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RÉSUMÉ 

 

La leucémie lymphoïde chronique (LLC) est une lymphoprolifération maligne 

caractérisée par l’accumulation progressive de lymphocytes B matures. La LLC est 

particulièrement associée à une dérégulation du système immunitaire qui favorise le 

développement des fréquents phénomènes auto-immuns, ciblés contre les cellules sanguines, 

comme l’anémie hémolytique auto-immune et le purpura thrombopénique immunologique. 

L’expression aberrante de ZAP-70 dans la LLC est un important facteur pronostique, 

probablement due à son rôle dans l’augmentation de la signalisation par le BCR. Les 

mécanismes responsables de l’auto-immunité dans la LLC, manifestés par l’apparition des 

IgG polyclonaux pathogéniques sécrétés par les lymphocytes B non-malins, sont loin d’être 

connus.  

Ici, nous décrivons pour la première fois une nouvelle population lymphocytaire B 

qui exprime ZAP-70. Les cellules B normales ZAP-70+ ne semble pas appartenir à une sous-

population lymphocytaire B particulière, et elles n’ont pas un phénotype activé. L’expression 

de ZAP-70 dans les cellules B naïves suggère que ce phénomène est précoce dans le 

développement de cellules B, et qui probablement est antérieur à la transformation. En plus, 

nous avons trouvé une bonne corrélation pour le niveau d’expression de ZAP-70 entre les 

cellules B normales et les B de LLC.  

En plus, nous avons trouvé un pourcentage élevé des cellules B normales ZAP-70+ 

dans tous les cas de cytopénie auto-immune associée à la LLC, dans notre série de patients.  

Les B ZAP-70+ pourraient être directement responsables des cytopénies auto-immunes ou 

elles pourraient entrainer une auto-réactivité en général. L’analyse des anticorps 

monoclonaux prévenant de ces cellules, synthétisés pendant ce travail, va probablement 

répondre à cette question. Une deuxième stratégie pour détecter les B qui sont à la fois auto-

réactives et ZAP-70+ a été développée.  Les conséquences fonctionnelles de l’expression 

aberrante de ZAP-70 dans les LyB sur la pathogénèse de l’auto-immunité et de la 

lymphoprolifération vont être mieux caractérisée dans un modèle de souris transgénique 

pour ZAP-70 développé dans ce projet.  

Les résultats présentés dans ce travail ouvrent des nouvelles perspectives dans la 

compréhension du développement lymphocytaire B et de la pathogenèse des phénomènes 

auto-immunes et de la transformation néoplasique.  

 

Mots clé : leucémie lymphoïde chronique, cytopénie auto-immune, ZAP-70, lymphocyte B.  
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ABSTRACT 

 

Chronic lymphocytic leukemia (CLL) is a lymphoproliferative malignancy 

characterized by the progressive clonal accumulation of mature-appearing B cells. CLL has 

the particularity of a dysregulated immune system that favors the development of 

autoimmune phenomena, which have a high incidence, predominantly directed against blood 

cells, like autoimmune hemolytic anemia (AIHA) and immune thrombocytopenia (ITP). 

Abnormal expression of ZAP-70 in CLL cells is an important prognostic factor, probably 

through increased BCR signaling. The mechanisms that lead to autoimmunity in CLL, which 

result in the pathogenic polyclonal IgG autoantibodies secreted by non-malignant cells, are 

far from being understood.  

In this work we described a novel B cell population that expresses ZAP-70 that has 

not been described before. ZAP-70+ normal B cells do not seem to belong to a certain subset 

of B cells, nor seem to have an activated phenotype. The presence of ZAP-70 in the naïve B 

cell subset suggests that this is an early process in the B cell development, which probably 

occurs before malignant transformation. Moreover, we found a good correlation in the level 

of ZAP-70 expression, between normal B cells and CLL B cells.  

Importantly, we found a percentage of ZAP-70+ normal B cells in all AIC-associated 

CLL patients. ZAP-70+ B cells could be directly responsible for AIC, or could determine a 

general increase in autoimmune reactivity. Monoclonal antibodies synthetized from these 

cells will probably answer this question. A second strategy designed to detect autoantigen-

reactive B cells that are at the same time ZAP-70+ in flow cytometry is under way. The 

functional consequences on autoimmunity or lymphoproliferation of aberrant expression of 

ZAP-70 in B cells will be studied in more detail in a conditional ZAP-70 KI mouse model, 

designed in this project.  

The results presented in this work open new perspectives in the comprehension of B 

cell development and the physiopathology of autoimmunity and malignant transformation.  

 

Keywords: chronic lymphocytic leukemia, autoimmune cytopenia, ZAP-70, B cells.  
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Abbreviations 
 

AAE    acquired angioedema  

Ab    antibody 

ACE    antigen-capture ELISA  

ADAM29    a disintegrin and metalloproteinase 29 

Ag    antigen 

AIC    autoimmune cytopenia 

AIG    autoimmune granulocytopenia  

AIHA    autoimmune hemolytic anemia 

APC    antigen presenting cell    

ATM    ataxia telangiectasia-mutated  

APRIL    a proliferation-inducing ligand  

BAFF    B-cell activating factor 

BCL2    B-cell lymphoma 2  

BCR    B-cell receptor  

BIRC3    baculoviral IAP repeat containing 3 

BLNK    B cell linker protein 

BMSC    bone marrow stromal cells  

Breg    regulatory B-cell 

BSA    bovine serum albumin  

Btk    Bruton tyrosine kinase 

CAD    cold agglutinins disease  

CART    chimeric antigen receptor therapy  

c-Cbl    c-Casitas B-lineage lymphoma 

cDNA    complementary DNA   

CDR    complementarity-determining region  

CIP    calf intestine alkaline phosphatase  

CLL     chronic lymphocytic leukemia 

CTLA4    cytotoxic T-lymphocyte-associated protein 4  

DAG    diacylglycerol  

DAT    direct antiglobulin test (direct Coombs test) 

DMEM    Dulbecco’s Modified Eagle’s Medium 

DNA    deoxyribonucleic acid  

dsDNA    double-stranded DNA 

EBV    Epstein-Barr virus 

EDTA    ethylenediaminetetraacetic acid 

ELISA    enzyme-linked immunesorbent assay 

ES     embryonic stem cell  

F    fludarabine  

FACS    fluorescence activated cell sorting 

FC    fludarabine-cyclophosphamide  

FCIA    flow cytometry immunobead array  

FCS    fetal calf serum  

FISH    fluorescence in situ hybridization 

FOXP3    forkhead box P3   

FR    framework region 

FS    forward scattering 

FVD     Fixable Viability Dye 

GC    germinal center 
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GEF    guanine-nucleotide exchange factor 

GEP    gene expression profiling  

GP    glycoprotein  

HCDR3    heavy chain Ig complementarity-determining region 3 

HBV    hepatitis B virus 

HCMV    human cytomegalovirus  

HCV    hepatitis C virus 

HEK    human embryonic kidney cells   

HIV    human immunodeficiency virus  

HSC    hematopoietic stem cell 

IGHV    immunoglobulin heavy variable (genes) 

IHC    immunohistochemistry  

IL    interleukin  

IPEX immunodysregulation polyendocrinopathy enteropathy X-linked 

syndrome  

IP3    inositol triphosphate  

ITAM    immunoreceptor tyrosine-based activation motif 

ITP    immune thrombocytopenia  

IWCLL    international workshop on CLL 

KI    knocked-in  

KIR    killer cell immunoglobulin-like receptor  

LAT    linker for activation of T-cell  

Lck    lymphocyte-specific protein tyrosine kinase   

LDH    lactate dehydrogenase 

LPL    lipoprotein lipase 

mAb    monoclonal antibody  

MACE    modified antigen-capture ELISA 

MAG    myelin associated glycoprotein 

MAIPA monoclonal antibody immobilization of platelet Ag 

MAPK mitogen-activated protein kinase 

MBL    monoclonal B cell lymphocytosis 

M-CLL    mutated IGHV CLL  

MFI    median fluorescence intensity  

miR    micro RNA (miRNA) 

MMP-9    matrix metalloproteinase-9 

mRNA    messenger RNA 

MRD    minimal residual disease  

MyD88    myeloid differentiation primary response gene 88 

MZ B cell   marginal zone B cell 

NCBI    National Center for Biotechnology Information  

NF-kB    nuclear factor-kappaB  

NGS    next-generation sequencing  

NK    natural killer cell  

NLC    nurse-like cell 

OD    optic density  

OS    overall survival 

PBMC    peripheral blood mononuclear cell 

PBS    phosphate-buffered saline   

PCR    polymerase chain reaction   

PFS    progression-free survival  

PIP2    phosphatidylinositol (4,5) diphosphate  
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PI3K    phosphoinositide 3-kinase 

PLC    phospholipase C  

PLL    prolymphocytic leukemia 

PNP    paraneoplastic pemphigus 

PTPN22   protein tyrosine phosphatase, non-receptor type 22 

SH2    Src homology 2 domain  

SLP-76    SH2 domain containing leucocyte protein of 76 kDa    

SPRCA    solid-phase red blood cell adherence 

PRCA    pure red cell aplasia 

PSIFT     platelet suspension immunofluorescence test 

qPCR    quantitative real-time PCR 

RBC    red blood cell  

RCD    rituximab, cyclophosphamide, dexamethasone 

R-CVP    rituximab, cyclophosphamide, vincristine, prednisone 

RF     reading frame  

RFC    rituximab, fludarabine, cyclophosphamide  

RhAG    Rhesus-associated glycoprotein  

RMH     Royal Marsden Hospital 

RNA    ribonucleic acid  

RNP    ribonucleoprotein 

RPMI    Roswell Park Memorial Institute medium  

SCID    severe combined immunodeficiency  

scPCR    single cell PCR  

SF3B1    splicing factor 3b subunit 1 

SHM    somatic hypermutation  

SLE    systemic lupus erythematosus  

SLL     small lymphocytic leukemia 

SS    side scattering 

Syk    spleen tyrosine kinase 

TCL1    T-cell leukemia/lymphoma 1 

TCR    T-cell receptor  

TFH    T follicular helper cell  

Th    T helper cell  

TK    tyrosine kinase   

TNF    tumor necrosis factor 

TOF    time of flight  

Treg    regulatory T-cell 

TZK    truncated ZAP kinase  

U-CLL    unmutated IGHV CLL 

VCAM-1   vascular cell adhesion molecule 

vWF    von Willebrand factor  

WB    Western blotting  

ZAP-70    zeta-associated protein 70kDa 
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& 1?&

&

"l*=(%)&,H&,-()#'3"(,#-&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&A1&

R1& E";>=<E&@a03">Ea!<E&@%?K%0<:&1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&QT&
1H1H& '%d,-,(,#-+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&A>&
1HAH& %=,'%B,#$#eg&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&A0&
1H>H& ',*e-#+,+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&A?&
1H>H1H&"F545;MF&KM45G9D6M65C4D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&A?&
1H>HAH&$MUC:M6C:Z&G54854ND&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&A?&
1H0H& =*(l#e%-%+,+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&Aj&
1H0H1H&(<9&4C:KMF&;CE469:PM:6&CG&"$$&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&Aj&
!& "'?m&f&;9FFD&n&<EKM4&f1&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&Aj&
!& *465N94^9QP9:594;98Y&oK9KC:Z^F5b9p&f&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>k&
!& BM:N54MF&SC49&/Bq2&f&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>k&
!& +9FG^:9M;65J9Y&oM49:N5S98p&f&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>A&
!& l9KM6CPC5965;&D69K&;9FFD&/l+"2&54&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>0&
1H0HAH&BC4C;FC4MF&f&;9FF&FZKP<C;Z6CD5D&/Bf$2&MD&M&"$$&P:9;E:DC:&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>0&
1H0H>H&f")&D5N4MF54N&54&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>0&
!& f")&D5N4MF54N&54&4C:KMF&f&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>?&
!& ,el.&KE6M65C4MF&D6M6ED&M48&f")&D5N4MF54N&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>@&
!& f")&D69:9C6ZPZ&M48&/ME6C2M465N94&D65KEFM65C4&54&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&>j&
1H0H0H&'9G9;65J9&MPCP6CD5D&M48&"$$&b54965;D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&0A&
1H0H?H&"$$&K5;:C94J5:C4K946&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&0A&
1H0H\H&e94965;&M48&9P5N94965;&G9M6E:9D&CG&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&00&
!& '9F965C4D&54&1>O&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&00&
!& '9F965C4&CG&11O&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&0?&
!& (:5DCKZ&1A&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&0?&
!& '9F965C4&CG&1@P&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&0\&
!& "CKPF9Q&bM:ZC6ZP9&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&0\&
!& r<CF9&9QCK9&D9OE94;54N&8M6M&54&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&0\&
!& %P5N94965;&G9M6E:9D&CG&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&0j&
1H?H& +(*e,-e&*-'&=)#e-#+(,"&d*"(#)+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&?1&
1H?H1H&"F545;MF&D6MN9&M;;C:854N&6C&f5496&M48&)M5&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&?A&
1H?HAH&BM:b9:D&CG&6EKC:&UE:894&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&?>&
1H?H>H&+9:CFCN5;MF&KM:b9:D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&?0&
1H?H0H&,el.&KE6M65C4MF&D6M6ED&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&?0&
1H?H?H&q*=^@k&MD&M&P:CN4CD65;&GM;6C:&54&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&?\&
1H?H\H&"'>i&9QP:9DD5C4&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&\1&
1H?H@H&"'0j8&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&\A&
1H?HiH&$=$&9QP:9DD5C4&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&\A&
1H?HjH&e94965;&P:CN4CD65;&GM;6C:D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&\A&
1H?H1kH&B545KMF&:9D58EMF&85D9MD9&MD&M&P:CN4CD65;&GM;6C:&54&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&\0&
1H\H& ()%*(B%-(&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&\?&
1H@H& "#B=$,"*(,#-+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&\@&
Q1& :?!><00?=%&3"%=>0%=:&<=&E@@&1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&bO&
0H1H& %=,'%B,#$#e,"&'*(*&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&\j&



& 1\&

0HAH& ',*e-#+,+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@1&
AHAH1H&*E6C5KKE49&<9KCFZ65;&M49K5M&/*,l*2&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@1&
!& '5:9;6&M465NFCUEF54&69D6&/'*(s&5H9H&85:9;6&"CCKUD&69D62&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@A&
AHAHAH&,KKE49&6<:CKUC;Z6CP945M&/,(=2&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@>&
!& '969;65C4&CG&M465^PFM69F96D&M465UC859D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@0&
AHAH>H&*E6C5KKE49&PE:9&:98&;9FF&MPFMD5M&/=)"*2&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@@&
AHAH0H&*E6C5KKE49&N:M4EFC;Z6CP945M&/*,e2&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@@&
!& '969;65C4&CG&M465^49E6:CP<5F&M465UC859D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@i&
0H>H& =*(l#e%-%+,+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@i&
AH>H1H&#J9:J59a&CG&ME6C5KKE49&K9;<M45DKD&54&N949:MF&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&@i&
AH>HAH&*E6CM465UC859D&54&"$$^MDDC;5M698&ME6C5KKE49&;Z6CP945M&/*,"2&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&iA&
AH>H>H&*465N94D&54&*l*,&M48&,(=&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&i0&
AH>H0H&)CF9&CG&4C:KMF&f&;9FFD&54&*,"&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&i@&
AH>H?H&)CF9&CG&(&;9FFD&54&*,"&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&ii&
AH>H\H&)CF9&CG&F9Eb9K5;&;9FFD&54&*,"&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&ij&
AH>H@H&(:9M6K946^:9FM698&*,"&54&"$$&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&j1&
0H0H& =)#e-#+(,"&+,e-,d,"*-"%&*-'&),+t&d*"(#)+&d#)&*,"&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&jA&
0H?H& ()%*(B%-(&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&j?&
T1&c:3IVP&1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111&OV&
>H1H&q*=^@k&+()3"(3)%&*-'&+,e-*$,-e&=*(lr*g+&(l)#3el&q*=^@k&,-&(&"%$$+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&j@&
!& q*=^@k&54&-t&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1k1&
>HAH&q*=^@k&%u=)%++,#-&,-&"$$&"%$$+&*-'&*++#",*(%'&+3).,.*$&*'.*-(*e%+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1kA&
!& q*=^@k&9QP:9DD5C4&8969;65C4&K96<C8D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1kA&
!& q*=^@k&9QP:9DD5C4&94<M4;9D&f")&D5N4MF54N&54&"$$&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1k>&
!& +E:J5JMF&M8JM46MN9D&CG&q*=^@k&9QP:9DD5C4&54&"$$&;9FFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1k\&
!& q*=^@k&9QP:9DD5C4&54&C6<9:&FZKP<C58&KMF5N4M4;59D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1k\&
>H>H&q*=^@k&%u=)%++,#-&,-&-#)B*$&f&"%$$+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1k@&
>H0H&q*=^@k&*-'&*3(#^,BB3-,(g&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1kj&

"l*=(%)&AH&=)#I%"(&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&11>&

!& =:9K5D9D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&11?&
!& lZPC6<9D5S98&;C4;FED5C4D&6C&89KC4D6:M69&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&11\&

"l*=(%)&>H&=*(,%-(+&*-'&B%(l#'+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&11j&

"l*=(%)&0H&)%+3$(+&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1>?&

0H1H& *&d)*"(,#-&#d&-#)B*$&f&"%$$+&d)#B&"$$&=*(,%-(+&%u=)%++&q*=^@k&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1>@&
!& "<M:M;69:5D65;D&CG&M4MFZS98&"$$&PM65946D&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&100&
!& q*=^@k&K)-*&9QP:9DD5C4&54&O=")&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&10\&
!& "C4G5:KM65C4&CG&q*=^@k&K)-*&9QP:9DD5C4&UZ&4C:KMF&f&;9FFD&G:CK&q*=^@km&"$$&PM65946D&54&

D54NF9&;9FF&)(^=")&/D;=")2&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&10i&
0HAH& (l%)%&,+&*&e##'&"#))%$*(,#-&f%(r%%-&(l%&%u=)%++,#-&$%.%$+&#d&q*=^@k&#d&B*$,e-*-(&*-'&

-#)B*$&f&"%$$+&,-&(l%&+*B%&"$$&=*(,%-(&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1?1&
!& (&;9FFD&G:CK&"$$&PM65946D&9QP:9DD&<5N<9:&F9J9FD&CG&q*=^@k&6<M4&;C46:CFD&HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH&1?>&
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1. CHRONIC LYMPHOCYTIC LEUKEMIA 

 

 

 

1.1. DEFINITIONS 

&

Chronic lymphocytic leukemia (CLL) is a lymphoproliferative malignancy 

characterized by the progressive clonal accumulation of mature-appearing B lymphocytes in 

the peripheral blood, bone marrow, lymph nodes and spleen (Swerdlow, International 

Agency for Research on Cancer., and World Health Organization. 2008). The diagnosis of 

CLL requires the presence of at least 5x109 monoclonal B lymphocytes/L (5000/μL) in the 

peripheral blood with a characteristic immunophenotype (CD19+, CD5+, CD23+, CD20low, 

CD79blow, sIglow).  

The World Health Organization classification of hematopoietic neoplasias describes 

small lymphocytic lymphoma (SLL) as the same entity as CLL, with the same tissue 

morphology and immunophenotype, the only distinguishable character being the absence of 

leukemic appearance (< 5000 monoclonal B cells/μL in peripheral blood).  The diagnosis of 

SLL requires the presence of lymphadenopathy, splenomegaly and/or other tissue 

involvement by an infiltrate characteristic of CLL, proven by a histopathologic biopsy 

(Campo et al. 2011).  

In the absence of lymphadenopathy or splenomegaly, the incidental detection of 

fewer than 5000 monoclonal B lymphocytes/μL is defined as monoclonal B lymphocytosis 

(MBL). MBL is an asymptomatic hematologic condition in persons who do not have CLL, 

other B lymphoproliferative disorders, or underlying conditions such as infectious and 

autoimmune diseases (Marti et al. 2005). 



& A0&

The CLL cells found in the blood smear are characteristically small, mature 

lymphocytes with a narrow border of cytoplasm and a dense nucleus lacking discernible 

nucleoli and having partially aggregated chromatin. These cells may be found admixed with 

larger, atypical cells with prominent nucleoli (prolymphocytes), which may count up to 55% 

of the blood lymphocytes. The forms with more than 10% of prolymphocytes (but less than 

55%) are called atypical CLL (Hallek et al. 2008). Finding prolymphocytes in excess of this 

percentage would favor a diagnosis of prolymphocytic leukemia (PLL), which is a distinct 

entity, usually CD5-, described by Galton (Melo, Catovsky, and Galton 1987).  

 

1.2. EPIDEMIOLOGY 

&

 

CLL is the most common leukemia in the Western world, occurring predominantly in 

elderly people, with a median age at diagnosis of 72 years. The incidence rate is 2-6 cases 

per 100000 persons per year, increasing with age, reaching 12,8 cases/100000 at the age of 

65. The risk of dying from disease-specific causes increases with age, but even for patients 

diagnosed with CLL before the age of 50, the median life expectancy diminishes from 31,2 

years in age-matched control subjects to 13,3 years (Abrisqueta et al. 2009; Hoffman 2013). 

The total CLL/SLL incidence rate (IR) is significantly higher among males (IR 7,04) in 

comparison to females (IR 3,72). The male predominance is significantly greater for CLL 

with an incidence rate ratio (IRR) of 1,98 than for SLL (IRR 1,67) (Dores et al. 2007). CLL 

is more common in Caucasians than in blacks and Asians. The low incidence in Asians 

persists even in those subjects who migrated in the Occident, implying a possible genetic 

predisposition. Up to 10% of CLL patients have a first- or second-degree relative with CLL 

and an even higher frequency if we consider MBL.  

Relatives of CLL patients also appear to have a higher frequency of other 

lymphoproliferative disorders. Although an association with familial autoimmune diseases 

was suggested in the past, a recent, very large case-control population study did not find 

such a correlation, with the exception of pernicious anemia (Landgren et al. 2006).  
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1.3.  DIAGNOSIS 

&

1.3.1. Clinical manifestations 

&

Most of the patients are asymptomatic at diagnosis, which is made on a 

lymphocytosis identified in routine blood tests evaluation. Some patients may present with 

fatigue, dyspnea (due to anemia or cytokines from cancer cells), early satiety (from spleen 

enlargement), hepatomegaly, palpable lymph nodes, petechiae or other hemorrhagic signs 

(due to thrombocytopenia). Recurrent infections as a consequence of acquired 

immunodeficiency are also a common presentation, especially herpes zoster infection. 

Rarely, there is an infiltration of other organs, like skin, kidney, lung or pleural space. 

Unusual symptoms, generally associated with Richter transformation are night sweats, fever 

and weight loss.  

1.3.2. Laboratory findings 

&

In the peripheral blood the diagnosis requires hyperlymphocytosis (> 5000/μL, 

usually around 20000/μL, occasionally > 400000/μL). It can be associated with anemia, 

thrombocytopenia or neutropenia as a consequence of advanced disease or of autoimmune 

phenomena. The blood smear shows lymphocytes with mature appearance and characteristic 

artefactual damaged cells as a result of their fragility, named “smudge cells” or “Gumprecht 

shadows”.  

A bone marrow aspiration or biopsy is not usually required for diagnosis. It can help, 

however, search for factors that might contribute to cytopenias (anemia, thrombocytopenia) 

that could be related or not to CLL infiltration of the marrow. Typically, more than 30% of 

the nucleated cells in the aspirate are lymphoid. Before the era of new prognostic markers, 

the marrow biopsy used to provide prognostic features as nodular (favorable), interstitial 

(intermediate) or diffuse (unfavorable) infiltration.  
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Figure 1. Microscopic features of CLL: A. Peripheral blood smear showing 2 typical B CLL 

cells, a prolymphocyte and a Grumprecht shadow. B., C. and D. Patterns of marrow 

involvement (Tkachuk, Hirschmann, and Wintrobe 2007). 

 

Lymph node biopsy, rarely required, shows effacement of the architecture with a 

pseudofollicular pattern with pale areas containing large cells, in a dark background of small 

cells, named proliferation centers.  

The positive diagnosis of CLL relies on immunophenotypic confirmation, which is 

now mandatory. Specifically, CLL express a variety of B cell markers, including CD19+, 

CD23+, CD20low, CD79blow, sIglow and the pan-T cell marker CD5+. k or λ restriction is 

always present, establishing the monoclonality, although sIg expression may be so 

diminished that light chain restriction can be difficult to determine. The flow cytometry 

characterization also permits to differentiate between CLL and other mature cell 

lymphoproliferations as shown in Figure 2. For example, de novo PLL B cells do not express 

CD5 and have a higher level of CD20 and sIg. Mantle cell lymphoma expresses CD5, but 

not CD23 in the majority of cases. There is an immunophenotype score that permits to 

differentiate between these diseases, called RMH (Royal Marsden Hospital) or Matutes 

score (Table 1). A score of 4 or 5 is required for a confirmation of CLL. Only 5% of CLL 
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have a Matutes of 3, and a score below 3 excludes a CLL diagnosis. Transformation of CLL 

to either secondary PLL or local large cell lymphoma (Richter transformation) is often 

associated with immunophenotypic drift, where CD5 is lost and FMC7 expression is 

acquired. 

 

 

 

 

 

 

 

 

Table 1. RMH (or Matutes) scoring system (Matutes et al. 1994). CD79b is used since the 

publication of Moreau et al. to optimize the scoring system (Moreau et al. 1997). 

 

 

 

 

 

 

 

 

 

RMH (Matutes) scoring system 

Marker 1 point 0 points 

CD5 Positive (1) Negative (0) 

CD23 Positive (1) Negative (0) 

CD79b/CD22 Weak (1) Strong (0) 

FMC7 Negative (1) Positive (0) 

sIg Weak (1) Strong (0) 



& Ai&

 

Figure 2. Use of immunophenotyping in differential diagnosis of mature B cell neoplasms 

(Zelenetz et al. 2010).  
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1.4. PATHOGENESIS  

&

The complexity of the biology of CLL has become increasingly apparent as the 

knowledge of the basic science expanded. Still, CLL remains an enigmatic disease, although 

the first clinical description was published over 150 years ago. The main questions that 

remain to resolve are: 

! the normal cell of origin from which CLL is derived 

! the role of B cell receptor (BCR) signaling in CLL pathogenesis 

! the existence and relevance of infectious or self antigens that may drive B cell 

clone 

1.4.1. The normal counterpart of CLL cells 

&

Several cell types have been suggested as giving rise to CLL. The phenotypic profile 

of CLL is different from any normal B cell subset: CD19+, CD5+, CD23+ and low levels of 

surface Ig. CLL clones use either mutated or unmutated IGHV genes, which distinguishes 

two subgroups of patients with distinct clinical outcomes (Hamblin et al. 1999; Damle et al. 

1999). This fact gave rise to the hypothesis that these two groups originate from different 

cell types with distinct differentiation and antigen encounter histories, consistent with a 2-

cell origin model. On the other hand, the gene expression profiling (GEP) of these 2 groups 

reveals a homogenous phenotype, related to memory B cells, with only few differences, 

consistent with one-cell origin model (Klein et al. 2001).  

 

! CD5+ B cells / human B1 cells 
&

Originally, it was thought that CLL derives from CD5+ B cells, because CLL 

invariably expresses CD5 antigen and because mouse CD5+ B cells tend to outgrow as a 

monoclonal population in old mice (Förster, Gu, and Rajewsky 1988), have self-replenishing 

features and a propensity to spontaneous produce autoreactive antibodies (Thorsten Zenz et 

al. 2010). Recently, the human B1 cell subset has been phenotypically described as 

CD20+CD27+CD43+CD70-, these cells having the 3 fundamental functions of mouse B1 
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cells: spontaneous IgM secretion, efficient T cell stimulation and tonic intracellular signaling 

(Griffin, Holodick, and Rothstein 2011). These newly described human B1 cells are very 

similar to unmutated B cell subset of CLL, as both are CD20+CD27+CD43+CD70-, express 

unmutated IGHV, and most of B1 cells are CD5+, like CLL cells. More recent transcriptomic 

(GEP) studies of CLL cells show similarities to circulating CD5+ B cells, but not to cordon 

blood CD5+ B cells (Seifert et al. 2012). The arguments against the hypothesis that B1 cells 

are the origin of CLL are that half of CLL express mutated IGHV, that CD5+ cells from 

normal adults do not have stereotyped IGHV, and that CD5 is not a stable marker, as it can 

be induced upon activation of peripheral B cells.  

! Antigen-experienced, “memory-like” B cells 
&

Relatively unique antigen-binding sites with specific antigen-binding features 

strongly suggest that CLL cells are antigen-experienced, resembling memory B cells. In 

IGHV mutated CLL (M-CLL), cells could be similar to “classic memory B cells”, generated 

either by a typical GC reaction or by a response outside GC that induces mutations. Figure 3 

shows the actual view on B cell development with important implications on possible 

precursors of CLL. Note that IgM+IgD+CD27+ B cells could be post-GC (Seifert and 

Kuppers 2009), even though not class-switched, and that antigen-experienced, but T-

independent, non-GC, B cells could result in IGHV-mutated (Toellner et al. 2002), class-

switched B cells (William 2002). Both of these could be possible CLL cells precursors. In 

IGHV unmutated CLL (U-CLL), cells could be viewed as antigen-experienced, “memory-

like” cells, that, at one of several stages in B cell maturation, failed to change their antigen 

combining sites despite repeated stimulation (Chiorazzi and Ferrarini 2010). Recurrent 

stereotypy in Ig repertoire, also, is in favor of such antigen driven hypothesis.  

! Marginal zone (MZ) B cells  
&

To reconcile the two-cell origin model (supported by BCR findings) and the one-cell 

origin model (supported by gene expression data) a unifying theory has been proposed in 

which both U-CLL and M-CLL derive from MZ B cells. MZ cells can respond to both T-

independent and T-dependent antigens, can express both unmutated and mutated BCR, and 

can display activation phenotypes after antigen encounter. The argument against this 

hypothesis is that MZ cells are IgMhiCD5-CD23-, unlike CLL cells. 
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Figure 3.  Maturation of B lymphocytes, focusing on issues relevant to the possible 

precursors of CLL cells (Chiorazzi and Ferrarini 2010).  
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! Self-reactive, “anergized” B cells 
&

Recently, Garcia-Munoz et al. (García-Muñoz, Galiacho, and Llorente 2012; García-

Muñoz and Llorente 2014) proposed the Burnet’s “forbidden clone” theory for CLL, in 

which CLL cells originate from a coordinated normal immunologic tolerance mechanism 

aimed to destroy self-reactive B cells. Additional genetic damage induced by tolerance 

mechanisms may immortalize self-reactive B cells and transform them into leukemia. 

Importantly, U-CLL and M-CLL cells derive from self-reactive B lymphocytes, despite the 

fact that they express different antibody reactivity (Hervé et al. 2005). This has been 

demonstrated when mutated, non-autoreactive CLL autoantibody sequences were reverted in 

vitro to their germline counterparts that encoded polyreactive and autoreactive antibodies, 

just like UM-CLL. Moreover, CLL cells can express BCR that recognize their own BCR and 

have an autonomous signaling capacity, similar to the pre-B-cell receptor (pre-BCR) 

expressed in pre-B lymphocytes (Minden et al. 2012; Köhler et al. 2008). 

These self-reactive or auto-reactive “forbidden” cells are persistently under check by 

tolerance mechanisms. There is evidence that CLL cells are in constant receptor-editing 

(Hadzidimitriou et al. 2008), some of them lack allelic exclusion (Rassenti and Kipps 1997), 

express low levels of surface Ig and a molecular signature of anergy (Muzio et al. 2008). 

Despite tolerance mechanisms, these new “edited anergized” lymphocytes continue with 

their differentiation and can, on specific stimulation, proliferate excessively.  

An important checkpoint in peripheral tolerance is the entry into the T-dependent, 

long-term memory compartment (Figure 4). The feature of self and polyreactivity of U-CLL 

cells suggests that these cells are excluded from GC entry. On the other hand, M-CLL cells 

may represent U-CLL cells that could manage to entry the GC and correct their self-

reactivity by somatic hypermutation (SHM) (Hervé et al. 2005).  

Another hypothesis is that CD5 expression in CLL might be related to the control of 

autoimmunity, as the repetitive BCR stimulation of normal B cells leads to anergy and CD5 

expression (Gary-Gouy et al. 2000; Hippen, Tze, and Behrens 2000). CD5 could protect 

from autoimmunity through inhibition of early BCR signaling (Gary-Gouy et al. 2002), 

maintain tolerance in anergic B cells and could induce the secretion of IL-10 (Gary-Gouy 

2002). The autocrine secretion of IL-10 represents also a survival factor for CLL cells. 

Another argument for CD5 as an important factor in CLL progression and development is 
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the immunophenotypic drift with the loss of CD5, when CLL progress towards a more 

aggressive disease (increased number of prolymphocytes or Richter syndrome).  

The mechanisms meant to increase diversity and to escape tolerance, like somatic 

hypermutation and receptor editing, could generate double-stranded DNA breaks that could 

favor mutations, deletions and translocations with a possible clonal evolution towards 

malignancy.  

 

 

Figure 4. Tolerance mechanisms in the germinal center possible involved in CLL 

pathogenesis.  
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! Hematopoietic stem cells (HSC) in CLL 
&

The actual WHO classification (Swerdlow, International Agency for Research on 

Cancer., and World Health Organization. 2008) of hematopoietic malignancies is according 

to the presumed cell of origin, categorizing two main groups: acute, precursor-cell derived 

and chronic, mature-cell derived diseases. According to this classification CLL was defined 

as a mature-cell derived leukemia. This was recently challenged by xenogeneic 

transplantation studies where HSC isolated from CLL patients developed into monoclonal or 

oligoclonal B cell lymphoproliferation, resembling CLL. The B cells that developed in such 

xenografts did not express the same IGHV, perhaps due to selection by different 

(auto)antigens present in human, but not in mouse, but expressed the same IGHV mutational 

status as the corresponding CLL clone (Kikushige et al. 2011). This is the first 

demonstration that the oncologic process begins at the stem cell level in CLL.  

 

1.4.2. Monoclonal B cell lymphocytosis (MBL) as a CLL precursor 

&

MBL is found in approximately 3% of normal persons and their frequency is 

significantly increased (13,5%) in relatives of CLL patients (Rawstron 2002; Goldin et al. 

2010). MBL represents a very interesting condition for the study of CLL pathogenesis, as 

CLL is always preceded by an MBL state, as demonstrated by a large prospective study 

(Landgren et al. 2009).  

 

1.4.3. BCR signaling in CLL 

&

The signaling pathways activated upon antigen-BCR interaction involve activation 

signaling cascades that culminate in the activation of transcription factors that determine the 

proliferation and differentiation of B cells. 
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! BCR signaling in normal B cells 
&

In normal B cells, cross-linking of surface Ig by antigen activates the receptor-

associated Src-family protein tyrosine kinases Blk, Fyn and Lyn. The receptor-associated 

kinases phosphorylate the ITAMs (immunoreceptor tyrosine-based activation motifs) in the 

receptor complex, which bind and activate the cytosolic protein kinase Syk. Syk then 

phosphorylates other targets, including the adaptor protein BLNK, which helps to recruit Tec 

kinases that in turn phosphorylate and activate the enzyme PLC-γ. PLC-γ cleaves the 

membrane phospholipid PIP2 into IP3 and DAG, thus initiating two of the three main 

signaling pathways to the nucleus. IP3 releases Ca2+ from intracellular and extracellular 

sources, and Ca2+-dependent enzymes are activated, whereas DAG activates protein kinase C 

with the help of Ca2+. The third main signaling pathway is initiated by guanine-nucleotide 

exchange factors (GEFs) that become associated with the receptor and activate small GTP-

binding proteins such as Ras. These in turn trigger protein kinase cascades (MAP kinase 

cascades) that lead to the activation of MAP kinases that move into the nucleus and 

phosphorylate proteins that regulate gene transcription. The normal BCR activation pathway 

is described in Figure 5 (Murphy, Walport, and Janeway 2012).  
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#####Figure 5. BCR signaling in normal B cells (Murphy, Walport, and Janeway 2012). 
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 CLL has distinct BCR signaling compared with normal B cells, that is characterized 

by low-level IgM expression, variable response to antigen stimulation and tonic activation of 

antiapoptotic signaling pathways, as indicated in Table 2.    

 

Table 2. BCR signaling in CLL B cells compared with normal B cells (Woyach, Johnson, 

and Byrd 2012).  

 

! IGHV mutational status and BCR signaling 
&

CLL that have mutated IGHV (M-CLL) genes can be differentiated from those that 

have unmutated IGHV (UM-CLL) genes, the two groups following different clinical course, 

with patients that have UM-CLL having a poorer survival (Damle et al. 1999; Hamblin et al. 

1999). IGHV genes with at least 98% similarity with germline sequences define UM-CLL 

and genes with less that 98% homology define the M-CLL subset.  

In an attempt to identify surrogate genes associated with UM-CLL, ZAP-70 

overexpression was identified (Rosenwald et al. 2001). The majority of UM-CLLs has ZAP-

70 overexpression and demonstrates evidence of Syk activation and other essential BCR 

downstream activation signals after ligation of surface IgM. In contrast, generally all M-

CLLs lack significant ZAP-70 expression.  

###In CLL cells, BCR signaling responses are heterogeneous. Generally we can identify 

2 subsets: one that appears to be essentially unresponsive to anti-IgM ligation in vitro, more 

common among M-CLL and one in which there is a relatively persistent activation of 

ERK1/2 after anti-IgM, more common among U-CLL (Lanham et al. 2003). Specifically, 
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80% of cases with U-CLL showed increased global tyrosine phosphorylation following IgM 

ligation, whereas only 20% of M-CLL responded. Non-responsiveness to anti-IgM can be 

circumvented by ligation of IgD or the BCR-associated molecule CD79a (Igα). These results 

suggest that multiple mechanisms underlie non-responsiveness to anti-IgM in CLL and that 

retained responsiveness to anti-IgM contributes to the poor prognosis associated with U-

CLL. Heterogeneity in signaling responses also exists within the malignant clone.  

 Lack of signaling responsiveness is associated with a failure to induce Syk 

phosphorylation, a very early event in signalosome formation implying that a key regulatory 

step must exist at or close to the level of receptor. Syk activation may indirectly be enhanced 

by ZAP-70. BCR signaling capacity in CLL also correlates with ZAP-70 expression and 

signaling can be augmented by ZAP-70 overexpression (Chen 2002a; L. Chen et al. 2008; 

Gobessi et al. 2007).  

 Recently, PI3K/Akt pathway aberrant constitutive activation has been demonstrated 

to have an important role in CLL survival (Ringshausen 2002; Herman et al. 2010). Btk 

pathway is also amplified in CLL and leads to prosurvival signals through its effect on PI3K, 

PLC-γ and NF-kB (Herman et al. 2014).  

 Importantly, signaling responses can be enhanced in CLL cells by incubation with 

immobilized, rather than soluble, anti-IgM antibodies (Petlickovski et al. 2005). Thus, 

responses in vivo are likely to be dependent on both the features of CLL cell and the 

interacting antigen (soluble versus tissue bound or macromolecular).  

 Antigen-independent BCR and pre-BCR signaling is termed tonic signaling. This 

concept was first proposed based on findings that the pre-BCR signals even though it does 

not contain a conventional ligand-binding site. Tonic signals are transmitted via the 

phosphorylated ITAM motifs of Igα and Igβ (Monroe 2006). There was recently shown that, 

in contrast to other B cell neoplasias, CLL BCRs induce antigen-independent cell-

autonomous signaling, which is dependent on the heavy-chain complementarity-determining 

region 3 (HCDR3) and an internal epitope of the BCR (Minden et al. 2012). Indeed, 

transferring HCDR3 of a CLL-derived BCR provides autonomous signaling capacity to a 

non-autonomously active BCR, whereas mutations in the internal epitope abolish this 

capacity.  These findings identify a new process whereby CLL HCDR3 interact with 

epitopes within the same or adjacent BCRs, these internal epitopes being localized in the 
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FR2 (framework region 2) of IGHV.  

 

! BCR stereotypy and (auto)antigen stimulation in CLL 
&

The analysis of the Ig genes in CLL provided the first indications for a possible role 

of antigens (Ag) in selecting the CLL progenitor cells, through the discovery of a biased 

IGHV repertoire, different from normal B cells. There is a remarkable BCR similarity 

detected in unrelated and geographically distinct CLL cases, which is not demonstrated in 

other B cell malignancies in which an antigenic stimulation is demonstrated. Stereotypy is 

the observation of near complete sequence homology of the HCDR3 and is associated with 

adverse risk independently of IGHV mutational status, although it is more commonly 

observed among U-CLL (40% of stereotypy) than M-CLL (10%). The first example is 

provided by the cases expressing IGHV3-21 gene with a remarkably short and characteristic 

CDR3. These patients have a bad outcome regardless of the percentage of IGHV somatic 

mutation (Ghia 2005). Another provocative example is that of two different subsets of CLL 

using the IGHV1-69 gene, but forming two different HCDR3 regions, hence potentially 

recognizing two unrelated antigens. These two subsets, both with unmutated IGHVs, behave 

at a clinical level in rather opposite ways, with patients belonging to the subset that uses 

IGHV1-69/IGHD2-2/IGHJ6 showing a rather short survival (94 months) as compared to the 

other subgroup that uses IGHV1-69/IGHD3-10/IGHJ6, where the median survival time is 

not reached after an identical follow-up of 71 months (K. Stamatopoulos et al. 2007).  

The criteria used to define subsets with homologous HCDR3 includes: usage of the 

same IGHV/D/J germline genes, usage of the same IGHD gene reading frame and HCDR3 

amino acids identity of 60% or more (Messmer 2004). The recent revised criteria also 

include: HCDR3 length, known to be a critical determinant of the structure of the Ag 

recognition loop and the exact location of the shared pattern within HCDR3 region, given 

the evidence that the positioning of certain aminoacids may affect Ig structure stabilization 

(Agathangelidis et al. 2012). A recent very large study examined over 7500 IGHV sequences 

from CLL patients and found a stereotyped BCR in 30% of these sequences (Agathangelidis 

et al. 2012).  

A limited number of major subsets account for a sizeable proportion of the CLL Ig 
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repertoire as exemplified in Figure 6. The main characteristics of the major subsets are 

described in detail in Table 3, as identified by another study on sequences from 916 CLL 

patients (K. Stamatopoulos et al. 2007).  

 

 

Figure 6. Heterogeneous versus stereotyped BCR in CLL with major subsets 

(Agathangelidis et al. 2012).  

 

 

Besides BCR stereotypy, which refers only to HCDR3, in CLL there is also a 

remarkable high frequency of certain associations between CDR3 of heavy and CDR3 of 

light chains. For example all heavy chains in subset no. 1 associated with IGKV1-39/1D-39 

k light chains with stereotyped CDR3 (K. Stamatopoulos et al. 2007).  
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Table 3. Subsets of CLL cases with stereotyped BCRs (the asterisks denote previously 

published subsets (K. Stamatopoulos et al. 2007). 

 

 The majority of U-CLL express low-affinity BCRs that are polyreactive, recognizing 

self or non-self antigens, like “natural antibodies”, such as DNA, LPS, insulin, apoptotic 

cells, oxidized LDL and the cytoskeletal antigens myosin and vimentin (Hervé et al. 2005; 

Catera et al. 2008; Chu et al. 2008). In contrast, M-CLL BCRs are generally not 

polyreactive. Some stereotyped M-CLL could have a rheumatoid factor activity, recognizing 

the Fc-tail of IgG (Kostareli et al. 2012; Hoogeboom et al. 2012). A recently described 

subset can recognize exogenous antigens presents in yeasts and filamentous fungi, β-(1,6)-

glucan (Hoogeboom et al. 2013).  
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1.4.4. Defective apoptosis and CLL kinetics 

&

Conventionally, CLL is a disease of primarily defective apoptosis and passive 

accumulation of tumor cells. This view is supported by the observation that the great 

majority of peripheral circulating CLL cells is arrested in G0 or early G1 phase of cell cycle 

and has overexpression of antiapoptotic proteins, including Bcl-2 and Mcl-1. NF-kB and 

PI3K/AKT pathways are constitutively activated in CLL and this leads to the transcription 

and overexpression of key antiapoptotic proteins. 

The model of primarily defective apoptosis has been challenged recently by heavy-

water experiments that have shown that CLL contains a small fraction of actively 

proliferating cell, with approximately 2% of cells newly generated each day. Subsequent 

studies underlined the intraclonal heterogeneity with a cell fraction that has a greater 

proliferation rate and CD38+, ZAP70+, Ki67+ and telomerase positive markers (Damle et al. 

2007; Calissano et al. 2009). Though lymphocytes in the peripheral blood are predominantly 

resting, specific structures in the lymph nodes and bone marrow, known as proliferation 

centers, replenish the CLL population (Burger 2011). The “new” CLL cells have a distinct 

immunophenotype: CD5hiCXCR4low, whereas “resting” CLL cells are CD5lowCXCR4hi, 

hence the hypothesis that upregulation of CXCR4 promotes reentry into the tumor 

environment, where the cells receive prosurvival signals, proliferate, and afterwards 

downregulate CXCR4 and are released back to peripheral blood (Lanasa 2010). 

 

1.4.5. CLL microenvironment 

&

The tumor microenvironment describes an admixture of malignant cells with host 

immune cells, stromal elements and vascular cells that create a niche wherein signals can be 

transmitted through antigen presentation, cell-cell interactions and paracrine signaling. The 

importance of the microenvironment in CLL is underlined by the fact that most CLL cells 

rapidly undergo apoptosis when they are removed from patients. Adding a number of 

cytokines or other cell types to the CLL cell culture can prevent this process. Bone marrow 
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stromal cells (BMSCs), which provide attachment sites and growth factors to hematopoietic 

precursors, were the first cells characterized to support CLL development. Another cell type 

that can attract and protect CLL cells from apoptosis is the nurse-like cell (NLC), a CD14+ 

mononuclear cell, abundant in the secondary lymphoid organs in CLL patients (Burger et al. 

2000). NLCs express the chemokines CXCL12 and CXCL13, whereas BMSC 

predominantly express CXCL12, as described in Figure 7. Integrins, particularly VLA-4 

(CD49d), expressed on the surface of CLL cells contribute to cell-cell adhesion through their 

respective ligands on stromal cells, VCAM-1 and fibronectin. NCLs also express the TNF 

family members BAFF and APRIL, providing survival signals to CLL. 

CD31, expressed on NLCs, represents an interaction partner for CD38+ CLL cells 

which leads to tyrosine phosphorylation of ZAP-70 and intracellular signaling (Deaglio et al. 

2005). 

 

Figure 7. CLL microenvironment (Burger 2011). 
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T cells represent another important actor in CLL microenvironment. In untreated 

patients, the overall number of circulating T cells is increased (Markey et al. 1986), although 

oligoclonal in both CD4 and CD8 compartment. T cells can stimulate CLL cells through the 

interaction of CD40 and CD40L, and this stimulus synergizes with BCR signaling. In 

proliferation centers, activated CD4+ T cells colocalize with proliferating CD38+ CLL cells, 

suggesting that T cells subpopulations promote the expansion of the CLL clone (Patten et al. 

2008). CLL cells also induce phenotypical changes in T cells, the most prominent of which 

is a defective and reduced formation of the immunological synapse, a dysfunction that can 

be reversed with the immunomodulatory drug lenalidomide (Ramsay et al. 2008).   

 

1.4.6. Genetic and epigenetic features of CLL 

&

In CLL, standard metaphase cytogenetic studies have been hindered by the inability 

to effectively induce proliferation of tumor cells in vitro.  Nevertheless, recently improved 

culture methods (using CD40L or CpG oligonucleotide with IL-2 stimulation) and the use of 

fluorescence in situ hybridization (FISH), which does require isolation of dividing cells, 

detected chromosomal abnormalities in more than 80% of CLL cases (Dicker et al. 2006). 

No single genetic abnormality responsible for CLL development has been identified. Instead, 

the disease is characterized by a variety of affected chromosomal regions, with prognostic 

significance.  

 

! Deletions in 13q 
&

Loss of 13q14.3 is the most common chromosome aberration in CLL, with a 

prevalence of 40-60% (Van Bockstaele, Verhasselt, and Philippé 2009). In contrast to other 

recurrent aberrations, 13q14 deletions may be heterozygous (mono-allelic in 76% of cases) 

or homozygous (bi-allelic in 24% of cases) (Rodríguez-Vicente, Díaz, and Hernández-Rivas 

2013). No inactivation of candidate genes by mutation has been demonstrated, but a complex 

epigenetic regulatory tumor suppressor mechanism that would control the expression of the 
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entire region has been proposed (Mertens et al. 2006). Croce and coworkers (Calin et al. 

2002) were the first to show that 13q14 deletion in CLL is associated with downregulation of 

miR-15a and miR-16-1. This was the first link between miRNAs and cancer. Both miR-15a 

and miR-16-1 deletion accelerates the proliferation of both human and mouse B cells by 

modulating the expression of genes controlling the cell cycle progression, suggesting a direct 

pathogenic role in CLL (Klein et al. 2010).  

 

! Deletion of 11q 
&

Although rare in early-stage disease, approximately one-quarter of patients with 

advanced CLL have 11q23 deletions. Patients with 11q23 deletions are generally younger, 

have more B-symptoms, a more aggressive disease and extensive lymphadenopathy (Döhner 

et al. 1997). The minimal consensus region in bands 11q22.3-q23.1 harbors the ataxia 

telangiectasia-mutated (ATM) gene in almost all cases. The ATM protein kinase is a central 

component of the DNA damage pathway and mediates cellular responses to DNA double-

strand breaks. ATM activates cell cycle check-points, can induce apoptosis in response to 

DNA breaks and functions directly in the DNA double-strand breaks by maintaining DNA 

ends in repair complexes. ATM deficiency leads to ataxia-telangiectasia, which is 

characterized by extreme sensitivity to irradiation, genomic instability and a predisposition 

to lymphoid malignancies (Lavin 2008).  

 

! Trisomy 12 
&

Trisomy 12 is among the most frequent aberrations in CLL, occurring in 10-20% of 

cases. It has long been associated with early progression, but although the progression-free 

survival (PFS) may be short, overall survival (OS) is favorable. This feature is explained by 

the fact that cases with trisomy 12 rarely show TP53 mutations and rarely acquire these over 

time (T. Zenz et al. 2010). Trisomy 12 is associated with an atypical morphology and 

immunophenotype (Matutes et al. 1996), but the critical genes involved in this chromosomal 

aberration remain unknown.  
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! Deletion of 17p 
&

Deletion of 17p is found in 3-8% of patients who are naïve to treatment, although 

higher occurrences of up to 30% is reported in advanced, relapsed cases (Döhner et al. 

2000). Although the 17p deletion usually encompasses most of the short arm of chromosome 

17p, the deletion always includes band 17p13, where the tumor suppressor TP53 (which 

encodes p53) is located. Among CLL cases that have monoallelic 17p13 deletions, the 

majority show mutations in the remaining TP53 allele (Zenz et al. 2008). The tumor 

suppressor p53 plays en essential role in inducing apoptosis or cell cycle arrest after DNA 

damage. Therapy with fludarabine and alkylating agents is based on a p53-dependent 

mechanism, which could explain why patients with 17p deletions or inactivating mutations 

of TP53 are refractory to such chemotherapy. This chromosomal aberration is associated 

with a very aggressive clinical course, with lower PFS, lack of response to therapy or short 

response duration and short OS.  

 

! Complex karyotype 
&

Although CLL is characterized by a relatively stable genome and most CLL cases 

appear to carry few genomic aberrations, a high number of copy number alterations (over 3 

per patient), termed genomic complexity, is detected in 20% of cases (Rodríguez-Vicente, 

Díaz, and Hernández-Rivas 2013). New chromosomal abnormalities can be acquired by the 

CLL clone during the course of disease, defining the concept of “clonal evolution”.  

 

! Whole exome sequencing data in CLL 
&

Recently, whole exome sequencing studies revealed recurrent genetic lesions that 

affect genes implicated in different biological pathways of potential pathogenic relevance for 

CLL (Fabbri et al. 2011; Puente et al. 2011; Wang et al. 2011; Quesada et al. 2011). These 

genes include NOTCH1, SF3B1, BIRC3 and MYD88. 



& 0@&

Mutational activation of NOTCH1 was first described in T cell acute lymphoblastic 

leukemia, where it accounts for more than 50%. In CLL NOTCH1 mutations occur in 10% 

of cases at diagnosis, with a higher frequency in advanced disease. This mutation is 

associated with poor prognosis, with unmutated IGHV and with trisomy 12. NOTCH1 

encodes a ligand-dependent transcription factor that regulates cell growth control. 

Mutations in the splicing factor 3b subunit 1 (SF3B1) were found in approximately 

10% of CLL cases at diagnosis, but are more frequent in later stages, predicting a poorer 

prognosis and associating with other markers of poor prognosis, like ZAP-70. SF3B1 is a 

major component of both minor and major type of spliceosomes and regulates the alternative 

splicing program of genes controlling cell cycle progression and apoptosis. Although 

selectively restricted to CLL across the spectrum of B cell neoplasias, this type of mutation 

is highly recurrent in myelodysplastic syndromes (Hahn and Scott 2012). 

Inactivating mutations in BIRC3 have also been reported in 24% of fludarabine-

refractory CLLs, although rare (4%) in CLL cases at diagnosis (Rossi et al. 2012). Patients 

with a molecular lesion of BIRC3 have a constitutive activation of noncanonical NF-kB 

pathway, BIRC3 being a negative regulator of this pathway. Mutations in BIRC3 appear to 

be specific for CLL and for splenic marginal-zone lymphomas (Rossi et al. 2011).  

Whole exome sequencing studies revealed mutations in several other genes in CLL, 

albeit at low frequencies. Of these, MyD88 is mutated in 3-5% of CLL cases at diagnosis, is 

associated with mutations in the IGHV region and is also implicated in other B cell 

malignancies.  

The complex association between gene mutations, genomic aberrations and IGHV 

mutational status was recently analyzed in a large study of 573 patients of CLL8 German 

study group, represented in Figure 8 (Stilgenbauer et al. 2014). 
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Figure 8. (A) Cluster diagram of patients (columns) and genetic parameters (rows). White boxes indicate patients without gene mutation, 

without aberrations (“normal FISH” group), or with mutated IGHV. (B) Circle diagrams of the pairwise co-occurrence of genomic 

aberrations with mutations for all patients (left), for IGHV subgroups (middle 2 panels), and of the pairwise co-occurrence of IGHV status 

with mutations (right). The length of the arc corresponds to the frequency of the marker alone plus its pairwise occurrence, whereas the 

width of the ribbon corresponds to the proportion of co-occurrence with the second marker. (C) Pie charts illustrating the occurrence and co-

occurrence of mutations in all patients (left) and in subgroups defined by IGHV status and genomic aberrations (other panels). Mutations in 

TP53, NOTCH1, SF3B1, and combinations of mutations are indicated by the color code given at the bottom (Stilgenbauer et al. 2014).&
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! Epigenetic features of CLL 
&

Aberrant epigenome modifications contribute to the pathogenesis of CLL. These 

modifications are the result of a combinatorial contribution of changes in DNA methylation, 

histone modifications and non-coding RNA.  

DNA from CLL patients is globally hypomethylated when compared with DNA from 

peripheral blood mononuclear cells from healthy individuals (Wahlfors et al. 1992; Kulis et 

al. 2012). However, in CLL the expression of tumor suppressor genes is commonly silenced 

by regional hypermethylation of gene promoters. Gene-specific hypomethylation events 

have also been described in CLL, for example hypomethylation of BCL2 and of T cell 

leukemia/lymphoma 1 (TCL1) (Hanada et al. 1993; Yuille et al. 2001). Interestingly, the 

expression levels of ZAP-70 correlate closely with the methylation of specific CpG islands 

in the gene (Corcoran et al. 2005; Claus et al. 2012; Claus et al. 2014). Overall, DNA 

methylation scores have been indicated as strong independent predictors of CLL 

progression, and differences in global methylation profiles between prognostic subsets of 

CLL have been reported (Yu et al. 2007; Kanduri et al. 2010).  

MicroRNAs (miRNAs or miR) are non-coding RNA molecules (≈ 22 nucleotides) 

that have the capacity for simultaneous regulation of tens to hundreds of genes through 

direct targeting of the untranslated regions. The first description of a miRNA associated with 

cancer was reported in CLL in 2002, being followed by several different miRNA associated 

with CLL. These miRNA signatures could act as surrogate prognostic biomarkers in CLL, as 

the expression levels of these miRNAs correlate with previously established prognostic 

markers such as IGHV mutation status or ZAP-70, as indicated in Table 4 (Calin et al. 

2005). 
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Table 4.  MicroRNA signature associated with prognostic factors (ZAP-70 expression and 

IGHV mutations) and disease progression in patients with CLL (NA denoted not available; 

FRA fragile sites) (Calin et al. 2005).  

 

The introduction of next-generation sequencing (NGS) has led to a breathtaking 

exponential increase of the knowledge of the molecular underpinnings of the CLL over the 

past three years, as shown in Figure 9 (Gruber and Wu 2014). 
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Figure 9. Evolution and growth of our understanding of CLL heterogeneity over time 

(Gruber and Wu 2014). 

 

 

1.5. STAGING AND PROGNOSTIC FACTORS  

&

CLL is a disease with a very heterogeneous evolution. Cases with symptomatic, 

advanced disease, associating medullary insufficiency signs could have an overall survival 

of less than 2 years, and other cases can be stable and asymptomatic for over 20 years. Based 

upon the lack of survival advantage observed to date with early treatment, therapy for CLL 

is not initiated until symptoms or clinical signs develop. Over the recent years, highly 

effective and potentially curative approaches such as combination of immune and 

chemotherapy, targeted molecular therapy and allogeneic stem cell transplantation have been 
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developed in CLL. Hence, it is very important to identify CLL patients who are more likely 

to require aggressive intervention or who are more likely to respond to a given therapy. To 

this effect, molecular and cellular markers have been described to stratify patients to 

different treatment options.  

 

1.5.1. Clinical stage according to Binet and Rai 

&

Historically, the staging for patients with CLL has been based on only physical 

examination and complete blood count. Bone marrow examination is not mandatory at 

diagnostic, but is especially indicated in cases with cytopenia of uncertain origin. Two 

staging systems are used for classifying CLL patients in risk groups and for assessing the 

indication for treatment. 

The Rai system, proposed in 1975, is bases upon a hierarchical grouping in 5 stages 

of disease manifestations of blood, enlarged lymph nodes, spleen and liver, and bone 

marrow failure (anemia and thrombocytopenia) (Rai et al. 1975).  
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Table 5. Rai classification system. 
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In 1981 Binet and coworkers proposed the Binet classification system with 3 stages 

(A, B, C), which takes into account five potential sites of involvement: cervical, axillary and 

inguinal lymph nodes (whether unilateral or bilateral, each area is counted as one), spleen 

and liver. It recognizes that the form with predominant splenic involvement has a better 

prognosis that initially recognized in the Rai system, and that the presence of anemia or 

thrombocytopenia has the same prognostic impact (Binet et al. 1981). None of these two 

classifications makes the difference between autoimmune cytopenia and that by bone 

marrow infiltration.    
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Table 6. Binet classification system. 

  

1.5.2. Markers of tumor burden 

&

 Apart from the clinical staging systems, other easily assessable parameters of disease 

activity and tumor burden have also been shown to be of prognostic significance. High 

lymphocyte counts and the bone marrow infiltration pattern are associated with disease 

activity. Patients whose absolute lymphocyte counts double (the lymphocyte doubling time) 

in less than one year often have a worse clinical course than those whose clone accumulates 

less quickly (O’Brien and Gribben 2008).  
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1.5.3. Serological markers 

&

 Elevated LDH levels and β2-microglobulin have been shown to have significant 

prognostic value in lymphoma and myeloma and correlates with disease burden in CLL. 

Thymidine kinase (TK) is an enzyme involved in the salvage pathway of DNA synthesis and 

correlates with proliferative activity. Elevated TK levels predict disease progression in CLL. 

CD23 is one of the immunophenotypic hallmark of CLL and is a multifunctional molecule, 

acting as a low-affinity receptor for IgE, as an adhesion molecule by its ability to promote T-

B interaction and as a membrane-bound cytokine that can be cleaved to generate soluble 

fragments with cytokine properties, and as a marker of cellular activation, particularly for B 

cells. Soluble CD23 (sCD23) levels at initial diagnosis were linked with disease progression 

in early stage CLL (Sarfati et al. 1996).  

 

1.5.4. IGHV mutational status 

&

 The initial supposition that CLL represents a homogenous disease with a similar 

immunophenotype was for the first time questioned by the fact that about 50% of CLL 

clones exhibit somatic mutations of their immunoglobulin genes, suggesting that some of 

CLL clones can arise from post-germinal center B cells (Schroeder and Dighiero 1994; Fais 

et al. 1998). 

The term IGHV is used because only the heavy chain variable genes are sequenced in 

routine to assess the mutational status of a CLL, although the light chain variable genes are 

also mutated in IGHV mutated cases. European research initiative on CLL (ERICLL) 

published recommendations on how to perform and interpret IGHV mutation analysis in 

CLL to avoid discrepancies between laboratories (Ghia et al. 2007; Langerak et al. 2011). 

IGHV genes with at least 98% similarity with germline sequences define U-CLL and genes 

with less that 98% homology define the M-CLL subset. The percentage of identity is 

calculated based on the ratio between the number of nucleotide differences (mutations within 

the IGHV region) of the IGHV-D-J rearranged sequence and the length in nucleotides of the 

most homologous germline IGHV gene, from the first codon of FR1 to the last codon of 

CDR3.   
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Two papers published at the same time first assessed the prognostic value of 

mutational status of IGHV (Hamblin et al. 1999; Damle et al. 1999). This was confirmed by 

several other studies and assessed as the reference prognostic value for subsequently 

described prognostic factors. Survival is significantly worse for patients with U-CLL, 

irrespective of clinical stage. Median survival for Binet stage A patients with U-CLL was 95 

months compared with 293 months for patients with M-CLL, as in Figure 10. The 98% 

sequence homology cut-off that is typically used to define this separation is arbitrary, and 

“gray-zone cases” (for example, those that have a IGHV homology of 97-98%) seem to have 

an intermediate prognosis (Hamblin, Davis, and Oscier 2008). 

 

A.     B.& &

Figure 10. Kaplan-Meier survival curve comparing 84 CLL patients with mutated and 

unmutated IGHV. A: all CLL patients with mixed clinical stages. B: only Binet stage A 

patients (Hamblin et al. 1999).  

&

& Furthermore, the presence or absence of IGHV mutations in CLL cells correlates 

with the use of specific VH genes as well as certain characteristics of VH-D-JH and VL-JL 

rearrangements identified in these cells. For example, VH1-69 is generally found in U-CLL, 

whereas VH3-07 and VH4-34 often contain somatic mutations (Schroeder and Dighiero 

1994; Fais et al. 1998). There is one important exception, however, for patients expressing 

the VH3-21 gene, who present a poor prognosis, irrespective of their mutational status of 

IGHV (Thorsélius et al. 2006).  

 The determination of IGHV mutational status is laborious, expensive and time-

consuming, rendering this method difficult to implement in routine hematological 
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laboratory. Therefore many efforts have been made to identify possible surrogate markers 

with the same prognostic value as the mutational status. 

1.5.5. ZAP-70 as a prognostic factor in CLL 

&

& In order to identify possible surrogate markers for the IGHV mutational status, 

comparative micro-array experiments were performed on M-CLL and U-CLL (Rosenwald et 

al. 2001). Surprisingly, a common gene expression signature was found for the two groups, 

but, nevertheless, the expression of hundreds of genes was different between them. The most 

differentially expressed gene between CLL subtypes was the gene encoding the zeta-

associated protein of 70 kDa (ZAP-70), which is normally expressed in T cells and NK cells.  

The hierarchical clustering of genes that most strongly discriminate between M-CLL and U-

CLL subtypes is revealed in Figure 11. 

&

Figure 11.  Hierarchical clustering of gene expression levels that most strongly discriminate 

between M-CLL and UM-CLL. Also shown for each gene is the ratio of mean expression of 

the gene in UM-CLL versus M-CLL samples (Rosenwald et al. 2001).  
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 The same authors suggested two ZAP-70 assays for potential clinical applications, 

based on real-time PCR and on immunohistochemistry (Wiestner et al. 2003). In practice 

however, flow cytometry turned out to be the preferred technique for assessing ZAP-70 

expression in CLL cells. Crespo et al. were the first to describe the method and they have 

also established a threshold for the positivity of ZAP-70 in CLL cells of 20%, stating that 

98% of T cells and NK cells were positive for ZAP-70 (Crespo et al. 2003). The method 

used to quantify the percentage of CLL cells expressing ZAP-70 is shown in Figure 12. This 

study also stated that the level of ZAP-70 expression doesn’t vary over time in the evolution 

of CLL disease.   

 

 

Figure 12. Flow cytometric method used to quantify the expression of ZAP-70 in CLL cells. 

R1 gate is drown around lymphocytes in forward and side scatter of lysed blood. The upper 

panel shows the method used to quantify the expression of ZAP-70 in CLL cells. R2 

represents T and NK cells (CD3+ CD56+) and R3 gate represents CLL cells (CD19+ 

CD5+). The lower panel shows the level of ZAP-70 expression of 5 cases of CLL with their 

IGHV mutational status (Crespo et al. 2003).  
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 In Binet stage A patients, high expression of ZAP-70 is associated with a high 

probability of progression and a shorter overall survival, as shown in Figure 13.  

 

Figure 13. Kaplan-Meier estimates of probability of progression (panel A) and of 

probability of survival (panel B) among patients with stage A CLL, according to the level of 

ZAP-70 expression. The median time to progression among 26 patients with high ZAP-70 

expression (20% or more) was 29 months, whereas it was not reached in 18 patients with 

low ZAP-70 expression (<20%) (Crespo et al. 2003).  

 

 Several other studies have confirmed the prognostic power of ZAP-70, as well as the 

association between IGHV mutational status and ZAP-70 expression. An overview of these 

studies is presented in Table 7 (Van Bockstaele, Verhasselt, and Philippé 2009; Wiestner et 

al. 2003; Crespo et al. 2003; Dürig et al. 2003; Orchard et al. 2004; Rassenti et al. 2004; 

Laurenti et al. 2005; Oppezzo et al. 2005; Schroers et al. 2005; Catherwood et al. 2006; Del 

Principe 2006; Hus 2006; Krober 2006; Van Bockstaele, Janssens, et al. 2006; Vener et al. 

2006; Arena et al. 2007; Muñoz et al. 2007; Van Bockstaele, Pede, et al. 2006; B. 

Stamatopoulos et al. 2007; Zanotti et al. 2007).  
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Importantly, increased expression of ZAP-70 by CLL cells is a stronger predictor of 

the need for treatment than the presence of an unmutated IGHV genes, as depicted in Figure 

14 (Rassenti et al. 2004). In general, discordant cases show an intermediate prognosis, with 

ZAP-70 positive M-CLL having a generally worse prognosis than ZAP-70 negative U-CLL 

group. 

 

 

Figure 14. Relationship between ZAP-70 expression, IGHV mutational status, and the time 

from diagnosis to initial treatment. Kaplan-Meier curves depict the proportion of untreated 

patients with CLL according to the time since diagnosis (Rassenti et al. 2004).  

 

 The lack of a standardized consensus method for determination of ZAP-70 is the 

main bottleneck for the implementation of this parameter in clinical routine. Protein 

detection is preferred to mRNA detection methods from the functional point of view. Also, 
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since T and NK cells express high levels of ZAP-70, the quantitative real-time PCR (qPCR) 

and western blot techniques need highly purified CLL cells. Flow cytometry overcomes 

these difficulties and allows the simultaneous evaluation of ZAP-70 protein expression in 

CLL cells and in normal lymphocyte subsets. Although flow cytometry is generally accepted 

as the method of choice, several methodological aspects require standardization, such as the 

nature of the sample, the selection of ZAP-70 antibody (clone and labeling, direct or 

indirect), the choice of fluorochrome, the use of different fixation and permeabilization 

reagents and the method of analysis and expressing the results (percentage over a cutoff 

value, ratio of fluorescence, choice of reference lymphocyte population, isotypic control). In 

CLL, ZAP-70 expression shows a continuous spectrum, making difficult to establish a clear-

cut distinction between ZAP-70 positive and negative patients. 

 A very recent study validated a ZAP-70 methylation assay at a certain nucleotide 

position that could be used in clinical routine for assessing ZAP-70 expression profile (Claus 

et al. 2014).  

 

1.5.6. CD38 expression  

&

 CD38 expression identifies two subgroups in CLL, based on the percentage of CD38+ 

cells within the leukemic clone. In the majority of studies, the threshold is established at 

>=30% of CD38+ cells. The association between CD38 positivity and IGHV mutational 

status is not as good as the ZAP-70 expression, but CD38 can be considered an independent 

prognostic factor in CLL. The two subgroups of patients defined by the CD38 expression 

differ significantly in overall survival and in time to first treatment. Cell surface CD38 has a 

pivotal role in initiating and modulating a series of input signals from the microenvironment 

and is an indicator of the potential and actual degree of cellular activation of the clone. 

CD38+ fractions of CLL clones are enriched in cells expressing Ki-67 and ZAP-70 (Damle et 

al. 2002). The study of the signaling pathway activated upon CD38 ligation with an agonistic 

mAb highlighted that there is a direct functional link between CD38 and ZAP-70 with the 

surface receptor phosphorylating the kinase and that it is a functional dependency of CD38 

on ZAP-70 (Deaglio et al. 2007). 
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1.5.7. CD49d 

&

 CLL cells with high levels of CD49d (>=30%) are correlated with shorter survival. 

CD49d is a α-integrin subunit (α4) that can pair with CD29 (the β1 subunit) to form a 

complete integrin (α4β1) that binds fibronectin and VCAM-1. A large macromolecular 

complex comprising CD49d, CD38, CD44v and MMP-9 has been identified in U-CLL 

clones, bringing these prognostic markers into a presumptive biologic network (Buggins et 

al. 2011; Zucchetto et al. 2009). CD49d is overexpressed by almost all trisomy 12 CLLs and 

these overexpression is regulated by a methylation-dependent mechanism (Zucchetto et al. 

2013).  

 

1.5.8. LPL expression 

&

 Lipoprotein lipase (LPL) gene expression can be another surrogate marker for the 

IGHV mutational status in CLL. The ratio of LPL and ADAM29 (a disintegrin and 

metalloproteinase 29) mRNA expression showed 90% concordance with mutational status 

(Oppezzo et al. 2005). Since LPL expression is low to absent in other blood cell types, its 

expression can be measured by quantitative PCR methods on peripheral blood mononuclear 

cells (PBMC) or even on lysed whole blood samples (Van Bockstaele, Pede, et al. 2006). 

LPL expression can have a functional role in CLL biology, because LPL positive and 

negative CLL subgroups have a distinct gene expression profile and the differentially 

expressed genes are mainly involved in fatty acid metabolism and cell plasticity (Bilban et 

al. 2006). Importantly, LPL was shown to be induced by stimulation of BCR, and the LPL 

inhibitor, orlistat, was able to induce apoptosis in CLL cells, suggesting an important role in 

CLL pathogenesis (Pallasch et al. 2008). 

 

1.5.9. Genetic prognostic factors 

&

 Cytogenetic lesions identified by FISH as well as new mutational defects identified 

by next generation sequencing represent very important prognostic factors in CLL. As 
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recently proposed, by integrating mutational and cytogenetic analyses into a comprehensive 

and dynamic algorithm, we can obtain an improved prognostication model as we can see in 

Figure 15 (Rossi et al. 2013). This model proposes a four-subgroup classification of CLL 

cases: 

1. high-risk, harboring TP53 and/or BIRC3 abnormalities (10-year survival: 29%) 

2. intermediate-risk, harboring NOTCH1 and/or SF3B1 mutations and/or del11q (10-

year survival: 37%) 

3. low-risk, harboring trisomy 12 or a normal genetics (10-year survival: 57%) 

4. very low-risk, harboring del13q only (10-year survival: 69,3%). 

 

 

Figure 15. Observed overall survival of CLL patients compared with the expected overall 

survival in the matched general population. A: overall survival of CLL patients according to 

the FISH cytogenetic model. B: integrated mutation and cytogenetic model for the same 

patients (Rossi et al. 2013).  
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1.5.10. Minimal residual disease as a prognostic factor in CLL 

&

 Minimal residual disease (MRD) determined by different methods after the end of 

treatment cure represents a powerful prognostic factor in the evolution of the disease, 

although not used in routine clinical practice (Figure 16). MRD can be determined by allele-

specific oligonucleotide IgH real-time quantitative PCR, which is generally accepted as the 

most sensitive technique, or by 8-color flow cytometry (FC), which have been recently 

demonstrated as a good reflection of the first (Raponi et al. 2014). Of note, quantification of 

MRD in peripheral blood or in bone marrow gives concordant results.  

  

&&

Figure 16.&Value of minimal residual disease (MRD) negative status in combination with 

clinical response (CR = complete response; PR = partial response) two months after the end 

of therapy (Kovacs, Eichhorst, and Hallek 2014).  
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1.6. TREATMENT 

 

  

Some patients with CLL have a normal life span and never require therapy, while 

others have a rapidly fatal disease despite therapy. In general, asymptomatic, early-stage 

(Binet A) patients should be monitored without therapy, regardless of prognostic markers. 

Early studies confirmed that the use of alkylating agents in patients with early-stage disease 

does not prolong survival (Trialists’ CollaborativeGroup 1999). Still, the potential benefit of 

early intervention of new anti-leukemia drugs, alone or in combination, requires further 

study. Patients with Binet stage B and C usually require the initiation of treatment. 

Nevertheless, it is important to consider disease progression before assessing therapy 

initiation, because in some rapid progressive stage A cases a therapy is indicated and it can 

be delayed in some other stable, asymptomatic B stage cases. An ongoing phase III clinical 

trial (GCLLSG in cooperation with FCGCLL CLL7) is comparing early with delayed 

treatment (with Rituximab, Cyclophosphamide, Fludarabine, e.g. RFC) in Binet stage A 

CLL patients with high risk of progression. 

The standard treatment consists of a combination of an anti-CD20 antibody and a 

chemotherapy agent (immuno-chemotherapy). The various combinations of the two are 

defined by the patient’s age and comorbidities. For young and “fit” patients the combination 

of rituximab (an anti-CD20 monoclonal antibody), fludarabine (a purine analog agent) and 

cyclophosphamide (an alkylating agent) is the standard treatment. For aged, “unfit” patients 

less toxic regimens can be proposed, like rituximab and bendamustine or chlorambucil and 

an anti-CD20.  

Currently, the only biologic markers taken into account in treatment decisions are 

del(11q) and del(17p) or TP53 mutation. Patients with 11q deletions have short progression-

free survival (PFS) with traditional alkylating agents, which can be overcome by chemo-

immunotherapy (Ghielmini et al. 2013). On the other hand, remission rates, PFS and OS of 

patients with del(17p) or TP53 mutations are poor, because CLL cells harboring these 

genetic lesions are resistant to alkylating agents and to purine analogs. For this type of 

patients early allogeneic stem cell transplantation or an anti-CD52 (alemtuzumab) 

monoclonal antibody treatment could be proposed. However, new TK inhibitors, such as 

ibrutinib and idelalisib, are usually preferred.  
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 In second-line treatment, for relapsed or refractory cases, therapeutic choices are less 

consensual. As a general rule, the frontline therapy can be repeated if the duration of the first 

remission exceeds 24 months. In patients relapsing within 24 months of treatment or in 

del(17p) CLL the initial treatment should be changed. For this type of patients there are an 

increasing number of new molecules in clinical development, targeting a specific molecular 

or a signaling abnormality. Because the BCR signaling pathway has a predominant role in 

CLL pathogenesis, a very promising approach is to target this pathway, as exemplified in 

Figure 17. Some of these new agents are inhibitors of tyrosine kinase, like ibrutinib, 

idelalisib (CAL-101), or inducers of apoptosis, like ABT-199 (Bcl-2 inhibitor), or 

monoclonal antibodies with direct cytotoxic effect, like obinutuzumab (GA-101). Finally, 

CART-19 currently elicits the greatest enthusiasm in clinical trials, bridging malignant B 

cells to the antitumor effector T cells. To optimize the immunological synapse, lenalidomide 

is currently tested as a maintenance therapy, since it induces flare reaction when used as a 

first-line treatment (Ferrajoli et al. 2008; Chen et al. 2011).  

 

Figure 17. Targeting of BCR signaling as a therapeutic strategy in CLL. Red symbols and 

letters indicate new possible therapeutics (Hallek 2013). 
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1.7. COMPLICATIONS 

&

The highly variable clinical course of CLL may be further complicated by infections, 

medullary insufficiency, autoimmune phenomena and further malignant processes as 

transformation into a more aggressive lymphoproliferation, the Richter syndrome. 

The infections represent a major cause of morbidity in CLL patients and are the most 

important cause of mortality in clinical studies. The causes are multiple, including on one 

hand disease-related immune deficiency (hypogammaglobulinemia, B and T cells defects, 

cytopenias dues to medullary insufficiency and to autoimmune phenomena), and on the other 

hand therapy-related immune deficiency. The most frequent infections are bacterial 

(staphylococcus, pneumococcus and haemophilus) and viral (herpes, herpes zoster), the 

opportunistic infections being more rare (candidiasis, pneumocytosis), except during 

treatment with fludarabine (pneumocystis) or anti-CD52 antibody (fungal infections) 

(Lepretre et al. 2012).  

The medullary insufficiency signs are anemia, thrombocytopenia and neutropenia 

that can be aggravated by therapy.   

Richter’s syndrome refers to the secondary development of a focal aggressive 

lymphoproliferative disorder, typically diffuse-large B cell lymphoma (DLBCL), in a patient 

with preexisting CLL. Recent studies have suggested that the development of Richter 

syndrome may be related to the evolution of an abnormal clone, unrelated to the underlying 

CLL clone. The risk of Richter transformation is associated with advanced clinical stage at 

diagnosis, high-risk FISH, unmutated IGHV, and expression of ZAP-70 and CD38. It is also 

associated with stereotyped BCRs, but an initial association with IGHV4-39 was not 

confirmed in subsequent studies (Parikh et al. 2013).  This complication is characterized by 

sudden onset of B symptoms (fever, night sweats, weight loss) and rapidly progressive 

lymphadenopathies at any anatomic site. The treatment consists of immunochemotherapy 

regimens similar to that of diffuse large B cell lymphoma and the prognosis is very poor in 

the literature.  
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CLL is associated also with secondary malignancies, like epithelial cancers. This 

may be attributable to disease-associated immune dysfunction, to frequent infectious 

complications and to carcinogenic side effects of chemotherapeutic agents.  

Patients with CLL have a great predisposition to develop autoimmune complications, 

especially directed against hematological antigens. This will be discussed in more details in 

the next chapter.  
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2.  AUTOIMMUNE PHENOMENA IN CLL 

&

&

 Patients with CLL have a dysregulated immune system that favors the autoimmune 

phenomena. Autoimmunity can occur at any time in the CLL evolution, and can even 

associate with the pre-leukemic monoclonal B cell lymphocytosis (MBL). The responsible 

mechanisms for this association are still unclear and represent an important area of research, 

because of the etiology and prognostic implications.  

 Autoimmunity is predominantly directed against blood cells, leading to autoimmune 

cytopenias (AIC), although other self-targets have also been described.   

Most autoimmune phenomena observed in the course of CLL are hematological: 

autoimmune hemolytic anemia with warm-antibodies (AIHA), immune thrombocytopenia 

(ITP, also known as immune thrombocytopenic purpura), pure red cell aplasia (PRCA) and 

autoimmune granulocytopenia (AIG). AIHA and ITP are relatively frequent, whereas PRCA 

and AIG are very rare. Other very rare autoimmune manifestations described in CLL are: 

cold agglutinins disease (CAD; hemolytic anemia with cold-antibodies), paraneoplastic 

pemphigus (PNP), acquired angioedema (AAE) and anti-myelin associated glycoprotein 

neuropathy (anti-MAG neuropathy).  

&

4.1. EPIDEMIOLOGIC DATA 

 

The incidence of autoimmune cytopenia accompanying CLL is quite different in 

studies published so far, with a decreased incidence in the more recent studies. In the old 

series, near to 25% of CLL cases were complicated with autoimmune cytopenias (Hamblin 

2006). In the more recent studies the proportion of CLL patients presenting with 

autoimmune cytopenia varies between 4,3% and 9,7% (Mauro et al. 2000; Zent et al. 2008; 

Moreno et al. 2010a; Borthakur et al. 2007; Dearden et al. 2008). This difference could be 

explained by the fact that initial studies were made in reference centers with selection of 

more aggressive diseases, by the fact that the diagnosis criteria were not very well defined 
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and especially by the treatment received by these patients, who can favor or not the 

autoimmunity (see later).  

AIHA is the most frequent autoimmune phenomena in CLL, usually associating a 

positive direct Coombs test (i.e. direct antiglobulin test, DAT), followed by ITP. Sometimes 

only a “serological autoimmunity” can be present in association with CLL, defined only by 

serological markers of autoimmunity (most frequently a positive DAT) without clinical 

apparent manifestations. Inversely, CLL represents the main cause of AIHA, and a 

peripheral blood immunophenotypical description in research for CLL or MBL is 

recommended in the initial workup.  

Table 8 describes the main case series in the literature about autoimmune cytopenias 

in CLL, with the emphasis of autoimmunity on the general outcome of CLL and the 

associated risk factors (Hodgson et al. 2011).  

 

Table 8. Case series of autoimmune cytopenias in CLL. 5 (Hamblin, Oscier, and Young 

1986), 24 (Kyasa et al. 2003), 12 (Mauro et al. 2000), 17 (Barcellini et al. 2006), 25 (Duek et al. 

2006), 18 (Visco et al. 2008), 13, 26 (Zent et al. 2008; Zent and Shanafelt 2009), 15 (Moreno et 

al. 2010a).  
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The effect that AIC have on CLL evolution differs in various studies, from a poorer 

prognosis to a better prognosis, and is difficult to establish because AIC are associated with 

other poor prognostic factors in CLL, like unmutated IGHV and high expression of ZAP-70. 

If we consider CLL cases at diagnosis, patients with autoimmune phenomena have an 

important risk of evolution. But, if we consider only stage C Binet CLL cases, “immune 

stage C” cases have a more favorable prognosis that “CLL-related bone marrow failure stage 

C” cases. 

&

4.2. DIAGNOSIS  

&

A high degree of suspicion is necessary to diagnose autoimmunity as a cause of 

cytopenia in CLL. The multiple possible causes of cytopenia in CLL (bone marrow failure, 

hypersplenism, chemotherapy, sepsis, autoimmunity) and the possibility of two or more 

causes occurring simultaneously require careful clinical judgment in the management of 

these patients. A bone marrow examination is particularly important to differentiate between 

the causes of cytopenia.  

&

2.2.1. Autoimmune hemolytic anemia (AIHA) 

&

& The diagnosis of AIHA is confirmed in the presence of all of the following criteria 

(Visco et al. 2014): 

1. Hb levels <= 11 g/dl, in the absence of any cytotoxic treatment in the 

preceding month 

2. One or more laboratory signs of hemolysis (increased unconjugated bilirubin, 

elevated lactate dehydrogenase, reduced haptoglobin) 

3. Either reticulocytosis or a positive DAT. 

The diagnosis remains difficult, because reticulocytosis can be absent in the context 

of bone marrow infiltration. Also, the signs of hemolysis could be difficult to assess: 

elevated lactate dehydrogenase (LDH) may be related to disease progression, haptoglobin 
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may be influenced by underlying inflammation and some AIHA may have a normal 

unconjugated bilirubin level.  

 

! Direct antiglobulin test (DAT; i.e. direct Coombs test) 
&

Coombs utilized DAT for the first time in 1945 for detection of incomplete 

antibodies of Rh system, that didn’t determine spontaneous agglutination (hence 

“incomplete”). The test is used to determine these antibodies or complement proteins that are 

bound to the surface of RBC, and responsible for the RBC destruction. In blood samples, 

RBC are first washed to remove the patient’s plasma components, and then incubated with 

an anti human globulin, the Coombs reagent, that can determine the visualization of the 

aggregation of RBC. DAT tests utilize as antiglobulin reactive anti-IgG and anti-C3d (anti-

IgA is not utilized in routine, but can be added to the test in cases with an important clinical 

suspicion and negativity of the first two serums). 

IgM anti-RBC fix the complement more efficiently than other isotypes and can be 

detected by an anti-C3d reactive. Once IgM activate the complement, they are very easily 

eluted from the surface of RBC at body temperature, being difficult to detect in a DAT test.  

In some cases, at lower temperatures, anti-RBC IgM can agglutinate spontaneously, 

due to their high avidity. These types of antibodies are named cold-agglutinins, or cold 

antibodies and are mainly targeted to antigens belonging to I/i system.  

Even though DAT represents the most important and useful diagnostic tool, DAT 

negative AIHA have been documented in CLL, as well as in 1 - 10% of patients with 

primary AIHA (Kamesaki, Toyotsuji, and Kajii 2013). DAT negative AIHA are the 

consequence of IgA anti-RBC, or of antibodies with low affinity, or of an IgG with a low 

concentration, below the test threshold (about 400 molecules per erythrocyte) or of an 

elution from the RBC surface (in this case the antibody can be found in the serum). More 

sensitive tests are read in microcolumns or solid-phase DAT tests.  

More sophisticated techniques (enzyme-linked and radiolabeled tests, flow cytometry 

and mitogen-stimulated DAT) are not available in routine in the majority of laboratories. 

These can detect up to 30 to 40 molecules of anti-RBC autoantibodies. In particular, the 
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mitogen-stimulated DAT has been proposed as a functional method able to detect anti-RBC 

antibodies in AIHA associated to CLL, in which a near six-fold frequency was found in 

comparison with standard DAT test (Barcellini et al. 2002).  

&

2.2.2. Immune thrombocytopenia (ITP) 

&

Autoimmunity is not the first cause of thrombocytopenia in CLL patients, which is 

more frequently determined by bone marrow failure secondary to tumor infiltration, by 

hypersplenism or by treatment-related toxicity. Moreover, the lack of a sufficiently sensitive 

and specific autoantibody test, able to parallel the performance of DAT for RBC, represents 

a major limitation in the interpretation of thrombocytopenia in CLL.  

The following criteria have been proposed in order to make a diagnosis of CLL 

related ITP (Visco et al. 2014): 

1. Rapid fall (at least half of the initial level and below 100 000/μL) of the 

platelet count that is otherwise unexplained (e.g. not drug- induced) 

2. Normal or augmented number of megakaryocytes in the bone marrow 

3. No or limited (not palpable) splenomegaly 

4. No cytotoxic treatment in the last month 

5. Exclusion of other causes of thrombocytopenia 

So, in CLL the diagnosis of ITP is an exclusion diagnosis. Nevertheless, an isolated 

and severe thrombocytopenia in these patients is more characteristic of an autoimmune 

origin. When related to disease progression, thrombocytopenia is generally accompanied by 

anemia, which often precedes it. Response to corticosteroid treatment or lack of response to 

platelet transfusion can also represent arguments to autoimmune origin of thrombocytopenia.  

ITP can be associated with AIHA, defining Evans syndrome. 
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! Detection of anti-platelets antibodies 
 

The development of suitable tests for detection of anti-platelet antibody has been 

difficult. Homotypic platelet – platelet interaction via cell surface receptors and their ligands 

causes non-specific agglutination after centrifugation, thereby preventing the application of 

standard RBC agglutination test in this case. In addition, isolation and preparation of 

platelets for testing results in elevated cell surface immunoglobulin levels that significantly 

reduces assay sensitivity and specificity.  

The most commonly identified antigenic targets of anti-platelet antibodies are 

platelet glycoproteins GPIIb/IIIa, GPIb/IX and GPIa/IIa (McMillan 2000). The epitopes are 

mainly nonlinear, located on intact glycoprotein complex (Fujisawa, Tani, and McMillan 

1993). There are several detection methods for anti-platelet antibodies, like (Curtis and 

McFarland 2009): 

- Assays using intact platelets: 

- Platelet suspension immunofluorescence test (PSIFT), a flow cytometric 

method where the patient’s plasma is incubated with platelets, and the 

interaction revealed with an anti-human IgG labeled F(ab’). 

- Solid-phase red blood cell adherence (SPRCA), a method where intact target 

platelets adherents to a round-bottom well are incubated with patient’s serum, 

and then washed. A positive test results when the indicator, composed of IgG-

coated RBC, after centrifugation, forms a “carpet” spread over the bottom of 

the well, and not forming a tight button at the well bottom (negative test). A 

variant of this test utilizes anti-human Ig-coated latex beads as an indicator. 

- Antigen-capture assays: 

- Antigen-capture ELISA (ACE). The principle of antigen-capture assays is to 

adhere individual platelet glycoproteins (e.g. GPIIb/IIIa) to a solid spurt 

(microtiter plate well) for detection of platelet-specific antibodies. These 

techniques are exemplified in Figure 18. 

- Modified antigen-capture ELISA (MACE)  

- Monoclonal antibody immobilization of platelet antigens (MAIPA), which is 

the actual standard for anti-platelet antibody detection. In this technique, 
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platelets are first incubated with serum and washed, but then incubated with 

monoclonal antibody and washed again, followed by detergent lysis. GP-

antibody complexes are captured from the lysate by anti-mouse IgG 

polyclonal antibodies adherent to the well of a microplate. A flow cytometry 

version of the MAIPA has been reported, in which a small bead instead of a 

microplate well is used as a solid support for monoclonal antibody capture of 

GP.  

 

Figure 18. Three different antigen-capture ELISAs for platelet antibody detection and 

identification: antigen-capture ELISA (ACE), modified ACE (MACE), and monoclonal 

antibody immobilization of platelet antigens (MAIPA) (Curtis and McFarland 2009).  

 

- Protein bead arrays, in which individual platelet GPs are attached to polystyrene 

microbeads and then incubated with patient’s serum, washed, and then incubated with a PE-

labeled anti-human IgG. The fluorescence is analyzed on a Luminex instrument (Figure 19). 

A variant of this method can be used in a flow cytometry, with GPs attached to PE-labeled 

beads.  
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Figure 19. Protein beads array assay for platelet antibody detection and identification using 

microbeads coated with different GPs. Antibodies against a specific GP are detected with a 

labeled anti-human IgG by fluorescence detection (Curtis and McFarland 2009).  

 

A very low sensitivity of only 45% to 60% is the major problem of these tests 

(McMillan 2003), as well as a low specificity. Possible explanations for the low sensitivity 

include rapid clearance of serum by antibody-bound platelet destruction in the spleen, tightly 

bound anti-platelet antibodies difficult to dissociate or the presence of other isotypes than 

that detected in the tests. Platelet antigens can also react in a non-specific way with natural 

antibodies or with other proteins in the serum. 

-  Flow cytometric immunobead array (FCIA) is a recent developed technique in 

which the detector monoclonal antibody is coated on the surface of polystyrene microbeads, 

with different fluorescence intensities. This technique is used to measure a variety of 

proteins in biological samples. It has been recently developed for detection of platelets 

antibodies (He et al. 2013). In this assay, the platelet lysate, which contains anti-platelet 

antibodies, is incubated with different types of monoclonal antibody labeled beads (that 

target platelet antigens like: GPIb, GPIIb, GPIIIa, GPIX, P-selectin).  This method detects 

the antibodies on the platelet surface, not in the serum. The FCIA, utilizing the 5 mentioned 

antibodies in the same test, has a better sensitivity and accuracy than the MAIPA assay (96% 

vs. 44% in sensitivity; 80,9% vs. 64,7% in accuracy).  
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2.2.3. Autoimmune pure red cell aplasia (PRCA) 

 

 The diagnosis of secondary PRCA should be considered in any patient with severe 

anemia and reticulocytopenia. The following criteria can be utilized for diagnosis, though 

there is no consensus (Arena et al. 2013):  

1. Severe normochromic normocytic anemia 

2. Reticulocytopenia 

3. Erythroid precursors <=1% in the bone marrow cells 

4. No parvovirus B19 infection by PCR, or EBV, HIV, HBV, HCV infection 

5. DAT negativity 

6. No presence of hemolysis (normal haptoglobin, unconjugated bilirubin, LDH) 

7. More than 4 to 8 weeks from the last chemotherapy administration  

Definite diagnosis relies on bone marrow biopsy that shows selective red cell aplasia 

with virtual total absence of erythroid precursors.  

 

2.2.4. Autoimmune granulocytopenia (AIG) 

 

 AIG occurs rarely in CLL, and should be suspected in patients with isolated 

neutropenia and no other apparent cause. AIG criteria still remain elusive and AIG can be 

considered a diagnosis of exclusion: 

1. Persistent and “unexplained” neutropenia 

2. Normo/hypercellular bone marrow with late maturation arrest of the granulocytes 

3. Presence of anti-neutrophil antibodies 

4. More than 4 to 8 weeks from the last chemotherapy administration 

It is important to exclude any other cause of secondary neutropenia, like autoimmune 

diseases, congenital or acquired immune defects, and large granular lymphocyte leukemia 

(LGL) that could be concomitant to CLL.  
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! Detection of anti-neutrophil antibodies  
 

The direct anti-neutrophil antibody test is characterized by limited discriminating 

power and is not standardized yet, being affected by high false positive rate. Conversely, 

indirect anti-neutrophil antibody test seams more precise and more reproducible. Repeating 

several times the test or searching for IgG and IgM autoantibodies can improve the 

sensitivity of the test (Ito et al. 2011). 

 

4.3. PATHOGENESIS 

 

Patients with CLL have a dysregulated immune system that favors the development 

of autoimmune disorders. The mechanisms that lead to autoimmunity in CLL are far from 

being understood and research on the subject represents an important area for the 

understanding of immune interaction between malignancy and autoimmunity. For yet 

unclear reasons, in CLL this process primarily target blood cells and cause cytopenia.  

CLL associated autoimmune cytopenias (AIC) are usually mediated by IgG and 

rarely IgM autoantibodies that coat RBC, platelets and granulocytes, thus promoting their 

accelerated clearance, through phagocytosis by splenic macrophages or Kupffer cells, and/or 

by complement-mediated lysis, a typical example of type II hypersensitivity reaction.  

In addition to autoreactive antibodies, several other immune mediated mechanisms 

have been described that may interfere with blood cells production, such as direct inhibition 

of erythropoiesis or megacaryocytopoiesis by cytotoxic T-cells and NK cells, also secreting 

inhibitory cytokines.  

 

2.3.1. Overview of autoimmune mechanisms in general 

 

Major barriers to understanding the mechanisms of autoimmunity come from genetic 

and phenotypic complexity of these diseases. It comes also from the difficulty in defining 

early events of these diseases, due to longs intervals between initiating events and 
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development of diagnostic phenotype. This is an important issue, because there are probably 

different pathogenic mechanisms, which intervene in different phases of the disease 

progression. In systemic lupus erythematosus (SLE), for example, there are two groups of 

autoantibodies: those that precede the diagnosis of SLE by several years (like antinuclear 

antibodies and anti-Ro and anti-La antibodies) and those that occur about the time of onset 

of symptoms (like anti-Sm, anti-RNP or to a lesser extent anti-DNA) (Arbuckle et al. 2003).  

Development of autoimmune diseases occurs in four phases (Rosen 2008): 

1. Susceptibility phase: acts before disease onset and can be either inherited or 

acquired (in many cases both), permanent or transient. Susceptibility to 

autoimmunity represents an integrated threshold involving genes that regulate 

various immune pathways, upon which environmental events act. It includes: 

 

a. Incomplete tolerance induction of T and B cells  

The autoreactive cells are removed at two checkpoints: in the primary 

lymphoid organs (central tolerance) and in the periphery, once they have 

attained the maturation state or just before it (peripheral tolerance).  

Three mechanisms intervene at the first checkpoint for self-tolerance: clonal 

deletion, anergy and receptor editing. How tolerance is established at the 

second checkpoint in the periphery is not clear, but both positive and negative 

selection mechanisms have been proposed.  

b. Altered immune signaling thresholds in T cells and in B cells (e.g., CTLA4 

polymorphisms, PTPN22 polymorphisms) 

There are several conditions that may influence the immune response towards 

a more immunogenic or tolerogenic state, like: the stage of lymphocyte 

maturity at the moment of antigen encounter, the engagement of 

costimulatory receptors, the degree and stability of receptor clustering by 

antigen and a prior exposure to the antigen (Jun and Goodnow 2003).  

BCR signaling strength and the physical nature of the self-antigen (soluble vs. 

membrane-bound) are important determinants in the choice between editing, 

deletion, and anergy.  

A number of genes that regulate BCR signaling thresholds, like signal 

transducers, coreceptors and cytokines, have been implicated in the 
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pathogenesis of autoimmune phenomena. If the signaling potential of the 

BCR is affected, for example by PTPN22 mutations or CD19 overexpression, 

the autoreactive B cells will not be efficiently deleted (Menard et al. 2011; 

Inaoki et al. 1997). Also, there have been demonstrated in multiple animal 

models, that lowering the threshold of activation of BCR favors autoimmune 

manifestations (Pritchard and Smith 2003; Nitschke 2009). 

c. Impaired clearance and tolerance induction by apoptotic cells (e.g., deficiency 

of C1q, C4, MFG-E8, Mer) 

d. Impaired production of regulatory cells (especially Treg, e.g., FOXP3 

mutations causing immune dysregulation, polyendocrinopathy, enteropathy, 

X-linked (IPEX) syndrome) 

 

2. Initiation phase, just before onset of clinical disease, requires presentation to T 

cells of supra-threshold concentrations of autoantigens (Ag) with structures not 

previously tolerized by the host, in a favorable context like infection, 

malignancy or exposure to adjuvants. It includes: 

a. Mechanisms that can alter antigen processing to reveal cryptic epitopes: 

i. Modification of Ag processing through high-affinity binding to 

ligands or antibodies. Several studies have demonstrated that antigen 

processing can be dramatically altered when the antigen binds with 

high affinity to a ligand or antibody. So, a single bound antibody 

could simultaneously enhance the presentation of one T-cell epitope 

by more than 10-fold, while strongly suppressing the presentation of a 

different T-cell epitope (Simitsek et al. 1995) 

ii. Distinct proteolytic machinery in the thymus and periphery or 

differential modification of proteolytic activity (Manoury et al. 2002) 

iii. Novel proteolytic events not present in the normal antigen-presenting 

cell (APC) pathways (e.g., novel cleavage in different 

microenvironments, during cell death or damage or inflammation) 

iv. Modification of Ag structure which modifies its processing by APC, 

generally through post-translational modifications (phosphorylation, 
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proteolytic cleavage, ubiquitination, transglutamination, citrullination, 

isoaspartyl modifications) (Doyle and Mamula 2005) 

v. Novel forms of Ag generated by mutation, truncation, or splicing 

(especially in a context of high incidence of somatic mutations as 

cancer) 

b. Antigen mimicry mechanisms. Initiation of an immune response to a foreign 

antigen may generate a cross-reactive antibody (Ab) response that also 

recognizes self-protein. Although the Ab cross-reacts with self-molecules, the 

T cells that drive this response are generally directed to the foreign antigen, at 

least initially. Therefore, this type of autoimmunity tends to be self-limited, 

unless there is an effective presentation of cryptic self-epitopes to 

autoreactive T cells, favored by activated cross-reactive B cells.  

 

3. Propagation phase 

a. Acquisition of adjuvant properties by disease specific autoantigens 

(especially through TLRs activated by immune complexes, which amplify the 

immune response when simultaneously activation of BCRs or of FcγR 

occurs). Once initiated, specific responses that precipitate or drive the 

localized autoimmune reaction may diversify to comprise additional 

specificities (determinant spreading).  

b. Increased autoantigen expression in the target tissue (mediated by local 

immune reaction with cytokine stress) 

c. Immune effector pathways generate or expose autoantigens, which further 

drives the immune response 

 

4. Regulation/resolution phase. In many cases, during disease propagation, 

immunoregulatory pathways are also activated, which may result in natural 

inhibition of clinical disease over time, but a permanent resolution is very rarely 

the case.  
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2.3.2. Autoantibodies in CLL-associated autoimmune cytopenia (AIC) 

&

About 90% of AIC are due to polyclonal high-affinity IgG antibodies produced by 

non-malignant B cells (Hamblin, Oscier, and Young 1986).  

Malignant CLL clone may also produce autoantibodies, usually poly-reactive IgM, 

that can be responsible for AIC in about 10% of cases (Strati and Caligaris-Cappio 2011). 

This is especially the case of cold-agglutinin disease (CAD) due to monoclonal IgM 

(associating nearly always kappa light chains) directed against RBC antigen I/i.&

 The pathogenic role of autoantibodies is well demonstrated, by several arguments:  

- In patients with AIHA, transfused RBCs lacking the antigen targeted by 

patient’s autoantibodies generally survive normally, in contrast to the 

shortened survival of the patient’s own RBCs (Mollison 1959; Packman 

2008). 

- Cases of neonatal hemolysis have been described in newborns, resulting from 

the passage of IgG anti-RBC autoantibodies from a mother with AIHA to the 

fetus, via the placenta (Chaplin et al. 1973). 

- In individual patients, an inverse relationship exist between the quantity of 

RBC-bound IgG antibodies and RBC survival time (Rosse 1971). 

- In ITP, a transferrable plasma factor caused thrombocytopenia in healthy 

volunteers (Harrington et al. 1951). 

&

Autoantibodies in AIHA can be classified “warm” or “cold” –reactive, according to 

the temperature reactivity of the Ab. They can bind to their antigens at core body 

temperature (warm, IgG type), or at lower temperature (cold, IgM type) in the peripheral 

circulation or ex vivo. Some AIHA cases are classified as “mixed”, since they have both 

warm and cold autoantibodies.  

IgG and IgM also differ in their ability to bind the complement, and this affects their 

mechanism of cell clearance from the peripheral blood.  
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Most RBC clearance occurs in the spleen, but sequestration in the liver occurs in the 

presence of large quantities of RBC-bound IgG, or the concurrent presence of complement 

proteins (Schreiber and Frank 1972).  

Erythrocyte-bound IgG become attached to the Fc receptors of splenic macrophages, 

which may engulf entire or a part of the RBC or release cytotoxic enzymes that digest RBC 

membrane (antibody-dependent cell-mediated cytotoxicity, ADCC). RBCs escaping from 

this encounter lose more membrane than cytoplasm and become spherical to compensate for 

the change in their surface-to-volume ratio, the presence of spherocytes being one of the 

characteristic signs of hemolysis. If IgG have initiated complement activation on the cell 

surface, phagocytosis in the spleen will be augmented by complement receptors. 

Due to its pentameric structure, IgM is a much more effective activator of 

complement. In this case, the main mechanism of hemolysis, which is intravascular, is by the 

classical activation of complement by immune complexes formed at the RBC surface, and 

can be especially triggered by cold temperatures in peripheral circulation. However, if the 

IgM elutes from the RBC as it returns to body core temperature, the complement reaction 

diminishes, and its components remains on the surface of RBC but do not cause 

intravascular hemolysis. Instead, they are cleared by hepato-splenic macrophages with 

complement-binding sites.  

In a similar mode, in ITP, the platelets are removed from circulation by anti-platelets 

antibodies, which are subsequently cleared in reticulo-endothelial system through Fcγ 

receptors (FcγR).  The FcγR system is composed of activating (e.g., FcγRI, FcγRIIa, 

FcγRIII) and inhibitory (e.g., FcγRIIb) receptors and a disturb balance between these 

receptors has been describe in the pathogenesis of ITP (Asahi et al. 2008; Liu et al. 2011). 

Anti-platelets antibodies can serve also to fix complement, and complement-mediated 

immunity may lead to platelet destruction (Najaoui et al. 2012; Peerschke et al. 2010).  

In addition, autoantibodies in ITP may target megakaryocytes and interfere with their 

growth and function (Usuki et al. 1986; Takahashi, Sekine, and Nakatake 1999). Also, in 

mouse models, anti-platelet antibodies have a direct apoptotic effect on thrombocytes, 

through a caspase-dependent mechanism (Piguet and Vesin 2002; Leytin et al. 2006).  
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2.3.3. Antigens in AHAI and ITP 

 

 Autoantibodies from AIHA patients typically bind to all the common types of human 

RBCs used in test panels by blood banks, but these antibodies are not “nonspecific”. Rather 

the autoantibodies from a given patient bind specifically to one or more antigens which are 

common to almost all human RBCs, so called “public antigens” (Packman 2008).  

The most common targets in human AIHA, recognized in over 70% of cases, are the 

Rh proteins. These autoantibodies react with all human RBCs except those with the rare 

Rhnull phenotype, which completely lack expression of the Rh complex. The major target of 

the Rh-related autoantibodies is a 32- to 34-kDa nonglycosylated polypeptide lacking on 

Rhnull RBCs. Anti-Rh autoantibodies usually have anti-e, anti-E, anti-c or anti-C (or, more 

rarely, anti-D) specificity (Barker et al. 1992; Leddy et al. 1993). These autoantibodies are 

collectively designated as Rh related.  

The RhD and RhCE genes are structural homologs and result from a duplication of a 

common gene ancestor. They encode transmembrane proteins, specific for RBC, of over 400 

residues in length, that transverse RBC membrane 12 times. These proteins are not 

glycosylated, nor phosphorylated, but are expressed on the surface of RBC as part of a 

complex with an Rh-associated glycoprotein (RhAG). The Rh system, which is composed of 

51 antigens, is highly immunogenic. The RhD protein only differs from the common form of 

the RhCE protein by about 35 amino acids. In RhCE gene two polymorphisms are the main 

cause of allelic antigens: the S103P substitution (generating the C or c antigen, respectively), 

and the P226A substitution (generating the E or e antigen, respectively) (Flegel 2011; Van 

Kim, Colin, and Cartron 2006; Dean 2005). Figure 20 exemplifies the structure of Rh 

protein, with some of the main polymorphisms.  
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Figure 20. Model of Rhesus proteins in the red blood cell membrane. Mature proteins in the 

membrane lack the first amino acid. The amino acid substitutions that distinguish the RhCE 

from the RhD protein are marked in yellow, with the 4 amino acids that code for the C 

antigen in green and the one that codes for the E antigen in black. The single amino acids 

substitutions, which code for partial D are in blue, and those that code for weak D are in red. 

The extracellular Rh vestibule is depicted by the inverted black arc and bordered in part by 

amino acids of loops 3 and 4. The nine exon boundaries in the RHD cDNA, as reflected in 

the amino acid sequence, are indicated by black bars (Flegel 2011). 

 

Autoantibodies with other specificities than Rh proteins that are produced in a 

minority of patients, designated as non-Rh related, react against the glycophorins, which are 

heavily glycosylated RBC membrane proteins, or against the RBC anion channel protein, 

Band 3. Careful studies using RBCs of appropriate antigen-deficient phenotype has also 

allowed identification of autoantibody specificity for public blood group antigens outside the 

Rh system including anti-Wrb (Issitt et al. 1976), anti-Ena (Bell and Zwicker 1978), anti-LW 

(Celano and Levine 1967), anti-U (Marsh, Reid, and Scott 1972), anti-Ge (Shulman et al. 

1990), anti-Sc1 (Owen et al. 1992), or antibodies to Kell blood group antigens (Marsh et al. 

1979). 

In ITP, autoantibodies are most often directed against platelet glycoproteins 

GPIIb/IIIa, GPIb/IX and GPIa/IIa (McMillan 2000). The majority of these molecules belong 
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to the integrin superfamily, which are expressed on a variety of cells (Curtis and McFarland 

2014). In alloimmune platelet disorders, human platelet alloantigens (HPAs) have been 

described, which represent single nucleotide polymorphisms (SNPs), localized on the main 

platelet glycoproteins, but for the moment, there is no clinical correspondence with 

autoantigens in ITP. Figure 21 describes the principal glycoproteins on platelets and CD109 

with theirs corresponding HPAs.  

 

 

Figure 21. Platelet glycoproteins (GP) structure, GPIa/IIa, GPIIb/IIIa, GPIb/IX and CD109 

and the predicted locations of the 27 different human platelet alloantigens (HPAs) biallelic 

groups they express (Curtis and McFarland 2014).   

 

The GPIIb/IIIa complex corresponds to CD41/CD61 (or integrin αIIbβ3) and is the 

receptor for ligand molecules like fibrinogen, vitronectin, fibronectin and von Willebrand 

factor (vWF), participating in the clot formation. This heterodimer is calcium-dependent, 

and it dissociates in the presence of calcium chelators, like EDTA. In resting platelets, 

GPIIb/IIIa exists in a low-affinity state and does not bind its ligands. During platelet 

activation, a conformational change results in the exposure of the binding site for a variety of 

ligands, most notably fibrinogen, which allows firm adhesion to the extracellular matrix and 

aggregation (Coller and Shattil 2008). In 1982, van Leeuwen et al. reported that many 

antibodies eluates from ITP platelets would bind to normal platelets, but not to 
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thrombasthenic platelets, which are known to have reduced GPIIb/IIIa (Van Leeuwen et al. 

1982). Mapping studies suggest that they target specific and distinct epitopes (Tsubakio et al. 

1987), which are mainly nonlinear, dependent on the presence of cations, located on intact 

glycoprotein complex (Fujisawa, Tani, and McMillan 1993), although the most antigens are 

located on GPIIb than on GPIIIa (McMillan, Lopez-Dee, and Loftus 2001).  

The GPIb/IX complex binds vWF, mediating platelet adhesion to sites on injured 

blood vessels. It is composed of a beta chain (GPIb-beta, CD42c) disulphide linked to an 

alpha chain (GPIb-alpha, CD42b) that associates non-covalently to GPIX (CD42a). The 

majority of GPIb/IX molecules on the platelet surface are associated with GPV 

(CD42d)(Curtis and McFarland 2014).  

GPIa/IIa complex (CD49b/CD29, also named VLA-2, or α2β1 integrin) represents a 

major collagen receptor on platelets.  

Some of the most important linear epitopes described are: PVVWKN on GPIIb 

molecule, and TKEQTTFPP on GPIb molecule (Bowditch et al. 1996; He et al. 1995).  

One of the possible targets of autoantibodies can be also the thrombopoietin (TPO) 

receptor (c-Mpl), already described in secondary ITP to systemic lupus erythematosus (SLE) 

(Kuwana et al. 2002; Kuwana 2009).   

  

2.3.4. Role of normal B cells in AIC 

 

Although pathogenic autoantibodies in CLL-associated AIC may very rarely be made 

by CLL clone, they are generally synthesized by normal bystander B cells. They are 

polyclonal, k and λ, and are of different isotype that of clonal B cells.  

Moreover, the onset of autoimmunity is not correlated with the overall leukemia 

burden, even in MBL being associated with autoimmune cytopenia (Rawstron and Hillmen 

2010; Shanafelt et al. 2009), and immunosuppressive therapy may result in clinical 

remission of pathologic autoimmunity without affecting the CLL clone.  
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These “normal” autoimmune B cells have been demonstrated in the circulation of 

CLL patients by J. Kipps group, in an experiment of engraftment of peripheral blood 

mononuclear cells (PBMC) from CLL patients into SCID mice. Leukemia cells (which 

represent 97% of grafted PBMC in this experiment) injected into the peritoneal cavity of 

these animals may survive for several weeks in vivo. Eight to 16 weeks after receiving the 

graft, some of SCID mice develop human IgG autoantibodies to human RBCs. Soon 

thereafter, these animals develop lethal human B cell tumors, that are CD5-, have genomic 

EBV DNA and resemble EBV-associated lymphoproliferation noted in SCID mice 

reconstituted with normal human PBMC (Kobayashi et al. 1992). Similar to the pathogenic 

autoantibodies that develop in patients with CLL, the human IgG anti-erythrocyte 

autoantibodies of such reconstituted mice apparently are produced by circulating bystander 

B cells that are not clonally related to the transferred CLL population (Kipps and Carson 

1993).  

Increased levels of circulating B cells excreting anti-GPIIb/IIIa antibodies in ITP 

patients were recently reported (Chen et al. 2012). In ITP, there is an increased number of B 

cells lining the sinusoids of the red pulp of the spleen, suggesting a direct immunological 

attack on platelets (Olsson et al. 2012). Defects in the selection of the B cell repertoire have 

been described in ITP, and can be an important mechanism in the development of 

autoreactive cells. Certain VH genes are over-represented, with a high restriction to VH6 

gene family associated with a high level of somatic mutations in the VH6 gene (Roark et al. 

2002; van Dijk-Härd et al. 1999).  

In chronic ITP non-splenectomized patients a role of Breg was recently suggested, 

where the percentage of CD19+CD24hiCD38hi Breg are reduced in peripheral circulation, 

associating an impaired functionality and low IL-10 levels (Li et al. 2012) 

 

2.3.5. Role of T cells in AIC 

&

T cells are an important factor in the pathogenesis of AIC. Autoantibodies are usually 

isotype-switched and harbor somatic mutations, consistent with a T-dependent mechanism 

(Roark et al. 2002).  



& ij&

Rh autoantigen-specific effector Th cells that have been activated in vivo can be 

demonstrated in the peripheral blood and/or spleen from all patients with anti-Rh 

autoantibodies, but from very few healthy donors (Barker et al. 1997).  

In vitro studies suggest that cytotoxic T cells from ITP patients may have a direct 

lytic effect on platelets. CD8+ T cells from patients with active ITP, but undetectable platelet 

autoantibodies, bound to platelets in vitro and this caused direct platelet lysis (Olsson et al. 

2003). The pathogenic role of CD8+ T cells has been also demonstrated in ITP patients who 

did not respond to B cell depletion therapy by rituximab (Audia et al. 2011; Audia et al. 

2013). 

In ITP, the cytokine profile is reported to be in favor of a Th1 activation (Panitsas et 

al. 2004) with a low number of Treg (Sakakura et al. 2007) and upregulation of Th17 

response (Zhang et al. 2009). In AIHA, a low number of Treg is described (Ling et al. 2007), 

and RBC-specific Treg have been demonstrated in these patients (Ward et al. 2008). Still, 

the exact role of Treg in AIC is unclear, especially in the context of CLL, where Treg are 

rather increased (Arena et al. 2011), their expansion being directly induced by CLL clone, 

via CD27-CD70 interaction (Jak et al. 2009).  

T follicular helper cells (TFH) also have a role in the pathogenesis of ITP, with an 

elevated number of TFH in the germinal centers of secondary follicles in ITP spleens, 

associated with elevated percentages of anti-platelet autoantibodies secreting plasma cells 

(Audia et al. 2014).  

&

2.3.6. Role of leukemic cells in AIC 

 

 In only 10% of cases the autoantibodies responsible for AIC are synthesized by 

leukemic clone, this being the cases of CAD, due to monoclonal IgM. 

 CLL cells have the capacity to present antigens to Th cells, which in turn help non-

malignant self-reactive B cells produce autoantibodies. This mechanism has been 

demonstrated in two experiments where CLL B cells function as efficient APC for the main 

antigens in AIHA, Rh proteins and erythrocyte protein band 3 (Hall 2005; Galletti et al. 
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2008). The antigen presentation by CLL cells is favored in advanced stages of disease, 

where the spleen is infiltrated with malignant CLL cells, in close proximity with antigens 

from damaged RBCs (Mauro et al. 2000).   

Malignant cells from patients with CLL subsequently developing AIHA present nine 

down-regulated (i.e. miR-19a, miR-20a, miR-29c, miR-146b-5p, miR-186, miR-223, miR-

324-3p, miR-484 and miR-660) miRNAs. Interestingly, two of these miRNAs (i.e. miR-20a 

and miR-146b-5p) are involved in autoimmune phenomena, and one (i.e. miR-146b-5p) in 

both autoimmunity and CLL. Furthermore, miR-146b-5p modulates CD80, a molecule 

associated with the B-T-cell synapse and with restoration of the antigen presenting cell 

capacity of CLL cells (Ferrer et al. 2013). 

 A possible link between CLL and AIC is through B cell activator factor (BAFF) and 

a proliferation-inducing ligand (APRIL) expression, two members of the tumor necrosis 

factor family, which are crucial for B cell development and survival (Ferrer et al. 2009). 

High levels of both molecules have been associated with autoimmune diseases, notably 

AIHA and ITP. In CLL cells, high levels of intracellular BAFF and APRIL were described, 

associated with adverse prognostic factors as ZAP-70 and CD38 (Bojarska-Junak et al. 

2009). Still, a direct relation between high levels of BAFF and APRIL in CLL and the 

development of AIC is not demonstrated.  

 Associations between AIC and stereotyped BCRs represent other arguments for a 

role of leukemic cells in the development of AIC. Visco et al. demonstrated a significant 

association between AIC and UM-CLL and stereotyped HCDR3. The more frequent 

stereotyped HCDR3 subsets were #1 (IGHV1-5-7/IGHD6-19/IGHJ4; 16 of 16 unmutated) 

and #7 (IGHV1-69 or IGHV3-30/IGHD3-3/IGHJ6; 13 of 13 unmutated), both being 

significantly more represented among patients developing ITP (p = 0.003 and p = 0.001, 

respectively).  Moreover, restricting the analysis to unmutated patients, subset #7 confirmed 

its independent significant association with the occurrence of ITP (p = 0.013) (Visco et al. 

2012). A potential correlation between AIHA and subset #3 (IGHV1-69 and IGHV4-

30/IGHD2-2/IGHJ6) was reported, although not confirmed in a multivariate analysis, and an 

inverse relation with subset #4 (IGHV4-34), in which none of the patients developed AIHA 

(Maura et al. 2013). In an early report a high prevalence of DFWSGY pattern of HCDR3 

was found in AIHA CLL patients (Efremov et al. 1996).  
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2.3.7. Treatment-related AIC in CLL 

&  

 Several therapies used in the management of CLL can trigger AIC. The most 

frequent cases of drug-triggered AIC are the consequence of purine analogs, especially 

fludarabine (or cladribine, or pentostatin), but also alkylating agents.  

There are several series of cases that report an association between fludarabine 

treatment and AIHA in CLL patients with a frequency between 5% and 22% (Di Raimondo 

et al. 1993; Myint et al. 1995; Gonzalez et al. 1998). A large prospective study of 777 CLL 

patients examined the prognostic impact of AIHA or a positive DAT test for patients who 

were randomized to chlorambucil, fludarabine (F) or fludarabine plus cyclophosphamide 

(FC). Patients receiving chlorambucil or fludarabine monotherapy were 3 times more likely 

to develop AIHA than those receiving the FC, in favor for a protective role of FC 

combination therapy. They also demonstrated that DAT negativity was a strong predictor 

(>90%) for not developing AIHA after therapy, and that fludarabine can exacerbate the 

hemolysis in AIHA patients with 4 deaths from autoimmune hemolysis in the study, after 

first-line treatment with fludarabine (Dearden et al. 2008). Nevertheless, fludarabine-

associated AIHA still remains a subject of debate, because two other studies comparing F vs 

FC did not report a significant association between fludarabine and AIHA, but these studies 

were much more limited in the number of patients (Eichhorst et al. 2006; Flinn et al. 2007).   

Purine analogs can induce the expression of CD40L (CD154) in vitro, on PBMC 

culture from CLL patients with AIC, but in a lesser degree in patients without AIC (Citores 

et al. 2010). These data are in favor for a trigger role of therapy in patients that already have 

an autoimmune process ongoing, related to suppression of CD4+ T cells, with a decrease of 

Treg after fludarabine treatment (Beyer 2005). This hypothesis is supported also by reports 

of ITP as a complication of fludarabine treatment (Leach et al. 2000).  

Bendamustine, which has a singular mechanism of action, with properties of both an 

alkylating agent and of a purine analog compound, can also trigger AIHA (Ghergus and 

Drénou 2013).  
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4.4. PROGNOSTIC SIGNIFICANCE AND RISK FACTORS FOR AIC 

 

It is difficult to assess the prognostic significance of autoimmunity in CLL, 

independently of conventional prognosis factors, because autoimmune phenomena in CLL 

are clearly related to other adverse prognostic factors. To this contributes also the complex 

interplay between treatment, treatment-associated cytopenia and the tumor response to 

treatment, and the inconsistency of the way overall survival is measured in different studies 

(whether from CLL diagnosis, which can be several years before the onset of AIC, or from 

the time of AIC onset).  

In a recent study, the patients with AIC (stage C “immune”) have been associated 

with a better outcome than those in whom cytopenia was due to bone marrow failure (stage 

C “infiltrative”) (Moreno et al. 2010b). Another study, focused on AIC diagnosed at CLL 

presentation, reported that patients with stage C “immune” had significantly worse overall 

survival than stage A patients, but not different from stage B (Visco et al. 2013).  

Dearden et al. assessed the prognostic effect of a positive DAT and/or AIHA in 

patients with CLL treated for the first time, at the moment of treatment initiation. A positive 

DAT predicted a poorer response to treatment and together with AIHA was associated with a 

lower overall survival, as you can see in Figure 22 (Dearden et al. 2008).  
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Figure 22. The predictive value of AIHA (A and B) and of a positive DAT (C and D) on 

overall survival (A and C) and progression free survival (PFS) (B and D) for 777 patients 

necessitating first line treatment (Dearden et al. 2008).  

 

 The inferior outcome of patients with autoimmune phenomena in CLL can be 

explained by a greater susceptibility for infections due to immunosuppressive treatment, or 

by cardiovascular or bleeding complications due to AIC, but it is more probably a clinical 
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reflection of CLL clone aggressiveness. Evidence that both AIHA and ITP are associated 

with other bad prognosis factors, like: age, male sex, advanced stage, high lymphocyte 

count, unmutated IGHV, ZAP-70, CD38, unfavorable cytogenetic lesions, supports the later 

hypothesis (Mauro et al. 2000; Visco et al. 2007; Maura et al. 2013; Moreno et al. 2010b; 

Zanotti et al. 2010).  

 The study that demonstrated for the first time an association between AIC and ZAP-

70 analyzed retrospectively data from 290 patients, in whom the expression of ZAP-70 was 

realized by immunohistochemistry (IHC) on bone marrow biopsies (Zanotti et al. 2010). 

16% of CLL patients developed AIC over a long follow-up period. IHC expression of ZAP-

70 correlated with flow cytometry method on PBMC for 88% of cases. For a subset of 

patients the mutational status of IGHV was also determined. In this study ZAP-70 

expression was the most discriminative parameter between CLL patients with or without 

AIC (p < 0,0001), with 80% of AIC patients being ZAP-70+ en IHC. The discriminative 

power of IGHV mutational status was lesser than ZAP-70, with a p = 0,026, in the context in 

which IGHV status was evaluated in only 136 of 290 patients. The two ZAP-70/IGHV 

discordant patients who developed AIC were both ZAP-70+/IGHV mutated. The 7-years 

projected cumulative incidence of AIC in ZAP-70 positive patients was 30% vs. 4% of ZAP-

70 negatives (Figure 23).  

                    

Figure 23. Time to autoimmune cytopenia from CLL diagnosis according to ZAP-70 

expression in 290 patients (Zanotti et al. 2010).  
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In addition, the occurrence of AIC demonstrated an adverse impact on survival in 

ZAP-70+ patients (Figure 24), suggesting that AIC could worsen the adverse impact of this 

prognostic marker by a more severe immune imbalance or by immunosuppressive treatment. 

Notably, in this study, among ZAP-70+ group of patients, the percentage of ZAP-70 

positivity was not evaluated in relation with AIC occurrence. 

                           

Figure 24. Overall survival according to occurrence of AIC and ZAP-70 expression (Zanotti 

et al. 2010).  

 These results were confirmed by a second study, reporting as association between 

ZAP-70 expression and the occurrence of AIC (Moreno et al. 2010b).  

 

4.5. TREATMENT  

 

No prospective randomized trials are available to guide the management of CLL-

associated AIC. Moreover, autoimmune phenomena are usually excluded from clinical trial, 

and the majority of information comes from retrospective studies. It has been proposed that 

autoimmune phenomena complicating CLL may be classified into two groups: simple 

autoimmunity (occurring in patients with stable disease), and complex autoimmunity (if 

there is concomitant CLL progression) (Kaufman and Rai 2010). Patients with isolated AIC 

should be managed as indicated for patients with primary forms of autoimmune cytopenia. 

Simple-refractory autoimmunity and complex autoimmunity will require CLL-specific 

treatment.  
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According to IWCLL guidelines (Hallek et al. 2008), patients with isolated AIC 

should be treated with glucocorticoids, as the first line therapy. Second line options include: 

single agent rituximab, intravenous immunoglobulins, and immunosuppressive therapy with 

agents like azathioprine, cyclosporine A, and low-dose cyclophosphamide. Although a good 

option for primary AIC, splenectomy may worsen immunodeficiency and risk of infections 

in CLL patients, and should be reserved to highly selected cases (Visco et al. 2014).   

For refractory cases, immune-chemotherapy treatment is indicated. The most two 

indicated options of rituximab plus chemotherapy combinations are: RCD (rituximab, 

cyclophosphamide, dexamethasone) and R-CVP (rituximab, cyclophosphamide, vincristine, 

prednisone). Fludarabine-associated regimens, like RFC, are not indicated in cases with 

active autoimmune phenomena, although there are some data suggesting that RFC treatment 

do not increase the risk of autoimmune cytopenia (Borthakur et al. 2007).  

As BCR signaling has an important role in autoimmune phenomena, it will be 

interesting to study the effects of the new BCR-signaling inhibitory agents on CLL-

associated autoimmunity.  
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3. ZAP-70 

 

 

3.1. ZAP-70 STRUCTURE AND SIGNALING PATHWAYS THROUGH ZAP-70 IN T CELLS 

&

&

ZAP-70 is a protein tyrosine kinase of 70 kDa, initially described in 1992 by Weiss 

group, as a ζ chain-associated protein, mainly expressed in T cells (Chan et al. 1992). ζ 

chain forms a homodimer at the cell surface, and together with CD3 heterodimers δε and γε 

and TCR (T cell receptor) α and β chains, forms the TCR signaling complex, as seen in 

Figure 25. Signaling from TCR is initiated by tyrosine phosphorylation within cytoplasmic 

regions in the CD3ε, δ, γ and ζ chains called immunoreceptor tyrosine-based activation 

motifs (ITAMs). Each ITAM contains two tyrosine residues (two YXXL/I motifs separated 

by about 6 to 9 amino acids) that, when phosphorylated, become particularly efficient in 

recruiting signaling proteins that contain two tandem SH2 domains. 

                                       

Figure 25. T cell receptor complex (Murphy, Walport, and Janeway 2012). 
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ZAP-70 is a 619 amino acids long protein, encoded by a gene located on 

chromosome 2 at 2q12 locus (chromosome 1 in mice) (Chan et al. 1992). ZAP-70 is a 

member of the spleen tyrosine kinase (Syk) family of kinases, with a specific structure. It is 

composed of two tandem SH2 domains that are separated by a linker region, termed 

interdomain A, and a carboxi-terminal kinase domain, separated by the SH2 domains by 

another linker region, named interdomain B (Figure 26). The other Syk family member is 

Syk kinase, which share 73% sequence homology with ZAP-70, is widely expressed in 

different cell types of hematopoietic origin (B cells, some T cells, myeloid cells and 

platelets), and has an important role in BCR proximal signaling.      

 

       

Figure 26. Schematical representation of ZAP-70 (Fischer et al. 2010).  

 

In quiescent T cells, ZAP-70 is a cytosolic protein, and it is recruited at the plasma 

membrane following TCR stimulation. Upon TCR engagement, CD4 or CD8 –associated 

Lck is brought into proximity of the TCR complex and phosphorylates their ITAMs. ZAP-70 

is then recruited by binding of the two SH2 domains to the doubly phosphorylated ITAMs of 

ζ chains (Figure 27). Active ZAP-70 subsequently phosphorylates LAT and SLP-76, which 

function as scaffolds to recruit many other signaling molecules and lead to T cell activation, 

proliferation and differentiation.  
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Figure 27. ZAP-70 docking and activation (Wang et al. 2010). 

 

The two SH2 domains do not function independently, and the interaction between 

them is important for specific recognition of the phospho-ITAMs (Ottinger, Botfield, and 

Shoelson 1998). Docking of ZAP-70 to the plasma membrane, where it is activated by Lck-

mediated phosphorylation, is also necessary to relieve an auto-inhibited conformation, 

through exposure of tyrosines in interdomain B, that are phosphorylated by Lck, as seen in 

Figure 28.  

Figure 28. Model for the activation of ZAP-70 following ITAM binding (Wang et al. 2010).  
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Interdomain B contains 3 tyrosine residues (Y292, Y315, Y319) important in TCR 

activation and regulation. Y292 can bind the ubiquitin ligase c-Cbl (Lupher et al. 1997; 

Magnan et al. 2001), and controls both ζ chain ubiquitination (Wang et al. 2001) and TCR 

downmodulation (Davanture et al. 2005). So, Y292 plays a role in attenuation of TCR 

signaling, by limiting the duration of residence of the activated TCR at the cell surface. On 

the other hand, phosphorylation of Y315 residue enhances ZAP-70 function, resulting in 

TCR-induced actin network remodeling and cell adhesion (Goda et al. 2004; Sasahara et al. 

2002). Y319 is an important positive regulator of ZAP-70 signaling, mutations at this site 

being associated with diminished PLCγ phosphorylation with a deficient Ca2+ mobilization 

and IL-2 secretion (Di Bartolo et al. 1999; Williams et al. 1999). The hydroxyls of the Y315 

and Y319 allow for more conformational flexibility and control the auto-inhibitory 

conformation (Deindl et al. 2009). Regulation of ZAP-70 kinase activity is dependent on 

these tyrosine residues; mutation of both Y315 and Y319 to phenylalanine renders the kinase 

inactive, but, in contrast, mutation of these same to alanine results in increased basal kinase 

activity (Brdicka et al. 2005). Deletion of the entire interdomain B induces a reduction in 

ZAP-70 kinase activity, but do not affect the ability of ZAP-70 to bind to the TCR (Zhao et 

al. 1999). The kinase domain contains two tyrosines that can regulate kinase activity itself. 

Phosphorylation of Y493 has been shown to up-regulate ZAP-70 activity and, in contrast, 

phosphorylation of Y492 seems to negative regulate ZAP-70 activity (Chan et al. 1995; 

Wange et al. 1995).  

A single ZAP-70 isoform has been described, which lacked the SH2 domains and a 

part of interdomain B, named truncated ZAP kinase (TZK). TZK, unlike ZAP-70, is 

expressed sooner, at pre-TCR- stage, and function as a kinase not associated with TCR 

(Kuroyama et al. 2004).  

The cell surface recruitment and phosphorylation of ZAP-70 determines the 

phosphorylation of two scaffold proteins without enzymatic activity, LAP and SLP-76, 

which bind in return other proteins, driving the spatial organization of signaling complexes. 

One of the main consequence of ZAP-70 signaling is increased intracellular free Ca2+ 

concentration (Meinl et al. 2000). Also, defective activation of mitogen-activated protein 

kinases (MAPK) Erk1 and Erk2 have been reported in thymocytes of ZAP-70 deficient mice 

and CD4+ T cells from ZAP-70 deficient patients (Meinl et al. 2001).  

ZAP-70 controls cytoskeleton modifications, adhesion and mobility of T cells, and 
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also, correct formation of immunological synapse (Blanchard, Di Bartolo, and Hivroz 2002; 

Ticchioni et al. 2002).  

ZAP-70 has an important role in thymocyte development and both positive and 

negative selection in thymus. Mice lacking ZAP-70 have been shown to develop neither 

CD4 nor CD8 single positive cells, the development being arrested at double-positive stage 

(Negishi et al. 1995). In mice lacking both ZAP-70 and Syk, the development of thymocytes 

was arrested after the expression of pre-TCR and the thymocytes were unable to become 

CD4+CD8+ (Cheng et al. 1997). In ZAP-70 deficient patients, a distinct phenotype of human 

severe combined immunodeficiency is present, in which only CD8+ T cells are absent, CD4+ 

T cells being present in the periphery, but inefficient in transducing signals via their TCRs 

(Arpaia et al. 1994; Elder et al. 1994). Initial T cell development, in this case, is partially 

rescued by Syk kinase. These patients have normal numbers of B cells, associating 

sometimes a hypergammaglobulinemia. Negative selection also require ZAP-70 activity, 

ZAP-70 deficient thymocytes escaping deletion by peptide antigens (Negishi et al. 1995).  

Although phosphorylation/dephosphorylation processes mainly regulate ZAP-70 

function, gene expression regulation has not yet been studied in different steps of T cell 

activation.  

In B cells from CLL, ZAP-70 mRNA correlates with protein expression. ZAP-70 

expression is probably controlled by a promoter region recently described in B CLL cells 

and in cell lines, which is characterized by particular histone modifications and DNA 

methylation profiles that facilitate the activation of transcription in ZAP-70+ B cells (Amin et 

al. 2012). The hypomethylation of certain CpG dinucleotides in the promoter region of ZAP-

70 is well correlated with ZAP-70 mRNA and protein, and could be used as a feasible 

marker in clinical routine (Chantepie et al. 2010; Claus et al. 2012).  

 

! ZAP-70 in NK cells 
 

NK cells express both ZAP-70 and Syk kinases, which associate with transmembrane 

molecules with ITAM motifs, such as CD3 ζ chain or FcεRIγ, in the signaling machinery of 

CD16 (FcγRIIIA) or DAP12 in the signaling machinery of KIR receptors (Bryceson et al. 
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2006). These kinases, although probably redundant in these cells, are not essential for NK 

development and function, although necessary to signal through CD16 (Colucci et al. 2002; 

Colucci et al. 1999).    

 

 

3.2. ZAP-70 EXPRESSION IN CLL CELLS AND ASSOCIATED SURVIVAL ADVANTAGES 

 

 

! ZAP-70 expression detection methods  
&

The first time that ZAP-70 expression was described in CLL cells was in micro-array 

experiments designed to look for a surrogate marker discriminating between M-CLL and 

UM-CLL subsets (Rosenwald et al. 2001). Subsequently, Crespo et al. demonstrated the 

prognostic role of ZAP-70 protein expression in immunohistochemistry, Western blotting 

and flow cytometry (Crespo et al. 2003). The expression of ZAP-70 in a B cell lineage 

derived leukemic cells was unexpected, for what was considered a T (or NK) lineage 

specific gene.  

The best detection method for ZAP-70 in CLL is still in debate. The expression of 

ZAP-70 can be assessed by different techniques, such as Western blotting (WB), quantitative 

RT-PCR (qPCR), immunohistochemistry (IHC), and flow cytometry.  

Flow cytometry is the most utilized, but it lacks standardization concerning the 

method and the expression of results in comparison to a control. One method defines a CLL 

sample as positive if at least 20% of CLL cells have a signal exceeding that of an isotype-

matched negative control antibody. The second method utilizes the expression of ZAP-70 in 

normal T or NK cells as positive control. This second method, which has been largely used 

lately, has been recently challenged by the demonstration that ZAP-70 is also overexpressed 

in T cells from CLL patients. Moreover, its level is correlated with that of ZAP-70 in CLL B 

cells (Herishanu et al. 2005). Thus the B/T or T/B ratio on ZAP-70 expression is not 

representative, the expression level of ZAP-70 in CLL B cells being more reliable on an 
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external control (isotypic control or normal cells from a normal subject), than on an internal 

positive or negative control (represented by cells from the same patient).  

There are different commercialized monoclonal antibodies anti-ZAP-70 conjugated 

with fluorochromes, the most reliable being SBZAP and 1E7.2 clone.  

Real-time quantitative PCR (qPCR) is a sensitive and accurate method for ZAP-70 

mRNA which proved to be an independent and a powerful prognostic factor in CLL. qPCR–

measured ZAP-70 is strongly associated with mutational status, prevails over mutational 

status in discordant cases, and clearly tends to prevail in cases of discordance with flow 

cytometry-measured ZAP-70. Disadvantages of qPCR are the lack of standardization, 

different housekeeping genes being used to report the results, and the necessity of highly 

purified cells by flow cytometry sorting.   

Of note, the level of ZAP-70 expression in CLL B cells does not change over time in 

disease evolution (Crespo et al. 2003; Orchard et al. 2004), thus an unique determination is 

sufficient. Moreover, the level of ZAP-70 doesn’t seem to differ between different tissues 

(peripheral blood, marrow or lymph nodes) for the same patient (Orchard et al. 2004; 

Rassenti et al. 2004), although some studies contradict this (Boelens, Philippé, and Offner 

2007).    

The sequencing analysis of several tyrosine kinases in CLL, including ZAP-70 and 

Syk, did not retrieve any somatic mutation that could explain their overexpression or their 

more readily activation (Brown et al. 2008; Philippen et al. 2010).  

 

! ZAP-70 expression enhances BCR signaling in CLL cells 
&

Although high ZAP-70 expression correlates with poor prognosis in CLL, the precise 

role of this PTK in CLL is unclear. Prior studies indicated that ZAP-70 could reconstitute 

BCR signaling in Syk-deficient B cells (Kong et al. 1995). Inversely, Syk could partially 

restore TCR signaling in ZAP-70 deficient patients (Toyabe et al. 2001).   

Ligation of the BCR with an anti-μ F(ab’) on CLL cells that express ZAP-70 induce 

significantly greater tyrosine phosphorylation of cytosolic proteins, including p72Syk, than do 

ZAP-70 negative cells. Moreover, following treatment with anti-μ, ZAP-70 underwent 
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tyrosine phosphorylation and became associated with surface μ and CD79b, in 

immunoprecipitation studies (Chen 2002b).  

Previous studies found that CLL cells with unmutated IGHV had greater increase in 

the levels of tyrosine-phosphorylated proteins following IgM crosslinking than did M-CLL 

cells (Lanham et al. 2003). Importantly, rare cases of CLL with mutated IGHV and ZAP-70+ 

cells, also experience higher levels of tyrosine phosphorylation following BCR ligation, 

arguing to a more important role of ZAP-70, comparing to IGHV mutational status, in BCR 

signaling (Chen 2002b). A direct role of ZAP-70 in enhancing IgM signaling in CLL was 

demonstrated by transduction studies of ZAP-70- CLL cells, the majority with mutated 

IGHV, with an adenovirus vector encoding ZAP-70. These CLL transfected cells induced 

significantly greater levels of phosphorylated p72Syk, BLNK, PLCγ, and greater intracellular 

Ca2+ influx upon IgM ligation, than did similarly stimulated, noninfected CLL cells or CLL 

cells infected with a control adenovirus (Chen 2005). 

It appears that a certain level of ZAP-70 protein is required to affect anti-μ signaling, 

exceeding levels above this threshold do not apparently enhance the phosphorylation of Syk 

or the downstream proteins (Chen 2005). This is also true on clinical level: patients with 

intermediate level of ZAP-70 in CLL cells have the same risk of aggressive disease as those 

with high ZAP-70 levels (Rassenti et al. 2004).  

The increase in BCR signaling by ZAP-70 is unexpected, given that ZAP-70 has 

been shown to have an approximately 100 times lower intrinsic enzymatic activity that Syk 

in vitro and that the majority of CLL cells express ZAP-70 at lower levels than Syk (Latour, 

Chow, and Veillette 1996; Laurenti et al. 2005).  

It has been shown that ZAP-70 is not phosphorylated at Y319, nor at Y493 in CLL B 

cells, important sites for ZAP-70 activation, which are strongly phosphorylated in antigen-

stimulated T cells. ZAP-70 is inefficiently phosphorylated on the activating tyrosine 

residues, even when it is overexpressed 3-fold higher than Syk in BJAB B cell lines. The 

inefficacy of ZAP-70 activating phosphorylation may be explained by the competition with 

Syk on BCR ITAMs, which can be a limiting step in activation. It can also be a result of 

inadequate folding and spatial orientation of ZAP-70 in CLL cells that differs from that in T 

cells, as demonstrated by the fact that ZAP-70 can associate with chaperone protein Hsp90 

in CLL B cells but not in T cells (Castro 2005). It cannot be explained by the absence of 
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Lck, a T cells specific kinase, which is also aberrantly expressed in CLL cells (Majolini et al. 

1998). ZAP-70 may function as an adaptor protein, and associates with PI3K, c-Cbl, Cbl-b 

and Shc. It induces stronger and prolonged activation of Syk, ERK and Akt kinases, 

probably by regulating the rate of BCR internalization, which is lowered in ZAP-70 

transfected BJAB cells (Gobessi et al. 2007). 

Cell transduction experiments with an adenovirus containing ZAP-70, a mutated 

form of ZAP-70 without kinase activity, and an empty virus, confirmed that ZAP-70 

enhance IgM signaling in CLL cells, independent of its kinase activity. In the same 

experiments the authors studied the possibility that ZAP-70 may enhance BCR signaling 

indirectly, by competing with activated p72Syk for binding c-Cbl, an E3 ubiquitin ligase 

which signals for PTK degradation, thus prolonging the half-life of activated Syk. They 

concluded that competition for c-Cbl-directed proteolytic degradation is unlikely to account 

for the capacity of ZAP-70 to enhance BCR signaling, because ZAP-70- CLL cells 

transfected with a mutant form of ZAP-70 at position 292, which abrogates the possibility to 

interact with c-Cbl, also have enhanced BCR signaling. On the contrary, the two SH2 

domains are necessary for ZAP-70 to have an effect on CLL BCR signaling, as they permit 

the docking at the ITAMs (Liguang Chen et al. 2008).  

It has been previously reported that a kinase-defective ZAP-70 mutant is able to 

recruit Lck to the TCRζ chain, promoting ITAM phosphorylation by Lck in double positive 

thymocytes, in which only low levels of Lck are available (Ashe et al. 1999). As CLL cells 

are characterized by lower surface expression of IgM and CD79b than normal B cells, it is 

possible that ZAP-70 could facilitate the assembly of BCR complexes through special 

proximity. Thus, ZAP-70 could induce translocation of BCR into lipid rafts upon IgM 

ligation, facilitating the signaling, as demonstrated by a study where translocation of BCRs 

into lipid rafts was possible in IGHV unmutated, but not in mutated CLL BCRs (Allsup et al. 

2005).  

It is worth notice that the effect of ZAP-70 overexpression in normal B cells is totally 

unknown, as it hasn’t been studied before. 
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! Survival advantages of ZAP-70 expression in CLL cells 
 

A positive correlation has been demonstrated between ZAP-70 positivity and the 

level of expression of CCR7, a molecule known to regulate trafficking of normal B, T and 

dendritic cells to lymph nodes. The level of CCR7 is upregulated on the surface of 

circulating CLL B cells as compared to that of normal B cells, this increase correlating with 

clinical stage, but not with IGHV mutational status or CD38 expression (Till et al. 2002; 

Ghobrial et al. 2004). Through this enhanced expression of CCR7, ZAP-70+ CLL cells 

respond more readily in vitro than ZAP-70- CLL cells and normal B cells, to their ligands, 

CCL19 and CCL21 (Richardson 2006), favoring an increase chemotaxis and F-actin 

polymerization, thus the entry in the proliferation centers.  

In addition, ZAP-70+ CLL cells exhibit sustained ERK phosphorylation following 

stimulation with CXCL12, a survival factor produced by stromal cells. Following coculture 

with nurse-like cells, the survival of ZAP-70+ but not ZAP-70- CLL cells was significantly 

enhanced by the addition of CXCL12, an effect that is partially blocked by a MEK inhibitor 

(Richardson 2006). In ZAP-70 transfected cells lines, enhanced BCR signaling after IgM 

ligation increased CCR7 expression via ERK1/2, increasing the response and migration 

toward CCL21 (Calpe et al. 2011).  

CLL cells with UM-IGHV and ZAP-70+ have a greater capacity to respond to 

external microenvironmental stimuli, including those transduced through Toll-like receptor 9 

(TLR9), via a not well characterized mechanism which implies the proto-oncogene MYC 

and a miRNA, miR-17 (Bomben et al. 2012).  

 

! ZAP-70 expression in other lymphoid malignancies 
 

ZAP-70 aberrant expression is not entirely limited to CLL. Near 600 cases of other 

lymphoid malignancies were analyzed in flow cytometry or immunohistochemistry in 3 

large studies. ZAP-70 positivity was more common in B-acute lymphoblastic leukemia (B-

ALL; 37% - 57%) (Crespo et al. 2006; Chiaretti et al. 2006), Burkitt lymphoma (8% - 31%), 

and mantle cell lymphomas (11%). Of note, in B-ALL cases, high ZAP-70 expression is 

correlated with CD38 positivity and with the abnormal presence of other TCR signaling 
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components, like Lck and LAT. There was non-significant expression of ZAP-70 in 

follicular lymphomas, diffuse large B cell lymphoma or marginal zone lymphomas or in 

Hodgkin’s disease (Admirand et al. 2010; Carreras et al. 2005). Another study found ZAP-

70 expression in all B cell malignancies, including mantle cell lymphoma and multiple 

myeloma (Scielzo et al. 2006). In T or NK cell origin malignancies ZAP-70 is by no means 

positive in all entities, but the aberrant loss of ZAP-70, although more frequent in high grade 

lymphomas, has no prognostic information at the time (Sup et al. 2004; Admirand et al. 

2010).  

 

3.3. ZAP-70 EXPRESSION IN NORMAL B CELLS  

 

ZAP-70 is a tyrosine kinase classically described as expressed exclusively in T and 

NK cells. Controversy data began to emerge, when an unexpected requirement for ZAP-70 

in pre-B cell development in mice was described. In the absence of Syk, B cell development 

in the mouse is only partially blocked at the pro-B to pre-B cell transition, suggesting the 

existence of a Syk-independent pre-BCR signaling pathway. Mice both mutant in Syk and 

ZAP-70 show a complete block at the pro-B cell stage. Although in the absence of Syk 

IgM+IgD- immature B cell are still detected, albeit in low numbers, in ZAP-/-Syk-/- no IgM+ 

cells could be detected. In these cells, pro-B cells were present in elevated numbers, whereas 

no pre-B cells could be detected at all (Schweighoffer et al. 2003).  

The arrest of B cell development at pro-B cell stage was not due to a failure to 

rearrange heavy chain genes, to synthesize μ chains, or to a failure to assemble a complete 

pre-BCR, as all those processes turn to well function in ZAP-/-Syk-/- mice. This arrest is the 

consequence of a defective pre-BCR signaling, as demonstrated by failure of Ig heavy chain 

allelic exclusion, known to require a pre-BCR signal. A substantial proportion of ZAP-/-Syk-/- 

pro-B cells express two different functional heavy chains, violating the principle of allelic 

exclusion. 

Furthermore, in Syk deficient-only mice, despite ZAP-70 activity, immature B cells 

are blocked at positive selection, and no IgD+ B cell is detected in periphery. This is 

overcome by ZAP-70 overexpression, by transduction with a ZAP-70 containing virus. So, 

ZAP-70 has the ability to substitute for Syk to transduce BCR signals leading to the positive 



& 1ki&

selection of immature B cells into the recirculating follicular pool, but normally does not do 

so because it is expressed at a low level (Fallah-Arani et al. 2008). 

In wild type mice, ZAP-70 was detected by immunoblot in pro-B, pre-B, and splenic 

B cells (Schweighoffer et al. 2003).  

In normal human B cell development the expression of ZAP-70 is still a matter of 

debate.  

In one study, ZAP-70 could be detected in pro/pre B cells in bone marrow from 

normal subjects. Thus the expression of ZAP-70 was higher in CD19+CD10+ or 

CD19+CD34+ human cells, than in mature B cells (CD19+CD34-CD10-), in flow cytometry 

and in Western blotting. On the contrary, ZAP-70 was negative in mature B cells from 

normal tonsils in this study. Thus, in line with the above, the authors hypothesized that ZAP-

70 expression in near 50% of cases of B-ALL could be a consequence of malignancy 

development from a cell of origin (pro/pre B cell) already expressing ZAP-70 (Crespo et al. 

2006). 

Nolz et al. detected ZAP-70 in freshly isolated B cells from spleen and tonsil, but not 

from peripheral blood. ZAP-70+ B cells displayed an activated phenotype, with higher level 

of CD38, than ZAP-70- B cells. ZAP-70+ B cells consisted of both surface IgM+ and IgG+ 

cells, expressed a variable level of CD5, and expressed somewhat higher levels of CD27 

than did ZAP-70- B cells. These cells did not express CD138, suggesting that they are not 

plasma cells (Nolz et al. 2005).  

Another study found ZAP-70 expression also in tonsilar B cells, which had activation 

characteristics, such as a larger cell volume, or the presence of activation markers as CD38, 

CD27 and CD71. Noteworthy, there was no correlation between ZAP-70 and CD5 

positivity, suggesting that ZAP-70 expression is not merely a characteristic of CD5+ cells, 

like in CLL (Cutrona et al. 2006).  

On the other hand, Scielzo et al. postulated that ZAP-70 is expressed by all normal B 

cell subsets, not only by certain subpopulations, though at different levels. They showed that 

all three purified subsets of human tonsil B cells (naïve, CD19+CD38-IgD+; germinal center, 

CD19+CD38+IgD-; memory, CD19+CD38-IgD-) expressed ZAP-70 at similar levels, being 

about three times less than the level in CD3+ T cells, and five times more than that in 

peripheral B cells, which, in turn, are nevertheless positive for ZAP-70 (Scielzo et al. 2006). 
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This study utilized as negative control CD15+ granulocytes and CD14+ monocytes that were 

strictly negative for ZAP-70.  

ZAP-70 expression in B cells could be induced by stimulation of peripheral blood or 

tonsil B cells with CD40L + IL-10, IL-4 and IL-6, with IL-15 + CpG ODN 2006, or with 

anti-IgM (Scielzo et al. 2006). A more recent study confirmed that ZAP-70 expression could 

be induced after stimulation through TLR9 with CpG DNA, and moreover, TLR-9 

stimulated B cells resemble CLL B cells, in regard to CD5, CD23, CD25 and heat shock 

protein 90 (Hsp-90) expression (Scielzo et al. 2006; Bekeredjian-Ding et al. 2008).  

The expression of ZAP-70 in normal B cells remains a controversy.  ZAP-70 could 

have a redundant role, in addition to Syk, in B cell development. Their expression could be 

limited to early developmental B cells. Although there are several studies implying that 

ZAP-70 could be expressed at pro-B and pre-B cell stage of development, these cells are not 

well characterized. Another possibility suggested by these studies is that ZAP-70 could be an 

inducible molecule, upon activation, as certain B cells subtypes from tonsils with activated 

traits express it.  

Altogether, none of the above studies found detectable ZAP-70 in peripheral B cells 

apart Scielzo’s study, in which ZAP-70 level was extremely low (five times less than in 

tonsil B cell, which was three times less than in T cells, i.e. 15 times less than in T cell). 

 

 

 

3.4. ZAP-70 AND AUTO-IMMUNITY 

 

ZAP-70 is classically associated with autoimmune phenotypes due to T cell 

abnormalities. Such examples of T-cell mediated autoimmunity are SKG model and ZAP-

70mrd/mrt mouse model.  

Sakaguchi et al. characterized SKG model in mice carrying a missense mutation in 

the ZAP-70 gene (W163C in C-terminal SH2 domain), which develop chronic arthritis, 

resembling human rheumatoid arthritis. This mutation precludes binding of ZAP-70 to the ζ 
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chain, leading to defective TCR signaling with impaired positive and negative selection of T 

cells (Sakaguchi et al. 2003). ZAP-70mrd/mrt mouse model resulted from crossing two different 

strains with hypomorphic ZAP-70 mutations, murdock (mrd) and mrtless (mrt). These mice 

had abnormal Treg development, production of anti-DNA antibodies and hyper-IgE (Siggs 

et al. 2007). In human autoimmune disease, one study reported that the level of ZAP-70 

protein in T lymphocytes was associated with disease activity in systemic lupus 

erythematosus (Januchowski et al. 2007).  

The relation between ZAP-70 expression in B cells and the occurrence of 

autoimmunity was suspected only by one group that looked for a bio-marker of B cell 

activation in rheumatoid arthritis (RA). They demonstrated that ZAP-70 expression in 

synovial fluid B cells obtained from RA patients was increased compared to synovial fluid B 

cells from osteoarthritis (OA) patients, although this was only true concerning the protein 

level, and not mRNA. In the same patients the level of ZAP-70 in peripheral blood B cells 

did not differ between RA and OA patients, suggesting a rather local accumulation of 

pathological B cells to the site of injury in RA patients. Moreover, the percentage of ZAP-70 

positive B cells was related to the levels of IL-6, BAFF, and autoantibodies in synovial fluid, 

suggesting a relation to synovial inflammation. In in vitro culture, ZAP-70+ B cells from 

synovial fluid were less prone to spontaneous apoptosis than ZAP-70- cells from the same 

patient (Tolusso et al. 2009). This initial study was infirmed by a second study from the 

same group, in which there was no difference between the level of expression of ZAP-70 in 

B cells from synovial fluid or from peripheral blood between RA and non-RA patients, 

rendering the first study less credible (Michelutti et al. 2011).  

Another very ingenious study tried to compare differential kinase fitness between 

Syk and ZAP-70, in vivo. They studied kinase exchange in mice, which carry Zap-70 cDNA 

knock-in controlled by intrinsic Syk promoter, by inserting Zap-70 cDNA into the first 

coding exon of Syk. This disrupts wild-type Syk expression, and replaces it by ZAP-70 

expression, under the control of Syk promoter. SykZap-70/Zap-70 BCR responded with 

diminished phosphotyrosine and Ca2+ responses, when compared with wild type mice. The 

alteration in BCR signaling in SykZap-70/Zap-70 B cells resulted in preferential development and 

survival of marginal zone B cells and the predisposition to auto-immunity, causing the 

generation of anti-insulin autoantibodies and age-related glomerulonephritis (Königsberger 

et al. 2012). The hypothesized mechanism of autoantibody production in these mice is 
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through attenuated BCR signaling, allowing for the positive selection of autoreactive and 

polyreactive B cell clones. Another possible explanation is that SykZap-70/Zap-70 B cells survive 

preferentially in the pool of marginal zone cell, who were reported to harbor autoreactive 

specificities (Ekland et al. 2004). It is worth noting that these mice did not developed 

antinuclear antibodies, suggesting that negative central control selection towards particulate 

antigens is still intact, and that germinal center response is to some extent compromised in 

its ability to generate high-affinity antibodies in SykZap-70/Zap-70 mice.  

In conclusion, the role of B cell expressing ZAP-70 in the development of 

autoimmune phenomena, although suspected via the increased BCR signaling in these cells, 

is largely unknown.  
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Our project logic argument, modeled after an Aristotel’s syllogism, is composed of 

several premises, from which a conclusion can be deduced, that we will experimentally 

demonstrate. 

 

! Premises   
&

Chronic lymphocytic leukemia (CLL) is a lymphoproliferative malignancy 

characterized by the progressive clonal accumulation of mature-appearing B cells. In the 

pathogenesis of CLL, the main questions that remain to be resolved are: the normal cell of 

origin from which CLL is derived, the role of B cell receptor (BCR) signaling in CLL 

pathogenesis, and the possible role of infectious or self antigens in the arising and the 

proliferation of B cell clone.  

In the group of lymphoproliferative diseases, CLL has the particularity of a 

dysregulated immune system that favors the development of autoimmune disorders. The 

incidence of autoimmune phenomena accompanying CLL is quite high, varying between 10 

to 25% of cases. Autoimmunity is predominantly directed against blood cells, leading to 

autoimmune cytopenias (AIC), like autoimmune hemolytic anemia (AIHA) and immune 

thrombocytopenia (ITP). 

Autoimmunity can occur at any time in the CLL evolution, and can even associate 

with the pre-leukemic monoclonal B cell lymphocytosis (MBL). The mechanisms that lead 

to autoimmunity in CLL are far from being understood and research on the subject is 

important for the understanding of the immune interaction between malignancy and 

autoimmunity.  
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Nevertheless, the great majority of pathogenic autoantibodies in CLL-associated 

autoimmune cytopenia, which are polyclonal IgG, are not produced by leukemic clone, but 

synthesized by normal1 bystander B cells. 

 Additionally, accordingly to the only study before ours, there is a good correlation 

between ZAP-70 expression by CLL cells and the occurrence of autoimmune phenomena. 

ZAP-70 is the most discriminative parameter between CLL patients with or without AIC (p 

< 0,0001), with 80% of AIC patients being ZAP-70+ (Zanotti et al. 2010).  

ZAP-70, initially described as an important molecule in surface receptor signaling in 

T and NK cells, has been found to be an important prognostic factor in CLL. ZAP-70+ CLL 

cells show survival advantages, acquired mainly through enhanced BCR signaling.  

Classically, normal B cells do not express ZAP-70, although recent studies have 

given rise to a controversy. It seems to be necessary in the mouse B cell development, from 

the pro-B to pre-B transition (Schweighoffer et al. 2003). In humans, ZAP-70 has been 

described in some B cell subsets from tonsils, or in B cells with an activated phenotype 

(Crespo et al. 2006; Nolz et al. 2005; Cutrona et al. 2006; Scielzo et al. 2006). Moreover, 

there are data suggesting that ZAP-70 can be induced in B cells, after stimulation (Scielzo et 

al. 2006; Bekeredjian-Ding et al. 2008).  

 

! Hypothesized conclusions to demonstrate 
&

&

Our first hypothesis is that ZAP-70 expression in B cells from patients with CLL is 

not restricted to malignant cells as a consequence of neoplastic transformation, but could 

rather be an earlier phenomenon, which could predispose to malignancy.  

As increased BCR signaling can favor autoimmunity, our second hypothesis is that 

ZAP-70, through increased BCR signaling, could induce tolerance breakdown in non-

malignant B cells, being responsible for autoimmune phenomena.  

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

1&The non-malignant B cells are referred in the following as “normal B cells” as opposed to malignant B cells, even though 

they can be auto-reactive (not normal) 
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  To test our hypothesis we addressed the following questions: 

 

1. Do normal B cells from CLL patients express ZAP-70? 

2. Is there a correlation in the expression level of ZAP-70 between malignant and 

normal B cells?  

3. Is there a correlation between the expression level of ZAP-70 in normal B cell and 

autoimmune phenomena? 

4. Are ZAP-70+ B cells autoreactive?  

 

Moreover, in order to find whether ZAP-70 abnormal expression in B cells can favor 

autoreactivity in general, or whether it predisposes to malignant transformation, a ZAP-70 

knock-in mouse that will conditionally express ZAP-70 from certain B cell stages of 

development was designed. 
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Patients 

Samples used in this study were all peripheral blood specimens obtained from 

patients diagnosed with CLL, after a written consent, or from volunteer normal subjects or 

buffy coats from blood donors, used as control. Patient samples were obtained from two 

clinical hematology services, in Strasbourg and Mulhouse. At first, the study included all 

new available cases of CLL, regardless of ZAP-70 status, IGHV mutational status or clinical 

associated particularities, later focusing only on patients presenting with CLL and associated 

autoimmune cytopenia. Preferred samples were obtained from patients not previously 

intensely treated, especially without anti-CD20 treatment in the last 6 months, to avoid 

severe lymphopenia, especially for normal B cells. 

Mononuclear cells from peripheral blood samples were isolated by Ficoll-Hypaque 

gradient (PAA), and cryopreserved before analysis. 

 

Flow cytometry analysis 

First, a viability staining was performed in all cells with Fixable Viability Dye eFluor 

780 (eBioscience) that can be used on permeabilized cells.  

Surface staining was performed on samples with a mixture of CD19-PE-Cy7, CD3-

APC, λ-FITC, IgM-FITC, CD70-FITC, CD86-PerCPCy5.5, CD27-PerCPCy5.5, CD38-

PerCPCy5.5, CD21-APC, CD43-APC (BD Pharmingen), CD5-ECD (Beckman Coulter), 

kappa-biotin (eBioscience), IgD-biotin (eBioscience), monoclonal antibodies. A 

streptavidin-APC was used as secondary antibody.  

Intracellular ZAP-70 staining was performed with anti-ZAP-70-PE (1E7.2) (BD 

Bioscience) after a previous incubation with 2 ml of Lysing solution (BD Bioscience) for 

fixation and permeabilisation, as indicated by manufacturer. A CLL sample was typed as 

ZAP-70 positive if at least 20% of CLL cells were positive for ZAP-70, comparing to the 

staining with an isotype control-PE antibody (BD Bioscience).  

Cells were read using Gallios flow cytometer (Beckman Coulter), the analyzed using 

Kaluza flow analysis software 1.2 (Beckman Coulter).  
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qPCR analysis of ZAP-70 mRNA expression 

We measured ZAP-70 mRNA levels in fluorescence activated cell sorting (FACS) 

purified cells, after a surface staining as described in the flow cytometry analysis. Total 

RNA was isolated from purified CD19+CD5+, CD19+CD5- and CD3+ viable cells, from CLL 

samples and controls, using RNeasy mini (for samples of at least 0,5 x 106 cells) or RNeasy 

micro (for samples of less than 0,5 x 106 cells) Kit (Qiagen). A reverse transcription reaction 

was performed using High-capacity cDNA Reverse Transcription Kit (Applied Biosystems) 

with random hexamers. A pre-amplification assay using TaqMan PreAmp Master Mix Kit 

(Applied Biosystems) was performed before real-time quantitative PCR (qPCR). For qPCR 

TaqMan probes for ZAP-70 (ref. no. Hs 00896347_m1), and for 3 housekeeping genes 

(HPRT1, Hs 01003267_m1; ACT1β, Hs 99999903_m1; 18S, Hs 99999901_S1) were 

utilized, all from Applied Biosystems. Each sample was amplified in triplicate in a 

StepOnePlus real-time PCR machine (Applied Biosystems). mRNA levels were calculated  

with StepOne v2.1 software (Applied Biosystem), using the comparative cycle threshold 

method, and normalized to the endogenous control gene. After a previous analysis of CT 

variability in normal and pathological B cells, HPRT1 was chosen for its best stability. Each 

subset of cell, after an internal normalization to his own HPRT1 expression, was then 

referenced to the expression of ZAP-70 in normal subject’s T cells (CD3+ cells).  

 

PBMC in vitro culture  

Cryopreserved PBMC from a CLL ZAP-70_, a CLL ZAP-70+ case and a normal 

subject were incubated for 24h and 48h with a CLL or normal serum-enriched culture media 

(RPMI). After thawing, 1 x 106 PBMC cells per well were incubated with a serum-enriched 

media, containing RMPI with increasing concentrations (10%, 25%, 50%) of 

decomplemented serum from a ZAP-70+ CLL patient or from a normal subject, as control. 

After 24h or 48h or culture, cells were recovered from culture media, and then stained with 

monoclonal antibody for flow cytometry on cell surface and intracellular, as described on 

flow cytometry analysis. ZAP-70 expression was compared to that of an isotype control, and 

to that of the same cells not previously cultured (freshly thawed PBMC).  
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In vitro stimulation of normal PBMC  

Two ml of 1x106/ml of thawed, cryopreserved PBMC from healthy subjects were 

incubated for 48h or 72h with RPMI medium with 10μg/ml gentamicin, supplemented with 

10% heat-inactivated fetal calf serum (FCS), as control. For stimulation, two mixes were 

added to the culture media: 1): CD40L at 1μg/ml (R&D Systems) + IL-4 10ng/ml (R&D 

Systems) + IL-21 50ng/ml (PrepoTech) + anti-IgM 20μg/ml (Jackson); or 2): CD40L at 

1μg/ml (R&D Systems) + IL-4 10ng/ml (R&D Systems) + IL-21 50ng/ml (PrepoTech) + 

anti-IgM 20μg/ml (Jackson) + CpG (ODN 2006) 2,5 mM (Invivogen). The cells were 

recovered from culture media after 48h and 72h of culture, and then stained with monoclonal 

antibody for flow cytometry on cell surface and intracellular, as described on flow cytometry 

analysis. ZAP-70 expression was compared to that of an isotype control, and to that of the 

same cells not previously cultured (freshly thawed PBMC). 

 

Single cell reverse-transcription PCR (scPCR) 

scPCR was used to reverse-transcribe and amplify at the same time mRNA for 

rearranged Ig heavy and light chains and ZAP-70 mRNA from a single cell. This method 

permit to study at single cell level immunoglobulin repertoire from B cells expressing ZAP-

70, and to clone these Ig rearranged genes to produce monoclonal antibodies.   

For Ig genes, the method was adapted after scPCR method utilized in Meffre’s 

laboratory in Yale University, published by Tiller et al. (Tiller et al. 2008).  

For ZAP-70 mRNA, the method of reverse-transcription and amplification at single 

cell level was designed and realized for the first time in this project.  

Single B cells were isolated by florescence activated cell sorting (FACS) in 96 wells 

plate after a surface staining with monoclonal antibodies, as described in flow cytometry 

method. Sorted cells on dry well plates, were then sealed with an aluminum seal, and 

immediately placed on dry ice before storage at -80°C.  

cDNA was synthesized directly in each well from total single cell RNA, without a 

previous RNA extraction step. The reaction was carried out in a total volume of 20 μl per 

well in the original 96-well sorting plate. A mix of 140ng of random hexamer primer 

(pd(N)6) (Takara) and of 1μl of 10μM ZAP-70 gene-specific reverse primer (LIP 568, 
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designed in our laboratory), 0,5 μl of 100mM DTT (Invitrogen, SuperScript III kit), 0,7μl of 

10% NP40 Surfact-Amps (thermo Scientific), and 16U of RNase out (Invitrogen) and H2O 

was first added each well, vortexed and then placed at 65°C for 1 minute, then on ice. A 

second mix was then added containing 5X first-strand buffer (Invitrogen, SuperScript III 

kit), 1μl of 10mM dNTP mix (Clontech), 1μl of 100mM DTT (Invitrogen, SuperScript III 

kit), 20U of RNase out (Invitrogen), H2O and 160U of SuperScript III RT (Invitrogen). 

Reverse transcription was performed at 42°C for 5 min, 25°C for 10 min, 50°C for 55 min 

and 94°C for 5 min.  

ZAP-70 transcript is much more difficult to reverse transcribe and amplify then Ig 

gene transcripts, probably because the level of ZAP-70 mRNA is much lesser than Ig mRNA 

in B cells. To overcome this difficulty, reverse transcription was perform on one hand with 

random hexamers to amplify total RNA and on the other hand with gene specific primer for 

ZAP-70 (the reverse primer utilized in the following PCR1 reaction).  

The gene-specific primers for ZAP-70 were design with Vector NTI, in ZAP-70 

mRNA isoform 1 (NM_001079.3 NCBI ref.):  

! PCR1 forward CCCTTCTTCTACGGCAGCATCTCGCGT (LIP 567),  

! PCR1 reverse AAACTTGGTGCCCTCGGGAATGCAGTA (LIP 568),  

! PCR2 forward ATGTGCGCTTCCACCACTTTCCCAT (LIP 569),  

! PCR2 reverse TTGGCTGATGAGGTAGTGGTACACCGT (LIP 570).  

The primers for IgH, Igλ, and Igk were the same as those published by Tiller et al. 

(Tiller et al. 2008), as seen in Table 9. In the first PCR, the forward primers were a mix of 

specific primers located in the leader region, and the reverse primers were specific for 

constant regions (mix of Cμ CH1 and Cδ CH1 for IgH μ and δ, Cλ for Igλ light chain, and 

Ck for Igk light chain). In the second, nested, PCR forward primers were specifically located 

in framework region (FWR) 1, and the reverse primers were located in J genes (for IgH and 

Igk), or in constant regions (for Igλ). The second PCR primers contained restriction sites, 

which could permit subsequently digestion and ligation into vectors.  
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Table 9. Primer sequences used for Ig gene PCR amplification in nested PCR. Bold letters 

represent restriction sites.   
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IgH, Igλ, Igk and ZAP-70 gene transcripts were amplified independently by nested 

PCR starting from 4 μl of cDNA for Ig or from 6 μl of cDNA for ZAP-70, as template. All 

PCR reactions were performed in a total volume of 42 μl per well containing 1 μl of each 

primer (at 10μM), 1μl of 10mM dNTP mix (Clontech), 2,2 U of HotStarTaq (Qiagen) with 

10x PCR Buffer (HotStarTaq kit, Qiagen). All PCR2 reactions were performed with 4 μl for 

Ig, respectively 6 μl for ZAP-70 of PCR1 product. PCR reaction was performed, after an 

initial time at 94°C for 5 min, for 50 cycles at 94°C for 30 sec, 57°C (PCR1) or 59°C 

(PCR2) for 30 sec, 72°C for 55 sec (PCR1) or 72°C for 45 sec (PCR2). The reaction was 

finished after a final elongation time at 72°C for 7 min, and then the PCR products were 

placed on ice. The presence of amplified gene transcripts were then verified in agarose gel 

electrophoresis.  

 

Sequence analysis 

Second PCR products were purified with Wizard SV Gel and PCR Clean-Up System 

(Promega) according to the manufacturer’s instructions and sequenced with the respective 

forward and reverse primers used in PCR2, by GATC Biotech services. Before analysis, 

each forward and respective reverse sequence was aligned in Vector NTI software (Life 

Technologies). ZAP-70 sequence was analyzed by NCBI BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi), to confirm human ZAP-70 isoform 1 

(NM_001079.3) specificity of amplified sequence. Each Ig gene, VH, Vλ, and Vk, was 

analyzed by IgBLAST comparison with IMGT Ig gene database 

(http://www.ncbi.nlm.nih.gov/igblast/) and by IMGT/V-QUEST 

(http://www.imgt.org/IMGT_vquest/vquest?livret=0&Option=humanIg), to identify 

germline V(D)J gene segments with highest identity. Complementary determining region 

(CDR) 3 length and the number of positively (histidine (H), arginine (R), lysine (K)) and 

negatively (aspartate (D), glutamate (E)) charged amino acids were determined as indicated 

in IgBLAST. IgH chain D genes and D reading frames (RF) were identified following the 

criteria of Corbett et al. (Corbett et al. 1997).  
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Expression vector cloning 

Purified PCR2 products were digested with the respective restriction enzymes AgeI, 

SalI, XhoI and BsiWI (all from NEB) according to the manufacturer’s instructions. Digested 

purified PCR2 products were then purified with QIA quick kit (Qiagen), before ligation into 

human Igγ1, Igk and Igλ expression vectors.  

The human Igγ1, Igk and Igλ expression vectors were kindly provided by E. Meffre’s 

laboratory in Yale University. They contain a murine Ig gene signal peptide sequence 

(GenBank accession no. DQ407610), and a multiple cloning site upstream of the human 

Igγ1, Igk and Igλ constant regions. Transcription is under the influence of the human 

cytomegalovirus (HCMV) promoter, and clones can be selected based on resistance to 

ampicillin. The vectors were digested with the respective restriction enzymes AgeI, SalI, 

XhoI and BsiWI (all from NEB), purified with QIA quick kit (Qiagen), then 

dephosphorylated with calf intestine alkaline phosphatase (CIP) (Roche), according to the 

manufacturer’s instructions, before re-purifying as above.  

Ligation of ≈110 ng (3μl) of each digested and purified PCR2 product into ≈60 ng of 

linearized vector was realized with T4 DNA ligase (NEB) in a total volume of 10 μl, for 1h 

at room temperature (RT).  

75 μl of competent E. coli bacteria were transformed with the entire ligation product 

by thermal shock at 42°C. After overnight culture, the colonies were screened by PCR using 

a screening forward primer (5’Absense,as seen in Table 9) and as reverse, 3’IgG1 int primer 

for IgH, and the respective reverse PCR2 primers for light chains.  

Plasmid DNA was isolated from selected colonies after a previous over-night culture 

in LB medium with 50μl/ml ampicillin with QIAprep Miniprep kit (Qiagen), then sequenced 

to confirm identity with the original PCR product, then used in the subsequent experiments.  
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Figure 29. Strategy to clone and express human monoclonal antibodies from ZAP-70+ B 

cells (adapted from Tiller et al. (Tiller et al. 2008)). ZAP-70 gene and Ig heavy (IgH) and 

light (IgL) chain genes were amplified by nested RT-PCR from single cell cDNA generated 

by amplification with random hexamers (and ZAP-70 specific primer). PCR1 used forward 

primers specific for leader region and reverse primers specific for the respective IgH, Igλ 

and Igk constant region. Nested PCR2 used forward primers specific for FWR1 and reverse 

primers specific for IgH, Igλ and Igk J genes or constant regions. PCR2 primers contained 

restriction sites, which permitted ligation and cloning into eukaryotic expression vectors 

containing constant regions of respective human Igγ1, Igk and Igλ chains. The co-

transfection of a heavy and its corresponding light chain into HEK293 cell line permitted the 

production of monoclonal antibodies from these cells.  

 

 

Generation of recombinant monoclonal antibodies from single ZAP-70+ normal B 

cells 

Human embryonic kidney (HEK) 293 (ATCC, no. CRL-1573) cells were cultured 

under standard conditions in Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza) 

supplemented with 10% heat-inactivated fetal calf serum (FCS), 1mM sodium pyruvate, 100 

U/ml penicillin, 100μg/ml streptomycin and 0,25μg/ml amphotericin B.  

Transfection was realized in exponentially growing cells at 80% confluence, in a 

medium where fetal calf serum were replaced by an Ig free medium, like 1% Nutridoma-SP 

(Roche). Transfection was realized with branched polyethylenimine (PEI; Sigma) 

transfection agent. Equal amounts of IgH and corresponding IgL (k or λ) expression vector 

DNA were mixed in 1 ml of sterile water and 1 ml of 300 mM NaCl, before drop-wise 

adding 140μl of 0,45 mg/ml PEI. After 10 min incubation period, the mix was distributed in 

the culture dish, and the supernatants were harvested after 7 to 10 days of culture.  

Monoclonal antibodies were then tested directly from culture supernatants or after 

purification with Melon Gel Moloclonal IgG Purification kit (Life technologies), according 

to the manufacturer’s instructions.  
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Monoclonal antibody quantification and testing by ELISA 

Monoclonal antibodies from culture supernatants were quantified by ELISA in wells 

coated for 1h at 37°C with anti human IgG. After washing and saturation with PBS and 1% 

BSA, incubation with supernatants was realized for 2h at 37°C. Afterwards, the wells were 

incubated with an anti-IgG-peroxidase, and then developed with OPD substrate. Absorbance 

was measured at 490nm. Total IgG monoclonal antibodies were quantified by comparison 

with a standard curve. The light chains were semi-quantitatively measured with the same 

standard curve, by revealing with a secondary anti-k or anti-λ peroxidase antibody.  

For anti-dsDNA reactivity, the supernatants were tested in wells coated with calf 

dsDNA (100ng/ml in 7,5 pH Tris-HCl buffer, Sigma) and then digested with S1 nuclease 

(0,001U/μl in sodium acetate buffer, Promega). The wells were then saturated with PBS-

BSA 1%, washed, and then incubated with tested supernatants over night at room 

temperature. A SLE serum with known anti-dsDNA antibodies represented the positive 

control, and the negative control was represented by culture medium. The anti-dsDNA 

antibodies were revealed with an anti-IgG-peroxidase antibody, developed with OPD 

substrate.  

The supernatants were also tested towards other autoantigens, like actin and 

thyroglobulin, in antigen-coated wells: actin 10 μg/ml (Sigma, in carbonate-bicarbonate 

buffer) and thyroglobulin 50 μg/ml (Sigma, in carbonate-bicarbonate buffer). Then the wells 

were incubated with supernatants and controls, as above, and the reaction was revealed with 

an anti-IgG-peroxidase as above.  

  

Monoclonal antibody testing by direct anti-globulin test and by MAIPA test 

The culture supernatants containing mAb cloned from single normal B cells from 

ZAP-70+ CLL associating autoimmune cytopenia were tested for reactivity towards red 

blood cells (RBS) by an indirect anti-globulin (IAT) test and towards platelets by a 

monoclonal antibody immobilization of platelet antigens (MAIPA) test. These two tests 

were performed at Etablissement Français du Sang de Strasbourg (EFS Strasbourg) by Dr. 

Isabelle Mendel (for DAT test) and by Dr. Arnaud Dupuis (for MAIPA test).  
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Flow cytometric identification of self-reactive B cells to glycoprotein IIb/IIIa in 

immune thrombocytopenia 

Fluorochrome labeling of purified protein  

Purified glycoprotein GPIIb/IIIa from human platelets (Enzyme Research 

Laboratories, ref. no. GP2b3a) was labeled with AF647 (Alexa Fluor® 647 Monoclonal 

Antibody Labeling Kit, Invitrogen), according to the manufacturer’s instructions. Briefly, 

100μg of GPIIb/IIIa (initially in 20mM Tris-HCl/0.1 M NaCl/ 0.1% Triton X-100/1 mM 

CaCl2/0.05NaN3/50% glycerol/pH 7.4 buffer) was dialyzed against PBS at a concentration 

of 1mg/ml, alkalinized by adding one-tenth volume of 1 M sodium bicarbonate, then 

transferred to the dye vial. The protein-dye mix was incubated for 1 hour at room 

temperature by gently mixing the vial every 10-15 minutes. The labeled protein was than 

purified by dialyzing against 20 mM Tris-HCl/0.1 M NaCl buffer over night at 4°C. The 

final concentration of labeled protein was of 0.38 mg/ml. 

 

Flow cytometric analysis of glycoprotein IIb/IIa staining  

After thawing, or after thawing and enrichment for CLL sample, mononuclear cells 

were washed twice in TCB buffer (Tris 20mM pH 7.4/ NaCl 100mM/ CaCl2 1mM/BSA 

0.5%). 1x106 cells in 80μl of TCB buffer were first incubated for 45 minutes at 4°C with 

50μl of GPIIb/IIIa-AF647, pre-diluted at 1/800. The other surface staining markers were 

added 15 minutes prior to incubation end, as mentioned in above flow cytometry analysis 

subchapter. Then an intracellular ZAP-70-PE staining was performed as above mentioned. 

After incubation cells were washed in TCB buffer than analyzed on Gallios cytometer 

(Beckman Coulter) using Kaluza software (Beckman Coulter). The control for staining with 

GPIIb/IIIa consisted in the inhibition of the Fab (fragment antigen binding) portion of 

surface immunoglobulins (Ig) by an anti-human IgG-Fab antibody (Bethyl Laboratories).  

For each sample, a control reaction tube was prepared with 1x106 cells in 80μl of TCB 

buffer incubated for 30 minutes at room temperature with 50μl anti-Fab antibody diluted at 

1/50, than washed once with TCB buffer. After incubation with anti-Fab, the control cells 

were incubated with GPIIb/IIIa-AF647 and the other surface and intracellular markers like 

the test tube. 
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Flow cytometric identification assay design of self-reactive B cells to RhCE protein 

in AIHA patients  

Eight peptides, corresponding to the six extracellular loops on the RBC surface, with 

two variants for the second and the forth loop, with one amino acid difference, were 

designed and synthesized in our laboratory. The amino acid sequence of RhCE protein was 

the reference RhcE protein on UniProt (ref. UniProt P18577; 

http://www.uniprot.org/uniprot/P18577) that was confirmed by that on NCBI (Rhce protein 

NP_065231.3; http://www.ncbi.nlm.nih.gov/protein/NP_065231.3). The peptides were as 

follow: 

DG1: C -&THYDASLEDQKGL 

DG2C: FLSQFPSGKVVITLFSIRLA - C 

DG2c: FLSQFPPGKVVITLFSIRLA - C 

DG3: C - PKGTEDNDQRAT 

DG4E: C - VNSPLLRSPIQRKNA 

DG4e: C - VNSALLRSPIQRKNA 

DG5: K - GTSCHLIPS 

DG6: C - VSVVTAISGSSL 

The peptides were synthesized in our laboratory by Dr. Olivier Chaloin with the help 

of Dr. Pierre Eftekhari.  

At one end of the synthesized peptides a cysteine (C) or a lysine (K) were added that 

served as a binding site to a subsequent labeling to a biotin molecule, that would serve as a 

detection marker in flow cytometry.  

For cysteine marked peptides a biotine labeling was realized with EZ-Link 

Maleimide-PEG2-Biotin kit (Thermo Scientific), according to the manufacturer’s 

instructions. After labeling the biotin-linked peptides were re-purified by HPLC.  
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Generation of transgenic conditional KI mouse for Zap70 by homologous 

recombination transgenesis in mouse embryonic stem cells 

Mouse Zap70 gene was cloned from splenic T lymphocytes, by cDNA synthesis with 

Zap70-specific primer (GCCACATGCAGCCTCGGCCACCTGTTC). The first PCR used 

the following primers: forward ATGCCCGATCCCGCGGCGCACCTGCCATTC and 

reverse GCCACATGCAGCCTCGGCCACCTGTTC). The second PCR used specific 

primers to insert the restriction sites for digestion with AscI: forward ATT GG CGCGCC 

TCATACGCCACCATGCCCGATCCCGCGG and reverse ATTGGCGCGCCTCA 

GCCACATGCAGCCTCG.  

 The sequence obtained was identical to that of CCDS (consensus coding DNA 

sequence) sequence on NCBI (ref. 14888.1; 

http://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi?REQUEST=GENEID&DATA=22637

). The amplified sequence was inserted in the CTV vector (Xiao cell 2007 17923094) by 

digestion with AscI. This permitted the insertion of Zap70 coding sequence preceded by a 

CAG promoter and a loxP Neo-STOP cassette into mouse ROSA26 locus, which is 

ubiquitously expressed. An IRES-EGFP cassette flanked by frt sequences placed between 

Zap70 gene and the polyA signal permits the detection of cells in which the deletion of Neo-

STOP cassette was assessed, representing a good reporter for the hyperexpression of Zap70 

(Figure 30). A Kozak sequence between loxP site and the first ATG of the coding sequence 

will permit an increase in translation of interest protein.  

 

 

Figure 30. Zap70 mouse coding sequence cloning into CTV vector construct that will permit 

in insertion of conditionally expressed gene into mouse ROSA26 locus (see text).  
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After Zap70 cloning into CTV vector, the later was integrally sequenced, and a non-

mutated cloned was selected. The final addnotated vector, containing 1857 bp Zap70 CDS 

(CTVZAP vector), is represented in Figure 31.  

Figure 31. CTVZAP addnotated vector, used to generate conditional Zap70 KI mice by 

homologous recombination into embryonic stem cells of Zap70 loxP into Rosa site.  

 

 

Mice were generated at Institut Clinique de la Souris (ICS) of Strasbourg. After 

previous homologous recombination steps of CTVZAP vector into ROSA26 locus in 

embryonic stem cells (ES), the selected ES cells were subsequently injected into C57BL/6N 

blastocysts and maintained in a pure C57BL/6N background. Mice carrying the floxed KI 

Zap70 gene are now available in our laboratory for further crossbreeding with Cre-mice. We 

will crossbreed the Zap70 loxP mice with Mb1-Cre mice that will result in the 

overexpression of Zap70 gene from the pro/pre-B cell stage, and with CD21-Cre mice that 

will result in the overexpression of Zap70 only in mature B cells. The two Cre mice, Mb1-

Cre and CD21-Cre are available and already used in our labs.  
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4.1. A FRACTION OF NORMAL B CELLS FROM CLL PATIENTS EXPRESS ZAP-70  

&

&

ZAP-70 protein was determined in flow cytometry in PBMC from 63 CLL patients, 

in CLL cells and in normal CD19+CD5- normal B cells. As ZAP-70 staining method in flow 

cytometry is not a yet standardized, we analyzed ZAP-70 expression by two methods, to 

reduce the possibility of false staining.  

Firstly, we expressed ZAP-70 as percentage of ZAP-70+ cells above an isotype 

control cut-off (establish as no more than 0,5% of cells are positive). CLL B cells are than 

classify as ZAP-70 positive if they have at least 20% of leukemic clone expressing ZAP-70.   

A second way of rendering ZAP-70 expression was done as a median fluorescence 

intensity (MFI) of anti-ZAP-70-PE monoclonal antibody staining. In the second method, we 

verified that MFI of isotypic control had always a low and constant value in all experiments. 

A cut-off value of MFI for CLL classification in ZAP-70 positive or negative is difficult to 

establish, as this is a highly variable characteristic, especially from an experiment to another, 

and can be used rather as a ratio of MFI to an internal control population, than as an 

independent value. Altogether, the establishment of a cut-off value between ZAP-70 positive 

and negative CLL cases was not the aim of our project: firstly, because we were interested in 

ZAP-70 expression in normal B cells, in which ZAP-70 expression cannot be expressed 

according to the same criteria as CLL cells, which, in turn, the expression is also differently 

expressed as compared with T cells; secondly, because even in CLL B cells ZAP-70 

expression is not bimodal, but a continuous expression, the cut-off value being arbitrarily 

placed in the middle of CLL population; and thirdly, because the cut-off value of 20% in 

CLL cases was placed to a more clinical prognostic aim, than to delineate the presence from 

the absence of ZAP-70 protein (this is well exemplified by CLL cases with 18-19% of ZAP-

70+ CLL cells, that are officially classified as “negative”, but in fact are of more of gray 

zone). 

ZAP-70 MFI expressed as a ratio to an internal control population (like T cells, or 

normal B cells, for example, from the same patient), as well as ZAP-70 expressed as a 

percentage of positive cells reported to an internal positive control population, like T cells,  
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do not represent reliable methods, because ZAP-70 can vary in other internal 

subpopulations, like normal B cells and T cells, as we demonstrate in subchapter 4.2.  

To avoid false positive staining, a very strict gating strategy was applied. First, 

lymphocytes were gated in a side scattering (SS) vs. forward scattering (FS) window. Next, 

doublets were excluded in a time of flight (TOF) window. Afterwards, only viable cells were 

selected, i.e. which were negative for Fixable Viability Dye (FVD). The gating strategy 

employed in our study is exemplified in Figure 32.  

 

 

 

Figure 32. Gating strategy of normal and CLL B cells for ZAP-70 phenotyping. 

Lymphocytes (Lymphos) were gated in a side scattering (SS) vs. forward scattering (FS) 

window, then doublets were excluded in a time of flight (TOF) window. Afterwards, only 

viable cells were selected, in a window that excluded the doublets (single), which were 

negative for Fixable Viability Dye (FVD). CD19+ B cells were then gated in the viable cell 

window (viable) vs. CD3+ cells, which were then classified in CD5- or CD5+ B cells. 
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Importantly, we found that a certain percentage of normal B cells from CLL patients 

express ZAP-70, as shown in Figure 33. 

  

             

 

Figure 33. Example of two CLL cases: a ZAP-70+ CLL in the left side, and a ZAP-70- CLL 

in the right side. In the upper cases CLL B cells were gated, showing in the left site a typical 

ZAP-70+ CLL case, in which 82% of cells express ZAP-70, and in the right side a ZAP-70- 

CLL case, in which 2,55% of CLL cells express ZAP-70. In the bottom cases, normal B cells 

from the same patients were gated, showing that normal B cells from the ZAP-70+ CLL 

patient express ZAP-70.  

 

 

ZAP-70+ CLL ZAP-70- CLL 
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We wondered whether these ZAP-70 expressing normal B cells could represent a 

contamination of normal B cells with a contingent of CLL clone that would have lost CD5 

expression. This is mostly unlikely, because ZAP-70+ normal B cells express a high level of 

CD19 (MFI of CD19 10,26 for CD19+CD5- cells, as compared to 6,51 for CD19+CD5+cells) 

and a high level of surface light chain (not like CLL clone B cells) (Figure 34. A), and, most 

importantly, are polyclonal as they express a normal k/λ light chain ratio (Figure 34. B).  

&*H&&&&&&&&&&&&&&&&&&&&&& & &

 B.

&
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Figure 34. ZAP-70 expressing normal B cells don’t represent a contamination of normal B 

cells with CLL clone, as they express a high level of surface light chains and are polyclonal. 

A: Levels of light chain expression in CLL clone (CD19+CD5+ cells) and in normal B cells 

(CD19+CD5- cells) from the same patient. In this example the CLL cell express k 

monoclonal B cells with a low surface light chains (right case), as compared to normal B 

cells (left case). B: ZAP-70+ normal B cells are polyclonal. In the upper case CD19+CD5- B 

cells are gated in a CD19 vs. ZAP-70 window. The cut-off value for ZAP-70-PE was 

established according to isotypic control (data not shown). As shown in the bottom cases, 

ZAP-70- (left) as well as ZAP-70+ normal B cells are polyclonal as they have normal k/λ 

light chain ratios (0,9 in ZAP-70- and 1,3 in ZAP-70+, respectively), as compared to 

abnormal k/λ ratio in CLL cells (at 88, for the same patient, data not shown).  

 

 

The polyclonality of these cells was definitively proven by the molecular analysis of 

clonal level in Ig heavy and light chain sequenced rearranged genes amplified from ZAP-70+ 

normal B cells (see chapter 4.4).  

 

We analyzed ZAP-70 expression in 63 CLL patients with enough residual normal B 

cells to permit statistical analysis and in 36 normal subjects. Expression of ZAP-70 in CLL 

B cells, normal B cells and T cells was compared to an isotype control antibody. In each 

experiment a sample from a normal subject was used as a control. 

As we looked at normal B cells from CLL patients in general, we observed that they 

expressed much more ZAP-70 than normal B cells from non-leukemic subjects. 
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Figure 35. Normal B cells from CLL patients express high levels of ZAP-70 compared to 

normal subjects. The results are expressed as percentage of ZAP-70+ cells from a total of 

CD19+CD5- normal B cells (Mann-Whitney test).  

 

As it was expected, CD19+CD5+ CLL clone expressed more ZAP-70 than 

CD19+CD5+ peripheral blood cells from normal subjects (Figure 36). 

 

                       

Figure 36. ZAP-70 expression in CD19+CD5+ cells from CLL patients as compared to 

normal subjects (Mann-Whitney test). 
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In addition, the expression was also express as median fluorescence intensity (MFI) 

for each of the above subpopulations. When we analyzed ZAP-70 expression, not according 

to a percentage of positive cells over an isotype control, but to the more independently 

parameter like MFI, we found similar results (Figure 37). Notably, normal B cells from CLL 

patients expressed a higher MFI of ZAP-70-PE than B cells from normal subjects, measured 

in the same experiment. This was also true, as expected for CLL B cells, as compared with 

CD19+CD5+ B cells from controls. 

A.       

  

   B.       

 

Figure 37. Median fluorescence intensity (MFI) of ZAP-70-PE in CD5- (A) and CD5+ B 

cells (B) from CLL patients versus controls (Mann Whitney test).  
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! Characteristics of analyzed CLL patients  
&

&

Table 10 describes the features of a total of 63 patients tested, among which 47 

(74,6%) were ZAP-70 positive and 16 (25,4%) negative.  

IGHV mutation status data were available for 33 patients, among which 17 were 

mutated (M; 51,5%) and 16 unmutated (UM; 48,5%). The mutational status was concordant 

with ZAP-70 positivity in 25 out of 33 cases (75,8% concordance), values also described in 

previous studies. Among 16 UM cases 15 were ZAP-70+ (93% concordance). On the other 

hand, among 17 M cases only 10 were ZAP-70- (58,8% concordance).  

CLL clone sequencing data, available only for 24 patients, did not permit a statistical 

analysis concerning a possible association between ZAP-70 positivity or mutational status 

and a particular IGHV sequence in CLL cells in this study.  

Cytogenetic data were available for 39 patients (61,9%). Patients with at least two 

chromosomal aberrations or complex karyotypes were all in ZAP-70+ group, as well as all of 

patients with 17p deletions. This confirms the data in the literature that describes an 

association between ZAP-70 positivity with other unfavorable prognostic factors.  
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Table 10. ZAP-70 expression determined in flow cytometry for 63 CLL patients. The 

analysis was expressed by two methods: as median fluorescence intensity (MFI) and as 

percentage of ZAP-70+ cells above an isotype control cut-off (establish as no more than 

0,5% of cells are positive). CLL B cells are than classify as ZAP-70 positive if they have at 

least 20% of leukemic clone expressing ZAP-70. The last two colons detail available 

cytogenetic and molecular characteristics. 
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! ZAP-70 mRNA expression in qPCR 
 

We clearly demonstrated that a significant percentage of normal B cells from CLL 

patients express ZAP-70 protein, determined in flow cytometry. Afterwards, we wanted to 

know whether this overexpression of ZAP-70 in normal B cells is also found at the mRNA 

level. 

To this aim, we analyzed mRNA expression by qPCR, as detailed in patients and 

methods chapter, in highly purified cells, from CLL patients and normal subjects. 

First, we validated our qPCR method by comparing CD19+CD5+ cells from 9 patients 

with ZAP-70+ CLL and 4 normal subjects. We demonstrated that CLL cells express 

significant levels of ZAP-70 mRNA, whereas CD19+CD5+ cells from healthy controls do not 

(Figure 38).  

 

       

 

Figure 38. CD19+CD5+ highly purified cells from CLL patients express a significant higher 

level of ZAP-70 mRNA as compared with CD19+CD5+ cells from healthy controls. The data 

were expressed as 2-ΔΔCT, the expression level of ZAP-70 being normalized to that of HPRT1 

house keeping gene and to the level of ZAP-70 mRNA expression in normal T cells.  
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As we demonstrated at the protein level, by flow cytometry, we found a higher level 

of ZAP-70 mRNA in normal B cells from CLL patients than in normal CD5- B cells from 

healthy subjects, although the difference was not significant. As this technique requires a 

minimum number of sorted cells, and as, additionally, normal residual B cells in CLL 

patients are very rare (near 0,01% to 0,1% of total lymphocytes), this could only be done for 

5 CLL patients (samples with CTs of ZAP-70 and/or HPRT1 house keeping gene at more 

than 30,9 were eliminated from the analysis). This could, at least partially, explain the non-

significant level. 

 

   

Figure 39. Normal CD19+CD5- B cells from CLL patients express more ZAP-70 mRNA 

than the same subset of cells isolated from normal subjects. Expression level of ZAP-70 was 

normalized to that of HPRT1 house keeping gene and to the level of ZAP-70 mRNA 

expression in normal T cells.  
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! Confirmation of ZAP-70 mRNA expression by normal B cells 
from ZAP-70+ CLL patients in single cell RT-PCR (scPCR) 

 

We designed a scPCR method for amplification of ZAP-70 gene transcript at single 

cell level, on FACS sorted normal B cells, as described in methods chapter. This technique 

was designed for the description of the Ig repertoire and for monoclonal antibody production 

from the ZAP-70+ normal B cells that we have described. These cells cannot be sorted on the 

ZAP-70 expression on cytometry, because ZAP-70 is an intracellular marker that needs a 

previous fixation and permeabilization procedures, before staining. Fixation and 

permeabilisation techniques use paraformaldehyde, which intercalates with nucleic acids and 

inhibits subsequent PCR reactions if they are not previously treated with special buffers at 

particular temperature conditions that revert formaldehyde modifications on RNA or DNA. 

Pretreatment kits are designed for large quantities of nucleic acids, but are not sensitive 

enough to be used on single cells. Single cell adaptation of such RNA extraction kits and 

strategies design for fixed cells (RNeasy PPFE Kit, Qiagen) were experimented, but 

remained unsuccessful.  

To confirm ZAP-70 gene transcript amplification in single cells, normal B cells 

(CD19+CD5-) from 5 ZAP-70+ CLL patients were FACS sorted as single cells after surface 

staining on 96 well plate. Direct cDNA synthesis and its subsequent PCR nested 

amplification was realized as described in methods chapter.  

After agarose gel electrophoresis of second PCR products we found that in each 

patient a proportion of normal B cells indeed actively transcribe ZAP-70 gene. Examples are 

illustrated in Figure 40.  
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Figure 40. Example of two normal B cells (CD19+CD5-) from a ZAP-70+ CLL patient in 

which transcripts of IgH, Igλ, Igk and ZAP-70 were studied at single cell level. Cell A 

exemplifies a ZAP-70 expressing normal B cell, which also expresses positive transcripts of 

rearranged IgH and Igλ variable region genes. By contrast, cell B does not express ZAP-70 

mRNA.  

It is worth noting that these experiments further support that ZAP-70+ normal B cells 

are mostly polyclonal, as Igk and Igλ rearranged V genes were equally amplified (Figure 

41). 

               

Figure 41. ZAP-70+ normal B cells from the same patient are polyclonal, as exemplified 

here: C and D cells are both CD19+CD5- B cells, from the same patient. They are both 

mRNA ZAP-70 positive, but are not from the same clone, because they express different 

light chain Ig (λ in cell C, and k in cell D). 
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Sequencing of PCR products confirmed ZAP-70 mRNA amplification and the 

polyclonal nature of ZAP-70+ normal B cells different from the malignant clone (see 

paragraph 4.4 for further details).  

This is the first time that a reverse-transcription scPCR successfully detects ZAP-70 

at single cell level. 

Moreover, this is the first time that ZAP-70 mRNA can be detected in single normal 

B cells, at the same time as Ig heavy and light chain transcripts. This technique can be used 

to molecularly describe at single cell level the characteristics of ZAP-70+ B cells, like the 

sequences of rearranged Ig genes and to produce monoclonal antibodies (mAb) expressed by 

ZAP-70+ B cells.  
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4.2. THERE IS A GOOD CORRELATION BETWEEN THE EXPRESSION LEVELS OF ZAP-70 

OF MALIGNANT AND NORMAL B CELLS IN THE SAME CLL PATIENT 

 

We observed a surprising evident correlation in the level of ZAP-70 expression, 

between normal B cells and CLL B cells. This was true when we analyzed the correlation as 

a percentage of positive cells, as well as a MFI (Figure 42). 

 

             A.   

                B.    

Figure 42. Correlations between the expression levels of ZAP-70 in malignant and normal B 

cells in CLL patients, expressed as percentage of positive cells above an isotypic control (A) 

and as MFI (B) (Spearman statistical test).  
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Moreover, there is a correlation, although not so evident as the one between normal 

and malignant B cells, between the levels of ZAP-70 expression in T cells and normal or 

CLL B cells, from the same patient (Figure 43).  

 

               A.  

 

                B.     

 

Figure 43. Correlation in the expression level of ZAP-70 between normal (A) or malignant 

(B) B cells and T cells in CLL patients, express as and as MFI (Spearman statistical test). 
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! T cells from CLL patients express higher levels of ZAP-70 than 
controls  

 

Interestingly, there was also a significant higher expression of ZAP-70 in T cells 

from CLL patients than in controls (Figure 44). A group, working on the standardization of 

ZAP-70 flow cytometric techniques in routine ZAP-70 status determination, only recently 

published similar data (Rizzo et al. 2013). The increase of ZAP-70 expression in T cells 

from CLL patients confirms that Zap-70 expression in CLL B cells evaluation, as a ratio to T 

cells from the same patient is not of reliable.  

 

       

Figure 44. T cells from CLL patients express higher levels of ZAP-70 than normal subjects 

(Mann Whitney test). 
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! Search for a serum factor in CLL patients that could increase 
ZAP-70 level in all lymphocytes 

 

 

Given the fact that we described increased levels of ZAP-70 in all lymphocyte 

populations studied, e. g. CLL B cells, normal B cells and T cells, in ZAP-70+ CLL samples, 

we questioned whether there was a serum factor in CLL patients that could explain this fact.  

For this purpose, we designed an in vitro culture of peripheral blood mononuclear 

cells (PBMC) from controls or CLL patients (ZAP-70+ and ZAP-70-) with serum from a 

ZAP-70+ CLL patient. Media culture contained increasing concentration of serum-enriched 

RPMI (10%, 25%, 50%), and the cell were recovered at 24h and 48h of culture. As a control 

we used on one hand PBMC from a normal subject, and on the other hand we used serum-

enriched media with increasing concentrations from a normal subject, as seen in Figure 45.  

 

 

Figure 45. In vitro culture experimental design, in search of a serum factor in CLL ZAP-70+ 

patient that could increase ZAP-70 expression in all lymphocyte populations. Normal 

PBMC, ZAP-70- and ZAP-70+ CLL PBMC were incubated for 24h and 48h with RPMI 

enriched with 10%, 25% or 50% serum from a ZAP-70+ CLL case, or from normal subject, 

as control.  

 The results showed that, control or ZAP-70- CLL PBMC do not increase their level 

of ZAP-70 expression after 24h or 48h of culture with a ZAP-70+ CLL serum (Figure 46).  

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

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

RPMI with 10, 25, or 50 % of 

ZAP+CLL enriched serum ,-(0+//'()*+'

,-(0+//'()*+'

RPMI with 10, 25, or 50 % 

control-enriched serum 
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A.  

B.   

Figure 46. 24h (A) and 48h (B) culture of control (Tem), ZAP-70+ CLL (FOE) and ZAP-70- 

CLL (MARA, and SAC) PBMC with RPMI enriched with 10%, 25%, 50% serum from 

normal subject (-) or ZAP-70+ (+) CLL case. ZAP-70 expression was expressed as median 

fluorescence intensity (median). Iso i.e. isotypic control, and NC i.e. non- cultivated were 

utilized as control for ZAP-70 expression. We noticed no constant increase in ZAP-70 level 

in T cells (blue), CD5+ B cells (green) or CD5- B cells (red) after incubation with ZAP-70+ 

serum as compared with a normal serum.  
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We can deduce that increased ZAP-70 expression in peripheral blood lymphocytes 

from CLL patients is probably not an extrinsic, serum-induced characteristic, but a rather 

intrinsic trait of these cells (The possibility that increased ZAP-70 expression could be 

induced by an extrinsic cellular interaction with stromal cells, for example, has not yet 

studied). As this elevated expression is not limited to malignant transformed cells (i.e. CLL 

cells), but rather a more general characteristic, one can reasonably imagine that this 

characteristic preexist to malignant transformation and could even play a role in it. In other 

words, ZAP-70 expression in CLL B cells is not an abnormal consequence of malignant 

transformation, but could be at the origin of malignancy. 
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4.3. THERE IS A GOOD CORRELATION BETWEEN THE EXPRESSION LEVEL OF ZAP-70 IN 

NORMAL B CELLS AND THE PRESENCE OF AUTOIMMUNE PHENOMENA IN PATIENTS 

WITH CLL  

 

In our study all of autoimmune cytopenia occurred in patients with ZAP-70+ CLL. 

This confirmed the literature data, as Zanotti et al. showed, that there is a good correlation 

between autoimmune phenomena in CLL and ZAP-70 expression by clonal CLL cells 

(Zanotti et al. 2010).  

19 patients presented typical CLL-associated autoimmune cytopenia, like AIHA, 

ITP, or Evans syndrome, as described in Table 11. In addition, two patients in our series 

presented atypical CLL-associated auto-immunity, namely a vasculitic purpura with positive 

rheumatoid factor and an Sjögren syndrome. The two were diagnosed before CLL onset, and 

are probably independent associations, not in relation with CLL-induced immune imbalance.   

 

Table 11. Autoimmune phenomena (AI) associated with CLL cases. All of patients with AI 

presented a ZAP-70+ CLL, and were classified in Binet stage C (Ci = immunological stage 

C). AIHA = autoimmune hemolytic anemia, DAT = direct anti-globulin test, ITP = immune 

thrombocytopenia, ANA = anti-nuclear antibody, APLS = anti-phospholipid syndrome, 

RhF= rheumatoid factor.  
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As it is well known that AI cytopenias in CLL patients are the result of normal B 

cells secreting polyclonal antibodies, and not the consequence of the CLL clone, we looked 

to see whether there was also an association between AI and the level of ZAP-70 in normal 

B cells.  

In Figure 47 we demonstrated a good correlation between the expression level of 

ZAP-70 n normal B cells and the presence of AI, as compared with normal B cells and ZAP-

70- CLL.  

 

               

Figure 47. Correlation between ZAP-70 expression level in normal B cells and the presence 

of autoimmunity (AI+) in CLL patients, as compared to the level of ZAP-70 in CLL ZAP-

70- (CLL ZAP-) patients without autoimmunity (AI-).  

 

On the other hand, when we compared the expression levels of ZAP-70 between 

CLL ZAP-70+ patients with or without autoimmune phenomena, we didn’t find a significant 

difference, as seen in Figure 48.  
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Figure 48. In CLL patients with autoimmune phenomena (AI+), the level of ZAP-70 in 

normal B cells is not significantly different as compared with the level in normal B cells 

from ZAP-70+ CLL without AI (AI-).  

 

This is in favor of a rather on/off effect of ZAP-70 on B cells, as only its presence is 

significantly associated with autoimmunity. In ZAP-70 positive pool of patients the presence 

of autoimmunity was not associated with higher level of ZAP-70, as compared with ZAP-70 

positive patients without autoimmunity. The fact that only a certain level of ZAP-70 protein 

is necessary to increase BCR signaling was previously demonstrated for CLL clones (Chen 

2005). Exceeding levels above this threshold do not enhance phosphorylation of downstream 

proteins. Moreover, this is also true on clinical level, where patients with intermediate level 

of ZAP-70 in CLL cells have the same risk of aggressive disease as those with high ZAP-70 

levels (Rassenti et al. 2004). 

So, we clearly demonstrated that the advent of autoimmune phenomena in CLL is 

associated with the expression of ZAP-70 by clonal CLL cells as well as by normal residual 

B cells.  
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4.4. FURTHER CHARACTERIZATION OF ZAP-70
+
 NORMAL B CELLS FROM CLL 

PATIENTS  

 

To summarize, we demonstrated that a fraction of normal B cells from ZAP-70+ CLL 

patients express ZAP-70 at significant levels, as compared with healthy controls, and that 

these cells do not belong to the CLL clone, as they are CD5-, have higher CD19 and sIg 

levels and are polyclonal, with a normal k/λ light chain ratio.  

We then tried to characterize these ZAP-70+ B cells, wondering whether they belong 

to a certain B subset, have certain activation traits, or whether they have particular Ig 

rearranged sequences.  

 

 

! ZAP-70+ normal B cells do not belong to a specific B cell subset 
 

 

Firstly, we characterized in detail, the phenotype of ZAP-70+ normal B cells in flow 

cytometry. In ZAP-70+ CLL samples, normal CD5-, ZAP-70+ or ZAP-70- B cells were 

studied in different B cell subsets: naïve (IgM+ IgD+CD27-), switched memory (IgM-IgD-

CD27+), non-switched memory (IgM+IgD-CD27+), memory CD27- (IgM- IgD-CD27-), 

anergic (IgM-IgD+CD27-) and MZ (IgM+IgD+CD27+) B cells. We found that ZAP-70+ and 

ZAP-70- normal B cells from CLL patients were equally distributed in these different B cell 

subsets, as you can see in Figure 49.  
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Figure 49. ZAP-70+ normal B cells do not belong to a certain B cell subset. Different B cell 

subsets have the same percentage in ZAP-70 positive and negative B cells (unpaired t test). 
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If we pair the ZAP-70+ with the corresponding ZAP-70- B cell population for each 

patient, we observed a significant correlation between the percentage of ZAP-70+ and ZAP-

70- cells in each subset of B cells In Figure 50 we exemplified this correlation for naïve and 

switched memory B cells in each patient.  

 

Figure 50. Correlation between the percentage of each subset of B cells in ZAP-70+ and 

ZAP-70- B cell population in each patient exemplified for naïve and switched memory cells. 

(The correlation index was significant: 0,915 for naïve cells and 0,864 for switched memory 

B cells).  

  

 

When we analyzed separately the expression of CD27 in ZAP-70+ as compared with 

ZAP-70- normal B cells from CLL patients, we found that there was no difference in the 

memory markers between these two types of cells, as seen in Figure 51.  
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Figure 51. CD27 expression in ZAP-70+ vs. ZAP-70- normal CD19+CD5- B cells from CLL 

patients in flow cytometry (unpaired t test).   

 

Afterwards, we wondered whether ZAP-70+ normal B cells show characteristics of 

autoimmune-prone B cells, like low expression of CD21, but there was no significant 

difference between ZAP-70 positive or negative normal B cells (Figure 52).  

              

Figure 52. Percentage of CD21low in ZAP-70+ vs. ZAP-70- normal CD19+CD5- B cells from 

CLL patients in flow cytometry (unpaired t test).   
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As the initial hypothesis that CLL cells derive from the equivalent of “human B1 

cells”, and as recently these cells were described in humans as CD20+CD27+CD43+CD70- 

cells, that can be either CD5+ or CD5- (Griffin, Holodick, and Rothstein 2011), we wonder 

whether this type of cell can be the one that express ZAP-70. This question was all the more 

interesting since “human B1 cells” exhibit tonic BCR signaling and express polyreactive and 

autoreactive antibodies, which could explain the autoimmunity. The argument against a role 

of “human B1 cells” in autoimmune cytopenia in CLL patients is that they do not switch to 

pathogenic IgG. When we analyzed the percentage of this type of subpopulation in ZAP-70+ 

and ZAP-70-, we did not find any significant difference (Figure 53).  

       

Figure 53. Percentage of CD27+CD43+CD70- cells in ZAP-70+ vs. ZAP-70- normal 

CD19+CD5- B cells from CLL patients in flow cytometry (unpaired t test). 

 

! Search for activation markers in ZAP-70+ normal B cells 
&

Since two studies suggested that ZAP-70 could be induced in normal B cells by 

activation, we looked for activation markers that could differentiate ZAP-70+ from ZAP-70- 

normal B. Although there seems to be a tendency towards a higher MFI of CD86 for ZAP-

70+ cells, the difference was not significant in the level of expression of CD86 (Figure 54). 

In our opinion, for each type of cells, the observed difference in the MFI of CD86 is most 

probably biologically non-significant, since, in stimulation experiments, the activated cells 

express a much higher levels of CD86.  Finally, since in each patient, ZAP-70 expression 
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involves all the B cell subsets, it is unlikely that this expression could be linked to B cell 

activation.   

 

Figure 54. Median fluorescence intensity (MFI) for CD86-PerCPCy5.5 in ZAP-70+ vs. 

ZAP-70- normal CD19+CD5- B cells from CLL patients (unpaired t test). 

 

Considering the literature data, we also looked for an increase in ZAP-70 expression 

in healthy subjects PBMC, stimulated for 48h and 72h through the BCR (anti-IgM mAb) and 

with anti-CD40, Il-4 and IL-21, or with all of these and CpG DNA. Although we observed a 

significant elevation of activation markers, like CD86, in stimulated cells, we did not 

observed any increase in ZAP-70 expression in these cells (data not presented). 

 

! Ig V gene sequence analysis of ZAP-70+ and ZAP-70- B cell 
amplified by scPCR  

 

Single normal B cells CD19+CD5- from 5 patients with ZAP-70+ CLL and 

autoimmune cytopenia (AIC) (3 Evans syndromes, 1 AIHA and 1 ITP), were isolated by 

FACS. A reverse transcription reaction was performed for each cell, with a mix of random 

hexamers and a ZAP-70 specific primer. This later was added to increase the sensibility for 

ZAP-70 mRNA amplification. Then a nested PCR was performed, as indicated in methods 

chapter, for ZAP-70 and IgH, Igλ, and Igk rearranged genes. As mentioned earlier, this 
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strategy was chosen because ZAP-70 labeling (or more specifically cell permeabilisation for 

ZAP-70 labeling) inhibited the single cell PCR reaction.  

Firstly, scPCR confirmed that some normal B cells from ZAP-70+ CLL patients 

express ZAP-70, and that these cells seem are polyclonal, as they express k and λ light 

chains in a normal ratio, as seen in Figure 34.    

From the 5 CLL and AIC patients, 217 CD19+CD5- isolated cells were studied. From 

each single cell mRNA was reverse-transcribed, and then amplified concerning IgH, IgL 

(light), and ZAP-70 genes. From a total of 217 cells, the amplification of a PCR2 product, 

with an expected size, for a heavy and for a light chain for each cell was obtained for 108 

cells, which means a yield of 49,7%. The other near 50% of cells (i.e. 109 cells) were 

eliminated from the analysis because only the heavy or only the light chains, or neither of 

them, were amplified. These can be explained by the low sensitivity of scPCR and probably 

because the experiments were done largely with frozen cells.  

From a total of 108 single B cells for which a valid heavy and a valid light chain 

were amplified, 21 cells were ZAP-70+, which represents 19,4% of cells. For the first two 

patients the initial yield was of only 5,2%. Afterwards, we re-sorted the normal B cells from 

the same patients, amplifying the CD19+CD5-IgD-, aiming to amplify more specifically the B 

cells that were more prone to be responsible for autoimmune phenomena, i.e. those that were 

isotype-switched. This new sorting permitted an increased yield in amplifying ZAP-70 

mRNA reaching 20%. This increase in ZAP-70 yield cannot be explained by a real 

enrichment of ZAP-70+ cells in the CD19+CD5-IgD- compartment since in flow cytometry 

experiments ZAP-70+ normal B cells were equally shared by switched and non-switched 

cells. This could be, at least partially, explained by more freshly sorted cells, as the period 

between FACS sorting and scPCR amplification was shorter. In addition, it is possible that 

we only amplified by scPCR the cells that have the highest expression of ZAP-70 (ZAP-

70hi). In other words, we cannot conclude that a unique cell is ZAP-70- if the PCR is negative 

(they are more probably ZAP-70low/neg). We need to keep this in mind when comparing mAbs 

from ZAP-70+ and ZAP-70- cells in the same patient.  

In Table 12 sequence data from 32 single B cells from 4 patients with ZAP-70+ CLL 

and AIC are shown. The sequences in red originate from malignant CLL clone, and the 

sequences in black are all from normal sorted B cells.  
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Table 12. Sequence data from 32 single cell sorted B cells from 4 patients with ZAP-70+ 

CLL and AIC. The first column represents the name of the cell, then the data concerning the 

sequence of heavy chain are notated: VH gene, D and the reading frame of D gene (RF), JH 

gene, the CDR3 sequence and the number of negatively (-) and positively (+) charged amino 

acids in the CDR3, the length of CDR3 in number of amino acids, the nucleotide mutations 

(Mut) and the amino acids mutations (AA mut) in the CDR3 as compared to germline 

sequences, and the percentage of homology with germline sequence. Then the sequence data 

of each corresponding light chain are notated: k or λ, the V and J rearranged genes, the 

CDR3 sequence, their length in amino acids, the nucleotide mutations and amino acids 

mutations, and the percentage of homology with the germline sequence. The last column 

represents the sequence confirmation of ZAP-70 positivity, as PCR2 products that were 

positive for ZAP-70 were purified and sequenced, and found 100% in line with human ZAP-

70 transcript variant 1 (NM_001079.3; NCBI database). The cells in red text correspond to 

IgH/L sequences that are similar to that of the CLL clone (see text). The cases colored in red 

exemplify ZAP-70+ normal B cells that have a valid sequence for the heavy and the light 

chains. The cases colored in green exemplify ZAP-70- normal B cell with no amplification 

of ZAP-70, and with a valid Ig sequence for heavy and light chains.  

 

 

In Table 12 we clearly demonstrate at molecular level that normal B cells from ZAP-

70+ CLL patients can express ZAP-70 and that these cells are polyclonal and often different 

from the CLL clone. We can see that these cells often express totally different VHDHJH and 

VLJL rearranged Ig genes, that can be somatically mutated or not.  

At this time, the small number of Ig sequenced genes analyzed does not permit a 

statistical analysis of CDR3 length or amino acid charge content between ZAP-70+ normal B 

cell, ZAP-70- normal B cells and CLL B cells. Nevertheless, we can suggest that CDR3 from 

clonal CLL cells tend to be longer than that of normal B cells. This is in line with the 

hypothesis that clonal CLL cells originate from autoreactive B cells, that have undergone 

receptor editing (García-Muñoz, Galiacho, and Llorente 2012), including VH replacement, 

that could explain longer CDR3 (Zhang, Burrows, and Cooper 2004). One example, that 

could sustain this hypothesis, is HIT 7 cell that expresses the same light chain as the CLL 
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clone, but a different and shorter CDR3. It could be a hypothetically autoreactive, ZAP-70+ 

B cell, from which the CLL clone have emerged by receptor editing through VH 

replacement.  Another example of receptor editing that could be at the origin of CLL clone, 

which involves the more classical editing on the light chain (and not the rarely described 

editing on heavy chain), is HIT 31 cell that has a different light chain as compared with CLL 

clone.  

Additionally, it seems that there is no strong bias in terms of VH/VL usage. Some V 

regions are mutated others not, which is in line with the fact that ZAP-70+ B cells encompass 

naïve and memory cells.  

Interestingly some cells have the same rearranged IgH/L genes than the malignant 

clone (see for instance HIT 31, 21, 33, 39, 30, 40, 34). Several explanations can be proposed 

for this observation: 1) these cells could represent malignant cells that have lost CD5 

expression; 2) more interestingly they could represent pre-malignant cells. If true, this could 

suggest that Zap-70 expression may indeed play a role in the neoplastic transformation. 

Comparing somatic mutations between the malignant clone and normal B cells with same 

IgH/L genes may help to differentiate between these hypotheses. In these sequences, there 

seems to be no difference or a few more mutations in CD5- cells than in the CLL clone. For 

example some of these cells (HIT 31, 21, 33, 39, 30, 40) have 1, 2 or 3 more mutations as 

compared to CLL clone, all situated in FR1 region, and all included the mutation present in 

the CLL cells (on the other hand HIT 34 and the CLL clone have the exactly the same 

sequence). These observations cannot exclude that the cells with the same rearranged IgV 

sequences belong to the malignant clone, but they can also testify for a common precursor.   

Another potential clonal relationship between some ZAP-70+ normal B cells and the 

malignant cells is exemplified by HIT31 cell. HIT31 cell shares its heavy chain with the 

CLL cells but has different Ig light rearranged genes (Vk1-39/Jk4 vs. Vk3-20/Jk1). This 

suggests that HIT31 and the CLL clone have split off by receptor editing at some point 

before transformation. Knowing that the BCR V regions are implicated in the 

transformation/proliferation of CLL cells, these observations open fascinating perspectives 

of study. On the other hand, as there is at this time only one such type of cell, we cannot 

completely rule out a contamination of PCR2 product with the malignant clone. We clearly 

need more data to study the molecular events that could have occurred between some normal 

ZAP-70+ cells and the malignant ones.  
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Concerning ZAP-70+ normal B cells, they seem pretty different from one another, for 

the limited sequences available for the moment, to suggest any ontogenic relationship 

between them.   

 In summary, sequence analysis confirm that patients with ZAP-70+ CLL frequently 

have CD5- B cells that express ZAP-70 but have the features of normal B cells.  
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4.5. ARE ZAP-70
+
 B CELLS AUTOREACTIVE?  

 

This chapter addresses two issues:  

1. Are ZAP-70+ B cells enriched in autoimmune cells? 

2. Do B cells producing autoantibodies responsible for autoimmune cytopenias 

originate from this pool?  

To respond to these questions, two strategies were developed. The first one consists 

in the production of monoclonal antibodies expressed by ZAP-70+ normal B cells, and the 

study of their reactivity towards auto-antigens. The second strategy consists in the study of 

ZAP-70+ B cells by flow cytometry using labeled purified autoantigens involved in AIHA 

and ITP.  

 

! Monoclonal antibody production from ZAP-70+ normal B cells 
 

For this experiments we used single cells sorted in FACS from three patients with 

CLL and AIC (two Evans syndromes and one AIHA).  

Purified PCR2 products amplified by RT-scPCR from 7 ZAP-70+ single normal B 

cells and from 2 ZAP-70- single normal B cells from ZAP-70+ CLL patients with 

autoimmune cytopenia were digested and inserted in the human Igγ1, Igk and Igλ 

corresponding expression vectors, as mentioned in methods chapter. The cloned vectors 

were transfected into human embryonic kidney (HEK) 293 cells, and cultured for 7 to 10 

days. The quantity of total IgG and were determined by ELISA in collected supernatants, 

without a previous purification. The total IgG quantity in supernatants was between 1,3 and 

3,4 μg/ml of approximately 15ml of culture medium. We also verified the correct assembly 

of light chains by a semi-quantitative sandwich ELISA determination, in which the wells 

were coated with an anti-huIgG antibody and bound Ab were revealed with an anti-light 

chain (k or λ) antibody.  
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The supernatants containing mAb cloned from single normal B cells from ZAP-70+ 

CLL with autoimmune cytopenia were tested for their reactivity towards red blood cells, 

platelets and towards common autoantigens, like dsDNA, thyroglobulin and actin.  

The supernatants containing mAb were tested in an indirect anti-globulin (IAT) test 

for anti-RBC reactivity, by incubation with a series of known specificities RBC. The 

reactivity towards platelets was tested, using a MAIPA test, by incubation of culture 

supernatants containing mAb with typed platelets. These two tests were performed at the 

EFS of Strasbourg. From a total of 9 mAbs produced, 7 mAbs were tested in IAT and 

MAIPA: 2 from ZAP-70- B cells from a patient with CLL-associated Evans syndrome, and 5 

from ZAP-70+ B cells (4 from CLL-associated Evans syndrome patients and one from CLL-

associated AIHA patient). All the tested mAbs were found negative. These negative results 

do not exclude the possibility that ZAP-70+ normal B cells from CLL patients could be 

responsible for the autoimmune reactivity, because on one hand only a few mAb have been 

tested for the moment, and on the other hand the low concentrations of the mAb in non-

purified culture supernatants could be under the cutoff of positivity of these tests. The IAT 

and MAIPA tests that we used have been developed for clinical routine analysis and their 

sensitivities for mAb are not really known. The sensibility will be improved by increasing 

the number of mAb produced and by purifying and concentrating them from the culture 

media. 

The mAb produced from single normal B cells from CLL patients with autoimmunity 

were more largely tested towards common autoantigens to see whether these cells have a 

tendency towards autoreactivity in general. In this regard, the mAb were tested by ELISA 

for anti-dsDNA, anti-actin and anti-thyroglobulin reactivity. They all have been found 

negative (in several dilutions, and as pure), although some low non-significant reactivity was 

detected for some of them. The reactivity of tested mAb was compared with a negative 

control sample (culture media) and with a positive control (known positive serums from 

patients that we use in our labs, at dilutions situated at the linear portion of the ELISA 

curve).  

Although all the tested mAb were negative in comparison with the positive control 

serum, we tried to compare the low reactivity of these mAb (used pure) between that of 

ZAP-70+ and ZAP-70- B cells, in the hypothesis that maybe the mAb are too diluted in 

culture media to have a significant reactivity by comparison to positive control and or that 
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their affinities are low. In Figure 55 the 7 mAb from ZAP-70+ normal B cells were compared 

to two mAb cloned from ZAP-70- normal B cells, all from ZAP-70+ CLL associating 

autoimmune cytopenia in ELISA towards anti-dsDNA, anti-thyroglobulin and anti-actin. 

The reactivity was expressed as a ratio of optic density (OD) between tested mAb OD and 

the positive control from which the OD of negative control was previous subtracted. All the 

mAb tested were negative as compared with the positive control (that have a relative positive 

ratio of 1). We found that for some of the mAb originating from ZAP-70+ cells there was 

some reactivity towards autoantigens, although this reactivity was very low as compared 

with the positive control (0,01 to 0,1 of relative positive ration, i. e. 1 - 10% of the reactivity 

of positive control). To note, for mAb originating from ZAP-70- cells the reactivity was at 0, 

i.e. equal of that of negative control.  

 

 

Figure 55. ELISA reactivity testing of mAb produced from single normal B cells cloned 

from ZAP-70+ CLL and autoimmune cytopenia patients, towards common autoantigens: 

anti-dsDNA, anti-thyroglobulin, anti-actin. 7 mAb from ZAP-70+ normal B cells were 

compared to two mAb cloned from ZAP-70- normal B cells. The x-axis values are expressed 

as a ratio of optic density (OD) between tested mAb and the positive control, from which the 

OD of negative control was previous subtracted (the relative positive ratio of positive control 

is 1).   

   

 

In conclusion, we produced 9 mAb from single normal B cells from ZAP-70+ CLL 

and autoimmune cytopenia patients, 7 from ZAP-70+ and 2 from ZAP-70- B cells. This 

limited number of mAb proved not to be autoreactive, when tested towards RBC and 
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platelets. Some of them may bind with low affinity to common autoantigens, like dsDNA, 

actin or thyroglobulin. We also intend to test them on other autoantigens, including nuclear 

binding on Hep2 cells. We emphasize that tested mAb were not purified, and hence not 

concentrated, previous to testing. On the other hand, we have to produce more mAb to 

increase the sensibility, because only a limited percentage of ZAP-70+ B cells could be 

autoreactive. It is most probably the case for cells responsible for AIHA and ITP.  

 

 

! Search of autoreactive ZAP-70+ normal B cells by flow cytometry 
 

The second strategy is to look for autoreactive ZAP-70+ B cells by flow cytometry. 

We designed two methods by which B cells could at the same time be evaluated for ZAP-70 

expression and for specific binding to purified autoantigens through their BCR. The flow 

cytometric techniques to detect B cell specific BCR for certain antigens are difficult issues 

because of the high risk of non-specific binding. We have already successfully used these 

type of staining in our laboratory, to detect B cells that are specific for phospholipids (Lieby 

et al. 2001). One of the methods is designed for detection of self-reactive B cells to 

glycoprotein IIb/IIIa in ITP-associated CLL patients, the other is designed to detect self-

reactive B cells to peptides of RhCE in AIHA-associated CLL patients.  

 

Flow cytometric identification assay of self-reactive B cells to glycoprotein IIb/IIIa 

 

Glycoprotein (GP) IIb/IIIa is one of the most commonly identified antigen targets of 

anti-platelets antibodies in ITP.  The epitopes are mainly non-linear, located on intact 

glycoprotein complex (Fujisawa, Tani, and McMillan 1993), hence the importance of using 

complete heterodimer protein.  

Purified GPIIb/IIIa from human platelets was first labeled with AF647 fluorochrome, 

and then purified in an adapted buffer, as mentioned in methods chapter. Cryopreserved and 

freshly Ficoll isolated PBMC from healthy subjects, ITP patients, and ITP-associated CLL 
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patients were incubated with GPIIb/IIIa-AF647 labeled protein, before staining for surface 

markers and intracellular ZAP-70 staining. For each sample a control reaction tube was 

prepared which was previously incubated with an anti-Fab antibody that would specifically 

inhibit the antigen-binding site of surface BCR on tested B cells. The cells previously 

incubated with anti-Fab antibody were secondly incubated with GPIIb/IIIa-AF647, and with 

other surface and intracellular markers. 

The main problem with this GPIIb/IIIa antigen staining is that there is a non-specific 

staining of normal B cells, observed for the healthy control. This is noticed only for B cells, 

and not for non-B mononuclear cells, and moreover, it is inhibited by anti-Fab antibody. 

This strongly suggests that this staining is the consequence of polyreactive surface IgM, 

which bind non-specifically GPIIb/IIIa (Figure 56). For the setting of the experiment, 5 

healthy subjects were tested along with 3 primary ITP patients, in which similar staining 

were observed.  

& 

 

Figure 56. GPIIb/IIIa-AF647 staining of healthy subject PBMC (left case). The cutoff for 

GPIIb/IIIa positivity was established on Fab inhibited B cells, previously incubated with an 

anti-Fab antibody (right case), to assure the specificity of GPIIb/IIIa ligation on surface 

BCR, and not on other non-specific surface molecules.  
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We anyway analyzed one CLL patient with associated ITP. The anti-platelets 

antibodies for this patient were negative, as it is the case for the majority of ITP patients, 

because of a low sensitivity of this test, as we detailed in the introduction chapter on ITP 

diagnosis. In our experiment we observed that the GPIIb/IIIa positive B cells were almost all 

in normal B cell population. The CLL clone did not react with GPIIb/IIIa which further 

support the conclusion that the binding detected on some B cells from healthy subjects is due 

to a limited set of low affinity BCRs. Some staining was detected for normal B cells with a 

possible enrichment for ZAP-70+ cells (1,8% vs. 0,5% in ZAP-70- cells), but given the low 

number of cells no conclusion can be drawn (Figure 57). Similar experiments will be 

performed after negative selection of CD5+ B cells to permit the analysis of a greater number 

of CD5- B cells. 

 

Figure 57. GPIIb/IIIa and ZAP-70 flow cytometric staining of normal (left) and CLL (right) 

B cells from a ZAP-70+ CLL patient with ITP. The cutoff value of ZAP-70-PE was 

established in relation with an isotypic control antibody, and the cut-off value of GPIIb/IIIa-

AF647 was established as compared with the inhibited staining after a pre-incubation with 

an anti-Fab antibody (see methods chapter).  

Nevertheless, we cannot conclude for the moment that GPIIb/IIIa staining of normal 

B cells is specific, because there is a high proportion of normal B lymphocytes in healthy 

subjects that bind through their BCR, but probably in a non-speficic manner GPIIb/IIIa. Our 

antigen-specific GPIIb/IIIa staining methods needs further improvement, if possible, before 

we used it to clearly identify the pathogenic autoreactive B cells.    
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Flow cytometric assay design of self-reactive B cells to RhCE protein  

RhCE and RhD represent the main target antigens of autoantibodies against RBC in 

AIHA. We initially searched for recombinant whole protein that could be fluorochrome 

labeled for the use in flow cytometry, as we did for GPIIb/IIIa in ITP patients. 

Unfortunately, such protein is not available on the market, neither as a recombinant protein, 

nor as a RBC-isolated protein. On the other hand, RhD and RhCE, which have a very similar 

sequence, have 12 transmembrane spanning segments, implying a high hydrophobic 

sequence, that would be difficult to dissolute in buffers compatibles with flow cytometry 

staining (Figure 20).  

The most frequent autoantibodies found in serums from AIHA patients are anti-C 

and anti-e Ab. One of the most antigenic sites on RhCE protein is located on the second 

extracellular loop, the difference between C and c antigens being only a single amino acids 

difference at position 103: Ser for C antigen, and Pro for c antigen. The second major 

antigenic region of this protein is located in the fourth extracellular loop, which forms an 

extracellular vestibule, as seen in Figure 44. This region defines two different antigens: E 

and e, the difference being also a single amino acid substitution at position 226: Pro for E, 

and Ala for e antigen.  

Based on these particularities of targeted antigens on the surface of RhCE protein, we 

hypothesized that the extracellular loop peptides represent the main target of autoantibodies 

in AIHA. Considering this, we designed and synthesized 8 peptides, corresponding to each 

of the extracellular loop in RhCE protein, with two peptides for the second and the forth 

loop, corresponding to the two possible antigens at these sites (C or c, and E or e). Designed 

peptides are as follow: 

DG1: C -&THYDASLEDQKGL 

DG2C: FLSQFPSGKVVITLFSIRLA - C 

DG2c: FLSQFPPGKVVITLFSIRLA - C 

DG3: C - PKGTEDNDQRAT 

DG4E: C - VNSPLLRSPIQRKNA 
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DG4e: C - VNSALLRSPIQRKNA 

DG5: K - GTSCHLIPS 

DG6: C - VSVVTAISGSSL 

At one end of the synthesized peptide a cysteine (C) or a lysine (K) were added that 

serves as a binding site to a biotin molecule, for fluorochrome detection in flow cytometry. 

A portion of these peptides was labeled with a biotin molecule, and are ready to be used in 

flow cytometry experiments. The biotin-labeled peptides, being low molecular weight 

molecules are ideally fitted for antigen-reactive search of B cells, as they are less likely to 

bind non-specifically to other surface molecules. The flow cytometry technique using these 

marked peptides will soon be set in our laboratory. If it works, this unique technique of 

detection of self-reactive B cells in AIHA will be of great interest in characterizing the 

autoreactive B cells in AIHA in general, not only in CLL- associated AIHA.    

Additionally, another use of the designed RhCE peptides is to permit the detection of 

free serum autoantibodies in AIHA patients and to study the reactivity of the mAb 

synthesized in our project. Firstly, the reactivity of these peptides with autoantibodies from 

AIHA patients with known specificity will be validated in an ELISA test, in which the wells 

will be coated with RhCE peptides, and then incubated with positive serums. After the 

validation of the ELISA, the peptides will be used in ELISA to study the specificities of 

mAb produced from ZAP-70+ single normal B cell, as previous described.  

 

In conclusion, at this time, our two designed strategies, do not allow to draw 

conclusion regarding the specificities of ZAP-70+ B cells and their potential involvement in 

autoimmune manifestations associated with CLL. The first strategy, consisting in producing 

mAb from single normal ZAP-70+ B cells needs more in depth experiments. Firstly, the 

already tested mAb need a previous purification and concentration before re-testing against 

autoantigens, as the supernatants concentrations are pretty low, hence probably not enough 

as regarded to the cutoff value of autoantigen testing methods. Secondly, more mAb need to 

be produced, because even if ZAP-70 expression in B cells predisposes to autoimmune 

reactivity, this does not imply that all the ZAP-70+ normal B cells are autoreactive.  
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4.6.  COULD THE EXPRESSION OF ZAP-70 IN B CELLS INDUCE AUTOREACTIVITY OR 

MALIGNANT TRANSFORMATION? 

 

 

To address this question, we designed a transgenic mouse model that will 

conditionally express ZAP-70 in their B cells, at different maturational stages.  

For this purpose, the entire mouse Zap70 cDNA was cloned from splenic T 

lymphocytes, and inserted in the CTV vector (Xiao cell 2007 17923094). This permitted the 

insertion of Zap70 coding sequence preceded by a CAG promoter and a loxP Neo-STOP 

cassette into mouse ROSA26 locus, which is ubiquitously expressed. An IRES-EGFP 

cassette flanked by frt sequences placed between Zap70 gene and the polyA signal permits 

the detection of cells in which the deletion of Neo-STOP cassette was assessed, representing 

a good reporter for the overexpression of Zap70 (Figure 30).  

Mice were generated at Institut Clinique de la Souris (ICS) of Strasbourg. After 

previous homologous recombination steps of CTVZAP vector into ROSA26 locus in 

embryonic stem cells (ES), the selected ES cells were subsequently injected into C57BL/6N 

blastocysts and maintained in a pure C57BL/6N background. Mice carrying the floxed KI 

Zap70 gene are now available in our laboratory for further crossbreeding with Cre-mice.  

We will crossbreed the Zap70 loxP mice with Mb1-Cre mice that will result in the 

overexpression of Zap70 gene from the pro/pre-B cell stage, and with CD21-Cre mice that 

will result in the overexpression of Zap70 only in mature B cells (Figure 59).  
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Figure 59. Previewed crossbreeding of Zap70 loxP mice with Mb1-Cre and CD21-Cre mice, 

twhich would result in the conditional overexpression of Zap70 in B cells from the pro/pre-B 

stage (Mb1-Cre) or only in mature B cells (CD21-Cre).  
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The primary result presented in this thesis is that a certain percentage of normal B 

cells from ZAP-70+ CLL patients express ZAP-70, as compared to normal B cells from 

healthy subjects.  

This was clearly demonstrated by flow cytometry, by two ways of expressing results, 

as a percentage of positive cells compared to an isotypic control and as MFI values. To avoid 

false positive staining, a very strict gating strategy was applied, in which doublets and dead 

cells were excluded. We also excluded samples of patients in which a low CD5 expression 

(which sometimes characterize CLL cells) did not permit a clear distinction between CD5-, 

non-clonal B cells, and CD5+ CLL cells. We analyzed ZAP-70 expression in 63 CLL 

patients with enough residual normal B cells to permit statistical analysis and in 36 normal 

subjects. Expression of ZAP-70 in CLL B cells, normal B cells and T cells was compared to 

an isotype control antibody. 

The presence of ZAP-70 mRNA in normal B cells from ZAP-70+ CLL patients was 

confirmed at single cell level by RT-scPCR. ZAP-70 transcripts amplified from single cell 

were then sequenced, and found 100% identical with the sequence previously described in T 

cells. This is in line with the literature data indicating that ZAP-70 does not present any 

mutation in CLL B cells, as compared with original sequence. Additionally, we confirmed 

that ZAP-70 mRNA amplified in normal B cells is that of the classical isoform1, and not that 

of the recently described truncated form, named truncated ZAP kinase (TZK) which lacked 

the SH2 domains and a part of interdomain B (Kuroyama et al. 2004).  

Importantly, this is the first time that a reverse-transcription scPCR successfully 

detects ZAP-70 at single cell level. Moreover, we were the first to detect ZAP-70 mRNA in 

single normal B cells, at the same time as Ig heavy and light chain rearranged genes. This 

technique can be used to molecularly dissect at single cell level the characteristics of ZAP-

70+ B cells, like the sequences of rearranged Ig genes or other deregulated genes.  

In qPCR experiments we also demonstrated that there is a higher level of ZAP-70 

mRNA in normal B cells from CLL patients than in normal CD5- B cells from healthy 

subjects, although the difference was not significant. The non-significant statistical data 

between the two populations is mainly due to the low number of analyzed samples, this 

technique requiring a minimal number of highly purified cells, normal residual B cells in 

CLL patients being very rare. 
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We clearly demonstrated at several levels (cellular and molecular) that ZAP-70 

expressing normal B cells do not represent a contamination of normal B cells with a 

contingent of CLL clone that would have lost CD5 expression. At the cellular level, we 

showed that ZAP-70 expressing normal B cells are CD19hi and express a high level of sIg, as 

compared to CLL clone that is CD19lowsIglow. In addition they are CD5-, and, most 

importantly, they are polyclonal, as they express a normal k/λ light chain ratio.  

At the molecular level, Igk and Igλ rearranged V genes were equally amplified, along 

with ZAP-70 transcript. Moreover, ZAP-70+ normal B cells often express totally different 

VHDHJH and VLJL rearranged Ig genes, from that of CLL clone, definitely demonstrating the 

polyclonality of these cells.  

* 

 

Interestingly, ZAP-70+ normal B cells seem pretty different from one another in the 

VHDHJH and VLJL rearranged Ig genes, indicating that there is no clonal relationship between 

them. Moreover, they are equally somatically mutated and unmutated, suggesting that this is 

not a mere characteristic of only antigen-experienced, post-germinal center, B cells, but 

rather a more general trait.  

This is further demonstrated by the fact that ZAP-70+ normal B cells do not belong to 

a certain subset of B cells. When ZAP-70+ and ZAP-70- normal B cells from ZAP-70+ CLL 

patients were compared, we observed no difference between them in the distribution to 

different B cell subsets. In particular, normal ZAP-70+ B cells were distributed both in the 

naïve and in the switched memory B compartments. When we analyzed separately the 

expression of CD27 in ZAP-70+ as compared with ZAP-70- normal B cells from CLL 

patients, we found that there was no difference in the memory markers between these two 

types of cells. 

* 

 

The presence of ZAP-70 in the naïve B cell subset, suggests that this is an early 

process in the B cell development, which probably occurs before malignant transformation. 

To analyze in more depth the moment when this abnormal expression occurs in the ontogeny 
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of B cells, we intend to look for ZAP-70 in earlier developmental stages in the bone marrow 

in CLL patients, from pro-B cells to mature B cells. This analysis is one of the planned 

perspectives of our project, but it is hindered by the fact that bone marrow examinations are 

rarely necessary in CLL patients. 

Nevertheless, the data presented in this project, suggest that abnormal ZAP-70 

expression in B cells is rather an early phenomenon, that seems to arrive at least at naïve B 

cell stage, and continue to be expressed at all B cell developmental levels. The persistence of 

ZAP-70 expression up to the plasma cells stage would be also interesting to study.   

* 

 

Another important issue is to see if ZAP-70 expression in normal B cells is a 

characteristic of CLL patients or not.  

Classically, normal B cells do not express ZAP-70, although recent studies have 

given rise to a controversy, when an unexpected requirement for ZAP-70 in pre-B cell 

development in mice was described. In the absence of Syk, B cell development in the mouse 

is only partially blocked at the pro-B to pre-B cell transition, whereas mice both mutant in 

Syk and ZAP-70 show a complete block at the pro-B cell stage. This arrest is the 

consequence of a defective pre-BCR signaling, as demonstrated by failure of Ig heavy chain 

allelic exclusion, known to require a pre-BCR signal (Schweighoffer et al. 2003). In the 

same study, ZAP-70 was detected by immunoblot in pro-B, pre-B, and splenic B cells from 

wild-type mice, but not in peripheral blood B cells. 

In humans, three studies that looked for ZAP-70 expression in normal B cells from 

healthy subjects did not find any expression in peripheral blood B cells, although they 

described ZAP-70 expression in some subsets of B cells from tonsils or spleen B cells with 

activation characteristics (such as a larger cell volume, or the presence of activation markers 

such as CD38, CD27 and CD71), or in pro- to pre-B cell stage in the bone marrow (Nolz et 

al. 2005; Crespo et al. 2006; Cutrona et al. 2006). The only study that suggested the 

possibility that ZAP-70 could be expressed by peripheral blood B cells, showed in Western 

blot and flow cytometry, that these cells expressed ZAP-70 at very low level, being five time 

lower than that of tonsil B cell, which is already three time less than that in T cells (Scielzo 
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et al. 2006). By contrast, our study demonstrates for the first time that normal B cells from 

peripheral blood of CLL patients may express ZAP-70 at levels similar to those in T cells.  

As ZAP-70 expression could not be detected in peripheral B cells from healthy 

subjects, as previous studies and our own testing have shown, this seems rather to be a 

characteristic of CLL patients, especially a characteristic of ZAP-70+ CLL patients.  

Another possibility is that ZAP-70 expression in B normal cells could be induced by 

stimulation through different signaling pathway, as suggested by two studies, in which ZAP-

70 expression could be induced by stimulation of peripheral blood or tonsil B cells with 

CD40L + IL-10, IL-4 and IL-6, with IL-15 + CpG ODN, or with anti-IgM (Scielzo et al. 

2006; Bekeredjian-Ding et al. 2008). In our study, we also stimulated normal PBMC for 48h 

and 72h with anti-IgM, anti-CD40, Il-4 and IL-21, or with all of these and CpG DNA. 

Although we observed a significant elevation of activation markers, like CD86, in stimulated 

cells, we did not observe any increase in ZAP-70 expression. Our data are in favor of a 

rather à priori (intrinsic), non-induced trait, than a à posteriori (extrinsic), inducible one.  

Whatever explains these discrepancies, it is unlikely that ZAP-70 expression by some 

normal B cells in patients with CLL reflects an activated phenotype. Indeed, these cells do 

not show other activation features (such as increased level of CD86 expression) and many of 

them have a naïve phenotype.     

One problematic issue that needs to be discussed here, is that in our observations in 

ZAP-70+ CLL patients, ZAP-70 expression is not only elevated in some normal B cells, in 

CLL cell, but it is also elevated in T cells. This observation, recently confirmed by another 

team, made us wonder whether this could be the reflection of an extrinsic, environmental 

factor that could increase ZAP-70 expression in all lymphocytes. To test for this hypothesis 

PBMC from a healthy subject or a ZAP-70- CLL case were incubated with ZAP-70+ CLL 

serum, in search for a serum factor that could be responsible for the general increase in ZAP-

70 expression. After 24h and 48h of incubation, there was no increase in the ZAP-70 level in 

tested cells. So, although this experiment is very simple, it is unlikely that a serum factor in 

ZAP-70+ CLL patients could responsible for this phenomenon.  

An alternative way of environmental influence, which was not tested in our work, is 

through cellular interactions with other cell types or with stroma. The importance of the 

microenvironment in CLL is underlined by the fact that most CLL cells rapidly undergo 
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apoptosis when they are removed from patients. Moreover, increased ZAP-70 

phosphorylation has been demonstrated in CD38+ CLL cells that interact with secondary 

lymphoid organ environmental nurse-like cells (NLC) through CD31 ligand (Deaglio et al. 

2007). This possibility remains to be tested in our laboratory, for instance in culture 

experiments in which normal or ZAP-70- PBMC will be incubated with CD31+ NLC or with 

stromal cells from the bone marrow from ZAP-70+ CLL patients.  

* 

 

It is current knowledge now that the expression of ZAP-70 in CLL cells is not an 

on/off process but rather a continuum. We found a striking correlation in the expression level 

of ZAP-70 between normal B cells and CLL cells from the same patient. Moreover, the 

expression of ZAP-70 in normal B cells is not bimodal, with cells that are clearly ZAP-70- or 

ZAP-70+. It has continuum appearance, really resembling the expression of ZAP-70 in CLL 

B cells. 

Together with the fact that ZAP-70 is already expressed at the naïve stage of normal 

B cells these data indicate that ZAP-70 expression is an early phenomenon and that it clearly 

precedes malignant transformation. This indeed is highly interesting because it opens the 

possibility that abnormal expression of ZAP-70 may have a role in the malignant 

transformation through, for instance, the facilitation of BCR signaling, inducing increased 

proliferation and survival. The role of BCR signaling in the pathogenesis of CLL is well 

demonstrated nowadays, emphasized by the spectacular efficacy of BCR signaling 

inhibitors, like ibrutinib or idelalisib, used in the treatment of CLL, even in cases with very 

bad prognostic factors.  

Concerning the responsiveness to anti-IgM ligation, CLL cases are classified in two 

types: in UM-CLL, which has aggressive behavior, there is an increase in tyrosine 

phosphorylation following BCR ligation, as compared to M-CLL type in which there is no 

response to BCR ligation and that has a more indolent progression. One of the main 

differences that also distinguishes these two types of disease is the expression of ZAP-70 in 

UM-CLL types of cells, further arguing for the role of ZAP-70 in the BCR signaling and 

implicitly disease aggression.  
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In the same order of line, the recently described behavior of CLL BCR as pre-BCR, 

which have antigen-independent tonic signing (Minden et al. 2012) together with the fact 

that ZAP-70 has been demonstrated to have a role in the pre-BCR signaling, is in favor of a 

role of ZAP-70 in the ontogeny of malignant B cells. As it is well known that allelic 

exclusion require a correct pre-BCR signaling, the fact that CLL clones frequently fail allelic 

exclusion is in favor of an abnormal signaling through pre-BCR in CLL patients (Rassenti 

and Kipps 1997). This mechanism is not yet clear, because if ZAP-70 increases pre-BCR 

signaling, this could not determine a failure in allelic exclusion. It will be interesting to study 

if the failure in allelic exclusion is not mostly limited to mutated, ZAP-70- cases.  

* 

 

Another way of testing the relationship between ZAP-70 and malignant 

transformation, to determine whether it is a pre-malignant state or an anomaly induced by 

malignant transformation, is to look at ZAP-70 expression in normal B cells from 

monoclonal B cell lymphocytosis (MBL), which can be a premalignant state. ZAP-70 

expression in MBL cells was already demonstrated, although not yet defined as a significant 

prognostic maker (Rossi et al. 2009). It will be very interesting to look for ZAP-70 

expression in normal B cells from this type of patients, a high expression pleading in favor 

of a malignancy predisposing factor of ZAP-70. 

A clonal relationship between ZAP-70+ normal B cells and the CLL clone was one of 

the most important questions of interest in our work. Firstly because we feared that ZAP-70+ 

normal B cells could represent a contaminating contingent of CLL clone, hence the 

importance of demonstrating that the two subpopulations have a really distinctive phenotype 

and molecular characteristics, as we previously discussed. Secondly, because, for 

understanding the malignant transformation process it is of primordial importance to see 

whether there is a clonal relation between these cells.  

The contamination possibility was eliminated for most of the cases as previously 

discussed.  

The possibility that CLL clone could derive from ZAP-70+ normal B cells is 

suggested by several observations. Firstly, we can imagine that the CLL clone gained some 

mutation advantages for survival and proliferation, in a receptor editing process from 
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autoreactive ZAP-70+ B cells. This is suggested by the presence of longer CDR3 regions in 

CLL clone, as compared to non-malignant cells, characteristic of B cells that have undergone 

receptor edition, including VH replacement (García-Muñoz, Galiacho, and Llorente 2012; 

Zhang, Burrows, and Cooper 2004). Several ZAP-70+ normal B cells that differ from CLL 

clone only by the light or the heavy chain indeed suggest receptor editing processes. 

Knowing that the BCR V regions are implicated in the transformation/proliferation of CLL 

cells, these observations open fascinating perspectives of study. 

Additionally, there are several normal cells that have the same VHDHJH and VLJL 

sequences as the clonal CLL cells, differing by only 2 or 3 additionally mutations. In such 

situations, the probabilities that the cells did not derive from a unique ancestor are 

infinitesimal. However, at this stage, it is not possible to rule out the possibility that these 

“normal” cells come from the CLL clone, having been selected in the CD5- compartment by 

contamination, rather a reflection from a common precursor. This is argued by the fact that 

the mutations are in the FR1 region, not probably reflecting a clonal evolution, but rather 

mutations induced by the PCR reaction.   

In the search of a clonal relationship between CLL cells and ZAP-70+ normal B cells, 

and as the initial hypothesis that CLL cells derive from the equivalent of “human B1 cells”, 

we verified if recently described CD20+CD27+CD43+CD70- cells (Griffin, Holodick, and 

Rothstein 2011) are more frequent in the ZAP-70+ normal B cells, that in ZAP-70- ones, but 

this wasn’t the case.  

Given the fact that, for the moment, only limited number of cells have been amplified 

from the ZAP-70+ population of normal B cells, a clear conclusion concerning the clonal 

relationships between CLL clone and these cells cannot be drawn.  We clearly need more 

data to study the molecular events that could have occurred between some normal ZAP-70+ 

cells and the malignant ones. 

Our present work will permit a more thorough study of the potential role of ZAP-70 

overexpression on malignant transformation through increased BCR signaling. This will be 

done in conditionally transgenic mice that will overexpress ZAP-70 in their B cells at 

different developmental stages. The mice will be studied for the possible development of 

lymphoproliferative disease, for the possible particularities of B cell development induced 

by ZAP-70 overexpression, and for the level of in vivo, steady state, activation markers in B 
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cells. The influence of ZAP-70 overexpression on BCR signaling will be studied in vitro by 

stimulation experiments, comparing ZAP-70+ B cells with B cells from control mice. 

Moreover, transcriptome modifications induced by B cells stimulation through BCR-

dependent or independent stimuli will be studied in collaboration with Dr. Laurent Vallat.  

* 

 

Since several genetically modified mice have shown that BCR sensitization may 

induce tolerance breaks and favor autoimmunity (Pritchard and Smith 2003; Nitschke 2009) 

we hypothesized that ZAP-70 expression in normal B cells may play a role in the 

autoimmune phenomena that frequently occur in CLL patients. In this view, a first logical 

question is whether autoimmunity in CLL is a feature of ZAP-70+ CLL.  

Zanotti et al. suggested the possible relation between ZAP-70 expression in clonal 

CLL cells and the occurrence of autoimmune phenomena in CLL patients (Zanotti et al. 

2010). In this study they have analyzed 290 CLL patients. Autoimmune cytopenia (AIC) 

occurred in 16% of cases, i.e. 46 cases. ZAP-70 expression was the most discriminative 

parameter between CLL patients with or without AIC (p < 0,0001), with 80% of AIC 

patients being ZAP-70+ detected by immunohistochemistry in bone marrow biopsies.  

In our study, we firstly studied ZAP-70 in normal B cells from CLL non-selected 

cases, to see whether it is a characteristic of all CLL patients or only of ZAP-70+ CLL cases. 

Afterward, we looked at the ZAP-70 expression, in a more targeted way, in the 

autoimmunity-associated cases of CLL. Totally, we analyzed 19 cases with AIC-associated 

CLL, which represent an important value, taking into account the rarity of such cases and 

that some of the cases had to be eliminated from the analysis because of the very low, non-

analyzable, number of residual normal B cells, due to advanced disease or to previous B cell-

targeting treatment (Rituximab).  

Notably, all of autoimmunity-associated CLL cases in our series were ZAP-70+ CLL 

cases, confirming the data of Zanotti et al. In the context of this observation, and as 

suggested by our logical syllogism presented in the project chapter (AIC in CLL patients are 

the consequence of IgG polyclonal autoantibody secreted by normal B cell; and that ZAP-70 

could increase BCR signaling, known to favor tolerance break-down) we looked for the 

expression of ZAP-70 in normal B cells from these patients.  
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Importantly, we found that a percentage of normal B cells from all AIC-associated 

CLL patients express ZAP-70, like CLL clones.  

When we compared the expression levels of ZAP-70 in normal B cells between CLL 

ZAP-70+ patients with or without autoimmune phenomena, we didn’t find a significant 

difference. In ZAP-70 positive pool of patients the presence of autoimmunity was not 

associated with higher level of ZAP-70, as compared to ZAP-70 positive patients without 

autoimmunity. This is in favor of a rather on/off effect of ZAP-70 on B cells, as only its 

presence could be significantly associated with autoimmunity. It is in line with literature 

suggestions that only a certain level of ZAP-70 protein is necessary to increase BCR 

signaling (Chen 2005), and that exceeding levels above this threshold do not enhance 

phosphorylation of downstream proteins. Moreover, on clinical level, patients with 

intermediate level of ZAP-70 in CLL cells have the same risk of aggressive disease as those 

with high ZAP-70 levels (Rassenti et al. 2004). 

To further study the potential role of ZAP-70 expression in B cell autoimmunity, two 

different issues need to be addressed: 1) are normal ZAP-70+ B cells enriched in autoreactive 

cells? 2) are autoreactive cells responsible for the secretion of pathogenic autoantibodies 

belong to the ZAP-70+ normal B cell pool? 

To test whether ZAP-70+ normal B cells are enriched in autoreactive cells, we have 

to study the reactivity of ZAP-70+ normal B cells against common autoantigens 

(autoantigens commonly recognized by natural autoAbs, and/or by autoAbs in the most 

frequent autoimmune diseases). For this, we amplified the variable regions of Ig from ZAP-

70+ normal B cells and produced monoclonal antibodies. As we could not sort the cells in 

function of ZAP-70 expression before RT-scPCR, we also had to amplify at single cell level 

ZAP-70. At the moment, we have 9 monoclonal antibodies available (7 from ZAP-70+ 

normal B cells, and 2 from ZAP-70- cells). We plan to test them against ssDNA, dsDNA, 

thyroglobulin, actin and insulin by ELISA as well as for their global reactivity for nuclear 

antigens by immunofluorescence on Hep2 cells. They were tested in an IAT and MAIPA 

tests for reactivity against RBC and respectively platelets, and found negative. At this time 

only ELISA for reactivity against anti-dsDNA, anti-actin, and anti-thyroglobulin were 

performed. Some of mAb from ZAP-70+ cells had some low reactivity for these antigens by 

comparison with two from ZAP-70- cells. We have to mention that the mAb were only tested 

for the moment directly from the culture supernatants, without a previous purification and 
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concentration, which will be done shortly. Additionally, the number of mAbs has to be 

significantly increased to allow statistically analysis.  

Initially we planned to compare mAb from ZAP-70+ normal B cells with ZAP-70- 

normal B cells, from the same patient. Noteworthy, there is one aspect in comparing ZAP-

70+ and ZAP-70- normal B cells from the same ZAP-70+ CLL patients that have to be 

emphasized. We cannot be sure that all ZAP-70- normal B cells determined by RT-scPCR, 

are really ZAP-70-, because this technique is probably not sensitive enough to detect low 

levels of ZAP-70 mRNA. So, the ZAP-70- cell could be ZAP-70low/neg and only ZAP-70hi 

cells probably represent ZAP-70+ cells. Depending on the results obtained from ZAP-70+ 

cells we will need to compare them with normal B cells from ZAP-70- CLL patients and 

with literature data from healthy subjects (Wardemann et al. 2003).  

The second issue is to determine whether autoreactive B cells responsible for AIC are 

indeed ZAP-70+.  

The first strategy is to analyze the reactivities of mAbs produced. From a total of 9 

mAbs produced, 7 mAbs were tested in IAT and MAIPA for their reactivity against RBC 

and respectively platelets: 2 from ZAP-70- B cells (from a CLL-associated Evans syndrome) 

and 5 from ZAP-70+ B cells (4 from CLL-associated Evans syndrome patients and one from 

CLL-associated AIHA patient). All the tested mAbs were found negative in IAT and 

MAIPA tests. The limitations are the same as mentioned before (low concentrations, 

unpurified mAbs).  

The second strategy that we designed was to detect ZAP-70+, autoreactive B cells by 

flow cytometry. We designed two methods by which B cells could at the same time be 

evaluated for ZAP-70 expression and for specific binding to purified autoantigens through 

their BCR. One of the methods was designed for detection of self-reactive B cells to 

glycoprotein IIb/IIIa in ITP-associated CLL patients, the other to detect self-reactive B cells 

to peptides of RhCE in AIHA-associated CLL patients.  

For the GPIIb/IIIa antigen staining we encountered a problem that could be difficult 

to overcome, namely, there is some staining of normal B cells from healthy subjects that is 

inhibited by anti-Fab antibody. The same observations were noted for 5 different controls. In 

addition, peripheral B cells from patients with ITP are not distinguishable by their numbers 

or their MFI. This strongly suggests that this staining is the consequence of some 
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polyreactive surface IgM, which bind to GPIIb/IIIa, rendering this technique impropriate to 

use in our project.  

For the second method, designed to detect autoreactive cells in AIHA patients, used 

synthesized peptides from RhCE protein, the target of autoantibodies in AIHA. We designed 

and synthesized 8 peptides, corresponding to each of the extracellular loop in RhCE protein, 

with two peptides for the second and the forth loop, corresponding to the two antigens at 

these sites (C/c antigen and E/e antigen). These peptides are already labeled with biotin, and 

will be tested for their interaction with B cells from patients with AIHA by flow cytometry. 

If it works, this unique technique of detection of self-reactive B cells in AIHA will be of 

great interest in characterizing the autoreactive B cells in AIHA in general, not only in CLL- 

associated AIHA. Additionally, another use of the designed RhCE peptides will be to set up 

ELISA to study the reactivity of our mAbs and possibly also more generally the detection of 

free serum autoantibodies in AIHA patients. In conclusion, at this time, our two designed 

strategies, do not allow to draw a conclusion regarding the specificities of ZAP-70+ B cells 

and their potential involvement in autoimmune manifestations associated with CLL.  

This is due mainly because there is a major problem of sensitivity, as autoreactive B 

cells are rare entities, in general. More ZAP-70+ normal B cells reactivities have to be 

analyzed by mAb produced from these cells.  

Moreover, as in typical primary autoimmune diseases, the autoreactive cells are 

represented by a very low percentage of B cells in peripheral blood (Lieby 2004). 

Additionally, in CLL patients, normal non-malignant B cells are rare (between 0,01 to 0,1% 

of total B cells). This is also true for our second strategy, designed to detect double positive 

normal B cells for ZAP-70 and for a fluorochrome-linked autoantigen that has the difficult 

task of searching for very rare cells. If we could optimize this second strategy designed to 

detect autoreactive B cells in ITP and AIHA CLL patients, we could use it for FACS single 

cell sorting the autoreactive B cells, subsequently RT-PCR amplify their IgV rearranged 

genes and ZAP-70 mRNA, in order to produce large quantities of mAb.  

 

The association between AIC in CLL patients and the presence of ZAP-70+ normal B 

cells and CLL B cells could be also explained through a more general immune deregulation, 

that could favor the occurrence of autoimmunity. This could be the result of increased 
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antigen presentation by non-autoreactive B cell to T cells, and subsequently increased T cell 

help for autoreactive B cells. This is also suggested by increased ZAP-70 expression in T 

cells from ZAP-70+ CLL patients, which could be more readily activated. Another possible 

explanation to more frequent autoreactive B cells in ZAP-70+ CLL patients is through a 

more inflammatory microenvironment determining the survival of autoreactive clones. This 

is especially suggested by the fact that the autoimmunity in CLL patients is always targeted 

toward blood antigens, like RBS or platelets, suggesting that the process is initially triggered 

in the bone marrow environment.  

* 

 

Finally, our work suggests that it will be interesting to study the level of ZAP-70 

expression in B cells in systemic autoimmune diseases, like SLE.  

The relation between ZAP-70 expression in B cells and the occurrence of 

autoimmunity was suspected only by one group who looked for a bio-marker of B cell 

activation in rheumatoid arthritis (RA). They demonstrated that ZAP-70 expression in 

synovial fluid B cells obtained from RA patients was increased as compared to synovial 

fluid B cells from osteoarthritis patients, although this was only true concerning the protein 

level, whereas mRNA remained poorly detectable. In the same patients the level of ZAP-70 

in peripheral blood B cells did not differ between RA and OA patients (Tolusso et al. 2009). 

This initial study was rather challenged by a second study from the same group, in which 

there was no difference between the level of expression of ZAP-70 in B cells from synovial 

fluid or from peripheral blood between RA and non-RA patients (Michelutti et al. 2011).  

In our laboratory, preliminary studies in SLE patients demonstrated increased ZAP-

70 mRNA by qPCR in B cells from a patient with active SLE (data not published).  

* 

 

 

 



& 1j@&

 

 

Conclusion 

In this work we described a novel B cell population that expresses ZAP-70 that has 

not been described before. ZAP-70+ normal B cells do not seem to belong to a certain subset 

of B cells. However their characteristics are yet to be defined.  

The presence of ZAP-70 in the naïve B cell subset, demonstrated in this work, 

suggests that this is an early process in the B cell development, which probably occurs 

before malignant transformation. Taken into account the role of ZAP-70 in disease 

aggression, ZAP-70+ normal B cells could be at the origin of CLL clone.  

Importantly, we found a percentage of ZAP-70+ normal B cells in all AIC-associated 

CLL patients. ZAP-70+ B cells could be directly responsible for AIC, or could determine a 

general increase in autoimmune reactivity. Monoclonal antibodies synthetized from these 

cells, whose reactivities have to be further tested against AIHA and ITP specific antigen, and 

against common autoantigens will probably answer this question. A second strategy 

designed to detect autoantigen-reactive B cells that are at the same time ZAP-70+ in flow 

cytometry needs more fine tuning.   

At the moment, this new B cell subpopulation has only been described in ZAP-70+ 

CLL patients, but through their possible effect on BCR signaling, it could also have a role in 

autoimmune diseases in general.  

The functional consequences of aberrant expression of ZAP-70 in B cells will be 

studied in more detail by the analysis of conditional ZAP-70 KI mice, for the development 

of autoimmune manifestations and/or lymphoproliferative disease.  

The results presented in this work open new perspectives in the comprehension of B 

cell development and the physiopathology of autoimmunity and malignant transformation.  
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89&F}9Q;FED5C4&MFF7F5OE9&4L9D6&PMD&FM&PFEPM:6&8E&69KPD&F5K567&MEQ&;MD&KE67DY&q*=^@k^H&

&

~&

&

&

&



& A1k&

& 349& ME6:9& GM_C4& 89& 69D69:& FM& :9FM65C4& 946:9& FL9QP:9DD5C4& MU9::M469& 89& q*=^@k&

8M4D&F9D&$Zf&96&FM&6:M4DGC:KM65C4&KMF5N49Y&PCE:&8769:K549:&D5&9FF9&9D6&E4&76M6&P:7^KMF54&

CE& E49& M4CKMF59& 548E569& ,# -".(*+/"+/& PM:& FM& 6:M4DGC:KM65C4&KMF5N49Y& 9D6& 89& :9NM:89:&

FL9QP:9DD5C4& 89& q*=^@k& 8M4D& 89D& ;9FFEF9D& f& 4C:KMF9D& 8M4D& F9D& ;MD& FZKP<C;Z6CD9&

KC4C;FC4MF9& f& /Bf$2H& $L9QP:9DD5C4& 89& q*=^@k& 8M4D& 89D& ;9FFEF9D& 89& Bf$& M& 87[V& 767&

87KC46:79Y& U594& OE9& PMD& 94;C:9& 87G545& ;CKK9& E4& GM;69E:& P:C4CD65OE9& /)CDD5& 96& MFHY&

Akkj2H& ,F&D9:M&6:TD& 5467:9DDM46&89&;<9:;<9:& FL9QP:9DD5C4&89&q*=^@k&8M4D&89D&;9FFEF9D&f&

4C:KMF9D&89&;9&6ZP9&89&PM65946DY&E49&9QP:9DD5C4&7F9J79&PCE::M56&PFM589:&94&GMJ9E:&8}E4&

:cF9&P:785DPCDM46&V&FM&KMF5N4567&89&q*=^@kH&

$M&:9FM65C4&;FC4MF9&946:9&F9D&;9FFEF9D&f&4C:KMF9D&q*=^@km&96&F9&;FC49&89&"$$&9D6&

F}E49&89D&OE9D65C4D&F9D&PFED&5KPC:6M469D&89&4C6:9&6:MJM5FH&(CE6&8}MUC:8&PM:;9&OE9&4CED&

;:M5N45C4D&OE9& F9D&;9FFEF9D&f&4C:KMF9D&q*=^@km&PCE::M5946& :9P:7D9469:&E4&;C4654N946&

;C46MK54M46& 8E& ;FC49& "$$Y& 8}C�& F}5KPC:6M4;9& 89& 87KC46:9:& OE9& F9D& 89EQ& DCED^

PCPEFM65C4D& C46& E4& P<74C6ZP9& 96& 89D& ;M:M;67:5D65OE9D& KCF7;EFM5:9D& 6:TD& 85GG7:946DY&

;CKK9& 4CED& F}MJC4D& 87[V& 85D;E67H& '9EQ5TK9K946Y& PM:;9& OE9Y& PCE:& ;CKP:948:9& F9&

P:C;9DDED&89& 6:M4DGC:KM65C4&KMF5N49Y& 5F&9D6&8}E49& 5KPC:6M4;9&P:5KC:85MF9&8L76MUF5:& FM&

:9FM65C4&;FC4MF9&946:9&;9D&;9FFEF9DH&

$M& PCDD5U5F567& 89& ;C46MK54M65C4& M& 767& 7F5K5479& 89& FM& PFEPM:6& 89D& ;MDY& ;CKK9&

85D;E67&P:7;789KK946H&

$M&PCDD5U5F567&OE9&F9&;FC49&"$$&PCE::M56&P:7J945:&89&;9FFEF9D&f&4C:KMF9D&q*=^@km&

9D6&DENN7:79&PM:&PFED59E:D&CUD9:JM65C4DH&(CE6&8}MUC:8Y&4CED&PCEJC4D& 5KMN549:&OE9& F9&

;FC49&"$$&M56&NMN47&89D&MJM46MN9D&KE6M65C449FD&89&DE:J59&96&89&P:CF5G7:M65C4Y&8M4D& F9&

P:C;9DDED& 8}78565C4& 89D& :7;9P69E:D& 89& ;9FFEF9D& ME6C^:7M;65J9D& q*=^@km& fH& "9;5& 9D6&

DENN7:7&PM:&FM&P:7D94;9&89&FC4NE9D&:7N5C4D&"')>&8M4D&F9&;FC49&"$$Y&PM:&:MPPC:6&V&89D&

;9FFEF9D&4C4&KMF5N49DY&;M:M;67:5D65OE9&89D&;9FFEF9D&f&OE5&C46&DEU5&FL78565C4&8E&:7;9P69E:Y&

Z& ;CKP:5D& F9& :9KPFM;9K946&8E&.l& /eM:;5M^BE4CSY&eMF5M;<CY& 96&$FC:9469&Ak1As&q<M4NY&

fE::CaDY&96&"CCP9:&Akk02H&=FED59E:D&;9FFEF9D&f&4C:KMF9D&q*=^@km&OE5&85GGT:946&89&"$$&

;FC49& D9EF9K946& PM:& FM& ;<M{49& FCE:89& CE& F7NT:9& DENNT:946& 94& 9GG96& 89D& P:C;9DDED&

8L78565C4& 8E& :7;9P69E:H& +M;<M46& OE9& F9D& :7N5C4D& f")& .& DC46& 5KPF5OE7D& 8M4D& FM&

6:M4DGC:KM65C4& n& P:CF5G7:M65C4& 89D& ;9FFEF9D& "$$Y& ;9D& CUD9:JM65C4D& CEJ:946& 89D&

P9:DP9;65J9D&F}76E89&GMD;54M469DH&



& A11&

&

=M:K5& F9D& ;9FFEF9D& 8C46& F9D& NT49D& :7M::M4N7D& 89D& ,N& C46& 767& MKPF5G57DY& 5F& 9Q5D69&

PFED59E:D&;9FFEF9D&4C:KMF9D&OE5&C46&F9D&KRK9D&D7OE94;9D&.l'lIl&96&.$I$&OE9&F9D&;9FFEF9D&

"$$Y& 85GG7:M46& PM:& D9EF9K946& A& CE& >& KE6M65C4DH& 'M4D& 89& 69FF9D& D56EM65C4DY& F9D&

P:CUMU5F567D&OE9&F9D&;9FFEF9D&49&87:5J946&PMD&8}E4&M4;R6:9&E45OE9Y&DC46&54G54567D5KMF9DH&

(CE69GC5DY& V& ;9& D6M89Y& 5F& 9D6& 5KPCDD5UF9& 8}9Q;FE:9& FM& PCDD5U5F567& OE9& ;9D& ;9FFEF9D&

W4C:KMF9DX& P:CJ5944946& 8E& ;FC49& 89& "$$Y& MZM46& 767& D7F9;65C4479D& 8M4D& F9&

;CKPM:65K946&"'?^& PM:& ;C46MK54M65C4H&"9;5& 9D6& DCE694E&PM:& F9& GM56&OE9& F9D&KE6M65C4D&

DC46&8M4D&FM&:7N5C4&d)1Y&;9&OE5&49&:9GFT69&P:CUMUF9K946&PMD&E49&7JCFE65C4&;FC4MF9Y&KM5D&

PFE6c6&89D&KE6M65C4D&548E569D&PM:&FM&:7M;65C4&89&=")H&

*& FM& :9;<9:;<9&8}E49&:9FM65C4&;FC4MF9&946:9& F9D&;9FFEF9D&89&$$"&96& F9D&;9FFEF9D&f&

4C:KMF9D& q*=^@kmY& 96& JE9& F}<ZPC6<TD9& 89& 87PM:6& OE9& F9D& ;9FFEF9D& "$$& 87:5J946& 89&

F}7OE5JMF946&89&W;9FFEF9D&f1&<EKM549D�Y&4CED&MJC4D&J7:5G57&D5& F9D&;9FFEF9D&"'Akm&"'A@m&

"'0>m& "'@k^& :7;9KK946& 87;:569D& /e:5GG54Y& lCFC85;bY& 96& )C6<D6954& Ak112& DC46& PFED&

G:7OE9469D&8M4D&F9D&;9FFEF9D&f&4C:KMF9D&q*=^@kmY&OE9&8M4D&;9EQ&q*=^@k^Y&KM5D&;9&49&GE6&

PMD&F9&;MDH&&

"CKP69& 694E& 8E& GM56& OE9Y& PCE:& F9& KCK946Y& D9EF9K946& E4& 4CKU:9& F5K567& 89&

;9FFEF9D&C46&767&MKPF5G57&V&PM:65:&89&FM&PCPEFM65C4&89&;9FFEF9D&f&4C:KMF9D&q*=^@kmY&E49&

;C4;FED5C4& ;FM5:9& ;C4;9:4M46& FM& :9FM65C4& ;FC4MF9& 946:9& F9& ;FC49& "$$& 96& ;9D& ;9FFEF9D& 49&

P9E6& PMD& R6:9& 94;C:9& 65:79H& -CED& MJC4D& U9DC54& 89& PFED& 89& 8C4479D& PCE:& 76E859:& F9D&

7J749K946D&KCF7;EFM5:9D&OE5&ME:M5946&PE&D9&P:C8E5:9&946:9&;9:6M549D&;9FFEF9D&4C:KMF9D&

q*=^@km&96&;9FF9D&KMF549DH&

-C6:9& 6:MJM5F& JM&P9:K966:9&E49& 76E89&PFED& MPP:CGC4859&8E& :cF9&PC694659F& 89& FM&

DE:9QP:9DD5C4& 89& q*=^@k& 8M4D& FM& 6:M4DGC:KM65C4& KMF5N49Y& PM:& F}MENK946M65C4& 89& FM&

D5N4MF5DM65C4& 8E& f")H& "9FM& D9& G9:M& 8M4D& F9D& DCE:5D& 6:M4DN745OE9D& ;C48565C449FF9D& OE5&

DE:9QP:5K9:C46&q*=^@k&8M4D&F9E:D&$Zf&V&85GG7:946D&D6M89D&89&87J9FCPP9K946H&$M&DCE:5D&

D9:M& 76E8579& PCE:& F9& 87J9FCPP9K946& PCDD5UF9& 89D& FZKP<CP:CF5G7:M65C4DY& 96& V& FM&

:9;<9:;<9&89D&PCDD5UF9D&PM:65;EFM:567D&8E&87J9FCPP9K946&f&548E569D&PM:&q*=^@kY&M54D5&

OE9&PCE:&F9&45J9ME&8}M;65JM65C4& /0#1/1"&96& F9D&KM:OE9E:D&8LM;65JM65C4&89&;9D&;9FFEF9D&fH&

$}54GFE94;9&89&FM&DE:9QP:9DD5C4&89&q*=^@k&DE:&FM&D5N4MF5DM65C4&f")&D9:M&76E8579&PM:&89D&

9QP7:594;9D& 89& D65KEFM65C4& /0# 1/(+"Y& 94& ;CKPM:M46& F9D& $Zf& q*=^@km& MJ9;& 89D& $Zf& 89&



& A1A&

DCE:5D&67KC54DH&%4&PFEDY&F9D&KC85G5;M65C4D&8E&6:M4D;:5P6CK9&548E569D&PM:&FM&D65KEFM65C4&

89D& ;9FFEF9D& f& PM:& 89D& D65KEF5& f")^87P948M46D& CE& 5487P948M46D& D9:C46& 76E8579D& 94&

;CFFMUC:M65C4&MJ9;&F9&':&$ME:946&.MFFM6H&

&

~&

&

"CKK9& PFED59E:D& KC8TF9D& 89& DCE:5D& C46& KC46:7& OE9& FM& D94D5U5F5DM65C4& 8E& f")& P9E6&

548E5:9& 89D& :EP6E:9D& 89& 6CF7:M4;9& 96& GMJC:5D9:& F}ME6C^5KKE4567& /=:56;<M:8& 96& +K56<Y&

Akk>s&-56D;<b9&Akkj2Y&4CED&MJC4D&7K5D& F}<ZPC6<TD9&OE9& FL9QP:9DD5C4&89&q*=^@k&8M4D&

89D&$Zf&4C:KMEQ&PCE::M56& [CE9:&E4&:cF9&8M4D& F9D&P<74CKT49D&ME6C^5KKE4D&OE5& DC46&

G:7OE946D&;<9S&F9D&PM65946D&"$$H&%4&JE9&89&;9669&P9:DP9;65J9Y&E49&P:9K5T:9&OE9D65C4&9D6&

89&DMJC5:&D5&F}ME6C^5KKE4567&8M4D&FM&"$$&9D6&E49&;M:M;67:5D65OE9&89&"$$&q*=^@kmH&

qM4C665&96&MFH&C46&DENN7:7&FM&PCDD5UF9&:9FM65C4&946:9&FL9QP:9DD5C4&89&q*=^@k&8M4D&

F9D& ;9FFEF9D& ;FC4MF9D& 89& "$$& 96& F}MPPM:565C4& 89& P<74CKT49D& ME6C^5KKE49D& ;<9S& 89D&

PM65946D&M669546D&89&"$$&/qM4C665&96&MFHY&Ak1k2H&'M4D&;9669&76E89Y&F9D&ME69E:D&C46&M4MFZD7&

Ajk&PM65946D&M669546D&89&"$$H&$9D&;Z6CP7459D&ME6C^5KKE49D&/*,"2&C46&MPPM:E&8M4D&1\z&

89D& ;MDY& DC56& 0\& ;MDH& $L9QP:9DD5C4& 89& q*=^@k& 76M56& F9& PM:MKT6:9& F9& PFED& 85D;:5K54M46&

946:9&F9D&PM65946D&M669546D&89&"$$&MJ9;&CE&DM4D&*,"&/P&�kYkkk12Y&MJ9;&ikz&89D&PM65946D&

*,"& 76M46& q*=^@km& 8769;679& PM:& 5KKE4C<5D6C;<5K59& 8M4D& F9D& U5CPD59D& 89& KC9FF9&

CDD9ED9H&

'M4D& 4C6:9& 76E89Y& 4CED& MJC4D& 6CE6& 8}MUC:8& 76E857& q*=^@k& 8M4D& F9D& ;9FFEF9D& f&

4C:KMF9D&89D&;MD&89&"$$&4C4^D7F9;65C447DY&PCE:&JC5:&D5&9FF9&9D6&E49&;M:M;67:5D65OE9&89&

6CED& F9D&PM65946D&M669546D&89&"$$&CE&D9EF9K946&89D&;MD&89&"$$&q*=^@kmH&%4DE569Y&4CED&

MJC4D&9QMK547&F}9QP:9DD5C4&89&q*=^@kY&8}E49&KM45T:9&PFED&;5UF79Y&8M4D&F9D&;MD&8}ME6C^

5KKE4567&MDDC;579&V& FM&"$$H&*E&6C6MFY&4CED&MJC4D&M4MFZD7&1j&;MD&89&*,"&MDDC;57&V&E49&

"$$Y&OE5&:9P:7D946946&E49&JMF9E:&5KPC:6M469Y&;CKP69&694E&89&FM&:M:967&89&;9D&;MD&96&8E&

GM56&OE9&;9:6M54D&89D&;MD&C46&8�&R6:9&7F5K547D&89&F}M4MFZD9&94&:M5DC4&8E&6:TD&GM5UF9Y&4C4&

M4MFZDMUF9Y& 4CKU:9& 89D& ;9FFEF9D& f& 4C:KMF9D& :7D58E9FF9DY& 94& :M5DC4& 89& FM& KMFM859&

MJM4;79&CE&V&E4&6:M569K946&M467:59E:&;5UFM46&F9D&;9FFEF9D&f&/)56EQ5KMU2H&

&



& A1>&

)9KM:OEMUF9K946Y& 6CED& F9D& ;MD& 8LME6C^5KKE4567& MDDC;579& V& FM& "$$& 8M4D& 4C6:9&

D7:59&76M5946&89D&;MD&89&"$$&q*=^@kmY&;C4G5:KM46&F9D&8C4479D&89&qM4C665&96&MFH&'M4D&F9&

;C469Q69&89&;9669&CUD9:JM65C4Y&96&;CKK9&DENN7:7&PM:&4C6:9&DZFFCN5DK9&FCN5OE9&P:7D9467&

8M4D& F9& ;<MP56:9& P:C[96& /*,"& ;<9S& F9D& PM65946D& M669546D& 89& $$"& DC46& FM& ;C4D7OE94;9&

8}ME6C^M465;C:PD& ,Ne& PCFZ;FC4MEQ& D7;:767D& PM:& F9D& ;9FFEF9D& f& 4C:KMF9D&s& 96& q*=^@k&

PCE::M56&MENK9469:&FM&D5N4MF5DM65C4&f")Y&;C44E&PCE:&GMJC:5D9:&FM&:EP6E:9&89&6CF7:M4;92&

4CED& MJC4D& ;<9:;<7& F}9QP:9DD5C4& 89& q*=^@k& 8M4D& F9D& ;9FFEF9D& f& 4C:KMF9D& 89& ;9D&

PM65946DH&

=FED&5KPC:6M46Y&4CED&MJC4D&;C4D6M67&OE}E4&PCE:;946MN9&89&;9FFEF9D&f&4C:KMF9D&

89&6CED&F9D&PM65946D&M669546D&89&*,"&MDDC;57D&V&FM&"$$&9QP:5K9&q*=^@kY&;CKK9&F9D&;FC49D&

89&"$$H&

$C:DOE9& 4CED& MJC4D& ;CKPM:7& F9D& 45J9MEQ& 8}9QP:9DD5C4& 89& q*=^@k& 8M4D& F9D&

;9FFEF9D& f& 4C:KMF9D& 946:9& F9D& PM65946D& "$$& q*=^@km& MJ9;& CE& DM4D& P<74CKT49D& ME6C^

5KKE4DY&4CED&4LMJC4D&PMD& 6:CEJ7&E49&85GG7:94;9& D5N45G5;M65J9H&'M4D& F9&N:CEP9&89&"$$&

q*=^@kmY& FM& P:7D94;9& 8}ME6C^5KKE4567& 4}M& PMD& 767& MDDC;579& V& E4& PFED& <ME6& 45J9ME& 89&

q*=^@kY&PM:&:MPPC:6&MEQ&PM65946D&"$$&q*=^@km&DM4D&F}ME6C^5KKE4567H&"9;5&9D6&94&GMJ9E:&

8}E4& 9GG96& C4nCGG& 89& q*=^@k& DE:& F9D& ;9FFEF9D& fY& ;M:& D9EF9K946& DM& P:7D94;9& 9D6&

D5N45G5;M65J9K946&MDDC;579&V&F}ME6C^5KKE4567H&"9;5&9D6&94&M;;C:8&MJ9;&F9D&DENN9D65C4D&89&

FM& F5667:M6E:9& OE9& D9EF9K946& E4& ;9:6M54& 45J9ME& 89& FM& P:C67549& q*=^@k& 9D6& 47;9DDM5:9&

PCE:&MENK9469:&FM&D5N4MF5DM65C4&8E&f")&/"<94Y&Akk?2Y&96&OE9&F9D&45J9MEQ&87PMDDM46&;9&

D9E5F& 4LMENK9469& PMD& FM& P<CDP<C:ZFM65C4& 89D& P:C67549D& 94& MJMFH& %4& CE6:9Y& DE:& F9& PFM4&

;F545OE9Y&F9D&PM65946D&M669546D&89&"$$&MJ9;&E4&45J9ME&5469:K785M5:9&89&q*=^@k&8M4D&F9D&

;9FFEF9D& 89& "$$& C46& F9& KRK9& :5DOE9& 89&KMFM859& MN:9DD5J9& OE9& ;9EQ& MZM46& E4& 45J9ME&

7F9J7&89&q*=^@k&/)MDD9465&96&MFY&Akk02H&

=CE:&76E859:&PFED&94&876M5F&F9&:cF9&PC694659F&89&F}9QP:9DD5C4&89&q*=^@k&8M4D&89D&

;9FFEF9D&f&8M4D&FLME6C^5KKE4567Y&89EQ&OE9D65C4D&85GG7:9469D&8C5J946&R6:9&MUC:87Dw&12&F9D&

;9FFEF9D& f& 4C:KMF9D& q*=^@km& DC46^9FF9D& 94:5;<5D& 94& ;9FFEF9D& ME6C^:7M;65J9Dv& A2& F9D&

;9FFEF9D& ME6C^:7M;65J9D& :9DPC4DMUF9D& 89& FM& D7;:765C4& 8}ME6C^M465;C:PD& PM6<CNT49D&

MPPM:65944946^9FF9D&ME&N:CEP9&89D&;9FFEF9D&f&4C:KMF9D&q*=^@kmv&

&

&



& A10&

=CE:& 69D69:& D5& F9D& ;9FFEF9D&f&4C:KMF9D&q*=^@km& DC46& 94:5;<59D& 94& ;9FFEF9D& ME6C^

:7M;65J9DY&4CED&MJC4D&V&76E859:&FM&:7M;65J567&89D&;9FFEF9D&f&4C:KMF9D&q*=^@km&;C46:9&89D&

ME6C^M465NT49D& ;CKKE4D& /ME6C^M465NT49D& ;CKKE47K946& :9;C44E& PM:& F9D& ME6C^*;&

4M6E:9FDY& 96& n& CE& PM:& ME6C^*;& P:7D946D& 8M4D& F9D& PFED& G:7OE9469D& KMFM859D& ME6C^

5KKE49D2H& =CE:& ;9FMY& 4CED& MJC4D& MKPF5G57& F9D& :7N5C4D& JM:5MUF9D& 89D& ,N& 89& ;9FFEF9D& f&

4C:KMF9D& q*=^@kmY& 96& 4CED& MJC4D& P:C8E56& F9D& M465;C:PD&KC4C;FC4MEQ& V& PM:65:& 89& ;9D&

;9FFEF9DH&"CKK9&4CED&49&PCEJC4D&PMD& 6:59:& F9D&;9FFEF9D&94& GC4;65C4&89& FL9QP:9DD5C4&89&

q*=^@k& MJM46& FM& )(^D;=")Y& 4CED& MJC4D& 8E& 7NMF9K946& MKPF5G59:&K)-*& 89& q*=^@k& ME&

45J9ME& 89& ;9FFEF9& E45OE9H& �& F}<9E:9& M;6E9FF9Y& 4CED& MJC4D& j& M465;C:PD& KC4C;FC4MEQ&

85DPC45UF9D&/@&DZ46<765D7D&V&PM:65:&89&;9FFEF9D&f&4C:KMF9D&q*=^@kmY&96&A&89&;9FFEF9D&q*=^

@k^2H&-CED&P:7JCZC4D&89& F9D& 69D69:& ;C46:9& F9&'-*&D5KPF9&U:54Y& F9&'-*&8CEUF9&U:54Y& FM&

6<Z:CNFCUEF549Y& F}M;6549& 96& F}54DEF549& PM:& %$,+*& M54D5& OE9& PCE:& F9E:& :7M;65J567& NFCUMF9&

;C46:9& F9D& M465NT49D& 4E;F7M5:9D& PM:& 5KKE4CGFEC:9D;94;9& DE:& 89D& ;9FFEF9D& l9PAH& $9D&

KC4C;FC4MEQ&C46&767&69D67D&8M4D&E4&69D6&89&,*(&96&89&B*,=*&PCE:&F9E:&:7M;65J567&;C46:9&

F9D& )f"& 96& :9DP9;65J9K946& F9D& PFMOE9669DY& OE5& D9& DC46& :7J7F7D& 47NM65GDH& *& ;9&KCK946&

D9EF9K946& F9D& %$,+*& PCE:& FM& :7M;65J567& ;C46:9& F}M465^'-*8UY& M465^M;6549Y& M465^

6<Z:CNFCUEF549&C46&767&:7MF5D79DH&"9:6M54D&89&K*U&89&;9FFEF9D&q*=^@km&KC46:M5946&E49&

GM5UF9& :7M;65J567& ;C46:9&;9D&M465NT49D&PM:& :MPPC:6&MJ9;&89EQ&K*U&89&;9FFEF9D&q*=^@k^Y&

PCE:6M46& V&E4&45J9ME&4C4^D5N45G5;M65GH&-CED&89JC4D&K9465C449:&OE9&PCE:& F}54D6M46& F9D&

K*U&C46&767&D9EF9K946&69D67&85:9;69K946&V&PM:65:&89D&DE:4MN9M46D&89&;EF6E:9Y&DM4D&E49&

PE:5G5;M65C4&96&E49&;C4;946:M65C4&P:7MFMUF9Y&;9&OE5&D9:M&GM56&P:C;<M549K946H&%4&CE6:9Y&F9&

4CKU:9&89&K*U&8C56&R6:9&MENK94679&89&GM_C4&D5N45G5;M65J9&PCE:&P9:K966:9&E49&M4MFZD9&

D6M65D65OE9H&

,4565MF9K946& 4CED& MJ5C4D& P:7JE& 89& ;CKPM:9:& F9D& K*U& 89& ;9FFEF9D& f& 4C:KMF9D&

q*=^@km&MJ9;&;9EQ&89&;9FFEF9D&f&4C:KMF9D&q*=^@k^Y&;<9S&F9&KRK9&PM65946H&,F&;C4J5946&89&

4C69:&OEL&5F&Z&M&E4&MDP9;6&OE5&8C56&R6:9&DCEF5N47&8M4D&FM&;CKPM:M5DC4&946:9&F9D&;9FFEF9D&f&

4C:KMF9D&q*=^@km&96&q*=^@k^&8E&KRK9&PM65946&"$$&q*=^@kmH&-CED&49&PCEJC4D&PMD&R6:9&

D�:& OE9& 6CE69D& F9D& ;9FFEF9D& f& 4C:KMF9D& q*=^@k^& 8769:K5479D& PM:& )(^D;=")Y& DC46&

J:M5K946& q*=^@k^Y& PM:;9& OE9& ;9669& 69;<45OE9& 4L9D6& P:CUMUF9K946& PMD& MDD9S& D94D5UF9&

PCE:&8769;69:&89&GM5UF9D&45J9MEQ&89&K)-*&89&q*=^@kH&*54D5Y&FM&;9FFEF9&q*=^@k^&PCE::M56&

R6:9&q*=^@kGM5UF9n49N&96&D9EF9K946&F9D&;9FFEF9D&q*=^@kGC:6&:9P:7D946946&P:CUMUF9K946&F9D&

;9FFEF9D&q*=^@kmH&+9FC4&F9D&:7DEF6M6D&CU694ED&V&PM:65:&89&;9FFEF9D&q*=^@kmY&4CED&ME:C4D&



& A1?&

U9DC54&89&F9D&;CKPM:9:&MJ9;&89D&;9FFEF9D&f&4C:KMF9D&89&PM65946D&M669546D&89&$$"&q*=^

@k^&96&MJ9;&89D&8C4479D&89&DE[96D&DM54D&89&FM&F5667:M6E:9&/rM:89KM44&96&MFY&Akk>2H&

$M& 89EQ5TK9& OE9D65C4& 9D6& 89& 8769:K549:& D5& F9D& ;9FFEF9D& f& ME6C^:7M;65J9D&

:9DPC4DMUF9D&89D&;Z6CP7459D&ME6C^5KKE49D&DC46&94&9GG96&q*=^@kmH&

$M&P:9K5T:9&D6:M67N59&;C4D5D69&V&M4MFZD9:& F9D&:7M;65J567D&89D&K*U&P:C8E56DH&+E:&

E4&6C6MF&89&j&K*U&P:C8E56DY&@&K*U&C46&767&69D67D&8M4D&F9D&69D6D&89&,*(&96&B*,=*&PCE:&

F9E:&:7M;65J567&;C46:9&F9D&)f"&96&:9DP9;65J9K946&PFMOE9669Dw&A&89D&;9FFEF9D&f&q*=^@k^&/V&

PM:65:&89D&;9FFEF9D&8LE4&PM65946&MZM46&E4&DZ48:CK9&8}%JM4D&MDDC;57&V&E49&"$$2&96&?&89D&

$Zf&q*=^@km&/0&V&PM:65:&89D&;9FFEF9D&8LE4&PM65946D&MJ9;&E4&DZ48:CK9&8L%JM4D&MDDC;57&V&

E49& "$$& 96& E49& 8LE4& PM65946& *,l*& MDDC;579& V& E49& "$$2H& (CED& F9D&K*U& 69D67D& C46& 767&

6:CEJ7D& 47NM65GD& 94& ,*(& 96& B*,=*H& $9D& F5K56M65C4D& DC46& F9D& KRK9D& OE9& K9465C447&

P:7;789KK946&w&GM5UF9D&;C4;946:M65C4D&89&K*UD&4C4&PE:5G57DH&

$M& 89EQ5TK9& D6:M67N59& OE9& 4CED& MJC4D& ;C4_E9& 76M56& 89& 8769;69:& F9D& ;9FFEF9D& f&

ME6C^:7M;65J9D&q*=^@kmY&PM:&;Z6CK76:59&89& GFEQH&-CED&MJC4D&;C4_E&89EQ&K76<C89D&PM:&

F9DOE9FF9D& F9D&;9FFEF9D&f&PCE::M5946&94&KRK9&69KPD&R6:9&7JMFE7D&PCE:& FL9QP:9DD5C4&89&

q*=^@k&96&PCE:&FM&F5M5DC4&V&89D&ME6C^M465NT49D&PE:5G57D&PM:&F9E:&f")&DP7;5G5OE9H&$}E4&89D&

P:C;787D& M& 767& ;C4_E& PCE:& FM& 8769;65C4& 89& ;9FFEF9D& f& ME6C^:7M;65J9D& ;C46:9& FM&

NFZ;CP:C67549&,,Un,,,M&;<9S&F9D&PM65946D&M669546D&89&,(=&MDDC;57&V&E49&"$$Y& F}ME6:9&PCE:&

8769;69:&F9D&;9FFEF9D&f&ME6C^:7M;65J9D&;C46:9&F9D&P9P6589D&)<"%&;<9S&F9D&PM65946D&M669546D&

8LE49&*,l*&MDDC;579&FM&E49&"$$H&

=CE:& FM& K76<C89& E65F5DM46& FLM465NT49& e=,,Un,,,MY& 4CED& MJC4D& :94;C46:7& E4&

P:CUFTK9&OE5&PCE::M56&R6:9&85GG5;5F9&V&DE:KC469:Y&;M:&5F&Z&M&E4&PCE:;946MN9&89D&;9FFEF9D&f&

4C:KMF9D& 89& DE[96D& DM54D& OE5& :7MN56& MJ9;& FM& e=,,Un,,,MY& 96& ;9669& :7M;65C4& 9D6& 94& PFED&

54<5U79& PM:& F}M465;C:PD& M465^dMUH& $9D& KRK9D& CUD9:JM65C4D& C46& 767& 4C679D& PCE:& ?&

;C46:cF9D& 85GG7:946DH& %4& PFEDY& F9D& ;9FFEF9D& f& P7:5P<7:5OE9D& P:CJ94M46& 89D& PM65946D&

M669546D& 89& ,(=&49& D9& 85D654NE946& PMD& PM:& F9E:& 4CKU:9& CE&PM:& F9E:&Bd,H& "9FM& DENNT:9&

GC:69K946& OE9& ;9&KM:OEMN9& 9D6& FM& ;C4D7OE94;9& 89& FM& F5M5DC4& 89D& ,NB& PCFZ:7M;65GD& 89&

DE:GM;9&MJ9;&FM&e=,,Un,,,MY&:948M46&;9669&69;<45OE9&54E65F5DMUF9&8M4D&4C6:9&P:C[96H&

&

&



& A1\&

=CE:& FM& 89EQ5TK9& K76<C89Y& ;C4_E9& PCE:& 8769;69:& 89D& ;9FFEF9D& ME6C^:7M;65J9D&

;<9S&F9D&PM65946D&MJ9;&*,l*Y&4CED&MJC4D&E65F5D7&89D&P9P6589D&89&DZ46<TD9&89&FM&P:C67549&

)<"%Y& FM& ;5UF9& 89D& ME6C^M465;C:PD& 8M4D& FL*,l*H& -CED& MJC4D& ;C4_E& 96& DZ46<765D7& i&

P9P6589DY& ;C::9DPC48M46& V& ;<M;E49& 89& FM& UCE;F9& 9Q6:M;9FFEFM5:9& 89& FM& P:C67549& )<"%Y&

MJ9;& 89EQ& P9P6589D& PCE:& FM& 89EQ5TK9& 96& FM& OEM6:5TK9Y& ;C::9DPC48M46& MEQ& 89EQ&

M465NT49D& 8M4D& ;9D& D569D& /M465NT49& "n;& 96& F}M465NT49& 9n%2H& "9D& P9P6589D& DC46& 87[V&

KM:OE79D&MJ9;& FM&U5C6549Y&96& D9:C46& 69D67D&PCE:& F9E:& 5469:M;65C4&MJ9;& F9D&;9FFEF9D&f&89&

PM65946D& M669546D& 8L*,l*& PM:& ;Z6CK76:59& 89& GFEQH& +5& ;9FM& GC4;65C449Y& ;9669& 69;<45OE9&

E45OE9&89&8769;65C4&89D&;9FFEF9D&f&ME6C^:7M;65J9D&8M4D& FL*,l*&D9:M&8}E4&N:M48& 5467:R6&

8M4D& FM& ;M:M;67:5DM65C4& 89D& FZKP<C;Z69D& f& ME6C^:7M;65GD& 8M4D& *,l*& 94& N747:MFY& PMD&

D9EF9K946&8M4D&FL*,l*&MDDC;579&V&FM&"$$H&=M:&M5FF9E:DY&E49&ME6:9&E65F5DM65C4&89D&P9P6589D&

)<"%&;C4_ED&D9:M&89&K966:9&94&PFM;9&89D&%$,+*&PCE:&76E859:&FM&:7M;65J567&89&4CD&K*U&96&

P9E6^R6:9& MEDD5& PFED& N747:MF9K946& PCE:& FM& 8769;65C4& 8}ME6C^M465;C:PD& D7:5OE9D& F5U:9D&

;<9S& F9D& PM65946D& MZM46& E49& *,l*H& %4& ;C4;FED5C4Y& 94& ;9&KCK946Y& 4CD& 89EQ& D6:M67N59D&

;C4_E9DY& 49& P9:K966946& PMD& 89& 65:9:& E49& ;C4;FED5C4& ;C4;9:4M46& F9D& DP7;5G5;567D& 89D&

;9FFEF9D& f& q*=^@km& 96& F9E:& 5KPF5;M65C4& PC694659FF9& 8M4D& F9D& KM45G9D6M65C4D& ME6C^

5KKE49D&MDDC;579D&V&FM&"$$H&

"9FM&9D6&8�&P:54;5PMF9K946&V&E4&P:CUFTK9&KM[9E:&89&D94D5U5F567Y&;M:&F9D&;9FFEF9D&

f& ME6C^:7M;65J9D& DC46& 89D& 946567D& 6:TD& :M:9D& 94& N747:MFH& $M& :7M;65J567& 89& ;9FFEF9D& f&

4C:KMF9D&q*=^@km&8C56&R6:9&M4MFZD7&PFED&94&P:CGC489E:&PM:& FLM4MFZD9&89&PFED&89&K*U&

P:C8E56D&V&PM:65:&89&;9D&;9FFEF9DH&

%4&PFEDY&;CKK9&8M4D&F9D&KMFM859D&ME6C^5KKE49D&P:5KM5:9D&6ZP5OE9DY&F9D&;9FFEF9D&

ME6C^:7M;65J9D& DC46& :9P:7D9467D&PM:&E4& 6:TD& GM5UF9&PCE:;946MN9&89D& ;9FFEF9D&f&8M4D& F9&

DM4N&P7:5P<7:5OE9&/$59UZ&Akk02H&%4&CE6:9Y&;<9S&F9D&PM65946D&M669546D&89&"$$Y&F9D&;9FFEF9D&

f&4C:KMF9D&4C4&KMF5N49D&DC46&:M:9D&/946:9&kYk1&96&kY1z&89D&;9FFEF9D&6C6MF9D&f2H&"9FM&9D6&

7NMF9K946& J:M5& PCE:& 4C6:9& 89EQ5TK9& D6:M67N59Y& ;C4_E9& PCE:& 8769;69:& F9D& ;9FFEF9D& f&

4C:KMF9D& 8CEUF9K946& PCD565J9D& PCE:& q*=^@k& 96& PCE:& E4& ME6C^M465NT49& F57& V& E4&

GFEC:C;<:CK9Y& OE5& M& FM& 6|;<9& 85GG5;5F9& 89& FM& :9;<9:;<9& 89& ;9FFEF9D& 6:TD& :M:9DH& +5& 4CED&

PCEJ5C4D& CP65K5D9:& ;9669& 89EQ5TK9& D6:M67N59& J5DM46& V& 8769;69:& F9D& ;9FFEF9D& f& ME6C^

:7M;65J9D& ;<9S& F9D& PM65946D& ,(=& 96& *,l*& MDDC;57D& V& E49& "$$Y& 4CED& PCE::5C4D& FLE65F5D9:&

PCE:& F9& 6:5& 94& ;9FFEF9& E45OE9& PM:& d*"+& 89D& ;9FFEF9D& f& ME6C^:7M;65GDY& 94DE569& MKPF5G59:&



& A1@&

F9E:D&K)-*&89D&NT49D&,e.&:7M::M4N7D&96&89&q*=^@k&PM:&)(^D;=")Y&MG54&89&P:C8E5:9&89&

N:M489D&OEM46567D&89&K*UH&

$}MDDC;5M65C4&946:9&*,"& ;<9S& F9D&PM65946D& M669546D&89&"$$&96& FM&P:7D94;9&89&89D&

;9FFEF9D&f&4C:KMF9D&96& F9D&;9FFEF9D&f&89&"$$&q*=^@km&PCE::M56&7NMF9K946&R6:9&9QPF5OE7&

PM:& E49& 87:7NEFM65C4& 5KKE456M5:9& PFED& N747:MF9Y& OE5& PCE::M56& GMJC:5D9:& F}MPPM:565C4&

8}ME6C^5KKE4567H&"9FM&PCE::M56&R6:9&F9&:7DEF6M6&89&F}MENK946M65C4&89&FM&P:7D946M65C4&89&

FLM465NT49& PM:& F9D& ;9FFEF9D& f& 4C4& ME6C^:7M;65J9D& MEQ& ;9FFEF9D& (Y& 96& PM:& FM& DE569& E49&

MENK946M65C4&89&F}M589&89D&;9FFEF9D&(&PCE:&;9FFEF9D&f&ME6C^:7M;65J9DH&"9;5&9D6&7NMF9K946&

DENN7:7&PM:& F}MENK946M65C4&89& F}9QP:9DD5C4&89&q*=^@k&8M4D& F9D& ;9FFEF9D&(&89&PM65946D&

"$$& q*=^@kmY& OE5& PCE::M5946& R6:9& PFED& GM;5F9K946& M;65J79DH& 349& ME6:9& 9QPF5;M65C4&

PCDD5UF9&PCE:& FM& G:7OE94;9&PFED& 7F9J79&89D& ;9FFEF9D&f& ME6C^:7M;65J9D& ;<9S& F9D&PM65946D&

"$$&q*=^@km&9D6&PM:&E4&K5;:C94J5:C449K946&PFED&54GFMKKM6C5:9Y&GM;5F56M46&FM&DE:J59&89D&

;FC49D&ME6C^:7M;65GDH&"9;5&9D6&PM:65;EF5T:9K946&DENN7:7&PM:& F9& GM56&OE9& F}ME6C^5KKE4567&

;<9S&F9D&PM65946D&M669546D&89&"$$&9D6&6CE[CE:D&;5UF79&J9:D&F9D&M465NT49D&DM4NE54DY&;CKK9&

F9D&PFMOE9669D&CE&F9D&)f"Y&;9&OE5&DENNT:9&OE9&F9&P:C;9DDED&9D6&P:CUMUF9K946&87;F94;<7&

54565MF9K946&8M4D&F}94J5:C449K946&89&FM&KC9FF9&CDD9ED9H&

&

~&

&

%4G54Y& 4C6:9& 6:MJM5F& DENNT:9& OE}5F& D9:M& 5467:9DDM46& 8}76E859:& F9& 45J9ME&

8L9QP:9DD5C4& 89& q*=^@k& 8M4D& F9D& $Zf& 8M4D& F9D& KMFM859D& ME6C^5KKE49D& DZD67K5OE9DY&

;CKK9&F9&+$%H&

$M&:9FM65C4&946:9&F}9QP:9DD5C4&89&q*=^@k&&8M4D&F9D&$Zf&96&FM&DE:J94E9&89&F}ME6C^

5KKE4567&M&767&DCEP_C4479&E45OE9K946&PM:&E4&N:CEP9&OE5&M&:9;<9:;<7&E4&KM:OE9E:&

8}M;65JM65C4& 89D& $Zf& 8M4D& FM& PCFZM:6<:569& :<EKM6Cy89& /)*2H& ,FD& C46& 87KC46:7& OE9&

FL9QP:9DD5C4& 89& q*=^@k& 8M4D& F9D& ;9FFEF9D& f& 89& F5OE589& DZ4CJ5MF& P:CJ94M46& 89& PM65946D&

M669546D& 89& )*& 76M56& MENK94679& PM:& :MPPC:6& MEQ& ;9FFEF9D& f& 89& F5OE589& DZ4CJ5MF& 89&

PM65946D&DCEGG:M46&8}M:6<:CD9Y&U594&OE9&;9FM&76M56&D9EF9K946&J:M5&94&;9&OE5&;C4;9:49&F9&

45J9ME&89& FM&P:C67549Y& 6M485D&OE9& F9&K)-*&9D6& :9D67&KMF& ;M:M;67:5D7H&'M4D& F9D&KRK9D&

PM65946D&F9&45J9ME&89&q*=^@k&8M4D&F9D&;9FFEF9D&8E&DM4N&P7:5P<7:5OE9&f&49&85GG7:M56&PMD&



& A1i&

946:9& F9D& PM65946D& MJ9;& )*& 96& F9D& PM65946D& M:6<:CD5OE9D& /(CFEDDC& 96& MFHY& Akkj2H& "9669&

P:9K5T:9& 76E89& M& 767& PFE6c6& ;C469D67& PM:& E49&89EQ5TK9& 76E89&8M4D& F9&KRK9& N:CEP9Y&

8M4D&F9OE9F&5F&4}Z&MJM56&PMD&89&85GG7:94;9&946:9&F9&45J9ME&8}9QP:9DD5C4&89&q*=^@k&8M4D&

F9D&;9FFEF9D&f&V&PM:65:&8E&F5OE589&DZ4CJ5MF&CE&8E&DM4N&P7:5P<7:5OE9&946:9&F9D&PM65946D&)*&

96&;9EQ&4C4&M669546D&89&)*&/B5;<9FE665&96&MFHY&Ak112H&

'M4D&4C6:9&FMUC:M6C5:9Y&89D&76E89D&P:7F5K54M5:9D&C46&87KC46:7&;<9S&F9D&PM65946D&

FEP5OE9D&E4&45J9ME&MENK9467&89&K)-*&89&q*=^@k&PM:&O=")&8M4D& F9D& ;9FFEF9D&f&8}E4&

PM65946&MJ9;&+$%&M;65G&/8C4479D&4C4&PEUF579D2H&

&

~&

&

&

&

&

&

&

&

&

&

&

&

&



& A1j&

"C4;FED5C4&

'M4D& ;9& 6:MJM5FY& 4CED& MJC4D& 87;:56& E49& 4CEJ9FF9& PCPEFM65C4& 89& ;9FFEF9D& f&

4C:KMF9D&OE5&9QP:5K9&q*=^@k&OE5&4}M&PMD&767&87;:56&MEPM:MJM46H&$9D&$Zf&4C:KMF9D&q*=^

@km&49&D9KUF946&PMD&MPPM:6945:&V&E49&;9:6M549&DCED^PCPEFM65C4&89&$ZfH&(CE69GC5DY&F9E:D&

;M:M;67:5D65OE9D&DC46&94;C:9&V&87G545:H&

$L9QP:9DD5C4&89&q*=^@k&8M4D&FM&DCED^PCPEFM65C4&89&;9FFEF9D&f&4MyJ9DY&87KC46:7&

8M4D& ;9& 6:MJM5FY& DENNT:9& OE9& ;9& P:C;9DDED& 9D6& P:7;C;9& 8M4D& F9& 87J9FCPP9K946& 89D&
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&
fE:N9:Y&IM4&*H&
&Ak11& -E:6E:9&J9:DED&-M6E:9w&(<9&B5;:C94J5:C4K946&54&"<:C45;&$ZKP<C;Z65;&
$9Eb9K5MH&*+l&%8E;M65C4&=:CN:MK&fCCb&Ak11/12w&j\�1k>H&

&
fE:N9:Y&IM4&*HY&-CUE<5:C&(DEbM8MY&B95b9&fE:N9:Y&96&MFH&
&Akkk& fFCC8^'9:5J98&-E:D9^F5b9&"9FFD&=:C69;6&"<:C45;&$ZKP<C;Z65;&$9Eb9K5M&f&"9FFD&
G:CK&+PC46M49CED&*PCP6CD5D&6<:CEN<&+6:CKMF&"9FF�89:5J98&dM;6C:^1H&fFCC8&j\/i2w&
A\??�A\\>H&

&
"MF54Y&eH&*HY&BH&d9::M;54Y&*H&"5KK54CY&96&MFH&
&Akk?& *&B5;:C)-*&+5N4M6E:9&*DDC;5M698&a56<&=:CN4CD5D&M48&=:CN:9DD5C4&54&"<:C45;&
$ZKP<C;Z65;&$9Eb9K5MH&-9a&%4NFM48&ICE:4MF&CG&B985;549&>?>/1@2w&1@j>�1ik1H&

&
"MF54Y&e9C:N9&*8:5M4Y&"MF54&'M4&'EK56:EY&BMDMZCD<5&+<5K5SEY&96&MFH&
&AkkA& d:9OE946&'9F965C4D&M48&8Ca4^)9NEFM65C4&CG&B5;:C^)-*&e949D&K5)1?&M48&
K5)1\&M6&1>O10&54&"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&=:C;99854ND&CG&6<9&-M65C4MF&
*;M89KZ&CG&+;594;9D&jj/A02w&1??A0�1??AjH&

&
"MF5DDM4CY&"M:FCY&)M[948:M&-H&'MKF9Y&e:9NC:Z&lMZ9DY&96&MFH&
&Akkj& ,4&.5JC&,46:M;FC4MF&M48&,469:;FC4MF&t54965;&l969:CN94956Z&54&f^"9FF&"<:C45;&
$ZKP<C;Z65;&$9Eb9K5MH&fFCC8&110/A>2w&0i>A�0i0AH&

&
"MFP9Y&%HY&"H&"C8C4ZY&BH&IH&fMP65D6MY&96&MFH&
&Ak11& q*=^@k&%4<M4;9D&B5N:M65C4&CG&BMF5N4M46&f&$ZKP<C;Z69D&6CaM:8&""$A1&UZ&
,48E;54N&"")@&%QP:9DD5C4&J5M&,NB^%)t1nA&*;65JM65C4H&fFCC8&11i/1\2w&00k1�001kH&

&
"MKPCY&%HY&+H&lH&+a9:8FCaY&-H&$H&lM::5DY&96&MFH&
&Ak11& (<9&Akki&rl#&"FMDD5G5;M65C4&CG&$ZKP<C58&-9CPFMDKD&M48&U9ZC48w&%JCFJ54N&
"C4;9P6D&M48&=:M;65;MF&*PPF5;M65C4DH&fFCC8&11@/1j2w&?k1j�?k>AH&

&
"M::9:MDY&ICMOE5KY&-9ED&.5FFMKC:Y&$FE!D&"CFCKCY&96&MFH&
&Akk?& ,KKE4C<5D6C;<9K5;MF&*4MFZD5D&CG&q*=^@k&%QP:9DD5C4&54&f^"9FF&$ZKP<C58&
-9CPFMDKDH&(<9&ICE:4MF&CG&=M6<CFCNZ&Ak?/02w&?k@�?1>H&



& AA\&

&
"MD6:CY&IH&%H&
&Akk?& q*=^@k&,D&M&-CJ9F&"C48565C4MF&l9M6&+<C;b&=:C6954&jk&/lDPjk2&"F5946w&,4<5U565C4&
CG&lDPjk&$9M8D&6C&q*=^@k&'9N:M8M65C4Y&*PCP6CD5DY&M48&,KPM5:98&+5N4MF54N&54&"<:C45;&
$ZKP<C;Z65;&$9Eb9K5MH&fFCC8&1k\/@2w&A?k\�A?1AH&

&
"M69:MY&)CDMY&e:9NN&IH&+5FJ9:KM4Y&tM69:54M&lM6S5Y&96&MFH&
&Akki& "<:C45;&$ZKP<C;Z65;&$9Eb9K5M&"9FFD&)9;CN45S9&"C4D9:J98&%P56CP9D&*DDC;5M698&
a56<&*PCP6CD5D&M48&#Q58M65C4H&BCF9;EFM:&B985;549&10/11^1A2w&\\?H&

&
"M6<9:aCC8Y&BM:b&*HY&"<:5D6549&BM66<9aDY&)CU9:6M&-5UFC;bY&96&MFH&
&Akk\& q*=^@k&K)-*&�EM465G5;M65C4&54&f^"9FF&"<:C45;&$ZKP<C;Z65;&$9EbM9K5MH&
%E:CP9M4&ICE:4MF&CG&lM9KM6CFCNZ&@\/02w&Aj0�AjiH&

&
"9FM4CY&BH&IHY&M48&=H&$9J549&
&1j\@& *465^$r&+P9;5G5;56Z&54&*E6C5KKE49&*;OE5:98&l9KCFZ65;&*49K5MH&(:M4DGED5C4&
@/02w&A\?�A\iH&

&
"<M4Y&*H&"HY&BH&'MF6C4Y&)H&IC<4DC4Y&96&MFH&
&1jj?& *;65JM65C4&CG&q*=^@k&t54MD9&*;65J56Z&UZ&=<CDP<C:ZFM65C4&CG&(Z:CD549&0j>&,D&
)9OE5:98&GC:&$ZKP<C;Z69&*465N94&)9;9P6C:&dE4;65C4H&(<9&%Bf#&ICE:4MF&10/112w&A0jjH&

&
"<M4Y&*H&"HY&BH&,aMD<5KMY&"H&rH&(E:;bY&M48&*H&r95DD&
&1jjA& q*=^@kw&*&@k&t8&=:C6954^(Z:CD549&t54MD9&(<M6&*DDC;5M69D&a56<&6<9&(")&q96M&
"<M54H&"9FF&@1/02w&\0j�\\AH&

&
"<M469P59Y&+ZFJM54&=Y&'CK545OE9&.ME:Y&"<:5D6CP<&e:E4MEY&96&MFH&
&Ak1k& q*=^@k&546:C41&'-*&B96<ZFM65C4&+6M6EDw&'969:K54M65C4&UZ&=Z:CD9OE94;54N&54&f&
"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&$9Eb9K5M&)9D9M:;<&>0/\2w&ikk�ikiH&

&
"<MPF54Y&lHY&)H&"C<94Y&eH&fFCCKU9:NY&96&MFH&
&1j@>& =:9N4M4;Z&M48&,85CPM6<5;&*E6C5KKE49&lM9KCFZ65;&*4M9K5Mw&*&=:CDP9;65J9&
+6E8Z&8E:54N&\&BC46<D&e9D6M65C4&M48&>&BC46<D&=CD6^=M:6EKH&f:565D<&ICE:4MF&CG&
lM9KM6CFCNZ&A0/A2w&A1j�AAjH&

&
"<94Y&"H&,HY&=H&$H&f9:NDMN9FY&lH&=MEFY&96&MFH&
&Ak11& +54NF9^*N946&$94MF58CK589&54&6<9&(:9M6K946&CG&=:9J5CEDFZ&346:9M698&"<:C45;&
$ZKP<C;Z65;&$9Eb9K5MH&ICE:4MF&CG&"F545;MF&#4;CFCNZ&Aj/j2w&11@?�11i1H&

&
"<94NY&*F9;&BHY&,SEK5&-9N5D<5Y&+69J94&IH&*489:DC4Y&96&MFH&
&1jj@& (<9&+Zb&M48&q*=^@k&+lA^"C46M5454N&(Z:CD549&t54MD9D&*:9&,KPF5;M698&54&=:9^(&
"9FF&)9;9P6C:&+5N4MF54NH&=:C;99854ND&CG&6<9&-M65C4MF&*;M89KZ&CG&+;594;9D&j0/1i2w&
j@j@�jik1H&



& AA@&

&
"<94Y&I5M4^GM4NY&$54^<EM&gM4NY&$5^Q5M4&"<M4NY&I5M4^[E4&d94NY&M48&IE4^O54N&$5E&
&Ak1A& (<9&"F545;MF&+5N45G5;M4;9&CG&"5:;EFM654N&f&"9FFD&+9;:9654N&*465^eFZ;CP:C6954&
,,Un,,,M&*465UC8Z&M48&=FM69F96&eFZ;CP:C6954&,,Un,,,M&54&=M65946D&a56<&=:5KM:Z&,KKE49&
(<:CKUC;Z6CP945MH&l9KM6CFCNZ&/*KD69:8MKY&-96<9:FM48D2&1@/?2w&Ai>�AjkH&

&
"<94Y&$H&
&AkkAM&%QP:9DD5C4&CG&q*=^@k&,D&*DDC;5M698&a56<&,4;:9MD98&f^"9FF&)9;9P6C:&+5N4MF54N&54&
"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&fFCC8&1kk/1>2w&0\kj�0\10H&

&AkkAU&%QP:9DD5C4&CG&q*=^@k&,D&*DDC;5M698&a56<&,4;:9MD98&f^"9FF&)9;9P6C:&+5N4MF54N&54&
"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&fFCC8&1kk/1>2w&0\kj�0\10H&

&Akk?& q*=^@k&'5:9;6FZ&%4<M4;9D&,NB&+5N4MF54N&54&"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&
fFCC8&1k?/?2w&Ak>\�Ak01H&

&
"<94Y&$HY&$H&lEZ4<Y&IH&*PNM:Y&96&MFH&
&Akki& q*=^@k&%4<M4;9D&,NB&+5N4MF54N&,489P948946&CG&,6D&t54MD9&*;65J56Z&54&"<:C45;&
$ZKP<C;Z65;&$9Eb9K5MH&fFCC8&111/?2w&A\i?�A\jAH&

&
"<94Y&$5NEM4NY&$M4N&lEZ4<Y&IC<4&*PNM:Y&96&MFH&
&Akki& q*=^@k&%4<M4;9D&,NB&+5N4MF54N&,489P948946&CG&,6D&t54MD9&*;65J56Z&54&"<:C45;&
$ZKP<C;Z65;&$9Eb9K5MH&fFCC8&111/?2w&A\i?�A\jAH&

&
"<5M:9665Y&+MU54MY&*44M&eEM:545Y&BM:5M&+69GM45M&'9&=:CP:5DY&96&MFH&
&Akk\& q*=^@k&%QP:9DD5C4&54&*;E69&$ZKP<CUFMD65;&$9Eb9K5Mw&*DDC;5M65C4&a56<&6<9&
%A*n=fu1&)9M::M4N9K946&M48&6<9&=:9^f&+6MN9&CG&'5GG9:9465M65C4&M48&=:CN4CD65;&
,KPF5;M65C4DH&fFCC8&1k@/12w&1j@�Ak0H&

&
"<5C:MSS5Y&-HY&M48&BH&d9::M:545&
&Ak1k& "9FFEFM:&#:5N54/D2&CG&"<:C45;&$ZKP<C;Z65;&$9Eb9K5Mw&"ME65C4M:Z&-C69D&M48&
*88565C4MF&"C4D589:M65C4D&M48&=CDD5U5F5659DH&fFCC8&11@/\2w&1@i1�1@j1H&

&
"<EY&"<M:F9D&"HY&)CDM&"M69:MY&tM69:54M&lM6S5Y&96&MFH&
&Akki& "<:C45;&$ZKP<C;Z65;&$9Eb9K5M&*465UC859D&a56<&M&"CKKC4&+69:9C6ZP5;&
)9M::M4N9K946&)9;CN45S9&-C4KED;F9&BZCD54&l9MJZ&"<M54&,,*H&fFCC8&11A/1>2w&?1AA�
?1AjH&

&
"56C:9DY&BM:5M&I9DEDY&)MOE9F&"MD69[C4Y&B9:;989D&.5FFM::9MFY&96&MFH&
&Ak1k& "'1?0&%QP:9DD5C4&(:5NN9:98&UZ&=E:549&*4MFCNE9D&54&.56:Cw&"C::9FM65C4&a56<&
(:9M6K946&)9DPC4D9&M48&*E6C5KKE49&%J946D&54&"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&
%QP9:5K946MF&l9KM6CFCNZ&>i/>2w&1\?�1@>H&

&



& AAi&

&
"FMEDY&)HY&'H&BH&$E;MDY&*H&+H&)EPP9:6Y&96&MFH&
&Ak10& .MF58M65C4&CG&q*=^@k&B96<ZFM65C4&M48&,6D&)9FM65J9&+5N45G5;M4;9&54&=:985;654N&
#E6;CK9&54&"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&fFCC8&1A0/12w&0A�0iH&

&
"FMEDY&)HY&'H&BH&$E;MDY&+H&+65FN94UME9:Y&96&MFH&
&Ak1A& �EM4656M65J9&'-*&B96<ZFM65C4&*4MFZD5D&,89465G59D&M&+54NF9&"Pe&'54E;F9C6589&
,KPC:6M46&GC:&q*=^@k&%QP:9DD5C4&M48&=:985;65J9&CG&=:CN4CD5D&54&"<:C45;&$ZKP<C;Z65;&
$9Eb9K5MH&ICE:4MF&CG&"F545;MF&#4;CFCNZ&>k/Ak2w&A0i>�A0j1H&

&
"CFF9:Y&fM::Z&+HY&M48&+M4GC:8&IH&+<M665F&
&Akki& (<9&e=,,Un,,,M&/5469N:54&�,,U�>2&#8ZDD9Zw&*&(9;<4CFCNZ^':5J94&+MNM&CG&M&
)9;9P6C:&a56<&(a5D6DY&(E:4DY&M48&%J94&M&f948H&fFCC8&11A/i2w&>k11�>kA?H&

&
"CFE;;5Y&d:M4;9D;CY&%854M&+;<a95N<CGG9:Y&%F94M&(CKMD9FFCY&96&MFH&
&AkkA& -M6E:MF&"Z6C6CQ5;56Z&34;CEPF98&G:CK&6<9&+Zb&M48&q*=^@k&,46:M;9FFEFM:&t54MD9DH&
-M6E:9&,KKE4CFCNZ&>/>2w&Aii�Aj0H&

&
"CFE;;5Y&dHY&BH&(E:49:Y&%H&+;<a95N<CGG9:Y&96&MFH&
&1jjj& )98E48M46&)CF9&CG&6<9&+Zb&=:C6954&(Z:CD549&t54MD9&54&BCED9&-t&"9FF&
'5GG9:9465M65C4H&ICE:4MF&CG&,KKE4CFCNZ&/fMF65KC:9Y&B8Hw&1j?k2&1\>/02w&1@\j�1@@0H&

&
"C:U966Y&+H&IHY&,H&BH&(CKF54DC4Y&%H&$H&+C44<MKK9:Y&'H&fE;bY&M48&eH&r5469:&
&1jj@& +9OE94;9&CG&6<9&lEKM4&,KKE4CNFCUEF54&'5J9:D56Z&/'2&+9NK946&$C;EDw&*&
+ZD69KM65;&*4MFZD5D&=:CJ589D&-C&%J5894;9&GC:&6<9&3D9&CG&',)&+9NK946DY&,4J9:698&'&
+9NK946DY&oB54C:p&'&+9NK946D&C:&'^'&)9;CKU54M65C4H&ICE:4MF&CG&BCF9;EFM:&f5CFCNZ&
A@k/02w&?i@�?j@H&

&
"C:;C:M4Y&BM:654Y&*46C4&=M:b9:Y&I944Z&#:;<M:8Y&96&MFH&
&Akk?& q*=^@k&B96<ZFM65C4&+6M6ED&,D&*DDC;5M698&a56<&q*=^@k&%QP:9DD5C4&+6M6ED&54&
"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&lM9KM6CFCN5;M&jk/i2w&1k@i�1kiiH&

&
":9DPCY&BM:6MY&d:M4;9D;&fCD;<Y&-9ED&.5FFMKC:Y&96&MFH&
&Akk>& q*=^@k&%QP:9DD5C4&MD&M&+E::CNM69&GC:&,KKE4CNFCUEF54^.M:5MUF9^)9N5C4&
BE6M65C4D&54&"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&(<9&-9a&%4NFM48&ICE:4MF&CG&B985;549&
>0i/1i2w&1@\0�1@@?H&

&
":9DPCY&BM:6MY&-9ED&.5FFMKC:Y&%JM&e547Y&96&MFH&
&Akk\& q*=^@k&%QP:9DD5C4&54&-C:KMF&=:CnP:9&f&"9FFDY&BM6E:9&f&"9FFDY&M48&54&f^"9FF&
*;E69&$ZKP<CUFMD65;&$9Eb9K5MH&"F545;MF&"M4;9:&)9D9M:;<&1A/>2w&@A\�@>0H&

&



& AAj&

&
"E:65DY&f&)Y&M48&I&e&B;dM:FM48&
&Akkj& '969;65C4&M48&,89465G5;M65C4&CG&=FM69F96&*465UC859D&M48&*465N94D&54&6<9&"F545;MF&
$MUC:M6C:ZH&,KKE4C<9KM6CFCNZ&n&*K9:5;M4&)98&":CDD&A?/>2w&1A?�1>?H&

&
"E:65DY&fH&)HY&M48&IH&eH&B;dM:FM48&
&Ak10& lEKM4&=FM69F96&*465N94D&^&Ak1>H&.CQ&+M4NE545D&1k\/A2w&j>�1kAH&

&
"E6:C4MY&e5CJM44MY&BC45;M&"CFCKUCY&+9:94M&BM65DY&96&MFH&
&Akk\& f&$ZKP<C;Z69D&54&lEKM4D&%QP:9DD&q*=^@k&r<94&*;65JM698&54&.5JCH&%E:CP9M4&
ICE:4MF&CG&,KKE4CFCNZ&>\/>2w&??i�?\jH&

&
'MKF9Y&)M[948:M&-HY&dMU5C&e<5C66CY&*4N9FC&.MF966CY&96&MFH&
&AkkA& f^"9FF&"<:C45;&$ZKP<C;Z65;&$9Eb9K5M&"9FFD&%QP:9DD&M&+E:GM;9&B9KU:M49&
=<94C6ZP9&CG&*;65JM698Y&*465N94^%QP9:594;98&f&$ZKP<C;Z69D&=:9D94698&54&=M:6&M6&6<9&
0A48&*44EMF&B99654N&CG&6<9&*K9:5;M4&+C;596Z&CG&l9KM6CFCNZY&'9;9KU9:&1^?Y&AkkkY&+M4&
d:M4;5D;CY&"*H&fFCC8&jj/112w&0ki@�0kj>H&

&
'MKF9Y&)M[948:M&-HY&(M:E4&rMD5FY&d:M4;C&dM5DY&96&MFH&
&1jjj& ,N&.&e949&BE6M65C4&+6M6ED&M48&"'>i&%QP:9DD5C4&MD&-CJ9F&=:CN4CD65;&,485;M6C:D&
54&"<:C45;&$ZKP<C;Z65;&$9Eb9K5MH&fFCC8&j0/\2w&1i0k�1i0@H&

&
'MKF9Y&)H&-HY&+H&(9KUE:45Y&"H&"MF5DDM4CY&96&MFH&
&Akk@& "'>i&%QP:9DD5C4&$MU9FD&M4&*;65JM698&+EUD96&a56<54&"<:C45;&$ZKP<C;Z65;&
$9Eb9K5M&"FC49D&%4:5;<98&54&=:CF5G9:M654N&f&"9FFDH&fFCC8&11k/j2w&>>?A�>>?jH&

&
'MJM46E:9Y&+HY&IH&$95N4M859:Y&=H&B5FM45Y&96&MFH&
&Akk?& +9F9;65J9&'9G9;6&54&*465N94^,48E;98&(")&,469:4MF5SM65C4&M6&6<9&,KKE49&+Z4MPD9&
CG&"'i&(&"9FFD&f9M:54N&6<9&q*=^@k/gAjAd2&BE6M65C4H&(<9&ICE:4MF&CG&,KKE4CFCNZ&
1@?/?2w&>10k�>10jH&

&
'9MNF5CY&+5FJ5MY&(5S5M4M&.M5D5665Y&$E;5M4M&f9:NE5Y&96&MFH&
&Akk?& "'>i&M48&"'1kk&$9M8&M&-96aC:b&CG&+E:GM;9&)9;9P6C:D&)9FMZ54N&=CD565J9&+5N4MFD&
GC:&f^"$$&e:Ca6<&M48&+E:J5JMFH&fFCC8&1k?/i2w&>k0A�>k?kH&

&
'9MNF5CY&+HY&(H&.M5D5665Y&+H&*Z854Y&96&MFH&
&Akk@& "'>i&M48&q*=^@k&*:9&dE4;65C4MFFZ&$54b98&M48&BM:b&"$$&"9FFD&a56<&l5N<&
B5N:M6C:Z&=C69465MFH&fFCC8&11k/1A2w&0k1A�0kA1H&

&
'9M4Y&$ME:M&
&Akk?& (<9&)<&fFCC8&e:CEPH&<66PwnnaaaH4;U5H4FKH45<HNCJnUCCbDn-ftAA\jnY&M;;9DD98&
BMZ&AkY&Ak10H&



& A>k&

&
'9M:894Y&"HY&)H&rM89Y&BH&%FD9Y&96&MFH&
&Akki& (<9&=:CN4CD65;&+5N45G5;M4;9&CG&M&=CD565J9&'5:9;6&*465NFCUEF54&(9D6&54&"<:C45;&
$ZKP<C;Z65;&$9Eb9K5Mw&*&f949G5;5MF&%GG9;6&CG&6<9&"CKU54M65C4&CG&dFE8M:MU549&M48&
"Z;FCP<CDP<MK589&C4&6<9&,4;5894;9&CG&l9KCFZ65;&*49K5MH&fFCC8&111/02w&1iAk�1iA\H&

&
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Eu nu strivesc corola de minuni a lumii 

și nu ucid 

cu mintea tainele, ce le-ntâlnesc  

în calea mea… 

eu cu lumina mea sporesc a lumii taină – 

și tot ce-i neînţeles 

se schimbă-n neînţelesuri și mai mari… 

 

(Lucian BLAGA, “Poemele luminii”, 1919) 

 

 

 

I do not crush the world’s corolla made of wonders 

and never slay  

through reason, the mysteries I meet 

along my way… 

I increase the world’s enigma, with my light – 

and what is hard to grasp  

will change into even harder puzzling senses… 

 

(Lucian BLAGA, “Poems of light ”, 1919) 
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Je ne foule pas la corolle de merveilles du monde 

et je n’assassine point  

de mes raisonnements les mystères que je croise 

sur mon chemin… 

moi avec ma lumière, j’amplifie le mystère du monde –  

et tout l’incompris  

se transforme en énigmes plus grandes encore…   

 

 

(Lucian BLAGA, “Poèmes de la lumière”, 1919)  
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La leucémie lymphoïde chronique (LLC) est particulièrement associée aux cytopénies 

auto-immunes (AIC). L’expression de ZAP-70 dans la LLC est un facteur pronostique, 

due à une forte signalisation par le BCR. Nous décrivons une nouvelle population B 

normale (LyBn) qui exprime ZAP-70. Ces LyBn ZAP-70+ ne semble pas appartenir à 

une sous-population LyB particulière, et elles n’ont pas un phénotype activé. 

L’expression de ZAP-70 dans les LyB naïves suggère que ce phénomène est précoce. Il 

y a une bonne corrélation dans le niveau de ZAP-70 entre les LyBn et les LyB de LLC. 

Les LyBn ZAP-70+ ont été retrouvé dans tous les cas de AIC associée à la LLC. 

L’analyse des anticorps monoclonaux prévenant de LyB ZAP-70+ et des souris ZAP-70 

KI, réalisés pendant ce travail, définiront les conséquences de la surexpression de ZAP-

70 dans les LyB dans la pathogénèse de l’auto-immunité et de la lymphoprolifération.  

Mots clé: leucémie lymphoïde chronique, cytopénie auto-immune, ZAP-70, lymphocyte 

B. 

Chronic lymphocytic leukemia (CLL) is particularly associated with autoimmune 

cytopenia (AIC). The expression of ZAP-70 in CLL cells is a prognostic factor, through 

increased BCR signaling. We described a novel normal B cell population (LyBn) that 

expresses ZAP-70. ZAP-70+ LyBn do not seem to belong to a certain subset of B cells, 

nor seem to have an activated phenotype. The presence of ZAP-70 in the naïve B cell 

subset suggests that this is an early process, which probably occurs before malignant 

transformation. There is a good correlation in the level of ZAP-70 expression, between 

normal B cells and CLL B cells. We found a significant percentage of ZAP-70+ LyBn in 

all AIC-associated CLLs. Analysis of monoclonal antibodies and of conditional ZAP-70 

KI mouse model synthesized in this work will clarify the consequences of aberrant 

ZAP-70 expression in B cells on autoimmunity and lymphoproliferation.  

Keywords: chronic lymphocytic leukemia, autoimmune cytopenia, ZAP-70, B cells.&


