!/#&2.,$!10!C#!#)%4.*21#*A!<0,$.*#/.,G!1521!15#!

241.-21.0,! *#3#,*$! G/#21)D! 0,! 15#! )042)! &.4/0#,-./0,&#,1! 2,*! 15#! 3/#$#,1! 82410/$E! T#! 42,!

2$$%&#! 1521! 15#$#!&24/0352G#$!&2D!#:%2))D!#F5.C.1! 2!*.-#/$.1D!2440/*.,G! 10! 15#! 1.$$%#! 15#D!

.,8.)1/21#*A! =#-#/2)! $1%*.#$! 52-#! $50T,! 1521! 1.$$%#I/#$.*#,1! &24/0352G#$! #F3/#$$! 8#T! MR!



V,1/0*%41.0,!

mg!

 

 

 

 

&2/W#/$E!T.15!2!3#2W!08!#F3/#$$.0,!21!,#0,212)!$12G#!2,*!40,$#4%1.-#!*#4/#2$#!T.15!2G#!;>%,G!

#1!2)AE!RggR@!"�$N#/E!Rgh]?A!

 
 

 
4.2.!Macrophage functions 

 

J5#!&24/0352G#!5#1#/0G#,#.1D!0/.G.,21#$!8/0&!15#!,%&C#/!08!8%,41.0,$!15#D!42,!8%)8.)!

;6CDE/,*O`?A!J5#! 8./$1!*#$4/.C#*!/0)#E!KNID"&-#"$C$R*G2-#! 15#./!,2&#! 10!&24/0352G#$!2$!C.G!

#21#/$!;8/0&!L/##W!&2W/0$!{!C.G!2,*!352G#.,{#21?A!P52G04D10$.$!$#/-#!10!#,G%)8!2))!80/#.G,!

$%C$12,4#$E!8/0&!*#C/.$! 10!%,.4#))%)2/!0/G2,.$&$E!2,*!3/01#41!15#!0/G2,.$&!8/0&!0%1$.*#!2,*!

.,$.*#!*2,G#/A!<0,40&.12,1)DE!15#!#F3/#$$.0,!08!&-#"LCM,$*40,1/.C%1#$!10!32150G#,!#).&.,21.0,!

CD!W.)).,G!15#!&.4/00/G2,.$&$!0/!211/241.,G!015#/!.&&%,#!4#))$A!V9IhE!J^a2!0/!^`=R!.,*%4#!

15#!$D,15#$.$!2,*!/#)#2$#!08!/#241.-#!0FDG#,!2,*!,.1/0G#,!$3#4.#$!T5.45!5#)3!10!15#!4)#2/2,4#!

08!32150G#,$A!a%/15#/&0/#E!V9IhE!m!2,*!hR!40,1/.C%1#!10!)D&3504D1#!241.-21.0,!2,*!V9Io!10!JI!

)D&3504D1#!211/241.0,!10!15#!.,8#41#*!$.1#A!

 
 

 

!
 

6CDE/,*O`*H*!I&/"KNID,*PEM&#C"M$)!
9.$1!08!-2/.0%$!8%,41.0,$!1521!&24/0352G#$!42,!245.#-#!

 
 

V,!2**.1.0,!10!4D10W.,#!$D,15#$.$E!&24/0352G#$!2)$0!3/0*%4#!2,*!/#)#2$#!D/".#N*PI&#"/$*

2,*!015#/!$.G,2)).,G!&0)#4%)#$E!.,4)%*.,G!3/0$12G)2,*.,$E!JLaCE!KLa!0/!aLaA!J5#!#F3/#$$.0,!

82410/!*#3#,*$!0,! 15#!&24/0352G#! $%C303%)21.0,!2$!T#))! 2$! 15#! #,-./0,&#,1A!J5#!,#/-0%$!



V,1/0*%41.0,!

mh!

 

 

 

 

$D$1#&I$3#4.8.4! /#$.*#,1! &24/0352G#$E! 42))#*!&.4/0G).2E! #F3/#$$! 15#! ,#%/0,2)! G/0T15! 82410/!

;^La?A!J5#!&24/0352G#$!3/#$#,1! .,! 1%&0%/$E!JHME!#F3/#$$!21!0,4#!$#-#/2)!G/0T15!82410/$E!

$%45! 2$! #3.15#).2)! G/0T15! 82410/! ;KLa?E! -2$4%)2/! #,*015#).%&! G/0T15! 82410/! ;dKLa?! 0/!

8.C/0C)2$1! G/0T15! 82410/! ;aLa?! T5.45! 2))! 3/0&01#! 42,4#/! 4#))! 3/0G/#$$.0,! 2,*! &#12$12$.$!

.,.1.21.0,!.,!2!$3#4.8.4!T2D!;jD,,!#1!2)AE!RghS?A!
 

a.,2))DE!$D,15#$.$!2,*!/#)#2$#!08!K/"#,"'-#C&*,Mb-J,$*CD!&24/0352G#!#,2C)#!15#&!10!

245.#-#!15#./!/0)#!*%/.,G!1.$$%#!/#&0*#)).,G!2,*!&21/.F!*#G/2*21.0,A!J.$$%#!/#&0*#)).,G!/%)#*!

CD! &24/0352G#I.,*%4#*! 3/01#0)D$.$! .$! 2,! .&30/12,1! 32/1! 08! 1.$$%#! 0/G2,.$21.0,! *%/.,G!

#&C/D0G#,#$.$! C%1! 2)$0! *%/.,G! $#-#/2)! 45/0,.4! 32150)0G.#$E! #$3#4.2))D! 15#! 0,#$! 288#41.,G!

42/*.0-2$4%)2/!$D$1#&!$%45!2$!215#/0$4)#/0$.$E!&D042/*.2)!.,82/41!2,*!2,#%/D$&A!
 

P/01#0)D1.4!#,ND&#$!42,!C#!*.-.*#*! .,10! $.F!G/0%3$!2440/*.,G! 10! 15#./!&#452,.$&!08!

241.0,! U! $#/.,#E! 15/#0,.,#E! 4D$1#.,#E! 2$32/121#E! G)%12&.4! 24.*! 3/01#.,2$#$! 2,*! M21/.F!

&#12))03/01#.,2$#$!;MMP?!;k%.))2/*!#1!2)AE!Rghh?A!M24/0352G#$!#F3/#$$!3/.,4.32))D!MMP!2,*!

$#/.,#!3/01#.,2$#$!;<215#3$.,$?A!MMP$!42,!C#!8%/15#/!*.-.*#*!2440/*.,G!10!15#./!$1/%41%/#!.,10!

$#4/#1#*!;MMPIh!I!MMPIhS?!2,*!&#&C/2,#I2$$04.21#*E!,2&#*!2)$0!MJIMMP$!;MMPIhZ!I!

MMPIhi?E!0/! 2440/*.,G! 10! 15#./! 241.-.1D! .,10! 40))2G#,2$#$E! G#)21.,2$#$E! $1/0&#)D$.,$! #14A!H$!

3/#-.0%$)D!$121#*E!MMP$!&2.,!8%,41.0,!.$!K<M!*#G/2*21.0,A!V,!2**.1.0,!10!15.$!/0)#E!MMP$!

.,8)%#,4#!$#-#/2)!4#))%)2/!3/04#$$#$E!&0$1!081#,!CD!4)#2-.,G!2!&0)#4%)#!10!241.-21#!0/!*#241.-21#!

.1$! 8%,41.0,A! =3#4.8.4! &21/.F! *#G/2*21.0,! &.G51! 15#/#80/#! &0*%)21#! 4#))! &.G/21.0,! 2,*! .1$!

C#52-.0%/E! C%1! 2)$0! 15#! $.G,2)).,G! C2$#*! 0,! 15#! .,1#G/.,I&#*.21#*! 4#))! 40,1241! 0/! 4#))!

3/0).8#/21.0,! 2,*! 230310$.$! ;d%! 2,*! j#/CE! Rggg?A! _)00*I4./4%)21.,G! &0,04D1#$! 2,*!

*.88#/#,1.21#*!&24/0352G#$!42,!#F3/#$$!15#!&2O0/.1D!08!MMP$!T.15!3/#*0&.,2,1!#F3/#$$.0,!08!

15#!MMPIhE!MMPIRE!MMPISE!MMPIn!2,*!MMPIhg!;6CDE/,*OF?A!MMPIn!52$!C##,!15#!8./$1!

3/01#.,2$#! *#$4/.C#*! .,! 5%&2,! &24/0352G#$! 2,*! 2$$04.21#*! 10! &24/0352G#! $3#4.8.421.0,!

;j#)G%$!#1!2)AE!hnng?A!



V,1/0*%41.0,!

mR!

 

 

 

 

!
 

6CDE/,*OF*H*!!<$*,WK/,$$,0*S-*JI&/"KNID,$!
9.$1!08!&21/.FI&#12))03/01#.,2$#$!;MMP$?!$#4/#1#*!CD!&0,04D1#$!2,*!&24/0352G#$E!15#./!$%C$1/21#$!2,*!3/#$#,4#!
08! 0/150)0G%#$! .,! N#C/28.$5! G#,0&#A! V9IoE! V,1#/)#%W.,! o@! =BaIhE! =1/0&2)I4#))! B#/.-#*! a2410/! h! ;2)$0! 42))#*!
<p<9hR?@!JLa_hE!J/2,$80/&.,G!L/0T15!a2410/!_#12!h@!J^a!3/#4AE!J%&0%/!^#4/0$.$!a2410/!3/#4%/$0/@!Y`IhE!
Y0,2!`44)%*#,$!h!

 
 
 
 

 
J5#!N#C/28.$5!#&C/D0$!233#2/!10!52-#!R]!88,+#G#,#$!.,!.1$!G#,0&#E!T5.45!.$!&0/#!152,!

.,!15#!5%&2,!G#,0&#!;RZ!MMP$?A!>0T#-#/E!15.$!#)#-21#*!,%&C#/!.$!2$$04.21#*!10!15#!1#)#0$1!

G#,0&#! *%3).421.0,! 2,*! 15#/#80/#! ,01! 2))! 5%&2,! 0/150)0G%#$! 52-#! C##,! *#$4/.C#*! .,! 15#!

N#C/28.$5!$0!82/A!a0/!#F2&3)#E!15#!&2O0/.1D!08!40))2G#,2$#$!2,*!$1/0&#)D$.,!82&.)D!&#&C#/$E!

$%45!2$!MMPIhE!SE!o!0/!hgE!T5.45!2/#!2)$0!&0,04D1#I2$$04.21#*!#,ND&#$E!52-#!,01!C##,!80%,*!

D#1A!`,!15#!015#/!52,*E!15#!40))2G#,2$#!&&3IhS!2,*!$1/0&#)D$.,!&&3Ihh!2/#!*%3).421#*!2,*!

&.G51!21!)#2$1!32/1.2))D!12W#!0-#/!15#!8%,41.0,!08!15#!&.$$.,G!MMP$E!#$3#4.2))D!2$!15#!&&3IhS!

2,*!&&3In! #F3/#$$.0,$! 52-#! C##,! *#1#41#*! .,! N#C/28.$5!&D#)0.*! 4#))$! ;jD211! #1! 2)AE! Rggn@!

b00,G!#1!2)AE!Rggi@!Y52,G!#1!2)AE!Rggo?A!

 
 

 
4.3.!Macrophage migration 

 

M24/0352G#$!.,8.)1/21#!&0$1!1.$$%#$!10!8%)8.)!15#./!/0)#A!J5#./!42324.1D!10!&.G/21#!15/0%G5!

*.88#/#,1!&21/.4#$!*.$1.,41!15#&!8/0&!015#/!C)00*!4#))$!2,*!2))0T!15#&!10!8%)8.)!15#./!/0)#A!J5#!



V,1/0*%41.0,!

mS!

 

 

 

 

1D3#!08!4#))!&.G/21.0,!.$!$#32/21#*!.,!1T0!&2.,!421#G0/.#$!*#8.,#*!CD!15#!1.$$%#!2/45.1#41%/#X!RI!

*.&#,$.0,2)! ;RB?! 2,*! SI*.&#,$.0,2)! ;SB?E! T5.45! T#! 42,! C#! 8%/15#/! $%C*.-.*#*! .,10!

&#$#,45D&2)! 2,*! 2&0#C0.*! ;6CDE/,* OO?A! K245! 08! 15#$#! 421#G0/.#$! 30$$#$$#$! $3#4.8.4!

C#52-.0%/2)! 452/241#/.$1.4$! 2,*! 4#))! 4D10$W#)#10,! $1/%41%/#A! RB! &.G/21.0,! 12W#$! 3)24#! T5#,!

&24/0352G#$!2/#!&.G/21.,G!2)0,G!8)21!0/!$&0015!1.$$%#$!$%45!2$!#3.15#).%&!0/!.,,#/!-#$$#)!T2))!

;.,$.*#!-2$4%)21%/#?A!SB!&.G/21.0,!.$!#$12C).$5#*!.,$.*#!1.$$%#$!40,12.,.,G!K<M!$42880)*!T.15!

5#1#/0G#,#0%$!40&30$.1.0,!;<0%G0%)#!#1!2)AE!RghR@!a/.#*)!2,*!j#.G#).,E!Rggo?A!J5#!$42880)*!

40&30$.1.0,!$##&$!10!C#!0,#!08!15#!&2O0/!82410/$!.,!15#!*#4.$.0,!08!T5.45!3211#/,!08!&.G/21.0,!

&24/0352G#!T.))!%$#A!V1!52$!C##,!$50T,!!"#$!%&'#1521!&24/0352G#!42,!2*031!*.88#/#,1!&.G/21.0,!

3211#/,!2440/*.,G!10!15#!452/241#/.$1.4$!08!15#!$%//0%,*.,G!1.$$%#!2,*!40&C.,#!C015!1D3#$!08!SB!

&.G/21.0,!U2&0#C0.*!2,*!&#$#,45D&2)!&0*#$!;L%.#1!#1!2)AE!Rghh?A!

 
 

 

!
 

6CDE/,*OO*H*!I&/"KNID,*JCD/I#C"M)!
=3#4.8.4! 452/241#/.$1.4$! 2,*! 4#))! &0/350)0GD! .,! 2&0#C0.*! ;0/2,G#?! -#/$%$! &#$#,45D&2)! ;G/##,?! &.G/21.0,A!
H&0#C0.*!&.G/21.0,!.$!.,*%4#*!CD!"50H!2,*!"`<[!$.G,2)).,GE!4#))$!2*031!/0%,*#*!0/!#)).3$0.*!$523#!2,*!&.G/21#!
-.2! 2410I&D0$.,! 40,1/241.0,! 4D4)#$! 2,*! C)#CI).W#! 3/01/%$.0,$A! M#$#,45D&2)! &.G/21.0,! .$! 2*031#*! 281#/! "24h!
241.-21.0,E! 4#))$! C#40&#! #)0,G21#*! 2,*! 80/&! 2! )#2*.,G! #*G#A!M.G/21.0,! .$!&#*.21#*! CD! K<M! /#&0*#)).,G! CD!
3/01#2$#$A!



V,1/0*%41.0,!

mZ!

 

 

 

 
 
 
 

H)150%G5! 15#! 1D3#! 08! &.G/21.0,! $##&$! 10! C#! *#3#,*#,1! 0,! 15#! #,-./0,&#,1E! 15#!

4)2$$.8.421.0,! 52$! C##,! 3/.&2/.)D! C2$#*! 0,! 15#! 4#))! &0/350)0GD! *%/.,G! &.G/21.0,A! J5.$!

32/2&#1#/!T2$!)21#/!#F1#,*#*!10!015#/!32/2&#1#/$!$%45!2$!4D10$W#)#10,!.&3).421.0,E!4#))I&21/.F!

.,1#/241.0,$! 2,*! &21/.F! &0*.8.421.0,! ;a/.#*)E! RggZ@! a/.#*)! 2,*! j0)8E! Rghg?A! H&0#C0.*!

&.G/21.0,! .$! 452/241#/.N#*! CD! /0%,*#*! 0/! #)).3$0.*! $523#! 2,*! 2!&0-#&#,1! 1521! &.&.4$! 15#!

C#52-.0%/!08!15#!2&0#C2!*!9%4'+%1.!08#5!+9'!5108A!J5%$E!15#!4#))!1/2,$)0421#$!-#/D!/23.*)D!CD!

2)1#/,21.,G!4D4)#$!08!#F32,$.0,!2,*!40,1/241.0,!;a/.#*)E!RggZ?A!J5.$!1D3#!08!&0-#&#,1!.$!2)$0!

42))#*! 4/2T).,GE! 2,*! T#2W! 0/! ,0! .,1#/241.0,! T.15! 15#! &21/.F! 2/#! 0C$#/-#*A! J5#! 2&0#C0.*!

&.G/21.0,!/#:%./#$!15#!2410&D0$.,!/#3#1.1.-#!40,1/241.0,!T5.45!2/#!*#3#,*#,1!0,!$&2))!LJP2$#!

"50H!2,*!.1$!*0T,$1/#2&!#88#410/!"`<[!;a.G%/#!RR?A!"#4#,1)DE!2!$%C*.-.$.0,!08!15.$!&0*#!52$!

C##,!3/030$#*!10!*.$1.,G%.$5!1T0!2**.1.0,2)!421#G0/.#$A!H!8./$1!1D3#!T5.45!.$!/#3/#$#,1#*!CD!2!

-#/D!/0%,*!$523#!2,*!C)#CCD!82$1!&0-#&#,1$!T.15!,0!.,1#/241.0,$!T.15!15#!&21/.FA!H!$#40,*!

&0*#!2*031$!2!&0/#!#)0,G21#*!0/!#)).3$0.*!$523#!T.15!2,!241.,I/.45!$1/%41%/#!21!15#!)#2*.,G!#*G#!

3#/&.11.,G!T#2W!2*5#$.-#!.,1#/241.0,$!T.15!15#!K<M!;a/.#*)!2,*!j0)8E!Rghg?A!
 

V,!40,1/2$1E!&#$#,45D&2)!&.G/21.0,!.$!*#8.,#*!CD!#)0,G21#*!10!$3.,*)#!$523#$!2,*!%$#$!

3/01#.,2$#$! 10! /#&0*#)! 2,*! *.G#$1! K<M! 10! 2))0T! &.G/21.0,A! H$! 2! /#$%)1E! T#! 42,! 0C$#/-#!

&0*.8.#*! K<M! $1/%41%/#! 2)0,G! 15#! 1/24W! 08! 15#! &.G/21.,G! 4#))A! J5#! K<M! /#&0*#)).,G! .$!

&#*.21#*!15/0%G5!8042)!40,1241$!T5.45!044%/!$)0T)D!;%3!10!$#-#/2)!*0N#,$!08!&.,%1#$?!/#$%)1.,G!

.,!/#)21.-#)D!$)0T#/!&.G/21.0,!40&32/#*!10!15#!2&0#C0.*!1D3#!;a/.#*)E!RggZ?A!J5#!/#&0*#)).,G!

3/04#$$!*%/.,G!&.G/21.0,!.$!G0-#/,#*!CD!$D,15#$.$!2,*!/#)#2$#!08!3/01#0)D1.4!#,ND&#$E!&0$1)D!

MMP$E!4215#3$.,$!2,*!%/0W.,2$#I1D3#!3)2$&.,0G#,!241.-210/!;L%.#1!#1!2)AE!RghR@!d'/0))#1!#1!2)AE!

Rghh?A! K$3#4.2))D! MMPIRE! nE! hR! 2,*! hS! 52-#! C##,! $50T,! 10! 3)2D! 2! $%C$12,1.2)! /0)#! .,!

&#$#,45D&2)! &.G/21.0,! 2,*! 1.$$%#! .,8.)1/21.0,! CD! &24/0352G#$! ;L0,G! #1! 2)AE! Rggo?A!

V,1#/#$1.,G)DE!15#!$#1!08!3/01#.,2$#$!.,-0)-#*!.,!15#!&#$#,45D&2)!&.G/21.0,!&.G51!*#3#,*!0,!

#,-./0,&#,12)!40,*.1.0,$E!#$3#4.2))D! 15#!$1/%41%/#!2,*!40&30$.1.0,!08! 15#! 1.$$%#A! V1!52$!C##,!

$50T,! 1521! T5.)#! .,! &21/.G#)! 0/! G#))#*! 40))2G#,E! &24/0352G#$! *#G/2*#! 15#! &21/.F! CD!

3/#*0&.,2,1)D! %$.,G! 4215#3$.,$E! .,! 15#! SB! &%)1.4#))%)2/! $35#/0.*E! 15#./! &.G/21.0,! /#:%./#$!

MMPI&#*.21#*! *#G/2*21.0,! ;d2,!L0#15#&! #1! 2)AE! Rghg@!L%.#1! #1! 2)AE! Rghh@!d'/0))#1! #1! 2)AE!

Rghh?A!



V,1/0*%41.0,!

m]!

 

 

 

 

K<M! /#&0*#)).,G! &#*.21#*! 150%G5! 15#! 8042)! 2*5#$.0,! 10! 15#! &21/.F! /#:%./#$! 15#!
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4.4.!Macrophage cytoskeleton 

 

H$!3/#-.0%$)D!&#,1.0,#*E!&24/0352G#!&.G/21.0,!2,*!&0/350)0GD!/#3/#$#,1!1T0!1.G51)D!

40,,#41#*! 2,*! .,$#32/2C)#! 8#21%/#$A!B#3#,*.,G! 0,! 15#!&.G/21.0,!&0*#E!&24/0352G#$! 2*031!

#.15#/!2!/0%,*#*!$523#!U!2,*!&#*.21#!,0!0/!-#/D!8#T!2*5#$.0,$E!G#,#/2))D!.,1#G/.,IC2$#*!U!0/!

2,!#)0,G21#*!$523#!T.15!K<M!8042)!2*5#$.0,$A!
 

J5#!/0%,*#*!$523#!*%/.,G!2&0#C0.*!&.G/21.0,!/#:%./#$!2!$3#4.8.4!0/G2,.$21.0,!08!15#!

&24/0352G#!4D10$W#)#10,A!J5#!4#))$!&.G/21#!15/0%G5!G23$!#F.$1.,G!.,!15#!K<MA!J5#/#80/#E!15#D!

W##3!2!5.G5!42324.1D!08!*#80/&21.0,!2,*!)24W!$12C)#!40,1241$A!J5#./!$523#!452,G#!.$!&#*.21#*!

CD! 40/1.42)! 8.)2&#,10%$! 241.,! ;aI241.,?E! /#$30,$.C)#! 80/! 15#! *D,2&.4$! 2$! T#))! 2$! 4#))! C0*D!

$1.88,#$$A! B%/.,G!&.G/21.0,E! &24/0352G#$! 452,G#! 15#./! $523#! 8/0&! /0%,*! 10! #)).3$0.*A! J5.$!

452,G#!/#:%./#$!241.,!30)D&#/.N21.0,!2)0,G!15#!3)2$&2!&#&C/2,#!10!$1.88#,!2,*!40,1/241! 15#!

4#))! 40/1#FA!J5#$#! 40/1.42)! 241.,! *D,2&.4$! 2/#! G0-#/,#*! CD!"50H!2,*! .1$! #88#410/!&0)#4%)#!

"`<[!;a/.#*)E!RggZ?A!"50! .,*%4#$!2410&D0$.,!40,1/241.).1D! ;6CDE/,*OQ?!-.2! 15#!"50IW.,2$#!

42))#*!"`<[!2,*!350$350/D)21.0,!08!M9<!W.,2$#!;M9<[?A!K245!08!15#$#!W.,2$#$!.,8)%#,4#!

15#!241.,!8.)2&#,1$!21!*.88#/#,1!30$.1.0,A!"`<[!241$!.,!15#!4#))!C0*D!T5#/#2$!M9<[!.$!/#:%./#*!

21! 15#!4#))!3#/.35#/DA!M0/#0-#/E!"50!241$!0,!aI241.,! 15/0%G5!8%/15#/!W.,2$#$! 10! .,*%4#!241.,!

244%&%)21.0,!0/!$1/#$$!8.C/#!80/&21.0,!;".*)#DE!Rggh?A!
 

J5#! K<M! *#G/2*21.0,! 2$$04.21#*! T.15! &#$#,45D&2)! &.G/21.0,! *#3#,*$! 0,! 15#!

80/&21.0,!08!*D,2&.4! 8042)! 2*5#$.0,$E! 15#!30*0$0&#$A!P0*0$0&#$!2/#!*#8.,#*!2$! 241.,I/.45!

2*5#$.-#!$1/%41%/#!C#)0,G.,G!10!15#!G/0%3!08!.,-2$.0,I&#*.21.,G!2*5#$.0,$A!J5#D!42,!C#!80/&#*!
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5.! Autonomic nervous system 
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5.1.!Autonomic nervous system development 
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2*/#,2)!&#*%))2E!&#)2,04D1#$!0/!$W#)#12)E!40,,#41.-#E!2*.30$#!2,*!#,*04/.,#!4#))$!;L/##,!#1!2)AE!

Rgh]@!J2W252$5.!#1!2)AE!RghS@!b0%,G!#1!2)AE!Rghh?A!^<<$!%,*#/G0!#3.15#).2)I10I&#$#,45D&2)!

1/2,$.1.0,! 10!*#)2&.,21#!8/0&!15#!#410*#/&!1.$$%#! 10!32/1.4.321#! 10! 15#!80/&21.0,!08!*.88#/#,1!

0/G2,$A!J5#D!30$$#$$!$3#4.8.4!&0)#4%)2/!$.G,21%/#A!=0Fhg!2,*!a0FBS!1/2,$4/.31.0,!82410/$!0/!

j,1h!$.G,2)).,G!2/#!452/241#/.$1.4!08!^<<$!21!15#./!$1#&!0/!#2/)D!3/0G#,.10/!$12G#!2,*!/#:%./#*!

80/!15#./!&2.,1#,2,4#!3/.0/!10!15#!40&&.1&#,1!.,10!$3#4.8.4!).,#2G#$!;L/##,!#1!2)AE!Rgh]@![.&!

#1!2)AE!RggS?A!

 
 

 

!
 

6CDE/,*OU*H*!CD/I#C"M*"P*#N,*M,E/I'*&/,$#*&,''$*#"*&"'"MC$,*#N,*"/DIMC$J)!
JT0!-#,1/2)!&.G/21.0,!/0%1#$!10!$#11)#!10!15#!8.,2)!)0421.0,!U!15#!*0/$0I-#,1/2)!&.G/21.0,!G.-#$!/.$#!10!15#!3#/.35#/2)!
,#%/0,$!;I?!2,*!2*/#,2)!G)2,*!;S?!2,*!15#!*0/$0I)21#/2)!&.G/21.0,!.,.1.21#$!15#!8./$1!T2-#!08!3.G&#,121.0,!;&?A!
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ih!

 

 

 

 

J5#!$-JKI#N,#C&*$-$#,J*2/.$#$!8/0&!1/%,W!^<<$!1521!&.G/21#!-#,1/2))D!;6CDE/,*OU?!.,!

15#!*./#41.0,!08!15#!*0/$2)!20/12E!T5.45!.$!15#!8./$1!80/&#*!#&C/D0,.4!-#$$#)!;=2.10!#1!2)AE!RghR@!

b0%,G!#1!2)AE!Rghh?A!J5#!#2/)D!3/0G#,.10/$E!T5.45!T.))!)21#/!G.-#!/.$#!10!C015!15#!$D&3215#1.4!

G2,G).0,$!2,*!2*/#,2)!&#*%))2!;$D&32150I2*/#,2)!0/!=H!3/0G#,.10/$?E!&.G/21#!241.-#)D!.,!15#!

-#,1/2)!*./#41.0,!211/241#*!CD!&%)1.3)#!82410/$!3/#$#,1!.,!15#!*0/$2)!20/12!/#G.0,A!_MP!3/0*%4#*!

CD!15#!20/12!.,*%4#!15#!=BaIh!2,*!,#%/#G%).,Ih!#F3/#$$.0,!.,!15#!32/2I20/1.4!/#G.0,!T5.45!2$!2!

/#$%)1!G%.*#!15#!=H!3/0G#,.10/!&.G/21.0,!.,!&0%$#!2,*!45.4W#,!#&C/D0$!;=2.10!#1!2)AE!RghR?A!

`,4#!15#!=H!3/0G#,.10/$!/#245!15#!*0/$2)!20/12E!15#D!C#40&#!/#$1/.41#*!10!2!$3#4.8.4!4#))!821#A!

J5#! $D&3215#1.4! 3/0G#,.10/$! /#&2.,! ,#2/! 15#! 20/12E! T5.)#! 15#! 2*/#,0I&#*%))2/D! 3/#4%/$0/$!

40,1.,%#! 10! &.G/21#! -#,1/2))D! 10! 80/&! 2*/#,2)! G)2,*! ;=2.10! 2,*! J2W252$5.E! Rgh]?A! V,! 15#!

N#C/28.$5! #&C/D0E! $.&.)2/! &#452,.$&! 044%/$! T.15! 8#T! #F4#31.0,$A! <5/0&288.,! 4#))$! I! 15#!

50&0)0G%#! 80/! 15#!2*/#,2)!&#*%))2! .,! 15#!N#C/28.$5! I!2/#! )042).$#*!&0/#!*0/$2))D! 152,!20/12!

40&32/#*! 10! 15#!&2&&2).2,! #&C/D0$E! .,$.*#! 15#! 2,1#/.0/! 32/1! 08! 15#! W.*,#DA! J5%$E! 15#! =H!

3/#4%/$0/! &.G/21#! 10T2/*! 15#! W.*,#D! /#G.0,! .,! 15#! 4#/-.42)! 32/1! 2,*! 0,)D! 15#! $D&3215#1.4!

3/0G#,.10/$!15#,!40,1.,%#!-#,1/2))D!10!/#245!15#!*0/$2)!20/12!;H,!#1!2)AE!RggR?A!
 

_MP! $.G,2)).,G! .$! ,01! 0,)D! /#:%./#*! 80/! $D&3215#1.4! 3/#4%/$0/!&.G/21.0,! C%1! 2)$0! 10!

.,*%4#!15#./!*.88#/#,1.21.0,!.,10!&21%/#!$D&3215#1.4!,#%/0,$A!_MP!$.G,2)).,G!241.-21#$!$#-#/2)!

1/2,$4/.31.0,!82410/$!.,4)%*.,G!15#!32./#*!50&#0*0&2.,!82410/$!P50FRH!2,*!P50FR_E!15#!C2$.4!

5#).FI)003I5#).F!1/2,$4/.31.0,!82410/$!>2,*R!2,*!2452#1#I24%1#!40&3)#F!50&0)0G!h!;H$4)h?!0/!

N.,4!8.,G#/!82410/$!L212RlS!;M0/.W2T2!#1!2)AE!Rggn?A!j5#/#2$!$D&3215#1.4!2,*!32/2$D&3215#1.4!

2/#!C015!*#3#,*#,1!0,!P50FR!2,*!H$4)h! 1/2,$4/.31.0,! #F3/#$$.0,! 82410/E!>2,*R!2,*!L212RlS!

241.-21.0,$!;6CDE/,*OV?!2/#!/#$1/.41#*!10!15#!$D&3215#1.4!$D$1#&!).,#2G#!;>0T2/*E!Rgg]?A!J50$#!

82410/$!.,*%4#!4HMP!2,*!MHP[!$.G,2)).,G!)#2*.,G!10!,#%/01/2,$&.11#/!$D,15#$.$!2,*!15#/#80/#!

&21%/21.0,! 08! 15#! ,#%/0,$! ;H30$10)0-2! 2,*! B#452,1E! Rggn?A! J5#! $D&32150I2*/#,2)! $D$1#&!

,#%/01/2,$&.11#/$! 2/#! ,0/2*/#,2).,#! 2,*! 2*/#,2).,#E! 40&&0,)D! /#8#//#*E! 10G#15#/! T.15!

*032&.,#E! 2$! 421#450)2&.,#$! *%#! 10! 15#./! 45#&.42)! $1/%41%/#$A! <21#450)2&.,#! $D,15#$.$! .$!

#F#4%1#*!CD!2! 42$42*#!08! #,ND&21.4! /#241.0,$!&#*.21#*!CD! 15#! 80))0T.,G! #,ND&#$X! 1D/0$.,#!

5D*/0FD)2$#! ;J>?E! *032&.,#IqI5D*/0FD)2$#! ;Bq>?! 2,*! 421#450)I`I&#15D)! 1/2,$8#/2$#!

;<`MJ?A!J5#$#!$D,15#1.N.,G!#,ND&#$!2/#!4%//#,1)D!%$#*!2$!&21%/#!$D&3215#1.4!$D$1#&!&2/W#/$!

;H30$10)0-2!2,*!B#452,1E!Rggn?A!

J5#!#F241!0/.G.,!08!15#!KI/I$-JKI#N,#C&*$-$#,J*/#&2.,#*!%,4)#2/!80/!&%45!)0,G#/!152,!

15#! $D&3215#1.4! $D$1#&! *#-#)03&#,1A! "#4#,1)DE! 1T0! .,*#3#,*#,1! G/0%3$! 52-#! %,-#.)#*! 15#!
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32/2$D&3215#1.4!$D$1#&!0/.G.,!$.&%)12,#0%$)D!;BD245%W!#1!2)AE!RghZ@!K$3.,0$2IM#*.,2!#1!2)AE!

RghZ?A!9.W#!2))!2%10,0&.4!,#%/0,$E! 15#!32/2$D&3215#1.4!$D$1#&!2/.$#$! 8/0&!15#!,#%/2)!4/#$1A!

>0T#-#/E! 15#!3/#G2,G).0,.4!2,*!30$1G2,G).0,.4!,#%/0,$!#245!#F5.C.1!*.$1.,41!&#452,.$&$!08!

*#-#)03&#,1A!J5#!3/#G2,G).0,.4!,#%/0,$!2/.$#!.,!15#!$2&#!T2D!2$!$D&3215#1.4!,#%/0,$E!C%1!15#!

30$1G2,G).0,.4! ,#%/0,$! 0/.G.,21#! 8/0&! =45T2,,! 4#))! 3/#4%/$0/$! ;6CDE/,* OV?A! B#$3.1#! 15#!

*.$1.,41!&#452,.$&!08!80/&21.0,E!15#!*#-#)03&#,1!08!3/#G2,G).0,.4!2,*!30$1G2,G).0,.4!,#%/0,$!

.$!4)0$#)D!2$$04.21#*A!V,*##*E!*.$/%31.0,!08!15#!3/#G2,G).0,.4!,#/-#$!2)$0!.&32./$!15#!G2,G).0,!

2,*!80))0T.,G!,#/-#$!80/&21.0,A!=45T2,,!4#))!3/#4%/$0/$!;=<P?!#F3/#$$!=45T2,,!4#))!$3#4.8.4!

&2/W#/$E!C%1!2)$0!G#,#/2)!,#%/2)!4/#$1!&2/W#/$! ).W#!=0Fhg!2,*!2%10,0&.4!,#%/2)!4#))!&2/W#/!

P50FR_!;K$3.,0$2IM#*.,2!#1!2)AE!RghZ?A!H440/*.,G!10!15#!*.$12,4#!08!=<P$!8/0&!15#!4#,1/2)!

,#/-0%$! $D$1#&! ;<^=?! 15#! *.88#/#,1! 4#))! 821#! .$! 2*031#*A! H1! 15#! -.4.,.1D! 10! 15#!<^=E! =<P$!

*0T,/#G%)21#! 15#! 32./#*I).W#! 50&#0C0F! RC! ;P50FR_?! #F3/#$$.0,! 2,*! *.88#/#,1.21#! .,10!

=45T2,,! 4#))$! 0/! &#)2,04D1#$A! V,! 15#! *.$12,1! 2/#2$! 8/0&! 15#! <^=E! 15#D! W##3! 15#! P50FR_!

#F3/#$$.0,! 2,*! *#4/#2$#! 15#! =0FR! U! 2! &#)2,04D1#! &2/W#/! U! 10! C#40&#! 32/2$D&3215#1.4!

30$1G2,G).0,.4!,#%/0,$!;H*2&#DW0!#1!2)AE!RghR?A!
 

B%/.,G! 15#./! *.88#/#,1.21.0,E! 32/2$D&3215#1.4! ,#%/0,$! *#3#,*! 0,! 15#! #F3/#$$.0,! 08!

3/0,#%/2)!C>9>!1/2,$4/.31.0,!82410/E!T5.45!.,4/#2$#$!15#!#F3/#$$.0,!08!P50FR_!1/2,$4/.31.0,!

82410/E!2,*!H$4)hE!T5.45!*#8.,#!15#!2%10,0&.4!,#/-0%$!$D$1#&!40&&.1&#,1!;BD245%W!#1!2)AE!

RghZ?A! `,4#! *.88#/#,1.21#*E! 32/2$D&3215#1.4! ,#%/0,$! #F5.C.1! $3#4.8.4! 450).,#/G.4!

,#%/01/2,$&.11#/!8#21%/#$E!$%45!2$!#F3/#$$.0,!08!450).,#!24#1D)!1/2,$8#/2$#!;<5HJ?E!-#$.4%)2/!

24#1D)450).,#!1/2,$30/1#/!;dH<5J?!2,*!-2$0241.-#!.,1#$1.,2)!3#31.*#!;dVP?A!J5#$#!&0)#4%)#$!

2/#!/#:%./#*!80/!,#%/01/2,$&.11#/!$D,15#$.$!2,*!2/#!%$#*!10!.*#,1.8D!32/2$D&3215#1.4!,#%/0,$!

;H/-.*$$0,!#1!2)AE!hnni@!=12,W#!#1!2)AE!Rgg]?A!`,4#!*.88#/#,1.21#*E!32/2$D&3215#1.4!,#%/0,$!$12/1!

10!#F3/#$$!2,*!/#)#2$#!24#1D)450).,#E! 15#!32/2$D&3215#1.4!,#%/01/2,$&.11#/E!2,*!15%$!C#40&#!

8%,41.0,2)!;=12,W#!#1!2)AE!Rgg]?A!
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6CDE/,*OV*H*;,E/I'*&/,$#*&,''*0CPP,/,M#CI#C"M)!
J5#!1/2,$4/.31.0,!82410/$!*#).,#21.,G!15#!).,#2G#!$3#4.8.421.0,!2,*!*.88#/#,1.21.0,!.,10!,#%/0,$!0/!=45T2,,!4#))$A!
=0Fhg!2,*!a0FBS!$3#4.8D!,#%/2)!4/#$1!4#))A!V,4/#2$#!08!MVJaE!<0)R2!0/!=0Fn!#F3/#$$.0,$!)#2*!10!15#!*.88#/#,1.21.0,!
10T2/*! ,0,I,#%/2)! 4#))$E! $%45! 2$! &#)2,04D1#$E! 450,*/04D1#$! 0/! 42/1.)2G#A! P50F_RE! M2$5h! 2,*! H$4)h! .,*%4#!
*.88#/#,1.21.0,! 10! 15#! 40&&0,! 3/0G#,.10/$! 08! 2%10,0&.4! ,#%/0,$! 2,*! =45T2,,! 4#))$A! =D&3215#1.4! ,#%/0,$!
*.88#/#,1.21#!.,!/#$30,$#!10!>2,*RE!L212!R!2,*!S!$.G,2)).,G!T5.)#!32/2$D&3215#1.4!,#%/0,$!281#/!P50F_R!2,*!C>9>!
241.-21.0,A!B0T,/#G%)21.0,! 08! P50F_R! 2,*! .,4/#2$#! 08!^L"h! $.G,2)).,G! )#2*! 10! =45T2,,! 4#))! *.88#/#,1.21.0,A!
H$4)hE! H452#1#I$4%1#! 50&0)0G! h@! C>9>E! C2$.4! >#).FI9003I>#).F! 3/01#.,@! <5HJE! <50).,#! H4#1D1/2,$8#/2$#@!
<0)R2E!<0))2G#,!1D3#!R2@!Bq>E!B032&.,#!C#12!>D*/0FD)2$#@!LaHPE!L).2)!a.C/.))2/D!H4.*.4!P/01#.,@!>2,*RE!>#2/1!
2,*!^#%/2)!</#$1!B#/.-21#$!KF3/#$$#*!R@!^L"hE!^#%/#G%).,Ih@!P50F_RE!P2./#*I).W#!>0&#0C0F!_R@!J>E!JD/0$.,#!
>D*/0FD)2$#@!dH<5JE!d#$.4%)2/!H4#1D)450).,#!1/2,$30/1#/!

 
 
 
 

 
5.2.!Sympatho-adrenal nervous system 

 

J5#! $D&3215#1.4! ,#/-0%$! $D$1#&! 52$! C##,! *#$4/.C#*! 10! C#! 3/#$#,1! .,! $#-#/2)!

52#&21030.#1.4!,.45#$!2,*! 10!40,1/.C%1#! 10!>=<$!50&#0$12$.$E!T5#/#2$! 15#!32/2$D&3215#1.4!

$D$1#&!52$!,01!C##,!D#1!8%))D!*#$4/.C#*!2,*!.$!).W#)D!*.$3#,$2C)#!*%/.,G!15#!52#&21030.#$.$A!

a0/!15.$!/#2$0,E!0,)D!$D&3215#1.4!,#/-0%$!$D$1#&!2,*!.1$!$.G,2)).,G!T.))!C#!.,1/0*%4#*!.,!*#12.)$!

.,!15.$!45231#/A!J5#!$D&3215#1.4!$D$1#&!.$!$0&#1.&#$!/#8#//#*!2$!$D&32150I2*/#,2)!10!.,4)%*#!

,#%/0,2)!2,*!50/&0,2)!$D$1#&!$52/.,G!15#!40&&0,!8#21%/#$!08!421#450)2&.,#!$D,15#$.$!2,*!

$.G,2)).,G!3215T2DA!
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5.3.!Neurotransmitters 
 

H$! 3/#-.0%$)D! &#,1.0,#*E! 15#! $D&32150I2*/#,2)! $D$1#&! 241.-.1D! .$! &#*.21#*! CD!

421#450)2&.,#$E!T5.45!2/#!$3#4.8.4!,#%/01/2,$&.11#/$!1521!288#41!15#!12/G#1#*!1.$$%#$A!J5#!1T0!

3/.,4.32)!&#*.210/$!2/#!3/0*%4#*!CD!15#!#,ND&21.4!40&3)#F!08!15#!$D&32150I2*/#,2)!$D$1#&E!

,0/2*/#,2).,#!2,*!2*/#,2).,#E!C015!C#.,G!&#&C#/$!08!15#!421#450)2&.,#!82&.)DA!^0/2*/#,2).,#E!

15#! 3/#4%/$0/! 08! 2*/#,2).,#! *%/.,G! $D,15#$.$E! .$! 15#! &2.,! ,#%/01/2,$&.11#/! 3/0*%4#*! CD! 15#!

$D&3215#1.4!,#/-0%$!$D$1#&A!V1!.$!3/0*%4#*!CD!,#%/0,$E!*#).-#/#*!.,!15#!-#$.4)#$!10!15#!1#/&.,2)!

2F0,! $D,23$#!T5#/#! .1! .$! )042))D! /#)#2$#*!2,*!241.-21#$! 15#!3/0F.&2)! /#4#310/$! .,! 15#! 1.$$%#A!

H*/#,2).,#E! 0,! 15#! 015#/! 52,*E! .$! 15#! 1#/&.,2)! 3/0*%41! 08! 421#450)2&.,#! $D,15#$.$! 2,*! .$!

3/#8#/#,1.2))D!3/0*%4#*!.,!15#!2*/#,2)!G)2,*!CD!45/0&288.,!4#))$A!H*/#,2).,#!.$!/#)#2$#*!T5#,!

,##*#*!.,!15#!4./4%)21.0,!2,*!241.-21#$!15#!/#4#310/$!0,!15#!12/G#1#*!1.$$%#!CD!15#!C)00*!$1/#2&A!

J5#!241.0,!15/0%G5!C)00*!4./4%)21.0,!#,2C)#$!15#!241.-21.0,!08!2!5.G5!-2/.#1D!08!15#!1.$$%#$!.,!

32/2))#)!;M440//DE!Rggi?A!

 
 

 
5.4.!Adrenergic receptors 

 

J5#! 421#450)2&.,#$! 241! 0,! 15#! 2*/#,#/G.4! /#4#310/$! )042).$#*! 0,! 15#! $%/824#! 08! 15#!

12/G#1#*!4#))$A!H*/#,#/G.4!/#4#310/$!40,$.$1!08!R!4)2$$#$E!2)352!2,*!C#12!T5.45!8%/15#/!*.-.*#!

.,10!1T0!2,*!15/##!/#4#310/$!/#$3#41.-#)DE!|hE!|RE!qhE!qR!2,*!qS!;6CDE/,*O[?A!=0&#!$1%*.#$!$%GG#$1!

15#!#F.$1#,4#!08!2!Z15!qI/#4#310/!C%1!.1!52$!,01!C##,!40,8./&#*!D#1!2,*!.1!&2D!$.&3)D!C#!2!*.$1.,41!

40,80/&21.0,!08!2,015#/!q!/#4#310/!;L/2,,#&2,E!Rggh?A!H*/#,#/G.4!/#4#310/$!2/#!2))!40&30$#*!

08! iI1/2,$&#&C/2,#! 3/01#.,$! 40%3)#*! 10! LI3/01#.,! 2,*! $#40,*! &#$$#,G#/! $D$1#&! .,*%4.,G!

.,1/24#))%)2/!$.G,2)$!;9.!2,*!<50E!Rghh@!M440//DE!Rggi@!j.WC#/GE!hnoR?A!j5.)#!15#!|I/#4#310/$!

2/#! 241.-21#*!3/#8#/#,1.2))D!CD!,0/2*/#,2).,#E! 2*/#,2).,#!C.,*$!T.15!5.G5#/! 288.,.1D! 10! 15#!qI!

/#4#310/$A!J5#!N#C/28.$5!#&C/D0!$D&3215#1.4!$D$1#&!.$!40&30$#*!08!]!qI/#4#310/$E!qhE!qR2E!qRCE!

qS2!2,*! qSC!40&32/#*! 10! S! &2&&2).2,! /#4#310/$! *%#! 10! 15#! G#,0&#! *%3).421.0,! .,! 1#)#0$1A!

Y#C/28.$5!q!/#4#310/$!$52/#!2!/#)21.-#)D!5.G5!3#/4#,12G#!08!$#:%#,4#!.*#,1.1D!T.15!15#./!5%&2,!

0/150)0G%#$!U! .,!2-#/2G#!2/0%,*!]gv!U!C%1!#-#,!5.G5#/!.,!15#!iI1/2,$&#&C/2,#!*0&2.,!;j2,G!

#1!2)AE!Rggn?A!
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5.5.!Sympatho-adrenal system and haematopoiesis 
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#&C/D0$!21!.,*.421#*!40,4#,1/21.0,!2,*!.,4%C21#*!21!uZ<!80/!S!*2D$!T5.)#!/04W.,GA!H81#/!P_=J!

T2$5#$!H)#F2a)%0/!Zoo!L021!2,1.I/2CC.1!VGL!2,1.C0*D!;9.8#!J#45,0)0G.#$E!hlhggg?!T2$!2**#*!

80/!h!,.G51!21!uZz<!T5.)#!/04W.,GA!H81#/!P_=J!T2$5#$!#&C/D0$!T#/#!&0%,1#*!.,!ngv!G)D4#/0)!

C#1T##,!G)2$$!$).*#$!3/.0/!.&2G.,GA!



M21#/.2)$!2,*!&#150*$!

oR!

 

 

 

 

!"/KN"'CM"*"'CD"ME&',"#C0,*LM"&L0".M!
 

M0/350).,0! 0).G0,%4)#01.*#$! ;M`?!T#/#! 3%/452$#*! 8/0&!L#,#J00)$A! J5#! 80))0T.,G!

M`$!21!*#8.,#*!*0$#$!T#/#!%$#*!10!C)04W!G#,#!1/2,$)21.0,!0/!$3).4.,GA!M`!*.$$0)-#*!.,!M`!

C%88#/!;>R`!T.15![<)!hR&M!2,*!>KPK=!Rg&M?!T.15!35#,0)!/#*!T#/#!.,O#41#*!T.15!&.4/0I!

.,O#410/!$D$1#&!;J/.1#45!"#$#2/45!V,4A?!.,10!N#C/28.$5!#&C/D0!21!hIZ!4#))!$12G#A!

 
 

 
;IJ,! Vd%Qd*$,eE,M&,! >-K,! 3"M&,M#/I#C"M! X,P,/,M&,!

H*/Ch! LLJ!HL<!<<L!J<J!<<<!HJL!HJJ!JLL!H! HJL! gAZ&M! ;j2,G!#1!2)AE!Rggn?!

H*/CR2! LJH!JJL!HLL!H<<!JJH!JLJ!JJ<!<<H!J! HJL! gAo&M! ;j2,G!#1!2)AE!Rggn?!

H*/CRC! J<H!L<L!JHJ!J<J!<J<!<<J!<<H!JLH!L! HJL! gAS&M! ;j2,G!#1!2)AE!Rggn?!

H*/CS2! J<H!JLL!JLJ!L<H!L<J!JJJ!<HH!LL<!H! HJL! gAZ&M! *1+!;"15#J'&#%-1#+%054!

H*/CSC! LJJ!LL<!L<J!<HJ!<<J!LHL!HLL!HHL!<! HJL! gAS&M! ;j2,G!#1!2)AE!Rggn?!

J>h! <H<!HLL!JJH!H<H!LH<!JJH!<HJ!JJL!H! =3).4#! h&M! ;"#.&#/!#1!2)AE!RghS?!

J>R! <JL!JJL!JJ<!H<J!JH<!HLL!LJL!HJ<!<! =3).4#! gAm&M! ;=#&#,0-2!#1!2)AE!RghZ?!

J>R!C.$! JJH!JL<!HJJ!LJH!<LJ!H<L!LJJ!<HL!L! =3).4#! gAm&M! ;=#&#,0-2!#1!2)AE!RghZ?!

a0FBS! <H<!<L<!L<H!<JJ!JL<!JL<!JLL!HL<!H! HJL! gA]&M! ;=1#T2/1!#1!2)AE!Rggm?!

 

 

<NI/JI&"'"DC&I'*#/,I#J,M#!
 

K&C/D0$!T#/#!&2,%2))D!*#450/.0,21#*E! 1/2,$8#//#*! .,10!RZIT#))I*.$5!T.15!h!&)!PJ\!

KGG+$!T21#/!2,*!$02W#*!.,!15#!45#&.42)!40&30%,*!%,1.)! 15#!#-2)%21.0,A!J5#!40&30%,*!T2$!

*.)%1#*!.,!*#$./#*!40,4#,1/21.0,!.,!#GG+$!T21#/!40,12.,.,G!&2F.&2))D!hv!BM=`A!J5#!40,1/0)!

#&C/D0$! 52-#! C##,! $02W#*! .,! #:%.-2)#,1! 2&0%,1! 08! BM=`! 2$! 1/#21#*! #&C/D0$A! H))! %$#*!

40&30%,*$E!15#./!8.,2)!40,4#,1/21.0,$!2,*!3/0*%4#/!2/#!).$1#*!C#)0TA!



M21#/.2)$!2,*!&#150*$!

oS!

 

 

 

 

3"JK"EM0*MIJ,! </"0E&,/! >I/D,#! Y$,0*&"M&,M#/I#C"M!

LMmggh! M.).30/#! _/02*!$3#41/%&!MMP!.,5.C.10/! Rgg!wM!

=_IS<J! K,N0! MMPIR!2,*!n!.,5.C.10/! hg!wM!

bRimSR! J04/.$! "`<[!.,5.C.10/! ]g!wM!

^=<RSimm! J04/.$! "24!.,5.C.10/! ]g!wM!

B=PIZ! K,N0! H*/#,#/G.4!,#%/010F.,! Zg!wM!

m`>BH! =.G&2! B032&.,#/G.4!2,*!2*/#,#/G.4!
 

,#%/010F.,!

Rgg!wM!

V<V!hho]]h! HC42&! H*/_R!.,5.C.10/! hgg!wM!

P/0421#/0)! HC42&! H*/_R!2G0,.$1! hgg!wM!

="!]nRSgH! =.G&2! H*/_S!.,5.C.10/! Sg!wM!

_"9!SiSZZ! K,N0! H*/_S!2G0,.$1! hgg!wM!

 
 
 
 
 

3N,JC&I'*JI&/"KNID,*0,K',#C"M!
 

M24/0352G#$!T#/#! *#3)#1#*! CD! .,O#41.,G! ]! ,)! 08! 4)0*/0,21#! ).30$0&#! ;9I4)0*/0,21#?!

$%$3#,$.0,! ;4)0*/0,21#! 40,4#,1/21.0,! ]! &Gl&)?! .,10! 15#! 42%*2)! -#.,! ;G.81! 8/0&!MA! B2#/0,!

92C0/210/D?!21!Rm!538A!9IP_=!T2$!.,O#41#*!2$!2!40,1/0)A!K&C/D0$!T.15!9I4)0*/0,21#!2GG/#G21#$!

42%$.,G!-#$$#)!044)%$.0,$!2,*!$50/14%1$!T#/#!*.$42/*#*A!

 
 

 
7,M,#C&*JI&/"KNID,*0,K',#C"M!

 

M#1/0,.*2N0)#I&#*.21#*! *#3)#1.0,! T2$! 3#/80/&#*! 2$! *#$4/.C#*! ;P2)52! #1! 2)AE! RghS?A!

B0%C)#! 1/2,$G#,.4! 8.$5! :;<8,1;I>EASHKKLAB>OJ+P783-1&&4C# T#/#! 4/0$$#*! T.15!

:;<95HI>1EFGC#10!#-2)%21#!15#!#88#41!08!&24/0352G#!*#3)#1.0,!0,!4*Zhu!4#))$A!K&C/D0$!T#/#!

&2,%2))D! *#450/.0,21#*! 2,*! $02W#*!T.15!&#1/0,.*2N0)#! hR&M! .,! gAhv!BM=`lPJ\!KGG+$!

T21#/! $0)%1.0,! .,! *2/W! 8/0&! ho! 538! 10! #-2)%21.0,E! 15#,! /.,$#*! T.15! PJ\! KGG+$! T21#/A!

:;<95HI>1EFGKK8,1;I>83-1&&4?! #&C/D0$! 1/#21#*! T.15! hR&M! &#1/0,.*2N0)#! 2$! T#))! 2$!

:;<8,1;I>EASHKKLAB>OJ+P783-1&&4KK95HI>1EFGC# 1/#21#*!T.15! BM=`! gAhv!T#/#! %$#*! 2$!

40,1/0)A!



M21#/.2)$!2,*!&#150*$!

oZ!

 

 

 

 

'"#(!()#b-J"D/IKN-!
 

)"#$!$'#ND&0G/235D!52$!C##,!3#/80/&#*!2440/*.,G!10!P.)G/.&!2,*!</2T80/*!;</2T80/*!

2,*!P.)G/.&E!Rgg]?A!j#!*#4.*#*!10!%$#!G#)21.,!2$!2!$%C$1/21#!08!3/01#0)D1.4!#,ND&#$!.,$1#2*!08!

40))2G#,A!L#)21.,!.$!2,!.,1#/&#*.21#!*#G/2*21.0,!3/0*%41!08!40))2G#,!&#12C0).$&!0T,.,G!$#-#/2)!

2*-2,12G#$!$%45!2$!)0T!&0)#4%)2/!T#.G51!2,*!#2$.#/!*#G/2*21.0,!*0T,!10!2&.,0I24.*$A!>.G5)D!

:%#,45#*!8)%0/#$4#.,!)2C#)#*!G#)21.,!;L#)21.,IaVJ<?!T2$!.,O#41#*!.,10!15#!&%$4)#!C#1T##,!Z15!

2,*! ]15!$0&.1#! 40%,1#*! 8/0&! 5#2*! 08! N#C/28.$5! 1/2,$G#,.4! #&C/D0$! O%$1! 3/.0/! 15#! .&2G.,GA!

K&C/D0$!T#/#!.&&#*.21#)D!&0%,1#*!.,!gAiv!9MP!2G2/0$#!2,*!.&2G#*!21!40,8042)!&.4/0$403#!

2$!*#$4/.C#!2C0-#A!

 
 

 
X;1*,W#/I&#C"M!

 

SgIS]! #&C/D0$! T#/#! 1/#21#*! %$.,G! "24! 2,*! MMPIR! 2,*! n! .,5.C.10/$! 0/! BM=`! 2$!

3/#-.0%$)D!&#,1.0,#*E! 8/0&!R]! 538! 2,*! %$#*! 21! Zo! 538! 80/! "^H! #F1/241.0,A! K&C/D0$!T#/#!

&2,%2))D!1/2,$#41#*!10!/#&0-#!15#!12.)!2,*!5#2*!/#G.0,$A!J5#!N#C/28.$5!1/%,W$!T#/#!15#,!)D$#*!

%$.,G!k.2G#,!"9J!$0)%1.0,!T.15!hv!RI&#/42310#152,0)A!"^H!T2$!#F1/241#*!%$.,G!2!k.2G#,!

"^#2$D!&.,.!W.1A!

 
 

 
X>%e<3X!

 

SgIS]! #&C/D0$! T#/#! 1/#21#*! %$.,G! "24! 2,*! MMPIR! 2,*! n! .,5.C.10/$! 0/! BM=`! 2$!

3/#-.0%$)D!&#,1.0,#*E! 8/0&!R]! 538! 2,*! %$#*! 21! Zo! 538! 80/! "^H! #F1/241.0,A! K&C/D0$!T#/#!

&2,%2))D!1/2,$#41#*!10!/#&0-#!15#!12.)!2,*!5#2*!/#G.0,$A!J5#!N#C/28.$5!1/%,W$!T#/#!15#,!)D$#*!

%$.,G!k.2G#,!"9J!$0)%1.0,!T.15!hv!RI&#/42310#152,0)A!"^H!T2$!#F1/241#*!%$.,G!2!k.2G#,!

"^#2$D!&.,.!W.1A!RwG!08!&"^H!T2$!%$#*!80/!/#-#/$#!1/2,$4/.31.0,A!kP<"!T#/#!3#/80/&#*!0,!

2! 9.G51<D4)#/�! Zog! $D$1#&! 80))0T.,G! 15#! &2,%8241%/#/+$! /#40&&#,*21.0,$! ;=b_"! L/##,!

80/&21E! "045#! H33).#*! =4.#,4#E! M#D)2,E! a/2,4#?! 2,*! %$.,G! 3/.&#/$! ).$1#*! .,! J2C)#! =RA!

KF3/#$$.0,! )#-#)$!T#/#!*#1#/&.,#*!%$.,G!9.G51<D4)#/! 2,2)D$.$! $081T2/#! 8/0&!]! .,*#3#,*#,1!

#F3#/.&#,1$A! J5#! /#)21.-#! #F3/#$$.0,! 08! $3#4.8.4! G#,#$! .,!BM=`I! 1/#21#*! 0/! "24! .,5.C.10/I!

1/#21#*!#&C/D0$!T2$!.,*.421#*!,0/&2).$#*!10!1JI/#/#8#/#,4#!G#,#!#F3/#$$.0,A!



M21#/.2)$!2,*!&#150*$!

o]!

 

 

 

 
Y#C/28.$5!3/.&#/!

L#,#! H44#$$.0,! ^2&#!3/.&#/! ^%4)#01.*#!$#:%#,4#!;]+!�!S+?!

 

#8h2!
 

K^=BH"LggggggRgo]g!
NKah2A]! JJ<JLJJH<<JLL<HHHLLL!

NKah2AS! JJ<HLJJJLJ<<HH<H<<<H!

 

1,82!
 

^M�RhRo]n!
NJ^a2A]Z! JJ<H<L<J<<HJHHLH<<<H!

NJ^a2ASZ! <<LJHLLHJJ<HLHHHHL<L!

 

1,8C!
 

^M�gghgRZZZiAh!
NJ^a2)3A]h! <LHHLHHLLJ<HLHHH<<<H!

NJ^a2)3AS! LJJLLHHJL<<JLHJ<<H<H!

 

.)hC!
 

^M�RhRoZZAR!
NV9hCA]! JLLH<JJ<L<HL<H<HHHHJL!

NV9hCAS! LJJ<H<JJ<H<L<J<JJLLHJL!

 

.)m!
 

^M�gghRmhZZnAh!
NV9mA]! JLHHLH<H<J<HLHLH<LHL<HLJJ!

NV9mAS! HLLJJJLHLLHLHLLHLJL<JLHJ!

 

2/Gh!
 

^M�gghgZ]hniAh!
ARG1 5.3 H<LL<<HL<<LHJLJ<JJH<!

H"Lh!SAS! J<<H<LJ<J<LLHLJ<<HHJ!

 

2/GR!
 

^M�hnnmhhAh!
H"LRA]! LHHL<<LJJ<<JLJ<JL<<H!

H"LRAS! J<LL<<JJJL<JJ<<JJL<<!

 

1G8Ch!
 

K^=BH"LggggggZh]gR!
JLaCh2!]AS! <HH<<L<JLL<J<J<HJJJLH!

JLaCh2!SAS! H<HLJ<L<HLJHJHH<<J<HL<J!

 

&/4h2!
 

pM�ggRmmRnmo!
M"<h2A]! HL<JJL<LJLJH<HJ<LH<H<H!

M"<h2AS! JLL<HJ<JLHLLJLLLJ<JLJ!

 
 
 
 
 

:I$,/*IS'I#C"M!
 

M2,%2))D!*#450/.0,21#*!:;<OP:>5+@M5C#2,*!gAghmv!1/.42.,#!2,#$15#1.$#*!#&C/D0$!21!

Rm!538!T#/#!&0%,1#*!.,!hv!2G2/!.,!40,42-.1D!$).*#$!2,*!,#%/0,!C0*D!T2$!)042).$#*!T.15!Y#.$$!

HF.03)2,!R!&.4/0$403#!#:%.33#*!T.15!2!ZgF!T21#/!.&&#/$.0,!0CO#41.-#A!J5#!,#%/0,!C0*D!T2$!

2C)21#*! %$.,G! 40%&2/.,! ZZg! ,&E! ]&M! .,! &#152,0)E! 2$! 2! )2$#/! &#*.%&A! J5#! 2C)21.0,! T2$!

3#/80/&#*!0,! 15/##! 80))0T.,G! $0&.1#$!C.)21#/2))D! .,! 15#!N#C/28.$5! 1/%,WA!K&C/D0$!T#/#! 15#,!

8/##*!8/0&!2G2/!2,*!W#31!21!Roz<!.,!15#!PJ\!KGG+$!T21#/!%,1.)!15#!.&2G.,GA!



M21#/.2)$!2,*!&#150*$!

om!

 

 

 
 
 
 

 

3I#,&N"'IJCM,$*SC"&N,JC&I'*0,#,&#C"M!
 
 

J5#!#&C/D0$!21!Sg!5A3A8A!T#/#!&2,%2))D!*#450/.0,21#*!2,*!2,#$15#1.$#*!T.15!15#!40)*!

KGG+$!T21#/A!J5#!Rgg!#&C/D0$!T#/#!*#423.121#*!%$.,G!2!32./!08!,##*)#$A!J5#!5#2*$!2,*! 15#!

N#C/28.$5! C0*.#$! T#/#! $,23I8/0N#,! $#32/21#)DA! J5#! h]g! $,23I8/0N#,! #&C/D0$! T#/#! %$#*! 10!

40&32/#!15#!T50)#!0/G2,.$&!T.15!15#!3#/.35#/2)!32/1A!J5#!>P9<!$D$1#&!40,$.$1#*!08!2,!K=H!

).:%.*!45/0&210G/235D!3%&3!;K=HE!_#*80/*E!\[?!40%3)#*!10!2,!K=H!<0%)045#&!VV!*#1#410/!

;K=HE!<5#)&$80/*E!\=H?!#:%.33#*!T.15!2!]ghZ!5.G5I3#/80/&2,4#!2,2)D1.4!4#))!;K=H!_#*80/*?A!

J5#!*#1#410/!301#,1.2)!21!15#!2,2)D1.4!4#))!T2$!$#1!21!ugAZ!dA!>P9<!2,2)D$.$!T2$!3#/80/&#*!0,!

2!<ho!=35#/.$0/C!`B=R!^%4)#0$.)!>B!/#-#/$#!352$#!40)%&,!;M245#/#DI^2G#)!K\"9E!a/2,4#@!

]!�&!30/#!$.N#E!ZAm!&&!.,1#/,2)!*.2&#1#/E!R]!4&!)0,G?A!J5#!&0C.)#!352$#!40,$.$1#*!08!gAh!M!

^2>RP`ZE!3>!SE!40,12.,.,G!gAh!&M!08!KBJHE!hAi!&M!hI0412,#!$%)350,.4!24.*!$0*.%&!$2)1!

2,*!hgv!24#10,.1/.)#A!J5#!8)0T!/21#!T2$!gAn!&9l&.,A!<0,4#,1/21.0,$!08!^K!T#/#!*#1#/&.,#*!

CD!40&32/.$0,!08!45/0&210G/235.4!3#2W!2/#2$!T.15!42).C/21.0,!4%/-#$!*#/.-#*!8/0&!2%15#,1.4!

$12,*2/*$!08!^HE!%$.,G!*212!2,2)D$.$!$081T2/#!;_2$#).,#!ohgE!j21#/$?A!

 
 

 
<"$#%I&eEC$C#C"M*IMI'-$C$*

3,''*,MEJ,/I#C"M!

a0/!15#!>=<$!:%2,1.8.421.0,!.,!15#!HLME!R!$#1$!08!NI$124W$!T#/#!24:%./#*!%$.,G!15#!RgF!

2./!.&&#/$.0,!0CO#41.-#!2,*!/#$0)%1.0,!08!hgRZFR]m!3.F#)!T.15!h!w&!NI.,1#/-2)A!J5#!&2F.&%&!

.,1#,$.1D!3/0O#41.0,$!T#/#!15#,!%$#*!80/!15#!&2,%2)!40%,1.,G!08!4*Zhu!4#))$!T.15!15#!a.O.!4#))!

40%,1#/!3)%G.,A!a0/!>=<$!:%2,1.8.421.0,!.,!15#!<>JE!35010$!8/0&!8)%0/#$4#,1!&.4/0$403#!Y#.$$!

dhR!T#/#!24:%./#*!!2,*!40%,1#*!!%$.,G!15#!<#))!40%,1#/!3)%G.,!.,!a.O.A!

 
 

 
Q4*TC,.*IM0*&"'"E/%0,K#N*K/"f,&#C"M!

 

SB!-0)%&#!-.#T!T2$!3#/80/&#*!#.15#/!%$.,G!a.O.!3)%G.,!SB!-.#T!80/!40,8042)!NI$124W$!

T.15! 15#! $.N#! %,*#/! hgL_! 0/! %$.,G! V&2/.$! i! =081T2/#! 80/! &0/#! -0)%&.,0%$! 8.)#$! 0/! SB!

2,.&21.0,$A!a0/!40)0%/I*#315!3/0O#41.0,!40,8042)! $124W$!08!&#&C/2,#I)2C#))#*!&24/0352G#$!



M21#/.2)$!2,*!&#150*$!

oi!

 

 

 

 

T#/#! /#I0/*#/#*! 10! /#3)24#! 1.&#!0-#/!NI$124W!2,*! 15#,!3/0O#41#*!%$.,G! 1#&30/2)!40)0%/I40*#!

3)%G.,!T.15!m$52*#$!9\JA!
 

=K,,0*J,I$E/,J,M#*IM0*&,''*#/I&LCMD*D/IKN$!
 

M2F.&%&!.,1#,$.1D!3/0O#41.0,$!08!mg!&.,%1#!1.&#I)23$#$!24:%./#*!#-#/D!&.,%1#!T#/#!

2,2)D$#*! %$.,G! 2! &2,%2)! 1/24W.,G! 3)%G.,! .,! a.O.A! M#2$%/#*! *212! T#/#! 1/2,$8#//#*! .,10! 2!

<5#&012F.$!2,*!M.G/21.0,! 100)!3/0G/2&&#!;VC.*.?! 10!*#$.G,! 1/24W.,G!2,*!/0$#!3)01$A!H!/0$#!

*.2G/2&!&23$!$.,G)#!40%,1$!08!15#!30$.1.0,!08!#-#/D!&24/0352G#!.,!2!$#)#41#*!2/#2!;C)24W!2,*!

G/#D!$#410/$!08!2,G)#!�lho?!#-#/D!&.,%1#!0-#/!mg!&.,%1#$!T.15!2,!;FED!gEg?!$12/1.,G!30.,1A!J5#!

1/24W.,G!3)01!*.2G/2&!/#3/#$#,1$!15#!&.G/21.0,!3215!2,*!*.$12,4#!08!&24/0352G#$!.,!15#!HLM!

T.15!2,!FED!gEg!$12/1.,G!30.,1E!C#.,G!&#2$%/#*!#-#/D!&.,%1#!0-#/!mg!&.,%1#$A!J5#!2-#/2G#!08!
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1.! Primitive macrophages and their impact on definitive haematopoiesis 
 
 

 
1.1.! Article   1:   Primitive   macrophages  control   HSPC   mobilisation   and   definitive 

haematopoiesis 
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j#! 0C$#/-#*! .,! 15#! HLM! 1521! &&3IR! #F3/#$$.0,! 3/0�)#!
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15#! >=P<! 2,*! )#2-.,G! 2! 1/2.)! 08! *#G/2*#*! G#)21.,! ;a.GA! ]4#! U5E!
=%33)#&#,12/D! M0-.#! S?E! 80))0T#*! CD! 15#! &.G/21.0,! 2,*!
.,1/2-2$21.0,! 08! 2! /0%,*! 4#))! C#1T##,! 1T0! $301$! 08! *#G/2*#*!
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F*9.32!B!C!;L+2!LZ!&&-0!*,!MN->!)L/*+*O'5*L,!',6!(L+L,*O'5*L,!LZ!512!>M<7!]'_Z^!=,1*/*5*L,!LZ!&&-0!*)D'*30!MN->!)L/*+*O'5*L,!',6!512!(L+L,*O'5*L,!LZ!

>M<7!]'^!MN->0!'32!D3202,5!*,!<9](6B$I2XF-^!2)/3`L!'5!U#!17D7Z7!]/L55L)R!2,+'3926!>M<^7!N)'++!/Lc!01Lb0!512!8X&!*)'926!/`!(L,ZL('+!)*(3L0(LD`!!!!

*,!67!]6^!X322,!m.L320(2,(2!01Lb0!512!D3202,(2!LZ!(6B$I2XF-!(2++0!*,!512!8X&!'5!U#!17D7Z7!]/L55L)R!)23926!b*51!53',0)*00*L,!(1',,2+^7!]/R(^!<32'5)2,5!

b*51!X&U##$!]/R!,!l!B"^!L3!NhV@><!](R!,!l!BB^!326.(20!>M<!(L+L,*O'5*L,!/`!MN->0K(6B$I2XF-!k!(2++0!(L)D'326!b*51!(L,53L+!]'R!,!l!B%^7!]2RZ^!>L,ZL('+!

*)'9*,9!LZ!512!8X&!32:2'+0!'((.).+'5*L,!LZ!MN->0K(6B$I2XF-!k!(2++0!*,!8X&!(L)D'326!b*51!512!(L,53L+!]6^!]6_ZR!,!l!"@o!51322!Z3')20!(L)/*,26^7!

>L,ZL('+!*)'9*,9!LZ!q=NM!]9R1R!'33Lb0^!(L)/*,26!b*51!4VD+'05*,!*)).,Lm.L320(2,(2!]9322,^!]9#R1#!^!'32!)23926!*,!9#!#!',6!1#!#!7!]*_+^!q=NM!LZ!))DVW!

]*^!',6!))DV$@'!]n^!*,!512!8X&!*,!(L,53L+!2)/3`L0!',6!'Z523!)'(3LD1'92!62D+25*L,!/`!4V(+L63L,'52!]QR+^7!>+L02V.D0!LZ!)'(3LD1'92!62D+2526!2)/3`L0!*,!

Q#!R+#!! ]'33Lb^7! N('+2! /'3R! "%#!&)! ]'_(^R! @#!&)! ]6_Z^R! %#!&)! ]*_+^R! $#!&)! ]9R1#!#!R! Q#!R+#!^7! N22! '+0L! N.DD+2)2,5'3`! F*97! B7! d8<e;?!>H&&ed=>8<=HdN!C!UIU""E!C!

GH=I!$#7$#@JK,(L))0E""E!Cbbb7,'5.327(L)K,'5.32(L)).,*('5*L,0!
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G8!

->T!

#I##! #I##! #I#B!

F*9.32!%!C!=,!:*:L!O`)L93'D1`!01Lb0!)'(3LD1'92V*,6.(26!D3L52L+`0*0!LZ!512!?>&7!]'^!G3'b*,9!*,6*('520!512!0*52!LZ!*,53').0(.+'3!*,n2(5*L,!LZ!X2+'5*,V!

F=<>!]326!'33Lb^!',6!512!'32'!*)'926!*,!/!]/+'(Q!/Lc^7!]/_1^!=,!:*:L!*)'9*,9!LZ!512!8X&!'5!B@!17D7Z7!b'0!('33*26!L.5!n.05!'Z523!92+'5*,VF=<>!*,n2(5*L,!*,!

<9])D29$I)>1233`^7!X322,!05'*,*,9!*,6*('520!92+'5*,!6293'6'5*L,!'Z523!)'(3LD1'92!)*93'5*L,!]326^!*,!(_1!],!l!$#^7!](_1^!>+L02V.D0!]/R!/+'(Q!/Lc^!01Lb!'!

D'53L++*,9!)'(3LD1'92!]326^!51'5!6293'620!92+'5*,!]9322,!6L50^R!*,6.(20!MN->!)*93'5*L,!513L.91!512!?>&!]'33Lb^R!ZL++Lb26!/`!*,53':'0'5*L,!]N.DD+2)2,5'3`!

)L:*2!@^7!](^!833Lb!01Lb0!.,+'/2++26!3L.,6!(2++0!(L3320DL,6*,9!5L!MN->0!]/+.2!6L50^7!]*^!N(12)'5*(!:*2b!LZ!92+'5*,!6293'6'5*L,!/`!'!326!)'(3LD1'92!

'3L.,6!'!+*915!93'`!MN->!*,!512!8X&7!F*305!6*'93')!01Lb0!)'(3LD1'92!)*93'5*L,!'3L.,6!',!MN->7!&'(3LD1'92!)*93'5*L,!320.+50!*,!9322,!0DL50!

(L3320DL,6*,9!5L!92+'5*,!6293'6'5*L,R!ZL++Lb26!/`!MN->!*,53':'0'5*L,!]Z_1R!N.DD+2)2,5'3`!&L:*2!@^7!]n_)^!xLL)26!*)'9*,9!01Lb0!5bL!)'(3LD1'920!*,!512!

8X&V6293'6*,9!X2+'5*,VF=<>!6.3*,9!512*3!D'00'92!]N.DD+2)2,5'3`!&L:*2!B^7!],^!X2+'5*,!6293'6'5*L,!*0!+L('+*O26!'3L.,6!',!2)239*,9!MN->K)>1233`!k!(2++!
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1521! 15#$#! &.G/21.,G! /0%,*! 4#))$! 2/#! >=P<$E! T#! .,O#41#*! L#)21.,I!
aVJ<! .,10! JG;W*/)X422FX&<5#//D?! #&C/D0$! .,! T5.45! -2$4%)2/!
#,*015#).%&! 2,*! >=P<$! #F3/#$$! 15#! &<5#//D! 3/01#.,hgA! j#!
0C$#/-#*! 15#! $2&#! $3#4.�4! 3%,41.80/&! �%0/#$4#,4#! 2/0%,*!
>=P<$l&<5#//D! k! 4#))$! #&#/G.,G! 8/0&! 15#! T2))! 08! 15#! ! 20/12!
;a.GA! ],U3E! ,!l!Z?A!
V,!-.-0!ND&0G/235D!15#/#80/#!3/0-.*#*!2!�,2)!*#&0,$1/21.0,!

08! &21/.F! *#G/2*21.0,! .,! 15#! HLM! CD! &24/0352G#! $#4/#1#*!
3/01#2$#$!80))0T#*!CD!>=P<!&0C.).N21.0,!2,*!-#.,!.,1/2-2$21.0,A!

 
 
G*0(.00*L,!
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j#!3/#-.0%$)D! /#30/1#*! 1521! N#C/2�$5! >=P<$! #&#/G#! .,! 15#!

$%C20/1.4! &#$#,45D&#! 15#,! #,1#/! 15#! P<d!4./4%)21.0,! 15/0%G5!
3#4%).2/! $1/%41%/#$E! T5.45! 824.).121#! >=P<! .,1/2-2$21.0,nA! 9.-#!
.&2G.,G! .,! >=P<I4*ZhX#LaP!k!l&24/0352G#I&3#GhX&<5#//D!k!
N#C/2�$5! #&C/D0! $50T$! 15#$#! 1.,D! #,1/D! 30.,1$! 2/#! 4/#21#*! CD!
&24/0352G#$! *%/.,G! 15#./! &.G/21.0,! 15/0%G5! 15#! $1/0&2E! T5.45!
T.))!2))0T!>=P<$!10!O0.,!15#!P<dA!
M24/0352G#!*#3)#1.0,!21!#2/)D!$12G#$!08!*#-#)03&#,1!;R]!5A3A8A?!

3/#-#,1$! 15#! 40)0,.N21.0,! 08! 52#&21030.#1.4! 0/G2,$! T.150%1!
288#41.,G!K>J!.,!15#!HLME!T5.)#!)21#!*#3)#1.0,!;Z]!5A3A8A?!)#2*$!10!
)#$$!3/0,0%,4#*!#88#41$A!_#42%$#!N#C/2�$5!*#�,.1.-#!52#&21030.I!
#$.$! 044%/$! C#1T##,! Sg! 2,*! ]]! 5A3A8A! ;/#8A! S?E! 15#! 32/1.2)!
40)0,.N21.0,! 0C$#/-#*! 281#/! )21#! *#3)#1.0,! .$! ).W#)D! *%#! 10!
>=P<$! T5.45! 52*! 2)/#2*D! )#81! 15#! HLM! C#80/#! &24/0352G#!
*#3)#1.0,A!
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2,*!$##*!$#40,*2/D!$.1#$E! 1521! .$E!&#12$12$.$SSA!`%/!0C$#/-21.0,$!
$50T!&2/W#*!$.&.)2/.1.#$!T.15!15.$!3/04#$$E!$%GG#$1.,G!1521!>=P<!
2,*! <V<! &.G/21.0,! &.G51! C#! 40&32/2C)#A! V1! T.))! 15%$! C#!
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&251L60!
M.)',!!5*00.20!!',6!!*)).,L05'*,*,9A!!>%&2,!! #&C/D0$!!T#/#!!0C12.,#*!! 8/0&!
-0)%,12/D!2C0/1.0,$!3#/80/&#*!2440/*.,G!10!G%.*#).,#$!2,*!T.15!15#!233/0-2)!08!15#!
a/#,45!̂ 21.0,2)!K15.4$!<0&&.11##A!P21.#,1$!G2-#!15#./!T/.11#,!40,$#,1!80/!15#!
#&C/D0$!10!C#!%$#*!80/!/#$#2/45!3%/30$#$A!K&C/D0!$#41.0,$!;]!&&?!T#/#!.,4%C21#*!
T.15!2,1.I<BSZ!;SAR!&G!&)!V!hE!M.)1#,D.?!0/!2,1.I<Bmo!;hg!&G!&)V!hE!#_.0$4.#,4#?!
2,1.C0*.#$E!15#,!T.15!C.01.,D)21#*!$#40,*2/D!2,1.C0*.#$!;hg!&G!&)!V!hE!V&&%,01#45?
2,*!T.15!3#/0F.*2$#I)2C#))#*!$1/#312-.*.,!;gAm!&G!&)!V!hE!V&&%,01#45?A!a)%0/#$I!
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*0%C)#!$12.,.,GA!

 
x2/3'P01!53',092,*(!+*,20!',6!+*:2!*)'9*,9A!j.)*I1D3#!H_E!JG;W*/)X>2$A!
>"H=I&<5#//D?!;5#/#!4.1#*!2$!W*/)X422FX&<5#//D?SZE!JG;4*ZhX#LaP?S]E!
JG;&3FX#LaP?SmE!JG;&3#GhX&<5#//DI8?!;5#/#!4.1#*!2$!&3#GhX&<5#//D@!$##!C#)0T?!
2,*!JG;&3#GhXL2)Zaall\H=IKhCXK40A^8$_I&<5#//D?!;5#/#!4.1#*!2$!&3#GhX!
LH9Zll\H=X^8$_I&<5#//D?Rm!1/2,$G#,.4!#&C/D0$!T#/#!$12G#*!2$!*#$4/.C#*!CD!
[.&&#)!#1!2)ASi!H))!#F3#/.&#,1$!T#/#!42//.#*!0%1!80))0T.,G!15#!3/01040)!<KKHI9"I!
hSggi! 233/0-#*! CD! 15#! H,.&2)! <2/#! 2,*! \$#! <0&&.11##! 92,G%#*04I"0%$$.))0,A!

F*9.32!U!C!-3*)*5*:2!)'(3LD1'920!*,!MN->!)L/*+*O'5*L,!',6!62P,*5*:2!

1'2)'5LDL*20*07!]'^!&'(3LD1'920!]326^!*,523'(5!b*51!MN->0!]9322,^!*,!512!

8X&!6.3*,9!1'2)'5LDL*20*07!]/^!?>&!6293'6'5*L,!/`!)'(3LD1'920!

2,'/+20!MN->!)L/*+*O'5*L,R!*,53':'0'5*L,!',6!1'2)'5LDL*25*(!L39',!

(L+L,*O'5*L,7!&)D0!*,1*/*5*L,!](^!L3!)'(3LD1'92!62D+25*L,!]6^!320.+5!*,!

MN->!'((.).+'5*L,!*,!512!8X&7!*,17R!*,1*/*5*L,7!
 

 
j#! $50T!5#/#! 1521! 15#$#! #,1/D! 30.,1$! 2/#! 80/&#*! CD!M&3$I!

$#4/#1.,G! &24/0352G#$A! =3#4.�4! 45#&.42)! M&3$! .,5.C.1.0,!
10G#15#/!T.15!40&C.,#*!jV=> 2,*!.&&%,0�%0/#$4#,4#!$12.,.,G!
#$12C).$5#*!1521!&24/0352G#$!2/#!.,-0)-#*!.,!>=P<!&0C.).N21.0,!
-.2!M&3In!$#4/#1.0,A!
J5#/#80/#E!0%/!*212!$%GG#$1!1521!3/.&.1.-#!&24/0352G#$!3)2D!2,!

#$$#,1.2)! /0)#! .,! *#�,.1.-#! 52#&21030.#$.$! CD! .,*%4.,G!M&3$I!
&#*.21#*! *#G/2*21.0,! 08! 15#! K<M! 2/0%,*! >=P<! .,! 15#! HLM!
/#G.0,A!M21/.F!*#G/2*21.0,!2))0T$!&0C.).N21.0,!2,*!&.G/21.0,!08!
>=P<! .,10! 15#! $1/0&2E!*/.-.,G! 15#./! .,1/2-2$21.0,! .,10! 15#!-#.,E!
)#2*.,G!%)1.&21#)D! 10! 15#! 40)0,.N21.0,! 08! 52#&21030.#1.4! 0/G2,$!
2,*!15#!#$12C).$5&#,1!08!*#�,.1.-#!52#&21030.#$.$!;2$!$%&&2/I!
.N#*!.,!a.GA!m?A!
H,015#/! .,1/.G%.,G!0C$#/-21.0,! 08! 15.$! /#30/1! .$! 1521! 2! $3#4.�4!

244%&%)21.0,! 08! 3/.&.1.-#! &24/0352G#$! .$! 2)$0! *#1#41#*! .,! 15#!

>%&2,! 2,*! N#C/2�$5! #&C/D0$! ;)21#/2)! -.#T$E! /0$1/2)! 10! 15#! )#81?! T#/#! .&2G#*! 0,!
9#.42! =P]! 40,8042)! ;a.GA! h2UC#!#!E! a.GA! ]E! =%33)#&#,12/D! a.GA! h! 2,*! =%33)#&#,12/D!
M0-.#$! S! 2,*! Z?E! 9#.42! =PK! 40,8042)! ;a.GA! h4@! a.GA! Z*EGU5#!#!! 2,*! =%33)#&#,12/D!
a.GA! Z2U4E! #U##!#!E! =%33)#&#,12/D! a.GA! ]*E#?E! B#)12d.$.0,!!`Mp! ;H33).#*!!P/#4.$.0,@!
a.G$! h#U)! 2,*!!=%33)#&#,12/D! M0-.#! h?E! Y#.$$! 9=M]hg! 40,8042)! ;a.GA! R2ECE!
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2.! Macrophage migratory dynamics in the zebrafish embryo 
 
 

 
2.1.! Article 2: Real time imaging of macrophage in vivo behaviour 
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Real time imaging of macrophage in vivo behaviour 
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J5.$! $1%*D! *#3.41$! /#2)! 1.&#! &24/0352G#! C#52-.0%/! .,! 2! 35D$.0)0G.42)! 40,1#F1! 2,*! /#-#2)$!

#F1/#&#!/#241.-.1D!08!15#$#!4#))$!40,$12,1)D!2*231.,G!2,*!$T.145.,G!&.G/210/D!$523#$!10!245.#-#!

>=P<$!3/03#/!&0C.).$21.0,A!
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M24/0352G#$! T#/#! 80/! 15#! 8./$1! 1.&#! .*#,1.8.#*! 2$! 352G04D1.4! 4#))$! /#$30,$.C)#! 80/!

32150G#,!#).&.,21.0,! ;M#145,.W088E!honR?A!`-#/! 15#!32$1!4#,1%/DE! 15#D!T#/#!2$$04.21#*!T.15!

50&#0$12$.$E! .,,21#! 2,*! 2*231.-#! .&&%,#! /#$30,$#$E! .,8)2&&21.0,E! 1.$$%#! /#&0*#)).,G! 2,*!

4D10W.,#!3/0*%41.0,!;L0/*0,!2,*!J2D)0/E!Rgg]@!jD,,!#1!2)AE!RghS?A!M24/0352G#$!2/#!15#!&0$1!

3)2$1.4!52#&21030.#1.4!4#))$!3/#$#,1!.,!2))!1.$$%#$@!15#./!*.-#/$.1D!*#3#,*$!%30,!15#./!)0421.0,E!

15#./!&0/350)0GDE!15#./!&#&C/2,#!/#4#310/$!0/!$%/824#!&2/W#/$!;jD,,!#1!2)AE!RghS?A!B#3#,*.,G!

0,! 1.$$%#! 40&30$.1.0,! 15#D! .,8.)1/21#! 2,*! #,-./0,&#,12)! 40,$1/2.,1$E! &24/0352G#$! 2*031!

*.88#/#,1!&.G/21.0,!&0*#$! ;d'/0))#1! #1! 2)AE! Rghh?A! V,! 15#! 40%/$#!08! 2! 15/##I*.&#,$.0,2)! ;SB?!

&.G/21.0,E!&24/0352G#$!42,!#.15#/!2*031!2,!2&0#C0.*!0/!2!&#$#,45D&2)!&.G/210/D!&0*#A!V,!

42$#!08!2,!2&0#C0.*!&.G/21.0,E!4#))$!12W#!0,!2!/0%,*!0/!30)2/.$#*!$523#!2,*!&.G/21#!15/0%G5!

15#! #F1/24#))%)2/!&21/.F! ;K<M?A!=%45! 2!&.G/21.0,! .$!"50l"04W!LJP2$#$!*#3#,*#,1A!B%/.,G!

&#$#,45D&2)!&.G/21.0,E!&24/0352G#$!*#G/2*#!15#!K<M!15/0%G5!3/01#.,2$#$!$#4/#1.0,$!;#AGA!

M21/.F! M#12))03/01#.,2$#$! 0/! MMP$?! 2,*! 4#))$! 12W#! 0,! 2,! #)0,G21#*! $523#A! J5.$! $#40,*!

&.G/210/D! &0*#! .$! "24! LJP2$#! $.G,2)).,G! *#3#,*#,1! ;=2,NIM0/#,0! 2,*! M2/$52))E! Rghg@!

d'/0))#1!#1!2)AE!Rghh?A!

 

V,!&0%$#!2,*!5%&2,E!&24/0352G#!452/241#/.N21.0,!T2$!&2.,)D!3#/80/&#*!!"#$!%&'#%$.,G!

C0,#!&2//0T!*#/.-#*!&24/0352G#$A!"#4#,1)DE!15#!N#C/28.$5!&0*#)!T2$!%$#*!10!/#$0)-#!$3#4.8.4!

.$$%#$!*%/.,G!15#!*#-#)03&#,12)!3/04#$$!0/!10!2**/#$$!244%/21#!32150)0G.#$A!J5#!1/2,$32/#,4D!

08!N#C/28.$5!#&C/D0$!#,2C)#$!15#!).-#!.&2G.,G!2,*!/#2)!1.&#!1/24W.,G!08!4#))!303%)21.0,$A!j#!

2,*!015#/!G/0%3$!52-#!$50T,!1521!1T0!&2.,!T2-#$!08!&24/0352G#$!#&#/G#!8/0&!3/.&.1.-#!2,*!

*#8.,.1.-#! 52#&21030.#$.$! *%/.,G! 15#! N#C/28.$5! *#-#)03&#,1! ;L#/.,G! 2,*! P21.#,1E! Rgg]@!

>#/C0&#)!#1!2)AE!hnnn@!M%/2D2&2!#1!2)AE!Rggm?A!J5#!.,.1.2)!T2-#!12W#$!3)24#!C#1T##,!ho!2,*!R]!

50%/$!30$1!8#/1.).N21.0,!;538?!.,!15#!D0)W!$24!;>#/C0&#)!#1!2)AE!hnnn?A!J5#!$#40,*!T2-#!044%/$!
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C#1T##,!Sg! 2,*! ]]! 538! .,! 15#! 20/12IG0,2*I&#$0,#35/0$! ;HLM?! ;L#/.,G! 2,*!P21.#,1E! Rgg]@!

M%/2D2&2! #1! 2)AE! Rggm?! 2,*! G#,#/21#$! 15#! 52#&21030.#1.4! $1#&l3/0G#,.10/! 4#))$! ;>=P<$?!

;_#/1/2,*!#1!2)AE!Rghg2@![.$$2!2,*!>#/C0&#)E!Rghg?!T5.45!)21#/!T.))!*.88#/#,1.21#!.,10!2))!C)00*!

4#))$!.,4)%*.,G!&24/0352G#$A!a.,2))DE!2!1/2,$.#,1!5#&21030.#1.4!T2-#!.$!.,.1.21#*!.,!15#!30$1#/.0/!

C)00*!.$)2,*E!G.-.,G!/.$#!10!15#!&%)1.).,#2G#!3/0G#,.10/!4#))$!2,*!#/D15/0&D#)0.*!3/0G#,.10/$E!

T5.45!*#-#)03!.,10!C015!#/D15/0.*!2,*!&D#)0.*!4#))$!;_#/1/2,*!#1!2)AE!Rggi?A!

 

"#4#,1)DE! T#! *#&0,$1/21#*! !"# $!$'# 1521! 3/.&.1.-#! &24/0352G#$! 2/#! 4/%4.2)! .,! 15#!

#$12C).$5&#,1! 08! 2! *#8.,.1.-#! 52#&21030.#$.$! ;J/2-,.4W0-2! #1! 2)AE! Rgh]?A! M24/0352G#$! 1521!

244%&%)21#*! .,! 15#! HLM! *#G/2*#! 15#! K<M!)0421#*! .,! 15#! -.4.,.1D! 08! >=P<$! -.2! &21/.F!

&#12))03/01#.,2$#!n! ;MMPIn?! $#4/#1.0,$E! 15#/#CD! #,2C).,G! 15#&! 10!&.G/21#E! #,1#/! 15#!C)00*!

$1/#2&!2,*!40)0,.$#!52#&21030.#1.4!0/G2,$A!

 

V,! 15#! 3/#$#,1! $1%*DE! T#! 3/0-.*#! 2,! #F1#,$.-#! 2,2)D$.$! 08!&24/0352G#$! .,! N#C/28.$5!

#&C/D0$A!\$.,G!&0/350)0G.42)!2,2)D$.$!T#!T#/#!2C)#!10!*.$1.,G%.$5!80/!15#!8./$1!1.&#!*.88#/#,1!

&24/0352G#! $%C1D3#$! !"# $!$'A! _D! 40&C.,.,G!&0/350)0G.42)! 2,2)D$.$! T.15! ).-#! .&2G.,G! T#!

$%44##*#*!.,!-.$%2).N.,G!15#!*D,2&.4!C#52-.0%/2)!3211#/,$!08!.,*.-.*%2)!&24/0352G#$!*%/.,G!

15#./!&.G/21.0,!15/0%G5!15#!K<MA!
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B%/.,G!15#!#$12C).$5&#,1!08!15#!*#8.,.1.-#!52#&21030.#$.$E!&24/0352G#$!244%&%)21#*!.,!

15#!HLM!C#1T##,!Sg!2,*!mg!538!*#G/2*#!15#!K<M!$%//0%,*.,G!>=P<$!-.2!M&3In!$#4/#1.0,$!

T5.45!/#$%)1!.,!15#!&0C.).N21.0,!08!>=P<$!;J/2-,.4W0-2!#1!2)AE!Rgh]?A!\$.,G!15.$!35D$.0)0G.42)!

&0*#)E!T#!2,2)D$#*!15#!$523#!2,*!C#52-.0%/!08!3/01#0)D1.4!&24/0352G#!.,!0/*#/!10!#$12C).$5!2!

301#,1.2)!40//#)21.0,A!j#!8./$1!*#$4/.C#*!15#!30$.1.0,!2,*!$523#!08!&24/0352G#$!.,!15#!HLM!

%$.,G! 15#! =5&.>1EFGKK8,1;I>83-1&&47F# *0%C)#! 1/2,$G#,.4! ).,#$! T5#/#! 15#! LaP! 3/01#.,!

5.G5).G51#*!-#$$#)$!2,*!&<5#//DIa!&24/0352G#!&#&C/2,#$!;6CDg*F1%2?A!a.G%/#!hH!3/0-.*#$!2!

$45#&21.4!-.#T!08!15#!-#$$#)!2,*!&24/0352G#!30$.1.0,!2$!$50T,!.,!a.G%/#!h_A!\$.,G!2!SB!-.#T!

;6CDg*F2?!T#!T#/#!2C)#!10!*#1#/&.,#!15#!30$.1.0,!08!&24/0352G#$!;T5.1#!2//0T$?!.,!15#!0%1#/!

)2D#/!08!15#!-#.,!T2))!C#1T##,!15#!-#.,!2,*!15#!20/12!8)00/!T.15!*.88#/#,1!&0/350)0G.#$A!J5#!

32/1.4)#!2,2)D$.$!08!&24/0352G#$!8/0&!2!&2F.&%&!3/0O#41#*!40,8042)!24:%.$.1.0,$!#,2C)#*!%$!

10!*.$1.,G%.$5!2,*!:%2,1.8D!15#!-2/.0%$!&24/0352G#!$523#$A!J5/##!&2.,!&0/350)0G.42)!4/.1#/.2!

T#/#! .*#,1.8.#*X! 4./4%)2/.1DE! /0%,*,#$$! 2,*!#)0,G21.0,! 82410/! ;6CDg*F3*IM0*=EKK'g*>IS',*F?A!

J5#D!/#-#2)#*!15#!#F.$1#,4#!08!Z!&2.,!$523#$!T50$#!.&2G#$!2/#!$50T,!.,!6CDE/,*F4A!j#!,2&#*!

15#$#!Z!$%CG/0%3$!I!/0%,*!;h?E!2&0#C0.*!;R?E!$12/I).W#!;S?!2,*!#)0,G21#*!$523#!;Z?A!j5.)#!15#!

/0%,*!2,*!#)0,G21#*!$523#$!52*!2)/#2*D!C##,!*#$4/.C#*!!"#$!%&'E!15#!1T0!/#&2.,.,G!$523#$!&.G51!

/#3/#$#,1!#.15#/!$%CG/0%3$!3/#$#,1!!"#$!$'#0/!.,1#/&#*.21#!$12G#$!C#1T##,!/0%,*!2,*!#)0,G21#*!

$523#$A!J5#!&2.,!*.88#/#,4#!C#1T##,!15#!2&0#C0.*!2,*!$12/I).W#!$523#$!).#*!.,!15#!3/#$#,4#!.,!

15#!2&0#C0.*!$523#!08!2!&2.,!2F.$E!.A#A!30)2/.1DA!J5#!:%2,1.8.421.0,!08!#245!$523#!/#-#2)#*!1521!

2&0#C0.*E! $12/I).W#! 2,*! #)0,G21#*! $523#$! T#/#! #:%2))D! 3/#$#,1! T5#/#2$! 15#! /0%,*! $523#!

/#&2.,#*!$32/$#!;6CDg*F5?A!
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J5#! 2,2)D$.$! 08! &24/0352G#! $523#$! /#-#2)#*! 15#! #F.$1#,4#! 08! 80%/! &0/350)0G.42)!

$%CG/0%3$! *.$1/.C%1#*! .,! 15#! N#C/28.$5! HLMA! J0! 2$$#$$! 15#! C#52-.0%/! 08! #245! &24/0352G#!

$%CG/0%3E!T#!.&2G#*!:;<U,1;I>83-1&&4C##&C/D0$!0-#/!15#!40%/$#!08!0,#!50%/!;24:%.$.1.0,!

#-#/D!&.,%1#@!?C0,"*Fg?A!j#!$#)#41#*!1.&#!8/2&#$!.,!40)0%/!*#315!3/0O#41.0,!1521!.))%$1/21#*!15#!

*D,2&.4$!08!&24/0352G#$!2C)#!10!2*031!*.88#/#,1!$523#$!T.15.,!8.81##,!&.,%1#$!;6CDg*O1%6*IM0*

?C0,"*FR*40)0%/!40*#!$42)#?A!J5#!0%1).,#$!/#3/#$#,1!15#!$523#!08!&24/0352G#$!.,!15#!.&2G#*!

2/#2!21!15#!n15!&.,%1#!2,*!#,2C)#!%$!10!*/2T!2!*./#41!40&32/.$0,!T.15!80))0T.,G!1.&#!30.,1$A!

J5#! 40)0%/! *#315! 3/0O#41.0,! 08! 40,8042)! .&2G.,G! #,2C)#*! %$! 10! *#1#/&.,#! 15#! *#315! 08!

&24/0352G#!30$.1.0,$!!"#$!$'#2,*!10!*#&0,$1/21#!15#./!2C.).1D!10!&.G/21#!.,!SB!3211#/,$!;?C0,"*

F?A! )"#$!$'# 1/24W.,G!08! 2))!&24/0352G#$!T.15.,!2!mg!&.,%1#! 1.&#8/2&#!*#&0,$1/21#*! 1521!,0!

$3#4.8.4!*./#41.0,2).1D!T2$!&2.,12.,#*!*%/.,G! 15#./!&.G/21.0,! ;6CDg*O7E!,{RS?!2$!0330$#*! 10!

&24/0352G#$!211/241#*!10!2!T0%,*!$.1#!2$!2,!#F2&3)#!08!1D3.42)!0/.#,1#*!&.G/21.0,!;6CDg*O8E!

,{Ri?A!J5#!$3##*!08!&.G/21.0,!/#&2.,#*!15#!$2&#!.,!C015!42$#$!;*212!,01!$50T,?A!=%C$#:%#,1)DE!

T#!:%2,1.8.#*!15#!#-0)%1.0,!08!&24/0352G#!$523#$!0-#/!1.&#A!K-#/D!$.,G)#!&24/0352G#!.,!15#!

HLM! /#-#2)$! 2,! 2C.).1D! 10! 452,G#! $523#!T.15.,! 2! -#/D! $50/1! 1.&#! $32,! ;&#2$%/#*! #-#/D! ]!

&.,%1#$?!2,*!10!32$$!/#3#21#*)D!15/0%G5!*.$1.,41!$523#!$%CG/0%3$!0-#/!2!Sg!&.,%1#$!40%/$#!;6CDg*

O9E!,{hg?A!J5#!/0%,*!$523#!233#2/#*!)#$$!8/#:%#,1)D!152,!015#/$!2,*!).-#!.&2G.,G!$50T#*!1521!

4#))$!081#,!2*031#*!2!/0%,*!$523#!%,*#/!1T0!$3#4.8.4!40,*.1.0,$X!*%/.,G!4#))!*.-.$.0,!0/!0,4#!

15#!&24/0352G#!#,1#/#*!15#!C)00*$1/#2&A!

 

V,! 40,4)%$.0,E! &24/0352G#! /#2)! 1.&#! .&2G.,G! 40&3)#1#$! 15#! 452/241#/.$21.0,! 08!

&#$#,45D&2)!!&.G/21.,G!!&24/0352G#$!!2,*!!$50T$!!80/!!15#!!8./$1!!1.&#!!1521!!15#D!!42,!!2*031!

$%44#$$.-#!&0/350)0G.#$!80/!15#./!&.G/21.0,!.,!15#!SB!&21/.FA!
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\$.,G!!"#$!$'#.&2G.,G!T#!$50T#*!1521!&24/0352G#$!#F5.C.1#*!&0/350)0G.42)!3)2$1.4.1D!

*%/.,G!15#./!&.G/21.0,A!J5.$!5.G5!3)2$1.4.1D!*#3#,*#*!0,!C015E!#F1#/,2)!;15#!$1/0&2!/.G.*.1D?!2,*!

.,1/.,$.4! 32/2&#1#/$! ;4D10$W#)#10,! *D,2&.4$?! ;d'/0))#1! #1! 2)AE! Rghh?A! `,#! .,1/.,$.4! 82410/!

2$$04.21#*! T.15! &#$#,45D&2)! &.G/21.0,! .$! 15#! $&2))! LJP2$#I! "24! $.G,2)).,GA! j#! 15%$!

.,-#$1.G21#*!15#!#88#41!08!"24!45#&.42)!.,5.C.1.0,!0,!&24/0352G#!$523#!2,*!&.G/21.0,!3211#/,$A!

J5#! &24/0352G#! $523#! *.$1/.C%1.0,! .,! "24! .,5.C.10/! ;^=<RSimm?! 1/#21#*! #&C/D0$! *.*! ,01!

$.G,.8.42,1)D!*.88#/! 8/0&! 1521!08!BM=`!1/#21#*!40,1/0)! ;6CDg*Q1E!^BM=`{hg!2,*!^"24! .,5A{h]!

#&C/D0$?A!=#)#41#*!.&2G#$!8/0&!?C0,"*O*;40)0%/E!*#315E!3/0O#41.0,E!C0110&?!*#&0,$1/21#*!1521!

15#!&24/0352G#!&.G/21.0,!T2$!&%45!$)0T#/!152,!1521!08!40,1/0)!#&C/D0$!;6CDg*Q2%5R*?C0,"*OE!

103?A! M24/0352G#! $3##*! &#2$%/#*! 0-#/! mg! &.,%1#$! .,! 15#! HLM! 40,8./&#*! 2! *#4/#2$#! .,!

-#)04.1D!8/0&!RASi!�!gAhS!w&A&.,Ih! 10!hAhS!�!gAhm!w&A&.,Ih!;6CDg*Q6?A!

 

J5#!1/24W.,G!3)01!*.2G/2&!.))%$1/21#*!&24/0352G#!&.G/21.0,!3215!2,*!*.$12,4#!.,!40,1/0)!

2,*!"24I.,5.C.1#*!#&C/D0$!;6CDg*Q7%8R*,{h]!&24/0352G#$!8/0&!Z!#&C/D0$E!30$.1.0,!&#2$%/#*!

#-#/D!&.,%1#!0-#/!h!50%/?!2,*!/#-#2)#*!1521!"24!.,5.C.1.0,!/#*%4#*!&24/0352G#!&0-#$!8/0&!

hSgAn! �iA]! w&! 10! ]mAo! �! iAo! w&A!M0/#0-#/E! 15#! 2,2)D$.$! 08! &24/0352G#! $523#! *D,2&.4$E!

/#-#2)#*!2!/#*%41.0,!.,!&24/0352G#!3)2$1.4.1D!0-#/!1.&#!2$!&24/0352G#$!T#/#!,0!)0,G#/!2C)#!10!

40,$#4%1.-#)D!2*031!*.88#/#,1!$523#$!;6CDg*Q9R*/CDN#@!,{!i?!-#/$%$!40,1/0)!;6CDg*Q9R*',P#@!,{!i?A!

>0T#-#/E!.,!$3.1#!08!/#*%4#*!3)2$1.4.1D!)#-#)$E!&#&C/2,#!#F1#,$.0,$!T#/#!$1.))!80/&#*!21!15#!

$2&#! /21#! 2,*!T.15! $.&.)2/! )#,G15! 2$! .,! 40,1/0)!&24/0352G#$A! "24! .,5.C.1.0,! /#$%)1#*! .,! 2,!

.,4/#2$#! .,! $.,G)#! #F1#,$.0,! $32,! ;8/0&!RAo! �! gAS!&.,! 10! hhAg! �! hAn!&.,E! ,! #F1#,$.0,{! Z]?! 2$!

0330$#*!10!1521!08!40,1/0)!&24/0352G#$A!

 

H$!&24/0352G#!&.G/21.0,!2,*!&0/350)0G.42)!3)2$1.4.1D!T#/#!$.G,.8.42,1)D!288#41#*!CD!
 
"24!.,5.C.1.0,E!T#!*#4.*#*!10!#-2)%21#!15#!8%,41.0,2).1D!08!15#$#!&24/0352G#$A!J5#!&2.,!/0)#!



"#$%)1$!

hRh!

 

 

 

 

08!HLM!&24/0352G#$!.$!10!*#G/2*#!15#!K<M!2,*!10!#,2C)#!>=P<!&.G/21.0,!;J/2-,.4W0-2!#1!
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M2F.&%&!.,1#,$.1D!3/0O#41.0,$!08!mg!&.,%1#!1.&#I)23$#$!24:%./#*!#-#/D!&.,%1#!T#/#!

2,2)D$#*! %$.,G! 2! &2,%2)! 1/24W.,G! 3)%G.,! .,! a.O.A! M#2$%/#*! *212! T#/#! 1/2,$8#//#*! .,10! 2!

<5#&012F.$!2,*!M.G/21.0,!100)!3/0G/2&&#!;VC.*.?!10!*#$.G,!1/24W.,G!2,*!/0$#!3)01$!;a.G%/#!RLI!

>!80/!/0$#!3)01$E!SLI>!2,*!ZLI>!80/!1/24W.,G!3)01$?A!H!/0$#!*.2G/2&!&23$!$.,G)#!40%,1$!08!15#!

30$.1.0,!08!#-#/D!&24/0352G#!.,!2!$#)#41#*!2/#2!;C)24W!2,*!G/#D!$#410/$!08!2,G)#!�lho?!#-#/D!

&.,%1#!0-#/!mg!&.,%1#$!T.15!2,!;FED!gEg?!$12/1.,G!30.,1A!J5#!1/24W.,G!3)01!*.2G/2&!/#3/#$#,1$!

15#!&.G/21.0,!3215!2,*!*.$12,4#!08!&24/0352G#$! .,! 15#!HLM!T.15!2,!FED!gEg!$12/1.,G!30.,1E!

C#.,G!&#2$%/#*!#-#/D!&.,%1#!0-#/!mg!&.,%1#$A!J5#!2-#/2G#!08!$.,G)#!&24/0352G#!-#)04.1.#$!

;w&!&.,Ih?!*%/.,G!h]Img!&.,%1#$!T#/#!%$#*!80/!2,2)D$.$A!J5#!#-2)%21.0,!08!15#!*./#41.0,2).1D!

T2$!3#/80/&#*!%$.,G!2!"2D)#.G5!$121.$1.42)!1#$1!80/!15#!%,.80/&.1D!08!2!4./4%)2/!*.$1/.C%1.0,!08!

30.,1$!;#,*!30.,1$!08!$.,G)#!&24/0352G#$?A!H))!2,2)D$#$!T#/#!40,*%41#*!%$.,G!15#!<5#&012F.$!
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2,*! ,010450/*! %,*#/! 2,2#$15#$.2! T.15! gAghmv! J/.42.,#! ;#15D)! SI2&.,0C#,N021#E! =.G&2!
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T#/#!2,2)D$#*!%$.,G!15#!j.)40F0,!1#$1E!L2%$$.2,!T.15!=1%*#,1!1I1#$1A!P�gAg]!T2$!40,$.*#/#*!2$!
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.,!15#!32/1.4)#!2,2)D$.$A!J5.$!T0/W!T2$!$%330/1#*!CD!G/2,1$!8/0&!15#!H"<E!<5#/45#%/!*+H-#,./!
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)+KF3#/.&#,121.0,!H,.&2)#!%,*#/!/#8#/#,4#!<KKHI9"IhSggiA!

 
 
 
 

4C$&'"$E/,*"P*3"MP'C&#$*"P*9M#,/,$#!
 

 

J5#!2%150/$!*#4)2/#!,0!40&3#1.,G!8.,2,4.2)!.,1#/#$1$A!
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8/0&!32,#)!H!;n15!&.,%1#?A!;LI>?!"0$#!3)01!*.2G/2&$!$50T!15#!*./#41.0,2).1D!08!&24/0352G#!

&.G/21.0,!.,!15#!HLM!40&32/#*!10!15#!0/.#,1#*!&.G/21.0,!08!&24/0352G#$!.,!15#!12.)!/#G.0,!

281#/! 12.)! 8.,! 4%1! .,O%/DA! H! *.2G/2&! /#3/#$#,1$! 15#! $.,G)#! 40%,1$! 08! 15#! 30$.1.0,! 08! #245!

&24/0352G#!.,!15#!$#)#41#*!2/#2!;C)24W!2,*!G/#D!$#410/$!08!2,G)#!�lho?!#-#/D!&.,%1#!0-#/!mg!
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&.,%1#$!T.15!2!;FED!gEg?!$12/1.,G!30.,1A!,{!RS!&24/0352G#$!80/!15#!40,1/0)!2,*!,{Ri!80/!*./#41#*!

&.G/21.0,A! ;V?! L/235! $50T.,G! 15#! $523#! #-0)%1.0,! 08! .,*.-.*%2)! &24/0352G#$! *%/.,G! 2! Sg!
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15#!3#/4#,12G#!08!#245!$523#!1D3#!.,!15#!1012)!&24/0352G#!303%)21.0,!.,!15#!HLM!�!$A#A&A!^=!

{!,01!$.G,.8.42,1A!;_IK?!=#)#41#*!4/033#*!.&2G#$!8/0&!d.*#0!R!$50T.,G!15#!$523#!2,*!&.G/21.0,!

08! &24/0352G#$! 0-#/! 1.&#A! J.&#! 40*#! .,! 50%/$! 2,*!&.,%1#$A!j5.1#! 0%1).,#$! 0,! 32,#)! <IK!
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&#2,!�!$A#A&AE!,{!h]!&24/0352G#$!8/0&!Z!*.88#/#,1!#&C/D0$E!����3�gAggghA!;LI>?!J/24W.,G!

3)01! *.2G/2&! /#3/#$#,1.,G! 15#!&.G/21.0,! 3215! 2,*! *.$12,4#! 08! &24/0352G#$! .,! 15#! HLM! .,!
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<0&C.,#*!/#3/#$#,121.-#!1.&#I)23$#!40)0%/I*#315!3/0O#41.0,$!08!:;<8,1;I>83-1&&4C##&C/D0$!

21!Zm!538!*/2T$!2!40&32/.$0,!C#1T##,!&24/0352G#!&.G/21.0,!.,!BM=`I1/#21#*!;40,1/0)E!103?!

#&C/D0$! 2,*! 1521! 08! "24I.,5.C.10/! ;"24! .,5E! C0110&?! 1/#21#*! #&C/D0$A! "24I.,5.C.1#*!

&24/0352G#$!*.$3)2D!$)0T#/!&.G/21.0,!&0*#$A!J5#D!452,G#!$523#$!2,*!&.G/21.0,!*./#41.0,!)#$$!

081#,E! 2,*! 80/&!-#/D! )0,G!&#&C/2,#! #F1#,$.0,$A! V&2G#! $124W$!T#/#!24:%./#*! #-#/D!&.,%1#!

0-#/!mg!&.,%1#$!21!2!h!w&!.,1#/-2)!T.15!hgRZFR]m!3.F#)!/#$0)%1.0,!%$.,G!15#!9=M]hg!Y#.$$!

40,8042)!&.4/0$403#!#:%.33#*!T.15!2!ZgF!T21#/!.&&#/$.0,!0CO#41.-#A!=42)#!C2/!Sg!w&E!1.&#!

40*#!.,!50%/$!2,*!&.,%1#$A!

 
 

?C0,"*Q)*MMP!.,5.C.1.0,!.,*%4#$!&#$#,45D&2)I2&0#C0.*!1/2,$.1.0,!08!&24/0352G#!&.G/21.0,A!

<0&C.,#*!/#3/#$#,121.-#!1.&#I)23$#!40)0%/I*#315!3/0O#41.0,$!08!:;<8,1;I>83-1&&4?!#&C/D0$!

21!Zm!538!*/2T!2!40&32/.$0,!C#1T##,!&24/0352G#!&.G/21.0,!.,!BM=`I1/#21#*!;40,1/0)E!103?!

2,*!MMPIR!2,*!n!.,5.C.10/!;MMP!.,5E!C0110&?!1/#21#*!#&C/D0$A!MMPI.,5.C.1#*!&24/0352G#$!

&.G/21#! 82$1#/E! 2*031! 2! /0%,*! $523#E! 452,G#! 15#! *#315! 08! 15#./! *.$3)24#&#,1! )#$$! 081#,! 2,*!
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hSZ!

 

 

 

 

&.G/21#! 32/1.2))D! .,$.*#! 15#! C)00*$1/#2&A! V&2G#! $124W$!T#/#! 24:%./#*! #-#/D!&.,%1#! 0-#/! mg!

&.,%1#$! 21! h!w&! .,1#/-2)!T.15!hgRZFR]m!3.F#)! /#$0)%1.0,!%$.,G! 15#!9=M]hg!Y#.$$! 40,8042)!

&.4/0$403#! #:%.33#*! T.15! 2! ZgF! T21#/! .&&#/$.0,! 0CO#41.-#A! =42)#! C2/! Sg! w&E! 1.&#! 40*#!

#F3/#$$#*!.,!50%/$!2,*!&.,%1#$A!
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hS]!

 

 

 

 

!



"#$%)1$!

hSm!
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hSi!
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hSo!

 

 

 

!
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hSn!

 

 

 

 

=EKK',J,M#I/-*>IS',*Fg!
 
 
 
 

 

=NIK,! 3C/&E'I/C#-! X"EM0M,$$! 5'"MDI#C"M*PI&#"/!

X"EM0! gAhn!�!gAgh! gAm]!�!gAgZ! hA]]!�!gAhg!

1J",S"C0! gAgi!�!gAggZ! gAZn!�!gAgh! RAgZ!�!gAg]!

=#I/%'CL,! gAgi!�!gAggZ! gAig!�!gAgh! hA]m!�!gAgi!

5'"MDI#,0! gAgi!�!gAgg]! gAS]!�!gAgh! SAZ]!!�!gAhZ!
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2.2.! Dynamics of macrophage migration: complementary results 
 
 

 
V,!15#!&2,%$4/.31!s"#2)!1.&#!.&2G.,G!08!&24/0352G#!!"#$!$'#C#52-.0%/t!T#!2,2)D$#*!

15#!&0/350)0GD! 2,*! C#52-.0%/! 08! N#C/28.$5!&24/0352G#$! .,! 15#!HLMA!J5#$#!&24/0352G#$!

*#G/2*#!15#!K<M!10!&0C.).$#!15#!>=P<$!8/0&!15#!HLMA!J5.$!$3#4.8.4!8%,41.0,!08!&24/0352G#$!

T2$!*#$4/.C#*!2,*!2,2)D$#*!.,!15#!32/1!h!08!/#$%)1$A!V,!15#!32/1!RE! 15#!&0/350&#1/.4!2,2)D$.$!

.*#,1.8.#*!Z!*.88#/#,1!4#))!$523#$!3/#$#,1!!"#$!$'E!T5.)#!!"#$!%&'#&0$1!081#,!0,)D!1T0!421#G0/.#$!

T#/#!%$#*A!9.-#!.&2G.,G!/#-#2)#*!1521!&24/0352G#$!$%44#$$.-#)D!2*031!2))!80%/!$523#$!2$!15#D!

&.G/21#!15/0%G5!15#!HLMA!J/#21&#,1!T.15!.,5.C.10/$!08!MMP$!0/!"24E!T5.45!2/#!.,*.$3#,$2C)#!

80/!&#$#,45D&2)!&.G/21.0,!08!4#))$E!$%33/#$$#*!C015!K<M!*#G/2*21.0,!2,*!>=P<!&0C.).$21.0,A!

J5#D! *.88#/#,1)D! 288#41#*! 15#! &24/0352G#! C#52-.0%/A! j5.)#! "24! .,5.C.1.0,! .&32./#*! 15#!

&.G/21.0,!C%1!*.*!,01!288#41!15#!$523#!*.$1/.C%1.0,!$.G,.8.42,1)DE!15#!MMP$!.,5.C.1.0,!.,*%4#*!

15#!452,G#$!.,!C015E!15#!$523#!*.$1/.C%1.0,!2,*!15#!&.G/210/D!C#52-.0%/A!
 

>#/#!V!2&!3/#$#,1.,G!$#-#/2)!40&3)#&#,12/D!/#$%)1$!T5.45!2/#!,01!32/1!08!15#!&2,%$4/.31!

C%1! &.G51! G.-#! $#-#/2)! 3#/$3#41.-#$! 08! &D! 3/0O#41A! a./$1! 08! 2))E! T#! .*#,1.8.#*! 80%/! $523#!

421#G0/.#$!3/#$#,1!.,!15#!HLMA!"#G2/*.,G!15#!&24/0352G#!&0/350)0GD!!"#$!%&'E!15#!&0$1!081#,!

*#$4/.C#*! $523#$! T#/#! 15#! /0%,*! 2,*! 15#! #)0,G21#*! $523#! ;M4j50/1#/! #1! 2)AE! RghS?A! j#!

0C$#/-#*!&%45!5.G5#/!*.-#/$.1D!.,!15#!&24/0352G#!$523#!*%/.,G!15#!&0/350&#1/.4!2,2)D$.$!!"#

$!$'#.,!15#!N#C/28.$5!HLMA!J0!40,8./&!1521!15#$#!$523#$!42,!C#!80%,*!2)$0!.,!*.88#/#,1!N#C/28.$5!

1.$$%#$E!T#!3#/80/&#*!&24/0352G#!&0/350&#1/.4!2,2)D$.$!.,!15#!N#C/28.$5!12.)!/#G.0,E! .,!15#!

<>J!/#$3#41.-#)D!21!Zo!5A3A8A!H))!Z!$523#!421#G0/.#$!2/#!3/#$#,1!.,!15#!<>J!C%1!15#!*.$1/.C%1.0,!

*.88#/$A! J5#! 3/030/1.0,! 08! /0%,*! $523#! 3/#*0&.,21#$! T5.)#! 15#! #)0,G21#*! 2,*! 15#! $12/I).W#!

$523#$! /#&2.,! .,!&.,0/.1D! ;6CDE/,*O^?A! J5#! *212! $%GG#$1! 15#! 5.G5! *.-#/$.1D! 08!&24/0352G#!

$523#$!!"#$!$'#.,!2))!1.$$%#$A!J5#!3#/4#,12G#!*.$1/.C%1.0,!15#,!*.88#/$!2440/*.,G)D!10!15#!*.$1.,41!

1.$$%#!40&30$.1.0,!2,*!15#!$.G,2)).,G!82410/$A!
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hZh!

 

 

 

 

!
 

6CDE/,*O^*H*!I&/"KNID,*$NIK,*0C$#/CSE#C"M*CM*#N,*0CPP,/,M#*b,S/IPC$N*#C$$E,$)!
J5#!:%2,1.8.421.0,!08!15#!Z!&24/0352G#!$523#!421#G0/.#$!.,!15#!HLM!;15.$!G/235!.$!403.#*!8/0&!15#!32,#)!a.G%/#!
hK! 08! 15#! &2,%$4/.31! U! 80/! 15#! 3%/30$#! 08! 15#! *./#41! 40&32/.$0,?! 2,*! .,! 15#! <>JA! J5#! *212! /#3/#$#,1#*! 2$!
3#/4#,12G#!2-#/2G#!�!$A#A&A!HLME!H0/12IG0,2*I&#$0,#35/0$@!<>JE!42%*2)!52#&21030.#1.4!1.$$%#A!

 

 
 

J5#!4#))!$523#!2,*!15#!4#))!&.G/21.0,!2/#!*#3#,*#,1!0,!$#-#/2)!82410/$!T5.45!42,!

C#! *.-.*#*! .,10! R! G/0%3$! U! #F1/.,$.4! 82410/$! $%45! 2$! 15#! $.G,2)).,G! 3215T2D$! 2,*! K<M!

452/241#/.$1.4$! 2,*! I! .,1/.,$.4! 82410/$! .,4)%*.,G! 15#! 4D10$W#)#10,! 2/45.1#41%/#!08! 15#! 4#))A!j#!

2,2)D$#*!$#-#/2)!40&30,#,1$!08!&24/0352G#!4D10$W#)#10,A!j#!3/.&2/.)D!804%$#*!0,!15#!241.,!

C#42%$#! 15#!241.,!30)D&#/.$21.0,!2,*!2410I&D0$.,!40,1/241.0,!*.88#/#,1)D!40,1/0)! 15#! 1D3#!08!

&.G/21.0,!2,*!15#!4#))!3/01/%$.0,!80/&21.0,A!J5#!aI241.,!$12.,.,G!08!&24/0352G#$!$50T#*!15#!

$3#4.8.4! 244%&%)21.0,! 08! 241.,! 21! 15#! #*G#! 08! 15#! &24/0352G#! &#&C/2,#! .,! 35D$.0)0G.42)!

40,*.1.0,$!;6CDE/,*Q`1?A!J50$#!241.,!/.45!$1/%41%/#$!/#$#&C)#!10!15#!3/01/%$.0,$!21!15#!)#2*.,G!

#*G#!08!&24/0352G#$!*%/.,G!15#./!&#$#,45D&2)!&.G/21.0,A!>0T#-#/E!015#/!&2/W#/$E!$%45!2$!

-.,4%).,!2,*!32F.).,!,##*!10!C#!2,2)D$#*!10!40,8./&!.8!15.$!$1/%41%/#$!&.G51!C#!30*0$0&#$!0,!

15#!)#2*.,G!#*G#A!\,80/1%,21#)DE!15#!3/#).&.,2/D!#F3#/.&#,1$!%$.,G!15#!40&&#/4.2))D!2-2.)2C)#!

2,1.C0*.#$!T#/#!,01!$%44#$$8%)!2,*!N#C/28.$5!$3#4.8.4!2,1.C0*.#$!52-#!10!C#!$D,15#1.N#*A!
 

H81#/! "24! 0/! MMP! .,5.C.1.0,E! 15#! 241.,! /.45! $1/%41%/#$! T#/#! $1.))! 80%,*! .,!

&24/0352G#$E! C%1! 15#! )042).$21.0,! *.88#/#*A! "24I.,5.C.1#*! &24/0352G#$! 80/&#*! 15#! 241.,!

244%&%)21.0,$!0,! 15#!&#&C/2,#!T.150%1! 15#! $3#4.8.4! )042).$21.0,! 10! 15#!#*G#! ;6CDE/,*Q`2?A!

J5.$! 0C$#/-21.0,! .$! .,! 2G/##&#,1! 10! 15#! ).-#! .&2G.,G! 2,*!&#&C/2,#! #F1#,$.0,!2,2)D$.$! 2,*!

40,8./&$!15#!)0$$!08!&24/0352G#!30)2/.1D!2,*!15#!)#2*.,G!#*G#A!J5#!MMP!.,5.C.1.0,!*.*!,01!

.&32./! 15#!241.,!244%&%)21.0,!,#.15#/A! V,!40,1/2/DE! 15#!244%&%)21.0,$!T#/#! 80%,*! .,!5.G5#/!



"#$%)1$!

hZR!

 

 

 

 

*#,$.1D!2,*!*.$3#/$#*!21! )2/G#!2/#2!08! 15#!&#&C/2,#!;6CDE/,*Q`3?A!J5#!0C$#/-#*!$1/%41%/#$!

/#$#&C)#!10!15#!241.,!30)D&#/.$21.0,!2)0,G!15#!3)2$&2!&#&C/2,#!10!.,4/#2$#!15#!4#))!$1.88,#$$!

T5.45!.$!0,#!08!15#!82410/$!08!2&0#C0.*!&.G/21.0,A!J5.$!/#$%)1!.$!2G2.,!.,!15#!2440/*2,4#!10!15#!

).-#!.&2G.,GE!T5.45!$50T#*!15#!3/#*0&.,21.,G!/0%,*!$523#!2,*!.,4/#2$#*!$3##*!08!&.G/21.0,!

08!&24/0352G#$!I!015#/!&2/W#/$!08!2&0#C0.*!&.G/21.0,A!H)150%G5!15#!241.,!$12.,.,G!5#)3#*!10!

15#!452/241#/.$21.0,!08!&24/0352G#!4D10$W#)#10,E! 15#!2**.1.0,2)!&2/W#/$!2/#!2)$0!/#:%./#*! 10!

8%))D!40,8./&!15#!.*#,1.1D!08!15#!241.,!$1/%41%/#$!2,*!15#./!8%,41.0,A!M0/#0-#/E!).-#!.&2G.,G!08!

241.,! *D,2&.4$! *%/.,G! 15#./! &.G/21.0,! T0%)*! $.G,.8.42,1)D! .&3/0-#! 0%/! %,*#/$12,*.,G! 08!

&24/0352G#! C#52-.0%/! *%/.,G! 15#./! &.G/21.0,! .,! 35D$.0)0G.42)! 2,*! ,0,I35D$.0)0G.42)!

40,*.1.0,$A!

 
 

 

!
6CDE/,*Q`*H*1&#CM*$#ICMCMD*"P*JI&/"KNID,$*I#*0CPP,/,M#*&"M0C#C"M$)!
;H?!aI241.,! 244%&%)21#$! 21! 15#! #*G#! 08! 2!&24/0352G#!&#&C/2,#! .,! 15#! 35D$.0)0G.42)! 40,*.1.0,$A! ;_?!=#-#/2)!
$1/%41%/#$!08!aI241.,!244%&%)21.0,!2/#!3/#$#,1!.,!&24/0352G#$!281#/!"24!.,5.C.10,!2,*!*.$1/.C%1#*!&0/#!/2,*0&)D!
152,!.,!40,1/0)A!;<?!H41.,!/.45!$1/%41%/#$!2/#!&0/#!*.$3#/$#*!2,*!)042).$#*!.,!/#)21.-#)D!)2/G#!2/#2!.,!&24/0352G#$!
281#/!MMP!.,5.C.1.0,A!=42)#!C2/!{!hg!w&E!T5.1#!2//0T$!U!241.,!244%&%)21.0,A!



"#$%)1$!

hZS!

 

 

 

 

M24/0352G#!C#52-.0%/!.$!.&30/12,1)D!288#41#*!281#/!15#!"24!0/!MMP!.,5.C.1.0,A!

J5#./!$523#E!4D10$W#)#10,E!30)2/.1DE!$3##*!2,*!T2D!08!&.G/21.0,!452,G#*!T.15!15#!1/#21&#,1A!

"#4#,1)DE!.,4/#2$.,G!211#,1.0,!52$!C##,!32.*!10!15#!30$$.C)#!40//#)21.0,!C#1T##,!&24/0352G#!

$523#!2,*!&0)#4%)2/!35#,01D3#A!)"#$!%&'#$1%*.#$!$50T#*!1521!&#452,.42))D!.,*%4#*!#)0,G21#*!

$523#!08!&24/0352G#$!T2$!2$$04.21#*!T.15! 15#! .,4/#2$#*!#F3/#$$.0,!08!MRI).W#!30)2/.$21.0,!

&2/W#/$E! $%45! 2$! 2/G.,2$#! 0/! <BRgm! ;M4j50/1#/! #1! 2)AE! RghS?A! j#! 2,2)D$#*! .8! 15#!

&0/350)0G.42)! 2,*! C#52-.0%/2)! 452,G#$! 2/#! 2)$0! 2$$04.21#*! T.15! 15#! 452,G#*! 30)2/.N21.0,!

&2/W#/!#F3/#$$.0,A!j5#,!T#!40&32/#*!CD!:%2,1.121.-#!"JIP<"!15#!&"^H!3/08.)#!C#1T##,!

40,1/0)! 2,*! "24! .,5.C.1#*! #&C/D0E! T#! *#1#41#*! .,4/#2$#*! #F3/#$$.0,! 08! $#-#/2)! 3/0I!

.,8)2&&210/D!&2/W#/$!$%45!2$!%"J/E!%"JNE!!.IN#2,*!!.V#.,!15#!N#C/28.$5!1/%,W!/#G.0,!40&32/#*!10!

40,1/0)!;6CDE/,*QF?A!J5#!#F3/#$$.0,!08!MR!).W#!30)2/.N21.0,!&2/W#/$E!$%45!2$!A&;I#2,*!TE!8&9I/#

0/!%;JN#*.*!,01!*.88#/!8/0&!15#!40,1/0)A!J5#$#!/#$%)1$!$%GG#$1!1521!"24!.,5.C.1.0,!*0#$!,01!0,)D!

288#41! 15#! &.G/210/D! 42324.1D! 2,*! 3)2$1.4.1D! 08! &24/0352G#$! C%1! .1! 2)$0! *#4/#2$#$! 15#./!

3/01#0)D1.4!241.-.1D!2,*!30)2/.N#$!15#&!10T2/*!2!&0/#!3/0I.,8)2&&210/D!.*#,1.1DA!V,1#/#$1.,G)DE!

15#!MMP!.,5.C.1.0,!*.*!,01!$.G,.8.42,1)D!2)1#/!15#!#F3/#$$.0,!08!15#!3/0I.,8)2&&210/D!&2/W#/$!

.,!1/%,W!/#G.0,!T.15!15#!#F4#31.0,!08!!.VA!J5#/#80/#E!15#!452,G#$!.,!#F3/#$$.0,!08!30)2/.N21.0,!

&2/W#/$!233#2/!10!C#!$3#4.8.4!80/!15#!"24!.,5.C.1.0,!.,!15#!#&C/D0A!
 

!
 

6CDE/,*QF*H*JX;1*,WK/,$$C"M*"P*K/"%CMP'IJJI#"/-*JI/L,/)!
k%2,1.121.-#!"JIP<"!;:P<"?!2,2)D$.$!$50T$!2,!.,4/#2$#*!&"^H!#F3/#$$.0,!08!3/0I.,8)2&&210/D!&2/W#/$!;%"J/W#
%"JNW#!.IN#/"5#!.V?!.,!15#!N#C/28.$5!1/%,W!/#G.0,!281#/!"24!.,5.C.1.0,A!"#)21.-#!#F3/#$$.0,!08!$3#4.8.4!G#,#$!.,!BM=`!
1/#21#*!0/!"24!.,5.C.10/I1/#21#*!#&C/D0$!.$!.,*.421#*!,0/&2).N#*!10!1JI/#/#8#/#,4#!G#,#!#F3/#$$.0,A!B212!/#3/#$#,1!
&#2,!�!$A#A&A!8/0&!]!.,*#3#,*#,1!#F3#/.&#,1$!08!^{!S]!#&C/D0$!3#/!40,*.1.0,A!�!P�gAg]@!��P�gAghA!



"#$%)1$!

hZZ!

 

 

 

 

J5#! .,4/#2$#*! #F3/#$$.0,! 08! 3/0I.,8)2&&210/D! &2/W#/$! 281#/! /24! .,5.C.1.0,!

40.,4.*#,4#$!T.15!15#!452,G#$!.,!15#!C#52-.0%/!2,*!&.G/21.0,!08!&24/0352G#$A!<%//#,1)DE!.1!.$!

*.88.4%)1!10!30$1%)21#!.8!15#!1T0!#-#,1$!2/#!*./#41)D!40//#)21#*!0/!.8!15#!/24!.,5.C.1.0,!288#41!$#-#/2)!

32/2&#1#/$!.,*#3#,*#,1)DA!V,!2**.1.0,E!15#!2,2)D$.$!08!15#!&2/W#/$!T2$!,01!/#$1/.41#*!10!$0/1#*!

&24/0352G#! C%1! *0,#! .,! "^H! #F1/241#*! 8/0&! 15#! T50)#! 1/%,W$A! J5#! 2,2)D$.$! 08! $0/1#*!

&24/0352G#$!T0%)*!40,8./&!15#./!3/0I.,8)2&&210/D!35#,01D3#A!
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3.! Nervous system and definitive haematopoiesis 
 

3.1.! Article 3: Catecholamines control definitive haematopoiesis in the zebrafish embryo 
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3.2.! Peripheral nervous system in the AGM and definitive haematopoiesis: 

complementary results 
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.,8)2&&210/D! 82410/$! $%45! 2$! %"J/A! J5#! %$#! 08! 15#! 1/2,$G#,.4! ).,#!

:;<8,1;I>83-1&&4KK:OF/>EFG7FC# 3#/&.11#*! 10! 0C$#/-#! .,! /#2)I1.&#! 15#! 30)2/.$21.0,! 08!

&24/0352G#!.,10!2!3/0I.,8)2&&210/D!Mh!35#,01D3#!2,*!21!15#!$2&#!1.&#!10!$0/1!&24/0352G#$!

C2$#*!0,!15#./!%"J/#30$.1.-#!0/!,#G21.-#!)2C#)).,GA!:"J/u!&24/0352G#$!#F3/#$$#*!$.G,.8.42,1)D!

5.G5#/!)#-#)$!08!015#/!3/0I.,8)2&&210/D!&2/W#/$!.,4)%*.,G!%"JNE!!.IN#2,*!!.VW#2$$04.21#*!T.15!

15#!Mh!35#,01D3#A!`,!15#!015#/!52,*E!:"J/I!&24/0352G#$!$50T#*!5.G5#/!#F3/#$$.0,!08!&2/W#/$!

2$$04.21#*!T.15!15#!MR!35#,01D3#E!$%45!2$! %;JNIE!99&T#0/!969&HNA!>0T#-#/E!0,#!08!15#!&0$1!

081#,!%$#*!&2/W#/!10!.*#,1.8D!MR!35#,01D3#!H/G.,2$#!h!T2$!,01!*#1#41#*!.,!2,D!08!15#!$%C$#1$A!



B.$4%$$.0,!

hom!

 

 

 

 

B.88.4%)1.#$! 10! 8.,*! 2! 40&&0,!MR! &2/W#/! 80/! 5%&2,E! &%/.,#! 2,*! N#C/28.$5!

&24/0352G#E! 40&3).421#! 244%/21#! 452/241#/.$21.0,! 08! &24/0352G#$A! M0/#0-#/E! .1! 52$! C##,!

$50T,!1521!15#!MR!35#,01D3#!.$!-#/D!5#1#/0G#,#0%$!2,*!&2D!.,4)%*#!$#-#/2)!*.$1.,41!$%C$#1$!

08! &24/0352G#$A! JT0! $0)%1.0,$! 42,! C#! 3/030$#*! 10! 15#! 4%//#,1! 3/0C)#&! 08! &24/0352G#!

421#G0/.$21.0,X!T#!#.15#/!$##W!80/!2!$3#4.8.4!MR!&2/W#/!40,$#/-#*!2&0,G!$3#4.#$E!0/!T#!1/D!10!

#$12C).$5!2!,#T!T2D!U!3/0C2C)D!&0/#!40&3)#F!U!10!452/241#/.$#!&24/0352G#$A!a0/!#F2&3)#E!.1!

T0%)*! C#! .,1#/#$1.,G! 10! .,4)%*#! 15#! &0/350)0G.42)! 2,*! C#52-.0%/2)! 452/241#/.$1.4$! 08!

&24/0352G#$! .,10! 2! ,#T! $D$1#&! 08! 452/241#/.$21.0,A!<0,4#/,.,G! 15#! $#2/45! 08! 2! ,#T!MRI!

$3#4.8.4!&2/W#/E!2!1/2,$G#,.4!N#C/28.$5! ).,#!T0%)*!3#/&.1! 10!2,2)D$#! !"#$!$'# 15#!*D,2&.4$!08!

30)2/.$21.0,!2,*!*#1#/&.,#!.8!2!$.,G)#!&24/0352G#!42,!32$$!8/0&!0,#!35#,01D3#!10!2,015#/!0/!

.8!$#-#/2)!*.88#/#,1!$%C$#1$!2/#!/#:%./#*A!
 

J5#!40,4#31!08!MhlMR!&24/0352G#!30)2/.$21.0,!52$!C##,!2!3/0&.$.,G!T2D!10!

421#G0/.$#!&24/0352G#$!*%#!10!.1$!/#)21.-#!$.&3).4.1DA!>0T#-#/E!.1!.$!&2.,)D!C2$#*!0,!!"#$!%&'#

0/! 16# $!$'# /#$%)1$! 2,*! *0#$! ,01! 40,$.*#/! #&C/D0,.4!&24/0352G#$A!j#! 211#&31#*! 10! 2,2)D$#!

3/.&.1.-#!&24/0352G#$!.,!15#!HLM!*%/.,G!15#!#$12C).$5&#,1!08!*#8.,.1.-#!52#&21030.#$.$!.,!

0/*#/! 10! $##! .8! &24/0352G#$! 2/#! 30)2/.$#*! .,10! 2! $3#4.8.4! 35#,01D3#! 2,*! 10! 40&32/#! 15#./!

35#,01D3#! 281#/! *.88#/#,1! 1/#21&#,1! 288#41.,G! 15#./! C#52-.0%/A! j#! 80%,*! 1521! &24/0352G#$!

#F3/#$$#*! -#/D! )0T! )#-#)! 08! 3/0I.,8)2&&210/D! 4D10W.,#$! 2,*! %"J/#T2$! ,01! #-#,! *#1#41#*! .,!

&24/0352G#$! .,!15#!HLMA!J5.$!$%GG#$1$!1521!&24/0352G#$!&0C.).$.,G!>=<$!*0!,01!241.-21#!

.,10!2!3/0I.,8)2&&210/D!35#,01D3#!C%1!.1!*0#$!,01!*#&0,$1/21#!15#./!MR!35#,01D3#!#.15#/A!V,!

2**.1.0,E!T#!80%,*!1521!"24!.,5.C.1.0,!#,52,4#*!15#!#F3/#$$.0,!08!3/0I.,8)2&&210/D!4D10W.,#$E!

$%GG#$1.,G! 1521! &24/0352G#$! 30)2/.$#*! 10T2/*! Mh! 35#,01D3#A! B#$3.1#! 15.$! .,4/#2$#E! %"J/X#

&24/0352G#$! T#/#! $1.))! ,01! *#1#41#*! T5.)#! %$.,G! 15#! :;<8,1;I>83-1&&4KK:OF/>EFG7FC#

#&C/D0$!;*212!,01!$50T,?A!

J5#! .,.1.2)! 2.&! 08! &24/0352G#! C#52-.0%/! $1%*D! T2$! 10! 40//#)21#! &24/0352G#!

&24/0$403.4! 452,G#$! U! 80/! .,$12,4#! $523#! 3)2$1.4.1D! 2,*! &.G/21.0,! *D,2&.4$! U! T.15! 15#./!

&0)#4%)2/! 35#,01D3#A! j#! 30$1%)21#*! 1521! 3/01#0)D1.4! &24/0352G#$! T0%)*! 3/#8#/#,1.2))D!

#F3/#$$#*! 2,1.I.,8)2&&210/D! &2/W#/$! 2,*! 1521! #)0,G21#*I$523#*! &24/0352G#$! T0%)*! C#!

2$$04.21#*!T.15!2,!MR!35#,01D3#!2$!*#$4/.C#*!!"#$!%&'#;M4j50/1#/!#1!2)AE!RghS?A!>0T#-#/E!T#!

#,40%,1#/!$#-#/2)!452))#,G#$!*%/.,G!15.$!3/0O#41A!a./$1E!&24/0352G#$!2/#!&%45!&0/#!*D,2&.4!

*%/.,G!15#./!&.G/21.0,!152,!T#!#F3#41#*A!=#40,*E!15#!2C$#,4#!08!$3#4.8.4!MR!&2/W#/$!*0!,01!

2))0T! 10!-.$%2).$#! 15#! $5.81! 8/0&!Mh! 10!MR!35#,01D3#! !"# $!$'A!a.,2))DE!*%#! 10! 15#! 1#45,.42)!
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).&.121.0,$E!!T#!!T#/#!!,01!!2C)#!!10!!2$$04.21#!!15#!!*D,2&.4$!!08!!&24/0352G#!!452,G#$!!T.15!!2!

&0*.8.421.0,!21!15#!&0)#4%)2/!)#-#)A!
 

V,! 40,4)%$.0,E! #&C/D0,.4! D0)W! $24I0/.G.,21#*!&24/0352G#$! 2/#! *.88#/#,1! 8/0&! C0,#I!

&2//0TI*#/.-#*!&24/0352G#$A!J5%$E!*%#!10!15#!*.88#/#,4#$!C#1T##,!15#!1T0!0/.G.,$E!T#!42,,01!

40,4)%*#!1521!15#!4)2$$.42)!40,4#31!08!MhlMR!241.-21.0,!.$!40,$#/-#*!.,!#&C/D0,.4!$12G#$A!j#!

42,!$1.))!0C$#/-#!$0&#!$.&.)2/.1.#$!C%1!&24/0352G#$!2/#!).W#)D!10!C#!*.88#/#,1.2))D!*.-#/$.8.#*!

*#3#,*.,G!0,!15#!1.$$%#$!.,!T5.45!15#D!2/#!)042).$#*A!

 
 

 

2.! Sympatho-adrenal system 
 

V,! 15#! $#40,*! 32/1! 08! &D! T0/WE! V! 52-#! $50T,! 1521! 2,015#/! 4#))! 303%)21.0,!

$%C$12,1.2))D!.,8)%#,4#!15#!#$12C).$5&#,1!08!*#8.,.1.-#!52#&21030.#$.$A!J5#$#!4#))$!T#/#!,#%/2)!

4/#$1! 4#))$E!T5.45!*.88#/#,1.21#! .,10! 15#! $D&32150I2*/#,2)! $D$1#&A!J5#D! 3/0*%4#! 2,*! /#)#2$#!

421#450)2&.,#$!T5.45!15#,!&#*.21#!>=<!#&#/G#,4#!15/0%G5!15#!H*/CRC!2,*!H*/CS!/#4#310/$A!
 

V,!&2&&2)$E!3/#-.0%$!$1%*.#$!52-#!*#$4/.C#*!15#!/0)#!08!15#!$D&3215#1.4!,#/-0%$!

$D$1#&! .,! >=<! 50&#0$12$.$A! V,! 15#! &0%$#! #&C/D0E! 421#450)2&.,#$! /#)#2$#*! 8/0&! 15#!

$D&3215#1.4!,#%/0,$!21! 15#!-.4.,.1D!08! 15#!BH!/#G%)21#!>=<$!#&#/G#,4#E!T5.)#! .,! 15#!C0,#!

&2//0T! 15#D! .,*%4#!>=<!&0C.).$21.0,A!>#/#E!T#! 3/030$#! 1521! 15#! /#G%)21.0,! 08! #&C/D0,.4!

52#&21030.#$.$!15/0%G5!2*/#,#/G.4!/#4#310/$!.$!40,$#/-#*!2&0,G!$3#4.#$A!V,1#/#$1.,G)DE!.,!15#!

N#C/28.$5! #&C/D0E! T#! 80%,*! 1521! 241.-21.0,! 08! 15#! H*/CS! /#4#310/$! .$! /#:%./#*! 80/! >=<!

#&#/G#,4#!.,!2**.1.0,!10!15#!H*/CR!/#4#310/!2)/#2*D!*#$4/.C#*!.,!15#!&0%$#!#&C/D0A!

 
 

 

P/#-.0%$!$1%*.#$!$50T#*!1521!15#!1T0!J>!#,ND&#$!2/#!#F3/#$$#*!.,!15#!<^=!08!

15#!N#C/28.$5!#&C/D0!.,!*.$1.,41!C%1!2)T2D$!,#.G5C0%/.,G!2/#2$!;=#&#,0-2!#1!2)AE!RghZ?A!J5#!

J>R!#F3/#$$.0,!.,!15#!3#/.35#/D!/#&2.,$!10!C#!#)%4.*21#*!C%1!T#!$%330$#!1521!15#!3211#/,!T0%)*!

C#!$.&.)2/!10!J>h!#,ND&#A!J5#/#80/#E!T#!5D3015#$.$#!1521!$D&3215#1.4!.,,#/-21.0,!08!15#!*0/$2)!

20/12! .$! )24W.,G! *%/.,G! 15#! .,.1.2)! $1#3$! 08!K>J!3/04#$$A!<21#450)2&.,#$! $D,15#$.$#*! .,!J>!

4)%$1#/$!.,!*.$12,1!2/#2$!$##&!10!C#!*#).-#/#*!10!15#!2*/C!/#4#310/$!15/0%G5!C)00*!4./4%)21.0,A!V8!

J>R!)042).$21.0,!40,8./&$!15.$!15#0/DE!2!,#T!/0)#!08!C)00*!4./4%)21.0,!.,!K>J!3/04#$$!T0%)*!C#!

#$12C).$5#*A!V1!52$!C##,!$50T,!C#80/#!1521! C)00*!4./4%)21.0,!.,*%4#!K>J!15/0%G5!8)0TI&#*.21#*!

$5#2/!$1/#$$!;H*2&0!#1!2)AE!Rggn@!^0/15!#1!2)AE!Rggn?A!`%/!0C$#/-21.0,!.,*.421#$!2,!2**.1.0,2)!
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/0)#!08!C)00*!4./4%)21.0,E!T5.45!&.G51!2)$0!C#!/#$30,$.C)#!80/!421#450)2&.,#!*#).-#/D!10!.,.1.21#!

15#! K>J! 3/04#$$A! V,! 40,4)%$.0,! 08! 15.$! $1%*DE! T#! 3/030$#! 1521! 15#! /0)#! 08! 15#! )042)!

&.4/0#,-./0,&#,1!.$!,01!40&3)#1#!2,*!,##*$!10!C#!#F1#,*#*!10!*.$12,1!/#G.0,$!08!15#!0/G2,.$&!

.,4)%*.,G!80/!#F2&3)#!15.$!4)%$1#/!08!4#))$!$D,15#1.N.,G!2,*!$#4/#1.,G!421#450)2&.,#$A!M0/#0-#/E!

C#42%$#!C)00*!*#).-#/$!2!5.G5!-2/.#1D!08!&0)#4%)#$!.,4)%*.,G!4D10W.,#$!2,*!50/&0,#$E!015#/!

$1/%41%/#$! 2C)#! 10! $D,15#$.$#! 15#$#!&0)#4%)#$! 2,*! )042).$#*! 21! 15#! -.4.,.1D! 08! 15#! 4./4%)21.0,!

&.G51!C#!.,4)%*#*!.,10!15#!,01.0,!08!#,-./0,&#,1A!
 

B#$3.1#!15#!)24W!08!$D&3215#1.4!.,,#/-21.0,!08!15#!*0/$2)!20/12E!015#/!)042)!,#/-#$!

42,!3)2D!2!/0)#!*%/.,G!15#!#$12C).$5&#,1!08!*#8.,.1.-#!52#&21030.#$.$A!B0/$2)!20/12!.$!.,,#/-21#*!

CD!3#/.35#/2)!,#%/0,$!#F3/#$$.,G!.$)#1h!2,*!dH<5J!&2/W#/$E!T5.45!2/#!15#&$#)-#$!#,-#)03#*!

CD!=45T2,,!4#))$A!K-#,! 150%G5! 15#! /0)#!08! 15#$#!,#%/0,$!52$!,01!D#1!C##,!*#1#/&.,#*E! ).-#!

.&2G.,G! /#-#2)#*! .,1#/241.0,! 08! ,2$4#,1! >=<$! T.15! 15#$#! ,#/-#$! 2,*l0/! =45T2,,! 4#))$!

/#$3#41.-#)DA!j#!80%,*!1521!>=<$!241.-#)D!&.G/21#!10T2/*!15#!,#%/2)!2F0,$!2,*!$12D!.,!40,1241!

C#80/#! .,1/2-2$21.0,A! V1! $%GG#$1$! 1521! 15#$#! ,#/-#$! &2D! C#! .,-0)-#*! .,! 15#! $1#3! 08! >=<!

&21%/21.0,!0/!&0C.).$21.0,A!V1!T0%)*!&#2,!1521!$#-#/2)!303%)21.0,$!08!,#%/0,$!40,1/0)!&%)1.3)#!

$1#3$!*%/.,G!15#!#$12C).$5&#,1!08!*#8.,.1.-#!52#&21030.#$.$A!
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!
 

6CDE/,*Q[*H*!C&/",MTC/"MJ,M#*CM*#N,*17!*0E/CMD*0,PCMC#CT,*NI,JI#"K"C,$C$)!
M24/0352G#$E!,#%1/035.)$E!,#%/2)!4/#$1!4#))$!2,*!3#/.35#/2)!,#/-#$!2/#!$0!82/!15#!4#))!303%)21.0,$!.*#,1.8.#*!.,!15#!
HLM!*%/.,G!>=<!#&#/G#,4#A!

 
 
 
 

 

3.! General remarks 
 

V,!15#!3/#$#,1!$1%*DE!T#!52-#!#F1#,*#*!15#!W,0T)#*G#!08!15#!&.4/0#,-./0,&#,1!

$%//0%,*.,G! 15#! 20/12! .,! 15#! HLM! *%/.,G! >=<! #&#/G#,4#! ;6CDE/,* Q[?A! J5#! *#12.)#*!

452/241#/.$21.0,!08!15#!HLM!2))0T#*!10!.*#,1.8D!1T0!2**.1.0,2)!W#D!3)2D#/$!.,!15#!#$12C).$5&#,1!

08!*#8.,.1.-#!52#&21030.#$.$A!V,!2**.1.0,!10!0%/!/#$%)1$E!015#/!4#))$!52-#!C##,!*#$4/.C#*!.,!15#!

N#C/28.$5! HLM! /#4#,1)DA! ^#%1/035.)$! 2/.$#,! 8/0&! 15#! 3/.&.1.-#! T2-#! 2/#! 0,#! 08! 15#! 4#))$!

.*#,1.8.#*! .,! 15#! HLMA! J5#D! /#)#2$#! 1,82E! T5.45! .,*%4#$! K>J! 15/0%G5! 15#! 1,8/R! /#4#310/!

241.-21.0,!;K$3x,IP2)2Ny,!#1!2)AE!RghZ?A!V1!*#&0,$1/21#$!1521!15#!52#&21030.#1.4!4#))$!0/.G.,21#*!

8/0&! 15#! 3/.&.1.-#! T2-#! $%C$12,1.2))D! /#G%)21#$! $#-#/2)! $1#3$! 08! *#8.,.1.-#! 52#&21030.#$.$A!

J5#/#80/#E! 15#! 1T0!52#&21030.#1.4!T2-#$!2/#! 1.G51)D!40,,#41#*!*#$3.1#!*.$1.,41! )0421.0,!2,*!

1.&.,G!08!#&#/G#,4#A!
 

V,!2**.1.0,!10!&24/0352G#$!2,*!,#%1/035.)$E!T#!52-#!*#1#41#*!015#/!4#))$!T50$#!

/0)#!,##*$!10!C#!*#1#/&.,#*A!V,!32/1!SE!T#!52-#!*#$4/.C#*!1521!$D&3215#1.4!.,,#/-21.0,!08!BH!
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.$!&.$$.,G!*%/.,G!15#!8./$1!$1#3$!08!K>JA!>0T#-#/E!.1!*0#$!,01!&#2,!1521!15#!HLM!/#G.0,!.$!,01!

.,,#/-21#*!21!2))A!j#!52-#!/#30/1#*!1521!,#/-#$!10G#15#/!T.15!,#%/2)!4/#$1!4#))$!&.G/21#!-#,1/2))D!

8/0&!$3.,2)!40/*!2,*!/#245!15#!BH!21!15#!1.&#!21!T5.45!C)00*!4./4%)21.0,!$12/1$A!H)150%G5!15#!

.*#,1.8.421.0,!08!15#$#!,#%/0,$!2,*!15#./!/0)#!.,!15#!#$12C).$5&#,1!08!*#8.,.1.-#!52#&21030.#$.$!

,##*$!10!C#!8%))D!*#1#/&.,#*E!3/#).&.,2/D!/#$%)1$!$%GG#$1!1521!,2$4#,1!>=<$!2/#!211/241#*!10!15#!

,#%/0,$!3/.0/!15#./!.,1/2-2$21.0,A!
 

j#!*#1#41#*!4#))$!08!,#%/2)!4/#$1!0/.G.,!C#1T##,!BH!2,*!P<d!2,*!2/0%,*!15#!

-#.,!T50$#!&0/350)0GD!.,*.421#!,0,I,#%/0,2)!452/241#/A!J5#$#!4#))$!40%)*!C#!$1/0&2)!4#))$!08!

,#%/2)!4/#$1!0/.G.,E!T5.45!T#/#!*#$4/.C#*!.,!015#/!52#&21030.#1.4!$.1#$E!80/!.,$12,4#!.,!15#!C0,#!

&2//0TA!V,!).G51!08!15#$#!,#T!/#$%)1$E!15#!HLM!&.4/0#,-./0,&#,1!$50T$!5.G5!5#1#/0G#,#.1DA!

M2,D! 4#))! 303%)21.0,$! 2/#! 3/#$#,1! 2,*! #245! 40,1/.C%1#! 10! >=<! *#-#)03&#,1! CD! 2! $3#4.8.4!

&#452,.$&A!J5#!1.G51!/#G%)21.0,!08!52#&21030.#$.$!/#:%./#$!2,!0/G2,.$#*!40))2C0/21.0,!T.15.,!

15#! ,.45#! 10! 245.#-#! 1#&30/2)! 2,*! $321.2)! /#$1/.41.0,! 08! #245! $.G,2)).,GA! V1! T0%)*! C#! -#/D!

.,1#/#$1.,G!10!2$$#$$!.8!2!$.,G)#!40,*%410/!40,1/0)$!15.$!T50)#!3/04#$$!0/!.8!2!3/#4.$#!400/*.,21.0,!

08!$#-#/2)!82410/$!.$!/#:%./#*A!
 

B%/.,G!15#!0,10G#,D!08!52#&21030.#$.$E!>=<$!G0!15/0%G5!0/!50&#!.,!$%44#$$.-#!
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Abstract  While the mammalian macrophage phenotypes have been intensively studied in vitro, the dynamic 

of their phenotypic polarization has never been investigated in live vertebrates. We used the zebrafish as a live 

model to identify and trail macrophage subtypes. We generated a transgenic line whose macrophages expressing 

tumour necrosis factor alpha (tnfa), a key feature of classically activated (M1) macrophages, express fluorescent 

proteins Tg(mpeg1:mCherryF/tnfa: eGFP-F). Using 4D-confocal microscopy, we showed that both aseptic 

wounding and Escherichia coli inoculation triggered macrophage recruitment, some of which started to express 

tnfa. RT-qPCR on Fluorescence Activated Cell Sorting (FACS)-sorted tnfa+ and tnfa−  macrophages showed that 

they, respectively, expressed M1 and alternatively activated (M2) mammalian markers. Fate tracing of tnfa+ 

macrophages during the time-course of inflammation demonstrated that pro-inflammatory macrophages 

converted into M2-like phenotype during the resolution step. Our results reveal the diversity and plasticity of 

zebrafish macrophage subsets and underline the similarities with mammalian macrophages proposing a new 

system to study macrophage functional dynamic. 

DOI:  10.7554/eLife.07288.001 
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Behind the generic name ‘macrophage’ hides various cell types with distinct phenotypes and functions. 

Currently, it is well established that macrophages are not just important immune effector cells but also cells with 

critical homeostatic roles, exerting a myriad of functions in development, homeostasis, and tissue repair and 

playing a pivotal role in disease progression (Wynn et al., 2013). Therefore, there is a high interest in a better 

characterization of these cells to establish an early and accurate diagnosis. The wide variety of macrophage 

functions might be explained by the outstanding plasticity and versatility of macrophages that efficiently respond 

to environmental challenges and changes in tissue physiology by modifying their phenotype (Mosser and 

Edwards, 2008). Although there is a consensus that macrophages are a diversified set of cells, macrophage 

subtypes are still poorly characterized. Indeed, although these cell populations have been extensively 

investigated in mouse and human, these studies were mostly performed in vitro using monocyte-derived 

macrophages induced under specific stimuli. A comprehensive characterization of macrophage 
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eLife digest Inflammation plays an important role in helping the body to heal wounds and fight off certain 

diseases. Immune cells called macrophages—which are perhaps best known for their ability to engulf and 

digest microbes and cell debris—help to control inflammation. In mammals, different types of macrophage 

exist; the most functionally extreme of which are the M1 macrophages that stimulate inflammation and M2 

macrophages that reduce the inflammatory response. 

Macrophages acquire different abilities through a process called polarization, which is controlled by signals 

produced by a macrophage’s environment. Polarization has been well investigated in human and mouse cells 

grown in the laboratory, but less is understood about how this process occurs in live animals. 

Nguyen Chi, Laplace-Builhe et al. investigated whether zebrafish larvae (which are naturally transparent) 

could form an experimental model in which to investigate macrophage polarization in living animals. Zebrafish 

were first genetically engineered to produce two fluorescent proteins: one that marks macrophages and one 

that marks M1 macrophages. These fluorescent proteins allow the movement and polarization of macrophages 

to be tracked in real time in living larvae using a technique called confocal microscopy. Nguyen Chi, Laplace- 

Builhe et al. also isolated macrophage cells from these zebrafish at different times during the inflammatory 

process to identify which macrophage subtypes form and when. 

The results show that unpolarized macrophages move to the sites of inflammation (caused by wounds or 

bacterial infection), where they become polarized into M1 cells. Over time, these M1 macrophages 

progressively convert into an M2-like macrophage subtype, presumably to help clear up the inflammation. 

Furthermore, Nguyen Chi, Laplace-Builhe et al. show that the M1 and M2 macrophage subtypes in zebrafish 

are similar to those found in mammals. Therefore, genetically engineered zebrafish larvae are likely to prove 

useful for studying macrophage activity and polarization in living animals. DOI: 10.7554/eLife.07288.002 

 
 
 

subsets that takes into account their specific behaviour, phenotypic diversity, functions, and modulation shall 

rely on a real-time tracking in the whole organism in response to environmental challenges. 

Mouse and human macrophages have been classified according to their polarization state. In this 

classification, M1 macrophages, also referred as classically activated macrophages, are proinflammatory cells 

associated with the first phases of inflammation, while M2 macrophages, also known as alternatively activated 

macrophages, are involved in the resolution of inflammation and tissue remodelling (Gordon, 2003; Biswas and 

Mantovani, 2010;  Sica and Mantovani, 2012). Differential cytokine and chemokine production and receptor 

expression define the polarization state of macrophages. However, it is worthwhile to note that such binary 

naming does not fully reflect the diversity of macrophage phenotypes in complex in vivo environments in which 

several cytokines and  growth factors are released and  adjust the final differentiated state  (Chazaud, 2013; 

Thomas and Mattila, 2014). Macrophages might adopt intermediate activation  phenotypes classified by the 

relative levels of macrophage subset-specific markers. Therefore, macrophage plasticity results in a full spectrum 

of macrophage subsets with a myriad of functions (Mosser and Edwards, 2008; Xue et al., 2014). Although the 

possible phenotype conversion of macrophages from M1 to M2 has been suggested in in vitro studies, a recent 

study argues for the sequential homing of M1 and M2 macrophages to the site of injury (Stout et al., 2005; Sica 

and Mantovani, 2012; Shechter et al., 2013). Such controversies highlight the lack of accurate real-time tracing 

of macrophage subtypes in vivo in the entire animal. 

Inflammation is a model of choice to study the wide range of macrophage subsets involved from its initiation 

to its resolution. Therefore, in the present study, we propose to decipher in vivo in real time the kinetic of 

macrophage subset recruitment, their behaviour and their phenotypic plasticity at the molecular level during a 

multiple-step inflammatory process.  We used the  zebrafish  larvae model for its easy  genetic  manipulation, 

transparency, and availability of fluorescent reporter lines to track macrophages (Ellett et al., 2011). While the 

existence of macrophage subtypes in zebrafish embryos 
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Figure 1. The (tnfa:eGFP-F) reporter line recapitulates transcriptional activation of tnfa upon wound-induced inflammation and 

Escherichia coli infection. (A–E) Tumour necrosis factor alpha (tnfa) mRNA expression (blue, arrowhead) was detected by in 

situ hybridization using tnfa anti-sense probe: at 6 hpA in (A) intact (control) and (B) amputated fins from 3 dpf WT larvae, (C) 

in uninfected larvae (54 hpf, hours post-fertilization) and (D, E) E. coli infected larvae (24 hpi, 54 hpf). Arrows show melanocytes 

(black). (E) Imaging of tnfa mRNA expression in the muscle at higher magnification, asterisks show muscle fibres, scale bar in 

(B) = 100 μm and in (E) = 50 μm. (F, G) eGFP fluorescence (green) was analyzed by fluorescent microscopy in (F) intact (control) 

and (G) amputated Tg(tnfa:eGFP-F) fins at 6 hpA, dotted lines outline the caudal fin, scale bar = 100 μm and at 16 hpi in 

Tg(tnfa:eGFP-F) larvae injected with (H) PBS or (I, J) E. coli (red) in the muscle. Arrows show auto-fluorescent xanthophores. 

(J) Multi-scan confocal analysis of GFP expression in E. coli-infected Tg(tnfa:eGFP-F) larvae, scale bar = 20 μm. (K) tnfa mRNA 

and eGFP-F expressions were analyzed using microscopy at 6 hpA in amputated fins from 3 dpf Tg(tnfa:eGFP-F) larvae. Dotted 

lines delimit the caudal fin, arrowheads show overlapping signals, and arrows show the pigments. Scale bar = 100 μm. (L) 

Graphed data of representative fluorescence-activated flow cytometry analysis of eGFP+ cells in upon amputation. 

Tg(tnfa:eGFP-F) larvae were either kept intact (control) or amputated at 3 dpf, and cells were collected at 6 hr post-treatment. 

Green gates represent eGFP+ population and mean percentage of eGFP+
 

Figure 1. continued on next page 
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Figure 1. Continued 

 

population ±s.e.m is indicated. (M) Relative expression of tnfa in eGFP- and GFP+ cells in amputated larvae. Realtime RT-PCR 

on separated cells using EF1a as a reference gene. Graph represents the mean value of three independent experiments 

±s.e.m. *p < 0.05. DOI: 10.7554/eLife.07288.003 

 
 
 

has been suggested, they have not been fully characterized (Herbomel et al., 1999; Ellett et al., 2011; Cambier 

et al., 2013; Petrie et al., 2014). Here, we report a new reporter transgene for TNFa, a central inflammatory 

cytokine and well-established marker of M1 macrophages, instrumental to discriminate macrophage subsets 

during intravital imaging. 
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Fin wounding-induced inflammation and Escherichia coli inoculation in zebrafish larvae of 3 dpf are two well- 

established models triggering macrophage recruitment. Using in situ hybridization, we observed that the 

expression of the tumour necrosis factor alpha (tnfa), a consensus marker of M1 macrophages, was induced in 

cells accumulated in the caudal fin and the muscle following amputation (nlarvae = 29/33) and E. coli inoculation 

(nlarvae = 12/12), respectively (Figure 1A–E). To study the cells that express the tnfa transcripts, we established 

the Tg(tnfa:eGFP-F) transgenic zebrafish line expressing a farnesylated (membrane-bound) eGFP (eGFP-F) under 

the control of the tnfa promoter. While eGFP-F was undetectable in intact fins of Tg(tnfa:eGFP-F) larvae (nlarvae 

= 10/10), it was expressed in cells recruited to the wound at 6 hr post-amputation (hpA) (nlarvae = 16/16, Figure 

1F,G). Similarly, eGFP-F expression was upregulated in cells accumulated in the muscle of Tg(tnfa:eGFP-F) larvae 

at 16 hr post-inoculation (hpi) of DsRed-expressing E. coli (nlarvae = 8/8), compared to Phosphate-buffered saline 

(PBS) injection (nlarvae = 3/3, Figure 1H,I). Confocal analysis confirmed the presence of a membrane-bound eGFP 

in cells displaying a typical myeloid morphology (Figure 1J). To demonstrate that the Tg(tnfa:eGFP-F) line 

recapitulates transcriptional activation of tnfa, we performed a simultaneous detection of tnfa mRNA by in situ 

hybridization and GFP-F protein by immunofluorescence in amputated larvae 6 hpA. We observed a consistent 

overlap between tnfa and GFP-F signal in the fin (nlarvae = 11/11), showing the direct correlation of eGFP-F and 

tnfa transcriptional activation in the fin of the reporter line (Figure 1K). In addition, we FACS-sorted GFP+ cells 

from wounded Tg(TNFa:eGFP-F) larvae 6 hpA and performed RT-qPCR to analyze tnfa expression. We observed 

a significant increase of tnfa mRNA level in eGFP+ cells as compared to eGFP− cells (Figure 1L,M). All together 

these results indicate that the Tg(TNFa:eGFP-F) reporter line recapitulates transcriptional  activation of  tnfa. 

Then, with the ability to specifically track tnfa-expressing cells, we used Tg(tnfa:eGFP-F) fish to study macrophage 

activation by mating them with Tg(mpeg1:mCherryF) fish in which macrophages express farnesylated mCherry 

(mCherryF) under the control of the macrophagespecific mpeg1 promoter (Ellett et al., 2011; Nguyen-Chi et al., 

2014). In intact Tg(tnfa:eGFP-F/ mpeg1:mCherryF) larvae, no eGFP-F was observed in macrophages (Figure 2A). 

We imaged double transgenic larvae Tg(tnfa:eGFP-F/mpeg1:mCherryF) using 4D confocal microscopy from 45 

min postamputation and found that macrophages were recruited to the wound from 1 hpA, some starting to 

express eGFP from 3 hpA (Figure 2B,C and Video 1). From 5 hpA already activated macrophages, that  is, 

expressing tnfa arrived at the wound (Video 1 and Figure 2C). Similarly, infection with a crimsonexpressing E. coli 

in the muscle induced the expression of tnfa in phagocytes few hours following the infection (Figure 2—figure 

supplement 1, Video 2). Imaging of the double transgenic larvae Tg(tnfa: eGFP-F/mpeg1:mCherryF) showed that 

tnfa-expressing phagocytes were mainly macrophages (Figure 2—figure supplement 1, Video 2). These results 

show the dynamic macrophage activation in real-time in vivo including recruitment and  rapid  phenotypic 

change. During the revision of this paper, a similar result has been published (Sanderson et al., 2015). 
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To test whether tnfa+ and tnfa− macrophages harboured different cellular characteristics, we first analyzed their 

morphology in fin-wounded Tg(tnfa:eGFP-F/mpeg1:mCherryF) larvae. tnfa+mpeg1+ cells displayed flattened and 

lobulated morphology (Figure 2D), while tnfa−mpeg1+ were elongated 
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Figure 2. Activation, morphology, and behaviour of TNF-α+ macrophages in (tnfa:eGFP-F/mpeg1:mCherry-F) transgenic larvae 

upon wound-induced inflammation. (A) eGFP-F (green) and mCherryF (red) fluorescence was analyzed by fluorescent 

microscopy in intact (control) and amputated Tg(mpeg1:mCherryF/tnfa:eGFP-F) fins at 6 hpA of 3 dpf larvae. Arrowheads show 

recruited macrophages that express tnfa, arrows show tnfa+ cells that are not macrophages, and asterisks show auto- 

fluorescent pigments. Dotted lines outline the caudal fin, scale bar = 100 μm. (B) Bright-field image of the wounded fin of a 3 

dpf Tg(mpeg1:mCherryF/tnfa:eGFP-F) larva. Dotted red box shows the region imaged in C. (C) Representative time-lapse 

maximum projections show the activation of macrophages arriving at the wound in 3 dpf amputated 

Tg(mpeg1:mCherryF/tnfa:eGFP-F). The time pA is shown on top right 

Figure 2. continued on next page 
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Figure 2. Continued                                                                                                                                                                                  

corner and indicated in hours and minutes, white lines outline the caudal fin. The transcriptional activation of tnfa (green) in 

recruited macrophage (red, arrowhead) was first observed from 3 hpA. Scale bar = 30 μm. White lines outline the caudal fin. 

(D, E) Maximum projections of confocal analysis of eGFP-F (green) and mCherryF (red) expressions in recruited macrophages 

at (D) 18 hpA and (E) 24 hpA in Tg(mpeg1:mCherryF/tnfa:eGFP-F). tnfa+ mpeg1+ macrophages exhibit a round and protrusive 

morphology, while tnfa−mpeg1+ macrophages exhibit a dendritic morphology. (F) Velocity of tnfa+mpeg1+ and tnfa−mpeg1+ 

macrophages (N = 18). (G) Frequency of macrophage–macrophage contacts and (H) time length of the contacts of 

tnfa−mpeg1+ and tnfa+mpeg1+ cells. Measurements were extracted from three independent videos of amputated 

Tg(mpeg1:mCherryF/tnfa:eGFP-F), for contact frequency, N = 15 and for duration of the interaction, N = 11 macrophages. 

****p < 0.0001. (I) Representative time-lapse maximum projections show the behaviour of tnfa+mpeg1+ macrophages, 

starting 

19h20 pA during 42 min. Two macrophages (green + red) interact by cell–cell contact. These macrophages (eGFP in grey) 

remain attached up to 40 min. Scale bar 20 =μm. (J) Representative time-lapse maximum projections show the behaviour of 

tnfa−mpeg1+ macrophages, starting 25h12 pA during 52 min. Macrophages (red) barely establish cell–cell contact. Scale bar = 

30 μm. 

DOI:  10.7554/eLife.07288.004 

The following figure supplement is available for figure 2: 
 

Figure supplement 1. Activation of tnfa+ macrophages in (tnfa:eGFP-F/mpeg1:mCherry-F) transgenic larvae upon E. coli 

infection. 

DOI:  10.7554/eLife.07288.005 

 
 

 
and dendritic (Figure 2E). As we observed that tnfa+mpeg1+ cells were predominant at the wound at 18 hpA and 

tnfa−mpeg1+ cells at 24 hpA (data not shown), we imaged the behaviour of these macrophage populations in 

wounded fins from Tg(tnfa:eGFP-F/mpeg1:mCherryF) larvae at these time points. tnfa+mpeg1+ cells presented a 

lower velocity (0.32 μm/min) than tnfa−mpeg1+ macrophages (1.09 μm/min, Figure 2F) but a higher cell–cell 

contact frequency (0.036 VS 0.016 contacts/min) with other macrophages (Figure 2G,I,J and Videos 3, 4). 

Measurements of the duration of macrophage–macrophages contacts showed that these contacts lasted longer 

(48.6 min/contact) than that of tnfa−mpeg1+ macrophages (15.9 min/contact, Figure 2H–J and Videos 3, 4). All 

together these data highlight different morphology and behaviour of macrophage phenotypes in live zebrafish 

 

1.25–0.75 oil objective (Leica). Excitation wavelengths used 

were 488 nm for EGFP-F and 570 nm for mCherryF. 

DOI:  10.7554/eLife.07288.006 

suggesting  the  existence  of  macrophage  subsets 

exhibiting different functions. 
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To   quantify   the   respective   frequency   of   tnfa+ 

macrophages (mCherry+eGFP+  referred as dbl+) and 
− + − + 

Video 1. Transcriptional activation of tnfa in macrophages of 

(tnfa:eGFP-F/mpeg1:mCherry-F) transgenic larvae upon 

amputation. Representative time-lapse maximum 

projections show the transcriptional activation of tumour 

necrosis factor alpha (tnfa) in macrophages arriving at the 

wound in 3 dpf amputated Tg(mpeg1: mCherryF/tnfa:eGFP- 

F). The time pA is shown on top right corner, white line 

outline the caudal fin. Scale bar = 30 μm. Image stacks were 

acquired every 3 min 30 s from 45 min pA to 7 hr 48 min pA 

at 2-μm intervals, 1024 × 512 pixel resolution using a confocal 

microscope 

TCSSP5 SP5 inverted equipped with a HCXPL APO 40×/ 

tnfa  macrophages (mCherry eGFP  referred as mCh ), 

we performed flow cytometry analysis on cells isolated 

from Tg(tnfa:eGFP-F/ mpeg1:mCherryF) larvae at 

different time points following caudal fin amputation 

or E. coli. inoculation (Figure 3A,B). While only 5.6% ± 

1.9! (s.e.m.) dbl+ cells were detected in the mpeg1+ 

population of the intact larvae, a steady increase of the 

dbl+ population from 6 to 20 hpA (up to 27.33 ± 0.2%) 

was observed. This percentage decreased dramatically 

at 26 hpA to 8.75 ± 1%. In E. coli inoculation 

experiments, the frequency of dbl+ cells increased as 

soon as 3 hpi (55.60 ± 0.6%) and remained stable until 
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26   hpi.   These   results   demonstrate   that   wound- 

induced macrophage activation is transient compared 

 

 
Video 3. tnfa+ macrophage behaviour following amputation. 

!
To characterize at the molecular level tnfa− and tnfa+ macrophage populations during early and late phases of 

inflammation, we FACS-sorted dbl+ and mCh+ cells from Tg(tnfa:eGFP-F/mpeg1:mCherryF) tail-amputated larvae 

(Figure 3C) and analyzed them by qRT-PCR. In mammals, M1 and M2 macrophages are reported to be involved, 

respectively, in the initial phase of inflammation and in the resolution phase. Cell sorting was thus performed at 

6 hpA and 26 hpA following caudal fin amputation since the kinetic analysis of macrophage subset activation 

(Figure 3B) suggested that these two time points correspond to initiation and resolution of inflammation, 

respectively. As expected, high levels of mpeg1 expression was observed in the mCh+ and dbl+ sorted cells at 6 

and 26 hpA (Figure 3D), and high levels of tnfa expression was detected in double-positive populations at 6 hpA 

(Figure 3E). These observations demonstrated that fluorescence of these transgenes can be efficiently used to 

track and separate macrophage sub-populations. At 6 hpA, dbl+ macrophages expressed high levels of tnfb, il1b, 

and il6  compared to mCh+ macrophages (Figure 3F,G)  that  are  well-known markers of  M1 macrophages in 

mammals (Mantovani et al., 2002; Martinez et al., 2006). By contrast, mCh+ macrophages expressed low levels 

of these pro-inflammatory cytokines at both 6 and 26 hpA (Figure 3F,G), but expressed high levels of tgfb1, ccr2, 

and cxcr4b (Figure 3H), that are specifically expressed in mammalian M2 macrophages (Mantovani et al., 2002; 

Martinez et al., 2006; Hao et al., 2012; Beider et al., 2014; Machado et al., 2014). Of note, neither Arginase 1 

(Arg1), which is largely used as a M2 marker in mouse but not in human (Chinetti-Gbaguidi and Staels, 2011; 

Pourcet and Pineda-Torra, 2013), nor il10 (data not shown), a known M2 marker in mammals (Mantovani et al., 

2002), was detected in zebrafish macrophages. Importantly, based on 
 

 
 
 

to infectioninduced macrophage activation. 

 
Video 2. Transcriptional activation of tnfa of (tnfa: eGFP- 

F/mpeg1:mCherry-F) transgenic larvae upon E. coli infection. 

Tg(mpeg1:mCherryF/tnfa:eGFP-F) larvae were infected with 

crimson-expressing E. coli (blue) at 3 dpf in the muscle and 

imaged from 30 min pi to 10 hr 30 min pi. Representative 

time-lapse maximum projections show the expression of tnfa 

(green) induced in myeloid-like cells at the infection site from 

3 hpA. The time pA is shown on top right corner, scale bar = 

25 μm. Image stacks were acquired every acquired 3 min 30 

s at 2-μm intervals, 512 × 512 pixel resolution with a X2 zoom 

using a confocal microscope TCSSP5 SP5 inverted equipped 

with a APO 20× objective (Leica). Excitation wavelengths used 

were  488  nm  for  EGFP-F  and  580  nm  for  Crimson.  To 

distinguish  Crimson  from  mCherry,  emission  filter  was 

adjusted from 630 to 750 nm.                                                  

DOI:  10.7554/eLife.07288.007 

Representative time-lapse maximum projections show the 

behaviour of tnfa+mpeg1+ macrophages in 

Tg(mpeg1:mCherryF/tnfa:eGFP-F) larvae following 

amputation,   starting   19h20   pA   during   42   min.   Two 

macrophages tnfa+mpeg1+ interact by cell–cell contact. These 

macrophages (GFP in grey) remain attached up to 40 min. 

Scale bar = 20 μm. Image stacks were acquired every 3 min 

30 s at 2 μm-intervals, 1024 × 512 pixel resolution using a 

confocal  microscope                                                             

TCSSP5 SP5 inverted equipped with a HCXPL APO 

40×/1.25–0.75 oil objective (Leica). Excitation wave- 

lengths  used  were  488  nm  for  EGFP-F  and  570  nm  for 

mCherryF. 

DOI:  10.7554/eLife.07288.008 
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Video 4. tnfa− macrophage behaviour following amputation. 

Tg(mpeg1:mCherryF/tnfa:eGFP-F) caudal fins were 

amputated at 3 dpf. Representative time-lapse maximum 

projections show the behaviour of tnfa− mpeg1+ 

macrophages, starting 25h12 pA during 42 min. Macrophages 

(red) scarcely establish cell–cell contact. 

Scale bar = 30 μm. Image stacks were acquired every 4 min 

at 2 μm-intervals at 1024 × 512 pixel resolution using a 

confocal microscope TCSSP5 SP5 inverted equipped with a 

HCXPL APO 40×/1.25–0.75 oil objective (Leica). Excitation 

wavelengths used were                                                          

488 nm for EGFP-F and 570 nm for mCherryF.                  

DOI:  10.7554/eLife.07288.009 

mpeg1:mCherryF) larvae allowing us to specifically 

track the behaviour and fate of proinflammatory 

macrophages, we found that the dbl+  pro- 

inflammatory macrophages changed their phenotype 

at 26 hpA. Indeed, dbl+ macrophages negative for M2 

markers at 6 hpA, displayed at 26 hpA, in parallel to a 

significant decrease of tnfa, il1b, and il6 expression 

level, a significant increased expression level of ccr2 

and cxcr4b (Figure 3E,H). Of note, a tendency toward 

differential expression level was observed for tnfb and 

tgfb1 between 6 and 26 hpA. To go further and 

demonstrate that the same macrophages are present 

at the wound site during inflammation and its 

resolution, we generated the 

Tg(mpeg1:GAL4/UAS:Kaede) larvae to track 

macrophages exploiting the conversion of the native 

green fluorescence of Kaede into red fluorescence 

under UV light. Recruited macrophages were 

photoconverted 6 hpA and imaged at 26 hpA revealing 

that early recruited macrophages were still present at 

the wound area 20 hr later (Figure 4—figure 

supplement 1). Then, GFP+ macrophages were 

specifically tracked using time-lapse imaging of 

wounded Tg 

(mpeg1:mCherryF/TNFa:GFP-F) fins from 6 to 26 hpA. 

We show that initially recruited eGFP+
 

macrophages remain at the injury site and still express the GFP (Figure 4A–C and Video 5). The analysis of 

macrophage behaviour over time shows that among eGFP+ macrophages displaying an amyboid phenotype at 

the wound edge 6 hpA, 50% change toward a fibroblastic phenotype from 11 hpA when they moved distally 

(Video 5). All together these data show that pro-inflammatory macrophages underwent a phenotypic conversion 

toward an intermediate phenotype in which both M1 and M2 markers are expressed. In addition, this molecular 

characterization of macrophages in zebrafish reveals the conservation of macrophage subtypes between 

zebrafish and human. 

In conclusion, we identified macrophage subsets in zebrafish and described their behaviour and fate during 

a process of inflammation (Figure 4D). Live imaging of transparent transgenic zebrafish larvae allowed the first 

real-time visualization of macrophage activation and polarization. In parallel, a molecular analysis of macrophage 

sub-populations highlights the evolutionary conservation of macrophages from fish to mammals. We propose 

that in response to wounding zebrafish, unpolarized macrophages are recruited to the inflammation site and 

adopt a M1-like phenotype. Subsequently, they progressively convert their functional phenotype from M1-like 

to M2-like in response to progressive inflammatory microenvironment changes within the tissue (Figure 4D). 

Live imaging of the new transgenic line we generated opens new avenues to study in real time in live vertebrates 

the full spectrum of macrophage activation, polarization, and functions. 
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All animal experiments described in the present study were conducted at the University of Montpellier according 

to European Union guidelines for handling of laboratory animals (http://ec.europa.eu/ 

environment/chemicals/lab_animals/home_en.htm) and were approved by the Direction Sanitaire et Vet´ 

erinaire de l’H´ erault and Comit´ e d’Ethique pour l’Exp´ erimentation Animale under reference´ CEEA-LR-13007. 
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Figure 3. Isolation and molecular characterization of macrophage phenotypes. (A) Graphed data of representative fluorescence-activated flow cytometry analysis of 

tnfa+ and tnfa− macrophages upon inflammatory stimulations. Tg(mpeg1:mCherryF/tnfa:eGFP-F) larvae were either kept intact (control), or amputated, or injected with 

PBS or with E. coli at 3 dpf, and cells were collected at 6 hr post-treatment. Red, green, and yellow gates represent mCherry+, eGFP+, and mCherry+eGFP+ populations, 

respectively. (B) Graph represents the kinetic of the frequency of mpeg1+tnfa+ macrophages in macrophage population (mpeg1+) in three independent experiments 

following stimulation: amputation and E. coli infection (E. coli) at indicated time points. *p < 0.05 Figure 3. continued on next page 

Figure 3. Continued 



Research article Developmental biology and stem cells | Immunology 

Nguyen Chi et al. eLife 2015;4:e07288. DOI: 10.7554/eLife.07288 Rg]!of Rhi!

 

 

 
vs 3 hpA, mean value of three experiments ±s.e.m. (C) Gating strategy to isolate control cells (mCherry− eGFP−, neg), tnfa− macrophages (mCherry+ eGFP−, mCh+), tnfa+ 

macrophages (mCherry+eGFP+, dbl+). (D–H) Relative expression of (D) mpeg1, (E) tnfa, (F) tnfb, il1b, (G) il6, (H) tgfb1, ccr2, and cxcr4b in cells neg, mCh+, and dbl+. 

Tg(mpeg1:mCherryF/tnfa:eGFP-F) were amputated at 3 dpf and cells were collected and separated at 6 hpA and 26 hpA. 

Real-time RT-PCR on separated cells using EF1a as a reference gene. Graph represents the mean value of five independent experiments ±s.e.m. Statistical 

significance between bars are indicated *p < 0.05, **p < 0.01. DOI: 10.7554/eLife.07288.010 
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Fish and embryo maintenance, staging, and husbandry were as previously described (Nguyen-Chi et al., 2014). 

Experiments were performed using the AB zebrafish strain (ZIRC) and the transgenic line Tg(mpeg1:mCherryF) 

to visualize macrophages. For the photoconversion experiments, a cross of Tg (mpeg1:Gal4)gl25 and 

Tg(UAS:kaede)rk8 lines was used, using breeders selected for progeny with negligible silencing of the UAS 

transgene. 
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The TNFa promoter (Gene ID: 405785) was amplified from zebrafish genomic DNA using primers zTNFaP4 

(CCCGCATGCTCCACGTCTCC) and zTNFaE11N (TTATAGCGGCCGCCCGACTCTCAAGCTTCA). The resulting fragment 

was phosphorylated using T4PNK, digested by NotI and cloned in a farnesylated eGFP (eGFP-F) derivative of 

pBSKI2 (Thermes et al., 2002). The resulting plasmid (pI2promTNFa: eGFP-F) harbours a 3.8-kb fragment of the 

zebrafish tnfa promoter, including part of the first coding exon. It uses the endogenous ATG codon of tnfa to 

drive the translation of eGFP-F. The expressed eGFP-F harbours the first 7 amino acids of zebrafish TNFa at its 

N-terminus (MKLESRA). The expression cassette is flanked by two I-SceI sites. pI2promTNFa:eGFP-F was co- 

injected in fertilized eggs with the enzyme I-SceI (New England Biolabs, France). Developing embryos were 

injected with non-pathogenic E. coli at 3 dpf (days post-fertilization), and those that developed a specific green 

fluorescence were raised as putative founders. The offspring of putative founders was tested the same way in 

order to establish the stable transgenic line. Low expression of eGFP in the pharynx at 3 dpf was used to check 

larvae for the presence of the transgene. 
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Caudal fin amputation was performed on 3 dpf larvae as described in Pase et al. (2012). The caudal fin was 

transected with a sterile scalpel, posterior to muscle and notochord under anaesthesia with 0.016% Tricaine 

(ethyl 3-aminobenzoate, Sigma Aldrich, France) in zebrafish water. Larvae were inoculated at 3 dpf by 2.103 CFU 

E. coli K12 bacteria harbouring either DsRed (van der Sar et al., 2003) or Crimson (Clontech, France) expression 

plasmid or no plasmid. Imaging was performed as previously described (Nguyen-Chi et al., 2014) using a confocal 

TCS SP5 inverted microscope with a HCXPL APO 40×/1.25–0.75 oil objective (Leica, France). Image stacks for 

time-lapse videos were acquired every 3–5 min, typically spanning 30–60 μm at 2-μm intervals, 1024 × 512 or 

512 × 512 pixel resolution. The 4D files generated from time-lapse acquisitions were processed using Image J. 

They were compressed into maximum intensity projections and cropped. Brightness, contrast, and colour levels 

were adjusted for maximal visibility. Velocity of macrophages was measured using Manual Tracking Image J 

plugin. Frequency of macrophage–macrophage interaction and duration of interactions were measured 

manually on stack images. For tracking of macrophages, eGFP-F+ mCherryF+ cells from 

Tg(mpeg1:mCherryF/tnfa:eGFP-F) wounded fins were tracked using timelapse image series from 6 hpA (hours 

post-amputation) to 26 hpA. 
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300 Tg(tnfa:eGFP-F/mpeg1:mCherryF) larvae were either amputated or infected as described above, then 

crushed on a 70-μm cell strainer (Falcon, France). Isolated cells were washed in PBS/2 mM 

ethylenediaminetetraacetic acid (EDTA)/2% Foetal Calf Serum (FCS), filtered through a 40-μm cell strainer, and 

counted. Counting of mCherry+eGFP− and mCherry+eGFP+ cells was performed on LSRFortessa (BD Bioscience, 

France), and data analyzed using the Flowjo software (Tree start, Ashland, Or, USA). Sorting was done using FACS 
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ARIA (BD Bioscience, France) and collected in 50% FCS/50% Leibovitz L-15 medium (21083-027, Gibco, France) 

on ice. To isolate total RNA, cells were 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. M1-like macrophages convert their phenotype toward M2-like phenotype in the wounded fin. (A) Diagram showing 

the site where caudal fin was transected (dotted red line) in 3 dpf Tg(mpeg1:mCherryF/tnfa:eGFP-F) larvae. The black dotted 

box represents the region imaged by confocal microscopy. (B) Representative time-lapse maximum projections of 3 dpf 

Tg(mpeg1:mCherryF/tnfa:eGFP-F) amputated fins showing the fate of tnfa+ macrophages (magenta + green) at the indicated 

times pA (hours:minutes) from 6 hpA to 26 hpA. White lines delimit the caudal fin. Scale bar = 30 μm. (C) Tracking of tnfa+ 

macrophages from 6 to 26 hpA. The distinct colours of the lines correspond to the distinct macrophages that were indicated 

with an arrowhead in B. (D) Diagram representing macrophage activation and polarization in zebrafish. Unpolarized 

macrophages (mpeg1+) are mobilized and recruited to the wound following fin amputation. They are activated and polarized 

toward a M1-like phenotype (pro-inflammatory) few hours following fin amputation. After 24 hpA, in response to changes in 

environmental cues, the same macrophages progressively change their phenotype toward intermediate phenotypes and 

maybe fully polarized M2-like phenotype (non-inflammatory). Main markers of macrophage subtypes are indicated and 

resemble those found in human (tnfa/b indicates tumour necrosis factor alpha; il1b, interleukin 1-beta; il6, interleukin 6; tgfb1, 

tumour growth factor beta 1; ccr2, c–c chemokine receptor type 2; cxcr4b, chemokine (C-X-C motif) receptor 4b).                 

DOI:10.7554/eLife.07288.011 

The following figure supplement is available for figure 4: 
 

Figure supplement 1. Recruited macrophages remain in the region of tissue injury at 26 hpA. 

DOI:10.7554/eLife.07288.012 
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Video 5. Recruited GFP+ macrophages persist 

in the region of tissue injury at 26 hpA. 

Tg(mpeg1:mCherryF/ tnfa:eGFP-F) caudal fins 

were amputated at 3 dpf. Representative 

time-lapse maximum projections show the 

movements of tnfa+mpeg1+ macrophages 

(green + magenta), starting 6 hpA to 26 hpA. 

Coloured lines correspond to eGFP+ 

macrophage tracking that stay in the 

wounded fin and still express eGFP at 26 hpA. 

Scale bar = 30 μm. Image stacks were acquired 

every 4 min 40 s at 3.5-μm intervals at 512 × 

512 pixel resolution using a confocal 

microscope TCSSP5 SP5 inverted  equipped 

with a HCXPL APO 40×/1.25–0.75 oil objective 

(Leica). Excitation wavelengths used were 488 

 
nm for EGFP-F and 570 nm for mCherryF. DOI: 

10.7554/eLife.07288.013 

 
lysed in QIAzol Lysis Reagent (Qiagen, France) and RNA extracted 

using miRNeasy mini kit (Qiagen-21704, France). 20 ng of total RNA 

was reverse transcribed using High Capacity RNA Reverse 

Transcription kit (Applied Biosystems, France). QPCR  were 

performed on a LightCycler 480 system (Roche, France), following 

manufacturer’s instructions (SYBR Green format, Roche Applied 

Science, Meylan, France) and using primers in Supplementary file 1: 

denaturation 15 s at 95˚C, annealing 10 s at 64˚C, and elongation 20 

s at 72˚C. Expression levels were determined with the LightCycler 

analysis software (version-3.5) from 5  independent  experiments. 

The relative amount of a given mRNA was calculated by using the 

formulae 2−ΔCt with ef1a as reference. 
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Significance testing for Figures 1M, 3D–H was done using Mann– 

Whitney  unpaired  t-test,  one-tail  and  Figure  2F–H  using  Mann– 

Whitney unpaired t-test, two-tails using GraphPad Prism 6 

Software. *p < 0.05, **p < 0.01, ****p < 0.0001. 

 

V,!$.1%!5DC/.*.N21.0,!
 

A tnfa probe was amplified from total cDNA by PCR using tnfa.55 

and tnfa.58 primers (Supplementary file 1) and cloned in plasmid 

pCRII-TOPO. Digoxigenin (DIG)-labelled (Roche, France) sense and 

anti-sense RNA probes were in 

 

vitro transcribed (Biolabs, France). In situ hybridizations on whole-mount embryos were as previously described 

(Nguyen-Chi et al., 2012). For simultaneous detection of eGFP-F proteins and tnfa mRNA by immuno-detection 

and in situ hybridization, fixed and rehydrated Tg(tnfa:eGFP-F) larvae were permeabilised in ice in 100% ethanol 

for 5 min, then in a mixture of 50% Xylene-50% ethanol for 1 hr and in 80% acetone for 10 min at −20˚C as 

described in Nagaso et al. (2001). After washes in PBS0.1% Tween, larvae were post-fixed in 4% 

paraformaldehyde (PFA) for 20 min. Subsequent steps of hybridization, washes, and  staining with NBT-BCIP 

(Roche, France) were as previously described in Nguyen-Chi et al. (2012). Next, unspecific-binding sites were 

saturated in PBS-1% bovin serum albumin (BSA)-1% lamb serum-10% Goat serum and larvae incubated 3 days 

with an anti-GFP antibody (MBL, 1/500). After extensive washes, larvae were incubated with a goat anti-rabbit 

antibody. Stained embryos were imaged using a MVX10 Olympus microscope with MVPLAPO 1× objective and 

XC50 camera and using a Zeiss Axioimager with a Zeiss 40× Plan-Apo 1.3 oil objective. 
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Tg(mpeg1:GAL4/UAS:Kaede) embryos were raised to 3 dpf in the dark, and caudal fin was transected as described 

above. At 6 hpA, larvae were mounted in 1% low-melting point agarose. A 405-nm Laser Cube 405-50C on a 

confocal TCS SP5 inverted microscope with a HCXPL APO 40×/1.25–0.75 oil objective (Leica) was used to 

photoconvert the Kaede-labelled cells using 6% laser power scanning for 60 s (optimized before the experiments; 

data not shown). Fins were imaged before and after the photoconversion (at 6 and 26 hpA) in the green and red 

channels. 
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