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1-1 Acteurs et Mécanismes du Rejet de Greffe 
 

1-1.1 Endothélium et Rejet 

 

1-1.1.1 Structure & Fonction de l’Endothélium 

 

1-1.1.1a Structure 
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Figure 1 : Structure de la paroi des vaisseaux sanguins. 
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Figure 2 : Fonctions de l’endothélium vasculaire et molécules associées 
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Hémostase 

Angiogenèse 

Etat anticoagulant : 
- Récepteur endothélial de la protéine C 
(EPCR) 
-  Thrombomoduline 
-  Héparanes sulfates (HS) 
-  Prostacycline (PGI2) 
-  Inhibiteur du facteur tissulaire (TFPI) 
-  Activateur du plasminogène (tPA) 
Etat procoagulant : 
-  Facteur tissulaire 
-  Inhibiteur de tPA (PAI-1) 
-  Inhibiteur de la plasmine (!-2-
antiplasmine) 
-  Facteur devon Willebrand 

Endothélium 

-  Monoxide d’azote (NO) 
-  VEGF (Vascular Endothelium Growth 
Factor) 
-   FGF (Fibroblast Growth Factor) 
-  Metalloprotéinases :  

 MMP-1; -2; -9 et MT1-MMP 
-  PDGF (Platelet Derived Growth Factor) 
-  TGF-" (Transforming Growth Factor-") 
-  EGF (Epidernl Growth Factor) 
-  Angiogénine 

Perméabilité vasculaire 
-  VEGF (Vascular Endothélium Growth 
Factor) 
-  Thrombine 
-  Histamine 
-  Bradykinine 
-  FGF (Fibroblast Growth Factor) 
-  S1P (Sphingosine-1-Phosphate) 
-  Ang-1 (Angiopoiëtine-1) 

Inflammation 
Protéines d’adhésion :  
-  E et P-sélectine    
-  VCAM-1  
-  ICAM-1 
-  PECAM-1 
Cytokines et chimiokines : 
-  IL-8 (Interleukine-8) 
-  MCP-1 (Monocyte chemoattractant 
Protein-1 
-  IP-10 (Interferon-inducible 
Protein-10) 
-  RANTES 
-  Fractalkine 

Tonus vasculaire 
Médiateurs à effet relaxant :  
-  Monoxyde d’azote (NO) 
-  Prostacycline (PGI2) 
-  Facteur hyperpolarizant (EDHF) 
Médiateurs à effet contractant : 
-  Angiotensine II 
-  Thromboxane A2 
-  Endothéline 
-  Prostaglandine H2 
-  Radicaux libres dérivés de 
l’oxygènne 
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Figure 3 : Cascade d’adhérence des leucocytes sur l’endothélium 
D’après Ley et coll., Nat Rev Immunol. 2007 
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1-1.1.2 La Cellule Endothéliale : Cible & Acteur de la Réponse 

Immune en Allo-Transplantation 
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Figure 4 : Impact de la reconnaissance des cellules endothéliales par les allo-
anticorps sur le rejet de transplantation. 
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1-1.1.3 Les Allo-Anticorps et leurs cibles en allo-transplantation : 

Emergence des antigènes « non-HLA » 

 

$%! &'%(()*)&%+),-! ./(! 0/1/+(2! 3+)')(%-+! '/(! &%0%&+40)(+)53/(! 604&)(/(! ./(! '4(),-(!

0/-&,-+04/(!/+! )./-+)*)%-+! '7,0)8)-/!./!&/''/(9&)!:;,-9<==3-,',8)53/(2! <==3-,',8)53/(!

>! =4.)%+),-! &/''3'%)0/! ,3! ?3=,0%'/@2! /(+! 60)=,0.)%'/! 6,30! '%! =)(/! /-! 6'%&/! .73-/!

+?40%6/3+)53/! /**)&%&/A! ;4%-=,)-(2! )'! /(+! 4B)./-+! 53/! '%! 04%')+4! /(+! ',)-! .7C+0/! %3(()!

(/8=/-+%)0/A! $/(! '4(),-(!6/3B/-+! %B,)0!.)B/0(/(!,0)8)-/(! /+!3+)')(/0!.)B/0(!=4.)%+/30(A!

D-!/**/+2!'/(!%'',9%-+)&,06(!,-+!./63)(!',-8+/=6(!4+4!)./-+)*)4(!&,==/!'/(!=4.)%+/30(!.3!

0/1/+!:$//!/+!&,''A2!E0%-(6'%-+%+),-A!"FF"@!/+!(,-+!0/+0,3B4(!.%-(!+,3(!'/(!+G6/(!./!0/1/+!G!

&,=60)(! .%-(! '/! 0/1/+! %)83! &/''3'%)0/! :H?%-8! /+! &,''A2! E0%-(6'%-+%+),-A! "FFI@A! J%-(! '%!

K!E?4,0)/!L3=,0%'/!./! '%!E0%-(6'%-+%+),-!M!:N%)!/+!E/0%(%O)2!L3=!<==3-,'A!"FFI@2! '/(!

%3+/30(2!>!+0%B/0(!'7%-%'G(/!./!6'3()/30(!4+3./(!&')-)53/(2!6,(/-+!'/(!P%(/(!.73-!&,-&/6+!

-,3B/%3!/-!%'',9+0%-(6'%-+%+),-A!N/3Q9&)! &,-().R0/-+! '/(!%-+)&,06(!%'',904%&+)*(! &,==/!

(/3'(S60)-&)6%3Q! 0/(6,-(%P'/(!./(! '4(),-(A!J%-(! &/! (&4-%0),2! '7)-*)'+0%+! &/''3'%)0/! (/0%)+!

%',0(!/((/-+)/'!6,30!'/!=%)-+)/-!,3!'7%=6')*)&%+),-!./!'7)-*'%==%+),-A!!

T%0+%-+! ./! &/! 6,(+3'%+2! '%! 53/(+),-! -/! (/0%)+! 6'3(! ./! (%B,)0! ()! )'! G! %! ,3! -,-!

604(/-&/!.7%'',9%-+)&,06(!.%-(!'/(!(403=(!./(!0/&/B/30(!(3P)((%-+!3-!46)(,./!./!0/1/+2!

=%)(!./!(%B,)0!()!-,3(!(,==/(!/-!=/(30/!./!'/(!.4+/&+/0A!D-!/**/+2!'%!.4+/&+),-!./!&/3Q9

&)! 0/6,(/! 3-)53/=/-+! (30! ./(! +/&?-)53/(! 3+)')(%-+2! (,)+! '/(! &)P'/(! ./! &/(! %-+)&,06(!

%'',04%&+)*(!:60,+4)-/(!(,'3P'/(!,3!0/&,=P)-%-+/(@!*)Q4/(!(30!./(!P)''/(!:$3=)-/Q@!,3!%3!

*,-.! .73-! 63)+(! :D$<UV@2! (,)+! .)0/&+/=/-+! '/(! &/''3'/(! (%-83)-/(! .3! .,--/30! :&0,((9

=%+&?!'G=6?,&G+%)0/@A!N/++/!./0-)R0/!+/&?-)53/2!P)/-!53/!604(/-+%-+!6'3()/30(!')=)+/(2!>!

(%B,)0!:W@!./!-/!=/++0/!/-!1/3!53/!./(!%-+)8R-/(!'G=6?,&G+%)0/(!/+!-,-!'7/-(/=P'/!./(!

%-+)8R-/(!.3! 80/**,-! /+! :"@! ./!-/!.4+/&+/0! 53/! '/(! %-+)&,06(! 53)! *)Q/-+! '/! &,=6'4=/-+!

:=4+?,./!3+)')(4/!6,30! 'G(/0! '/(!&/''3'/(!./!.,--/30@2!>! '7%B%-+%8/!./!.4&/'/0!3-/!%'',9

04%&+)B)+4! (64&)*)53/! .3! .,--/30! :JUV!X! J,-,09U6/&)*)&! V-+)P,.)/(@! 6%0! '7/Q6,()+),-!

.73-/! =3'+)+3./! .7%-+)8R-/(! .)**40/-+(! >! '%! (30*%&/! &/''3'%)0/A! N/++/! +/&?-)53/! (/=P'/!

.,-&!C+0/!'%!6'3(!*)%P'/!6,30!.4&/'/0!3-/!)==3-)(%+),-!.4'4+R0/!%B404/!6,30!'/!80/**,-!

:UY(%'!/+!Z6/'[2!\/+?,.(!\,'!]),'A!"FW"@A!;4%-=,)-(2! '/(!+/&?-)53/(!3+)')(%-+!3-!6%-/'!

./! 60,+4)-/(! (,'3P'/(! ,3! 0/&,=P)-%-+/(! 6,30! '%! .4+/&+),-! ./(! %-+)&,06(! &)0&3'%-+(!

6/0=/++/-+! 3-/! &%0%&+40)(%+),-! 53%')+%+)B/! /+! 53%-+)+%+)B/! :/-! 6%0+)&3')/0! 6,30! '/!

$3=)-/Q@! ./! &/(! %-+)&,06(! :T,30! 0/B3/! ./(! .)**40/-+/(! +/&?-)53/(! 3+)')(4/(! 6,30! '%!
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()A:',2!-!/'.>),!$B)$'+&)C)'.!$'!+*;='::',!()A:',!-+&)@%+)D;',!.'(*++;',!/-.!:',!-+&)(*./,!

().(;:-+&,5!!

E+!'CC'&2!A)'+!D;'!:',!()A:',!-+&)@%+)D;',!/.)+()/-:',!,*)'+&!A)'+!(*++;',!F!):!,B-@)&!

/.)+()/-:'>'+&!$',!-+&)@<+',!$',!@.*;/',!,-+@;)+,!'&!$',!>*:%(;:',!$;!GHI!$'!(:-,,'!J!

'&!JJ2!$'!+*>A.';,',!%&;$',!>'&&'+&!'+!:;>)<.'!$',!-+&)(*./,!+*+KGHI!$-+,!:'!,%.;>!$'!

('.&-)+,!&.-+,/:-+&%,!L/*;.!.'=;'!0!M4-+@!'&!N''$2!O;..!P/)+!J>>*:5!"67685!I)+,)2!:B%&;$'!

>;:&)('+&.)D;'!$).)@%'!/-.! :'!9.5!Q'.4-.$!P/':R2!-+-:S,-+&! :',!,%.;>,!'&! :',!,;.=)',!$'!

T6TU! &.-+,/:-+&%,! .%+-;V! $'! &S/-@'! GHI! )$'+&)D;'! -='(! :';.! $*++';.2! -! .%=%:%! :-!

/.%,'+('! $B-+&)(*./,! -+&)K$*++';.! (4'R! 76T#! $'! (',! /-&)'+&,! '&! ;+'! ,;.=)'!

,)@+)C)(-&)='>'+&! /:;,! C-)A:'! W! 76! -+,! /*,&K@.'CC'! /-.! (*>/-.-),*+! -;V! /-&)'+&,! ,-+,!

-+&)(*./,! -+&)K$*++';.! LP/':R2! H-+('&5! "66X85! 9:;,! &-.$2! :',! &.-=-;V! $'! Y*.&4)+@&*+!

LY*.&4)+@&*+! '&! (*::52! Z.-+,/:-+&-&)*+2! "66#8! *+&! >*+&.%! D;'! ,;.! [\! &.-+,/:-+&%,!

.%+-;V!/.%,'+&-+&!;+'!$S,C*+(&)*+!$;!@.'CC*+2!-,,*()%'!W!:-!/.%,'+('!$'!OT$2!]!/-&)'+&,!

/.%,'+&-)'+&!$',!-+&)(*./,!-+&)KGHI!$*+&!,';:'>'+&![!%&-)'+&!,/%()C)D;',!$;!$*++';.2!

,;@@%.-+&! :-!/.%,'+('!(4'R!(',!/-&)'+&,!$B-+&)(*./,!-::*.%-(&)C,!,/%()C)D;',!$B-+&)@<+',!

+*+KGHI5!!

!

^',! -+&)(*./,! -+&)KOE! LIEOI!0!I+&)KE+$*&4':)-:!O'::!I+&)A*$)',8!*+&!/-.! -)::';.,!

%&%!)$'+&)C)%,!$-+,!:',!$)CC%.'+&,!&S/',!$'!.'?'&!L4S/'.-)@;2!-)@;!'&!(4.*+)D;'8!-)+,)!D;'!
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1-1.2 Immunosuppression et Complications Post-

Transplantation 

 

$%! &'(! )*+,*-(! .'! &/! 01.'2%3'4! &5/01&%+*/6%+3! .'(! 6'273%89'(! 27%*9*,%2/&'(4! &/!
&%0%6/6%+3!.'(!)/6%'36(!:!*%(89'!)/*!93'!0'%&&'9*'!/3/&;('!.'!&/!2+0)/6%<%&%61!.'(!2+9)&'(!
.+33'9*=*'2'>'9*! +36! )'*0%(! .'! 2+3(%.1*/<&'0'36! /9,0'36'*! &/! (9*>%'! .'(! ,*'??+3(4!
2'&&'@2%!*'(6'!6*-(!.1)'3./36'!.'!&5%0093+(9))*'((%+3A!B5%.'36%?%2/6%+3!.'(!012/3%(0'(!
%0093+&+,%89'(! %0)&%891(! ./3(! &'(! .%??1*'36(! 6;)'(! .'! *'C'6(! )'*0'6! .5/./)6'*! 2'(!
6*/%6'0'36(!%0093+(9))*'(('9*(!./3(!93'!+)6%89'!.'!)*+&+3,'*!/9!)+((%<&'!&/!?+326%+3!
.9!,*'??+3A!D')'3./364!2'(!6*/%6'0'36(!3'!(+36!)/(!(/3(!*%(89'(A!E96*'!&'(!'??'6(!6+F%89'(!
.'! 2'*6/%3(! %0093+(9))*'(('9*(! G/36%@2/&2%3'9*%3'(H4! &'(! *'2'>'9*(! %0093+.1)*%01(!
(+36! )&9(! (9C'6(! /9F! %3?'26%+3(! +))+*693%(6'(4! :! &/! *1/26%>/6%+3! .'! >%*9(! &/6'36(! '6! /9!
.1>'&+))'0'36!.'!2/32'*(A!
 

1-1.2.1 Les infections post-greffe 

 

B'(! %3?'26%+3(! .'0'9*'36! &'(! )*%32%)/&'(! 2/9('(! .'! 2+0)&%2/6%+3! )+(6@
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1-1.2.1b Les infections virales 
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1-1.2.2 Les cancers en transplantation 
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1-2 MHC class I related Chain A (MICA). 
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1-2.1 Organisation et caractéristiques du gène MICA 

!
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Figure 5 :  (A). Organisation exonique et intronique du gène MICA.  
    : $%&'  : (')*&' xxx : +&,-*.!/.!'0123&)4/.5 

 

(B). Comparaison des séquences nucléotidiques des 
microsatellites A5 et A5 muté (A5.1). (,671)!/.!27!,0)7)4&'!50*!27!5380.'1.!
.'!714/.5!7,4'35!)*7/04).!&0!294')*&/01)4&'!6*31&1.!/90'!1&/&'!5)&6!:!;<!
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Ex1 Ex3 Ex4 Ex5 Ex6 Ex2 

Peptide 
Leader 

Domaines Extracellulaires 

Région 
Transmembranaire 

Domaine 
Intracytoplasmique 

MICA ADNg 5’ 3’ 

70 255 288 279 132-150 128 

6840 99 587 274 2551 

Exon5 // GTT GCT GCT GCT GCT GCT ATT TTT ATT ATT ATT TTC TAT GTC CGT TGT TGT AAG AAG AAA ACA TCA GCT // Exon6 
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Exon5 // GTT GCT GCTGGCT GCT GCT ATT TTT ATT ATT ATT TTC TAT GTC CGT TGT TGT AAG AAG AAA ACA TCA GCT // Exon6 
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MICA A5.1 

MICA A5 

(A) 
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Figure 6 :  Représentation schématique du polymorphisme des gènes MICA 
(A) et MICB (B). $%$&'()*+,-.! /! ,%012.3+,*1!/! -%4)()+,*1!/!

52%6,'3*27+.((,+. 
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1-2.2 Expression et Régulation de la protéine MICA 
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1-2.2.1 Régulation de MICA par les stress cellulaires 
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1-2.2.2 Régulation de MICA par les cytokines pro-inflammatoires 
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1-2.2.3 Mécanismes de régulation post-traductionnels de MICA 
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1-2.2.4 Expression de la forme soluble de MICA 
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1-2.3 Fonction des protéines MICA 
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Figure 7 :  Comparaison des structures des différents ligands de NKG2D 
humains et murins. 
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Figure 8 : Les mécanismes 
cellulaires impliqués dans la 
régulation de MICA. 
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1-2.4 MICA, NKG2DLs & les Pathologies Associées 
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Figure 9 : Cloisonnement de la littérature traitant de la molécule MICA par 
domaines de recherches et en fonction de l’année de publication. $%&!
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1-2.4.1 MICA, NKG2DLs et les infections bactériennes et virales  
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Tableau 1: Revue de la littérature décrivant la détection des formes solubles 
de MICA et des autres ligands de NKG2D dans les sera de patients atteints de 
cancer. GQRG&(),'(/! /&)'/!S! GDRG&(),'(/! <&'<*8,%T!S! UVMRM,%<*N),! NW*-0X+,! &).K,!S!
UMMRM,%<*N),! -WN9H01-&/()$%,! &).K,!S! DVMR! M,%<*N),! NW*-0X+,! <H80')$%,!S!
DMMRM,%<*N),!-WN9H0X+,!<H80')$%,!S!YZ2@MRMWN9H0N,!'0'Z@0+.L)'),'!:!<,--%-,/!Y!S!!
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CHAPITRE II :  

Impact de la mutation MICA A5.1 sur 

l’expression endothéliale de MICA : 

Conséquences sur l’induction d’allo-anticorps 

post-transplantation rénale 
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2-1 Présentation de l’Etude 
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MICA Gene Polymorphism in Kidney Allografts and Possible Impact of
Functionally Relevant Variants

P. Tonnerre, N. Gérard, M. Chatelais, and B. Charreau

ABSTRACT
It is likely that the polymorphic MICA (MHC class I related chain A) molecules on
graft endothelial cells (ECs) may be a target for specific antibodies and T cells directed
against solid organ grafts. Although there is evidence for a role of MICA in vascular
and transplant biology, genotyping is not performed routinely, and thus there are few
correlations between polymorphism and endothelial phenotype. The present study
examined the frequency of the various alleles for the nonclassical MHCI MICA gene
among a cohort of kidney transplant donors, particularly MICA genetic variants
(MICA A5.1 and MICA-129) that may affect MICA expression and function on graft
EC. Genotyping was performed on genomic DNA derived from primary cultures of EC
established from transplant donors at the time of transplantation. Herein we have
reported that among 106 alleles analyzed, 28/69 MICA alleles were distributed among
7 major variants (*00804, *00801, *004, *00201, *00901*, *011, *010), representing
70% of the donors. MICA*008 the most abundant allele (31.1%) was associated with
the MICA A5.1 mutation. The majority of donors (52.8%) had at least one MICA A5.l
allele, with 13.2% homozygous for this mutation. The MICA-129 val/val genotype,
which encodes a low-affinity ligand, was predominant (49%), while the MICA-129
met/met, corresponding to a high-affinity ligand, was observed in 11.3% of the
transplants. Our findings highlighted the MICA gene polymorphism that produces
functional diversity in transplant recipients with variable interactions between MICA
and its receptor NKG2D.

ALTHOUGH genetic matching for the classical HLA
antigens is clearly a major determinant of successful

transplant outcomes, clinical data and previous studies
have demonstrate the roles of other polymorphic genetic
factors. The MHC class I chain-related gene MICA is a
prime candidate for such a genetic factor. The human
MHC class I chain-related genes (MICA and MICB) are
located within the HLA class I region of chromosome 6.
Likewise, classical HLA class I genes, (unlike other
nonclassical HLA class I genes; HLAE, -F and -G), the
MICA gene is highly polymorphic,1,2 with atleast 69
alleles (http://www.anthonvnolan.org.uk/HIG). Func-
tionally, MICA neither builds !2-microglobulin (!2-m)
nor has a role in peptide binding for antigen presenta-
tion. MICA is a ligand that activating the immunorecep-
tor NKG2D, a C-type lectin-like membrane glycoprotein
which is expressed on essentially all natural killer (NK)
cells, as well as on "# and $! CD8(!) T cells. MICA
proteins are physiologically expressed on the surface of a

limited set of cells including intestinal epithelial cells,
endothelial cells (ECs), monocytes, and fibroblasts.3

Consistent with the high polymorphism of MICA mole-
cules, specific antibodies against MICA have been re-
ported in the sera of patients who have rejected kidney
allografts, suggesting their potential role in transplant
immunopathology.4,5 However, MICA genotyping is not
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performed routinely; the correlation between MICA
polymorphism and its expression and function on graft
ECs is still unknown. The present study examined the
frequency of MICA gene alleles among a cohort of kidney
transplant donors with particular focus on variants MIC
A A5.1 and MICA-129 that may affect MICA expression
and function on graft ECs.

MATERIALS AND METHODS
Subjects and Samples

From 1999 to 2009, primary cultures of vascular ECs were estab-
lished routinely from deceased kidney allograft donors. All kidney
or kidney/pancreas transplant recipients were followed at our
institution. The study was performed according to the guidelines of
the local ethics committee.

Cell Culture and DNA Isolation

For EC isolation, vessels were incubated with collagenase A
(Roche, France) for 30 minutes at 37°C. The EG selected using
CD31-Dynabeads (Dynal, France), were characterized before
storage, and grown as previously described.6 Genomic DNA,
extracted from cultured ECs (3 ! 106 cells) and using the
proteinase K/phenol-chloroform method, was employed for
genotyping.

MICA Typing: PCR and Genotyping

MICA exons were amplified with the following primers: MICA1-
F5=-ACGCGTTGTCTGTCCTGGAA-3=,MICA1-R5=-GAGGT-
GCAAAAGGGAAGATG-3= for exon 1, MICA2-F5=-ATT-
TCCTGCCCCAGGAAGGTTGG-3= and MICA2-R 5=-AGA-
CAGGTCCCTGCTCTCTG-3= for exon 2, MICA3-F 5=-
TTCGGGAATGGAGAAGTCACTGC-3=, MICA3-R 5=-AAA-
TGCCTTCATCCATAGCACAG-3= for exon 3; MICA4-F 5=-
GACTTGCAGGTCAGGGGTCCC-3=, MICA4-R 5=-TGTC-
CCTACCCTGGCCTGACC-3= for exon 4, MICA5-F 5=-
CCTTTTTTTCAGGGAAAGTGC-3=, MICA5-R 5=-CCTT-
ACCATCTCCAGAAACTGC-3= for exon 5, and MICA6-F;
5=-GATGTTGATGGAGTGATGGGA-3=, MICA6-R; 5=-CAA-
AGTGTTGGGATTACAGGCGTGAGC-3= for exon 6. PCR
for MICA exons 1, 5, and 6 were performed using 100 mg of
DNA, 12.5 mmol/L dNTPs, 1x Taq buffer, 2 mmol/L MgCI2, 0.1
U Taq DNA polymerase (Invitrogen, Carlsbad, Calif), and 10
pmol/L of each oligonucleotide. For MICA exons 2, 3, and 4, we
first performed a PCR using 100 mg DNA, 15 pmol/L of each

primer,7 12.5 mmol/L dNTPs, 1 U of Herculase Taq (Stratagene,
La Jolla, Calif). Then nested PCRs, were performed with 1 !L
of PCR product under conditions reported above for exons, 1, 5,
and 6 using a PTC200 thermocycler (BIO-RAD Laboratories,
Hercules, Calif). Conditions for long PCR for exons 2, 3, and 4
were: 95°C for 2 minutes, 30 cycles of 95°C for 20 seconds 63°C
for 20 seconds, and 72°C for 1 minutes 10 seconds. For nested
PCR and PCR for exons 1, 5, and 6, the conditions were 95°C for
5 minutes, 30 cycles of 95°C for 20 seconds at specific melting
temperature for 20 seconds, and 72°C for 1 minutes. A final cycle
at 72°C for 5 minutes, was applied for all PCR reactions.
Products were electrophoresed on 1% agarose gels. The DNA
sequencing (Sequencing Core Facility INSERM/IFR26, Nantes,
France) employing a 48-capillary AB 3730 automatic system
(Applied Biosystems, Foster City, Calif) was analyzed with
ChromasPro 1.5 software (Digital River GmbH, Shannon, Ire-
land).

RESULTS
MICA Allelic Polymorphism

Fifty-three donor EC cultures of corresponded to renal
transplantations performed between 1999 and 2009. Among
the MICA 106 alleles analyzed, 28 were observed among
our cohort (Fig 1). The MICA*008 was the most frequent
one (31.1%), including MICA*00804 (17.5%) and
MICA*00801 (13.6%), followed by MICA*004 (9.7%).
There was a similar frequency for MICA*00201 (7.8%),
MICA*00901 (7.8%), MICA*011 (6.8%), and MICA*010
(5.8%), while the other alleles (n " 21) accounted for less
than 3%. Among 41 genotypes, MICA *00801/*00804 was
the most often present one (14.6%).

MICA Exon 5 Microsatellite Polymorphism

MICA has a triplet repeat microsatellite polymorphism
(GCT)n in the transmembrane region, which consists of
five allele—A4, A5, A5.1, A6, and A9.8 According to the
open reading frame of the MICA cDNA, the microsat-
ellite encodes polyalanine. Therefore the number of
alanine residues differs by the number of triplet repeats,
eg., A4 is defined to contain 4 GCT repeats. The A5.1
MICA allele contains 5 triplet repeats plus one addi-
tional nucleotide insertion (GGCT) that causes a frame-
shift mutation leading to a premature intradomain stop

Fig 1. MICA allele polymorphism in transplant donors.
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codon. Previous studies have suggested that MICA A5.1
encodes a truncated protein with possible aberrant ex-
pression and cellular localization.9 We observed a 52.8%
(n ! 28) frequency of the MICA A5.1 allele in our cohort
(Table 1). Importantly, 13.2% (n ! 7) of transplant
donors were homozygous for MICA A5.1, whereas 39.6%
(n ! 21) were heterozygous. The MICA A5.1 mutation
was associated with four alleles: *23, *028, *053, and
*008, the last being the most represented allele among
our cohort of transplant donors.

MICA–Amino Acid 129 Polymorphism

A polymorphic methionine (met) to valine (val) variation at
amino acid position 129 of the !2 heavy chain domain is in
linkage disequilibrium with other allelic changes. It catego-
rizes MICA alleles into high (MICA-129 met) and low
(MICA-129 val) affinity ligands for the NKG2D receptor.
Consequently, MICA-129 polymorphism may influence ef-
fector cell function. Consequently, A ¡ G polymorphism in
exon 3 at position 454, which decides the amino acid at
position 129, was examined among 53 transplant donors
(Table 2). The observed genotype frequencies were: MICA-
129 met/val heterozygous, 21/53 (39.6%); MICA-129 met/
met homozygous, 6/53 (11.3%); and MICA-129 val/val
homozygous, 26/53 (49%).

DISCUSSION

This study examined the genetic polymorphism of MICA
among a population of transplant donors. The aim of this
study was to investigate whether functionally relevant
MICA variants affect recognition by allogeneic
NKG2D" effector cells graft endothelium. The domain
organization of MICA includes: one leader peptide en-
coded by exon 1, three extracellular globular domains
encoded by exons 2– 4, one transmembrane (TM) domain
encoded by exon 5, and a cytoplasmic tail encoded by
exon 6. Herein, we have reported that, among 106 alleles
analyzed, 28/69 showed 7 major alleles: *00804, *00801,
*004, *00201, *00901, *011, *010. They represented 70%
of the donors. MICA*008, the most abundant allele
(31.1%), was associated with the MICA A5.1 mutation.
Furthermore, MICA polymorphisms may influence not
only the production of donor-specific alloantibodies but
also the cell-surface expression of MICA and its binding
to NKG2D on recipient effector cells. The majority of
donors (52.8%) showed at least one MICA A5.1 with
13.2% homozygous for this mutation. The protein en-

coded by MIC A5.1 is shorter than its normal counterpart
and contains fewer hydrophobic amino acids, features
which may impair its cell-surface expression. Moreover,
individuals homozygous for the MICA A5.1 allele may
display an altered immune response to stressed or virally
infected cells, as recently reported.10 When we analyzed
transplant donors for MICA exon 3 polymorphism at
position 129, the MICA-129 val/val genotype was pre-
dominant (49% of transplants), while the MICA-129
met/met variant corresponding to the high-affinity ligand
was observed in 11.3% transplants. In the context of
vascularized organ transplantation, the weak engagement
of NKG2D receptors by the low-affinity ligand MICA-129
val/val genotype may impair NK/cytotoxic T lymphocyte
cell activation. In contrast, robust engagement of
NKG2D receptors by the high-affinity ligand MICA-129
met/met genotype may promote cytotoxicity and EC lysis:
In sum, this study suggested that MICA gene polymor-
phism ditermining functional diversity may account for
variable MICA/NKG2D interactions in transplant recip-
ients. The clinical impact of this variability remains to be
determined. Variations in content and function, ie,
NKG2D binding reflecting MICA gene polymorphism,
will be further investigated at molecular and cellular level
of primary EC cultures isolated from the transplant
donors. Finally, this study should provide better knowl-
edge of the MICA implications for transplantation im-
munology, thus helping to design future detection and
monitoring assays.
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ABSTRACT  

 

 

This study investigated the immunological impact of the A5.1 mutation, related to the 

common MICA*008 allele, in renal transplantation from cellular to clinical levels. Using 

MICA wild type (WT) or MICA A5.1 homozygous endothelial cells (ECs) we show that A5.1 

mutation (59.5% of our transplant donors) elicits an endothelial phenotype characterized by 

elevated MICA mRNA steady state and proteins at cell surface (7-10-fold increase versus 

WT), and the exclusive release in exosomes instead of enzymatic cleavage. Mechanistically, 

we found no quantitative change in regulatory miRNAs but we identified several novels SNPs 

in MICA A5.1 3’UTR and 5’UTR regions. Functionally, A5.1 ECs enhance NKG2D 

interaction and NK cell activation, promoting NKG2D-dependent lysis of ECs. In kidney 

transplant recipients, polyreactive anti-MICA sera bind preferentially to MICA A5.1 donor’s 

ECs supporting MICA*008(A5.1) molecules as major antigenic determinants on graft’s ECs. 

By determining the incidence of MICA A5.1 mismatch we provide the first evidence for a 

statistically significant association between MICA A5.1 on transplant donor and anti-MICA 

sensitization of kidney recipients. Together, our findings identify the A5.1 mutation as an 

immunodominant factor and a potential risk factor for transplant survival. 
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INTRODUCTION 

MHC class I-related chain A (MICA) antigens are surface glycoproteins strongly 

implicated in innate immunity1,2. MICA is a ligand for the activating immunoreceptor 

NKG2D, a highly conserved C-type lectin-like membrane glycoprotein expressed on 

essentially all natural killer (NK) cells, as well as on !" and #$ CD8(+) T cells3,2(Risau and 

Flamme, 1995).  

MICA proteins are physiologically expressed at the cell surface of a restricted number 

of cell types including endothelial cells (ECs), epithelial cells, fibroblasts, dendritic cells and 

activated TCD4+ and B lymphocytes5. MICA are stress-induced proteins regulated at cell 

surface by infection (i.e. viruses and some intracellular bacteria), heat shock, DNA damage 

response6 and oncogenic transformation3. Dysregulation of MICA is associated with tumor 

escape7 but also causes autoreactive T cell stimulation, thus promoting autoimmune diseases8. 

MICA gene is highly polymorphic and more than 70 alleles have been reported so far 

(http://hla.alleles.org)9,10. MICA also has a triplet repeat microsatellite polymorphism (GCT) 

within Exon 5 encoding for the transmembrane region. Seven GCT (Alanine) repeats have 

been described, corresponding either in a 4(A4), 5(A5), 6(A6), 7(A7), 8(A8), 9(A9) or 

10(A10) Alanine repetitions within the transmembrane region. Additionally, a mutation has 

been associated with certain A5 repeat alleles. This mutation consists in a guanine insertion 

after the second, among five, trinucleotide repeat (A5.1) that causes a frameshift mutation 

leading to a premature intradomain stop codon11,12. Previous studies suggest that MICA A5.1 

encodes a truncated protein with possible aberrant protein expression and cellular 

localization13.  

Although genetic matching of the classical HLA antigens is clearly a major 

determinant of successful organ transplant outcome, clinical studies demonstrate that MICA is 
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another polymorphic genetic factor involved. Initial studies reported on specific antibodies 

against MICA in the serum of patients who had rejected kidney allografts, suggesting a role 

for these molecules in transplant immunopathology14,15. Expression of MICA in transplanted 

organs has been then demonstrated and anti-MICA antibodies have been associated with both 

acute and chronic rejection in renal16,17$! pancreatic18 and heart transplants19.! In renal 

transplantation, anti-MICA antibodies post-transplantation have been reported in 5-9% of 

recipients and cause a 10%-decrease in graft survival at 1 year20. Together these findings 

suggest a role for donor MICA antigens expressed on transplant ECs in the alloimmune 

response. However, MICA genotyping is not routinely achieved and a possible correlation 

between MICA polymorphism, MICA expression and function on graft’s ECs is still 

unknown. Moreover, the molecular bases for MICA allospecific immunization are not well 

understood.  

The aim of this study was to evaluate the functional impact of MICA A5.1 mutation on 

MICA expression by ECs and its clinical relevance in organ transplantation. Here, we 

examined the frequency of MICA A5.1 mutation among a cohort of kidney transplant donors. 

We demonstrate that MICA A5.1 mutation leads to abnormal expression of both surface 

MICA expression and release soluble and exosomal MICA antigens by ECs. We show here 

that endothelial MICA A5.1 expression enhances NKG2D engagement on NK cells and is a 

major antigenic determinant of the allele-specific anti-MICA humoral response in kidney 

transplant recipients.  
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RESULTS 

Predominant MICA A5.1 mutation in kidney transplants associates with MICA 

protein alteration in donor’s endothelial cells. Cultures of donor ECs corresponding to 

renal transplantations performed in our institute (ITUN, Nantes, France) between 1999 and 

June 2012 and prospectively isolated and stored have been used to determine the impact of 

MICA A5.1 mutation on endothelial phenotype and immune functions. Consistent with our 

previous study21, MICA genotyping of transplant donors (n=84) indicated that A5.1 mutation 

was found associated with four alleles: *023, *028, *053 and *008, the latest being the most 

represented allele in our cohort (34.5 %, including MICA*0801 (18.4%) and MICA*0804, 

(16.1%); Figure 1A). Overall, the frequency of the MICA A5.1 mutation was 59.5% in our 

cohort including 13.1% (n=11) of A5.1 homozygous and 46.4% (n=39) of heterozygous 

carriers (Figure 1B). MICA A5.1 variant contains 5 GCT repeats plus a nucleotide insertion 

(GGCT) (Figure 1C) that causes a frameshift mutation leading to a premature intradomain 

stop codon within the transmembrane region, which delete the MICA cytoplasmic tail. As a 

consequence of this mutation, expression of shortened MICA proteins in EC cultures from 

A5.1 homozygous donors as compared to wild type (WT) donors (33 kDa versus 42 kDa, 

respectively; Figure 1D) was observed by Western blotting after protein deglycosylation.  

 

Elevated MICA expression on graft’s ECs features MICA A5.1 donors and 

enhances NKG2D activation. To determine whether MICA A5.1 mutation may cause change 

in EC phenotype, MICA expression was compared on primary EC cultures issued from MICA 

A5.1 homozygous (A5.1/A5.1, n=4), heterozygous (WT/A5.1, n=4) and controls (WT/WT, n=4) 

transplant donors. First, FACS analysis (Figure 2A) shows that MICA surface expression was 
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significantly higher on ECs from A5.1/A5.1 donors compared to controls (MFI: 1085.7±190.5 

for A5.1/A5.1 vs 155.7±40.3 for WT/WT, **p=0.0073). In contrast, all group express equal 

levels of HLA-A,-B,-C and other NKG2D ligands (NKG2DL): MICB, ULBP-2 and -3 

(Figures 2B, 2C, 2D, 2E). ECs where MICA expression was intermediate were heterozygous 

for the A5.1 mutation. 

The NKG2D receptor stimulates activating signals for cytotoxicity by binding 

NKG2DL (MICA/B or ULBP1/2/3) on target cells22. Here, two models were used to study the 

functional impact of MICA A5.1 EC phenotype. First, coculture of NKL cells with EC 

monolayers were performed and showed (Figure 2F) that elevated MICA cell surface 

expression on A5.1/A5.1 ECs significantly decreases NKG2D expression on NK cells 

compared to WT/WT ECs (32.40±6.67% versus 50.80±4.93%, *p=0.0286) confirming 

increased ligand/receptor interaction. Second, NK activation and cytotoxic activity toward 

allogeneic ECs was measured. Enhanced MICA expression at EC target provokes a 

significant increase in lysis (Figure 2G, 51.20±11.11% versus 32.96±2.85% of lysis at 100:1 

E:T ratio, for A5.1/A5.1 and WT/WT, respectively, *p=0.0357). Together, these findings 

provide evidence that transplant donors carrying the A5.1 mutation have an elevated 

expression of MICA protein on graft’s EC that triggers an enhanced NKG2D-dependent ECs 

lysis by effector cells.  

 

MICA A5.1 mutation causes change in the release of soluble and exosomal MICA 

by ECs. A feature of MICA proteins is their ability to be released as soluble form by 

proteolytic cleavage7. To define whether a higher expression of cell bound MICA may also 

results in increased level of soluble MICA (sMICA), EC culture supernatants were collected 

and sMICA was quantified by ELISA. Unexpectedly, release of sMICA was found strongly 
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reduced for MICA A5.1 heterozygous cells (1.82-fold decrease (*p<0.05) compared to the WT 

group) while almost no soluble form was produced by A5.1 homozygous ECs (Figure 3A). 

Consistent with an impaired shedding of MICA from A5.1 cells, inhibition of 

metalloproteinases was significantly less efficient to maintain MICA surface expression on 

A5.1 carriers than on WT ECs (32.5±3.2% versus 119.5±33.8% of basal MICA increase; 

*p=0.0286; Figure 3B). Previous study reported the shedding of MICA A5.1 proteins into 

exosomes23, as a mechanism of immune escape used by some tumor cell lines. Here, the 

release of exosomes was found similar in quantity from both WT and A5.1 homozygous ECs 

(3-4!g/106 ECs/48h, Figure 3C). However and consistent with high cell surface expression, 

immunoblotting indicated that exosomes released from A5.1 ECs expressed higher levels of 

MICA mutated proteins with a dose-response observed for heterozygous and homozygous 

cells whereas exosomes from WT ECs didn’t associated with MICA molecules (Figure 3D). 

Thus, the genetic variant MICA A5.1 strongly impacts on MICA expression by altering cell 

surface MICA and the release of soluble and exosomal forms of MICA from ECs.  

 

Transcriptional and posttranscriptional control of MICA A5.1 expression. Next, 

we investigated the regulatory mechanisms that may trigger elevated MICA expression on 

MICA A5.1 ECs. Firstly, similar time courses of membrane-bound MICA decay was observed 

for WT and A5.1 ECs in the presence of cycloheximide indicating that protein stability was 

not involved (Figure 4A). In contrast, qPCR analyses indicated that A5.1 phenotype 

correlates with significantly higher mRNA steady state (1.96±0.83 and 4.00±0.96-fold-

increase for A5.1 heterozygous, and homozygous, respectively, versus WT MICA, 

**p=0.0085) (Figure 4B).  
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Among transcriptional mechanisms, regulatory miRNAs have been recently shown to 

control basal MICA expression in cells24. We found no quantitative change in the miRNAs 

previously reported to control MICA expression (miR-20a; -106b; -373; -520b) nor in 

miRNAs that we found predicted to target MICA 3’UTR (http://www.targetscan.org) (miR-

105; -520f; -636) (data not shown). We further speculated that change in MICA A5.1 

transcription rate could alternatively results from either an associated polymorphism in the 

promoter region or/and in the 3’UTR region that is a target for miRNA regulatory activity25. 

To test this hypothesis, sequencing of genomic DNA, in proximal 5’ and 3’UTRs, from a set 

of MICA WT (n=24) and A5.1 (n=10) transplant donors was achieved. As a result, 3 novel 

SNPs were identified in the proximal 5’UTR (at -364; -338; -308 from start codon) but none 

were specifically associated with MICA A5.1 (Figure 4C). Similarly, 7 novel SNPs were 

founded in the MICA 3’UTR region (at positions: +19; +24; +28; +50; +80; +122; +157 from 

the stop codon). Although none were specifically associated with MICA*008(A5.1), we 

cannot exclude their contribution to regulatory mechanisms.  

 

Graft’s ECs from MICA A5.1 donors are predominant targets of anti-MICA 

responses in kidney allograft recipients. The prevalence of anti-MICA antibodies post-

transplantation is around 5-9% and decreases graft survival by 10% at 1 year post-

transplantation20. To investigate the clinical impact of having a high MICA expression on 

graft ECs (i.e. transplant from a MICA A5.1 donor) we analyzed the specificity of anti-MICA 

responses in a cohort of kidney allograft recipients. Sera from 28 recipients with anti-MICA 

antibodies in the absence of anti-HLA antibodies were selected for the study. First, antibody 

specificity for the various MICA alleles of the sera was determined by Luminex® assays. 

Then, we developed an endothelial cell cross-match assay (ECXM) to test the MICA-based 

reactivity of the sera on a cellular relevant target. To this end, sera were incubated with four 
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EC cultures issued from donors homozygous for the 4 major MICA alleles represented in our 

donor’s cohort: MICA*002(WT), MICA*004(WT), MICA*009(WT), MICA*008(A5.1). A 

representative example of ECXM+ is shown in the supplemental figure S1. Anti-MICA 

antibody binding to the various ECs was detected by FACS as we previously described26. 

Luminex analysis showed that when present in the sera, intensities of anti-MICA*008/*027 

Abs in the sera were not higher than other specificity as determined by fluorescence intensity 

(MFI). When tested on EC cultures expressing physiological level of membrane-bound 

MICA, sera only bind to ECs from MICA*008(A5.1) donors (Figure 5A). Surprisingly, 

similar or even higher antibody levels defined on beads coated with MICA*002; *004 or *009 

proteins did not react with EC cultures from MICA*002(WT); *004(WT) or *009(WT) 

donors. These findings are illustrated in the Figure 5B and supplemental figure S2 

comparing the reactivity of a set of recipient’s sera on beads and ECs. Together, these data 

show for the first time to our knowledge that anti-MICA antibodies bind to target graft’s ECs 

in an allele-specific manner and also suggest that the level of MICA protein on A5.1 mutated 

EC is a key and a limiting parameter. To test this hypothesis, ECXM were repeated on 

MICA*008(A5.1) ECs previously MICA-silenced using specific siRNA (Figure 5B) 

(Efficacy of MICA silencing is shown in supplemental figure S3). Here, we demonstrate that 

reducing MICA level on MICA*008(A5.1) ECs abrogates recipient’s sera binding to donor 

ECs.  

 

MICA A5.1 mutation mismatch is a major determinant of transplant recipient 

immunization. As a consequence of our above findings attributing to MICA A5.1 changes in 

graft’s EC phenotype and function, in circulating forms of MICA released by ECs and the 

immunodominance of anti-MICA Abs, we hypothesized that a mismatch in MICA A5.1 

between donor (D) and recipient (R), in particular the combination D(A5.1)/R(WT) could 
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promote MICA sensitization. To test this hypothesis, the clinical impact of a MICA A5.1 

mismatch was investigated in a cohort of D/R pairs (n=81) with or without post-transplant 

MICA sensitization, as we previously determined by Luminex single antigen assays. 

Demographic data for both groups are presented in the Table 1. Genotyping for A5.1 

mutation was performed for both donors and recipients. D/R pairs were classified according 

to their MICA genotypes and four MICA D/R combinations were defined. The distribution of 

the D/R combinations was then statistically analyzed in the two groups of patients according 

to MICA sensitization (Figure 6). Our results show that, the combination “Donor 

A5.1/Recipient WT” was overrepresented in the group of MICA-sensitized patients (n=12; 

41.3%) in comparison to group of non-immunized recipients. Interestingly, the D/R full 

matching for A5.1 was found predominant (49.01%) in the non-immunized patients and low 

within the MICA sensitized group (13.3%) Statistical analysis of MICA A5.1 and WT 

distribution among donors and recipients in both groups demonstrates a significant 

association between D/R MICA A5.1 mismatch and anti-MICA alloimmunization particularly 

when donors carry the A5.1 mutation (*p=0.0104). 
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DISCUSSION 

MICA*008 is the predominant allele in several populations27,28 and is consequently 

highly represented in transplant donor and recipient populations as demonstrated here. 

MICA*008 is characterized by a mutation (A5.1) leading to a premature stop codon resulting 

in a truncated transmembrane and absent cytoplasmic tail11. Previous study from Bahram and 

colleagues reported on cellular changes associated with MICA A5.1 mutation in epithelial 

cells13. However, except from recent studies29,30, the functional impact of MICA genetic 

variant as well as the endothelial expression and regulation of MICA have yet not been 

explored. 

By comparing MICA transcripts and proteins on cultured ECs from either wild type or 

MICA A5.1 heterozygous and homozygous donors we showed that A5.1 mutation causes 

elevated MICA protein at the cell membrane (7-10 fold increase versus WT MICA). MICA 

A5.1 expression was not due to an increase in protein stability but rather reflects specific 

regulatory control at transcription or post-transcription level. Multiple checkpoints operate to 

control MICA expression including posttranscriptional mechanisms that allows a faster 

regulation than could be achieved via transcriptional regulation. Several miRNAs have been 

shown to play key regulatory role on MICA posttranscriptional control24. In our study, no 

significant quantitative change was found for miR-20a, -105, -106b, -373, -520b, -520f and -

636. Nevertheless, we cannot exclude the possibility that cell-specific (i.e. endothelial-

specific) miRNAs contribute to MICA regulation in ECs. However, these miRNAs still 

remain to be identified. We thought to investigate whether a specific polymorphism in the 5’ 

and 3’UTR regions of the MICA A5.1-associated-alleles could, independently of miRNA 

level, impair miRNA binding and regulatory action. Genotyping the 5’ and 3’UTRs from 

various MICA alleles reveals several SNPs in these regions. However, among the SNPs that 
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we found none was specifically associated with the A5.1 mutation. Ubiquitination and 

proteasome degradation processes have been reported as important events regulating 

NKG2DL expression in mouse and in humans31. A viral E3 ligase, K5, ubiquitylates lysine 

residues in the cytoplasmic tail of MICA and decreases cell surface expression of all MICA 

alleles with a wild-type cytoplasmic tail but had no effect on cell lines homozygous for 

MICA*008 allele32. Future studies will be required to determine whether accumulated MICA 

in A5.1 ECs results, at least partially, from impaired ubiquitination process. 

Functionally, and consistent with high level of MICA expression, A5.1 ECs increase 

NKG2D interaction and activity in NK cells as compared to ECs expressing full length 

MICA. As a consequence, activation of NK cells leads to an elevated NKG2D-dependent 

lysis of allogeneic A5.1 EC targets. In the transplantation setting, our data suggest that donor 

bearing the A5.1 allele could have a higher susceptibility to cell lysis mediated by 

NKG2Dpositive effector cells (NK and T CD8+).  

Shedding of MICA is one of the mechanisms by which human tumors evade NKG2D-

mediated immune destruction7,33. Soluble MICA induces host immune suppression by down 

regulation of surface NKG2D expression on NK cells and CTLs influencing immune response 

and patient outcome in cancer7 and in cardiac transplantation34. Exosomes derived from 

cancer cells also express ligands for NKG2D35. Consistent with previous data in a tumor cell 

line23, MICA*008(A5.1) accumulates in the EC supernatant as exosomes and mutated A5.1 

ECs fail to release soluble cleaved MICA. We also show, for the first time, that primary ECs 

secrete large quantities of exosomes (even more than immature dendritic cells36). 

Palmitoylation of two cystein residues in the intracellular domain of MICA is necessary for 

proteolytic shedding of MICA37. The absence of these two cysteins in A5.1 mutated proteins 

could explain the lack of MICA A5.1 protein shedding from ECs. Together these data suggest 

that the common MICA*008(A5.1) allele provides specific immunoregulatory properties to 
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ECs with exacerbated NKG2D interactions mediated via cellular contact but also via 

exosomes released by ECs. The respective functional impact of soluble versus exosomal 

MICA remains to be defined38. 

Since initial report showing that MICA molecule, expressed at the cell surface of ECs, 

is recognized by specific antibodies in sera of transplanted patients14, numerous clinical 

studies have sustained the detrimental impact of anti-MICA humoral response in kidney, heart 

and lung transplantation15,17,39,40. Nevertheless, the molecular basis for MICA 

alloimmunization remains to be established41. In the present study, we show that expression 

of MICA A5.1 is a primary target of post-transplant antibodies in kidney allograft recipients 

due to high MICA expression. Our results indicate that anti-MICA are alloreactive antibodies 

that bind to graft ECs in an allele-specific manner. These findings further support a key for 

MICA*008(A5.1) molecules all as both major antigenic determinant and target on recipient 

sensitization sustained this hypothesis. Clinically, our retrospective cohort study aimed to 

determine the incidence of a A5.1 mismatch provides the first evidence of a statistically 

significant association between MICA A5.1 mutation on transplant donors and anti-MICA 

sensitization of kidney recipients. 

To conclude, the A5.1 mutation related to the common MICA*008 allele elicits an 

endothelial phenotype characterized by an exacerbated expression of MICA at cell surface, 

the exclusive production of exosomes, expressing high level of MICA, as circulating MICA 

molecules. We propose that MICA mismatch with MICA A5.1 phenotype on graft’s ECs in 

MICA WT recipient is a major determinant for effector cellular and alloimmune humoral 

responses suggesting that particular MICA mismatching between donor and recipient may be 

a risk factor to consider in transplant long-term outcome. 
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CONCISE METHODS 

Subjects and Samples 

Primary EC cultures are prospectively isolated since 1999 from transplant donors at 

the time of kidney transplantation at ITUN (Nantes, France) and stored for research 

purposes26 in the DIVAT Sample Biocollection (French Health Minister Project number 

02G55). 

To investigate the impact of MICA A5.1 mutation on recipient alloimmunization, a 

total of 81 patients who underwent kidney transplantation between 1999 and 2010 at ITUN 

(CHU de Nantes, France) were included in the study. This cohort includes 30 donor/recipient 

pairs with post-transplant anti-MICA antibodies. A control group (n=51) includes transplant 

donor/recipient couples with no antibodies against HLA class I, class II and MICA antigens 

post-transplantation. To allow matching analyses, only donor/recipient pairs with genomic 

DNA available for MICA typing were selected. Serology for anti-HLA class I, -class II and 

anti-MICA antibodies before and after transplantation was performed by Luminex® assays 

(Labscreen, One Lambda, Canoga Park, CA) at the Laboratoire HLA, EFS Pays de la Loire, 

Nantes, France. The study was performed according to the guidelines of the local ethics 

committee (CCPRB, CHU de Nantes, France). Consent was obtained before inclusion in this 

study to the collection and storage of cells and DNA, (BioCollection INSERM, French Health 

Minister Project N°02G55).  

 

Endothelial cell isolation and cell culture 

Isolation and establishment of primary cultures of vascular ECs (HAEC) are isolated 

and characterized as we previously described42. ECs were cultured in Endothelial Cell Basal 
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Medium (ECBM) supplemented with 10% fetal calf serum (FCS), 0.004 mL/mL 

ECGS/Heparin, 0.1 ng/mL hEGF, 1 ng/mL hbFGF, 1 !g/mL hydrocortisone, 50 !g/mL 

gentamicin and 50 ng/mL amphotericin B (C-22010, PromoCell, Heidelberg, Germany). ECs 

were used between passage 2 and 5. The human NK cell line, NKL, was grown in RPMI 1640 

media supplemented with 10% FCS, 4 mM glutamine, 1 mM sodium pyruvate, and 200 U/mL 

of rIL-2 (R&D Systems). NKL cell line was kindly provided by Dr. Eric Vivier (Marseille, 

France). For NKG2D analysis, NKL were incubated with confluent EC monolayers and 

NKG2D expression by NKL was then measured by FACS.  

 

Reagents and antibodies 

The following mAbs were used: anti-pan HLA class I (anti-HLA-A,-B,-C; clone 

W6/32) (American Type Cell Culture), anti-MICA (AMO1) and MICA/B (BAM01, BAMO3) 

were for BamOmab (Tubingen, Germany), anti-ULBP1, -2, -3 (R&D Systems, Lille, France), 

anti-"5 integrin and anti-GAPDH (both from Chemicon, Val de Fontenay, France). Anti-

NKG2D mAbs as well as FITC and PE-conjugated anti-mouse F(ab’)2 and anti-human IgG 

were from Jackson Immunoresearch Laboratories (West Grove, PE). For protein stability 

analysis, confluent EC monolayers were incubated with cycloheximide (CHX, 50!M, Sigma-

Aldrich, St Louis, MO) for the indicated period of time. For inhibition of soluble MICA 

release, ECs were treated with galardin (GM6001, 50!g/ml, Sigma-Aldrich) for the indicated 

period of time.  

 

MICA genotyping, 5’ and 3’UTR analysis 

MICA typing of transplant donors and recipients was performed as we previously 

described21. MICA proximal promoter, exons and 3’UTR region were amplified with the 
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following primers: MICApromo-F5’-ACGCGTTGTCTGTCCTGGAA-3’, MICApromo-R5’-

GAGGTGCAAAAGGGAAGATG-3’ for the proximal promoter, MICA2-F 5’-

ATTTCCTGCCCCAGGAAGGTTGG-3’ and MICA2-R 5’-

AGACAGGTCCCTGCTCTCTG-3’ for exon2, MICA3-F 5’-

TTCGGGAATGGAGAAGTCACTGC-3’, MICA3-R 5’-

AAATGCCTTCATCCATAGCACAG-3’ for exon3; MICA4-F 5’-

GACTTGCAGGTCAGGGGTCCC-3’, MICA4-R 5’-TGTCCCTACCCTGGCCTGACC-3’ 

for exon 4, MICA5-F 5’-CCTTTTTTTCAGGGAAAGTGC-3’, MICA5-R 5’-

CCTTACCATCTCCAGAAACTGC-3’ for exon5, and MICA6-F; 5’-

GATGTTGATGGAGTGATGGGA-3’, MICA6-R; 5-

’ATGTTGATCAGGATGGTCTCGATC-3’for exon 6 and 5’UTR region.  

PCR for MICA promoter, exons 5, 6 and 5’UTR were performed using 100ng of DNA, 

12.5mM dNTPs, 1x Taq buffer, 2mM MgCl2, 0.1U Taq DNA polymerase (Invitrogen, 

Carlsbad, CA) and 10pM of each oligonucleotide. For MICA exons 2, 3 and 4, we first 

performed a PCR using 100ng DNA, 15pM of each primer43, 12.5mM dNTPs, 1 U of 

Herculase® Taq (Stratagene, La Jolla, CA). Then, nested PCR were performed using 1!L of 

PCR product and conditions reported above for exons 1, 5 and 6. PCR amplifications were 

carried out on PTC200 (BIO-RAD laboratories, Hercules, CA) thermocycler. PCR products 

were run on 1% agarose gels for control. DNA sequencing was performed (Sequencing Core 

Facility INSERM/IFR26, Nantes, France) using a 48-capillary AB®3730 automatic system 

(Applied Biosystems, Foster City, CA) and analyzed using ChromasPro 1.5® software 

(Digital River GmbH, Shannon, Ireland). 
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RNA and quantitative real-time PCR 

Total RNA was isolated using the Trizol reagent (Invitrogen). After phenol-

chloroform extraction and ethanol precipitation, total RNA (2!g) was treated with RNase-free 

Turbo-DNase® (Ambion) before reverse transcription (RT). Treated RNA was then reverse 

transcripted with mMLV reverse Transcriptase (Invitrogen) according to the manufacturer’s 

instructions. Real-time quantitative PCR was performed in an ABI PRISM 7900 sequence 

detection application program using labeled TaqMan! probes (Applied Biosystems). The 

following commercial ready-to-use primers/probe mixes were used (Applied Biosystems): 

MICA (Hs00792_m1), hypoxanthine guanine phosphoribosyl transferase (HPRT, 

Hs99999909_m1) was used as an endogenous control to normalize RNA amount. Relative 

expression between a given sample and a reference sample was calculated according to the 2–

""
Ct method, where the reference represents one-fold expression, as previously described44.  

 

siRNAs and silencing 

Short interfering RNA (siRNAs) were designed, synthesized and purchased from 

Ambion (Applied Biosystems). Cells were transiently transfected with 25 nM of non targeting 

(siCONTROL) or MICA-specific siRNAs (siRNA#s8771, Ambion, Applied Biosystems) 

using LipofectAMINE™ RNAiMAX reagent according to the manufacturer's instructions 

(Invitrogen). The efficiency of silencing, determined by flow cytometry analyses in each 

experiment, ranged from 70% to 90%.  
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Immunoblotting 

Cells or exosomes were lysed on ice in 20 mmol/L Tris-HCl (pH 7.4), 137 mmol/L 

NaCl, 0.05% Triton X-100, 1 mmol/L supplemented with protease inhibitors (PIC, Sigma–

Aldrich). Deglycosylation with Endoglycosidase H and Peptide:N-glycosidase F (Sigma-

Aldrich) was performed as we described previously45. Lysates (20 !g) were resolved by SDS-

PAGE (12%) and subjected to Western immunoblot analysis using specific antibodies for 

MICA/MICB (BAMO1), "5 integrin or GAPDH, and secondary horseradish peroxidase-

labeled anti-mouse antibodies (Cell Signaling Technology, St Quentin-en-Yveline, France). 

Antibody-bound proteins were detected using an ECL kit (Amersham) and luminescent image 

analyzer LAS-4000 (Fujifilm, Tokyo, Japan). Image analysis was performed with Multi 

Gauge software (Fujifilm). 

 

Flow cytometry, Luminex and endothelial cell cross-match (ECXM) 

For phenotype analysis, cells (1–2!105 cells/sample) were harvested, washed twice 

with PBS containing 1% BSA and 0.1% NaN3, and then incubated on ice for 30 min with a 

saturating concentration of primary antibodies. After three washes, cells were incubated with 

PE-labeled goat anti-mouse F(ab')2 IgG (Jackson Lab.) at 4°C for 30 min. Cells were fixed in 

1% paraformaldehyde. Negative controls were performed using an istotype-matched IgG 

control.  

For experimental endothelial cell cross-match, target ECs (1–2!105 cells/sample) 

isolated from MICA*002(WT), *004(WT), *008(A5.1), *009(WT) or *010(null) 

homozygous donors were suspended with Trypsin-EDTA (Gibco BRL), washed twice with 

PBS containing 1% BSA and 0.1% NaN3, and then incubated on ice for 30 min with 25!L of 

patient’s sera (dilution # in PBS/BSA/NaN3). After three washes, cells were incubated with a 

FITC-labeled goat anti-human F(ab')2 IgG (Jackson Lab.) at 4 °C for 30 min. Cells were fixed 
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in 1% paraformaldehyde. A positive ECXM was obtained when MFI was at least twice the 

MFI obtained with EC control expressing MICA*010 (null), a MICA allele associated with 

no membrane-bound MICA due to instable proteins46. Negative controls were performed 

using a pool of normal human AB sera (NHS) from 250 healthy male donors (EFS, Nantes, 

France) or isotype-matched IgG control (Jackson Lab.). Experiments were repeated at least 

three times. Sera from kidney recipient (n=28) tested in ECXM were provided by Laboratoire 

HLA, (EFS Pays de la Loire, Nantes, France). These sera contain defined anti-MICA as 

determined by Luminex Single Antigen (LABScreen, One Lambda) but no anti-HLA class I 

or II antibodies. MICA single antigen kit allows detection of antibodies against MICA*001, 

*002, *004, *007, 009, *012, *017, *018, *019, and *027. MICA*027 and MICA*008 share 

the same extracellular region and have been considered equivalent in this study. Fluorescence 

was measured on 10,000 cells/sample using a fluorescence activated cell sorter 

(FACScantoII®: Becton Dickinson, Mountain View, CA) and analyzed using FlowJo® 

software (Tree Star, Inc. Ashland, OR) and Cytobank47. Data are depicted in histograms 

plotting median ou geomean fluorescence intensity (MFI) on a four-decade logarithmic scale 

(x-axis) versus cell number (y-axis). 

 

Cell-mediated cytotoxicity assays 

ECs labeled with 51Cr were incubated with NKL cells for 4 h at various E:T ratios. 

The supernatants were obtained after the incubation and subjected to gamma counting. The 

maximum or spontaneous release was defined as counts from samples incubated with 5% 

Triton X-100 or medium alone, respectively. Cytolytic activity was calculated with the 

following formula: % lysis = (experimental release - spontaneous release) x 100/(maximum 

release - spontaneous release). The spontaneous release in all assays was less than 20% of the 

maximum release.  
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Soluble MICA and exosome analysis 

Detection of sMICA was done using a sandwich-ELISA from BamoMab (Tubingen, 

Germany). For exosome purification, confluent EC monolayers were cultured in ECBM 

without serum or growth factor supplementation for 48h. Cell culture media were centrifuged 

twice for 10min at 300g and then centrifuged for 30min at 10,000g. Supernatants were 

centrifuged for 70min at 100,000g. Pellets containing exosomes were washed in PBS and 

centrifuged for 70min at 100,000g. Exosomes were stored at -80°C before analysis. 

 

Data analysis 

The data are expressed as means ± SEM and compared using nonparametric Mann 

Whitney test or Kruskal-Wallis test (with Dunns multiple comparison post-test) if more than 

two conditions. Statistical analysis of the association between donors/recipients MICA WT or 

A5.1 genotype mismatch and MICA alloimmunization was performed using Person-X2 test. 

Statistical analysis was performed using GraphPad Prism software (GraphPad, San Diego, 

CA, USA). A value of p < 0.05 was considered statistically significant.  
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FIGURE LEGENDS 

!

Figure 1. Allelic distribution and protein characterization of MICA A5.1 mutation. (A) 

MICA allele distribution in a cohort (n=84) of kidney donors. MICA genotyping was 

performed as reported in the Material and methods section. MICA alleles associated with 

MICA A5.1 mutation are shown in red. (B) Distribution of exon5 microsatellite polymorphism 

in our cohort of transplant donors (left panel) and distribution of MICA WT and A5.1 genotype 

(right panel). Data are expressed as percentages of the total population. (C) Representative 

electrophoregrams of MICA exon5 microsatellite sequences, homozygous WT/WT and 

A5.1/A5.1 donors. (D) A representative western blot showing MICA proteins expressed in 

vascular ECs isolated from transplant donors. EC lysates were obtained from cultures issued 

from WT (MICA A9) or MICA A5.1 homozygous individuals. Cell lysates (20 !g) were 

pretreated overnight with or without endoglycanase F (PNGase F) or endoglycosidase H 

(Endo H) for deglycosation before electrophoresis. Immunoblotting was performed after 

protein transfer using an anti-MICA monoclonal antibody (AMO1). Experiment is 

representative of 3 separate experiments.  

 

Figure 2. Elevated MICA expression on ECs from MICA A5.1 donors increases 

NKG2D modulation and activity in NK cells. (A-E) Endothelial expression of MICA (A), 

MICB (B), ULBP2 (C), ULPB3 (D) and MHC class I (E) at cell surface was established by 

facs analysis performed on ECs from homozygous WT/WT (n=4), MICA A5.1/A5.1 (n=4) and 

heterozygous WT/A5.1 (n=4) donors. Upper panel shows representative histograms of 

fluorescence intensity and a quantitative analysis from 4 individual EC cultures is shown in 

the lower panel, **p=0.0073. (F) Exacerbated expression of MICA A5.1 proteins on ECs 
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increases NKG2D internalization on NK cells. NKG2D expression on NKL was analyzed by 

Facs 24h after co-culture with EC monolayers from either MICA WT/WT (n=4) or A5.1/A5.1 

(n=4) individuals. Representative histograms of fluorescence intensity (left) and a quantitative 

analysis (right) from 4 MICA WT/WT and 4 A5.1/A5.1 individual EC cultures are shown, 

*p=0.0286. (G) Exacerbated expression of MICA A5.1 proteins on ECs increases NKG2D-

dependent NK cytotoxic activity. NKL were used as effector cells and ECs with MICA 

WT/WT (n=3) or MICA A5.1/A5.1 (n=5) genotype were used as targets at various effector-to-

target (E:T) ratios. Cytotoxicity was measured using a 4h- 51Cr release assay. Results are 

expressed as mean ± SEM of specific lysis, *p=0.0357. Experiments are representative of 

three independent experiments.  

 

Figure 3. MICA A5.1 mutation impairs MICA shedding from ECs but promotes 

release in endothelial exosomes. (A) Quantification of soluble MICA in EC supernatants. 

Conditioned media from WT/WT (n=9), WT/A5.1 (n=9), and A5.1/A5.1 (n=7) MICA EC 

cultures were collected at 120h and analyzed by Elisa, *p<0.05, ***p<0.0001. (B) Time 

course analysis of membrane-bound MICA after treatment of ECs with or without (NT) an 

inhibitor of metalloproteinases (GM6001) measured by flow cytometry. Representative 

histograms (left) and a relative quantification obtained from 4 EC WT/WT or A5.1/A5.1 are 

shown (right). Data are expressed as relative percentages of MICA expression, *p=0.0286). 

(C) Quantification of exosomes from 48h-conditioned media from MICA WT/WT (n=3) and 

A5.1/A5.1 (n=3) EC cultures. (D) Exosomes were purified by successive ultracentrifucations. 

Total EC lysats and lysats from purified EC-derived exosomes (20!g) were pretreated 

overnight with PNGase F before western blot analysis. Immunoblotting were performed using 
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anti-MICA/B antibodies (BAMO1). Blots were rehybridized using anti-integrin !5 antibodies. 

Results shown are representative of 3 independent experiments. 

 

Figure 4. MICA A5.1 mutation causes no change in protein stability but correlates with 

increased MICA mRNA steady state. (A) ECs with WT/WT (n=3) or A5.1/A5.1 (n=6) 

MICA genotypes were treated by cycloheximide (CHX) and MICA expression was analyzed 

by flow cytometry at different time points. Representative histograms from individual donors 

(left) and a quantitative analysis (right) are shown. Parallel kinetics of membrane bound 

MICA decreased was observed by FACS. (B) MICA transcripts in ECs were quantified by 

QPCR and results from WT/WT (n=6), WT/A5.1 (n=4) and MICA A5.1/A5.1 (n=4) are 

expressed as relative expression calculated by the 2–
!!

Ct method, **p=0.0085. (C) Location 

and allele-specificity of the SNPs identified by sequencing the 5’UTR and 3’UTR regions 

from 34 EC cultures including alleles MICA*008(A5.1), *004, *002, *009, *010, *011, *017 

and *030. 

 

Figure 5. Allele specificity of anti-MICA alloantibodies in kidney transplant recipients.  

(A) Quantitative analysis of anti-MICA antibodies in 28 sera from transplant recipients by 

Luminex MICA single antigens and endothelial cell crossmatch (ECXM). The four major 

specificities are shown (MICA*002, *004, *009, *027/*008). Data from Luminex analysis 

(upper panel) are expressed as MFI. (A). ECXM (lower panel) were performed by incubating 

ECs homozygous for MICA*002(WT), *004(WT), *009(WT) and *008(A5.1) with the sera 

previously characterized by Luminex assay (upper panel). ECs issued from a MICA*010(null) 

donor and expressing no MICA at cell surface was used as a control. Results are expressed as 
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a ratio between MFI obtained on indicated EC and MFI obtained on EC MICA*010(null) 

target. (B) For demonstration, data obtained with one serum (CHA) are presented (in red in 

Figure 5A). Serum reactivity determined by Luminex (left panel) and found by ECXM 

performed on four homozygous MICA ECs (medium panel) are shown. Positive ECXM was 

abolished after MICA silencing using MICA-specific siRNAs (right panel). Isotype-matched 

IgG controls are presented (dark-grey shading). ECXM on MICA*010(null) (light-grey 

shading) and MICA*008/A5.1 EC targets (black lines) are shown. Positive (red) and negative 

(black) ECXM scores are indicated. 

 

Figure 6. Clinical impact of for MICA A5.1 mutation mismatching on transplant 

recipient anti-MICA immunization. A total of 81 first kidney transplant Recipients were 

separated into two groups according to Luminex analysis data. The first group contains 

recipients with noimmunization against MICA, HLA class-I or -II antigens after 

transplantation (n=51). The second group contains recipients who have developed antibodies 

against MICA antigens (n=30). Genomic DNAs from both donors and recipients were 

sequenced for MICA A5.1 mutation and donor/recipient pairs were classified in four groups 

as follows: Donor WT/Recipient A5.1 (white panel); Donor WT/Recipient WT (light grey 

panel); Donor A5.1/Recipient A5.1 (dark grey panel); Donor A5.1/Recipient WT (black panel). 

The respective percentages of donor/recipient pairs are depicted. Statistical analysis of 

association between D/R pairs MICA A5.1 mutation mismatch and anti-MICA 

alloimmunization was assessed using Person X2 test (*p=0.0104). 

 

 

!
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Patients 
Non-
immunized 

MICA-
immunized 

  n=51 n=30 
DONORS    

Age (years; mean±SD) 53±13 52±16 

Gender Male/Female (% of male) 29/22 (56.8%) 10/20 (33.3%) 

RECIPIENTS    

Age (years; mean±SD) 52±11 48±16 

Gender Male/Female (% of male) 34/17 (66.6%) 17/13 (56.6%) 

Graft Kidney/pancreas-Kidney (% of kidney) 47/4 (92.1%) 20/10 (66.6%) 

Number of total HLA-A-B-DR mismatches 3.6±1.2 4.0±1.0 

Immunization anti-MICA (%) 0 (00.0%) 30 (100%) 

Immunization anti-class I (%) 0 (00.0%) 5 (16.6%) 

Immunization anti-class II (%) 0 (00.0%) 4 (13.3%) 

Original disease (n)    

Polycystic kidney disease 16 4 

Diabetes mellitus 7 12 

Hypertensive nephritis 6 0 

Chronic renal insufficiency 6 2 

Chronic interstitial nephritis 4 2 

IgA nephritis 2 2 

Glomerular disease 2 2 

Other 8 6 
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Figure 10 : Sites de phosphorylation potentiels dans le domaine intracellulaire 
de MICA. ?B036C,! 1+,! 36<=->7-4/,! =5! ,+6@+56! +/! 1-./+! D!E+7FG4,! H)I!J!
KG773LMMNNN)>O,)=75)=PM,+6@->+,ME+7FG4,MQ)!
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+7! ,05@0.+,! A! 10! ,56R0>+! =+,! >+1151+,! +/=47G<1-01+,2! >4::+! 1B4/7! R0-7! S5+:-T5! +7!

>4110O4607+56,!3456!10!>+1151+!<3-7G<1-01+!KS5+:-T5!+7!>411)2!F64>!E071!'>=!S>-)!HIIHQ)!U/+!

:4=-R->07-4/! =+! 1B0=6+,,0.+! A! 10! ,56R0>+! =+,! &V! ,+14/! 1B011C1+! =+! $%&'! 345660-7! 0@4-6!

=B-:34670/7+,! >4/,<;5+/>+,2! /470::+/7! ,56! 10! @-,-O-1-7<! =+,! 0/7-.C/+,! $%&'! 306! 1+,!

0/7->463,! =0/,! 5/! >4/7+W7+! =+! 760/,310/707-4/! 45! =B-/R+>7-4/)! E4,! 36+:-+6,! +,,0-,! ,+!

,4/7!G+567<,!A!10!=-RR->517<!=+!:+776+!+/!X5@6+!10!34106-,07-4/!=+,!&V2!!"#$!%&'2!/<>+,,0-6+!

A!>+77+!<75=+)!

!

?0/,! >+77+! <75=+2! /45,! 0,,4>-4/,! 1B+W36+,,-4/! =+! 10! :5707-4/!()*+# +,-.! A! 5/+!

=-:-/57-4/! =5! >1-@0.+! 3647<41Y7-;5+! =+! $%&'2! ,+! 760=5-,0/7! 306! 5/+! ;50/7-7<!

,-./-R->07-@+:+/7!:4-/=6+!=+!,0!R46:+!,415O1+!=0/,!1+,!,56/0.+0/7,!=+!>51756+,!=+,!&V!

+,-.)! Z+,! ,<;5+/>+,! /5>1<47-=-;5+,! -:31-;5<+,! =0/,! 1+! >1-@0.+! 3647<41Y7-;5+! <70/7!

36<,+/7+,!,56!>+,!=+5W!-,4R46:+,!=+!$%&'!K'()"!+7![\Q2!10!6+>4//0-,,0/>+!=+,!3647<-/+,!

$%&'!'()"!306! 1+,!:<701143647<-/0,+,!+7!306! 1+,!3647<-/+,!0=037076->+!V]3(!/+!,+:O1+!

30,!:-,+!+/!>05,+!K^0-,+6!+7!>411)2!E0756+)!HII_Q!K[01=G05+6!+7!>411)2!&0/>+6!]+,)!HII`Q)!
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%&'()*'+(! ,-'.*(! /0-! 1*2*0.30-!4/0-+,! &*! +5&*! .*! &3! 23&4)-/6&3-)/0! .*(! .*'7! +,().'(!
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'0! 4,130)(4*! *0>)(3?*3E&*! 2/'+! *72&)8'*+! 1*--*! .)1M/-/4)*! .30(! &*! +*&3+?3?*! .*(!
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!
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(*! -+3.')(30-! 23+! '0*! 2&'(! =/+-*! &6(*! .*(! ;L! N! 1/'+-! -*+4*! *-! '0*! 2&'(! )42/+-30-*!

)0-*+03&)(3-)/0! .'! +,1*2-*'+! PQR$@! N! &/0?! -*+4*B! S'-+*! &D3(2*1-! 8'30-)-3-)=! .*!

&D*72+*(()/0! .*!9:;<! <IB"! N! &3! ('+=31*! .*(! ;LJ! 0/(! +,('&-3-(!4/0-+*0-! 8'*! &*!4'-30-!

9:;<! <IB"! *(-J! *0! 8'3&)-,J! -/'-! N! =3)-! 1323E&*! .D)0-*+3?)+! 3>*1! PQR$@! *-! .D)0.')+*!

&D31-)>3-)/0! .*(! 1*&&'&*(! *==*1-+)1*(! PQR$@TUVJ! *0! .,(311/+.! 3>*1! &*(! /E(*+>3-)/0(! .*!

L&*4*!*-!1/&&3E/+3-*'+(!TL&*4*!*-!1/&&BJ!W!L72!9*.B!$XXYVB!!

! !

@*!0/4E+*'(*(!,-'.*(!1&)0)8'*(!/0-!+322/+-,!&3!2+,(*01*!.D30-)1/+2(!30-)O9:;<!

.30(!&*!(,+'4!.*(!23-)*0-(!-+30(2&30-,(!*-!/0-!3((/1),!&*'+!2+,(*01*!N!'0*!.)4)0'-)/0!.*!
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23+! &*(!30-)1/+2(!30-)O9:;<!2+,(*0-(!.30(! &*(! (,+3!.*(! -+30(2&30-,(B!<)0()J!0/'(!3>/0(!

4)(!3'!2/)0-!'0!-*(-!.*!1+/((O43-1M!*0./-M,&)3&!'-)&)(30-!0/-+*!E)/O1/&&*1-)/0!.*!1'&-'+*(!

2+)43)+*(!.*!;L!-62,*!9:;<!2/'+! &3!.,-*1-)/0!.*(!30-)1/+2(!30-)O9:;<!1)+1'&30-(!.30(!

&*(! (,+3! .*(! -+30(2&30-,(! +,03'7B! %3+! &3! 1/0=+/0-3-)/0! .*! 0/(! +,('&-3-(! 3>*1! &*(!

)0=/+43-)/0(! 1/01*+030-! 1*(! (,+'4(! T^2,1)=)1)-,! *-!9_:V! 1/&&*1-,*(! 23+! C'4)0*7J! 0/'(!
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!
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!
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CHAPITRE III :  

Impact de la Mutation MICA A5.1 sur la 

Réactivation du BK Virus Post-Transplantation 
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! "#$!

3-1 Présentation de l’Etude 
 

%&! '()*+! ,-! &+.! */! '()*+! 0! 123! 45*67&! 6)(/! 8998).&/8/.! 0! 78! :8;(77&! 4&+!

!"#$"%&'$($)&*<!=&7*(>?(!8!@.@!4@?5*'&).!95*)! 78!9)&;(A)&! :5(+!&/!"BC"!?D&E!*/!98.(&/.!

.)8/+978/.@! )@/87! 8F8/.! 4@'&7599@! */&! +.@/5+&! *)@.@)87&<! =&! 98.(&/.! 45/.! 7&+! (/(.(87&+!

@.8(&/.!G!,-!H!45//8!+5/!/5;!8*!4(.!'()*+!IJ8)4/&)!&.!?577<K!%8/?&.<!"BC"L<!!

M7!&+.!8*N5*)4OD*(!@.867(!P*&!QR!0!BRS!4&!78!959*78.(5/!84*7.&!&+.!(/:&?.@&!98)!7&!

'()*+!,-!IT,-LK! 78!9)(;5>(/:&?.(5/!8F8/.! 7(&*!8*!?5*)+!4&! 78!9&.(.&!&/:8/?&!&.!4&! :8U5/!

8+F;9.5;8.(P*&<!19)A+! 78!9)(;5>(/:&?.(5/K! 7&!T,-!.)5*'&! 78.&/?&!48/+! 7&! .)8?.*+!)@/5>

*)(/8()&! 8'&?! */! .)59(+;&! (;95).8/.! 95*)! 7&+! ?&77*7&+! *)5.D@7(87&+! &.! @9(.D@7(87&+!

.*6*78()&+!)@/87&+!IV*/W!&.!?577<K!1;!X!Y)8/+978/.<!ZRRQL!IX(8/[!&.!?577<K!X!T()57<!ZRRBL<!!

%8!)@8?.('8.(5/!4*!T,-!95+.>.)8/+978/.8.(5/!)@/87&!&+.!*/&!?5;97(?8.(5/!4&'&/*&!

:)@P*&/.&! 9*(+P*&! .5*?D8/.! ZR! 0! \RS!4&+! +*N&.+! I]()+?D! &.! ?577<K! 3!^/[7! X!_&4<! ZRRZL!

I,)&++577&..&>,54(/!&.!?577<K!1;!X!Y)8/+978/.<!ZRR$L<!^77&!+&!.)84*(.!(/(.(87&;&/.!98)!*/&!

8*[;&/.8.(5/!4&!78!?D8)[&!'()87&!48/+!7&+!*)(/&+!4&+!98.(&/.+!&.!78!9)@+&/?&!4&!?&77*7&+!
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87.@)8.(5/!4&!78!:5/?.(5/!4*![)&::5/<!%O@'57*.(5/!'&)+!*/!+.8.*.!(/:&?.(&*`!0!)(+P*&!95*)!78!

[)&::&!+&!?8)8?.@)(+&!98)!78!9)598[8.(5/!&.!78!4@.&?.(5/!4*!'()*+!48/+!7&!+8/[K!+([/&!4O*/&!

)@97(?8.(5/! (/.&/+&! 4*! T,-<! =&! +.8.*.! 8! @.@! 4@?)(.! 95*)! 9)@?@4&)! 78! +*)'&/*&! 4&! 78!

/@9D)598.D(&!0!'()*+!,-!I3T,-LK!!56+&)'@&!?D&E!\!0!Q!S!4&+!98.(&/.+!I3(?W&7&(.!&.!?577<K!
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c7*+(&*)+!:8?.&*)+!4&!)(+P*&+!95*)!78!)@8?.('8.(5/!4*!T,-!&.K!&/!98).(?*7(&)!95*)!78!

+*)'&/*&! 4&! 78! 3T,-K! 5/.! @.@! ;(+! &/! @'(4&/?&!d! %&! .F9&! &.! 7O(/.&/+(.@! 4&!

7O!""#$%&#'()&&!%$! I&/! 98).(?*7(&)! 7O*.(7(+8.(5/! 4&+! 8/.(>?87?(/&*)(/&+! 8*`! &::&.+!

/@9D)5.5`(P*&+!+*+9&?.@+L!I,8))(!&.!?577<K!=7(/!Y)8/+978/.<!ZRR"L!Ic)5++&)!&.!]8)(D8)8/K!

^`9! e&'! =7(/! M;;*/57<! ZRR\LK! 7O*+&)$,)- ./#$)- !""#$!01- 2#"%(*3)! *$0!4567- '(14

)8!&0*$0)! I&`!d! c)(;5! (/:&?.(5/! 4*! )&?&'&*)! 98)! 7&! 45//&*)L! If;(.D! &.! ?577<K! 1;! X!

Y)8/+978/.<! ZRRBLK! 7&+! "!,(%431&!%$&- !&,21"!9#)&! &.g5*! 7&+! 1'!&%.)&- .)- ():)0!
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%&'()*+,-.! /0! 1)((23! 45+*.6(+*0+0-)*2! 788"93! (:!"#$%&'(!)!*!(+, -./, 0"(10, 2$""031, 0(,

10#04031!%;<+=+((+!/0!1)((23!;>!?!45+*.6(+*02!788@9!/0!(/.!%$2!5!#'(!$"6,23,7+"$%0,23,

4!136!+A!1)A5.!=/!.+!5B6(-1+0-)*!%C)./50!/0!1)((23!?!DE6!>/=2!788F92!

D*! (:+G./*1/! =/! 05+-0/>/*0.! +*0-HI-5+AE! /JJ-1+1/.! .A5! (/! KLM3! (+! =->-*A0-)*! =/!

(:->>A*).A665/..-)*!5/.0/!(+!0NB5+6/A0-OA/!=/!1N)-E!6)A5!(/!1)*05P(/!=/!(:-*J/10-)*2!Q+!

G+-../!=/!(:->>A*).A665/..-)*!.:+..)1-/!+()5.!R!A*/!5B=A10-)*!=/!(+!1N+5S/!I-5+(/!=+*.!
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%L-*SS/(-!/0!1)((23!;>!?!45+*.6(+*02!788]92!!

!
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Z!M+6).-:.! .+51)>+! +..)1-+0/=! N/56/.I-5A.!\! /.0! 1+6+G(/! =/! 1)*05P(/5! (:/E65/..-)*! =/!

&UW;! I-+! (+! 65)0B-*/! I-5+(/! Mh! %4N)>+.! /0! 1)((23! [5)1! _+0(! ;1+=! g1-! ^g;2! 788F92!

Q:-*N-G-0-)*! =/! (:/E65/..-)*! =/! &UW;! ./! 05+=A-.+*0! 6+5! A*/! =->-*A0-)*! =/! (+!

5/1)**+-..+*1/!/0!=/!(+!('./!=/.!1/((A(/.!-*J/10B/.!6+5!(/.!1/((A(/.!/JJ/105-1/.!_MC7V%X92!

V/! J+i)*! -*0B5/..+*0/3! (/.! S5)A6/.! =/! [/0/5! g0+.0*'! 6A-.! =/! [+A(! Q/N*/5! )*0!>)*05B3!

5/.6/10-I/>/*03!(:-*1+6+1-0B!=/.!I-5A.!W&K!/0!MgK!R!G()OA/5!(:/E65/..-)*!=/!(+!65)0B-*/!

>A0B/!&UW;!;h2"3!=B6)A5IA/!=/!=)>+-*/!-*05+1/((A(+-5/!%j)A!/0!1)((23!?!U>>A*)(2!788h9!

%4N)>+.!/0!1)((23![5)1!_+0(!;1+=!g1-!^g;2!788F92!!

!

V+*.! 1/! 1)*0/E0/3! (/! GA0! =/! 1/00/! B0A=/! +! B0B! =/! =B0/5>-*/5! (:->6+10! =/! (+!

>A0+0-)*!!"#$%$&'(!.A5!(+!5B+10-I+0-)*!=A!KLM3!6).0H05+*.6(+*0+0-)*!5B*+(/2!V+*.!1/00/!

B0A=/!1)((+G)5+0-I/k3!*)A.!+I)*.!5B+(-.B!(/!0'6+S/!&UW;!6)A5!(+!5/1N/51N/!=/!(+!>A0+0-)*!



! "#$!

!"#$%$&'(%!&'(!')*!+,-,(.*!/*!00!+,'12*&!/*!/,))*'(!*.!(*+*3*'(!45678%!1,'(!2*&9'*2&!

')!&':3:!3:(,2,;:9'*!43:('(:*!*.!3:(<=:*8!*.!2*&!<+->).:22,)&!/?@5A!<.>:*).!/:&1,):B2*&C!

A,'&! >3,)&! *)&':.*! (<>2:&<! ')*! >)>2D&*! &.>.:&.:9'*! <3>2'>).! ')*! 1,&&:B2*!

+,((<2>.:,)!*).(*!2*!&.>.'.!:)E*+.:*'F!4GHI8!*.!2?*F1(*&&:,)!/*!2>!='.>.:,)!!"#$%$&'('!!

J*&! 1(*=:*(&! (<&'2.>.&! /*! +*..*! <.'/*! &';;K(*).! ')! *EE*.! 1(,.*+.*'(! E,(.! /*! 2>!

='.>.:,)!!"#$%$&'(!1,'(!2*!+,).(L2*!/*!2>!(<>+.:3>.:,)!/'!GHI%!*)!1>(.:+'2:*(!2,(&9'*!2>!

='.>.:,)!!"#$%$&'(!*&.!*F1(:=<*!1>(!2*!/,))*'(!/?,(;>)*C!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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! "#$!

3-2 Matériel et Méthodes 
 

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

%&'()*+,-./(! 0&-(! ()'.123'.(41! )4.'&5! 6.(! 4(4! -.73&1! 8'.1! 7*((*! 4(&8*9! :*1!

2'(-*.(1!6.(!4(4!/)*;;41!'&!:<=!8*!>'.(*1!*.()*! 3*!?6-1!8*! ;4,)-*)!@AA$!*(! 3*!?6-1!8*!

.6,*?B)*! @A"A9! C6&)! 70'D&*! )*7*,*&)! &.! 1&-,-! ,-)636/-D&*! 1247-;-D&*! 8&! EFG! '! 4(4!

)4'3-14!1&)!3*1!&)-.*1!*(!3*!1'./!24)-204)-D&*!2')!3'!(*70.-D&*!8*!C:H!*.!(*?21!)4*39!I6&1!

3*1!2'(-*.(1!6.(!4(4!1&-,-1!2*.8'.(!'&!?6-.1!&.!'.!',*7J!'&!76&)1!8*!3'!2)*?-K)*!'..4*!

261(+/)*;;*J! 1-5! (*1(1! 26&)! 3'! 84(*7(-6.! 8&! EFG! L! ?6-1! M"J! M@J! M#J! MNJ! MO! *(! M"@9! P*1!

86..4*1!84?6/)'20-D&*1!8*1!2'(-*.(1!16.(!*.!76&)1!8*!7633*7(*9!

P*1!2'(-*.(1!26&)! 3*1D&*31!'&7&.*!)4'7(-,'(-6.!8&!EFG!.Q'!4(4!84(*7(4*!8'.1! 3*1!

&)-.*1!.-!8'.1!3*!1'./J!(6&(!'&!36./!8&!1&-,-J!6.(!4(4!841-/.4!2')!3*!1R?B63*!S!1!T!*(U6&!

2')!3*1!(*)?*1!S!2$3+3$%(&%/4(T!V&567W9!

P*1! 2'(-*.(1! 261-(-;1J! '&!?6-.1! &.*! ;6-1! '&! 76&)1! 8&! 1&-,-J! 26&)! 3'! 84(*7(-6.! 8*!

3QXY>!,-)'3!8&!EFG!8'.1!3*1!&)-.*1J!1'.1!84(*7(-6.!'&7&.*!8&!EFG!8'.1!3*!1'./J!6.(!4(4!

841-/.41!2')!3*!1R?B63*!S!8!T!*(U6&!3*1!(*)?*1!S!2$3+3$%(9.'4!T!V&5:;W9!!

P*1!2'(-*.(1!70*Z!3*1D&*31!3QXY>!8&!EFG!'!4(4!84(*7(4J!'&!?6-.1!&.*!;6-1!'&!76&)1!

8&!1&-,-J!8'.1!3*1!&)-.*1!*(!8'.1!3*!1'./!6.(!4(4!841-/.41!2')!3*!1R?B63*!S!88!T!*(U6&!3*1!

(*)?*1!S!2$3+3$%(<(2$3=>$%(9.'4!T!V&56:W9!

!

!?@(%&(#%>9'(3=%*(

P'!84(*7(-6.!1247-;-D&*!8*!3QXY>!,-)'3!8&!EFG!8'.1!3*1!&)-.*1!*(!8'.1!3*!1'./!'!4(4!

)4'3-14*! 8'.1! 3Q&.-(4! [X\@]"! 2')! 3*! Y)9! :43-.*! F)*11633*((*+F68-.! 76??*! 847)-(*!

2)4748*??*.(!VF)*11633*((*+F68-.!*(!76339J!X?!^!I)'.123'.(9!@AA_W!

!

A=&.#B9"/%(

P*!/4.6(R2'/*!8*1!86..*&)1!*(!8*1!)*7*,*&)1!26&)! 3'!?&('(-6.!!"#$%$&'(!'!4(4!

)4'3-14!1&)!3*1!XY>!/4.6?-D&*1!2)6,*.'.(!8&!3'B6)'(6-)*!<PX!8*!3Q[`a!C'R1!8*!3'!P6-)*J!

*.!'776)8!',*7! 3*1! (*5(*1!*.!,-/&*&)!Vb-.-1(K)*!8*! 3'!1'.(4!*(!8*! 3'!)*70*)70*J!.&?4)6!

A@c__W9!

P*1! C:H! *(! 3*1! 14D&*.d'/*1! 6.(! 4(4! )4'3-141! 76??*! 2)4748*??*.(! 847)-(1!

VI6..*))*!*(!76339J!I)'.123'.(!C)679!@A"AW9!!



! "#$!

!

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

%&'! ()(*+'&'! ',(,-',-./&'! 0),! 1,1! 21(*-'1&'! '&*0)! *&! ,&',! 3&! 4&(2'0)! 56-78! 9-(!

*:/,-*-'(,-0)! 3/! *0;-<-&*! -)=02>(,-./&! ?2(@64(3! 42-'>! A?2(@64(38! B()!C-&;08! DE8! FBEGH!

F)&!9(*&/2!&',!<0)'-3121&!<0>>&!'-;)-=-<(,-9&!@0/2!@IJ8JJKH!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



! "#$!

3-3 Résultats 
 

%&'!()*+&,*'!*-),'(.),*/'!-/,)01!2,*!/*/!'0+3+'!'0-!0,&!(/-+24&!45)0!62+,'!0,!),!

(2'*78-&99&!()-!:;<!=0),*+*)*+3&!(20-! .)!4/*&>*+2,!4&! .5?@A!40!BCD!4),'! .&'!0-+,&'!&*!

4),'!.&!'),8E!%)!4/*&>*+2,!4&!.5?@A!40!BCD!4),'!.&'!0-+,&'!'+8,&!.)!-/)>*+3)*+2,!40!3+-0'E!

%)!4/*&>*+2,!4&!.5?@A!40!BCD!F!.)!92+'!4),'!.&'!0-+,&'!&*!4),'!.&!'),8!&'*!.&!'+8,&!450,&!

92-*&!-/(.+>)*+2,!40!3+-0'!&*!(-/>G4&!8/,/-).&6&,*!.)!'0-3&,0&!4&!.)!ABCDE!!

%&'!()*+&,*'!2,*!/*/!4+3+'/'!&,! *-2+'!8-20(&'!4+'*+,>*'!&,! 92,>*+2,!4&! .&0-!'*)*0*!

3+-2.28+=0&!(20-!.&!BCD!H!I"J!%&'!()*+&,*'!(20-!.&'=0&.'!)0>0,&!-/)>*+3)*+2,!40!BCD!,5)!

/*/!4/*&>*/&K!,+!4),'!.&'!0-+,&'!,+!4),'!.&!'),8K!*20*!)0!.2,8!40!'0+3+K!'2,*!4/'+8,/'!()-!.&!

'L6M2.&!N!!!O!&*P20!()-! .&'!*&-6&'!N!"#$%$#&'(&)*'O!I,QR"JE!ISJ!%&'!()*+&,*'!(2'+*+9'K!)0!

62+,'!0,&!92+'!)0!>20-'!40!'0+3+K!(20-!.)!4/*&>*+2,!4&!.5?@A!3+-).!40!BCD!4),'!.&'!0-+,&'K!

'),'!4/*&>*+2,!)0>0,&!40!BCD!4),'!.&!'),8K!'2,*!4/'+8,/'!()-!.&!'L6M2.&!N!+!O!&*P20!.&'!

*&-6&'! N!"#$%$#&' ,-.*!O! I,QSTJE! IRJ! %&'! ()*+&,*'! >U&V! .&'=0&.'! .5?@A! 40! BCD! )! /*/!

4/*&>*/K!)0!62+,'!0,&!92+'!)0!>20-'!40!'0+3+K!4),'!.&'!0-+,&'!&*!4),'!.&!'),8!'2,*!4/'+8,/'!

()-!.&!'L6M2.&!N!++!O!&*P20!.&'!*&-6&'!N!"#$%$#&'/'"#$01#&',-.*!O!I,QRSJE!!

!

23&4,$&..#-(' 5&' 67' 1%878#-('!"#$% $&'(' ,7$' 6&.' 5-((&%$.' &.8' 7..-9#0&' 7%'

.878%8'"#$-6-)#:%&'5&.'$&9&"&%$.;',-.8!)$&<<&*'

%&'!-/'0.*)*'!4&'!*L()8&'!WX;?!(20-!.5&1(-&''+2,!4&!.)!60*)*+2,!!"#$%$&'(!()-!.&'!

-&>&3&0-'!2,*!/*/!>2,9-2,*/'!)01!'0+3+'!3+-2.28+=0&'!4&!>&'!4&-,+&-'!I=#)%$&'>>?JE! X>+K!

,20'!,5)32,'!2M'&-3/!)0>0,&!+,>+4&,>&!'*)*+'*+=0&6&,*!)3/-/&!4&!.)!60*)*+2,!!"#$%$&'(!

'0-!.)!-/)>*+3)*+2,!40!3+-0'!(2'*78-&99&E!@&'!*&,4),>&'!2((2'/&'K!(20-!.)!4+6+,0*+2,!4&!

.)! 9-/=0&,>&! 4&'! ()*+&,*'! U262VL82*&'! WX;?! ,2,! 60*/&! I)*+)*J! &*! (20-!

.5)086&,*)*+2,!4&! .)! 9-/=0&,>&!4&'!()*+&,*'!U/*/-2VL82*&'!(20-! .)!60*)*+2,!!"#$%$&'(!

I)*+$&'(J! &,! 92,>*+2,!40! '*)*0*! 3+-2.28+=0&!40! -&>&3&0-! I3+-0-+&!,&8E!Y!3+-0-+&!(2'E!Y!

3+-0-+&P3+-/6+&!(2'EJ!2,*!>&(&,4),*!/*/!2M'&-3/&'!M+&,!=0&!,2,!'+8,+9+>)*+3&'E!!

%)!9-/=0&,>&!4&'!()*+&,*'!U262VL82*&'!(20-!.)!60*)*+2,!!"#$%$&'(!&'*!2M'&-3/&!

'*)M.&E!A20'!(2032,'!,2*&-! /8).&6&,*!=0&! .&'! 9-/=0&,>&'!4&'!4+99/-&,*'! 8/,2*L(&'!4&!

!"#$% I)*+)*%,% )*+$&'(%,% $&'(+(&'(J! 2M'&-3/&'! +>+! '2,*! '+6+.)+-&'! F! >&..&'! =0&! ,20'!

)3+2,'!(-/>/4&66&,*!4/>-+*&'!4),'!0,&!>2U2-*&!4&!42,,&0-'!452-8),&'!/*)M.+&!4&!9)Z2,!

)./)*2+-&!I[2,,&--&!&*!>2..EK![-),'(.),*!:-2>E!S$"$JE!



! "#"!

$%!&'(!)*)+,!-+!,./0123%!0/-.!4%2!5%44-4%2!-./,6741)4%2!%,!701,6741)4%2!,-8-4)1.%2!

.7+)4%29! 4%! 21:;%!<%! 4)! .7)5,1=),1/+!<-!&'(!<%3%-.%! 4%! .%1+! >?-+@! %,! 5/44A9! B! C+D%5,!E12A!

FGGHI! >?-+@! %,! 5/44A9! J3! B! K.)+204)+,A! FGGLIA! M/-2! )=/+2! </+5! 7312! 4N6*0/,6:2%! <O-+!

130)5,!0/22184%!<%!4)!3-,),1/+!!"#$%$&'(!%P0.137%!0).!4%!</++%-.!2-.!4)!.7)5,1=),1/+!<-!

&'(9!56%Q!4%!.%5%=%-.A!M/-2!)=/+2!</+5!.71,7.7!4N)+)4*2%!%+!5/+D./+,)+,!5%,,%!D/12R51!4%2!

2,),-,2! =1./4/;1S-%2! <%2! .%5%=%-.2! )-P! ;7+/,*0%2! !"#$! <%! 4%-.! </++%-.! .%20%5,1D!

>!"#$%&' (()IA! E%! D)T/+! 2-.0.%+)+,%! +/-2! )=/+2! /82%.=79! )-! 2%1+! <-! ;./-0%! &'(!

U!*&#+!V9! -+%! .70).,1,1/+! <%2! D.7S-%+5%2! <%2! ;7+/,*0%2!!"#$! ,.:2! <1DD7.%+,%! <%! 5%44%!

/82%.=7%!56%Q!4%2!.%5%=%-.2!0.757<%33%+,!)+)4*272!)1+21!S-%!5%44%!<%!+/,.%!0.757<%+,%!

7,-<%!2-.!<%2!</++%-.2!>K/++%..%!%,!5/44A9!K.)+204)+,!W./5A!FG"GIA!X+!%DD%,9!4)!D.7S-%+5%!

<%2! .%5%=%-.2! )*)+,! .%T-! 4%! .%1+! <N-+! </++%-.! 6/3/Q*;/,%! $&'()$&'(! %2,!

0).,15-41:.%3%+,!74%=7%!>YL9ZG[I!%,!0./56%!<%!5%44%!<%2!67,7./Q*;/,%2!>#\9"H[I!<)+2!4%!

;./-0%!2)+2! .7)5,1=),1/+!=1.)4%A!J! 4N1+=%.2%9! 4%2!</++%-.2!*+)*+!+%! .%0.72%+,%+,!S-%!

"H9"F[!<%2!</++%-.2!<%!5%!;./-0%A! !E%!D)T/+!1+,7.%22)+,%9!4%2!D.7S-%+5%2!<%2!0),1%+,2!

)*)+,!.%T-!-+!/.;)+%!0./=%+)+,!<N-+!</++%-.!6/3/Q*;/,%!/-!67,7./Q*;/,%!!"#$%$&'(!

2/+,! ,.:2! +%,,%3%+,! .7<-1,%2! )-! 2%1+! <-! ;./-0%! &'(! U!,,!V9! ]-2S-N^! ),,%1+<.%9!

.%20%5,1=%3%+,9!!(-./0!%,!0-.112A!$)!D.7S-%+5%!<%!5%2!;7+/,*0%2!0).31!4%!;./-0%!&'(!

U!,!V!),,%1;+)+,!<%2!=)4%-.2! 1+,%.37<1)1.%2A!_7510./S-%3%+,9! 4)! D.7S-%+5%!<%2!0),1%+,2!

)*)+,!.%T-!-+!;.%DD/+!!"#$%*+)*+!%2,!,.:2!+%,,%3%+,!)-;3%+,7%!>PY9ZI!<)+2!4%!;./-0%!

<%2!.%5%=%-.2!&'(!U!,,!V!!>-3.452I9!)=%5!-+%!)-;3%+,),1/+!1+,%.37<1)1.%!>PF9FI!!0/-.!

4%!;./-0%!&'(!U!,!V!>YH9GG[IA!

!

`%2!.72-4,),2!2-;;:.%+,!</+5!-+!130)5,!D/.,!<-!;7+/,*0%!!"#$!<-!</++%-.!2-.!4)!

.7)5,1=),1/+! <-! &'(! 0/2,R,.)+204)+,),1/+A! X+! 0).,15-41%.9! 4)! 3-,),1/+! !"#$% $&'(9!

%P0.137%! <%! D)T/+! 6/3/Q*;/,%! /-! 67,7./Q*;/,%! 0).! 4%! ;.%DD/+! 2%384%! )=/1.! -+! %DD%,!

0./,%5,%-.!0/-.! 4%! 5/+,.a4%!<%! 4)! .7)5,1=),1/+A!J! 4N1+=%.2%! 4%! ;7+/,*0%!bC`J!+/+!3-,7!

*+)*+!2%384%!)=/1.!-+!%DD%,!<747,:.%A!!

$N)+)4*2%!2,),12,1S-%!<%2!.72-4,),2!5/..:4%!<%!D)T/+!21;+1D15),1=%!4N%P0.%221/+!<%!4)!

3-,),1/+!!"#$%$&'(!0).! 4%2!</++%-.2!<N/.;)+%2!)-!2,),-,!=1./4/;1S-%!0/-.! 4%!&'(!<%2!

.%5%=%-.29!0/2,R,.)+204)+,),1/+!.7+)4%!>;./-0%!U'6!V!=2!;./-0%!U!,,!V9!cc0dG9GG"FIA!

 



! "#$!

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 11 : Comparaison des fréquences des génotypes pour le gène MICA 
des receveurs (A) et des donneurs (B) avec les statuts virologiques des 
receveurs pour le VBK. %&'%&()*+,-.+/!01213451+-/!6178!9-!5:.-!;<=>!.1.!27+?!@!
>AB"'"AB"()*+,-.+/! 01213451+-/! 6178! 9*! 27+*+,1.! !"#$% $&'(!@! %&'>AB"()*+,-.+/!
0?+?813451+-/! 6178! 9*!27+*+,1.!!"#$% $&'(B! C-/! *.*94/-/! /+*+,/+,D7-/! 1.+! ?+?! 8?*9,/?-/!
/-91.!9-!+-/+!E-!)-*8/1.!F$B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) 

(B) Donneurs 

Receveurs 



! "#$!

!"#$%&'&()%&*$+"#,+(*-.&$)&,*$,+"#+/0$*%12#,+3!45+#$%6#+789+),,*(&0#,+:+;)+

60,&,%)$(#+*<+:+ ;)+ ,#$,&.&;&%0+#$=#6,+ ;)+ 60)(%&=)%&*$+"<+>?@+2*,%A%6)$,2;)$%)%&*$+

60$);#B++

%&'(! )*+,-)'./! 0*'1234,! +5.(,-.0! )-! 6!1'713,48!9! 2:-/! 03! 1-,3,':(!!"#$% $&'(!

.(,/.! ;<=! 7-/! 03! /+34,'53,':(! )-! >?@A! (:-7! 35:(7! /.4:(7,',-+! 0.7! 4:-20.7! ;<=! .(!

&:(4,':(!).!0.-/!B+(:,C2.!DEF%!GC&/<6#+DEHI!%'(7'A!0.7!4:-20.7!;<=!:(,!+,+!/+23/,'7!.(!#!

4:1J'(3'7:(7!2:77'J0.7!K!;)*+=$&'(%GJ03(4H!L!;)*<=MN!GB/'7!403'/H!L!;$&'(<=$&'(%GB/'7!

&:(4+H! .,! ;$&'(<=)*! G(:'/HI! ;3(7! 4.,,.! 40377'&'43,':(A! 6!$&'(%9! /.B/:-2.! 0.7! B+(:,C2.7!

8:1:OCB:,.7! .,! 8+,+/:OCB:,.7! 2:-/! 03! 1-,3,':(I! P.7! &/+Q-.(4.7! ).! 4.7! )'&&+/.(,.7!

4:1J'(3'7:(7!3-!7.'(!).7!$!B/:-2.7!6!>?@!!(+B!9!L!!6!>?@!F!9!.,!6!>?@!FF!9!:(,!.(7-',.!

+,+!4:123/+.7I!

!

P*3(30C7.!).7! &/+Q-.(4.7!/+5R0.!Q-.! 0.7!4:-20.7!2:-/! 0.7Q-.07! '0!(*C!3!237!.-!).!

/+34,'53,':(! 2:7,SB/.&&.! )-! >?@! 2:/,.(,! .(! ,/R7! B/3().! 13T:/',+! GGHIGJKH! 0.7!

4:1J'(3'7:(7!;$&'(<=$&'(%.,!;$&'(<=)*!35.4!).7! &/+Q-.(4.7!/.72.4,'5.7!).!$UAVW!.,!

#XA"YZI!F.7!).-[!4:1J'(3'7:(7!:(,!.(!4:11-(!)*377:4'./!).7!):((.-/7!.[2/'13(,! 03!

1-,3,':(! !!"#$%$&'(A! 4.!Q-'!4:(&'/1.! 0.!/\0.!2/:,.4,.-/!).! 03!1-,3,':(!2/+4+).11.(,!
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Figure 12 : Comparaison des fréquences des combinaisons D/R pour la 
mutation MICA A5.1 en fonction des statuts virologiques des receveurs pour le 
VBK. $%&'()*+,)-! ./0/123/)+-! 4/56! 7+! 38,+! 9:;<! ,/,! 05)=!>! <?@"&'()*+,)-!
./0/123/)+-!/5!.=)=6/123/)+-!4/56!7(!05)()*/,!!"#$%$&'(@!A+-!(,(72-+-!-)()*-)*B5+-!/,)!
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Figure 13 : Les différentes combinaisons D/R pour le gène MICA et leurs 
impacts sur la réactivation du VBK post-transplantation. ABCABD%:03-+02!
E&5&F<;&0-2! *&'(! 7-! ;G+-!HIJK! +&+!5'0)!L! K$@"C"$@"D%:03-+02! E&5&F<;&0-2! *&'(! 7:!
5'0:03&+!!"#$%$&'(!L!ABCK$@"D%:03-+02!E)0)(&F<;&0-2!*&'(!7:!5'0:03&+!!"#$%$&'(@!
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3-4 Discussion & Perspectives 
 

%&'(! )*++*! ,+-.*/! '0-(! &((0)10'(! .*! 2&30'! (14'121)&+15*! 6*! 4,'0+78*! !"#$! .-!

.0''*-9! &-! (+&+-+! 51906041:-*! .-! 9*)*5*-9! 80-9! 6*! ;<=>! ?@*A89*((10'! .*! 6&! B-+&+10'!

!"#$% $&'(! 8&9! 6*! .0''*-9! ,+&'+! &((0)1,*! C! -'*! &D(*')*! .*! 9,&)+15&+10'! &609(! :-*!

6@*A89*((10'!.@-'!&66E6*!'0'!B-+,/!C!-'*!86-(!209+*!9,&)+15&+10'!.-!;<=>!

?@&'&67(*! .*(! )0BD1'&1(0'(! .*! 4,'0+78*(! !"#$! &((0)1,*(! &-! )0-86*(! %FG!

)0'219B*!6*!9H6*!890+*)+*-9!.*!6&!B-+&+10'!!"#$%$&'(!609(:-*!)*66*I)1!*(+!*A891B,*!8&9!6*!

49*220'/! *'! 8&9+1)-61*9! 609(:-*! 6*! 9*)*5*-9! *A891B*! -'! &66E6*! .*! !"#$! '0'! B-+,>! J!

6@1'5*9(*/!6@*A89*((10'!.*!!"#$%)*!8&9!6*!49*220'!*(+!&((0)1,*!C!-'*!86-(!209+*!(*'(1D161+,!

C!6@*')0'+9*!.*!6@1'2*)+10'!&-!;<=/!8&9+1)-61E9*B*'+!609(:-*!6*!9*)*5*-9!*A891B*!6-1!&-((1!

-'! &66E6*! '0'! B-+,>! K)1/! 6&! )0I*A89*((10'! .*! 6&! B-+&+10'! !"#$% $&'(! (*BD6*! 86-+H+!

1B8&)+*9!.*!2&30'!&6,&+019*!(-9!6&!9,&)+15&+10'!.-!;<=!80(+I+9&'(86&'+&+10'>!!

L*(! 9,(-6+&+(!.*590'+!M+9*!5,9121,(! (-9!-'*!)0N09+*!.*!8&+1*'+(!86-(! 1B809+&'+*>!

?@&-4B*'+&+10'!.*!)*++*!.*9'1E9*!*(+!*'!)0-9(>!

!

?@*22*+!890+*)+*-9!.*!6&!B-+&+10'!!"#$%$&'(!*(+!*'!&))09.!&5*)!6*(!+9&5&-A!.*!O0-!

*+! )066&D09&+*-9(! (-9! 6*!519-(!.-!LP;!QO0-!*+! )066>/! R! KBB-'06>!STTUV!*+!.*!WN0B&(!*+!

)066E4-*(! (-9! 6*! 519-(! .-! =X;! QWN0B&(! *+! )066>/! Y90)! Z&+6! J)&.! X)1! [XJ>! STT\V! :-1!

.,)915&1*'+! 6@1')&8&)1+,! .*! )*(! 519-(! C! )0'+9H6*9! 6@*A89*((10'! .*! 6&! 890+,1'*! B-+,*>!

?@1'2*)+10'! .*! 614',*(! ,81+N,61&6*(! *A891B&'+! 9*(8*)+15*B*'+! 6*(! +901(! 4,'0+78*(!!"#$!

Q)*+)*%]!)*+$&'(!*+!$&'(+$&'(V!8&9!6*!;<=!(*9&!9,&61(,*!.&'(!6*(!890)N&1'(!B01(!&21'!

.*!5,9121*9!(1!-'!B,)&'1(B*!(1B16&19*!*(+!1)1!B1(!*'!^*->!!

!

?*(! +9&5&-A! .*! ! _`*! *+! )066E4-*(! 0'+! B1(! *'! &5&'+! 6@1B861)&+10'! 80((1D6*! .*!

6@1'+,9&)+10'!PKLJFZ=aS%! .&'(! 6&!B&+-9&+10'! .*(! W! L%\QbV! Q_`*! *+! )066>/! R! KBB-'06>!

STTcV>!%&'(!6&!BMB*!614'*/!XN&21!*+!)066&D09&+*-9(!B*++*'+!*'!&5&'+!-'*!(-95*166&')*!8&9!

6*(!)*66-6*(!Z=!*+!Wde!(*60'!-'*!1'+*'(1+,!f!1'.151.-*66*!g/!.,8*'.&'+*!.*!6@&66E6*!.*!PKLJ!

QXN&21!*+!)066>/!X)1!W9&'(6!P*.>!ST""V>!%&'(!-'*!89,),.*'+*!,+-.*!QJ9+1)6*!S!.-!LN&81+9*!

KKV!'0-(!&50'(!B0'+9,!:-*!6&!B-+&+10'!!"#$%$&'(!,+&1+!&((0)1,*!C!-'*!(-9*A89*((10'!.*!

6&! 890+,1'*!B-+,*! C! 6&! (-92&)*! .*(! )*66-6*(! *'.0+N,61&6*(! *+! 89050:-&1+! -'*! 86-(! 209+*!

&)+15&+10'!.*(!)*66-6*(!Z=!.&'(!-'!(7(+EB*!.*!)0I)-6+-9*>!!



! "#$!

%&''()! &*+! ,-./+! +01.+''(-*!2!*3/&.+44+!5!6+!789%)!63*'! 4+'! /(''&')! ! 1-&..3(/:+44+!

2!;6&<&+.!5! 4+'! =+44&4+'! +,,+=/.(=+'!>?@ABCDE! F!*+!6;=4+*=G+.!&*+! 3=/(H(/;! =I/-/-0(<&+!

<&J+*!1.;'+*=+!6J&*+!=+44&4+! =(K4+!+01.(L3*/!&*!*(H+3&!+*=-.+!14&'!;4+H;!6+!789%!M!%!

4J(*H+.'+)!&*+!,3(K4+!'&.+01.+''(-*!6+!789%)!1-&..3(/:+44+! (*6&(.+!&*+!,-./+! 4I'+!13.! 4+'!

=+44&4+'! +,,+=/.(=+'! >?@ABCDE! 2!;6&<&;+'!5! 3H+=! &*+! ,3(K4+! +01.+''(-*! *3/&.+44+! 6+!

789%!M! N3! /.3*'143*/3/(-*! =G+O! 6+! /+4'! (*6(H(6&'! 6J&*! -.P3*+! +01.(L3*/! &*+! ,-./+!

<&3*/(/;!*3/&.+44+!6+!43!1.-/;(*+!789%!C+0!!"#$%$&'(E!1-&..3(/:+44+!(*6&(.+!&*+!.;1-*'+!

344-:(LL&*+! 6&! .+=+H+&.! F! 4J+*=-*/.+! 6+'! 3*/(PQ*+'!789%! 6&! P.+,,-*!M!73('! ,3H-.('+.!

4J;4(L(*3/(-*!6+'! =+44&4+'! (*,+=/;+'!6&!P.+,,-*!M!9+=(!1-&..3(/!6-*=!+014(<&+.!1-&.<&-()!

63*'!=+//+!;/&6+)!4+'!.+=+H+&.'!!"#$%)*!'-*/!3''-=(;'!F!&*+!1.-/+=/(-*!4-.'<&+!P.+,,;'!

3H+=! &*! -.P3*+! $&'(! +/! F! &*+! '&'=+1/(K(4(/;! H('! 3! H('! 6+! 4J(*,+=/(-*! 3&! RS?! 4-.'<&J(4'!

.+T-(H+*/!&*!P.+,,-*!!"#$%)*U!

!

V3.!3(44+&.')!4+'!/.3H3&0!6+!W(*&'G(!+/!=-44QP&+'!-*/!L-*/.;!&*!+,,+/!K;*;,(<&+!6+!

43!1.;'+*=+!6J3*/(=-.1'!3*/(:789%!=G+O!6+'!13/(+*/'!3//+(*/'!6+!=3*=+.!CW(*&'G(!+/!=-44U)!

V.-=! >3/4! %=36! X=(! YX%U! AZZ[! +/! AZZ$EU! >-'! 1.;=;6+*/'! /.3H3&0! (*6(<&+*/! <&+! 4+'!

=-LK(*3('-*'!B\])!63*'!=+//+!;/&6+!4+'!14&'!,3H-.3K4+'!3&!=-*/.^4+!6+!43!.;3=/(H3/(-*!6&!

RS?! C2!B$&'(+$&'(% \\! ])*+)*%5!+/! 2!B)*+$&'(% \\! ])*+)*%5E! =-*'/(/&+*/! 4+'!

=-LK(*3('-*'!(6;34+'!1-&.!43!L('!+*!143=+!6J&*+!344-:(LL&*('3/(-*!3*/(:789%!C%./(=4+!A!

6&! =G31(/.+! 88EU! N+'! 3*/(=-.1'! 3*/(:789%! 1-&..3(+*/:(4'! 3H-(.! &*! 6-&K4+! (L13=/! '&.! 43!

P.+,,+)! +*! '(P*343*/! 4+'! =+44&4+'! (*,+=/;+'! C+0! ];3=/(H3/(-*! 6&! RS?E! +/! 1.-H-<&+.! 4+&.!

;4(L(*3/(-*!F! =-&./! /+.L+!+/)! (*6&('3*/!6+'! 4;'(-*'!3L+*3*/!3&! .+_+/! =G.-*(<&+)! F!14&'!

4-*P!/+.L+!M!N3!.+=G+.=G+!6+'!3*/(=-.1'!3*/(:789%!63*'!=+//+!=-G-./+!6+!13/(+*/'!'+.3!

;P34+L+*/!+,,+=/&;+!63*'!4+'!1.-=G3(*'!L-('U!

 

 

 

 

 

 

 

 

 



! "#$!

 

 

 

 

 

 

 

 

 

 

CHAPITRE IV :  

Identification et Caractérisation d’un Epissage 

Alternatif du Gène MICA 
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4-1 Présentation de l’étude 
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_D^ZL`O4!_ab4!(0*!>0(()(0*![\!0-![\_!L]7<=!0-!><((C4!c>80&>0C!"HHZO!Ld6)07!0-!><((C4!c>80&>0!
"HHHO!Le)!0-!><((C4!c>80&>0C!"HHHOC!20!*89&6(!7:*)(-6&-!+0!(58&-076>-8<&!+0!EFD3!6G0>!*<&!
7:>0'-0)7! 8&+)8-4! 0&! (56?*0&>0!+0! *89&6)B! 8&=8?8-0)74! (56>-8G6-8<&!+0! (6! >0(()(0!0WW0>-78>0!
[\]P^L`O! 0-! (6! (,*0! +0! (6! >0(()(0! >8?(0! L'<)7! 70G)0!M! f8G807! 0-! ><((C4! D)7! g'! F//)&<(C!
P$$POC!

26!'7<-:8&0!EFD3!0B8*-0!:96(0/0&-!*<)*!)&0!W<7/0!*<()?(0!LEFD3*O!L]7<=!0-!><((C!
[6-)70C!P$$PO!Lc6(8=!0-!><((C4! h! F//)&<(C!P$$POC!D0--0! W<7/0!*<()?(04!;)8!><770*'<&+!0&!
*-7)>-)70! 6)B! +</68&0*! R"4! P! 0-! Q! +0! EFD34! 7:*)(-0! +)! >(8G690! '7<-:<(,-8;)0! +0! (6!
'7<-:8&0! /0/?76&6870C! D0! '7<>0**)*! '07/0-! +<&>! (6! 7:9)(6-8<&! +0! (6! W<7/0!
/0/?76&6870! +0! EFD3! '67! (0! 70(679690! +5)&0! W<7/0! *<()?(0C! d80&! ;)0! (6! W<&>-8<&! +0!
EFD3*!*<8-!0&><70!/6(!><&&)04!>0((0V>8!*0/?(0!6G<87!)&!0WW0-!6&-69<&8*-0!+0!>0()8!+0! (6!
W<7/0! /0/?76&6870C! %&! 0WW0-4! EFD3*! 6! :-:! +:>78-0! '<)7! 8&+)870! (58&-07&6(8*6-8<&! +0!
[\]P^! J! (6! *)7W6>0! +0*! >0(()(0*! 0WW0>-78>0*! 0-4! '67! ><&*:;)0&-4! +8/8&)07! (0)7! 6>-8G8-:!
>,-<(,-8;)0!0&969:0!'67!(0!7:>0'-0)7![\]P^!L]7<=!0-!><((C4![6-)70C!P$$POC!

!
25:'8**690!6(-07&6-8W!0*-!)&!/:>6&8*/0!/<(:>)(6870!'<)G6&-!:96(0/0&-!'07/0--70!

(6! 7:9)(6-8<&! +0! (6! '7<-:8&0! S!*6)G690!T4! '67! (6! *,&-=.*0! +58*<W<7/0*! 6)B! '7<'78:-:*!
'67W<8*!+8WW:70&-0*!+0!>0((0*!+0!(6!'7<-:8&0!+5<7898&0!Ld(0&><Y04!D0((C!P$$UOC!i&!:'8**690!



! "#"!

$%&'()$&*+! ,-! %*.$),! ,'! /01234! 5678"1! 9:-! ;<=>#?4! $! @(ABA,'CC')&! A&A! ,')&*+*A!

9=$B:)! '&! B:%%4! D! ECC-):%F! 2GGH?F! 3$)I! B'&&'! A&-,'4! %'I! $-&'-(I! ,AB(*J')&! -)! A@*II$.'!

@$(&*'%! ,'! %K'L:)! H! ,-! .M)'! 5678"14!C:,*+*$)&! %'! B$,('! ,'! %'B&-('! '&! *)&(:,-*I$)&! ,'!

+$N:)!@(AB:B'!-)!B:,:)!I&:@F!<'!&($)IB(*&!$%&'()'!:O&')-!B:,'!$%:(I!@:-(!-)'!@(:&A*)'!

P!5678"12!Q! ,A@:-(J-'! ,'I! ,:C$*)'I! &($)IC'CO($)$*('I! '&! *)&($BR&:@%$IC*S-'IF! <$!

B$($B&A(*I$&*:)! ,'! %K'L@('II*:)! '&! ,'! %$! +:)B&*:)! ,'! %$! @(:&A*)'! 5678"12! ,AB(*&! -)'!

@(:&A*)'!('%$(.-A'!I:-I!+:(C'!I:%-O%'4!$J'B!-)'!+:)B&*:)!I'CO%$O%'!T!B'%%'!,AB(*&'!@:-(!

UEV6I! 9=$B:)! '&! B:%%4! D! ECC-):%F! 2GGH?! 97$.%'! '&! B:%%F4! ><:W!X/7F! 2GGY?F! ;)! A@*II$.'!

$%&'()$&*+!,'!UEV6!$!A.$%'C')&!A&A!,AB(*&!@$(!%'!@$IIA!9Z:-!'&!W&$I&)R4!ECC-):.')'&*BIF!

2GG2?F! V'%-*[B*! B:)I*I&$*&! ')! -)'! ,A%A&*:)! &:&$%'! ,'! %K'L:)! \! ,'! UEV64! B:,$)&! @:-(! %'!

,:C$*)'!]2F!3$)I!B'&&'!A&-,'4!%$!+:)B&*:)!,'!B'&&'!):-J'%%'!*I:+:(C'!,'!UEV6!)K$!@$I!+$*&!

%K:O^'&!,K-)'!,'IB(*@&*:)!,A&$*%%A'F!

!

!

3$)I! B'&&'! A&-,'4! ):-I! ,AB(*J:)I! %'I! AJA)'C')&I! ):-I! $R$)&! $C')A! T!

%K*,')&*+*B$&*:)! ,K-)! ):-J'%! A@*II$.'! $%&'()$&*+! ,'! UEV6F! /:-I! $@@:(&:)I! *B*! -)'!

,'IB(*@&*:)!,A&$*%%A'!,'I!,*++A(')&I! &($)IB(*&I! $%&'()$&*+I4!,'I!):-J'%%'I! *I:+:(C'I!$*)I*!

')B:,A'I!'&!*,')&*+*:)I!%$!B$-I'!@(:O$O%'!,-!@_A):CM)'!T!%K:(*.*)'!,'!%$!@(AI')B'!,'!B'I!

&($)IB(*&IF!!

V'&&'!@$(&*'!,'!C:)!&($J$*%!,'!&_MI'!+$*&!$B&-'%%'C')&!%K:O^'&!,K-)!,A@`&!,'!O('J'&F!

6-II*4!@:-(!('I@'B&'(!%$!B:)+*,')&*$%*&A4!B'(&$*)'I!*)+:(C$&*:)I!)'!I:)&!@$I!C:)&(A'IF!

!

!

!

!

!

!

!

!

!

!

!

!



! "#$!

4-2 Matériel et Méthodes 

 
!"#$"%&'(%)*+)%&',&'!&##"#&-'./,0$12#)+#&-'

%&'! ()**'(+,)&!-'!.'**/*'0!1&-)+23*,4*'0!56+36,'**'0!7/84,&'0! 9751.:! ,00/'0!-'!

-)&&'/60! -;)6<4&'0! 9&=>?:! 4! 3+3! 3+4@*,'! -4&0! &)+6'! 3A/,B'C! D'0! ()&-,+,)&0!

-;48B*,E,(4+,)&!B)0+F,0)*'8'&+!'+!*'!0+)(G4<'!-'!('0!('**/*'0!-4&0!*;4H)+'!*,A/,-'!)&+!3+3!

)B+,8,030! 4E,&! -'! <3&36'6! /&! 0+)(G! 0/EE,04&+! '+! B'68'++6'! /&! &)8@6'! -;3+/-'0!

0,<&,E,(4+,I'0C!!

! D'0!.1! 0)&+! (/*+,I3'0!-4&0!/&!8,*,'/!-'! (6),004&('! ()8B)03!-'!"J!8D!-;1.KL!

91&-)+2'*,4*!.'**!K404*!L'-,/8:!!0/BB*38'&+3!B46!"J!M!-'!NOP!-3()8B*38'&+3!Q!#RS.!

B'&-4&+! TJ! 8,&!U! ?VD! W!1&-)+2'*,4*! .'**! X6)Y+2! 0/BB*'8'&+!Z! 91.XN:[2'B46,&!U! J\"!

&<[8D!2/84&!1B,-'684*! X6)Y+2! P4(+)6! 921XP:\! "&<[8D!2/84&! @40,(! X6)Y+2! P4(+)6!

92@XP:!U! "V<[8D! -;2]-6)()6+,0)&'!U! #J! &<[8*! -;48B2)+36,(,&'! K! '+! #J! V<[8*! -'!

<'&+48](,&'! K! 9.F$$J"J!U! ^6)8).'**\! 7',-'*@'6<\! X'684&]:\! $8L! DF<*/+48,&'\!

"JJ%[8D!B3&,(,**,&'\!J\"8<[8D!0+6'B+)8](,&'!9N,<84F5*-6,(2:C!

! !

.3$%+4$)0/',5678'&$'79:;!7'

D'0! 5_`! )&+! 3+3! 'a+64,+0! B46! *;/+,*,04+,)&! -'! b6,H)*! 9c&I,+6)<'&:! '+! 0'*)&! *'0!

,&0+6/(+,)&0! B63()&,03'0! B46! *'! E)/6&,00'/6C! D4! A/4*,+3! -'0! 5_`! 4! 3+3! 3I4*/3'! B46!

8,<64+,)&! 3*'(+6)B2)63+,A/'! 0/6! <'*! -;4<46)0'! -3&4+/64&+! B/,0! +64,+30! Q! *4! d`40'!

958@,)&\!5BB*,'-!K,)0]0+'80\! P)0+'6! (,+]\! .5:C! D4! 63+6)+64&0(6,B+,)&! 4! 3+3! 634*,03'! I,4!

*;/+,*,04+,)&! -'! *;'&H]8'! LFLDO! _b40'!! 9c&I,+6)<'&:! 0'*)&! *'0! ,&0+6/(+,)&0! -/!

E)/6&,00'/6C! D'0! 03A/'&('0! -'0! 48)6('0! /+,*,03'0! B)/6! *4! 634(+,)&! -'! ^._! )&+! 3+3!

)@+'&/'0! B46! *;/+,*,04+,)&! -/! *)<,(,'*! W!e*,<)?N!Z! '+! *'/6! 0]&+2f0'! 4! 3+3! 634*,03'! B46! *4!

0)(,3+3!W!LgX!Z! 9'/6)E,&0:! 9b4@*'4/!$:C!D'0!B6)-/,+0!-'!^._!)&+!'&0/,+'!3+3!()&+6h*30!

B46!8,<64+,)&!3*3(+6)B2)63+,A/'!0/6!<'*!-;4<46)0'C!

 

Gène Amorce sens   Amorce antisens  Taille (pb) 

MICA 5' GTCGGGGCCATGGGGCT 3' 5' TCATAGGTCAGGAAACTGAGG 3' 1350 
Tableau 2 : Séquences des amorces utilisées pour les réactions de PCR et 
taille attendue des produits amplifiés 
 

 



! "#$!

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

%&'()*'+(! ,-)+*(! ./-01+2*(3! (,42)5)6'*(! .*(! 7+-8(2+)7(! -&7*+8-7)5(3! 187! 474!
(987:47)(4*(! ,1'+! &-! 6'-87)5)2-7)18! ,-+! ;<=>?@! A+**8B! C-! 6'-87)5)2-7)18! +*&-7)D*! .*!
&/*E,+*(()18! .*! @FGH! *(7! 1I7*8'*! ,-+! 81+0-&)(-7)18! -D*2! &*! JK8*! .*! 048-J*!!
:9,1E-87:)8*LJ'-8)8*! ,:1(,:1+)I1(9&! 7+-8(5*+-(*! MN%>?O! *7! '8! 42:-87)&&18! .*!
+454+*82*!(*&18! &-!047:1.*!.*(!P!QLRRG7!S! MC)D-T!-8.!;2:0)77J*8!QUU"O!*7! &/'7)&)(-7)18!
.'!7:*+01292&*'+!H=F!%>F;@!VVUU!(*6'*82*!.*7*27)18!(9(7*0!!M%W!H,,&)*.!=)1(9(7*0(3!
X1(7*+!G)793!GH3!Y;HOB!G:-6'*!+4-27)18!-!474!+4-&)(4*!*8!7+),&)2-7B!
$
!

./0*12-/&34%$

C-! (4,-+-7)18! .*(! .)554+*87(! ,+1.')7(! .*! >?L%G>3! *(7! ,*+51+04*! ,-+! 0)J+-7)18!
4&*27+1,:1+47)6'*! ('+! J*&! ./-J-+1(*! C1ZL@*&7)8J! MF8D)7+1J*8O! Q[! \! #U! ]! ,*8.-87! "#!
:*'+*(B! C*(! I-8.*(! 2187*8-87! &*(! -0,&)218(! ./)874+^7(! (187! *E2)(4*(! *7! &/H_`2! *E7+-)7!
(*&18! &-! 047:1.*! .'! %:481&aG:&1+151+0*B! C*(! -2).*(! 8'2&4)6'*(! ,+42),)74(! ,-+! .*!
&/47:-81&! -I(1&'! (187! 2'&174(! ,-+! 2*87+)5'J-7)18! ,')(! &-D4(! *8! 47:-81&! VU[B! C*! (1'(L
2&18-J*! *(7! +4-&)(4! \! &/-).*! .'! T)7! ;7+-7-G&18*!! %G>! G&18)8J! M;7+-7-J*8*OB! G)86! \!
2)86'-87*! bJ! .*! ,+1.')7! .*! >?L%G>! ,'+)5)4! (187! )8(4+4(! .-8(! &*! ,&-(0).*! ,;GLH!
M;7+-7-G&18*!! ]*271+OB! C*(! ,&-(0).*(! (187! *8(')7*! )821+,1+4(! .-8(! '8*! (1'2:*!
I-274+)*88*!210,47*87*!M;7+-7-2&18*c!;1&1%-2T!G10,*7*87!G*&&(3!A-+.*8!A+1D*3!GHO!,-+!
2:12!7:*+0)6'*B!C-!(4&*27)18!-!474!+4-&)(4*!(1'(!&*!21'D*+7!.*!&/*E,+*(()18!.*(!JK8*(!.*!
&/-0,)2)&&)8*!*7!.'!dLA-&B!%-+!&-!(')7*3!&/*E7+-27)18!*7!&-!,'+)5)2-7)18!.*(!,&-(0).*(!187!474!
+4-&)(4*(!(*&18!&*!T)7!M`'2&*1(,)8!%&-(0).!e')2T!%'+*3!@-2:*+*9L`-J*&3!N1*+.73!X+-82*OB!
!

.,503&634%$%'$3&3-7*%$8%$-9:;<$

C*!(46'*8f-J*!-!474!+4-&)(4!,-+!&-!,&-7*L51+0*!.*!(46'*8f-J*!.*!&/FX>!Qg!(*&18!&-!
047:1.*!.*!;-8J*+B!C/*8(*0I&*!.*(!+4-27)18(!218(7)7'7)D*(!.'!(46'*8f-J*!-!474!+4-&)(4!
-D*2! &*! T)7! P!=)J! _9*! ?*+0)8-71+! D$B"! G92&*! ;*6'*82)8J! h)7!S! MH,,&)*.! =)1(9(7*0(OB!
C/-8-&9(*! .*(! (46'*82*(! ./H_`! -! 474! +4-&)(4*! D)-! &*! &1J)2)*&! P!G:+10-(%+1!SB! G*(!
(46'*82*(!187!474!-&)J84*(!\!&-!717-&)74!.*(!JK8*(!+454+*824(!.-8(!&-!I-86'*!.*!.1884*!
*8!&)J8*!P!A*8=-8T!SB!
!
$ "-/&34%$%'$=+3&*>%2'?/&$8%$2%--0-%*$"@.$



! "#$!

! %&'!()*+!+,--&'.,/01/2'!,/2!323!4/'3-3'!01/'!5&+2&6-!07&8.-&''4,/!.9:;<=>?1@!
A(@4?&/2!B&+C/,?,@DE!9(E!FG(HE!&/!#7!076/!>%(I!:JK!9&?64<+4!+,/'4'2&!&/!6/&!-3.32424,/!06!
L,24M!N!)OP))))P!QK!%1!2-1/'M&+24,/!0&'!+&??6?&'!9RG!1!323!-31?4'3&!15&+!?7624?4'124,/!0&!
?1!%4.,M&+21L4/&!JSSS!AT/542-,@&/E!9(E!FG(H!'&?,/!?&'!-&+,LL1/0124,/'!.-3+,/4'3&'!.1-!
?&!M,6-/4''&6-K!F/!5&+2&6-!540&!1!323!624?4'3!&/!+,/2-U?&K!
!
! "#$%&'$()*!*+!,-./!

V61-1/2&<C642!C&6-&'!.,'2<2-1/'M&+24,/E!?&'!+&??6?&'!9RG!,/2!323!03+,??3&'!.1-!0&!
?1!2-D.'4/&!&2!?153&'!W!2-,4'!-&.-4'&'!01/'!6/&!',?624,/!0&!XYG!+,/2&/1/2!"Z!0&!YG(!&2!
SE"Z!071[40&!0&!',046L!A*1*=H!.64'!4/+6\3&'!15&+!J#!]?!076/&!',?624,/!071/24+,-.'!1/24<
>?1@!624?4'3&!W!"S!]@^L%K!%1!.-3'&/+&!0&'!4',M,-L&'!&'2!-353?3&!.1-!?71_,62!076/!1/24+,-.'!
'&+,/014-&! +,6.?3! W! 6/! M?6,-,+C-,L&! A>TB9HK! *,6'! 15,/'! 624?4'3! ?&! +D2,L`2-&! 0&! M?68!
N!>(9G91/2,! TT!Q! AY&+2,/! )4+a4/',/H! &2! ?&! ?,@4+4&?! 071/1?D'&! >?,bc,d! AB-&&! G21-ET/+KH!
.,6-!?71/1?D'&!0&!?7&8.-&''4,/!0&'!04MM3-&/2&'!4',M,-L&'!.1-!?&'!+&??6?&'!9RG!2-1/'M&+23&'K!

!
! 0&&.+%,-.%(*12*+2*!

! V61-1/2&<C642! C&6-&'! .,'2<2-1/'M&+24,/! ?&'! +&??6?&'! 9RG! +6?2453&'! '6-! ?1L&! 0&!
5&--&! ',/2! M483&'!.1-!6/&! ',?624,/!0&!XYG!^!YG(!"Z!.64'!L1-e63&'!15&+!6/&! ',?624,/!
071/24+,-.'! 1/24<>?1@! W! "S! ]@^L%E! .&/01/2! "#CE! W! $f9K! %1! .-3'&/+&! 0&'! 4',M,-L&'! &'2!
-353?3&! .1-! ?71_,62! 076/! 1/24+,-.'! '&+,/014-&! +,6.?3! W! 6/! M?6,-,+C-,L&! A>TB9HK! %&!
L4+-,'.+,.&! W! M?6,-&'+&/+&! *4a,/! )41.C,2! L4+-,'+,.&! A*4a,/E! B,<! aD,E! c1.1/H! 1! 323!
624?4'3!.,6-!?1!+1.26-&!074L1@&K!%&'!4L1@&'!,/2!&/'642&!323!1/1?D'3&'!15&+!?&!?,@4+4&?!0&!
2-142&L&/2!074L1@&!TL1@&c!AFKGK!*124,/1?!T/'24262&'!,M!g&1?2CE!Y&2C&'01E!:)E!FG(HK!
!
!
!
!
!
!
!
!
!
 



! "##!

4-3 Résultats 
 

!"#$%&'&()%&*$+#%+(),)(%-,&.)%&*$+"#+%,)$.(,&%.+)/%#,$)%&'.+"#+0!123+

$%&! '(%)%'*+,! -,! '(./0%12! -3! 04'*/4&05.+/,! 67)72.83,! +3&! '%! 2&%)+1&.02.4)! -3!

69),!:;<=>! &7%'.+7,!+3&!-,+!13'23&,+!-,!<?! .+4'7,+!@!0%&2.&!-,!-4)),3&+!-(4&6%),+!0%&!

ABC$<A>! )43+! %D4)+! /.+! ,)! 7D.-,)1,! '%! 0&7+,)1,! -,! 2&%)+1&.2+! +300'7/,)2%.&,+>! E!

F%)-,+!-,!04.-+!/4'713'%.&,+!.)G7&.,3&+!%3!2&%)+1&.2!+%3D%6,!H"IJJ0FK>!15,L!M!.)-.D.-3+!

0%&/.!',+!NE!2,+27+!H4&56,#+72KO!

P%)+!',!F32!-,!1%&%127&.+,&!',+!-.GG7&,)2+!2&%)+1&.2+!-,!:;<=>!',+!0&4-3.2+!-,!ABC

$<A!4F2,)3+!@!0%&2.&!-,+!<?!4)2!727!+70%&7+!,2!03&.G.7+!@!0%&2.&!-,!'(,Q1.+.4)!-,+!F%)-,+!

%'2,&),+! +3&! 6,'! -(%6%&4+,O! <,+! -,&).,&+! 4)2! 727! %/0'.G.7+! 0%&! +43+C1'4)%6,! 03.+!

+783,)17+!H4&56,#+78KO!R(%)%'*+,!-,+!+783,)1,+!%!0,&/.+!-,!1%&%127&.+,&! ',+!-7'72.4)+!

0&7+,)2,+!-%)+! ',+! 2&%)+1&.2+!%--.2.4)),'+!-,!:;<=!H=>!S>!<!,2!PK!+157/%2.+7,+!-%)+! '%!

4&56,#+71O!

R(%)%'*+,! -,+! +783,)1,+! )31'742.-.83,+! &7D9',>! 043&! ',+! 83%2&,! 2&%)+1&.2+!

%'2,&)%2.G+>! 3),! -7'72.4)! 242%',! 43! 0%&2.,'',! -(3)! 43! 0'3+.,3&+! ,Q4)+O! ?)! ,GG,2>! '(=PT1!

14&&,+04)-%)2!%3!2&%)+1&.2!%'2,&)%2.G!-,!:;<=!)427!U!=!V!+,!1%&%127&.+,!0%&!'%!-7'72.4)!-,!

MNJ!)31'742.-,+!,)!#(!-,!'(,Q4)!I!!,2!-(3),!W3%).),!,)!I(!-,!'(,Q4)!E!HX#(?QI!Y!WI(?QEKO!R%!

+783,)1,!-(=PT1! 14&&,+04)-%)2! %3! 2&%)+1&.2! %'2,&)%2.G! )427! U!S!V! +,! 1%&%127&.+,!0%&! '%!
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Figure 14 : Mise en évidence et caractérisation des transcrits alternatifs de 
MICA.(A)%&'()! *+,'-.,/01! 2*)! %34! -5! 6'/7089! ,'-/,*:*1,! ;! 8-!<4-)*! *,! 6'-1).'/&,/01!
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Figure 15 : Association entre la présence des transcrits alternatifs et l’allèle 
MICA*017 (A), identification de la délétion d’une guanine en 5’ de l’intron 4 
(B) 
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Figure 16 : Quantification des transcrits alternatifs de MICA par RT-qPCR. %&!
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Figure 17 : Alignement & Représentation 
schématique de la prédiction des 
séquences en acides aminés codées 
par les différents transcrits alternatifs de 
MICA  
!
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Figure 18 : Détection des différentes isoformes de MICA par FACS (Image de 
gauche) et par immunofluorescence (Image de droite) après la transfection 
de cellules COS. $%&!9+.-*(,%&!'%!)5&(.,!<.++%&9.,'7,-!75>!'())*+%,-%&!(&.).+/%&!.,-!
*-*! '*-%<-*%&! 97+! 5,! 7,-(<.+9&! 7,-(DC$3F! &9*<()(E5%?! $%! /7+E57:%! 97+!
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4-4 Discussion et Perspectives 
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%'55,02*+29!'9:5:0(296!2+!%29!7211)129!OV!9:*+!-7+)2112(2*+!2*!7:)09!-5'*!%&,/-1)20!12!0?12!

%2! 7S-7)*2! %2! 729! '9:5:0(29! 9)0! 1&-7+'/-+':*! OV! D[0-/-'1! 0,-1'9,! <-0! \'2002.]2-*!

W-/1:/9^_6!,+)%'-*+!2*!<02('802!-**,2!%2!+S892M3!!
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CHAPITRE V :  

Le projet proVasc : Identification de molécules 

et extraits d’origine végétale pour leurs 

propriétés antioxydantes, anti- inflammatoires 

et anti-AGE 
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5-1 Présentation de l’étude 
 

$%&'()*++*,&-'.! )/!0,1/00!-2&3*',!/,! )/0!456!7438*'9/3!5):9*,&-'!6'3;<1-3=9,0>!

?-=/',! ='! 1@)/! <1&+-13&*)! 3*'0! )/0!+A9*'&0+/0! 3/! )*! 3:0(-'9,&-'! /'3-,BA)&*)/! /,! 0-',!

&+<)&C=A0!3*'0!3/!'-+D1/=0/0!<*,B-)-E&/0!9*13&-;8*09=)*&1/0F!!

$/!D=,!3=!<1-?/,!<1-G*09!7*91-':+/!3/!H!<1-,/9,&-'!8*09=)*&1/!I>!/0,!3%&3/',&(&/1!

3/! '-=8/))/0! +-)A9=)/0! /,! /2,1*&,0! 3%-1&E&'/! 8AEA,*)/! <-=1! )/=10! <1-<1&A,A0! *',&;

&'()*++*,-&1/0.! *',&;-2:3*',/0! /,J-=! *',&;4560F! $/! <-,/',&/)! ,BA1*</=,&C=/! 3/0!

+/&))/=1/0!+-)A9=)/0!/,!/2,1*&,0!&3/',&(&A0!0/1*!<*1!)*!0=&,/!,/0,A!<-=1!3/0!+*)*3&/0!,/))/0!

C=/! )/! 3&*DK,/.! )%B:</1,/'0&-'! *1,A1&/))/.! )/! 9*'9/1! -=! )/! 1/?/,! 3/! E1/((/F! L/! 1A0/*=!

9--13-''A! <*1! )/! <1-(/00/=1! M&/11/! M*9*=3! 3/! )%NOP6QR! SRQT"U.! 3/! )%S'&8/10&,A! 3/!

O*',/0.!0%-1E*'&0/!*=,-=1!3/!3&((A1/',0!*9,/=10!*9*3A+&C=/0!/,!&'3=0,1&/)0.!3%B-1&V-'0!/,!

3/!9-+<A,/'9/0!3&((A1/',0F!!

4!,1*8/10!)/!1A0/*=!<1-G*09!'-,1/!-D?/9,&(!*!A,A!3/!+/,,1/!*=!<-&',!3/0!,/0,0.!0=1!

)/0!L6.!</1+/,,*',!3/!91&D)/1!='!,1K0!E1*'3!'-+D1/!3/!+-)A9=)/0!/,!/2,1*&,0!3%-1&E&'/0!

8AEA,*)/0!<-=1!)/=10!<1-<1&A,A0!*',&;&'()*++*,-&1/0!/,J-=!*',&;4560F!

!

!"#$% &'% ()*+,*-".% (+/% 0$"0$-)*)/% '.*-1-.2&'33'*"-$+/.! '-=0! *8-'0! =,&)&0A! )*!

,/9B'&C=/! 3W6$NP4! 9/))=)*&1/! <-=1! +/0=1/1! /,! 9-+<*1/1! )W/2<1/00&-'! +/+D1*'*&1/!

&'3=&,/! 3/! )*! +-)A9=)/! 3%*3BA0&-'! GL4R;"! /'! <1A0/'9/! -=! /'! *D0/'9/! 3/! +-)A9=)/0!

9B&+&C=/0!-=!3%/2,1*&,0!8AEA,*=2F!

6'!/((/,.!)*!+-)A9=)/!GL4R;"!'W/0,!<*0!/2<1&+A/!<*1!)*!9/))=)/!/'3-,BA)&*)/!7L6>!X!

)WA,*,!D*0*)!+*&0!/0,! &'3=&,/!<*1!='! ,1*&,/+/',!*=!YOZ[!</'3*',!#!B/=1/0!*D-=,&00*',.!

8&*!)*!8-&/!3/!0&E'*)&0*,&-'!OZ\].!X!)W*9,&8*,&-'!3/!)*!L6F!$*!8-&/!3W*9,&8*,&-'!=,&)&0*',!)/!

(*9,/=1! 3/! ,1*'091&<,&-'! OZ\]! A,*',! )*! 8-&/! &',/18/'*',! +*?-1&,*&1/+/',! 3*'0! )/0!

+A9*'&0+/0! 3%&'()*++*,&-'! /,! 3/! 0,1/00! -2:3*,&(! 7M-D/1! /,! P/00*.! O*,! Q/8! N++='-)F!

^__`>F! O-=0! ,/0,-'0! 3-'9! )*! 9*<*9&,A! 3/0! +-)A9=)/0! 9B&+&C=/0J/2,1*&,0! 8AEA,*=2! X!

&'B&D/1.!3/!(*a-'!3-0/!3A</'3*',/.!)*!8-&/!3/!0&E'*)&0*,&-'!OZb*<<*]F!O-,1/!&'B&D&,/=1!

3/!1A(A1/'9/!A,*',!)W4++-'&=+!<:11-)&3&'/3&,B&-9*1D*+*,/!7McYL>F!

O-=0!1A*)&0-'0!/'!<*1*))K)/!='!,/0,!3/!8&*D&)&,A!9/))=)*&1/!<*1!RYY!7D1-+=1/!3/!d;

7e.U;3&+/,B:),B&*V-);^;:)>;^.U;3&<B/':)! ,/,1*V-)&=+>.! </1+/,,*',! 3/!+/0=1/1.! 3/! (*a-'!

3-0/!3A</'3*',/.!)*!,-2&9&,A!3/0!+-)A9=)/0!9B&+&C=/0J/2,1*&,0!8AEA,*=2!,/0,A0F!
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!"#$%&'%()*+,*-".%(+/%0$"0$-)*)/%'.*-12345!%&'(!)*&%(!+,(!)'!-&,%.!'%!./(.!0/!

*,)1,2,.3!4/22'2),5/!-)5!677!)8,%!0/!+/('5/5!/.!4&+-)5/5! 2)!+&5.)2,.3!4/22'2),5/! ,%0',./!

-)5!2)!8&5+).,&%!09:;<!('5!0/(!4'2.'5/(!0/!=<!-53.5),.3/(!&'!%&%!)*/4!'%/!0&(/!53-&%(/!

0/!+&234'2/(>/?.5),.(!*3@3.)'?A!B&'(!'.,2,(&%(!,4,!29)2-C)D&?&)203CE0/!;FGHI:F!4&++/!

,%0'4./'5!09:;<A! J&%! ,%.5&0'4.,&%!0)%(! 2/!+,2,/'!0/! 4'2.'5/!0/(!=<! )1&'.,(()%.! K! '%/!
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5-2 Mise au point d’un test pour la détection des 

propriétés anti-inflammatoires et anti-

oxydantes 
 

%&!'&('!()*+',-./&!*.'0.+!1&!/*!-*2*-,'3!4.)05'!/&(!%6!7!(85'93',(&+!1&(!:0/3-./&(!

1)*193(,05!&5!+3205(&!7!-&+'*,5(!(',:./,;!'&/(!4.&!/&(!-8'0<,5&(!2+0,5=/*::*'0,+&(!0.!/&(!

:31,*'&.+(! 1.! ('+&((! 0>,1*',=?! @&! 13'&+:,5*5'! -0::.5! 1&! '0.(! -&(! (',:./,! &('!

/)*-',A*',05!1.!=*-'&.+!1&!'+*5(-+,2',05!BC<D!EB.-/&*+!C*-'0+F<*22*!DG!EH0I&+!&'!J&((*;!

B*'!K&A! L::.50/?!MNNOG! E%(,(P*+!&'! -0//?;! Q!R22/!H98(,0/?!MNN$G?!@)*-',A*',05!1&! /*!A0,&!

BC<D! 1*5(! /*! %6! 13-/&5-9&! */0+(! /*! (85'9S(&! 1&! 2+0'3,5&(! ,:2/,4.3&(! 1*5(! 1,A&+(&(!

=05-',05(! 1&! /)&510'93/,.:;! 50'*::&5'! /&(! 2+0'3,5&(! ,:2/,4.3&(! 1*5(! /)*193(,05! 1&(!

/&.-0-8'&(!ET%RU";!6F(&/&-',5&(VG?!B0'+&!0IW&-',=!3'*,'!105-!1&!:&''+&!*.!20,5'!.5!'&('!

20.+! /*! 13'&-',05! 1&! 50.A&//&(! :0/3-./&(! 0.! &>'+*,'(! 1)0+,X,5&! A3X3'*/&! -*2*I/&(! 1&!

I/04.&+Y,59,I&+! /)*-',A*',05!&510'93/,*/&! ,51.,'&!2*+!.5!*-',A*'&.+!1&! /*!A0,&!BC<D?!%&!

'&('! (&! A0./*,'! +*2,1&! &'! (,:2/&! 1*5(! /*! :,(&! &5! Z.A+&;! 2.,(4.).5! X+*51! 50:I+&! 1&!

:0/3-./&(!&'!&>'+*,'(!10,A&5'!['+&!'&('3(?!

!

!"#$%&%'(")*+,*-./0*12*+,*345*$",&*61,&*7%$%7'28*9*')+,'&1*6:1;$&1(('")*+1*

<!=>?*9*6%*(,&@%71*+1(*!A*

B0.(! *A05(;! 1*5(! .5! 2+&:,&+! '&:2(;! -0:2*+3! 1&.>! '82&(! 1&! (',:./,!

1,==3+&5'(!E\BC]! &'! @HJG! 20.+! /&.+! -*2*-,'3! 7! ,51.,+&! /)&>2+&((,05! 1&! T%RU"! 2*+!

-8'0:3'+,&!&5!=/.>!E/'B,&1*?CG?!@&(!+3(./'*'(!0I'&5.(!:&''&5'!&5!3A,1&5-&!.5!&==&'!10(&!

+3205(&!1.!\BC]!(.+!/),51.-',05!:&:I+*5*,+&!1&!/*!:0/3-./&!1)*193(,05!T%RU"!2*+!/&(!

%6?!%&2&51*5'!*.-.5!&==&'!1.!@HJ!5)*!3'3!0I(&+A3!(.+!T%RU";!*2+S(!#9!1&!'+*,'&:&5'?!R!

-&!('*1&;!50.(!*A05(!+&'&5.!/&!\BC]!-0::&!50'+&!:0/3-./&!1&!+3=3+&5-&!20.+!(',:./&+!

/)&>2+&((,05!1&!T%RU"!2*+!/&(!%6?!

!
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Figure 19 : Détection de l’expression de VCAM-1 à la surface des CE par 
cytométrie de flux, après traitement pas TNFα ou LPS. %&'! ()! *+,! -,-! ,./0,-&'!
12./+,! #3! 4/.! 1&'! 1*'&'! 5.*0''/+,&'! 1&! 6789! :;<! &,! =>>?@ABC! *2! 1&! %DE! :">>! &,!

<>>+F@ABCG!
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L*0'M50!&+!2,0B0'/+,!B/!,&53+0N2&!1O)%PEQ!5&BB2B/0.&!A*0+'!'&+'0JB&!A/0'!1*+,!B/!L/50B0,-!1&!

A0'&!&+!*&2H.&!'2FFR.&!2+&!5/4/50,-!1&!5.0JB/F&!4B2'! 0A4*.,/+,&!N2&! B/!5S,*A&,.0&!1&!

LB2T!:U0'3*4!&,!5*BBGK!U0*,&53+0N2&'G!"$$;C!:(3/..&/2!&,!5*BBGK!6./+'4B/+,/,0*+G!;>>>CG!

D/.! 5&,,&! ,&53+0N2&K! +*2'! /H*+'! ,&',-! B&'! &LL&,'! 1O2+&!1*'&! .-4*+'&!1&!6789!&,!

1&2T!,&A4'!1O/5,0H/,0*+K!#!&,!"<!3!'2.!BO0+125,0*+!1&!V(QW"!A&AJ./+/0.&!:?'@1/%!ABCG!!

 

 
Figure 20 : Comparaison des 
effets d’une dose réponse et du 
temps d’incubation sur 
l’induction de VCAM1 par le 
TNFα. %&'! ()! *+,! -,-! ,./0,-&'!

12./+,! #! I! "<3! 4/.! 1&'! 1*'&'!

5.*0''/+,&'! 1&! 6789! :;<! I!

"#>>?@ABCG!%O&T4.&''0*+!1&!V(QW"!

&',! A&'2.-&! 4/.! 1&+'0,-! *4,0N2&!

:XYCG! %O30',*F./AA&! JB/+5!

5*..&'4*+1! I! B/! 5*+5&+,./,0*+! 1&!

6789!.&,&+2&!4*2.!B&!5.0JB/F&G!
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%&'! ()'*+,-,'! ./0,(&0,! *0! &11&,! 2/'&3()4/0'&! 2*! 5678! '*(! +9:02*;,:/0! 2&!

+9&<4(&'':/0!2&!=%>?"!4-(! +&'!%@A! B-!.:'&! &0!)C:2&0;&D!4-(! +-! '*:,&D! 29*0!&11&,D!.E.&!

1-:F+&D!2&'!./+);*+&'!/*!&<,(-:,'!C)G),-*<!'*(!+9:0H:F:,:/0!2&!=%>?"!:02*:,!4-(!+&!5678D!

0);&'':,&! ! +&!;H/:<!29*0&!;/02:,:/0!&<4)(:.&0,-+&!4&(.&,,-0,!+-!.&:++&*(&!:02*;,:/0!2&!

=%>?"! 4/*(! *0&! ;/0;&0,(-,:/0! I!(-:'/00-F+&!J! 2&! 5678A! ! K-0'! ;&,,&! /4,:L*&D! 0/*'!

-C/0'! ;H/:':! 2&! (&,&0:(! *0! ,&.4'!29-;,:C-,:/0!2&!MH! &,! *0&! ;/0;&0,(-,:/0! &0!5678!2&!

N$$!OP.+!QR:',/G(-..&!F+-0;SA!

! !

!

! "#$%#&$%#!'()*#!+,-.$)-#!'#!&./.&#*$#!0,)&!-(1*%12131,*!'#!-(#40&#551,*!'#!

6789:!1*')13#!0;&!-#!<=>?@!

! 5(/:'! ./+);*+&'! /0,! ),)! ,&',)&'! &,! ;/.4-()&'! 4/*(! +&*(! ;-4-;:,)! T! :0H:F&(!

+9&<4(&'':/0! 2&! =%>?"! :02*:,&! 4-(! +&! 5678A! B&! 5@?UVB! QW3RX2(/<X35@?UVS! &',! *0!

0:,(/<X2&! -X-0,! 2&'! 4(/4(:),)'! -0,:3/<X2-0,&'! QY:+;/<D! UH-(.-;/+! 5H&(A! N$"$SA! B&!

2)(:C)!'X0,H),:L*&!2&!+-!;X',):0&!6>%!Q63-;),X+;X',):0&S!-!)G-+&.&0,!),)!2);(:,!4/*(!'&'!

4(/4(:),)'!-0,:3/<X2-0,&'!Q%//.F&'!&,!7-''&,,D!Z:20&X![0,A!N$"NS!,/*,!;/..&!+&!UK5%!

Q4X((/+:2:0&!2:,H:/;-(F-.-,&S!L*:! &',! *0! :0H:F:,&*(!2&! +-! C/:&!67\]! (&;/00*! Q^;H(&;\!

&,;!;/++AD! _!@<4!?&2A!"``NSA!B&'!%@!/0,!),)!4()3,(-:,)&'!2*(-0,!*0&!H&*(&!-C&;!2:C&('&'!

;/0;&0,(-,:/0'!2&!;&'!,(/:'!./+);*+&'!4*:'!,(-:,)&'!4&02-0,!MH!-C&;!W$$OP.+!2&!5678A!

B9&<4(&'':/0!2&!=%>?"!-!&0'*:,&!),)!.&'*()&!4-(!@B[^>!;&++*+-:(&!Q>1A)&#!B:8SA!O0!,&',!

2&!C:-F:+:,)!;&++*+-:(&!4-(!?55!-!),)!()-+:')!&0!4-(-++a+&!-1:0!29);-(,&(!,/*,!&11&,!-44-(&0,!
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Figure 21 : Effets des anti-oxydants TEMPOL, NAC et PDTC sur l’inhibition de 
l’expression de VCAM induite par le TNF. (A) $%&!'(!)*+!,+,!-.,/+.01+,%&!-%*20*+!
3*%!4%3.%!05%6!7%&!2188,.%*+&!0*+1/)9:20*+&;!<3!=>?@!0!%*&31+%!,+,!0A)3+,!03!B1771%3!2%!
637+3.%!-)3.!3*%!6)*6%*+.0+1)*!81*07%!2%!CDDEFB7;!G-.H&!I4!2J1*63K0+1)*L!7%&!'(!)*+!,+,!
819,%&! %+! 7J%9-.%&&1)*!2%!M'GN"!B%&3.,%!-0.!($OPG! 6%773701.%;! Q!R!E*! +%&+! 2%! 510K171+,!
6%773701.%!-0.!N==!0!,+,!.,071&,!%*!-0.077H7%!081*!2%!B%&3.%.!70!+)9161+,!.%70+15%!S!64063*!
2%&!1*41K1+%3.&!4:-)+4,+1T3%&!+%&+,&;!
!
!

$%&!%88%+&!&3.!7J1*41K1+1)*!2%!7J%9-.%&&1)*!!2%!M'GN!)K&%.5,&!161!05%6!7%!=(NUV$!
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Figure 22 : Exemple représentatif des résultats obtenus par le test pour la 
détection des propriétés antioxydantes/inflammatoires. (A) %&'(! )&! *+,-+.+(/!
0&..1.,+2&!,1!3%%4!5&'!&6(2,+('!72/'&8(,8(!18&!(96+0+(/!'98(!&80,)2/'!&8!291:&4!;!<!%&'(!
)=+8>+-+(+98!)&! .=&672&''+98! +8)1+(&!)&!?@A3"!B! .,! '12C,0&!)&'!@D4!5&'!@D!98(!/(/!72/E
(2,+(/&'!7&8),8(!18&!>&12&!,*&0!.&'!)+CC/2&8('!&6(2,+('!*/:/(,164!F1!%GHI!,!&8'1+(&!/(/!
,J91(/! ,1! K+.+&1! )&! 01.(12&! 7912! 18&! 0980&8(2,(+98! C+8,.&! )&! LMMNOK.4! A72P'! Q>!
)=+801-,(+98R! .&'! @D! 98(! /(/! C+6/&'! &(! .=&672&''+98! )&! ?@A3"! K&'12/&! 7,2! D5STA!
0&..1.,+2&4! 5&'! C.P0>&'! )/'+:8&8(! .&'! &6(2,+('R! 898! (96+U1&'R! 72/'&8(,8(! 18! 79(&8(+&.!
)=+8>+-+(+98!)&!.=&672&''+98!)&!?@A3"!+8)1+(&!7,2!.&!%GHI!;D$V!&(!DWM<4!
 
 

5,! "#$%&'( ))! 2&72/'&8(&! 18&! '/2+&! )&! 2/'1.(,('R! 2&72/'&8(,(+C'R! )&'! 2/'1.(,('!
9-(&81'!,*&0!0&'!(&'('4!5&!(&'(!)&!*+,-+.+(/!0&..1.,+2&!7,2!3%%!2/*P.&!18&!(96+0+(/!2&.,(+*&!
)&'!&6(2,+('!D$#!B!D$X!&(!DW"!B!DWWR! .92'U1&!1(+.+'/'!B!18&!0980&8(2,(+98!)&!"MM1:OK.!
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5-3 Mise au point d’un test pour la détection des 

propriétés anti-AGE 
 

%&'! ()*'! +(,-./0&,! 1230.456/! &/,7896,:04';! '6/4! 2&'! 896,:54'! <5/.:=! ,&! 2.!

9>.0456/!/6/7&/?3@.45A:&!,&!1230.456/!,&'!8964>5/&'!6:!258678964>5/&'!82.'@.45A:&'!6:!

5/49.0&22:2.59&'B! C&44&! 9>.0456/! &'4! 5@825A:>&!,./'! 2&'!@>0./5'@&'!,&! -5&5225''&@&/4! &4!

.''605>&!D!,&!/6@E9&:'&'!8.4F62615&'!06@@&! 2&!,5.EG4&!6:! 2H5/':<<5'./0&!9>/.2&!+86:9!

9&-:&!I!)62,5/!&4!0622BJ!C590:2.456/B!KLLM;B!

%&'! C*!A:5! &=895@&/4! D! 2&:9! ':9<.0&! ,&'! 9>0&84&:9'! .:=!()*'! +N()*;! '6/4! :/&!

05E2&!9&06//:&!,&'!()*'B!O&!2H5/4>9.0456/!,&'!()*'!.-&0!2&:9!9>0&84&:9!D!2.!':9<.0&!,&'!

C*J!&/!9>':24&!:/&!.045-.456/!&/,64F>25.2&!-5.!2&!<.04&:9!,&!49./'0958456/!PQRS!+T0F@5,4!

&4! 0622BJ! U960! P.42! (0.,! T05! VT(B! "WW$;B! %&'! @62>0:2&'! &4! &=49.54'! ,H69515/&! ->1>4.2&!

89>0>,&@@&/4!5,&/45<5>'!86:9!2&:9'!&<<&4'!':9!2H5/F5E5456/!,&!2X&=89&''56/!,&!YC(Z"!D!2.!

':9<.0&!,&'!C*!8.9!2&![PQ!6/4!,6/0!46:'!:/!&<<&4!./457()*!864&/45&2B!!

O./'!0&!06/4&=4&J!/649&!E:4!>4.54!,&!@&449&!.:!865/4!:/!4&'4J!06@82>@&/4.59&!,:!

89&@5&9J! 8&9@&44./4! 2.! ,>4&0456/! ,&'! @62>0:2&'! 6:! &=49.54'! 0.8.E2&'! ,&! ,59&04&@&/4!

E26A:&9!2.!'3/4FG'&!,&'!()*'J!.:!/5-&.:!5/49.0&22:2.59&B!!

 

Figure 23 : Structure chimique des molécules de la famille des α-
oxoaldéhydes. 

  

(! 8.9459! ,&'! 49.-.:=! ,&! T25@./! &4! 0622G1:&'! /6:'! .-6/'! 0F65'5! ,H:4525'&9! 2H\7

6=6.2,>F3,&! ]!)236=.2!^J! :/! 06@86'>! 0F5@5A:&! 5@825A:>! ,./'! 2.! 9>.0456/! ,&! 1230.456/!

,&'!8964>5/&'J!06@@&!5/,:04&:9!,H()*!,./'!2.!0&22:2&!&/,64F>25.2&!+T25@./!&4!0622BJ!Z62!

C&22!S560F&@B!KL"L;!+!"#$%&'();B!!
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%&!'(()*+!',-(! .-/! 0*','12!+-!3.45'&!-0!()..'6)*'0-1*/!&)1/!)6/-*,)&/!1&!-77-0!

+)/-!*89)&/-!+1!:.;)2'.!/1*!.'!+454&104)&!+-!.'!,4'64.408!+-/!<%=!*8,8.8!9'*!>??!@!"#$%&'

()*AB! !<C'(1&!+-/!-20*'40/!-0!5).8(1.-/!)&0!9'*! .'!/140-!808!0-/08/!9)1*! .-1*!('9'(408!D!

9*)08:-*! .'!<%!+-! .'!5)*0'.408! 4&+140-!9'*! .-!E.;)2'.B!F)1*!(-! 7'4*-=! .-/!<%!)&0!808!9*8G

0*'408-/!',-(!+4778*-&0-/!()&(-&0*'04)&/!+-/!5).8(1.-/!-0!-20*'40/!+H4&08*-0/=!9-&+'&0!ICB!

J-!54.4-1!+-!(1.01*-!+-/!<%!'!-&/140-!808!*-59.'(8!9'*!1&!54.4-1!()&0-&'&0! .-!:.;)2'.B!

K9*-/! "$C! +H4&(16'04)&=! .'! 5)*0'.408! +-/! <%! -/0! 5-/1*8-! 9'*! >??B! L&! -2-59.-! +-!

*8/1.0'0!9)/4047!-/0!*-9*8/-&08!-&!!"#$%&'()+B!

 

 

Figure 24 : Mesure de la viabilité cellulaire par MTT après traitement des CE 
avec l’inducteur d’AGE « Glyoxal » et exemple représentatif des effets d’une 
molécule capable d’inhiber l’effet du Glyoxal. @*A'J-/!<%!)&0!808!0*'408-/!',-(!+-/!
()&(-&0*'04)&/!(*)4//'&0-/!+-!E.;)2'.=!9-&+'&0!"$CB!J'!,4'64.408!(-..1.'4*-!'!-&/140-!808!

5-/1*8-!9'*!>??B'@+A!J-/!<%!)&0!808!9*8G0*'408-/!',-(!+4778*-&0-/!()&(-&0*'04)&/!+-!.'!
5).8(1.-!+H)*4:4&-!,8:80'.-!ML%N=!9-&+'&0!ICB!J-!54.4-1!+-!(1.01*-!+-/!<%!'!-&/140-!808!

*-59.'(8! 9'*! 1&! 54.4-1! ()&0-&'&0! O5>! +-! :.;)2'.! @P4/0):*'55-! :*4/8AB! K9*-/! "$C!

+H4&(16'04)&=!.'!5)*0'.408!+-/!<%!-/0!5-/1*8-!9'*!>??B!
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5-4 Résultats du screening 
 

 

%&'()!*+,!-.!+/0'&)0,!0+,01,2!34!5672789!,+!,:;0!&<1'1,!0:/)=>+,2!76!57$2#89!;?:;0!

&@@)AB1,!&>A>;!+@@+0! ,>'! *&!CD! 5;)! 0:/)=>+2!;)! ,>'! *?);B)E)0):;!F+!GCHI"9!+0!74! 53"2"89!

,:;0!'+,,:'0),!F>!A')E*+!J:>'!*+>',!+@@+0,!,>'!*?);B)E)0):;!F+!GCHI"K!L>'!*+,!#7!(:*1A>*+,!

J>')@)1+,!)A)!0+,01+,2!M$!5##2489!10&)+;0!0:/)=>+,!J:>'!*&!CD2!#!5-2#89!10&)+;0!,&;,!+@@+0!

+0!-!5"72M89!,+!,:;0!'1<1*1+,!A&J&E*+,!F?);B)E+'!*?+/J'+,,):;!);F>)0+!F+!GCHI"K!

N+! 0+,0! A:(J*1(+;0&)'+! <),&;0! O! F1A+*+'! F+,! J':J')101,! &;0)PHQD! &! J+'(),!

*?)F+;0)@)A&0):;! F+! 3! (:*1A>*+,! J>')@)1+,! J:>'! *+>'! A&J&A)01! O! );B)E+'! *&! (:'0&*)01!

A+**>*&)'+!);F>)0+!J&'!*+!Q*R:/&*2!+;!J*>,!F+!*+>'!+@@+0!,>'!*?);B)E)0):;!F+!GCHI"K!

!

N+,! (:*1A>*+,! +0! +/0'&)0,! &);,)! ,1*+A0):;;1,! :;0! @&)0S@:;0! *?:ET+0! F+! 0+,0,!

,>JJ*1(+;0&)'+,! 5I+,>'+! F+,! +@@+0,! <&,:P'+*&/&;0,2! );B)E)0):;! F+! *&! ,R;0BU,+! F+,! VWL!

5'+&A0)<+!:/RX+;!,J+A)+,99!&>!,+);!F+,!F)@@1'+;0,!*&E:'&0:)'+,!F>!'1,+&>!J':G&,A!&@);!F+!

A:(J*10+'! *+>',! +@@+0,! J':0+A0+>',! +0! )F+;0)@)+'! *+,!(:F+,!F?&A0):;!(),! +;!:+><'+K!Y;+!

J&'0)+! F+,! '1,>*0&0,! :E0+;>,! @&)02! O! A+! T:>'2! *?:ET+0! F?>;+! J>E*)A&0):;! ,:>(),+! 5!""#$#%

&9!Z!

!

G Rakotomalala, C Agard, P Tonnerre, S Derbré, S Michalet, J 
Hamzaoui, M Rio, B Charreau, G Loirand, and P Pacaud. « Extract from 
Mimosa Pigra attenuates chronic experimental pulmonary 
hypertension » 
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CONCLUSION GENERALE 
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%&!'()*!+(!,-./*0-.!1&!203(.1!1&!4567%8!+-.!&9')&++0-.!:;'&)<)=3>2=&8!&*!2&!:(>*!

1&3)=!1&!'-2;?-)':0+?&!@>0! 2>0! &+*! (++-/0=8! 2A0.*=)B*!1&+! /:&)/:&>)+!'->)! 2(!?-2=/>2&!

CDEF! .A(! &>! 1&! /&++&! 1&! /)-G*)&! 1H+! 2(! ')&?0H)&! 1&+/)0'*0-.! 1&+! 2-/0! CDE8! &.! "IIJ!

KL(:)(?!&*!/-22M8!N)-/!4(*!F/(1!O/0!POFM!"IIJQ!K!"#$%&'(QM!!

%(.+!>.!')&?0&)! *&?'+8! +-.!'-2;?-)':0+?&!&*! +(!')-90?0*=!3=.=*0@>&!(R&/! 2&+!

3H.&+!1>!STF8!-.*!,(0*!1&!CDEF!>.!3H.&!'()*0/>20H)&?&.*!=*>10=!'->)!+-.!)U2&!1(.+!2&+!

'(*:-2-30&+!(>*-<0??>.&+!KC0V>W0!&*!/-22M8!N)-/!4(*2!F/(1!O/0!POFM"II#QM!X)H+!R0*&8! 2&+!

*)(.+'2(.*&>)+! +A0.*=)&++&.*! =3(2&?&.*! Y! /&**&! ')-*=0.&! '-2;?-)':&! &9')0?=&! '()! 2&+!

/&22>2&+!&.1-*:=20(2&+!&*!2&+!')&?0H)&+!1&+/)0'*0-.+!1&!2(!')=+&./&!1A(.*0/-)'+!(.*0<CDEF!

1(.+! 2&+! +=)>?+! 1&+! '(*0&.*+! *)(.+'2(.*=+! 1&! *()1&.*! '(+! KZ[0).&)! &*! /-22M8! S>?!
D??>.-2M!7\\\QM!N2>+!*()1!1&!.-?])&>+&+!=*>1&+!/20.0@>&+!(++-/0&)-.*!2(!')=+&./&!1&+!

(.*0/-)'+!(.*0<CDEF!Y!>.&!10?0.>*0-.!1&!2(!+>)R0&!1&+!3)&,,&+!KZ->!&*!/-22M8!4!^.32!_!C&1M!

7\\#Q!KX&)(+(W0!&*!/-22M8!F?!_!X)(.+'2(.*M!7\\#QM!!

T(!)=3>2(*0-.!1&!CDEF!'()!2&+!+*)&++!/&22>2(0)&+8!2&+!')&?0H)&+!1&+/)0'*0-.+!1&!2(!

,-./*0-.!1&!CDEF!/-??&! 203(.1!(/*0R(*&>)!1>!)=/&'*&>)!4567%8!'-)*=!'()! 2&+!/&22>2&+!

45! &*! 2&+! 2;?':-/;*&+! XE%$K`Q! K6)-:! &*! /-22M8! O/0&./&M! "II$Q! KL(>&)! &*! /-22M8! O/0&./&!

"IIIQ! -.*! +-..=! 2&! 1=]>*! 1A>.&! 1=/&..0&! 1&! *)(R(>9! 1=/)0R(.*! 2A0?'-)*(./&! 1&!CDEF!

'->)!2(!1=*&/*0-.!&*!2(!1&+*)>/*0-.!1&+!/&22>2&+!0.,&/*=&+!->!&.!/->)+!1&!*)(.+,-)?(*0-.!
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Abstract 

ETHNOPHARMACOLOGICAL RELEVANCE: Different parts of Mimosa Pigra are 

used in traditional medicine in Madagascar, tropical Africa, South America and Indonesia for 

various troubles including cardiovascular disorders.  

AIM OF THE STUDY: To investigate the mechanisms underlying the vascular effects of 

MPG by assessing in vitro its antioxidant and anti-inflammatory properties, and its vascular 

relaxing effects, and in vivo, its action on hypoxic pulmonary hypertension (PAH) in rats. 

MATERIAL AND METHODS: The antioxidant activity of MPG extracts was determined 

by using both the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging and the oxygen 

radical absorbance capacity (ORAC) in vitro assays. Anti-inflammatory properties were 

assayed on TNF!-induced VCAM-1 expression in endothelial cells. The vasorelaxant effect 

of MPG methanolic extracts was studied on rat aorta and pulmonary artery rings pre-

contracted with phenylephrine (PE, 1 µM) in the presence or absence of the endothelium. 

In vivo MPG extract effects were analyzed in chronic hypoxic PAH, obtained by housing 

male Wistar rats (250 g), orally treated or not with a daily dose of 400 mg/kg of MPG extract, 

in a hypobaric chamber for 21 days. 

RESULTS: MPG extract has antioxidant and anti-inflammatory properties. It induces 

endothelium-dependent, NO-mediated relaxation of rat aorta and pulmonary artery. In vivo, 

chronic MPG treatment reduces hemodynamic and histologic manifestations of hypoxic PAH 

in rat. This effect is associated with a restoration of endothelium function and an increase in 

endothelial NO synthase phosphorylation. MPG leaf extract contains flavonoids, including 

quercetin and tryptophan. Each compound also efficiently limits hypoxia-induced PAH. 

CONCLUSIONS: Our results show endothelial protective action of MPG extracts which is 

likely to be due to its antioxidant action. MPG successfully attenuated the development of 

PAH, thus demonstrating the protective effect of MPG on cardiovascular disease. 
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Introduction 

Pulmonary arterial hypertension (PAH) is a complex and multifactorial disease 

characterized by a progressive increase of pulmonary vascular resistance and pulmonary 

arterial pressure (PAP), leading to right ventricle hypertrophy and death (Humbert and 

Hoeper, 2008; Rubin, 2006). Idiopathic, familial and connective tissue disease-associated 

forms of PAH share similar features (Rabinovitch, 1997). Pathologic changes of pulmonary 

arteries, which involve endothelial dysfunction, endothelial and smooth muscle cell 

proliferation, and increased vasoconstriction, decrease the lumen area of the pulmonary 

microvasculature, causing fixed elevation of pulmonary resistance. Although major advances 

in the understanding of disease development and treatment have been achieved over the last 

15 years, the pathogenesis of PAH remains not clearly understood and the mechanisms 

responsible for this abnormal pulmonary vascular remodelling are unknown. However, 

impairment of endothelial dysfunction, essentially characterized by an impairment of nitric 

oxide (NO) production and/or bioavailability is likely to play a central role in the initiation 

and progression of PAH (Budhiraja et al., 2004). Multiple studies in experimental models and 

in human implicate oxidative stress in the development endothelial dysfunction, increased 

vasoconstriction and PAH (Jernigan et al., 2008; Lai et al., 1998; Tabima et al., 2012). This 

oxidative stress, corresponding to increased generation of reactive oxygen species (ROS) and 

reactive nitrogen species promotes decrease of both synthesis and bioactivity of endothelial 

NO (Fresquet et al., 2006; Tabima et al., 2012). Accordingly, current therapies are based on 

the use of drugs that improve endothelial function and pharmacological agents targeting the 

endothelium/smooth muscle cell axis, acting on endothelin-1 receptors, NO or prostacyclin 

signaling, have shown benefits for patients with PAH (Tabima et al., 2012). However, these 

treatments failed to improve the long-term survival and their use is hampered by either side 

effects or inconvenient drug administration routes (Humbert et al., 2004). Alternatively, in 
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light of the role of ROS in PAH, antioxidant-based strategies aiming at decreasing ROS levels 

have been proposed as potential interesting therapeutic treatments for PAH.   

Nature has been a source of medicinal agents for thousands of years and continues to be 

an abundant source of novel chemotypes and pharmacophores. About 50% of the currently 

marketed drugs discovered between the period of 1981 to 2010 owe their origin to natural 

products or natural product derivatives (Newman and Cragg, 2012). In fact, the most 

important worldwide used drugs were discovered as a result of chemical studies directed at 

the isolation of the active substances from plants used in traditional medicine. In particular, 

during the few past years, medicinal plants have been extensively used as a source of new 

antioxidants for the development of drugs and other valuable bioactive agents. According to 

this strategy, from a screening of plant used in traditional medicine in Madagascar, we 

identified antioxidant properties of Mimosa Pigra (MPG) leaf extracts. Different parts of 

MPG is used in traditional medicine in Madagascar, tropical Africa, south America and 

Indonesia for various troubles including head colds, toothaches, eye medicine, diarrhoea, 

weak heart or weak pulse, and also for its antimicrobial activity (Grosvenor et al., 1995; 

Rosado-Vallado et al., 2000). The aim of this study was to analyze the properties of MPG 

extract responsible for its cardiovascular effect. We fount that antioxidant properties of MPG 

extract are associated in vitro with anti-inflammatory effects and endothelium-dependent 

vascular relaxing effects, and in vivo, with a beneficial effect on hypoxic HTAP in rats. 

 

Methods 

Plant material  

MPG extracts were purchased from Sotramex (Antananarivo, Madagascar). MPG dry leaves 

were grounded and extracted with methanol (50% aqueous methanol) at room temperature for 

24 h. The crude hydroalcholic extract was filtrated and then evaporated. The dried extracts 
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were then re-dissolved at a concentration of 100 mg/ml in aqueous solution with 10% 

dimethyl sulfoxide (DMSO). The maximal DMSO concentration used in our tests was thus 

0.1% and has no effect. 

 

UHPLC-DAD-ESI-QTOF analysis 

Dried extract was concentrated at 10 mg/ml and then analysed by ultra-high performance 

liquid chromatography (UHPLC, Agilent 1290) coupled to diode array detector (DAD) and 

electrospray quadrupole time of flight (QTOF) MS detector (Agilent 6530) using poroshell 

120 EC-C18 column (3.0*100 mm, 2.7 !m, Agilent) with a mixture of 0.4% formic acid in 

water (A) and acetonitrile (B) following this gradient: 2% of B from 0 to 2 min., 40% of B at 

20 min. and 100% of B at 22 min. The flow rate was 0.8 ml/min and the injection volume was 

5!l. UV spectra were recorded between 190 and 600 nm. The ESI source was optimized as 

follows: positive ionization mode, scan spectra from m/z 100 to 3000, capillary voltage 3.5 

kV, fragmentor 110V, fixed collision energy at 20V. Nitrogen was used as the nebulizing gas 

with a flow rate of 12 l/min and a temperature of 320°C at 40 psi. 

 

Antioxidant activity of MPG extract 

The antioxidant activity of MPG extracts were determined by using both the 1,1-diphenyl-2-

picrylhydrazyl (DPPH) radical scavenging and the oxygen radical absorbance capacity 

(ORAC) in vitro assays.  

DPPH scavenging activity was assayed as described previously (Duge de Bernonville et al., 

2010). Assays were performed in microplates (Nunc-Immuno Modules, Nunc, Roskilde, 

Denmark). Thirty microliter of methanol extract or 10" solutions of each compound was 

added to 240 µl of methanol in microplate wells. The reaction was started with the addition of 

30 µl of a 3.2 mM methanol solution of DPPH and the OD was monitored at 515 nm every 
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minute for 120 min with a UV–visible microplate spectrophotometer. A Trolox standard 

dilution curve was included as an internal control in each run. Antioxidant activity was 

evaluated by calculating the concentration of the tested molecule or raw extract corresponding 

to 50% reduction of the DPPH radical at steady state (EC50). Trolox equivalent antiradical 

capacity was calculated as the ratio between the Trolox EC50 and that of the extract tested. 

The experiment was repeated three times (n=3) with internal duplicate-measurements. 

ORAC based on 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH)-initiated chain-

oxidation of fluorescein as previously described (Duge de Bernonville et al., 2010). Extract 

dilutions were prepared in potassium phosphate buffer (10 mM, pH 7.4). The reaction was 

performed in a 96-well black opaque plate (Costar, Cambridge, MA) as follows: 150 µl of 

10 nM of fluorescein were added in each well and 25 µl of Trolox or extract or pure 

compound were pipetted in triplicate. Trolox dilutions ranged from 62.5 to 1000 µM with a 2-

fold dilution factor, pure compounds from 12.5 to 100 µM and extracts were diluted 800 and 

400 times. The background signal was determined after a 30 min incubation at 37 °C and the 

reaction was started with the automatic injection of 100 µl of 240 mM AAPH. Fluorescence 

was measured every 90 s for 10 cycles. Fluorescence data were plotted and the area under the 

curve (AUC) was calculated. A Trolox equivalent (TE) was calculated with a linear Trolox 

regression curve (Y = 168.18X ! 20.269, R2 = 0.9977 with X = AUC sample ! AUC blank) 

and results are expressed in "mol TE/g extract. Each experiments was performed three times 

(n=3) with internal duplicate-measurements. 

 

Endothelial Cell culture and activation 

Human primary vascular endothelial cells (Lonza Verviers SPRL, Verviers, Belgium) were 

cultured in Endothelial Cell Basal Medium (ECBM) supplemented with 10% fetal calf serum 

(FCS), 0.004 ml/ml ECGS/Heparin, 0.1 ng/ml hEGF, 1 ng/ml hbFGF, 1 "g/ml 
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hydrocortisone, 50 !g/ml gentamicin and 50 ng/ml amphotericin B (C-22010, PromoCell, 

Heidelberg, Germany) and used between passage 2 and 5. For activation, confluent 

endothelial cell monolayers were starved overnight and incubated with recombinant human 

TNF! (200 U/ml, R&D Systems, Lille, France) for 6 h in ECBM supplemented with 2% 

FCS, in the absence or presence of MPG or pyrrolidine dithiocarbamate (PDTC, 200 !M; 

Sigma), used as reference antioxidant. Experiments were performed in triplicates in 96-well 

plates pre-coated with 1% gelatine (Nunc, Roskilde, Denmark). 

 

Cellular Elisa assays for membrane-bound vascular cell adhesion molecule 1 (VCAM-1). 

After treatment, cells were fixed in glutaraldehyde. VCAM-1 detection was achieved using 

anti-VCAM-1 mouse IgG (R&D Systems). Assays were processed using anti-mouse IgG2a-

horseradish peroxidase (Cell SciencesTM,Inc., Canton, MA, USA) (1:4,000) and developed 

using the ABTS Peroxidase Substrate Reagent (Roche Diagnostics, Indianapolis, IN, USA). 

Optical density (OD) was measured at 570 nm.  

 

Cellular Viability/proliferation assay 

Cell viability/proliferation was quantified by MTT colorimetric assays in endothelial and rat 

aortic smooth muscle cell cultures. Primary aortic smooth muscle cells were obtained and 

cultured as previously described (Agard et al., 2009). After plating and incubation in the 

presence of various concentration of MPG, without or with 10% FCS, endothelial or smooth 

muscle cell viability was assessed by incubation with 1 mg/ml MTT (3-[4,5 Dimethylthiazol-

2-yl]-2,5-diphenyltetrazodium) for 4h at 37 °C and recording the OD at 550 nm. For each 

experiment, measurements were performed in triplicates. The relationship between OD and 

cell number was determined to be linear by the regression curve and the equation of the curve 

allowed us to determine the cell number for each treatment.  
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Animals 

 Male Wistar rats (250 g) were used. The normoxic rats were housed in room air at normal 

atmospheric pressure. Chronic hypoxic PAH was obtained by housing animals in a hypobaric 

chamber at 380 mmHg (Vacucell 111L, Medcenter, Munich, Germany) for 21 days. MPG 

(400 mg/kg/d) extract and quercetin (100 mg/kg/d; Sigma) were added in the drinking water 

and L-tryptophan was daily administrated by IP injection (50 mg/kg/d; Sigma) for all the 21 

days-hypoxia. All experiments were conducted in accordance with international guidelines for 

the care and use of laboratory animals. 

 

Haemodynamic measures 

Haemodynamic measures were made as previously described (Guilluy et al., 2005). Rats were 

anaesthesized by IP injection of ketamine and xylazine. Haemodynamic parameters were 

measured using a venous catheter inserted in the right jugular vein. The catheter was 

introduced in the right atrium, the right ventricle and then in the pulmonary artery. Systolic 

right ventricle pressure, systolic, diastolic and mean pulmonary arterial pressure (PAP) were 

then measured (Hewlett-Packard, M1106B). 

 

Measure of right ventricular hypertrophy.  

After sacrifice, heart was removed and washed from blood. Right ventricular (RV) 

hypertrophy was measured using the ratio of RV weight to left ventricle (LV) plus 

interventricular septum weight [RV/(LV+S)]. 
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Histologic analysis  

Histological examination of pulmonary vascular remodelling was performed as previously 

described (Guilluy et al., 2005). The left lung was removed. Left bronchus was slowly 

injected with 4% paraformaldehyde in PBS to distend air-cells and the entire piece was put in 

the same fixation solution to be processed for paraffin-embedded sections (10 !m). Three 

transversal sections per lung were stained with haematoxylin-eosin-saffron and Weigert’s 

staining. A total of 15-30 arterial vessels (20 to 60 µm in diameter) were examined in each 

section. The wall thickness was quantified by measuring the area using Metaview software 

(Universal Imaging Co., West Chester, PA, U.S.A.). The ratio area of the lumen (LA) to the 

area of the entire vessel (arterial wall plus lumen; VA) x 100 was calculated. The medial area 

(MA, in %) was calculated using the formula MA=100 – LA/VAx100. All these analyses 

were performed by one observer blinded to the group from which the sections were taken. 

 

Western blot analysis 

Pulmonary arteries (extralobar, main and first branches) were harvested and lysed as 

previously described (Agard et al., 2009). After electrophoresis and transfer to nitrocellulose 

membrane, samples were analysed by Western blot with antibodies against eNOS and 

phospho-eNOS (Cell Signaling), p38 and phospho-p38 (Cell Signaling). Immunoreactive 

bands were visualized using horseradish peroxidase-conjugated secondary antibody and 

subsequent ECL kit detection (Amersham Pharmacia Biotech, Orsay, France). Quantification 

was made by densitometric analysis with QuantyOne (Biorad, Hercules, CA, U.S.A.). 

 

Contraction experiments  

Rat aortas and pulmonary arteries were collected in physiological saline solution (in mM; 130 

NaCl, 5.6 KCl, 1 MgCl2, 2 CaCl2, 11 glucose, 10 Tris, pH 7.4 with HCl) and cut in rings. 
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Arterial rings were than were suspended under isometric conditions, connected to a force 

transducer (Pioden controls Ltd, Canterbury, UK) in Krebs-Henseleit solution at 37°C 

bubbled with 95% O2-5% CO2. After equilibration, the response to KCl 60mM was 

determined. The presence and the functionality of the endothelium were checked by adding 

carbachol (CCh, 10 !M) to rings pre-contracted by phenylephrine (PhE, 1 !M). Similarly, the 

relaxing effect of MPG was tested by adding increasing concentrations of MPG to rings pre-

contracted by PhE (1 !M). In some experiments performed in de-endothelialized, the 

endothelium was removed by gentle mechanical rubbing of the intimal surface.  

 

Statistical analysis 

 Values are expressed as mean ± SEM of n independent experiments or samples. Statistical 

analysis was performed by two tailed, unpaired Student's t test. A P value of P<0.05 was 

considered significant. 

 

Results 

Antioxidant and anti-inflammatory properties of MPG extracts 

Antioxidant potential of MGP was assessed by both DPPH scavenging and ORAC assays on 

MPG extracts. These assays revealed antioxidant properties of MPG extract, in the same ranks 

of concentration: 1268 !mol TE/g with DPPH and 2287 !mol TE/g with ORAC. 

Antioxidant activity of plant extract is often associated with anti-inflammatory properties. We 

thus analyzed the anti-inflammatory action of MPG by measuring its ability to decrease 

TNF!-induced VCAM-1 expression in endothelial cells (Fig 1A). MPG extracts (0.01-1 

mg/ml) inhibited the induction of VCAM-1 in response to TNF! with a maximal inhibitory 

effect close to 90%, similar to that obtained with PDTC. This anti-inflammatory activity was 

not due to cytotoxic effect of the extract as endothelial cell viability, assessed by MTT is not 
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affected by the presence of MPG (Fig 1B). These results provide evidence for antioxidant and 

anti-inflammatory properties of MPG extract.    

 

Vasorelaxing effect of MPG 

MGP (0.0001-0.1 mg/ml) produces a concentration-dependent relaxation of rat aorta and 

pulmonary artery precontracted with 1 !M PhE, with a half-maximal effect obtained at 7.89 

!g/ml and 3.24 !g/ml, respectively  (Fig 1C, D). Removal of the endothelium completely 

abolishes the relaxing effect of MPG (Fig 1C). In endothelialized rat aortic rings, inhibition of 

NO synthesis by L-NAME (3 !M), attested by the inhibition of CCh-induced relaxation, also 

totally prevents MGP-induced relaxation of PhE contraction (Fig 1E). In contrast, 

indomethacin, an inhibitor of cyclooxygenase (10 !M) and gibenclamide, an inhibitor of 

ATP-sensitive potassium channels (10 !M) have no effect, suggesting that neither 

prostacyclin nor hyperpolarizing relaxing factors were involved in the relaxing effect of MPG 

(Fig 1E). These results thus indicate that MGP induces endothelium-dependent vascular 

relaxation through stimulation of NO production. 

 

MGP has no effect on vascular smooth muscle cell viability and proliferation 

To further characterize the action of MGP of vascular cells, we have analyzed MPG effects on 

smooth muscle proliferation and viability (Fig 2). At concentrations ranging from 0.01 to 1 

mg/ml, MPG extract did not significantly affect smooth muscle cell proliferation induced by 

10% serum (Fig 2A) and cell viability (Fig 2B). 

 

Beneficial effect of MPG extract on PAH 

Results from our  in vitro experiments suggest that MPG extracts display endothelial 

protective effect. We therefore next address its in vivo effect on the development of hypoxic 
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PAH, known to involve endothelial dysfunction. Rats maintained in hypobaric chamber for 21 

days displayed an increased hematocrit (67.00±01.15% vs 39.17±1.01 in normoxic rats, n=6, 

P<0.0001) attesting the hypoxic condition. The rats exposed to chronic hypoxia developed 

PAH characterized by an increase in mean PAP (26.29± 1.01 mmHg vs 9.00±0.81 mm Hg in 

normoxic rats, n=6, P<0.001)(Figure 3A). Right ventricular remodelling in hypoxic rats was 

also attested by the strong increase in the ratio of RV weight to LV plus septum [RV/(LV+S)] 

(0.434±0.038 vs 0.174±0.004, n=6, P<0.001) (Figure 3B). MPG treatment (400 mg kg-1 d-1) 

applied daily for the entire duration of hypoxia exposure significantly reduces PAH, as shown 

by the significant decrease in the mean PAP and the RV/(LV+S) (Figure 3A and B). 

 

Antiremodelling effect of MPG in pulmonary vasculature 

Histologic examination of pulmonary vasculature showed that medial wall thickness of small 

pulmonary arteries (20-60 !m in diameter) was markedly increased in hypoxic rat at day 21 

(Figure 3C). Treatment with MPG nearly resulted in a normalization of pulmonary arterial 

wall thickness (Figure 3C). Recent evidence suggests that p38 MAPK is activated in the 

pulmonary artery in response to both acute and chronic hypoxia, driving cell proliferation and 

vascular remodelling (Welsh et al., 2005; Welsh et al., 2001). As expected, hypoxia induced 

increase in pulmonary p38 activity (Figure 3D). Hypoxia-induced activation of p38 was 

significantly reduced in MPG-treated rats (Figure 3D). 

 

MPG restores endothelial function of hypoxic rats 

To further define the effect of MPG in the progression of PAH in hypoxic rats, we next 

assessed the effect of MPG on the endothelial function of pulmonary artery ring from 

untreated and MPG-treated hypoxic rats (Figure 4A). Endothelial NO releasing capacity of 

the endothelium was assessed by measuring CCh-induced relaxation of pulmonary artery 

rings contracted by PhE (1 !M). As shown in Figure 4A, CCh-induced relaxation was 
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increased in MPG-treated hypoxic rat, indicating that MPG limited hypoxia-induced 

endothelial dysfunction. This observation is in agreement with the increase phosphorylation 

of eNOs observed in pulmonary arteries form MPG-treated hypoxic rats (Figure 4B). Taken 

together, these results provide evidence that MPG-induced improvement of endothelial 

function could participate to its beneficial effect on PAH. 

 

Compounds identification 

We next wanted to identify compounds contained in MPG extract that could potentially 

underlie the biological effects of MPG. The phytochemical analysis of MPG leaves extract 

revealed the presence of phenolic compounds (Figure 5A), of which 6 were identified as 

flavonols derivatives according to their characteristic UV spectra. All were 3-O substituted 

since band I !max were observed inferior to 360 nm, which is typical of a 3-O substitution for 

this class of compounds (Mabry et al., 1970). Given this information, HRMS and HRMS/MS 

spectra were analysed and allowed the identification of 6 flavonols mono-glycosides and also 

tryptophan in the extract (Figure 5B). The exact nature of the sugar could not be determined 

with these experiments apart for quercitrin (3-O-rhamnosyl quercetin) and myricitrin (3-O-

rhamnosyl myricetin) which were compared with authentic standards (Extrasynthese). 

 

Effects of tryptophan and quercetin 

Among the compounds identified, tryptophan and quercetin have been shown to have 

hypotensive action in systemic circulation (Hofmann, 2010; Wang et al., 2010) and 

endothelium-dependent relaxing effect  (Perez-Vizcaino and Duarte, 2010), respectively. We 

thus examined whether these individual compounds can underlie the biological effect of 

MPG, and mimick its effect on PAH. We first examined the relaxing effect of both 

compounds on endothelialized pulmonary artery rings. Quercetin produced a concentration-
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dependent relaxation of precontracted rings but l-tryptophan had no effects (Figure 6A). The 

relaxing effect of quercetin was completely abolished in the presence of L-NAME (not 

shown), indicating that it was mediated by endothelial NO. In vivo, in the hypoxic PAH 

model, L-tryptophan (50 mg kg-1 d-1) or quercetin (100 mg kg-1 d-1) treatment applied daily for 

the entire duration of hypoxia exposure significantly reduces PAH, as shown by the 

significant decrease in the mean PAP, RV/(LV+S) ratio and pulmonary artery remodelling 

(Figure 6B-C). 

 

Discussion 

Our results provide evidence for antioxidant and anti-inflammatory properties, and 

endothelium- and NO-dependent vasodilatory effect of MPG leaf extract. An important 

finding of this study is that in vivo, chronic treatment with MPG extract limits hypoxia-

induced PAH in rats. MPG significantly ameliorates haemodynamic parameters and right 

ventricle hypertrophy. We further show that MPG has efficient antiremodelling effect on 

pulmonary vasculature and improves endothelial function. 

We suggest that the effects of the prolonged MPG extract treatment in attenuating 

hypoxia-induced PAH occur via its anti-oxidant properties. Increased ROS is crucial for 

vascular endothelial dysfunction (Fresquet et al., 2006; Tabima et al., 2012). Accumulating 

evidence indicates a role of reactive oxygen species (ROS), essentially produced by 

NAD(P)H oxidase activity, in the pathogenesis of PAH in several different animal models of 

PAH  including fetal lambs (Brennan et al., 2003; Grobe et al., 2006), newborn piglets 

(Dennis et al., 2009), and mice (Nisbet et al., 2009).In human,  increased oxidative status has 

been detected in patients with idiopathic PAH. Lipid, protein and DNA oxidation is higher in 

patients with PAH that in control subjects (Wong et al., 2012). These results suggest that 

components of ROS signaling are possible therapeutic targets for the treatment of PAH. 

Accordingly various compounds with antioxidant properties have been shown to reduce or 
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suppress the progression of PAH. In rats, compounds with antioxidant activities have been 

found to inhibit pulmonary hypertension and/or right ventricular dysfunction. Such 

compounds include probucol, N-acetylcysteine, tempol, erdosteine, allicin, pyrrolidine 

dithiocarbamate, superoxide dismutase, allopurinol, sulfur dioxide and resveratrol (Wong et 

al., 2012). In neonatal lambs with persistent pulmonary hypertension, superoxide dismutase 

was found to improve oxygenation, reduce oxidation, restore endothelial nitric oxide synthase 

expression and function (Wong et al., 2012). Our observation that MPG treatment restored 

endothelial function and increased eNOS phosphorylation supports the hypothesis that 

modulation of PAH by MPG is due to its antioxidant effect. This is also in agreement with the 

inhibitory action of MPG on VCAM-1 expression in endothelial cells since PDTC mimicks 

its effect. Furthermore, it has been previously shown that antioxydants such as flavonoids 

inhibited endothelial VCAM-1 through blunting ROS-triggered signaling pathway (Yi et al., 

2012). 

Another indirect observation also supporting a major role of the antioxidant properties 

of MPG in its beneficial action on PAH is that the flavonols quercetin, one of the most 

prominent dietary antioxidants, has been identified in MPG extracts and found to display 

protective action against PAH similar to that of MPG. It is not possible to conclude that the 

effect of MPG extract was due to quercetin, but the presence of several flavonoids including 

myricitin, quercitrin and kaempferol in MPG leaf extract strongly suggests that the effect of 

MPG resulted from the simultaneous and combined action of a mixture antioxidants (Perez-

Vizcaino and Duarte, 2010). L-tryptophan, which is not an antioxidant, was also found to 

ameliorate PAH, however independently of an endothelium-dependent relaxing action. It 

could thus participate in the beneficial action of MPG extract on PAH, of but not on its action 

on the endothelium function. 
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The beneficial effect of MPG on PAH is likely to be due to its endothelium-protective 

effect, attested both by the increase in eNOS phosphorylation and the correction of hypoxia-

induced impairment of endothelial-dependent pulmonary artery relaxation in MPG-treated 

hypoxic rats. This hypothesis is in agreement with the NO-dependent relaxing effect of MPG 

observed in arterial rings. Normal functioning of the endothelium is crucial to maintaining 

pulmonary vascular function and structural integrity. In addition to the impairment of the 

pulmonary arterial tone regulation, endothelial dysfunction is manifested by vascular cell 

proliferation. Although several mechanisms are involved cell proliferation associated with 

endothelial dysfunction, p38 MAPK has been recently described as a common link for PAH-

associated vasomotor dysfunction and vascular remodelling (Weerackody et al., 2009). P38 

MAPK is activated by ROS and in turn, p38 MAPK activation is involved in vascular cell 

proliferation and participates to pulmonary artery endothelial depression, in particular through 

the stimulation of NADPH oxidase-dependent ROS production (Son et al., 2011; Weerackody 

et al., 2009). This thus creates a positive feedback loop, exaggerating pulmonary vascular 

remodelling and endothelial dysfunction. The observation that MPG treatment decreases p38 

MAPK activation in hypoxic rats is in agreement with its action on vascular remodelling and 

suggests that MPG has disrupted this positive feedback. 

In conclusion, the present study demonstrates the endothelial protective action of MPG 

extracts. This effect is likely to be due to its antioxidant action. MPG successfully attenuated 

the development of PAH, thus demonstrating the protective effect of MPG on cardiovascular 

disease. 
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Figure legends 
 
Figure 1 MPG effects on endothelial cells. A Effect of MPG (0.01-1 mg/ml) on TNF!-

induced VCAM-1 expression in endothelial cells. PDTC was used as positive control 

(*P<0.05, ***P<0.0001 vs TNF! alone; n=3). B. Effect of MPG (0.01-1 mg/ml) on 

endothelial cell viability. C Cumulative concentration-response curves for MPG-induced 

relaxation of PhE (1 !M)-contracted aorta rings with (+E) and without (–E) endothelium. D 

Cumulative concentration-response curves for MPG-induced relaxation of PhE (1 !M)-

contracted pulmonary artery rings. E Relaxing effect of MPG on PhE (1 !M)-contracted 

pulmonary artery rings in the absence and presence of L-NAME (3 !M), indomethacin (10 

!M) or gibenclamide (10 !M). Relaxation induced by CCh in the presence and absence of L-

NAME was used as control (***P<0.0001 vs untreated, n=5). 

 

Figure 2 MPG effects on vascular smooth muscle cells. MPG (0.01-1 mg/ml) has no 

significant effect on vascular smooth muscle cell proliferation (A) and viability (B) (n=4). 

 

Figure 3 MPG reduces chronic hypoxia-induced PAH. (A) Mean PAP and [RV/(LV+S)] ratio 

determined in control rats (normoxia), rats exposed to hypoxia for 21 days, and MPG-treated 

rats (400 mg kg-1 day-1) exposed to hypoxia.. (##P<0.001 vs normoxia, *P<0.05 vs untreated 

hypoxic rats, n = 5-8). C. Representative sections of lung tissue (top) and quantification of the 

relative thickness of small pulmonary artery (20-60 !m) wall (bottom) in samples from 

control, hypoxic (21 days) and MPG-treated hypoxic rats (##P<0.001 vs control, *P<0.05 vs 

untreated hypoxic rats). D Phosphorylation and expression of p38 MAPK have been analyzed 

by western blot in lungs from control rats and rats exposed to hypoxia for 21 days, untreated 

and treated with MPG (3 different samples representative of each condition). Graph shows 
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densitometric analysis of P-p38 in blots, relative to p38 expression and normalized to 

controls. (#P<0.01 vs control, *P<0.05 vs untreated hypoxic rats, n=6). 

 

Figure 4 MPG improves endothelial function in hypoxic rats. A Cumulative concentration-

response curves for CCh-induced relaxation of PhE (1 !M)-contracted pulmonary artery rings 

from hypoxic (21 days, !) and MPG-treated hypoxic rats ("). Tension is expressed as 

percentage of the amplitude of the PhE-induced contraction (n=5). B Phosphorylation and 

expression of eNOS have been analyzed by western blot in lungs from control rats and rats 

exposed to hypoxia for 21 days, untreated and treated with MPG (3 different samples 

representative of each condition). Graph shows densitometric analysis of P-eNOS in blots, 

relative to eNOS expression and normalized to controls. (*P<0.05 vs untreated hypoxic rats, 

n=6). 

 

Figure 5 Identification of MPG extract compounds. A UV chromatogram of MPG extract 

recorded at 280 nm. Numbered peaks were identified according to their UV and HRMS 

spectra. B List of compounds identified in MPG extracts corresponding to peak numbers 

indicated in A. 

 

Figure 6 Effect of L-tryptophan and quercetin. A Cumulative concentration-response curves 

for L-tryptophan- and quercetin-induced relaxation of PhE (1 !M)-contracted pulmonary 

artery rings with endothelium. (B) Mean PAP, (C) [RV/(LV+S)] ratio and (D) relative 

thickness of small pulmonary artery (20-60 !m) wall (bottom) determined in control rats 

(normoxia), rats exposed to hypoxia for 21 days, L-tryptophan-treated (50 mg kg-1 day-1, IP) 

and quercetin-treated (100 mg kg-1 day-1 in drinking water) rats exposed to hypoxia.. (#P<0.01 

and ##P<0.001 vs normoxia, *P<0.05 and ***P<0.0001 vs untreated hypoxic rats, n = 5-8) 
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Compound Tr  
(min) Formula [M+H] + 

(m/z) 
[M+Na]+ 

(m/z) 
[M+K] + 
(m/z) Name 

1 4.667 C11H12N2O2 205.0968 Tryptophan 

2 10.125 C21H20O12 465.1042 487.0862 503.0596 Myricitrin  

3 10.297 C21H20O12 465.1048 487.0872 503.0582 Quercetin 3-O-
hexose 

4 10.494 C21H20O12 465.1041 487.0849 503.0581 Quercetin 3-O-
hexose 

5 11.040 C20H18O11 435.0939 457.0761 473.0503 Quercetin 3-O-
pentose 

6 11.532 C21H20O11 449.1096 471.0914 487.0000 Quercitrin 

7 12.705 C21H20O10 433.1142 455.0957  471.0914 Kampferol 3-O-
desoxyhexose 
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Protective cross talk between activated protein C and TNF signaling
in vascular endothelial cells: implication of EPCR, noncanonical NF-!B,
and ERK1/2 MAP kinases
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Guitton C, Cottereau A, Gérard N, Quillard T, Chauveau A,
Devallière J, Tonnerre P, Charreau B. Protective cross talk between
activated protein C and TNF signaling in vascular endothelial cells:
implication of EPCR, noncanonical NF-!B, and ERK1/2 MAP ki-
nases. Am J Physiol Cell Physiol 300: C833–C842, 2011. First
published January 12, 2011; doi:10.1152/ajpcell.00003.2010.—Acti-
vated protein C (APC) is a natural anticoagulant protease that displays
cytoprotective and antiinflammatory activities and has been demon-
strated to reduce mortality of patients with severe sepsis. However,
APC signaling is not fully understood. This study further investigated
the antiinflammatory effects of APC in vascular endothelial cells (EC)
and examined the cross talk between APC and TNF signaling.
Analysis of the regulatory mechanisms mediated by APC on vascular
human EC shows that APC impairs TNF signaling by triggering a
preemptive activation of intracellular pathways. We found that APC
signaling causes a moderate but significant induction of cell adhesion
molecules (CAMs) including VCAM-1 at mRNA and protein levels.
Activation of the noncanonical NF-!B and ERK1/2 are both pivotal to
APC signaling leading to VCAM-1 expression. APC upregulates TNF
receptor-associated factor 2 (TRAF2) and phosphorylates NF-!B p65
at Ser276 and Ser536 independently of I!B degradation. The ultimate
protective antiinflammatory effect of APC in response to TNF is
associated with a sustained activation of ERK1/2 and Akt while
phosphorylation of NF-!B p65 is precluded. Inhibitors of ERK
(PD98059 and U0126) abolish the antiinflammatory signal mediated
by APC. Blocking antibodies and silencing assays also suggest that, in
EC, protease-activated receptor 1 and endothelial protein C receptor
(EPCR) both conduct ERK activation and VCAM-1 induction in
response to APC. To conclude, APC protects EC by attenuating CAM
expression during inflammation. APC engages a regulatory cross talk
involving EPCR, ERK, and NF-!B that impairs TNF signaling.

coagulation; endothelium; tumor necrosis factor signaling; protective
signaling pathways; inflammation; endothelial protein C receptor

THE ENDOTHELIUM IS A FUNCTIONAL barrier between the vessel
wall and bloodstream, which exhibits a variety of important
functions, including control of coagulation, fibrinolysis, vas-
cular tone, growth, and immune response (14). It is now clear
that dysfunction of the endothelium disturbs a physiological
protective regulatory balance, which is a critical factor in the
progression of inflammatory and autoimmune diseases, in
atherosclerosis, and in transplant rejection (9, 10, 20, 26, 27).
The endothelium can be considered as a first link between

inflammation and coagulation since activated endothelium dur-
ing inflammation represents a surface where proteins involved
in both coagulation and the development of inflammation are
expressed (1, 12).

Activated protein C (APC) is an anticoagulant protease that
elicits cytoprotective and antiinflammatory activities and has
been shown clinically to reduce mortality of patients with
severe sepsis (3). APC binds to specific receptors mainly
expressed on endothelial cells (EC) known as endothelial
protein C receptors (EPCR) (19). In vivo, the antiinflammatory
effects of APC that are independent of its anticoagulant effects
include inhibition of neutrophil adhesion, decreased TNF-"
synthesis, and decreased drops in blood pressure (see Ref. 15
for review). APC has multiple effects in tissue culture systems,
including regulation of gene expression, limitation in proin-
flammatory activity, attenuation of inflammatory cytokine and
chemokine generation, and upregulation of antiapoptotic genes
of the Bcl-2 family of homologs (7, 13, 16, 30).

Mechanistically, APC has multiple signaling effects that
may involve multiple receptors and cell signaling pathways.
Earlier studies using gene expression analysis suggested that
recombinant APC inhibited TNF induction of cell surface
adhesion molecules (e.g., VCAM, ICAM, E-selectin) through a
regulatory effect on the NF-!B pathway (16). Some evidence
also suggests that recombinant APC also upregulated genes
associated with cell survival and protection against apoptosis
including Bcl-2 homolog (A1), endothelial nitric oxide syn-
thase (eNOS), and the inhibitor of apoptosis (IAP), and sup-
pression of the apoptosis-associated genes calreticulin and
TRMP-2 (16). APC has also been demonstrated to activate the
mitogen-activated protein kinase (MAPK) pathway in EC in
vitro. Riewald et al. (28) reported that APC, by interacting with
EPCR on EC, induces phosphorylation of MAPK via protease-
activated receptor 1 (PAR1) activation. Activation of ERK1
and 2 is a prerequisite for endothelial cell proliferation induced
by APC (31). Furthermore, because MAPK are also implicated
in the TNF signaling pathway, APC could also modulate
inflammation and apoptosis via activation of the MAPK (24,
29). However, the mechanism by which APC exerts antiin-
flammatory and cytoprotective signaling in endothelial cells is
not fully understood.

In the present study, we examined signaling pathways trig-
gering the cross talk between inflammation and coagulation
mediated by APC using primary cultures of human arterial
endothelial cells (HAEC). How the signaling specificity of
APC may change TNF-mediated signaling and the respective
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involvement of EPCR and PAR receptors have been investi-
gated further in EC.

MATERIALS AND METHODS

Cell culture and reagents. Primary cultures of HAEC and human
umbilical vein EC (HUVEC) were generated and cultured as we
previously reported (9). EC were grown in endothelial basal growth
medium (ECBM, Promocell, Heidelberg, Germany) supplemented
with 10% fetal calf serum (FCS), 0.4% EC growth supplement-
heparin, 0.1 ng/ml human epidermal growth factor, 1 ng/ml human
basic fibroblast growth factor, 1 !g/ml hydrocortisone, 50 !g/ml
gentamicin, and 50 ng/ml amphotericin B. For activation, confluent
EC monolayers were cultured with human TNF-" (provided by
Professor P. Neuman, BASF, Ludwigshafen, Germany). Human re-
combinant IL-1# (R&D Systems, Abingdon, UK) was used at 5
ng/ml. Activation experiments were performed in six-well plates
using confluent EC monolayers. Cells were deprived for 18 h in
ECBM supplemented with only 2% FCS before incubation with 100
U/ml recombinant human TNF or APC (from 5 min to 8 h). When
applicable, cells were preincubated with inhibitors for 1 h or APC for
8–24 h before incubation with TNF. Synthetic PAR agonist and
control peptides (purchased from Peptides International, Louisville,
KY) were as follows: PAR1 agonist peptide (ap) 1: SFLLRN-NH2

(20 and 100 !M); PAR1 ap2: TFLLR-NH2 (5 and 10 !M); PAR2
agonist: 3-mercaptopropionyl-F-Cha-Cha-RKPNDK-amide (10
and 50 !M); and PAR4 agonist peptide: AYGKF-NH2 (10 !M and
50 !M).

Recombinant human APC [Drotrecogin alfa (activated); Xigris]
was kindly provided by Lilly-France. When applicable, experiments
involving APC contained 100 nM hirudin (Refludan) to exclude
thrombin signaling. Pyrrolidine dithiocarbamate (PDTC, 10 !M),
U0126 (5 !M), PD98059 (10 !M), and MG132 (1 !M) inhibitors
were purchased from Calbiochem (St Quentin Fallavier, France).

Cell lysis and Western blot analysis. Cell lysis was performed on
ice in 100 mM NaCl, 5 mM MgCl2, and 1% Nonidet-40 in the
presence of the following protease inhibitors: [4-(2-aminoethyl)ben-
zenesulfonyl fluoride] (AEBSF), E-64, bestatin, leupeptin, aprotinin,
and sodium EDTA (Protease Inhibitor Cocktail; Sigma, St. Quentin
Fallavier, France). Protein concentration was determined using bicin-
choninic acid protein assay reagent (Pierce, Rockford, IL). Cell
lysates (20 !g) were resolved by SDS-PAGE (12%), and proteins
were transferred to nitrocellulose membranes (ECL Hybond; Amer-
sham, UK) using a Trans-Blot SD Semi-Dry Electrophoretic Transfer
Cell (Bio-Rad). Then, membranes were subjected to Western immu-
noblot analysis using primary antibodies described above and appro-
priate peroxidase-conjugated secondary antibodies. After incubations
and washes, antibody-bound proteins were detected using an en-
hanced chemiluminescence ECL Western blotting analysis system
(Amersham), and the membranes were exposed to Kodak X-Omat LS
X-ray film. Blot quantification was performed with a Kodak Digital
Science Image Station 440 CF, and densitometry was performed using
Multi Gauge software (version 3.0).

Mouse monoclonal antibody directed against human VCAM-1 was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA) (clone
E-10) (1:1,000 dilution). Rabbit and mouse monoclonal antibodies
directed against total and/or phosphorylated form of Akt (Ser473),
I$B" (Ser32), NF-$B p65 (Ser536, Ser276, Ser468, Lys310), eNOS
(Ser1177), p38 (Thr180/Tyr182), ERK1/2 (Thr202/Tyr204), JNK/
SAPK (Thr183/Tyr185), phosphoinositide-dependent kinase 1
(PDK1), TNF receptor (TNFR)-associated factor 2 (TRAF2), NF-$B-
inducing kinase (NIK), IKK, and RelB were purchased from Cell
Signaling Technology (Ozyme, St Quentin Yveline, France) (1:1,000
dilution). Mouse anti-GAPDH antibody was from Chemicon (Val de
Fontenay, France) and used (1:5,000 dilution) to quantify total pro-
tein. Anti-mouse (1:2,000 dilution) and anti-rabbit (1:1,000 dilution)
(both from CST) and anti-goat (1:2,000 dilution: from Serotec) IgG,

horseradish peroxidase were used as a secondary antibodies. When
applicable, EC were incubated with blocking anti-EPCR (RCR-252,
25 !g/ml), anti-PAR1 (ARAP2, 25 !g/ml), or irrelevant control
antibodies (Abs; Zymed, Invitrogen, France) for 20 min at room
temperature before incubation with recombinant APC.

ERK activation was measured using a cell-based ERK1/2 ELISA
kit that allows the concomitant quantification of phosphorylated
(Thr202/Tyr204) and total ERK1/2 [RayBio Cell-based ERK1/2
(activated) ELISA sample kit]. Experiments were performed in
triplicate according to the manufacturer’s recommendations (Ray-
Biotech, Norcross, GA).

Fluorescence-activated cell sorting analysis and immunofluorescence.
After treatment, EC were harvested using trypsin-EDTA and washed
in PBS, 1% FCS, and 0.1% NaN3 at 4°C. The cells were incubated
with primary polyclonal or monoclonal antibodies (10 !g/ml in PBS,
1% FCS, 0.1% NaN3) for 30 min at 4°C. Mouse monoclonal anti-
bodies directed against human VCAM-1, E-selectin (CD62E),
ICAM-1 were purchased from R&D Systems (Lille, France), poly-
clonal goat Abs against EPCR were from R&D Systems, and mono-
clonal anti-PAR1 (ATAP12) was from Zymed (Invitrogen, France).
After washing in PBS-1% FCS-0.1% NaN3, cells were stained (30
min, 4°C) with a FITC- or phycoerythrin (PE)-labeled secondary
donkey anti-goat or goat anti-mouse IgG F(ab’)2 antibody (Jackson
Laboratories, West Grove PA). Control staining was with irrelevant
isotype-matched antibodies. Fluorescent labeling was measured on
10,000 cells/sample using a FACscalibur and analyzed with CellQuest
software (Becton Dickinson, Mountain View, CA). For immunofluo-
rescence, EC were grown to confluence on glass coverslips. After
treatment, cultures were washed with PBS, fixed for 20 min in PBS
containing 4% paraformaldehyde, and permeabilized with 0.1% Tri-
ton X-100 for 15 min. Cells were washed again with PBS, incubated
overnight at 4°C with blocking buffer (5% BSA in PBS), and then
incubated with tetramethylrhodamine isothiocyanate-phalloidin
(Sigma) or monoclonal anti-p65, anti-phospho-Akt, anti-JNK/SAPK
antibodies (from CST, 10 !g/ml) for 4 h. Slides were rewashed and
incubated with PE- or FITC-conjugated goat anti-mouse antibodies (5
!g/ml, Jackson) and DAPI for 1 h. Slides were washed in PBS, dried,
and mounted with ProLong antifade reagent (Molecular Probes).
Specimens were examined by immunofluorescence microscopy using
a Nikon Diaphot microscope (Nikon, Japan).

Transfections and reporter gene assays. Transfections were per-
formed using lipofectAmine% reagent (Invitrogen, Cergy Pontoise,
France), and VCAM-1 and NF-$B promoter-luciferase reporter con-
structs were kindly provided by Dr. M. Soares (Institut Gulbenkian de
Ciência, Oeiras, Portugal). Transfected cells (HUVEC) were incu-
bated with and without APC, hirudin, and TNF (100 U/ml) for the
various periods of time. Untreated and TNF-treated EC were used as
negative and positive controls, respectively. Cell extracts were ob-
tained using the Promega (Madison, WI) cell culture lysis reagent
extraction kit, and luciferase activity was assayed (luciferase assay
system, Promega) according to the manufacturer’s instructions. Re-
sults shown are means & SD from four separate experiments per-
formed in duplicate wells, normalized, and are expressed in arbitrary
luciferase units.

RNA isolation and RT-PCR. RNA from treated EC was collected
by TRIzol extraction (Invitrogen). Genomic DNA was removed by
DNase treatment (Roche, Indianapolis, IN), and mRNAs were reverse
transcribed into first-strand cDNAs using polydT oligonucleotide and
Moloney murine leukemia virus reverse transcriptase (Invitrogen). The
following oligonucleotides were used in this study as primers in PCR and
to design probes: human VCAM-1 forward: 5=-CTCACCTTAATTGC-
TATG-3= and reverse: 5=-GTTTTTACCTTCTAAGAC-3=; human #-ac-
tin forward: 5=-AATCTGGCACCACACCTTCTACA-3= and reverse:
5=-CGACGTAGCACGCTTCTCCTTA-3= (Genosys, Sigma, St Quentin
Fallavier, France). Target transcripts were amplified in 25 !l of PCR mix
containing 10' buffer, 50 mM MgCl2, 2.5 mM, of dATP, dCTP, dGTP,
and dTTP, 100 pmol/!l of each primer and Taq DNA polymerase
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(Invitrogen). The cycling conditions were as follows: 5 min at 95°C to
activate the Taq DNA polymerase, cycles of 1 min at 95°C and 45 s at
both 60°C and 72°C—between 18 and 23 cycles were used depending on
the primers—-and the reaction was finished with 3 min at 72°C and
storage at 4°C. PCR products were separated on 1% agarose-gel in the
presence of ethidium bromide.

Quantitative real-time PCR. Real-time quantitative PCR (qPCR)
was performed in an Applied Biosystems GenAmp 7700 Sequence
Detection System using labeled TaqMan probes (Applied Biosys-
tems, Foster City, CA). The following commercial ready-to-use
primers/probe mixes were used (Applied Biosystems): VCAM-1
(Hs00365486_m1), hypoxanthine guanine phosphoribosyl trans-
ferase (HPRT) was used as an endogenous control to normalize
RNA amount. Relative expression between a given sample and a
reference sample was calculated according to the 2!""Ct method
(where Ct is cycle threshold), where the reference represents
onefold expression, as previously described (21).

Short interfering RNAs and silencing. Short interfering RNAs
(siRNAs) were designed, synthesized, and purchased from Ambion

(Applied Biosystems). Cells were transiently transfected with 10 nM
of nontargeting (ns) or target-specific siRNAs using LipofectAMINE
RNAiMAX reagent according to the manufacturer’s instructions (In-
vitrogen). The following target-specific siRNAs were used for trans-
fection: EPCR-siRNA-1 targeting the mRNA sequence 5=-GTGGAT-
GCCTTTCGGGTCA-3= and the ns-siRNA 5=-CTACGTCCAG-
GAGCGCACC-3=, the PAR1 siRNA targeting the mRNA sequence
5=-GCAATGAGCTGTTTGAAGA-3. The efficiency of silencing de-
termined by Western blots and flow cytometry analyses in each
experiment ranged from 70% to #90%.

Statistical analysis. Results are expressed as means $ SD. Data
were analyzed using Prism software (version 4.0; GraphPad), and
statistical significance was determined using InStat software (version
3.0; GraphPad). Group comparisons were made using two-tailed
Student’s t-tests, and analysis of variance was used when more than
two treatment regimens were compared. When applicable, quantita-
tive variables were compared using nonparametric Kruskal-Wallis
test. This analysis was completed with a post hoc Dunns test. A value
of P % 0.05 was considered statistically significant.

Fig. 1. Regulatory effect of recombinant activated protein C (APC) on cell adhesion molecule (CAM) expression in unstimulated and TNF-activated endothelial
cells (EC). A: representative FACS analysis showing the expression of VCAM-1, E-selectin, and ICAM-1 on cultured EC 8 h after incubation with medium alone,
TNF-&, APC, or TNF-& following a pretreatment with APC (180 nM) for 16 h. B: quantitative analysis from 4 independent FACS experiments. Results shown
are mean values $ SD; *P % 0.05 vs. basal; **P % 0.05 vs. TNF-&. C: quantitative analysis of VCAM-1 expression on EC treated with APC alone (24 h) or
APC (16 h) and/or TNF-& (8 h) performed by FACS. Results shown are mean values $ SD from 4 independent experiments; *P % 0.05.
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RESULTS

Activated protein C modulates cell adhesion molecule ex-
pression in vascular endothelial cells. Earlier studies reported
that APC upregulates a broad set of genes encoding protective
and anti-inflammatory molecules (7, 13, 16). However, the
protective signaling driven by APC is still not fully elucidated.
In the present study, a possible crosstalk between TNF and
APC signaling was investigated in primary cultures of human
vascular EC. Firstly, to test whether APC signaling may
interfere with TNF signaling, EC were preincubated with APC
and subsequently challenged with TNF-!. Expression of cell
adhesion molecules (CAM) was analyzed by flow cytometry.
As shown Fig. 1, pretreatment with APC significantly reduces
the TNF-!-mediated expression of the CAMs, VCAM-1, E-
selectin (CD62E), and ICAM-1 (Fig. 1A). APC reduces by
25–40% the ability of TNF-! to upregulate CAM expression
in EC with 37.6 " 6.2% of inhibition for VCAM-1, 32.4 "
7.9% for E-selectin, and 24.5 " 6.8% for ICAM-1 (Fig. 1B, P #
0.05 vs. TNF-treated EC). However, we found that EC treated
for 8 h with APC alone exhibit a significant increase in
VCAM-1 (3.5-fold increase as compared with basal level) and
E-selectin (5.5-fold increase as compared with basal level)
expression as compared with untreated controls (Fig. 1B, P #
0.05 vs. untreated EC). No significant increase was found for
ICAM-1. In addition, no increase in VCAM-1 was observed
when EC were treated with APC alone for 24 h (Fig. 1C),
indicating that APC triggers a transient and selective upregu-
lation of CAMs.

The regulatory effect of APC on VCAM-1 expression was
further investigated using TNF-! as a positive control for EC

activation and signaling. As shown in the Fig. 2, the regulatory
effect of APC on VCAM-1 expression was concentration de-
pendent (Fig. 2A), significant at 0.5 $g/ml of APC and maximal
8 h after treatment (Fig. 2B). VCAM-1 expression was still
observed in the presence of hirudin, indicating that thrombin
contamination could not account for the induction of VCAM-1
expression (Fig. 2C). Induction of VCAM-1 protein expression
in response to APC was confirmed by Western blot analysis
(Fig. 2D). Western blot quantification (Fig. 2E) from three
independent experiments confirmed an increased VCAM-1
level in response to APC up to 3.6 " 0.8-fold increase of basal
level as compared with a 10.2 " 1.9-fold increase in response
to TNF (P # 0.05 vs. untreated EC and TNF-activated EC).
Next, RT-PCR assays were performed on EC treated with APC
(180 nM) or TNF-! (100 U/ml) for various periods of time
(from 2 h to 24 h). TNF-! induced a transient accumulation of
high levels of VCAM-1 mRNA in EC (maximum 420-fold
increase as compared with basal level) while the transient
upregulation in VCAM-1 mRNA mediated by APC was sig-
nificant but moderate (maximum 50-fold increase as compared
to basal level). Thus, RT-PCR assays indicate that an increase
in mRNA level correlates with cell surface protein level for
VCAM-1 in cells treated with APC (Fig. 3). Using a VCAM-1
gene promoter driven luciferase reporter assay allowed us to
establish that APC induces VCAM-1 promoter activity in EC
(Fig. 3C). Again, although moderate as compared with activity
induced by TNF-!, VCAM-1 promoter activity induced by
APC was significant compared with controls (P # 0.05).
Together, these results strongly suggest that recombinant APC
mediates VCAM-1 expression in EC through activation of

Fig. 2. VCAM-1 protein regulation by recombinant APC.
A: concentration-response analysis of VCAM-1 surface ex-
pression on EC after 8-h treatment with recombinant APC.
B: time course analysis of VCAM-1 surface expression on EC
after treatment with recombinant APC (180 nM). Results
shown in A and B are mean fluorescent intensity (MFI) values "
SD from 6 (A) and 3 (B) independent experiments; *P # 0.05
vs. controls. C: representative FACS analysis showing
VCAM-1 expression (filled histograms) after treatment with
APC (10 $g/ml) in the presence of hirudin (2 $g/ml).
VCAM-1 expression in response to a 24-h stimulation with
TNF (100 U/ml) is shown as a positive control. Negative
controls were performed using an isotype-matched control IgG
(empty histograms). Specific MFI values are indicated. Results
are representative of 3 experiments. D: representative immu-
noblot out of three showing VCAM-1 protein expression in
cell lysates from EC treated with APC (180 nM) or TNF-!
(100 U/ml) for 8 h. Blot was reprobed with anti-tubulin
antibodies to ensure equal protein loading in samples.
E: quantitative analysis from 3 independent Western blot
experiments. Results shown are mean [expressed as arbi-
trary units (AU)] values " SD; *P # 0.05 vs. basal; **P #
0.05 vs. TNF-!.
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VCAM-1 gene transcription. Gene expression profiling, using
TaqMan Low Density Arrays targeting immune pathway, in-
dicates that APC also drives a moderate but significant increase
in transcript levels for some mediators of inflammation includ-
ing ICAM-1, E-selectin, and IL-8. These regulations were
subsequently confirmed by qPCR (data not shown).

The noncanonical NF-!B pathway is pivotal in the regula-
tion of VCAM-1 by APC in endothelial cells. Induction of
VCAM-1 transcription by TNF-! is, as for the other CAMs
E-selectin and ICAM-1, dependent on activation of the tran-
scription factor NF-"B in EC (8, 32). Therefore, we speculated
that NF-"B may also be involved in CAM regulation by APC.
To test this possibility, EC were preincubated with synthetic
inhibitors before treatment with APC (Fig. 4). We found that
inhibition of NF-"B using PDTC or MG132 efficiently pre-
vents VCAM-1 expression as measured by Western blot (Fig.
4A) and by flow cytometry (Fig. 4B). Both effects were
concentration dependent. Blocking the p38 MAPK with
SB203580 has no significant effect (data not shown). To
explore further the implication of NF-"B in the APC signaling,
phosphorylation and degradation of RelA/p65 and I"B! were

analyzed by Western blotting (Fig. 4C). We found that TNF-!,
a potent inducer of NF-"B, promotes a rapid phosphorylation
of p65 at Ser536 that correlates with the phosphorylation and
degradation of total I"B!. In comparison, neither phosphory-
lation at Ser32 nor degradation of I"B! was observed in
response to APC. Nevertheless, a transient decrease in phos-
pho-p65 basal level was found at 10 and 15 min preceding a
late induction of the p65 phosphorylation at 30 min. EC were
transiently transfected with a synthetic NF-"B-luciferase re-
porter derived from E-selectin promoter (5) and then chal-
lenged with either TNF or APC (Fig. 4D). Gene reporter assays
showed that APC has only a modest effect on NF-"B promoter
activity (maximum twofold increase, P # 0.05), whereas TNF
drives up to fivefold increase (P # 0.05) in promoter activity.
Time course of NF-"B p65 phosphorylation was examined in
EC treated with both APC and TNF (Fig. 4E). We found that
APC significantly inhibits p65 phosphorylation mediated by
TNF at all time points.

Next, we sought to determine the mechanisms and signaling
pathways activated by APC alone to examine how APC sig-
naling may interfere with TNF signaling to downregulate
inflammatory gene expression. In Fig. 5, immunoblots further
show that APC drives a rapid and transient induction of
TRAF2, NIK, and IKK!/$ (at 15 min) followed by a late (at 1
h and 3 h) phosphorylation of p65 at Ser276, 463, and 536 and
Lys310. Therefore, APC signaling is associated with an acti-
vation of the transcription factor NF-"B via a mechanism that
is not associated with the canonical I"B! phosphorylation/
degradation or NF-"B (i.e., RelA) nuclear translocation, al-
though it affects NF-"B binding to DNA "B consensus se-
quences in the VCAM-1 and E-selectin promoters.

ERK1/2 MAPK is activated by APC and serves as an
antiinflammatory signal in endothelial cells. To explore further
APC signaling in vascular endothelium, we next examined the
effect of APC on phosphorylation of MEK1/2 and ERK1/2
(p42/44) in both resting and TNF-activated EC. As shown
Fig. 6A, and consistent with earlier studies (31), intracellular
levels of phosphorylated ERK1/2 began to increase 5 min after
treatment with APC, peaking at 15 min after treatment, and
thereafter gradually decreased to pretreatment levels. We
found a parallel increase in phosphorylation of JNK2/3 MAPK
with a similar time course, whereas phosphorylation of JNK1
was only significant at 30 min. In contrast, no phosphorylated
p38 MAPK was detected in EC treated with APC alone, while
in our conditions, p38 was efficiently phosphorylated in re-
sponse to TNF-!. Moreover, when considering the phosphati-
dylinositol 3-kinase pathway, we found that phosphorylation of
Akt occurred in response to APC but was delayed as compared
with those observed in response to TNF and only found at 30
min. Downstream of Akt, phosphorylated eNOS was found
preserved in response to APC, while upstream of PDK1,
phosphorylation was not affected. APC-mediated cell signaling
was confirmed by immunofluorescence (supplemental Fig. S1;
Supplemental Material for this article is available online at the
Journal website). Figure 6B also indicates that pretreatment
with APC deeply inhibited major signaling events triggered by
TNF. These changes include an enhanced phosphorylation of
ERK1/2 and a sustained phosphorylation of Akt. A quantitative
analysis is shown in Fig. 6C. The ability of APC to activate
ERK1/2 in resting cells and to enhance ERK activation in
TNF-treated cells was also confirmed by measuring activated

Fig. 3. Effect of APC on VCAM-1 gene transcription. A and B: time course
analysis of steady-state VCAM-1 mRNA in cultured EC treated with APC
(180 nM) or TNF-! (100 U/ml) performed by semiquantitative RT-PCR (A)
and quantified by real-time quantitative PCR (B). Ct, cycle threshold.
C: VCAM-1 gene reporter assays. Human umbilical vein EC (HUVEC) were
transfected with a VCAM-1 promoter-luciferase reporter construct or an empty
vector as a control. Transfected cells were incubated with and without APC
(180 nM) and TNF-! (100 U/ml) for the various periods of time. Untreated and
TNF-!-treated control EC were used as negative and positive controls, respec-
tively. All treatments were performed in the presence of hirudin (100 nM).
After cell lysis, luciferase activity was assayed and normalized according to the
manufacturer’s instructions. Results shown are means % SD from 4 separate
experiments performed in duplicate wells, normalized, and are expressed in
arbitrary luciferase units; *P # 0.05 vs. control.
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ERK using a cell-based assay (Fig. 6D, P ! 0.05 vs. medium;
P ! 0.05 vs. TNF-"). In contrast, phosphorylation of NF-#B
p65 was prevented, confirming that inhibition of NF-#B activ-
ity occurred.

The contribution of ERK to the regulatory functions of APC
on VCAM-1 was investigated by employing MEK inhibitors,
PD98059 (10 $M) and U0126 (5 $M). Treatment of EC with
APC enhanced VCAM-1 expression. In the presence of
PD98059, the effect of APC was markedly increased at 8 h
(Fig. 7). Pretreatment with the other MEK inhibitor, U0126,
also augmented VCAM-1 in response to APC (P ! 0.05 vs.
diluents). U0126 and PD98059 alone had no significant effect
on VCAM-1 induced by TNF. The inhibitory action of both
PD98059 and U0126 on ERK activation was confirmed by
Western blots (data not shown). To further confirm the role of
ERK in the modulation of VCAM-1 in inflammatory condi-
tions, EC were pretreated with APC in the presence or absence

of inhibitors before stimulation with TNF. As shown in Fig. 7,
the APC-mediated downregulation of VCAM-1 in response to
TNF was significantly abrogated by PD98059 and U0126 (P !
0.05 vs. diluent). The data collectively suggest that ERK is
activated by APC and serves as an antiinflammatory signal that
suppresses expression of NF-#B-dependent inflammatory
genes probably by inhibiting IKK activity in EC.

PAR1 and EPCR equally mediate APC signaling that trig-
gers VCAM-1 expression. PAR1 has been shown to be a
major receptor mediating the protective effect of APC (28).
The contribution of EPCR to APC signaling is still poorly
defined. Thus, in this study we sought to define the upstream
signaling events that account for ERK activation and
VCAM-1 regulation in response to APC. First, contribution
of the PAR receptors was assessed by analyzing VCAM-1
induction in response to agonists of PAR1, -2, and -4. PAR3
is not significantly expressed by EC (17). Agonist peptides

Fig. 4. Implication of NF-#B in the regulatory action of
APC. A: Western blot analysis of APC-mediated
VCAM-1 expression after inhibition of the NF-#B
pathway using pyrrolidine dithiocarbamate (PDTC). A
concentration-response analysis of inhibitor is shown.
Blots were reprobed with anti-GAPDH antibodies to
ensure equal protein loading. B: representative (left) and
quantitative (right, from 3 experiments) FACS analysis
showing the inhibitory effect of PDTC and MG132 on
APC-induced expression of VCAM-1 on vascular EC
(gray histograms). For FACS analysis, experimental neg-
ative controls were performed using an isotype-matched
control IgG (empty histograms). Specific MFI values are
indicated. Results are representative of 3 experiments.
Quantification was obtained from 3 separate experiments.
Controls for statistical analyses are cells treated without
the inhibitors (*P ! 0.05 vs. APC alone). C: comparative
analysis by Western blots of NF-#B signaling pathway in
EC treated with TNF-" (100 U/ml) or recombinant APC
(180 nM). Time course analyses are shown; blots were
reprobed with anti-GAPDH antibodies to ensure equal
protein loading. D: NF-#B gene reporter assays. HUVEC
were transfected with a NF-#B-luciferase reporter con-
struct or an empty vector as a control. Transfected cells
were incubated with and without APC (180 nM), hirudin
(100 nM), and TNF-" (100 U/ml) for the various periods
of time. Untreated and TNF-treated control EC were used
as negative and positive controls, respectively. After cell
lysis, luciferase activity was assayed and normalized
according to the manufacturer’s instructions. Results
shown are means % SD from 4 separate experiments
performed in duplicate wells, normalized, and are ex-
pressed in arbitrary luciferase units. E and F: representa-
tive (E) and quantitative (F) analysis of time course
phosphorylation of NF-#B p65 in EC treated with APC
(180 nM) and/or TNF (100 U/ml). Data were normalized
to GAPDH (not shown).
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for PAR1 (PAR1-ap1 and -ap2) efficiently reproduced the
induction of VCAM-1 obtained by recombinant APC in EC. In
contrast and consistent with previous reports (29), no effect was
found by using agonists of PAR2 and PAR4 (Fig. 8A). In
experiments using blocking antibodies, VCAM-1 induction
was totally suppressed using either anti-PAR1 or anti-EPCR
antibodies, suggesting that both receptors equally contribute to
APC signaling (Fig. 8B). To confirm this hypothesis, silencing
of PAR1 and EPCR was achieved in vascular EC by the use of
siRNA. Efficiency of siRNAs to silence EPCR and PAR1 is
presented in Supplemental Fig. S2. Figure 8, C and D, further
confirms by flow cytometry and by Western blotting, respec-
tively, that silencing PAR1 or EPCR similarly abrogates
VCAM-1 expression in response to APC. No additive effect
was found by silencing both targets. A quantitative analysis
comparing the blocking effect of antibodies and siRNAs is
shown in Fig. 8E. Statistical analyses confirmed that antibodies
and siRNAs targeting EPCR or PAR1 similarly inhibit the
induction of VCAM-1 in response to APC (P ! 0.05 vs. APC
alone). Next, the respective impact of PAR1 and EPCR recep-
tors was investigated in cells that express selectively EPCR or
PAR1. As shown in Supplemental Fig. S3, in contrast to EC
that express both PAR1 and EPCR, epithelial cells from the
HeLa cell line only express EPCR but no PAR1, whereas the
Jurkat T cells express PAR1 but not EPCR as determined by
flow cytometry (Supplemental Fig. S3A). These cells were
used as an experimental model to assess the respective role of
PAR1 and EPCR in ERK1/2 activation. Western blots show
that APC induces phosphorylated ERK only in cells expressing
EPCR (EC and to a lesser extend HeLa) but not in T cells
expressing PAR1 but no EPCR (Supplemental Fig. S3B).

Selective silencing of EPCR or PAR1 in EC similarly prevents
ERK activation in EC (Supplemental Fig. S3C). Together,
these findings sustain the fact that both receptors are required
in EC to trigger APC signaling. These data also suggest that
APC signaling and regulatory function may also differ accord-
ing to cell type.

DISCUSSION

The recombinant form of human activated protein C, a
natural anticoagulant serine protease, improves the outcome
of patients with severe sepsis (3). The protective effect of
APC supplementation in patients likely reflects the ability of
APC to modulate multiple events implicated in the patho-
physiology of sepsis. Indeed, in addition to the control of
coagulation, APC also elicits cytoprotective and antiinflam-
matory activities established in several in vitro studies and
animal models (18, 29, 30). Here we show that recombinant
APC plays a regulatory role in EC by attenuating CAM
expression during inflammation. We demonstrate that APC
regulates both the noncanonical NF-"B and ERK1/2 signal-
ing pathways to modulate VCAM-1 expression in resting
and activated EC.

Our results indicate that antiinflammatory function of
recombinant APC in the presence of TNF-# requires an
active phase of cellular signaling and activation of gene
transcription in primary vascular EC. Analysis of VCAM-1
gene transcription and protein expression was used to assess
the regulatory function of recombinant APC in inflamed
endothelium. Although moderate as compared with TNF
signaling, we found that APC signaling consistently induces
VCAM-1 mRNA and protein. Gene reporter assays indicate
that the increase in VCAM-1 mRNA after treatment with
APC is due to an increase in the rate of gene transcription.

The transcription factor NF-"B plays a central role in the
regulation of inflammatory and immune responses, control
of cell division, and apoptosis. The NF-"B family of tran-
scription factors is composed of five members sharing a
consensus Rel homology domain, i.e., p50, p52, cRel, RelB,
and RelA (p65), which is probably the predominant active
form in EC (23). NF-"B proteins form homodimers and
heterodimers that can bind "B DNA motifs in the promoter
regions of “NF-"B-dependent genes.”

Activation of the NF-"B pathway was further demonstrated
by the induction of NF-"B binding site-dependent transcrip-
tional activation in APC-treated cells. These observations sug-
gested that the induction of VCAM-1 genes by APC was at
least in part related to activation of the NF-"B pathway. This
was supported by observations showing that the NF-"B inhib-
itor PDTC greatly reduced the induction of the VCAM-1
expression by APC. The canonical pathway of NF-"B activa-
tion, through the activation of various receptors, including
those for TNF-# or IL-1$, involves phosphorylation and ubiq-
uitination of I"B# and its subsequent degradation by the
proteosome machinery (6). The activation of NF-"B by several
stress-inducing agents has been reported to involve a reduction
in the level of I"B protein; however, it does not involve
phosphorylation and degradation of I"B# but appears to be
related to a reduction in the translation of I"B mRNA. Not only
degradation of I"B and nuclear translocation of NF-"B but also
posttranslational modifications of NF-"B, including site-spe-

Fig. 5. APC signaling causes phosphorylation of NF-"B p65. Representative
Western blots showing the effect of APC on the NF-"B pathway. A time
course analysis of APC (180 nM) is shown. Immunblotting was performed
using antibodies against total and/or phosphorylated forms of NF-"B p65
(Ser536, Ser276, Ser468, Lys310), TNF receptor-associated factor 2 (TRAF2),
NF-"B-inducing kinase (NIK), IKK#$, and RelB. Blots were reprobed with
anti-GAPDH antibodies to ensure equal protein loading.
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cific phosphorylation, particularly p65 phosphorylation, are
important for optimal trans activation activity of NF-!B. We
found that APC causes neither I!B phosphorylation nor deg-
radation. Nevertheless, we demonstrated that recombinant
APC regulates phosphorylation of p65/RelA at Ser276 in the
Rel homology domain and Ser536, which is located on the
trans activation domain. Thus, phosphorylation of NF-!B p65
may be implicated in the regulation of VCAM-1, E-selectin,
ICAM-1, and IL-8 reported here. Moreover, the phosphoryla-
tion status of p65 controls not only its transcriptional activity
but also specificity for different subsets of target genes (2) and
may at least in part be responsible for the selective induction of
gene expression observed in APC-treated cells. Interestingly,
induction of the adaptor TRAF2 was found as an early re-
sponse to APC. TRAF2 recruits antiapoptotic cIAP1 and
cIAP2 to the TNFR1 signaling complex through its COOH-

terminal TRAF-N domain and thereby inhibits the activation of
effector caspases by TNF-" (25). The stable expression of
wild-type TRAF2 completely inhibited TNF-induced cell
death, suggesting that TRAF2 phosphorylation is not required
for its protective action (4). Whether TRAF2 may account for
the antiapoptotic action of APC in EC remains to be examined.

Mechanisms whereby APC may block the activation of
NF-!B by proinflammatory stimuli (i.e., TNF) were then
analyzed. We found a major and early effect of APC on
ERK1/2 and JNK MAP kinases, whereas no effect was found
on p38, suggesting that activation of MAPK is upstream of
NF-!B activation that take place lately. As suggested by our
results, activation of ERK is required for the induction of
VCAM-1 transcription. Indeed, together ERK and JNK trigger
AP1 that in coordination with NF-!B activity is required for
VCAM-1 transcription. Thus we speculate that the early acti-

Fig. 6. APC signaling in EC and potential interference between APC and TNF signaling pathways. A: Western blots comparing the activity of the MAPKs
(ERK1/2, p38, and JNK/SAPK) and the phosphatidylinositol 3-kinase [Akt, phosphoinositide-dependent kinase 1 (PDK1), and endothelial nitric oxide synthase
(eNOS)] in EC treated with APC (180 nM) or TNF (100 U/ml). B: antagonistic effect of APC on TNF signaling in cultured vascular EC. Cells were treated with
TNF (100 nM) with or without a preincubation with APC (180 nM) for 8 h. Cell lysates were subjected to Western blotting. Time course analyses are shown;
blots were reprobed with anti-GAPDH antibodies to ensure equal protein loading. C: quantitative time course analysis of ERK1/2 and Akt phosphorylation in
response to APC and/or TNF from 3 independent Western blot experiments. Results were normalized by GAPDH values and are expressed as arbitrary units.
D: activation of ERK1/2 in response to APC and/or TNF measured by a cell-based ELISA assay; *P # 0.05 vs. medium, **P # 0.05 vs. TNF-treated cells. OD,
optical density.
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vation of ERK/JNK accounts for the protective effect of APC
in EC. However, mechanisms that control temporal and spatial
aspects of NF-!B and ERK signaling and the interplay between
kinases and phosphatases that modulate pathway signaling are
still unclear (22).

Mechanistically, coagulation and inflammation are inti-
mately linked and cellular signaling by coagulation proteases
through protease-activated receptors (PAR) may affect pro-
and antiinflammatory responses (11). Some evidence suggests
that APC-EPCR complex can translocate from the plasma
membrane to the nucleus, where it could modulate gene ex-
pression (16). APC bound to EPCR has also been shown to
cleave PAR1 and PAR2 (28). Signaling through PAR promotes
EC proliferation and mediates at least some of the antiinflam-
matory effects observed with APC. Silencing EPCR and PAR1
receptors indicates an equal contribution of both receptors in
VCAM-1 induction. Depending on cell type, APC induces
signaling via the MAPK pathway with phosphorylation of
ERK-1/2 that is reported to be PAR1 dependent and EPCR
dependent or PAR1 dependent but EPCR independent (24,
28, 31). However, our findings support the concept that
EPCR is necessary for ERK1/2 activation for APC signaling
in vascular EC.

In summary, our data provide evidence for the existence of
a regulatory pathway mediated by APC that impair for the TNF
signaling. In the future, it will be important to further deter-
mine the mechanisms by which APC desensitizes EC to TNF
signaling.

Fig. 8. Involvement of endothelial protein C receptor (EPCR) and protease-
activated receptor (PAR) receptors in APC-mediated regulation of endothelial
VCAM-1. A: immunoblots showing VCAM-1 and GAPDH expression in cells
treated with recombinant APC (180 nM) or PAR agonist peptides (PAR1ap1,
PAR1ap2, PAR4ap) or molecule (PAR2a). EC treated with culture medium or
TNF-" (100 U/ml) were used as negative and positive controls, respectively.
B: immunoblots showing VCAM-1, EPCR, and GAPDH expression in cells
treated with recombinant APC (180 nM) in the presence of blocking anti-
PAR1 or anti-EPCR antibodies. Cells treated with irrelevant control (ctl) IgG
were used as a negative control. C and D: FACS for VCAM-1 (C) and Western
blot analysis for EPCR and PAR1 (D) in EC before and after silencing with
specific short interfering RNA (siRNA). EC were transfected without siRNA
(medium) and with either nontargeting siRNA or siRNA specific for EPCR or
PAR1. EPCR and PAR1 protein expression was analyzed 48 h after transfec-
tion by Western blot and FACS. EC were incubated for 6 h with recombinant
APC (180 nM). E: quantification from 4 independent Western blot analyses.
Results are expressed as relative percentages compared with TNF-treated cells;
*P # 0.05 vs. medium, **P # 0.05 vs. TNF-", ***P # 0.05 vs. APC.

Fig. 7. ERK regulates the modulation of VCAM-1 expression triggered by
APC in EC. EC were treated with APC (180 nM) or TNF (100 U/ml) for 8 h
or pretreated with APC for 16 h before incubation with TNF for 8 h. Cells were
preincubated with inhibitors 1 h before treatment. A: representative FACS
analysis of VCAM-1 expression. Mean values of fluorescence intensity are
indicated. B: quantitative analysis from 3 separate FACS analysis. Data are
expressed as means $ SD; *P # 0.05 vs. control conditions (treatment with
diluents but without inhibitors).
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HLA-E-Restricted Cross-Recognition of Allogeneic
Endothelial Cells by CMV-Associated CD8 T Cells: A
Potential Risk Factor following Transplantation
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Abstract

Although association between CMV infection and allograft rejection is well admitted, the precise mechanisms involved
remain uncertain. Here, we report the characterization of an alloreactive HLA-E-restricted CD8 T cell population that was
detected in the PBL of a kidney transplant patient after its CMV conversion. This monoclonal CD8 T cell population
represents a sizable fraction in the blood (3% of PBL) and is characterized by an effector-memory phenotype and the
expression of multiple NK receptors. Interestingly, these unconventional T cells display HLA-E-dependent reactivity against
peptides derived from the leader sequences of both various HCMV-UL40 and allogeneic classical HLA-I molecules.
Consequently, while HLA-E-restricted CD8 T cells have potential to contribute to the control of CMV infection in vivo, they
may also directly mediate graft rejection through recognition of peptides derived from allogeneic HLA-I molecules on graft
cells. Therefore, as HLA-E expression in nonlymphoid organs is mainly restricted to endothelial cells, we investigated the
reactivity of this HLA-E-restricted T cell population towards allogeneic endothelial cells. We clearly demonstrated that CMV-
associated HLA-E-restricted T cells efficiently recognized and killed allogeneic endothelial cells in vitro. Moreover, our data
indicate that this alloreactivity is tightly regulated by NK receptors, especially by inhibitory KIR2DL2 that strongly prevents
TCR-induced activation through recognition of HLA-C molecules. Hence, a better evaluation of the role of CMV-associated
HLA-E-restricted T cells in transplantation and of the impact of HLA-genotype, especially HLA-C, on their alloreactivity may
determine whether they indeed represent a risk factor following organ transplantation.
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Introduction

Cytomegalovirus (CMV) is a common opportunistic pathogen
that persists for life in the human host after primary infection.
While CMV infection of immunocompetent individuals generally
results in subclinical diseases, it may cause serious life threatening
complications in immunocompromised ones. Consequently,
transplant patients with immunosuppressive regimens are partic-
ularly prone to CMV disease and it is estimated that up to 75% of
all patients undergoing solid organ transplantation experience new
infection or reactivation of latent CMV infection [1,2].
CMV infection has been implicated in the development of both

acute and chronic allograft rejection and has been associated with
decreased allograft and patient survival [3,4]. Although association
between CMV infection and allograft rejection is well admitted,
the precise mechanisms involved remain uncertain.
CMV could account for graft rejection by triggering the

activation of endothelial cells, which are preferential targets of
CMV infection [5,6,7]. This might directly increase the expression
of MHC, costimulatory and adhesion molecules on the allograft
endothelium through the induction of mediators release such as

type I IFN. Then, activated graft’s EC may attract and activate
recipient’s cytotoxic T cells, which can trigger rejection [8]. CMV
infection could also be implicated in the development of allograft
rejection because of cross-reactivity of CMV-specific T cells
toward allogeneic HLA molecules as we and others have
previously documented [9,10,11,12]. An alternate mechanism
has been suggested by studies reporting the existence in CMV
seropositive individuals of CD8 T cells that recognize, in a HLA-E
restricted-fashion, peptides derived from the leader sequences of
both HCMV-UL40 and allogeneic classical HLA-I molecules
[13,14,15,16]. Consequently, while this HLA-E-restricted T cells
potentially mediate protection against CMV infection, they may
also promote graft rejection through recognition of peptides
derived from allogeneic HLA-I molecules presented by HLA-E on
graft cells.
One of the most striking features of the non-classical HLA-I

molecule HLA-E is its highly conserved nature. Only two allelic
forms exist in the Caucasian population, HLA-E*0101 (HLA-
E107R) and HLA-E*0103 (HLA-E107G) that differ at one amino
acid position [17]. As a consequence, HLA-E-bound peptides are
highly restricted, comprising mostly signal peptides derived from
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others HLA-I proteins [18]. Class Ib molecules are often
considered to have a prominent role in innate immunity. Among
this line, surface expression of HLA-E bound to autologous HLA
class I derived peptides, indicating the integrity of the MHC I
antigen processing machinery and acting as a ligand for CD94-
NKG2 receptors, modulate the activation of NK and T cells
[19,20]. However, in times of cellular stress or infections, HLA-E
is associated with a much more diverse repertoire of peptides,
which can be sensed directly by ab TCR [21,22]. Indeed, several
studies in human and mice have highlighted a dual role for
unclassical HLA-Ib molecules, in that, like classical HLA-Ia
molecules (ie HLA-A/-B/-C), they can mediate adaptative
immune responses to bacteria [23,24], viruses [13,25,26], tumors
[27] and self-antigens [28,29].
Although HLA-E is virtually expressed in all tissues, its surface

expression profile is more restricted than that of classical HLA-I
molecules. We previously reported that, HLA-E surface expression
in normal nonlymphoid organs is mainly restricted to endothelial
cells [30]. Upon solid organ transplantation, because graft
endothelial cells display MHC-peptide complexes at their surface
and come in regular contact with recipient circulating T cells, the
endothelium of allografts plays a central role in eliciting immune-
mediated rejection [8,31]. However, while HLA-E has been
shown to behave as a strong transplantation antigen in rodent
models [32], whether HLA-E expressed on human graft’s tissues
could trigger an allogeneic cellular response remains to be
documented.
Hence, the purpose of our study was to investigate the potential

alloreactivity of CMV-associated HLA-E-restricted CD8 T cells
isolated from a CMV seropositive recipient. We clearly demon-
strated the reactivity of CMV-associated HLA-E-restricted CD8 T
cells against allogeneic endothelial cells from transplant donors
and its tight regulation by NK receptors and therefore address
their potential involvement in human adaptative response against
allograft organs.

Materials and Methods

HLA-E-restricted CD8 T Cells Isolation and Culture
Blood sample was collected from a CMV-seropositive kidney-

transplant patient (HLA-A*0201, -B*4402, -B*5101, -Cw*0501
and -Cw*1402) (referred as KR2 in a previous study) [33] with
formal consent. PBMC were isolated by a Ficoll density gradient
(PAA, Les Mureaux, France) and cutured with RPMI 1640
(Sigma-Aldrich, Saint-Quentin Fallavier, France) containing 8%
human serum (local production) and 150 U/mL rIL-2 (Eurocetus,
Rueil-Malmaison, France). HLA-E-reactive population was en-
riched using a TNF-a Secretion Assay Cell Enrichment and
Detection Kit (Miltenyi, Paris, France) after stimulation with
HLA-E-transfected COS-7 cells. Sorted cells were cloned by
limiting dilution and expanded by stimulation with phytohemag-
glutinin (PHA)-L (Sigma-Aldrich) in the presence of irradiated
feeder cells (allogeneic lymphocytes and Epstein Barr Virus-
transformed B lymphocytes) [34].

HAEC Isolation, Culture and IFN-c Activation
Human arterial endothelial cells (HAEC) were isolated from

unused artery pieces collected at the time of kidney transplan-
tation, harvested according to good medical practice and stored
in the DIVAT Biocollection (French Health Minister Project
number 02G55) [35]. All patients who participated in this study
signed an informed consent and the study was performed
according to the guidelines of the local ethics committee
(CCPRB, CHU Nantes, France). Briefly, fragment of arteries

were incubated with collagenase A (Roche, Basel, Switzerland)
for 30 min at 37uC and EC were selected using CD31-
Dynabeads (Dynal, Villebon sur Yvette, France). HAEC were
grown in Endothelial Cell Basal Medium (ECBM) supplemented
with 10% fetal calf serum (FCS, PAA, France), 0.004 m-L/mL
ECGS/Heparin, 0.1 ng/mL hEGF, 1 ng/mL hbFGF, 1 mg/mL
hydrocortisone, 50 mg/mL gentamicin and 50 ng/mL ampho-
tericin B (C-22010, PromoCell, Heidelberg, Germany). For
activation, confluent HAEC monolayers were starved overnight
in ECBM supplemented with 2%FCS without growth factors
and incubated with recombinant human IFN-c (50 U/mL,
Imukin, Boehringer Ingelheim, Germany) for 48 h. HLA class I
genotyping was performed by the Etablissement Français du
Sang (Nantes, France).

B-EBV 721.221 and COS-7 Cells Culture
The HLA-E-transfected (721.221-E) and untransfected

(721.221) B-EBV cell lines were kindly provided by V. Braud
(UMR CNRS 6097/Université Nice-Sophia Antipolis, Valbonne,
France) [36]. COS-7 cells were obtained from T. Boon (Ludwig
institute for Cancer Research, Brussels, Belgium) [37]. These cells
were maintained in RPMI 1640 10%FSC.

Antibodies
The following antibodies were used in a conjugated form

(phenotyping) or not (blocking or redirected lysis experiments) with
fluorescein isothiocyanate (FITC), phycoerythrin (PE) or allophy-
cocyanin (APC): TCRab-PE, CD8a-PE, IFN-c-PE (Miltenyi),
CD3-PE, CD27-PE, CD28-PE, CD45-RA-PE, CD45-RO-PE,
CD56-PE, CD57-FITC, CD62-L-PE, CCR7-PE, CD107a-PE,
Perforine-FITC, Granzyme-A-FITC, TNF-a-PE, GM-CSF-PE,
TGF-b-PE, IL-2-PE, IL-4-PE, IL-5-PE, IL-13-PE, IL-21-PE,
HLA-A/B/C (clone G46-2.6) (Becton Dickinson, Le Pont de
Claix, France), CD8b-PE, CD94-PE (clone HP-3B1), NKG2A-PE
(clone Z199), KIR2DS1/2DL1-APC (clone EB6), KIR2DS2/
2DL2/2DL3-APC (clone GL183), KIR2DS4 (clone FES172),
KIR3DS1/3DL1-PE (clone ZIN273), ILT-2-PE (clone HPF1)
(Beckman Coulters, Villepinte, France), NKG2C-PE (clone
134522), NKG2D-PE (clone 149810), IL-17F-PE (R&D, Lille,
France), IL-22-PE, HLA-E (clone 3D12) (BioLegend, San Diego,
CA) and HLA-I (clone W6.32, American Type Culture Collec-
tion).

Peptides and Recombinant Peptide/HLA-E Monomers
Peptides VMAPRTLLL, VMAPRTLVL, VMAPRTVLL and

VMAPRTLIL (HLA-A*01-, HLA-A*02-, HLA-B*07- and HLA-
Cw*01-derived signal peptides respectively) with purity .85%
were purchased from Eurogentec (Angers, France). HLA-E*0101/
peptide monomers were generated by the recombinant protein
facility of SFR26 (Nantes, France).

Phenotypic Characterization by Flow Cytometry
For membrane staining, 26105 cells were incubated at 4uC

with 10 mg/ml of Ab (specific or isotype control) or tetramers
for 30 min or 1 h respectively. When non-conjugated mAb were
used, a second incubation with PE-conjugated goat F(ab’)2
fragment anti-Mouse IgG (Beckman Coulters) was performed.
56104 cells were acquired in the viable cells gate on a
FACScalibur flow cytometer using CellQuest software (Becton
Dickinson). Relative fluorescence intensity (RFI) was calculated
as sample mean fluorescence divided by isotype control mean
fluorescence.
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Transient Transfection of COS-7 Cells and TNF Assay
Briefly, 206103 COS-7 cells were transfected with 100 ng of

HLA-E*0101 or HLA-E*0103 encoding plasmid by the DEAE-
dextran-chloroquine method. 48 h after transfection, 56103 T
cells were added to transfected COS-7 cells. Culture supernatants
were harvested 6 h later and tested for TNF content through
assessment of the sensitive WEHI164 clone13 viability in a MTT
colorimetric assay.

Intracellular Staining
For cytokine/perforine/granzyme intracellular staining, 16105

T cells were stimulated in the presence of Brefeldin A (Sigma-
Aldrich, 10 mg/ml) with 26105 target cells (B-EBV cells or HAEC)
for 6 h at 37uC, in the presence or not of blocking Abs. For
peptide loading, target cells were incubated with peptides for 1 h
at 37uC before incubation with T cells. Cells were then fixed with
4% paraformaldehyde (Sigma-Aldrich), labeled with specific mAbs
and analyzed by flow cytometry.

CD107a Degranulation
16105 T cells were stimulated with 26105 target cells in the

presence of anti-CD107a mAb. After 4 h at 37uC, cells were
analyzed by flow cytometry.

TCR-ab/CD3/CD8 Downregulation
16105 T cells were stimulated with 26105 target cells at 37uC.

After the indicated time, TCR-ab/CD3/CD8 fluorescence
intensity was measured in unstimulated and activated lympho-
cytes. Data were expressed as percentages of RFI that were
calculated according to the following formula: (RFI of activated
lymphocytes/RFI of unstimulated lymphocytes) 6100.

Single-cell Ca2+ Video Imaging
Fura-2/AM loaded T cells (1 mM, Invitrogen, Cergy-Pontoise,

France) for 1 h at room temperature in HBSS (Invitrogen) were
resuspended in HBSS 1%FCS and seeded on Lab-Tek glass
chamber slides (Nunc, Naperville, IL) coated with poly-L-lysin
(Sigma-Aldrich). Target cells were left to adhere on glass slides
before addition of T cells. Measurements of intracellular Ca2+

responses were performed at 37uC with a DMI 6000 B
microscope (Leica Microsystems, Nanterre, France). Cells were
illuminated every 15 s with a 300 W xenon lamp by using 340/
10 nm and 380/10 nm excitation filters. Emission at 510 nm
was used for analysis of Ca2+ responses and captured with a
Cool Snap HQ2 camera (Roper, Tucson, AZ) and analyzed
with Metafluor 7.1 imaging software (Universal Imaging,
Downington, PA).

51Cr Release Assay
Target cells were labeled with 100 mCi Na51CrO4 (Oris

Industrie, Gif-sur-Yvette, France) for 1 h at 37uC, and incubated
4 h at 37uC, with effectors T cells at various E/T ratios. Then,
25 ml of supernatants were mixed with 100 ml of scintillation liquid
(Optiphase Supermix, Wallak, United Kingdom) for measurement
of radioactive content on a bêta plate counter (EG&G Wallac,
Evry, France). Percentage of target cell lysis was calculated
according to the following formula: [(experimental release –
spontaneous release)/(maximum release – spontaneous re-
lease)]6100. Maximum and spontaneous releases were deter-
mined by, respectively, adding 0.1% Triton X-100 or medium to
51Cr-labeled target cells in the absence of T cells.

Redirected Cytolytic Activity
16103 51Cr-labeled murine mastocytoma FccR P815 cells were

incubated with T cells at various E/T ratio, in the presence of
different concentrations of anti-CD3 Ab (clone OKT3). CD3
redirected lysis of P815 cells was modulated by the presence of
indicated anti-NKR Abs (10 mg/ml). After 4 h, measurement of
radioactive content and determination of percentage of specific
lysis were performed.

Results

Frequency and Phenotypic Characteristics of HLA-E-
reactive CD8 T Cells Isolated from Peripheral Blood of a
Cytomegalovirus-seropositive Kidney-transplant Patient
Investigations of a cohort of renal transplant recipients [12]

allowed us to identify an HLA-E-reactive CD8+ T cell population
in PBL of a kidney transplant recipient with an active CMV
infection. This HLA-E-restricted response was not observed on
blood samples harvested before CMV infection (at one month
post-transplantation) but appeared correlated with CMV infection
2 years post-transplantation, in associaton with a T cell response to
pp65495-503/A*0201 HCMV epitope. As shown in Figure 1A,
recipient fresh PBL activity, assessed by TNF-a production, was
observed against COS-7 cells transfected with either HLA-E*0101
or HLA-E*0103 alleles whereas no response was observed with
other HLA-I alleles tested. The HLA-E-reactive population was
enriched and cloned. All the CD8 T cell clones derived (n= 9)
were HLA-E-reactive and characterized by the homogeneous
expression of the TCRVb22 (data not shown). Notably,
TCRVb22+ cells represent a sizable fraction (3,4%) of freshly
isolated recipient PBL, comprising 7% of CD3+ T cells and 14%
of CD8+CD3+ T cells (Figure 1B). This monoclonal population,
thereafter named MART.22, is characterized by
CD8ab+CD62L-CCR7-CD272CD28+/2CD45RAloCD45RO-
hiCD572 surface phenotype (Figure S1), suggesting that
MART.22 belongs to the effector-memory cell compartment
[38]. Moreover, MART.22 expresses CD56 consistent with the
phenotype of HLA-E-restricted NK-CTL previously reported by
the group of L. Moretta [13].

Requirement of Co-engagement of TCR and CD8 for
HLA-E-reactive CD8 T Cells
To further characterize MART.22, we used the 721.221 B-EBV

cell line (.221), lacking classical HLA class I molecules and HLA-G
expression, and the 721.221-E cell line (.221-E), which has been
stably transfected with the cDNA encoding HLA-E*0101 together
with the leader sequence peptide from HLA-B*08, that is required
for HLA-E cell surface expression and stabilization [18]. The
transfected.221-E cell line, that consistently expresses high levels of
HLA-E (Figure S2), induced strong activation of MART.22, as
assessed by TNF production (59% of TNF-a producing T cells)
(Figure 1C, white bar), whereas.221 cells were not recognized.
To assess the contribution of T cell receptor and HLA-E

interaction to target cell recognition, we performed antibody
blocking experiments and TCR down-regulation analysis. A dose-
dependent reduction of TNF-a producing T cells was observed in
the presence of anti-CD3 (until 5% vs 59%), anti-HLAI molecules
(W6/32, until 20% vs 59%) or anti-HLA-E molecules (3D12, until
2% vs 59%) blocking antibodies (Figure 1C). By contrast blocking
antibody specific for HLA-A/B/C molecules (G46-2.6) had no
inhibitory effect on this process. TCR implication was also
confirmed by the significant down-regulation of surface CD3/
TCR complex after MART.22 stimulation with 221-E cells
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(Figure 1D). Furthermore, using the same approaches, we showed
the high degree of CD8 dependency of MART.22 (Figures 1C–D).
Together, these data confirm HLA-E restriction of MART.22 and
unveil its strong CD8 dependency.

Peptide Specificity of HLA-E-restricted CD8 T Cells
Next, to investigate MART.22 peptide specificity, we test its

ability to recognize.221 cells exogenously loaded with six HLA-E-
restricted synthetic peptides (Table 1). This peptide set included
the three previously described peptides derived from the UL40
protein of different human CMV strains [39,40] and the peptides
derived from the majority of HLA-I leader sequences, including
autologous HLA-I from the transplant recipient. We found that

MART.22 recognized.221 cells pulsed with 3 out of 6 peptides
tested (Figure 2A). The VMAPRTLLL peptide was recognized
with the highest avidity (EC50 at 161022 mM). This peptide is
derived from both the UL40 of the clinically isolate CMV 3C
strain [39] and the leader sequence of various allogeneic HLA-A
and HLA-C molecules. MART.22 also recognized with high
avidity the VMAPRTVLL peptide (EC50 at 261022 mM), which
is derived from the leader sequence of various allogeneic HLA-B,
including the HLA-B*08, molecules, thus providing explanation
for the recognition of.221-E cells expressing HLA-B*08 leader
sequence. MART.22 also recognized, albeit to a lesser extent
(EC50 at 461022 mM), the VMAPRTLIL peptide that derived
from the UL40 of the laboratory CMV AD169 strain [39,40]. This

Figure 1. Characterization of HLA-E-restricted T cells in PBL of a kidney transplant patient undergoing CMV infection. A/Reactivity of
freshly isloated PBL against COS-7 cells transfected, or not, with HLA-I encoding cDNA was assessed by a TNF release assay. Means and standard
deviations of sixplicates are shown. B/Frequency of TCRVb22+ HLA-E-restricted T cells in PBL. Fresh PBL were analyzed by three-color flow cytometry
using antibodies specific for CD3, CD8a and Vb22 TCR. Percentage of Vb22 TCR expressing cells was examined on gated CD3+CD8+ T cells. C/TNF
production in response to HLA-E transfected.221-E cells in the presence of blocking antibodies. MART.22 was stimulated with target cells in the
presence or not of blocking antibodies directed against total HLA-I, HLA-A/-B/-C, HLA-E, CD3 and CD8 molecules at the indicated concentrations.
After 6 h, T cells were fixed, permeabilized and stained for intracellular TNF-a. Results are expressed as percentage of TNF-producing T cells. D/Time
course of TCRab, CD3 and CD8 surface expression on HLA-E-restricted CD8 T cells stimulated with.221-E cells. A representative FACS analysis of
TCRab at early time course is shown (left panel). Results are expressed as percentages of RFI (as defined in Material and Methods).
doi:10.1371/journal.pone.0050951.g001
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latter result was unexpected as this peptide also derives from the
leader sequence of various HLA-C molecules, including the two
autologous HLA-C alleles of the patient (ie HLA-Cw*1402 and -
Cw*0501). The three other tested peptides (VTAPRTLLL,
VTAPRTVLL and VMAPRTLVL) were not recognized at all,
pinpointing to the importance of a methionine and of a leucine or
an isoleucine at position 2 and 8 respectively to allow peptide
recognition. To further substantiate our data on MART.22
peptide specificity, we used HLA-E*0101 tetramers refolded
either with VMAPRTLLL, VMAPRTVLL, VMAPRTLIL or
VMAPRTLVL peptides. As expected, Figure 2B shows the ability
of MART.22 to bind HLA-E/VMAPRTLLL tetramers and to a
lesser extent HLA-E/VMAPRTVLL and HLA-E/VMAPRTLIL
tetramers whereas no significant binding was observed with
tetramers refolded with the unrecognized VMAPRTLVL peptide.
These results show the ability of MART.22 to recognize

peptides derived from both HCMV-UL40 and various allogeneic
HLA-Ia molecules, suggesting that these cells may participate in
the immune response against CMV-infected or allogeneic cells.
HLA class I alleles of the kidney donor (HLA-A2, -B18, -B44 and -
Cw5) are identical with the ones of the recipient (with the
exception of HLA-B18 which give rise to an unrecognized peptide)
therefore excluding that this population has been activated by the
transplantation in favor to an induction as a consequence of CMV
infection.

Functional Characteristics of HLA-E-restricted CD8 T Cells
Functional characterization of MART.22 was assessed us-

ing.221-E stimulating cells. As shown in Figure 3A, incubation
with.221-E cells triggered a strong and rapid elevation in
intracellular free calcium (Ca2+) concentration within MART.22
while no significant Ca2+ signal was detected when untrans-
fected.221 cells were used. With regard to its potential ability to
develop lytic response, incubation with.221-E cells induced
MART.22 degranulation as demonstrated by the high CD107a
surface mobilization (77% of CD107a positive T cells) and
perforin/granzyme production (Figure 3B and data not shown).
This leads to the lysis of.221-E cells as assessed with a standard
51Cr release assay (Figure 3C). As shown in Figure 3D, MART.22
was also found to produce high levels of TNF-a (78% of producing
cells), IFN-c (64%) and to a lower extent GM-CSF (31%), IL-2
(18%), IL-13 (17%) and IL-4 (13%). Conversely, no production of
IL-5, IL-17F, IL-21, IL-22 or TGF-b was detected (data not
shown). These data emphasize the strong granzyme-dependent
cytolytic and TNF-a/IFN-c secretion capacities of MART.22.

Regulation of HLA-E-restricted CD8 T Cells Activity by
NKR
As previous studies on HLA-E-restricted NK-CTL reported

surface expression of HLA class I-specific inhibitory NK receptors
(NKR), we investigated NKR expression on MART.22
(Figure 4A). MART.22 was strongly stained by the GL183
antibody, which recognizes KIR2DS2, KIR2DL2 and KIR2DL3.
The combined use of KIR-specific mAbs [41] allowed us to
identify the inhibitory KIR2DL2 as the KIR expressed by
MART.22 (data not shown). Surface expression of ILT-2,
NKG2-D and CD94 were also observed. Surprisingly, CD94
expression was not associated with NKG2-A or NKG2-C surface
expression. In order to address the functionality of these receptors,
we analyzed, in a redirected lysis assay, the ability of anti-NKR
mAbs to modulate MART.22 TCR dependent lysis. As shown in
Figure 4B, anti-CD3 mAb induced cytolytic activity was strongly
inhibited by the addition of anti-KIR2DL2 mAb. Lysis was also
inhibited, although to a lesser extent, by the addition of anti-ILT-2

mAb while it was slightly increased in presence of anti-NKG2-D
mAb. However, addition of anti-CD94 mAb did not affect the lysis
efficiency, clearly indicating the non-functionality of the CD94
receptor expressed by MART.22. Taken together, our data clearly
indicate that the activity of HLA-E-restricted T cells can be
modulated by competing positive or negative signals transduced by
NKR, with especially efficient inhibition through KIR2DL2
ligation. Interestingly, autologous MART.22 HLA-C molecules
(HLA-Cw*0501 and *1402) are ligands for the KIR2DL2 receptor
[42]. Since these HLA-C molecules also provide a recognized
HLA-E-bound peptide (Figure 2A and Table 1), this allowed us to
hypothesize that inhibitory KIR2DL2 expression by MART.22
dampens its detrimental auto-reactivity against healthy (not CMV
infected) autologous cells through ligation of autologous protective
HLA-C molecules. Accordingly, when incubated in the presence
of anti-KIR2DL2/DS2/DL3 or HLA-A/B/C blocking Abs,
MART.22 developed fratricide response (Figure S3).

HLA-E-restricted CD8 T Cells Reactivity Against
Allogeneic Endothelial Cells
Since we demonstrated that peptides derived from both CMV-

UL40 and allogeneic HLA-I molecules can be recognized by
MART.22 in an HLA-E-restricted fashion, we asked whether
MART.22 could also recognize and damage allogeneic endothelial
cells and therefore represent a risk factor for allograft outcome. To
this end, primary human arterial endothelial cell (HAEC) cultures,
isolated from kidney transplant donors were tested in vitro for their
capacity to activate MART.22. HLA-I typing of the seven
endothelial cell cultures tested as well as their capacity to provide
recognized peptides or to interact with KIR2DL2 are documented
in Table 2. All EC cultures expressed HLA-I molecules carrying
peptides potentially recognized in the HLA-E context. The CMV
serologic status of EC donors is also indicated. While surface HLA-
E staining levels were similar on all EC cultures tested (Figure 5A
and data not shown), six out of seven EC cultures induced efficient
cytokine responses of MART.22, as illustrated by TNF-a
production (from 24% to 75% of T cells) (Figure 5B and
Table 2). Moreover, MART.22 develops cytolytic responses
against recognized endothelial cells, as assessed by CD107a
surface expression (from 8% to 68% of T cells) (Figure 5C and
Table 2). In accordance with recognition of both allelic forms of
HLA-E by MART.22 (Figure 1A), endothelial cells are recognized
independently of their HLA-E haplotype and with no correlation
to CMV infection (mean value, 42% of TNF producing T cells for
CMV negative versus 41% for CMV positive patients), suggesting
the direct recognition of allogeneic HLA-I derived peptides in an
HLA-E-restricted fashion. Thus, HLA-E-restricted T cells could
represent a risk factor for allograft outcome through recognition of
allogeneic graft endothelial cells.

Tight Regulation of HLA-E-restricted CD8 T Cells
Alloreactivity by KIR2DL2
As mentioned above, in an unexpected way, one EC culture

(HAEC#402), with no apparent defect in surface HLA-E
expression levels, was not recognized by MART.22 (Figure 5A).
To ascertain this was not the consequence of the specific lack of
expression of HLA-I molecules encoding recognized peptides, we
investigated whether incubation with the two best-recognized
synthetic peptides could render these endothelial cells more
susceptible to recognition by MART.22. As shown on Figure 6A,
pulsing of the otherwise resistant HAEC#402 with
VMAPRTLLL and VMAPRTVLL induced TNF-a production
by MART.22 but only with saturating amounts of peptides
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(respectively 40% and 18% of TNF secreting T cells when
HAEC#402 were loaded with 102 mM of peptides). Similar results
were obtained with another poorly recognized EC culture
(HAEC#116), suggesting another mechanism conferring resis-

tance to recognition. As we showed that MART.22 reactivity is
strongly regulated by the inhibitory KIR2DL2, we investigated
whether HAEC suboptimal recognition was indeed the conse-
quence of the expression of protective HLA-C molecules (ie

Figure 2. Characterization of CMV/HLA-I-derived peptides recognized by HLA-E-restricted CD8 T cells. A/TNF production in response to
stimulation with.221 cells pulsed with synthetic peptides.221 cells were incubated for 1 h with range concentrations of the indicated peptides before
addition of MART.22 T cells. After 6 h, T cells were fixed, permeabilized and stained for intracellular TNF-a. Results are expressed as percentage of
TNF-producing T cells. B/Peptide-MHC tetramer staining of HLA-E-restricted CD8 T cells. MART.22 T cells were incubated for 1 h with biotyniled HLA-E
monomers refolded with the indicated peptides and tetramerized with PE-coupled streptavidin. Peptide-HLA-E tetramers staining was assessed by
flow cytometry and RFI are indicated.
doi:10.1371/journal.pone.0050951.g002
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KIR2DL2 ligands) [42,43,44]. Interestingly, HLA-C haplotype
crucially influence the MART.22 alloreactivity: endothelial cells
possessing two appropriate HLA-C alleles (HAEC#116, #337
and #402) are less recognized (mean value, 18% of TNF
producing T cells) than those bearing only one (HAEC#112,
#331 and #495, 54% of TNF producing T cells) or no
(HAEC#323, 75%) (Figure 6B). This was confirmed by assessing
the effect of blocking antibodies on endothelial cells recognition by
MART.22. As shown on Figure 6C, addition of KIR2DL2-
blocking Abs and, to a lesser extent, of anti-HLA-A/B/C Abs
efficiently restore the HAEC#402 recognition by MART.22 in a
dose dependent manner (up to 40% and 25% respectively),
whereas addition of blocking Ab to ILT-2 had no significant effect.
These results underline the tight regulation of HLA-E-restricted
allo-reactivity by KIR2DL2 receptors through their recognition of
HLA-C molecules expressed on target cells.

Effect of IFN-c Treatment on Endothelial Cells
Recognition by HLA-E-restricted CD8 T Cells
Chronic CMV infections result in recruitment of inflammatory

cells and mediators such as chemokines and cytokines including
IFN-c [4]. So, we analyzed the impact of IFN-c treatment of EC
cultures on their recognition by MART.22. As we previously
reported [30], IFN-c treatment enhances both HLA-E and total
HLA-I surface expression on endothelial cells (Figure 7A and
Figure S4A). However, IFN-c treatment of endothelial cells
resulted in decreased MART.22 mediated lysis and cytokine
production (Figures 7B–C and Figures S4B–C). The percentage of
TNF-a producing T cells upon stimulation with the HAEC#495
fell from 61% to 33% after IFN-c treatment. Experiments
performed with a less recognized EC culture show that MART.22
reactivity against IFN-c treated HAEC#116 was completely
abolished. To investigate whether the inhibitory effect of IFN-c
treatment was the consequence of an increased expression of
inhibitory NKR ligands by endothelial cells, we performed
antibody blocking experiments. First, anti-KIR2DL2 and anti-
ILT-2 antibodies had little or no effect on recognition of the
untreated HAEC#495 culture. In contrast, these antibodies,
especially the anti-KIR2DL2 mAb, improved in a dose dependent
manner the recognition of IFN-c treated endothelial cells (71% vs
36% of TNF-a producing T cells for the maximal dose of anti-
KIR2DL2 Ab) (Figure 7D). In the same way, mAb directed
against classical HLA-I molecules, which are ligands of both
KIR2DL2 and ILT-2, greatly enhanced recognition of IFN-c

treated endothelial cells recognition (69% vs 36% of TNF-a
producing T cells for the maximal dose of Ab). Taken together,
these data underline the crucial role of inhibitory NKR ligands
which expression on EC is a determining factor for HLA-E-
restricted T cells reactivity.

Discussion

In conclusion, this study demonstrates for the first time the
ability of CMV-associated HLA-E-restricted T cells from trans-
plant recipient to recognize and lyse allogeneic endothelial cells
thereby emphasizing their potential detrimental alloreactivity
upon solid organ transplantation.
A function for HLA-E as a restricting element for the TCR of

ab T cells has been clearly established [21] and therefore can play
a role in the adaptive immune response in addition to its well-
known regulation of innate immunity [45,46]. The HLA-E-
restricted CD8 ab T cell population described in this study
appears in association with a T cell response to classical HLA I-
restricted HCMV epitope (pp65/A*02) in the blood of a kidney
transplant recipient with an active CMV infection. Thus, HLA-E-
restricted T cells may be induced in vivo in recipient patients as a
consequence of CMV infection or reactivation, suggesting their
possible role in the immune adaptative response to CMV. Various
CMV proteins inhibit MHC class Ia surface expression impeding
the control mediated by conventional (i.e. MHC class Ia-restricted)
CD8 T cells [47,48]. Therefore, the capacity of CMV, through the
expression of UL40, to supply HLA-E-binding peptides allowing
increase of HLA-E surface expression in infected cells [40],
strengthen that HLA-E-restricted T cells may have a particular
relevance in the immune defense against CMV.
In accordance with previous studies showing that CMV-

associated HLA-E-restricted T cells represent a pauciclonal
population comprising a sizable fraction of CD8 ab T cells in
CMV-seropositive patients [15,49], the population described in
this study expresses homogeneously a given TCR owing to its
monoclonal origin and constitutes a significant component of
peripheral blood mononuclear cells (14% of CD8+CD3+ T cells).
Moreover, we showed that this population has phenotypic
characteristics of effector-memory lymphocytes and displays strong
granzyme-dependent cytolytic and TNF-a/IFN-c secretion ca-
pacities, suggesting that they could play a relevant role in the
control of CMV infection.
As three different HLA-E-binding HCMV-UL40-derived pep-

tides have been previously described, we investigated the

Table 1. Leader sequence peptides derived from HCMV-UL40/HLA-I molecules and recognition by HLA-E-restricted T cell clone.

Leader sequence peptide3–11 HLA class I allotypes MART.22 reactivitya

VMAPRTLVLb,c HLA-A*02,-A*23, -A*24, -A*25, -A*26, -A*3402, -A*43, -A*66 and -A*69 2

VMAPRTLLLb HLA-A*01,-A*03, -A*11, -A*29, -A*30, -A*31, -A*32, -A*33, -A*36 -A*74, -Cw*2 and -Cw*15 +++

VMAPRTLILb,c HLA-Cw*01, -Cw*03, -Cw*0401, -Cw*05, -Cw*06, -Cw*0801-03, -Cw*12, -Cw*14,
-Cw*16 and -Cw*1702

+

VMAPRTVLL HLA-B*07, -B*08, -B*14, -B*38, -B*39, -B*42, -B*67, -B*73 and -B*81 ++

VTAPRTLLL HLA-B*13, -B*18, -B*27, -B*3542, -B*37, -B*40, -B*44, -B*47, -B*54, -B*56, -B*58, -B*59,
-B*82 and -B*83

2

VTAPRTVLL HLA-B*15, -B*35, -B*40, -B*41, -B*4418, -B*45, -B*49, -B*50, -B*51, -B*52, -B*57 and -B*78 2

Autologous HLA class I alleles of the transplant recipient are indicated in bold.
aMART.22 HLA-E-restricted T cell clone activity in response to.221 cells pulsed with different peptides (see Figure 2).
bThese peptides are identical to peptides contained in the UL40 ORF from various CMV strains.
cThese pepides have previously been described for their ability to trigger HLA-E restricted CD8 T cell responses.
doi:10.1371/journal.pone.0050951.t001
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specificity of our HLA-E-restricted T cells. Previous studies from
the group of L. Moretta have characterized HLA-E-restricted T
cells reacting against peptides (i.e. VMAPRTLIL and
VMAPRTLVL) derived from the UL40 of 2 HCMV laboratory
strains (Toledo and AD169 strains) [15]. The HLA-E-restricted T
cell population described here reacts against the additional UL40
derived-peptide, VMAPRTLLL, that has been shown to derive
from the clinical isolate HCMV 3C strain.
Because recognized peptides also derived from the leader

sequences of numerous allogeneic HLAI alleles, CMV-associated
HLA-E-restricted T cells have potential to mediate allograft

rejection through direct recognition of allogeneic HLA-I derived-
peptides presented by HLA-E on graft cells. In a previous study,
we showed that HLA-E protein expression in normal human
organs is mainly restricted to endothelial cells and leucocytes [30].
Hence, owing to the crucial role of endothelial cells in allo-antigen
presentation to T cells [8] and to the HCMV tropism for
endothelial cells [5,7], we investigated whether HLA-E-restricted
T cells could recognize primary endothelial cells cultures, isolated
from kidney allografts. We clearly demonstrate that CMV-
associated HLA-E-restricted CD8 T cells can efficiently recog-
nized and killed allogeneic endothelial cells in vitro, independently

Figure 3. Functional characterization of HLA-E-restricted CD8 T cells. A/Induction of strong and rapid Ca2+ responses within activated HLA-
E-restricted CD8 T cells. B-EBV 721.221 cells transfected (.221-E) or not (.221) with HLA-E and the leader sequence of HLA-B*08, were incubated with
MART.22 T cells loaded with Fura-2 (1:1 ratio). T cell intracellular Ca2+ levels were monitored by videomicroscopy for the indicated acquisition time.
Graphs represent the kinetics of intracellular Ca2+ levels (340/380 nm ratio). Values correspond to the mean of emission measured among all T cells
present in the field (approximatively 20 cells per experiment). Results are representative of two independent experiments. B/Degranulation of HLA-E-
restricted CD8 T cells upon stimulation.221-E cells (thick line) or.221 cells (thin line) were incubated for 4 h with MART.22 T cells in the presence of
anti-CD107a antibody. Results are expressed as pourcentages of surface CD107a positives T cells upon stimulation with.221-E cells. C/Cytotoxic
activity of HLA-E restricted CD8 T cells. 103 51Cr-labeled.221-E cells (squares) or.221 cells (circles) were co-cultured for 4 h with MART.22 T cells at
various E/T ratios. Cytotoxic activity was assessed through measure of Chromium release in the supernatants. Percentages of specific lysis are
indicated. Means and standard deviations of triplicate wells are shown for one out of three comparable experiments. D/Cytokine production analysis
of HLA-E restricted CD8 T cells. MART.22 T cells were fixed, permeabilized and stained for intracellular cytokines following 6 h of incubation with.221-
E cells (thick line) or.221 cells (thin line). Data are expressed as mean % of intracellular cytokine secreting cells upon stimulation with.221-E cells.
doi:10.1371/journal.pone.0050951.g003
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of their HLA-E allotype. Therefore, because immunosuppressed
transplant patients are particularly prone to CMV infection, we
can speculate that in the context of both CMV reactivation or
primary infections, while these T cells have potential to contribute
to infection control, they may also directly recognize allogeneic
graft endothelial cells and thereby contribute to allograft rejection.
As suggested by previous studies, we clearly demonstrated that

CMV-associated HLA-E-restricted T cell allo-reactivity is tightly
regulated by NK receptors [50]. We first showed surface
expression of KIR2DL2, ILT-2, NKG2D and CD94 receptors
by MART.22. Surprisingly, CD94 surface expression was not
associated with that of NKG2-A or NKG2-C molecules and did
not allow interaction with HLA-E tetramer refolded with HLA-A2

peptide, suggesting the expression of CD94 homodimers as
previously described [51]. Finally, we demonstrated the non-
functionality of this receptor. All the other expressed NK receptors
were found to be functional, with a predominant role in
preventing target cell recognition for the highly expressed
inhibitory KIR2DL2 through ligation of appropriated (protective)
HLA-C molecules [42]. The expression of KIR2DL2 appears to
constitute a safety mechanism avoiding harmful autoreactivity
through the ligation of protective autologous HLA-C molecules.
As a consequence, the ability of HLA-E-restricted T cells to
mediate alloreactivity against endothelial cells was crucially
impacted by the expression of protective HLA-C alleles. Thus,
allogeneic endothelial cells that express protective HLA-C

Figure 4. Expression of NK receptors by HLA-E-restricted CD8 T cells and functional characterization. A/Surface expression of NK
receptors by HLA-E-restricted CD8 T cells. RFI of stained T cells (thick line) are indicated. B/Modulation of HLA-E restricted CD8 T cells reactivity
through NKR engagement. 51Cr-labeled P815 cells were preincubated with the indicated concentration of anti-CD3 antibody in the presence or not of
the indicated anti-NKR antibody for 1 h. Then, MART.22 T cells were added for 4 h. Redirected cytotoxic activity was assessed through measure of
Chromium release in the supernatants. Percentages of specific lysis are indicated. Means and standard deviations of triplicate wells are shown for one
representative experiments out of three performed.
doi:10.1371/journal.pone.0050951.g004

Alloreactivity of CMV/HLA-E-Restricted T Cells

PLOS ONE | www.plosone.org 9 November 2012 | Volume 7 | Issue 11 | e50951



 229 

 

 
 
 

molecules, or that were pre-treated with INF-c, were less
recognized by HLA-E-restricted T cells, unless specific blocking
antibodies (i.e. anti-KIR2DL2 or anti-HLA-A/B/C) were added
to the cultures. This underlines the crucial impact of HLA-C
haplotype of target cells on their ability to trigger, or not, an
allogeneic HLA-E-restricted T cell response. Therefore, HLA-C
haplotypes that are still underestimated in transplantation setting
should be reconsidered and taken into account [52,53].

In conclusion, we demonstrated, for the fist time, that CMV
infection in transplant patient correlated with an allo-reactive
HLA-E-restricted T cell response that have potential to mediate
detrimental vascularized allograft rejection via endothelial cells
lysis. Therefore, CMV-associated HLA-E restricted T cells could
account for the well-established association between CMV-
infection and accelerated allograft rejection. As HLA-E is also
expressed in leucocytes, the involvement of HLA-E-restricted T
cells in the immunological response following allogeneic hemato-

Figure 5. Reactivity of HLA-E-restricted CD8 T cells against allogeneic endothelial cells. A/Surface expression of HLA-E (thick lines) and
total HLA-I (dotted lines) molecules by two representative endothelial cultures (HAEC). RFI are indicated. B/Cytokine production by HLA-E-restricted
CD8 T cells upon stimulation with endothelials cultures. MART.22 T cells were fixed, permeabilized and stained for intracellular TNF-a following 6 h of
incubation with HAECs (thick line) or not (thin line). Data are expressed as percentage of intracellular cytokine secreting T cells upon stimulation with
HAECs. C/Degranulation of HLA-E-restricted CD8 T cells upon stimulation with endothelial cultures. MART.22 T cells were incubated for 4 h with
HAECs (thick line) or not (thin line) in the presence of anti-CD107a antibody. Results are expressed as percentages of surface CD107a positive T cells
upon stimulation with endothelial cells.
doi:10.1371/journal.pone.0050951.g005
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Table 2. Characteristics of endothelial cells (HLA class I allotypes and HCMV serologic status of donors) and recognition by HLA-E-
restricted T cell clone.

HAEC HLA-Ia allotypes HLA-E allotypes
HCMV sero-
positivity MART.22 reactivitya

HLA-A HLA-B HLA-Cw TNF-a CD107a

#112 *0201 *2402 *1801 *5101 *0202 *0701b *0103 *0103 + 49% 32%

#116 *0201 *2902 *3501 *4402 *0401c *0501b *0101 *0101 + 24% 8%

#323 *0301 *2402 *4701 *5001 *0602 *0602 ND ND 2 75% 68%

#331 *0301 *3201 *0702 *3701 *0602 *0702b *0101 *0103 2 58% 41%

#337 *2402 *3101 *3501 *4001 *0401c *0304b *0103 *0103 2 26% 10%

#402 *2301 *2902 *4403 *5801 *0701b *1601b *0101 *0103 2 3% 4%

#495 *0101 *0201 *4101 *4402 *0501b *1701 ND ND + 54% 52%

HLA-Ia alleles susceptible to provide peptides recognized by HLA-E-restricted T cell clone are indicated in bold.
aHLA-E-restricted T cell clone activity in response to endothelial cells (see Figure 5).
bHLA-C allotypes carrying the C1 epitope that are susceptible to bind to KIR2DL2 receptor.
cHLA-Cw0401 allotype that has been shown to interact with KIR2DL2 receptor.
doi:10.1371/journal.pone.0050951.t002

Figure 6. Regulation of HLA-E-restricted CD8 T cells reactivity against allogeneic endothelial cells by NK receptor. A/Reactivity of HLA-
E-restricted T cells against poorly recognized (HAEC#116) or unrecognized (HAEC#402) endothelial cultures pulsed with synthetic peptides. HAECs
were incubated for 1 h with range concentrations of the indicated peptides before MART.22 T cells were added. After 6 h, T cells were fixed,
permeabilized and stained for intracellular TNF-a. Results are expressed as percentage of TNF-producing T cells. B/Impact of KIR2DL2-ligands
expression by HAECs on HLA-E-restricted T cells alloreactivity. Percentages of TNF-producing MART.22 T cells are shown for HAECs with none, one or
two protective HLA-C alleles. C/Reactivity of HLA-E-restricted T cells against unrecognized endothelial cultures (HAEC#402) in the presence of
blocking antibodies. HAECs were incubated with MART.22 T cells in the presence or not of indicated concentrations of blocking antobodies. After 6 h,
T cells were fixed, permeabilized and stained for intracellular TNF-a. Results are expressed as percentage of TNF-producing T cells.
doi:10.1371/journal.pone.0050951.g006
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poietic stem cell transplantation should also be addressed, as it has
been suggested by studies using transgenic mice [32]. Moreover,
we provided strong evidence that HLA-C/NKR mismatch is a key

player in HLA-E-restricted T cells alloreactivity. Thus, graft organ
HLA-C haplotypes may impact on CMV-associated HLA-E-
restricted T cells capacity to mediate allograft rejection. Hence, a

Figure 7. Impact of IFN-c treatment on allogeneic endothelial cells (HAEC#495) recognition by HLA-E-restricted CD8 T cells. A/
Impact of IFN-c treatment on surface expression of HLA-E (thick lines) and total HLA-I (dotted lines) molecules by endothelial cultures. RFI are
indicated. B/HLA-E-restricted CD8 T cells cytotoxicity toward endothelial cultures treated or not with IFN-c. 103 51Cr-labeled HAECs pretreated (closed
circles) or not (open circle) with IFN-c were co-cultured for 4 h with T cells at various E:T ratio. Cytotoxic activity was assessed trought measure of
Chromium release in the supernatants. Percentages of specific lysis are indicated. Means and standard deviations of triplicate wells are shown for one
representative experiments out of three performed. C/HLA-E-restricted CD8 T cells cytokine production upon stimulation with endothelials cultures
treated or not with IFN-c. MART.22 T cells were fixed, permeabilized and stained for intracellular cytokines following 6 h of incubation with HAECs
pretreated (black bars) or not (white bars) with INF-c. Data are expressed as percentages of intracellular cytokine secreting T cells upon stimulation.
D/HLA-E-restricted CD8 T cells cytokine production upon stimulation with endothelials cultures treated or not by IFN-c, in the presence of blocking
antibodies. MART.22 T cells were fixed, permeabilized and stained for intracellular cytokines following incubation for 6 h with HAECs pretreated or
not with IFN-c in the presence or not of various amount of blocking antibodies directed against KIR2DL2, ILT-2 and HLA-Ia molecules. Data are
expressed as percentages of intracellular TNF secreting T cells upon stimulation.
doi:10.1371/journal.pone.0050951.g007
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deeper evaluation of the frequency and the role of CMV-
associated HLA-E-restricted T cells in transplantation and of the
impact of HLA-C haplotype on their alloreactivity, may determine
whether this indeed represents an additional risk factor following
solid organ transplantation.

Supporting Information

Figure S1 Phenotypic characterization of HLA-E-re-
stricted T cells. The surface expression of various markers
was assessed by flow cytometry and the RFI plotted graphically.
(TIF)

Figure S2 Surface expression of HLA-I molecules by B-
EBV cell lines transfected (.221-E) or not (.221) with
HLA-E. Surface expression of total HLA-I (A), HLA-Ia (B) and
HLA-E (C) molecules. RFI are indicated.
(TIF)

Figure S3 Autoreactivity of HLA-E-restricted T cells in
the presence of blocking antibodies. MART.22 T cells were
incubated in the presence (thick lines) or in the absence (thin lines)
of blocking antobodies (10 mg/ml) directed agains KIR2DL2 (A),
ILT-2 (B) and HLA-Ia (C). After 6 h, T cells were fixed,
permeabilized and stained for intracellular TNF-a. Results are
expressed as percentage of TNF-producing T cells when incubated
with blocking antibodies.
(TIF)

Figure S4 Impact of IFN-c treatment on allogeneic
endothelial cells (HAEC#116) recognition by HLA-E-
restricted CD8 T cells. A/Impact of IFN-c treatment on
surface expression of HLA-E (thick lines) and total HLA-I (dotted
lines) molecules by endothelial cultures. RFI are indicated. B/

HLA-E-restricted CD8 T cells cytotoxicity toward endothelial
cultures treated or not with IFN-c. 103 51Cr-labeled HAECs
pretreated (closed circles) or not (open circle) with IFN-c were co-
cultured for 4 h with T cells at various E:T ratio. Cytotoxic
activity was assessed trought measure of Chromium release in the
supernatants. Percentages of specific lysis are indicated. Means
and standard deviations of triplicate wells are shown for one
representative experiments out of three performed. C/HLA-E-
restricted CD8 T cells cytokine production upon stimulation with
endothelials cultures treated or not with IFN-c. MART.22 T cells
were fixed, permeabilized and stained for intracellular cytokines
following 6 h of incubation with HAECs pretreated (black bars) or
not (white bars) with INF-c. Data are expressed as percentages of
intracellular cytokine secreting T cells upon stimulation.
(TIF)
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