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INTRODUCTION 
 

The human immune system is a complex network of specialized cells, tissues and 

organs that protects the human body against external pathogens. Immune responses are 

composed of innate and adaptive immunity. The skin and mucosal barriers exclude pathogens 

from the body. If microorganisms gain entry, they are met with complement activation and 

phagocytes. Some infections may be cleared by innate immunity, but for other infections, 

adaptive immunity is required. In adaptive immunity, T and B cells respond in an antigen 

specific manner, where antigen specific cells expand and become long-lived (Murphy and 

Weaver, 2017). 

As part of the adaptive immune response, B cells make antibodies that can specifically 

bind to microbial antigens. B cells are central to our defence against an unlimited type of 

pathogens. However, B cells and antibodies can be harmful in allergic responses (towards 

allergens) or in autoimmune responses (towards so-called self-antigens). Inherited or acquired 

problems in B cell development or function can lead to immunodeficiency.  And last but not 

least, B cells may also become malignant B cells (Pieper et al., 2013). 

Malignant B cells reside within anatomical niches that are most often part of the 

lymphoid tissues. The microenvironment supports malignant B cells by providing anti-

apoptotic signals and signals that help the B cells grow. Macrophages, dendritic cells, stromal 

cells, mesenchymal cells, follicular dendritic cells and T cells are part of these 

microenvironment (Burger et al., 2009). The cellular and molecular factors that are stimuli for 

malignant B cells are poorly defined. In the following section these cellular and molecular 

factors will be introduced.  

 

B cells  

B cell development   

The first cell committed to the B cell lineage is the pro-B cell in the bone marrow, this 

cell expresses the lineage marker CD19. Pro-B cells rearrange the heavy (H) chain genes, 

express the H chain together with the surrogate light (L) chain (as pre-B cells), proliferate and 

finally rearrange L chain genes. Successful cells express the membrane H chain together with 

the kappa or lambda L chain (as IgM BCR) at the immature B cell stage. Developing B cells 

that fail this step undergo apoptosis. See Table 1.  
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Stage of 

maturation 

Stem cell Early 

pro-B  

Late pro-

B  

Large Pre-

B  

Small pre-

B 

Immature B Mature B 

H-chain 

genes 

Germline D-J  re-

arranging 

V-DJ re-

arranging 

VDJ 

rearranged 

VDJ 

rearranged 

VDJ rearranged VDJ rearranged 

L-chain 

genes 

Germline 

L-chain  

Germline 

L-chain 

Germline 

L-chain 

Germline  

L-chain 

V-J 

rearranging 

V-J rearranged V-J rearranged 

Ig 

expression 

None None None µ chain 

transiently 

at surface as 

part of the 

pre-BCR, 

mainly 

intracellular  

Intracellular 

µ chain 

Membrane IgM  

(µ and κ or λ 

light chain) 

Membrane IgM 

and IgD 

(Alternative 

splicing of VDJ-

C RNA to form 

Cµ or Cδ mRNA) 

Anatomic 

site 

Bone 

marrow 

Bone 

marrow 

Bone 

marrow 

Bone 

marrow 

Bone 

marrow 

Exit to 

periphery 

Periphery 

Table 1: Characteristics for each stage of maturation in the B cell development Adapted from (Murphy and 

Weaver, 2017) 

 

Central and peripheral tolerance	  
 

Immature B cells are tested for autoreactivity before egressing to the periphery. 

Nevertheless, 55-75% of immature human bone marrow B cells displayed self-reactivity, 

including polyreactive and anti-nuclear specificities (Wardemann et al., 2003). Studies done 

on mice have revealed that at least 3 major mechanisms are responsible for avoiding self-

reactivity during B-cell development: receptor editing (changing the specificity by making 

further Ig gene rearrangements), deletion (B cells die by apoptosis) and anergy (see later) 

(Goodnow et al., 1988; Nemazee and Burki, 1989; Tiegs et al., 1993).  These tolerance 

mechanisms are named central tolerance and take place in the bone marrow. Central tolerance 

reduces the number of autoreactive B cells and especially removes harmful B cells that can 

bind membrane bound antigen or ubiquitous antigen (Goodnow et al., 1988). 

After egress from the bone marrow, immature B cells or also called transitional B 

cells, need to go into the follicles to receive maturation and survival signals. Transitional B 

cells can also have several fates. If they encounter a strong cross-linking antigen in the 

absence of infection they will apoptose with no chance for receptor editing. If they bind an 

abundant soluble self-antigen and are therefore chronically exposed to it, they are rendered 

anergic. Transitional B cells with no self-reaction continue their development and maturation. 
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This stage is known as peripheral tolerance. Since there are a limited number of follicles, 

transitional B cells need to compete for their entry. Excluded transitional B cells will die 

within 2-3 days (Murphy and Weaver, 2017; Russell et al., 1991). 

Anergy is defined by a state of non-responsiveness that results from a repeated 

binding of an antigen to the BCR (signal 1) in the absence of significant CD4+ T cell help 

(signal 2), either because of lack of signal 2, or because it is not arriving in a certain period of 

time. These cells are likely to apoptose due to a shorter lifespan (Bretscher and Cohn, 1970; 

Fulcher et al., 1996; Yarkoni et al., 2010).  The anergic cell has been widely studied in mice 

models while less is known about the subset in humans. Anergic B-cells in mice have reduced 

secretion of antibody upon BCR stimulation, expression of IgD but downregulation of IgM , 

and reduced BCR signalling (Cooke et al., 1994; Goodnow et al., 1988; Goodnow et al., 

1989).   The corresponding subset in humans was lately described as fully mature B cells that 

expressed surface IgD but not IgM, i.e. cells that had autoreactive BCR, but were functionally 

attenuated. This population accounted for up to 2,5% of the circulating B cells and had a 

functionally reduced response upon BCR crosslinking, measured by calcium signalling and 

phosphorylation of tyrosine kinases in the BCR pathway (Duty et al., 2009). This same 

population could restore the BCR signalling capacity after receipt of T-cell help, a stimulation 

that is regulated through CD45 phosphatase activity (Szodoray et al., 2016). Our research 

group is currently defining the mechanism of this immune regulation.   

 

Germinal centre reaction 

Lymphoid organs are characterized by T cell rich areas that surround B-cell follicles. 

In the centre of such follicles occurs the transient germinal centre (GC) reaction. The GC 

reaction is important for the generation of humoral (soluble antibody-based) immunity where 

immune responses result in high affinity, isotype switched antibodies.  

First, naïve B cells and Th cells are activated by antigen recognition in the centre of 

the follicle or in the T cell zone, respectively. Thereafter, B-cell T-cell interaction in the outer 

T cell zone can generate low-affinity short-lived plasma cells that accumulate extrafollicularly 

or induce B cells to migrate into the follicles and form GCs. B cells enter first the dark zone 

of the follicle where they proliferate and undergo somatic hypermutation (SHM). Here, 

different clones with different affinity for the immunizing antigen are generated.  Later on, 

they migrate to the light zone and contact the follicular dendritic cells (FDC) or the T 

follicular helper (TFH) cells. In this step, an effective selection process (affinity maturation) 
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ensures that high-affinity clones differentiate into plasma cells or memory B cells.  Low-

affinity clones are unsuccessful in the competition for binding (and presenting) antigen to 

TFH cells and undergo apoptosis. Autoreactive B cells also apoptose if they are not helped by 

(autoreactive) Th cells. Eventually low-affinity clones can recirculate to the dark zone and 

undergo further rounds of SHM. B cells with high affinity BCR will receive increased BCR 

stimulation (by antigenic ligand) and will capture more antigens in the light zone. Signal 1 

(BCR stimulation) results in upregulation of MHC class II and costimulatory molecules and 

allows efficient presentation of antigenic peptides to Th cells. Successful B cells acquire T 

cell help from peptide specific Th cells; specific Th cells thereby drive positive selection 

(Kurosaki et al., 2010; Murphy and Weaver, 2017; Pieper et al., 2013). 

 

 
Figure 1. The germinal centre reaction 

 
Circulating B cells regularly visit secondary lymphoid organs guided by chemokine 

receptors and chemokine gradients (Pieper et al., 2013). For example, follicular dendritic cells 

produce CXCL13, a soluble factor implicated in the homing of naïve B cells, which express 

CXCR5, to the follicle (Bajenoff et al., 2006).  
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B cells as APC 

There are 3 major types of professional antigen presenting cells (APC): the dendritic 

cells, the macrophages, and the B cells. The dendritic cells are thought to be the most 

effective in activating naïve T cells and promoting clonal expansion and differentiation into 

effector T cells. Macrophages mostly present antigen to effector T cells that in turn will 

activate the macrophages and enhance the killing of phagocytosed microbes (cell mediated 

immunity). The B cells will also present antigen to effector Th cells and reciprocally receive 

help to produce antibodies, i.e. humoral immunity (Abbas Abul K., 2012) 

B cells can endocytose antigen through different receptors, process it and load the 

MHC class II molecules in the endosomes with the processed peptides. Peptide:MHC class II 

complexes are transported to the cell surface where they can present the peptide to Th cells. 

(Abbas Abul K., 2012). The major mechanisms for antigen uptake in B cells are receptor-

mediated endocytosis (the B cell receptor, the Fc gamma receptors and Complement 

receptors), macro-autophagocytosis (from cytosolic and nuclear proteins), and a little macro-

pinocytic activity(Abbas Abul K., 2012; Roche and Furuta, 2015).  

 

The BCR and the BCR pathway 
 

The B cell receptor for antigens is a membrane immunoglobulin of similar structure to 

secreted antibodies. It’s composed by 2 heavy (H) chains and 2 light (L) chains. Both heavy 

and light chains have amino-terminal variable regions (V) which are antigen binding sites and 

carboxi-terminal constant regions (C) which mediate effector functions. As the 

transmembrane part of the heavy chains cannot transduce signals, the BCR is associated with 

2 other molecules called Igα and Igβ. Signal transduction is associated with antigen binding 

and BCR clustering that depends on interactions between the membrane-proximal Cµ4 

domains of the mIg that are both necessary and sufficient for a conformational change and 

assembly of a oligomeric BCR cluster (Tolar et al., 2009). Signalling via the CD79A and B 

molecules proceeds as the intracellular chains have single immunoreceptor tyrosine-based 

activation motif (ITAM) in their cytoplasmic tail that initiate activation of kinases (see 

below). The region of the antigen binding site (V region) with highest variability is the third 

complementary determining region or CDR3 that corresponds to the junction (VDJ or VD) 

allowing junctional diversity.  
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Figure 2. The BCR. 

 

The BCR on the surface of B cells is essential for B cell activation and survival. 

Following antigen engagement, an orchestrated series of phosphorylation and protein 

recruitment to the BCR occurs. If successful, the activation finally leads to transcription factor 

activation, cytoskeletal reorganization, increases cellular adhesion and changes in the cell 

metabolism. See figure 3 

  

 

 
 

Figure 3: The BCR pathway. See text below. 

 

   Lipid rafts in the cell membrane containing Lyn (Gupta and DeFranco, 2003) move 

and co-localize to the BCR complex upon antigen binding. Lyn phosphorylates the ITAMs on 

CD79A and B, and this phosphorylation triggers the formation of the signalosome. First, Syk 

is recruited through its SH2 domains to the docking sites of the ITAMs. After Syk 

VH

VL
CH1

CL

CH2

CH3

CH4

CDR1,2,3

Ig-‐α,-‐β
(CD79A,B)

ITAM
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phosphorylation (and auto-phosphorylation), BLNK is recruited and serves as a scaffold 

protein that binds BTK and PLCg2 among others. The cytoplasmic domain of CD19 will also 

be phosphorylated by Lyn and this will recruit PI3k. Signal propagation occurs mainly via 

BTK, PLCγ2 and PI3K. Reviewed in (Stevenson et al., 2011). 

However, B cells require additional signals to be fully activated. For example, B cells 

use the TNF receptor family member CD40 for this purpose, which is constitutively 

expressed in B cells. This will be introduced later. 

 

T cells 
T cells develop in the bone marrow and mature in the thymus, they express the TCR 

(the T cell receptor), co-express either CD8 or CD4 glycoprotein co-receptors. Similarly to B 

cells, T cells also undergo a process of maturation, where thymocytes first rearrange the VDJ 

gene segments of the TCR beta locus (at the CD4-CD8- negative stage). Thymocytes 

thereafter undergo VJ rearrangement of the TCR alpha locus (at the CD4+CD8+, double 

positive stage). Double positive cells then undergo positive selection (testing functional TCR) 

and negative selection in the medulla of the thymus.  T cells that express the CD4 co-receptor 

are restricted by peptides bound to MHC class II and are called T helper (Th) cells. CD8+ 

cytotoxic T cells bind peptide presented by MHC class I(Murphy and Weaver, 2017). Some T 

cells though have other fates, like T regs that do not undergo negative selection in the 

medulla.  This maturation process in the thymus is orchestrated by different signals. The 

central steps are still controversial, since mice models and human have different 

characteristics, but the transcription factor NOTCH1 and the cytokine IL-7 seem to play an 

important role (Shah and Zúñiga-Pflücker, 2014). 

 

Th cells 
 

When Th cells are primed by an antigen presented by APC, Th cells migrate to the 

follicles to help B cells to produce antibodies. Th cells migrate also to the sites of exposure to 

the antigen to fight against the pathogens and give an appropriate effector response. Once the 

antigen is eliminated they will persist as memory Th cells (Murphy and Weaver, 2017).  

Naïve Th cells differentiate into different subsets that are characterized by different 

cytokine profiles and effector functions. The polarizing cytokines are usually produced by the 

APCs, although bystander cells could also produce them. In the past decade many other 
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subsets than Th1 and Th2 have been identified. See figure 4 for a T cell subset classification, 

and Table 2 and 3 for a description of cytokines and chemokines mentioned in this thesis.  

 

 
Figure 4. Characteristics and functions of relevant human T cell subsets (Geginat et al., 2014; 

Sallusto, 2016). 

 

 Phenotypic switches due to T cell plasticity have been reported to occur in vivo and in 

vitro. Plasticity has been studied in-depth especially for Th17 cells, but also for other 

subtypes. For example, Th1* cells are cells that express CXCR3 and T-bet as well as CCR6 

and RORγt, secrete IFNγ, but little IL-17. It is probable that such cells transdifferentiate from  

Th17 cells to become intermediate so-called Th1* cells  if they reside in a microenvironment 

rich in IL-12 and TNF-α. However, the exact mechanism is still poorly understood (Sallusto, 

2016). Another example of transdifferentiation is Treg cells that express the Th1-associated 

transcription factor T-bet (TBX21) and produce IFNγ, in addition to express the Treg-

associated transcription factor Foxp3 (Venigalla et al., 2012). A transdifferentiation of Th17 

into Treg cells and the acquisition of potent regulatory capacity has also been described 

(Gagliani et al., 2015). It is probable that Th cells and their phenotype are dependent upon the 

microenvironment, and a better understanding on key mechanisms of this plasticity is needed. 

Questions such as the existence of a point of no return -where T cells can no further 
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transdifferentiate, or how much of this applies for in vivo and not only in vitro experiments, 

are as far as I know still unresolved. 

 

 

Table 2 Cytokines included in this thesis 
Family  Cytokine  Receptors  Producer cells Actions 
Interferons IFN-α  CD118  

IFNAR2 
Leukocytes, dendritic cells,  Antiviral, increased MHC class I 

expression 
IFN-γ  CD119 

IFNGR2  
T cells, natural killer cells, 
neutrophils, ILC1s, 
intraepithelial lymphocytes 

Macrophage activation, increased 
expression of MHC molecules and 
antigen processing components, Ig 
class switching, supresses TH17 
and TH2  

Interleukins IL-1α  CD121a (IL-1RI),  
CD121b (IL-1RII) 

Macrophages, epithelial 
cells 

Fever, T-cell activation, 
macrophage activation 

IL-1β  CD121a (IL-1RI),  
CD121b (IL-1RII) 

Macrophages, epithelial 
cells 

Fever, T-cell activation, 
macrophage activation 

IL-2   CD25α, CD122β,  
CD132 (γc) 

T cells Treg maintenance and function, T-
cell proliferation and differentiation 

IL-4  CD124, CD132 (γc) T cells, mast cells, ILC2s B-cell activation, IgE switch, 
induces differentiation into TH2 
cells 

IL-5  CD125, βc T cells, mast cells, ILC2s Eosinophil growth, differentiation 
IL-6  CD126, CD130 T cells, B cells, 

macrophages, endothelial 
cells 

T- and B-cell growth and 
differentiation, acute phase protein 
production, fever 

IL-10  IL-10Rα, IL−10Rβc  Macrophages, dendritic 
cells, T cells, and B cells 

Potent suppressant of macrophage 
functions 

IL-12  IL-12Rβ1c + IL-
12Rβ2 

Macrophages, dendritic cells Activates NK cells, induces CD4 T-
cell differentiation into TH1-like 
cells 

IL-15  IL-15Rα, CD122 
(IL-2Rβ) CD132 
(γc) 

Many non-T cells IL-2-like, stimulates growth of 
intestinal epithelium, T cells, and 
NK cells, enhances CD8 memory 
T-cell survival 

IL-17A IL-17AR (CD217) TH17, CD8 T cells, NK 
cells γ:δ T cells, neutrophils, 
ILC3s 

Induces cytokine and antimicrobial 
peptide production by epithelia, 
endothelia, and fibroblasts, 
proinflammatory 

IL-17F  IL-17AR (CD217) TH17, CD8 T cells, NK 
cells γ:δ T cells, neutrophils, 
ILC3s 

Induces cytokine production by 
epithelia, endothelia, and 
fibroblasts, proinflammatory 

IL-21  IL-21R, + 
CD132(γc) 

TH2 cells, T cells, primarily 
TFH cells 

Germinal centre maintenance 
induces proliferation of B, T, and 
NK cells Increased IgE production 

IL-23  IL-12Rβ1 + IL-23R Dendritic cells, macrophages Induces proliferation of TH17 
memory T cells, increased IFN-γ 
production Defective inflammation 

TNF TNF-α  p55 (CD120a), p75 
(CD120b) 

Macrophages, NK cells, T 
cells 

Promotes inflammation, endothelial 
activation 

CD40 L  CD40 T cells, mast cells B-cell activation, class switching 
CD95 L CD95 (Fas) T cells, stroma (?)  Apoptosis, Ca2+-independent 

cytotoxicity 
CD27 
ligand 

CD27 T cells Stimulates T-cell proliferation 

RANK-L RANK Osteoblasts, T cells Stimulates osteoclasts and bone 
resorption 

APRIL TAC1,BCMA Activated T cells B-cell proliferation 
BAFF TAC1,BCMA, 

BAFF-R 
B cells B-cell proliferation 

Other TGF-β TGF-βR Chondrocytes, monocytes, T 
cells 

Generation of iTreg cells and TH17 
cells, induces switch to IgA 
production 

Modified from a compilation by Robert Schreiber, Washington University School of Medicine, St Louis, and Daniel DiToro, 
Carson Moseley, and Jeff Singer, University of Alabama at Birmingham.  Murphy, Kenneth; Casey Weaver. Janeway's 
Immunobiology,  9th Edition (Page 813). Garland Science.(Murphy and Weaver, 2017) 
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Table 3 Chemokines included in this thesis 
Chemokine   Common names Target cell Specific Receptor 
CCL2 MCP-1 T cell (TH2 > TH1) monocyte, basophil, immature 

dendritic cells, NK cells 
CCR2 

CCL3 MIP-1α/LD78  Monocyte/macrophage, T cell (TH1 > TH2), NK cell, 
basophil, immature dendritic cell, eosinophil, 
neutrophil, astrocyte, fibroblast, osteoclast 

CCR1, 5 

CCL4 MIP-1β Monocyte/macrophage, T cell (TH1 > TH2), NK cell, 
basophil, immature dendritic cell, eosinophil, B cell 

CCR5>>1 

CCL5 RANTES Monocyte/macrophage, T cell (memory T cell > T cell; 
TH1 > TH2), NK cell, basophil, eosinophil, immature 
dendritic cell 

CCR1, 3, 5 

CXCL10   IP-10 Activated T cell (TH1 > TH2), NK cell, B cell, 
endothelial cell 

CXCR3A and B  

Modified from a compilation by Joost Oppenheim, National Cancer Institute, NIH.  Murphy, Kenneth; Casey Weaver. 
Janeway's Immunobiology,  9th Edition (Page 815). Garland Science.(Murphy and Weaver, 2017)  
 

B cell malignancies 
In spite of accelerating development of new therapies and diagnostic advances, 

especially in the last decade, many of the B cell malignancies remain incurable. Hematologic 

malignancies develop in specialized niches within immunological organs like lymph nodes, 

mucosa associated lymphatic tissue, spleen and bone marrow. The tissue microenvironment is 

composed of a diversity of immune cells (Burger et al., 2009). The composition varies 

between the malignancies, ranging from T cell rich Hodgkin’s lymphoma (where malignant 

Reed Steinberg cells can compose only 1% of the tumour cellularity – and T cells 80%) to 

multiple myeloma where malignant plasma cells can fill much of the bone marrow niche 

(Swerdlow et al., 2008). The study of the microenvironment is a subject of increasing interest 

as malignant B cells require support from the microenvironment for survival, expansion, anti-

apoptotic effects, and drug resistance.  

In 2008 the World Health Organization presented a broad classification of lymphoid 

neoplasms that represented a worldwide consensus on the diagnosis of these diseases. Nine 

years later, a number of new diagnostic tools and research advances have led to a revision that 

was recently published (Swerdlow et al., 2017). This revision refined some of the tumour 

classification, added new insights in genetics and molecular biology, focused on new target 

therapies for aggressive lymphomas, and added some new provisional entities. See Table 4. 
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 Chronic lymphocytic leukaemia/small lymphocytic lymphoma 

 Monoclonal B-cell lymphocytosis, CLL-type 

    Monoclonal B-cell lymphocytosis, non-CLL-type 

 B-cell prolymphocytic leukaemia 

 Splenic marginal zone lymphoma 

 Hairy cell leukaemia 

 Splenic B-cell lymphoma/leukaemia, unclassifiable 

  Splenic diffuse red pulp small B-cell lymphoma 

  Hairy cell leukaemia-variant 

 Lymphoplasmacytic lymphoma 

  Waldenström macroglobulinemia 

 IgM monoclonal gammopathy of undetermined significance (MGUS) 

    Heavy chain disease 

     µ heavy chain disease 

     γ heavy chain disease 

     α heavy chain disease 

    Plasma cell neoplasms 

     Non IgM monoclonal gammopathy of undetermined significance (MGUS) 

     Plasma cell myeloma 

     Solitary plasmacytoma of bone 

     Extraosseous plasmacytoma 

    Monoclonal immunoglobulin deposition diseases 

             Primary amyloidosis 

             Light chain and heavy chain deposition diseases 

 Extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue (MALT lymphoma) 

 Nodal marginal zone lymphoma 

  Pediatric nodal marginal zone lymphoma 

 Follicular lymphoma 

  In situ follicular neoplasia 

  Duodenal-type follicular lymphoma 

        Testicular follicular lymphoma 

 Pediatric-type follicular lymphoma 

 Large B-cell lymphoma with IRF4 rearrangement 

 Primary cutaneous follicle centre lymphoma 

 Mantle cell lymphoma 

  In situ mantle cell neoplasia 

 Diffuse large B-cell lymphoma (DLBCL), NOS 

  Germinal centre B-cell type 

  Activated B-cell type 

 T-cell/histiocyte-rich large B-cell lymphoma 

 Primary DLBCL of the central nervous system (CNS) 

 Primary cutaneous DLBCL, leg type 

 EBV-positive DLBCL, NOS 

 EBV-positive mucocutaneous ulcer 

 DLBCL associated with chronic inflammation 

         Fibrin-associated diffuse large B-cell lymphoma 

 Lymphomatoid granulomatosis, grade 1,2 

    Lymphomatoid granulomatosis, grade 3 

 Primary mediastinal (thymic) large B-cell lymphoma 

 Intravascular large B-cell lymphoma 

 ALK+ large B-cell lymphoma 

 Plasmablastic lymphoma 

 Primary effusion lymphoma 

   Multicentric Castleman disease HHV8-positive DLBCL, NOS 

  HHV8-positive germinotropic lymphoproliferative disorder 
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 Burkitt lymphoma 

 Burkitt-like lymphoma with 11q aberration 

 High-grade B-cell lymphoma, with MYC and BCL2 and/or BCL6 rearrangements 

 High-grade B-cell lymphoma, NOS 

 B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and classical Hodgkin Lymphoma 

Table 4. 2017 WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, revised 4th edition. 

Adapted from (Swerdlow et al., 2017) . Provisional entities listed in italic.  

Different B cell malignancies arise from B cells at different stages of maturation. In 

many cases a driver mutation, protein overexpression and/or translocation can be found. For 

example, mantle cell lymphoma derives from pre-germinal centre B cells and usually has the 

t(11;14) translocation causing  cyclin D1 overexpression. Burkitt lymphoma has a 

characteristic translocation involving MYC and a high proliferation rate, sometimes related to 

EBV. Follicular B cell lymphoma derives from germinal centre B cells and is genetically 

characterized by the t(14;18) translocation and BCL2 gene rearrangements. Plasma cell 

neoplasms derive from terminally differentiated B cells and typically secrete a monoclonal Ig 

(M-protein) (Swerdlow et al., 2008).  

 

Chronic Lymphocytic Leukaemia 

 CLL is the most frequent leukaemia in adults in the western world and is characterized 

by a clonal expansion of >5 × 109/L monomorphic small CD5+ CD23+ B cells (Swerdlow et 

al., 2008) in peripheral blood, bone marrow, spleen and lymph nodes. The term small 

lymphocytic lymphoma (SLL) is used when CLL cells are detected in enlarged lymph nodes 

with <5 × 109/L cells in peripheral blood (Swerdlow et al., 2008). Monoclonal B cell 

lymphocytosis (MBL) is a relatively recent diagnostic category, where there are low numbers 

of circulating monoclonal B cells (< 5 × 109/L) in healthy individuals. It has been reported 

that up to 12% of healthy subjects have circulating CLL-like B cell clones by using an 8-color 

based flow cytometry approach (Nieto et al., 2009). Whereas low-count MBL (< 0,05 × 

109/L) rarely progresses to CLL, high-count MBL (also named clinical MBL with counts 

around 3× 109/L) progresses to CLL at a rate of 1% to 2% per year (Strati and Shanafelt, 

2015).  

CLL is a very heterogeneous disease, varying from indolent to aggressive course, and 

with very different biologic characteristics.  CLL can be subdivided according to the 

mutational status of the immunoglobulin VH (IGVH) genes. Unmutated status is defined by 

the nucleotide sequence displaying 98% or higher homology with the corresponding germline 
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IGVH (Ghia et al., 2007). Unmutated CLL patients have generally a more aggressive course, 

which correlates with higher CD38, ZAP 70 and CD49d expression, among other parameters 

(Bulian et al., 2014; Crespo et al., 2003; Damle et al., 1999b). Moreover, CLL can be 

categorized into different stereotyped BCR subsets (Agathangelidis et al., 2012). 

 The cellular origin and pathophysiology of CLL is still under debate and poorly 

understood. In 2001, gene expression profiling (GEP) of CLL and normal human B cell 

subsets showed that mutated and unmutated CLL were similar to memory B cells, but not 

CD5+ B cells (Klein et al., 2001), indicating that both CLL subsets originate from antigen-

experienced B cells. However this study had some limitations. About 10 years later, other 

GEP analyses of CLL and normal B-cell subsets from blood and spleen suggested that 

unmutated CLL cells derived from unmutated mature CD5+ B cells and mutated CLL cells 

derived from a distinct, previously unrecognized CD5+CD27+ post-germinal centre B-cell 

subset (Seifert et al., 2012). In addition, a subset of CLL cells are thought to be derived from 

B cells with limited somatic mutation such as those encoded by IGHV3-21 and IGLV3-

21(Tobin et al., 2002). See figure 5. 

 

 
Figure 5. A model for the cell of origin in CLL. Unmutated CLL most likely derive from CD5+ pre-germinal 

centre B cells and mutated CLL cells would come from CLL cells that have undergone somatic hypermutation 
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(SHM), with or without class-switching. For the small subset with limited SHM see text above. Adapted from 

(Kipps et al., 2017) 

 

The cell of origin is also related to functional findings. It has been suggested that CLL 

cells are the malignant counterpart of the anergic B cell subset (Muzio et al., 2008; Stevenson 

and Caligaris-Cappio, 2004). In this perspective, the cell of origin would be anergic mature 

CD5+ cell or mutated memory or class switched memory cells with anergic phenotype (see 

also anergy, somewhere). 

While CLL cells in blood are predominantly in a resting G0/G1 state, they proliferate 

within proliferation centres, also called pseudofollicles, in the secondary lymphoid organs. 

There, they are in close contact with other non-malignant cells such as Th cells, monocyte-

derived cells and mesenchymal stromal cells (Burger and Chiorazzi, 2013). Heavy-water 

(deuterium) labelling studies have shown that the leukemic cells have birth rates that range 

from 0.1% to 1.0% of the entire clone per day, meaning that CLL is rather a disease of 

proliferation than of accumulation as it was thought. Since patients with stable disease also 

presented with comparable birth rates, this presumably means that spontaneous apoptosis 

counterbalances the disease (Messmer et al., 2005). A gene expression profile (GEP) study of 

peripheral blood, lymph node and bone marrow simultaneously, suggested that the BCR 

signalling pathway was the most activated within CLL cells in the proliferation centres 

(Herishanu et al., 2011), however such “NF-kB”-signatures can be seen with other stimulation 

profiles that also include the CD40 pathway and cytokines, chemokines and TNF family 

members such as BAFF and APRIL triggered pathways (Mittal et al., 2014a). 

 

The CD38 marker 
 

CD38 is both a receptor/adhesion molecule and an ectoenzyme that localizes in the B 

cell membrane close to CD19/BCR complex. Endothelial cells express CD31 which is a 

ligand for CD38, involved in migration of B cells into proliferation centres, reviewed in 

(Burgler, 2015). By dimerization, CD38 induced tyrosine phosphorylation of Syk, PLCγ2 and 

PI3K, but not of Lyn, Fyn or BTK (Silvennoinen et al., 1996). CD38 has a calcium signalling 

function by catalysing NAD+ and NADP++ to cADPR and NAADP+, respectively, which 

target calcium stores (Guse and Lee, 2008; Aarhus et al., 1995). CD38 is also expressed in 

other immune and non-immune cells. Expression of CD38 in CLL cells is associated with an 

aggressive course of the disease (Damle et al., 1999b). 
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Staging	  and	  risk	  assessment	  	  
  

CLL is a heterogeneous disease, and patients have very different clinical courses that 

ranges from indolent disease (not needing treatment) to aggressive disease with several 

relapses before death. The most used clinical staging systems were developed by Rai (Rai et 

al., 1975) and Binet (Binet et al., 1981), see table 5.   

 
Stage Definition Median survival 

Binet System 

Binet A Haemoglobin ≥ 10.0 g/dl 

Thrombocytes ≥100 x 109/l 

< 3 lymph node regions 

>10 years 

Binet B Haemoglobin ≥ 10.0 g/dl 

Thrombocytes ≥100 x 109/l 

≥ 3 lymph node regions 

>8 years 

Binet C Haemoglobin < 10.0 g/dl 

Thrombocytes <100 x 109/l 

6.5 years 

Rai system 

Rai 0                        Low risk Lymphocytosis > 15 x 109/l >10 years 

Rai I Intermediate 

risk 

Lymphocytosis  and lymphadenopathy >8 years 

Rai II Intermediate 

risk 

Lymphocytosis  and hepatomegaly and / or splenomegaly 

with/without lymphadenopathy 

>8 years 

Rai III High risk Lymphocytosis and haemoglobin < 11.0 g/dl with/without 

lymphadenopathy /organomegaly 

6.5 years 

Rai IV High risk Lymphocytosis and thrombocytes <100 x 109/l with/without 

lymphadenopathy / organomegaly 

6.5 years 

Table 5: Adapted from (Eichhorst et al., 2015). The overall survival times included in this 

table were amended by (Eichhorst et al., 2015) as survival has increased in the past 30 years. 

 

Other biologic parameters on CLL cells can help us to risk asses the patients and offer 

a personalized treatment. IGHV genes are mutated in 50-70% of the patients (Damle et al., 

1999b; Tjonnfjord et al., 2012), and those have a more indolent disease than unmutated 

patients. However, this technique is costly and time consuming and not available in all 

laboratories (Eichhorst et al., 2015). Therefore some groups have identified surrogate markers 

for IGHV mutational status. Probably the most accessible are ZAP70, CD38 and CD49d, 

markers that are analysed by flow cytometry. CD38 positive patients (≥ 30% of CLL cells 
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expressing CD38) usually present with a more aggressive course (Damle et al., 1999b). 

Zap70, an intracytoplasmic protein downstream of BCR is another marker of poor prognosis 

that correlates with unmutated IGHV status, disease progression and poorer survival (Crespo 

et al., 2003). A study including 3000 patients identified that the expression of CD49d strongly 

predicts overall survival independently of and better than CD38 or ZAP 70 expression (Bulian 

et al., 2014). Moreover, CD49d has been linked to NOTCH1 mutational status, present in 10-

15% of CLL cases, which also confers poor prognosis. Then by triggering the NOTCH1 

signalling pathway, CD49d expression was upregulated in a process that involved nuclear 

translocation of NFκB (Benedetti et al., 2017). However, those 3 markers have not yet been 

implicated in treatment selection regimens, and have therefore not been required at diagnosis 

(Eichhorst et al., 2015). 

 On the other hand, the study of cytogenetic aberrations by FISH can be decisive for 

treatment selection. Harbouring a del(17p) deletion affecting the tumour protein p53 

expression or a TP53 mutation detected by molecular genetics confers a poor prognosis with 

an estimated median overall survival of around 32-63 months from the date of diagnosis in 

the era before the introduction of BCR pathway and BCL2 inhibitors (Dohner et al., 2000; 

Strati et al., 2014).  

Other cytogenetic findings have been described for example del(11q) and trisomy 12, 

which also confer poor prognosis. In the past 7 years, whole-genome or exome sequencing 

studies have identified several genes that are recurrently mutated in CLL patients, including 

exportin 1 (XPO1), myeloid differentiation primary response gene 88 (MYD88), kelch-like 6 

(KLHL6), NOTCH1, SF3B1 and BIRC3 (Puente et al., 2011; Quesada et al., 2012; Wang et 

al., 2011). The last three occur in 2-10% of CLL patients and correlate with poor prognosis.  

BCL2 is overexpressed in CLL patients, but unlike follicular lymphoma, there is no 

BCL2 chromosomal translocation. In the past years, it has been shown that deletion of miR-

15a and miR-16-1, which are located at the chromosomal region 13q14.3, correlates with 

BCL2 overexpression and decreased apoptosis. However, FISH analysis of MBL detected 

13q deletions in 44% of the subjects, in similar frequencies as observed in newly diagnosed 

CLL, suggesting that they might influence more in the phenotype of the cell rather than 

potentiating the leukemic stage (Fazi et al., 2011). Deletion of miR-34b and miR-34c (located 

in 11q23 chromosome) confer overexpression of ZAP70 which is also correlated with poor 

prognosis (Fabbri et al., 2011).  
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Treatment decision	  
 

For fit and symptomatic patients the FCR regimen has been the gold standard (Hallek 

et al., 2010). But a subset of patients who had a del(17p) or a TP53 mutation was observed to 

have the shortest median treatment-free interval to fludarabine based regimens (Dohner et al., 

2000). Then, especially when young and fit, the alternative treatment option has been 

allogeneic stem cell transplantation. In the last years though, the BCR pathway inhibitors 

ibrutinib and idealisib have been approved by the FDA as a new approach for patients 

harbouring a del(17p) or TP53 mutation (see later). Venetoclax, a BCL-2 inhibitor, has also 

shown effect in relapsed CLL patients harbouring del(17p)  and was approved by the FDA in 

2016.  See table 6 as an example of first line treatment options. 

 

 
Table 6: 1st line treatment options in CLL. Modified from (Eichhorst et al., 2015) FCR; fludarabine, 

cyclophosphamide, rituximab; R; Rituximab; Allo-HSCT, allogeneic haematopoietic stem cell transplantation; 

CLB, chlorambucil; mAb, monoclonal antibody; BR, bendamustine, rituximab.  

 

BCR pathway inhibitors 

The BCR pathway inhibitors idealisib (PI3Kδ inhibitor) and ibrutinib (BTK inhibitor) 

are nowadays part of first line treatment options for those that have worst prognosis, are well 

tolerated and are giving exciting and promising results. Recent studies with deuterated water 

showed that CLL cells birth rate decreased from 0.39% to 0.05% per day under treatment 

with ibrutinib, and the death rates increased from 0,18% to 1,5% per day (Burger et al., 2017). 

But, patients can’t stop the treatment due to the high risk of relapse immediately following 

discontinuation (Jain et al., 2017b). Further, as in chronic myeloid leukaemia and treatment 

with tyrosine kinase inhibitors, recent studies have found mutant or resistant CLL cell clones 

Stage Del(17p) 

p53mut 

Fitness Therapy 

Binet A-B,  inactive 

disease 

Irrelevant Irrelevant Watch and wait.  

 

Binet A/B and active 

disease or Binet C  

Yes 

 

No BCR inhibitor (+/- R) 

Yes BCR inhibitor (+/- R) Consider allo-HSCT in 

remission 

No No CLB+antiCD20-mAb 

Yes FCR (BR if previous history of infections) 
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(Burger et al., 2016; Woyach et al., 2014). PI3Kδ and indirectly also BTK suppress AID 

expression in B cells. Recently, it has been shown that PI3Kδ and BTK inhibitor drugs 

enhance AID expression, which means enhanced class switch recombination, somatic 

hypermutation, DNA damage, and chromosomal translocations. This leads to increased 

genomic damage in normal and cancer B cells (Compagno et al., 2017). As the authors state it 

is essential a closer monitoring for clonal evolution in these patients.  

 

As for Syk inhibition, fewer trials have been conducted. Fostamatinib (R788) 

demonstrated reduced BCR signalling in vitro, as well as partial responses in relapsed CLL 

disease (Friedberg et al., 2010), but was removed from the market due to commercial interests 

of the producing company. Entospletinib has also shown some clinical activity in CLL 

patients (Sharman et al., 2015) and a clinical trial is currently going on (NCT01799889) .  

Indeed, Syk inhibition with entospletinib could overcome molecular resistance to ibrutinib, 

due to a PLCG2 mutation at R665W, as an alternative strategy (Liu et al., 2015).     

 

 

Multiple myeloma (MM) 

Our group has recently been working with MM (Wang et al., 2017), where I am co-

author. Although I have not included this article in the thesis, I will nevertheless introduce the 

malignancy as it has some similarities with CLL and because of discussion in the Discussion 

section.  

Multiple myeloma is a malignancy of terminally differentiated plasma cells in the 

bone marrow that usually produce high levels of monoclonal (M) protein. As in CLL, clinical 

manifestations range from more indolent to aggressive forms. The incidence increases with 

age and is rarely seen in individuals less than 30 years of age. The disease is preceded by a 

phenomenon known as monoclonal gammopathy of undetermined significance (MGUS), 

where there is less M-protein, less bone marrow infiltration (<10% clonal plasma cells) and 

no organ damage (Bianchi and Munshi, 2015; Swerdlow et al., 2017) . 

It is thought that an initial and driving genetic event may have occurred in the 

germinal centre reaction. In addition, with transformation to multiple myeloma and disease 

progression more genetic events are accumulated, as well as epigenetic events. Half of the 

patients have translocations involving the Ig heavy chain locus (IgH) and another half 

hyperdiploidy, and there is hypermethylation of target genes. It’s thought that such genetic 
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events are necessary, since they are already present at the MGUS stage, but that they may be 

insufficient for MM transformation. This may be interpreted as evidence suggesting that the 

microenvironment plays an important role providing survival and proliferation signals as well 

as conferring resistance to therapy (Bianchi and Munshi, 2015). In the MM bone marrow 

there is osteoblast depletion and high osteoclast activity, a derangement that contributes to the 

characteristic bone erosions. Moreover, the osteoclasts secrete IL-6 and osteopontin, which 

stimulates MM proliferation and angiogenesis, respectively (Roodman, 2009).  Because of 

priming with IL-6, it has been suggested that the Th cell compartment in the bone marrow is 

altered with an increased proportion of Th cells of the Th17 subtype, which secrete IL17, a 

cytokine shown to be involved in osteoclast formation (Noonan et al., 2010).  

 

Epstein-Barr Virus (EBV) 
About 90% of the world population has been infected by EBV once in their life and is 

thereby an EBV carrier (Cohen, 2000). If the infection occurs in infancy the infection will 

usually be asymptomatic, while half of the infected teenagers or adults develop infectious 

mononucleosis.  

 

 
Figure 6. The EBV virion as illustrated by Ben Taylor, creative commons, Wikipedia. 

 

EBV belongs to the herpes virus family. The linear DNA viral genome is surrounded 

by a nucleocapsid, and this is encased by a viral envelop. After infection, the genome 

becomes circular and will persist as an episome in a latent state in memory B cells. The virion 

has at least 5 viral glycoproteins that facilitate its entry to the B cells (gp350, gp42, gH, gL 

and gB). Entry to B cells occurs by another mechanism than that seen in epithelial cells. The 

EBV attaches to B cells by an initial targeted binding of the major envelop glycoprotein 

gp350 to the CD21 receptor (the CR2 complement receptor) on the surface of B cells. This 

binding brings closer the gp42/gH/gL complex on the viral envelop to the HLA class II 
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molecule on the B cell surface, which by binding triggers a conformational change and allows 

endocytosis and fusion (Cohen, 2000; Shannon-Lowe and Rowe, 2014) .  

The EBV is highly immunogenic, and the vast majority of infected B cells in 

immunocompetent individuals will be eliminated by NK cells, antibody-dependent cell-

mediated cytotoxicity (ADCC) or cytotoxic T cells (Knipe et al., 2013). Nevertheless, 

approximately 1 to 50 per million B cells in peripheral blood has EBV in a latent state in 

infected adults. These infected B cells are typically classic antigen-selected resting memory B 

cells that have undergone isotype switching and somatic hypermutation.  To understand how 

the EBV persists in B cells, I will next introduce you to the EBV cycle and latency phases. 

 EBV is transmitted by oral secretions. EBV infects epithelial cells in the oral cavity 

(where it replicates and shed into saliva; lytic phase) (Temple et al., 2014) and naïve B cells 

(where it will persist in infected individuals; latency phases). EBV in naïve B cells 

upregulates all the proteins necessary for proliferation (latency phase III, see later table 8). 

When naïve B cells enter the germinal centre, the EBV downregulates some of the proteins 

and gets into latency phase II. Following exit of the germinal centre as a resting memory B 

cell, the EBV downregulates all the immunogenic proteins (latency 0) and persists as a 

dormant virus, avoiding immunosurveillance. If the B cell divides, the EBV upregulates only 

EBNA-1 (latency I) which allows the episomes to bind the B cell DNA and divide (Bollard et 

al., 2012; Cohen, 2000; Heslop, 2009; Hutt-Fletcher, 2014; Price and Luftig, 2015).   

In order to elude the immune system, the EBV virus has developed a number of 

strategies. One of them is the different latency phases explained previously, were there is 

downregulation of immunogenic proteins (Cohen, 2000). Other strategies to escape from 

immunosurveillance are described in table 7.  

 

EBV	  protein	  	   Effect	  

EBNA-‐1	   Inhibits its own proteasome processing 

Reduces its own translational efficiency and initiation of translation 

LMP-‐1	   Up-regulates galectin promoter to induce apoptosis of CTLs 

Up-regulates IL-10, up-regulates bcl-2 to inhibit apoptosis 

LMP-‐2	   Increases degradation of IFN receptors 

Up-regulates galectin promoter to induce apoptosis of CTLs 

BZLF1	   Up-regulates IL-10, inhibits IFNγ-induced MHC class II expression, decreases levels 

of IFN-γ-receptor-α mRNA and levels of TNF receptor 1.  

EBER	  (RNA)	   Up-regulates IL-10, induces resistance to IFN-α-mediated apoptosis 
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Table 7. Immune escape. Some of the EBV proteins and RNA that inhibit the immune system. Modified from 

(Knipe et al., 2013).  

 

In the laboratory, in an in vitro setting, B cells get easily infected with EBV and 3% to 

10% will proliferate as immortal lymphoblastoid cell lines (LCL). The EBV episome will 

bind to the B cell genome, and about 48-72h after infection the first round of DNA synthesis 

will start (Synthesis phase). The EBV cycle also involves shedding of newly synthesized 

virions in the lytic phase (replication); this phase is less frequent in LCL cultures. LCL 

cultures enter this latter phase after cell stress such as reduced protein concentration in cell 

cultures. By 3-5 weeks after infection, each virus unit can generate a macroscopically visible 

cell line (Knipe et al., 2013).  

 

EBV and malignancy. 

 

EBV has been associated with lymphoproliferative disorders like Burkitt lymphoma, 

Hodgkin lymphoma, EBV+ DLBCL NOS, some T-cell lymphomas, post-transplant related 

lymphomas and HIV-related lymphomas among others. EBV also plays a role in the 

pathogenesis of nasopharyngeal and gastric carcinoma (Swerdlow et al., 2016; Young and 

Rickinson, 2004). Arousal of different EBV-related malignancies has been linked to the 

different latency phases.   

 
Table 8. Modified from (Klein and Nagy, 2010) and (Knipe et al., 2013). From about 100 viral genes that are 

expressed during replication, only few will be expressed in the latent phase. The table includes the EBV latent 

Type	   EBNA-‐1	   EBNA	  2-‐6	   LMP1	   LMP2	   EBERs	   Malignancies	  

0	   -# - - - + Blood in healthy carriers 

I	   + - - - + Burkitt lymphoma 

IIa	   + - + + + Hodgkin lymphoma 

NK/T-cell lymphoma 

IIb*	   + + NA NA + CLL in vitro infection* 

III	   + + + + + Immunoblastic,  

post-transplant 

lymphoproliferative disorders 

(PTLD) and AIDS related 

lymphomas 
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genes expressed in each latency phase and its association to malignancies. Only latency III type has an 

autonomous growth in vitro. #: only in dividing cells. NA: Not analysed. * Described by Klein E.  

 

 

 

EBV and CLL  
 

There are no strong indications that EBV plays any direct role in CLL pathogenesis, 

but several research groups have suggested that EBV may play a role in CLL progression and 

transformation (Dolcetti and Carbone, 2010; Fayad et al., 2001; Ferrajoli et al., 2015; Tarrand 

et al., 2010; Tsimberidou et al., 2006; Visco et al., 2015). Thus, the EBV DNA load in CLL 

patients at diagnosis was higher than in healthy controls, and increasing levels of EBV DNA 

load were significantly associated to shorter survival (Visco et al., 2015). In another study, 

38% of CLL patients had detectable EBERs in bone marrow versus none of the 20 normal 

bone marrows. Moreover, EBER positivity was increased with clinical progression, 

increasing from 20% (Rai stage 0 – 1) to 66% in stage 2-4 (Tsimberidou et al., 2006). Further, 

14% of CLL patients were positive for LMP1 and had significantly increased bone marrow 

involvement, suggesting that EBV activation may play a role in CLL disease progression and 

development of refractory disease (Tarrand et al., 2010). Recently, EBV microRNAs were 

found to be expressed in patients with CLL at increased levels, and this correlated with 

overall survival .  

Two to eight percent of CLL patients progress to a more aggressive lymphoma in a 

process named Richter’s transformation (RT), where the effect of EBV has been unclear. 

Typically, the CLL transforms to a diffuse large B cell lymphoma (DLBCL), and rarely to 

other types such as Hodgkin variant of Richter’s transformation(Tsimberidou and Keating, 

2005). Around 0,4% of the patients will develop the Hodgkin variant of RT (Tsimberidou et 

al., 2006). The pathogenic mechanisms of RT are poorly understood. The majority of the RT 

to DLBCL are clonally related to CLL (Mao et al., 2007). A causative relationship between 

RT and EBV has not been proven, but the role of EBV in the transformation to the Hodgkin 

variant has been widely discussed (Tsimberidou and Keating, 2005).  
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AIMS OF THE STUDY 
The central aim of this thesis was to test if autologous specific T helper (Th) cells can 

provide support to tumour B cells in terms of activation and expansion. To do so, CLL cells 

must be sufficient antigen presenting cells (APCs) and be able to efficiently activate Th cells, 

contrary to the current dogma (Caligaris-Cappio and Hamblin, 1999; Dazzi et al., 1995). If 

CLL cells are efficient APC, the cells may be able to present antigens to Th cells allowing 

antigen specific activation and proliferation. Vice versa, Th cells will activate CLL B cells 

and support their proliferation.  

Furthermore, we wanted to define the phenotype and specificity from such autologous 

Th cells. Conceptually, the Th cells could be specific for some antigen derived from the 

outside of the CLL cell, for example a virus or bacteria. Alternatively, endogenous B cell 

antigen could be recognized by specific Th cells. We postulated that idiotypes may provide 

such antigenic targets for Th cells, as supported by previous work (Munthe et al., 1999; 

Zangani et al., 2007).  

In addition, if Th cell help is important for CLL cells to overcome anergy and get 

activated and proliferate, we wanted to define how BCR pathway inhibitors may affect the 

CD40L induced proliferation. 

Last, we were interested in the role of EBV in CLL progression and transformation. 

We hypothesized that EBV-specific Th cells recognizing EBV particles presented by CLL 

cells exist, and in turn promoted activation and proliferation of CLL cells.  
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SUMMARY OF THE INDIVIDUAL PAPERS 
 

Paper I. Chronic lymphocytic leukaemia cells are activated and proliferate in response to 

specific T helper cells.  

 

Os A*, Bürgler S*, Ribes AP*, Funderud A, Wang D, Thompson KM, Tjønnfjord GE, Bogen B, 

Munthe LA. 

*Shared 1st authorship. 

 

Our group previously showed that chronic B cell and idiotype-specific Th2 cell 

collaboration developed into B cell lymphomas with cytogenetic aberrations in a mouse 

model (Zangani et al., 2007). These findings suggested an alternative way of 

lymphomagenesis, where MHC class II in B cells presented self idiotypes to Id-specific Th 

cells. We further wanted to translate these results into human malignancies. CLL was a good 

candidate because the natural history of this disease cannot be explained only by underlying 

defects like mutations. However, the microenvironment signals seem to play an important 

role, and there is co-localization of Th cells close to proliferating B cells in pseudofollicles 

(Ghia et al., 2002; Patten et al., 2008; Pizzolo et al., 1983). In addition, others showed that 

antibodies against CD40 could activate CLL cells (Ranheim and Kipps, 1993), and 

polyclonally pre-activated Th cells could “substitute” for anti CD40 mAbs, by virtue of 

CD40L expression and cell-cell contact, and activate CLL cells in a by-stander manner 

(Tretter et al., 1998). 

We hypothesized that CLL cells could present antigen to antigen-specific Th cells in 

patients, and CLL cells could in turn proliferate in response to this antigen-driven cognate 

interaction with Th cells.  

First, using the T18 clone model, which is a Th cell clone that has specificity for an 

epitope in the mouse Ig kappa chain and a known restriction (HLA DRB1*0401) (Schjetne et 

al., 2002), we showed that CLL cells were efficient antigen presenting cells, that CLL cells 

could collaborate with Th cells in a cognate, antigen driven manner and that collaboration 

could occur independently of BCR ligation (e.g. through uptake of antigen via CD32). We 

further showed that the antigen for the autologous CLL-specific Th cells could be endogenous 

to the CLL cell and that the antigen could be CLL IgM.  Those Th cells had a memory and 

Th1 like phenotype secreting high amounts of IFNγ and being T-bet+. Moreover, the gene 
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expression profile (GEP) of CLL cells stimulated by cognate interaction with Th cells (T18 

clone model) was similar to the GEP of CLL cells in lymph nodes described by Herishanu 

(Herishanu et al., 2011) (we found co-expression of 52 out of 133 over-expressed genes).  

Last, Th cells supported CLL cell activation and proliferation in a human to mouse xenograft 

model, where both autologous CLL-specific Th cells and CLL cells proliferated in the bone 

marrow niche of pre-conditioned NSG mice. 

 

 
Figure 7. Graphical abstract, paper 1. 

 

 

 

Paper II. Chronic lymphocytic leukaemia cells express CD38 in response to Th1 cell-derived 

IFN-γ by a T-bet-dependent mechanism. 

 

Bürgler S, Gimeno A*, Parente-Ribes A*, Wang D*, Os A, Devereux S, Jebsen P, Bogen B, 

Tjønnfjord GE, Munthe LA. 

*Shared 2nd authorship 

 

In the article above we found that CLL-specific Th cells had a Th1 like phenotype 

with T-bet expression and high IFNγ secretion. High IFNγ in serum and high CD38 

expression in CLL cells have been correlated with worse prognosis in patients (Buschle et al., 

1993a; Damle et al., 1999a). We next wanted to expand these findings and look at the 

interaction between CLL-specific Th cells and CLL cells. We found that CLL cells secreted 

type 1 chemokines that could attract Th cells. IFNγ blocking experiments in vitro and in vivo 

showed an underlying mechanism that linked IFNγ secretion by Th cells and high CD38 

expression in CLL cells. CD38 expression correlated with T-bet expression ex vivo. Transient 
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transfection of T-bet in CLL cells resulted in higher expression of CD38, and CHiP 

experiments showed that T-bet could bind to regulatory regions of the CD38 gene. In 

summary, CLL cells could attract Th cells and start a positive feedback loop were Th cells 

secreted IFNγ, CLL cells upregulated T-bet, CD38 and type 1 chemokines that in turn 

attracted more Th cells. Targeting this axis amputated growth in vivo (in mice) and could be 

relevant for treatment of CLL patients. 

 
 

Figure 8.Graphical abstract, paper 2. 

 

Paper III. Spleen tyrosine kinase (Syk) inhibitors reduce CD40L-induced proliferation of 

chronic lymphocytic leukaemia cells but not normal B cells. 

 

Parente-Ribes A*, Skånland SS*, Bürgler S*, Os A, Wang D, Bogen B, Tjønnfjord GE, 

Taskén K, Munthe LA. 

*Shared 1st authorship 

 

The new emerging molecules that inhibit components in the BCR pathway are 

nowadays being tested in many clinical trials, and 2 of them (ibrutinib and idealisib) are 

approved as first line treatment in patients with del(17p) or TP53 mutation. Recently, 

venetoclax, a BH3 mimetic that acts as a BCL-2 inhibitor was also approved by the FDA to 

treat CLL with del(17p) . See also introduction. 

The BCR is an important pathway in CLL cells but to our understanding not sufficient 

to cause proliferation of CLL cells. Since our previous work showed the importance of Th 
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cell help (in a mechanism that involved CD40/CD40L) to rescue CLL cells from apoptosis 

and induce activation and proliferation on CLL cells, we wanted to see if the BCR inhibitors 

had also an effect on CD40L induced proliferation of CLL cells (equivalent to what happens 

in lymph nodes). Among all the BCR pathway inhibitors we focused on Syk inhibitors 

because they were more proximal in the cascade of signal propagation. 

In this article, we showed that CD40L transfected fibroblasts induced proliferation of 

CLL cells and the Syk inhibitors R406 and P505-15 were able to reduce this proliferation. 

Macroscopically, treatment with Syk inhibitors reduced the number of blastoid CLL cells that 

nevertheless were still activated in terms of CD38 expression as measured by flowcytometry. 

Phospho-flow analysis showed less phosphorylation of Syk and downstream components 

upon treatment.  

We concluded that Syk inhibitors not only inhibited downstream from BCR (signal 1) 

but also signals from the microenvironment that CLL cells require to survive (signal 2). This 

finding suggested that CLL cells might need CD40L to overcome negative feedback signals 

and CD40 may act as a gatekeeper. 

 

 

 

Figure 9.Graphical abstract, paper 3. Collaboration between Th cells and CLL cells is blocked 

by Syk-inhibitors. Inhibitors act both in CLL cells (both signal 1, the BCR pathway, and as 

we propose on signal 2, the CD40 pathway) and in Th cells (signal 1, TCR). The molecular 

mechanism for the effect on signal 2 is currently being studied in our group. 
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Paper IV. Epstein-Barr virus specific Th cells promote EBV-infection and proliferation of 

CLL cells. 

 

Parente-Ribes A, Bürgler S, Os A , Wang D, Delabie J, Thompson K, Tjønnfjord GE, Munthe 

LA. 

Manuscript. 

 

 This fourth project, started when we wanted to do CLL lymphoblastoid lines in order 

to have CLL PBMCs in long term cultures. We sat up lines by purifying CD5+ CLL cells 

from PBMCs and adding CpG, rhIL-2 and EBV. After some weeks we observed that CD4+ T 

cells were expanding together with the CLL cells. We reasoned that these could be EBV-

specific Th cells and decided to further investigate this idea. We hypothesized that EBV could 

play a role in CLL progression and transformation to a more aggressive lymphoma.  

 Here we show that CLL cells had a functional receptor (CD21) and co-receptor for 

EBV internalization (HLA-DR), and those were upregulated after bystander activation of 

CLL cells. Next, we found EBV-specific Th cells that responded to CLL presentation of EBV 

particles, and in turn induced CLL cell proliferation. Efficient EBV transformation was also 

induced by CD40L transfected fibroblasts and IL2 or IL-15. 

We concluded that CD4+ Th cells could efficiently promote EBV transformation of 

CLL cells, and this suggested that EBV could have a role in CLL progression/transformation 

in a subset of patients, supporting findings from other groups (Dolcetti and Carbone, 2010; 

Fayad et al., 2001; Ferrajoli et al., 2015; Tarrand et al., 2010; Tsimberidou et al., 2006; Visco 

et al., 2015).  

 
Figure 10.Graphical abstract, paper 4. 
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METHODOLOGICAL CONSIDERATIONS 

Samples 

Unlike other cancers, in CLL it is very easy to get the leukemic cells just by 

withdrawing blood from the patients. But it is known that CLL cells in blood are in a resting 

state, resemble anergic cells and apoptose (see intro).  In the other hand, CLL cells in lymph 

nodes are rescued by the microenvironment, show activating markers and proliferate. This 

leads to the question if working with CLL cells from peripheral blood was correct or if we 

should have made more efforts to get CLL cells from lymph nodes (lately we did it for 3 

patients). But circulating resting CLL cells home to lymph nodes where they receive help 

from the microenvironment, therefore circulating CLL cells should be good enough when 

studying its collaboration with Th cells (recreating a partial lymph node microenvironment). 

Taking into consideration what the patients go through, withdrawing blood is a non-painful, 

non-traumatic and easy procedure, while making a fine needle aspiration or biopsy from the 

lymph node requires more professionals involved, a palpable and accessible lymph node and 

it can result in procedure-related complications. 

A second issue is that the hospital we are working in was a reference hospital, that’s 

why our median age at diagnosis is lower than what is described in the literature, and we also 

had fewer unmutated CLL patients as desired. This can be considered as a bias in our cell 

sampling.  

The third point, is weather using fresh or frozen-thawed cells gives comparable 

results. While people working with animals have a constant source of cells, working with 

human samples is more limited. Therefore cryopreservation is an essential approach. The use 

of fresh cells would have been optimal for all the experiments, but only for some selected 

experiments it was possible. Our own experience says that after thawing PBMCs stored in 

liquid nitrogen, the % of viable cells decreases in 20-40%. Some studies have addressed 

changes in phenotype and functionality. As an example, the percentage of CD5+ CD23+ CLL 

cells decreased after freezing whereas the percentage of HLA-DR+ cells increased moderately 

(Deneys et al., 1999).  
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T cell lines 

To generate CLL specific autologous T cell lines we first isolated CD4+ T cells from 

PBMCs. Then we co-cultured them with irradiated autologous PBMCs (to prevent their own 

proliferation). In the first generations we used autologous serum until we run out of it. The 

purpose was to have it as much physiological as possible and exclude other antigen-

specificity, like to fetal calf serum (FCS). We also did some of the lines using AIM-V serum-

free medium and got the same results, so we think that using FCS in the later generations was 

not a problem, the lines were not getting FCS specific. We added rh-Il2 from day 2 and not 

from the beginning to avoid unspecific proliferation. 

One of the major critics we have always received is that we should have worked with 

T cell clones instead of lines. We see that with time the lines get oligoclonal (by TCRvß 

profiling), and one of the families usually overtakes the culture (that is the one we call the 

CLL specific T cell line). We think that it is more physiologic to work with lines than with 

clones since in the human body you have a huge repertoire of T cells.  

When we generated TCL from patients, after some generations (variable between 5 

and 8) the lines stopped growing and died. This was variable from patient to patient, and I had 

the impression that it happened sooner with unmutated CLL cells. Clonal arrest is not 

uncommon in T cell cultures, some groups use mitogens after the first few weeks of specific 

culture, but nevertheless it was our experience that this was more pronounced with CLL 

patients T cells than with T cells from healthy controls. It can be speculated that this deficit 

could be due to immunosenescence (a matter of ageing) or exhaustion (due to chronic 

response to antigen). Recently, it was demonstrated that CD8+ T cells in CLL patients exhibit 

features of T-cell exhaustion , but still less is known about CD4+ T cells. Current work in the 

group addresses the PD1-PDL1 axis. 

 

Flow cytometry 

Cells may produce very low levels of cytokines which are difficult to detect by flow-

cytometry, therefore cells were stimulated with PMA and ionomycin, or with anti-CD3/28 

beads. The results were slightly different. Also some differences were observed if we stopped 

the cytokine transport with brefeldin A or monensin. According to the producer and 

(Schuerwegh et al., 2001), monensin blocks protein secretion by interacting with the Golgi 

transmembrane sodium/hydrogen transport. On the other hand, brefeldin A redistributes 

proteins from the Golgi complex to the endoplasmic reticulum. According to literature 
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monensin was good enough to activate cells sufficiently to detect Th1 and Th2 type 

cytokines, but not enough good to elicit Th17 cytokines. In our case we could not detect IL17 

with brefeldin A neither, so we stuck to the results obtained with monensin.  

By using cell barcoding combined with phosphoflow, we could barcode cells in 

multiple samples and combine them prior to staining and acquisition.  This allowed us to 

analyse the complex BCR pathway at different points and time-points after 

stimulation/inhibition. The amount of sample number needed is much lower, less sample-to-

sample variation, it reduces the acquisition time and costs. In the other hand it needs precision 

when fixing/permeabilizing, when doing the antibody dilutions for barcoding, some antigens 

are destroyed when fixing/permeabilizing, and needs rigor to untangle the data, as each signal 

has to be assigned to the sample it came from. Another issue is that changes are minimal and 

there is not so much shift as in other surface stainings. 

 

Proliferation assays 

Th cells were tested for proliferation by 3H-Thymidine incorporation in response to 

irradiated CLL cells or PBMC and antigen as indicated. By irradiating the APC we made sure 

that the only proliferation signal came from Th cells. But when we did thymidine assays with 

fibroblasts we got a lot of proliferation in the controls as well, meaning that they needed a 

higher irradiation dose. Although high irradiation we got a lot of background and we had to 

move to other methods. 

Alternatively, proliferation of either B or T cells was measured by BrdU 

incorporation. By this method we avoided the use of radioisotopes. Usually the experiments 

lasted 5-6 days, and the BrdU was added to the cell culture only the last 2-3 days since it is 

very toxic for the cells, but usually enough to be incorporated in dividing cells. By analysing 

the cells on flow cytometry and using T or B cell markers we could detect which cells were 

proliferating. In addition we could get at the same time information on blastogenesis and 

activation. The major problem we had with this technique was that apoptotic cells also 

incorporated BrdU and gave some background, but apoptotic cells could be usually gated out 

by FSC/SSC. 
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The T18 clone 

The T18 T cell clone created elsewhere (Schjetne et al., 2002), was chosen to 

investigate the APC function of CLL cells since it has a known specificity for an epitope in 

the mouse Ig kappa chain and a known restriction (HLA DRB1*0401); 8/28 of our CLL 

patients had it. This T cell artificial model allowed us to compare CLL patients with normal B 

cells, and as negative controls patients with other HLA restrictions were used. Moreover, we 

could look at different antigen delivery pathways like BCR, Fcγ receptors and complement 

receptors by using mouse antibodies with high affinity for them. But this high affinity may 

not be so physiological. For example, an IgG that has recognized a pathogen would interact 

with Fcγ receptors through its Fc region, while a mouse antibody against the Fcγ receptor will 

interact with it through the Fab region and probably give a higher affinity and stronger signal. 

To overcome this problem we compared it to normal B cells.  

 

The microenvironment 

To our understanding the Th cells via CD40L (signal 2) and cytokines that they 

produce (signal 3) are major players in CLL disease. That’s why almost all our experiments 

include B cells, Th cells (or soluble CD40L or CD40L transfected fibroblasts) and cytokines 

like IL-2. However, CLL cells in the lymph nodes receive more help from other players that 

were not represented in our in vitro experiments, like monocyte-derived cells and 

mesenchymal stromal cells. This confers a limitation to the interpretation of our results. Even 

the in vivo experiments we performed, although being a great model for studying 

microenvironment, have limitations (se next).   

 

Pros and cons in xenografting 

To confirm our in vitro results in an in vivo system, we chose the NOD SCID gamma 

(NSG, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ JAX) mice, which is a NOD/SCID-derived strain 

lacking the IL2 receptor gamma chain. This renders the mice deficient in mature T cells, B 

cells and functional NK cells, leading to a better engraftment of human PBMCs (The Jackson 

Laboratory).  

However, several attempts to engraft CLL cells in non-conditioned NSG mice were 

not successful, meaning that non-lymphoid occupying cells in the tissue niches like bone 

marrow need to be cleared before the transfer. This could be done by sublethal irradiation or 

by a myeloablative chemotherapy regimen. Previously, we had a high rate of mortality after γ-
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irradiation, in addition the machine was not located in the animal facility and these mice 

required a very demanding care. To solve this issue, we conditioned the mice with the 

myelosupressive drug busulfan at a known working dose of 25mg/kg 24h prior to cell transfer 

(Hayakawa et al., 2009). By using it, mouse cells occupying the bone marrow were 

eliminated, and space was created for CLL and autologous T cells to graft.  

But xenografting has some limitations as well. We used NSG mice which lack B, T 

and NK cells which are the major players involved in the response of the murine host to 

xenoantigens. Another issue is that it is difficult to reproduce the cytokine, chemokine and 

soluble factors present in the natural microenvironment since there are species differences and 

some cytokines are species-specific. For example, mouse IL2 has a very reduced or no effect 

on human cells, but less is known on how human IL2 can affect mouse cells.   

Finally I have some reflections about other mouse models that we could have used. 

The Eµ-TCL-1 mice model is a widely used and internationally accepted model. The Eµ-

TCL-1 mouse develops a CLL/SLL like disease with hepatosplenomegaly, expanded B220low 

IgM+CD5+ B cell population starting at the age of 2 months (first detectable only in peritoneal 

cavity, later on in spleen and bone marrow) (Bichi et al., 2002). The CLL-like cells have a 

short lifespan and the disease progresses slowly. Many groups have also crossed these mice 

with other genetically engineered mice, like with BAFF transgenic mice, which have an 

accelerated disease and shorter survival (Enzler et al., 2009) and reviewed in (Chen and 

Chiorazzi, 2014). Although interesting, it is not entirely clear how the disease in these mice 

compares to that found in humans. In our view, we find that the possibility to engraft human 

CLL cells from patients into mouse holds promise and allows us to better explore the 

interactions of human CLL cells with the microenvironment, especially with human 

autologous Th cells. CLL cells engraft well by using autologous T cells (Bagnara et al., 2011; 

Os et al., 2013) but other sources together with T cells can be suitable, like hematopoietic 

stem cells from cord blood or adult mesenchymal stem cells from bone marrow (Bagnara et 

al., 2011).  

Mice experiments were approved by the National Committee for Animal Experiments 

(Oslo, Norway). 
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EBV-GFP	  
We used a modified virus variant named B95.8 EBfaV-GFP (Speck et al., 1999) to be 

able to track EBV-infected cells. This virus strain has virions where the LMP2 gene had been 

exchanged by GFP. This modified virus was superinfected into the EBV+ B95.8 cell line 

(then the resulting cells are infected with both B95.8 and B95.8 EBfaV-GFP EBV). We 

received both supernatants (SN) and the infected cell lines. When we added B95.8 EBfaV-

GFP containing SN in our experiments we observed aberrant activation of our B cells. 

Following up this, we inspected the relevant protocols and found that our colleagues abroad 

had used TPA (12-O-Tetradecanoylphorbol-13-acetate (TPA), also known as PMA - phorbol 

12-myristate 13-acetate) to elicit secretion of EBV virions. As TPA is also a powerful B cell 

activator, it was likely that TPA in the supernatant explained the proliferative response. As a 

result, we decided to make our own stock of B95.8 EBfaV-GFP by seeding the B95-8 cells 

(ATCC) or B95.8 EBfaV-GFP cells in an Integra bottle and applying protein starving culture 

conditions, using 1% FCS in order to achieve the lytic phase.  

 

Other statistical considerations	  
 

Data was mainly analysed by using the GraphPad Prism version 4 to 6 software. 

For flow-cytometry analysis we have used different readouts to show our data. Most often 

mean fluorescence intensity (MFI) data or contour plots were generated. As the MFI varies 

between resting and activated/blastic cells, we in some experiments found that normalizing 

the results by dividing the MFI from the marker in that sample by the MFI of the isotype 

control (background) gave robust values that often could be reproduced at later experiments. 

The student t-test was used to determine if two sets of data were significantly different 

from each other, assuming a normal distribution.  

 Repeated measures ANOVA was appropriate to use in paper 2 fig 1D, (analysis of 

gene expression) because we measured differences in mean scores under three different 

conditions. Using a standard ANOVA in this case was not appropriate because experimental 

conditions violated the ANOVA assumption of independence. 

Regression analysis (linear) was used in paper 2 to determine if there was a correlation 

between CD38 and T-bet expression. This was a useful approach to test the relationship 

between a scalar dependent variable y and one independent variable denoted X.  

The Bonferroni correction was used in the multiplex bead array cytokine analysis. As 

we were measuring 27 different cytokines (27 different hypothesis being tested), the 
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likelihood of a rare event increased. This means that if the desired p value is <0.05, when 

doing multiple comparisons we should apply the Bonferroni correction and test each 

individual hypothesis for a p=0,05/27=0,0018. But the cytokines they are somehow related to 

each other since they are Th1 type, Th2 type or others, so we could divide the desired p value 

of p<0,05 by 27different cytokines or by 3 different groups. 

 

 

  



45 
 

GENERAL DISCUSSION 
 

In the thesis papers we showed that Th cells can engage in a cognate collaboration 

with CLL cells in a mechanism that: i) involves CD40-CD40L and cytokines, ii) provides 

bidirectional signals for activation and proliferation, and iii) supports the idea that Th cells 

play a major role in CLL pathogenesis. These results challenged the field that was dominated 

by dogmas that T cells were somehow deficient in CLL and where focus was put on lack of 

cytotoxic function. Moreover, the suggestion that Th cells can somehow be specific for an 

endogenously processed and presented antigen contradicted the concept of immunological 

tolerance for T cells.  

In the following, I will introduce the concept of immunosurveillance in CLL, discuss 

the field of T cell recognition in cancer, discuss models of pathogenesis that related to 

bacteria and virus, introduce idiotypes as neo-epitopes in B cells, discuss the role of Th cells 

in B cell malignancies, and discuss previous work on Th cells in B cell malignancies such as 

CLL and multiple myeloma. Thereafter, I will introduce anergic B cells and discuss the 

requirement for Th cells in the gradual maintenance and generation of malignant B cells, as 

well as, the inflammatory signature in CLL. Finally I will discuss the possible role of EBV in 

CLL.  

 

Immunosurveillance in CLL 
 

Cancer immunosurveillance relies on innate and adaptive immune effector cells that 

recognize and destroy cancer cells. However, cancer cells can escape immunosurveillance by 

evolution of non-immunogenic cancer cell variants (a process known as immunoselection or 

immunoediting) or by active suppression of the immune response (immunosubversion) 

(Zitvogel et al., 2006).   

How CLL cells evade immunosurveillance is a matter of interest. It is probable that 

the tumour microenvironment plays a major role. Focusing on Th cells, this 

microenvironmental component could potentially either kill CLL cells, do nothing or as we 

and others have shown, help CLL cells expand (Burgler, 2015; Ghia et al., 2002; Muzio et al., 

2008; Os et al., 2013; Zangani et al., 2007). On the other hand, cytotoxic T cells could attack 

CLL cells and control the expansion. However, it has been reported that CD8+ CTL cells have 

features that suggest a degree of exhaustion (Riches et al., 2013). The process of 

immunoediting has 3 phases: elimination, equilibrium and escape (Mittal et al., 2014b). The 
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phase of elimination in CLL is rarely seen, but 21 cases of CLL with spontaneous regression 

to an MBL or normal phenotype have been described, reviewed in (Nakhla et al., 2013). 

Analysis of CLL turnover with heavy water has demonstrated that clonal birth is balanced 

with clonal death, both on the scale of 0.1-1% per day (Messmer et al., 2005). However, some 

patients had clear negative growth of clonal size (up to -2%/day), suggesting that contractions 

can occur in both indolent as well as CLL with high proliferative rate (see Tables and Fig 5 in 

ref (Messmer et al., 2005)). To my understanding, the phase of equilibrium would be the one 

fitting best to indolent CLL, were CLL cells proliferate in LN, exit to blood where some of 

them apoptose and some other home to the LN again. In the pseudofollicles CLL cells could 

receive help from low frequency microenvironment Th cells or be counteracted by CTL in a 

process that is finely balanced (and perhaps also dampened by regulatory elements, i.e. Tregs 

– see below). Thus, in this indolent phase we can hypothesize that there is a balance between 

anti-tumour and tumour promoting signals. It is also plausible that intra-humoral 

heterogeneity may develop where sub-clones could gradually acquire mutations and 

cytogenetic aberrations. In such a situation, patients have a high load of CLL cells but similar 

counts/slowly increasing counts during years without needing treatment. A complete escape 

from the requirement of stimulation as well as from immunosurveillance would fit with 

progression and aggressiveness, characterized by accelerated doubling cell counts in short 

time, enlarged LN, splenomegaly and B symptoms (Nicholas et al.; Schuh et al., 2012; Wu, 

2012). Here, for example, CLL clones that have acquired recurrent mutations in coding 

regions such of TP53, SF3B1 and NOTCH1, are conferred with resistance to apoptosis and 

poor prognosis (Puente et al., 2011; Quesada et al., 2012; Zenz et al., 2010). The exact 

interplay between driving and counteracting forces in this complex microenvironment is still 

controversial.   

 

Recognition of cancer neo-epitopes by T cells 
 

T cell recognition of tumour associated antigens is hampered by central tolerance in 

the thymus (Klein et al., 2014), but thymic tolerance remains incomplete. T cells may 

therefore be found which respond to non-mutated antigens like MAGE-A3 (Cameron et al., 

2013), a protein that is expressed in normal conditions in testis. In addition, cancer cells 

present mutated peptide antigens that can be recognized by T cells. In the last 15 years, it has 

been recognized that immune tolerance towards such self and modified self-antigens is 

dampened by 1) regulatory Th cells (Tregs) and 2) immune check points. It is thought that 
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Tregs actively dampen immune responses in an antigen specific manner. The nature of this 

antigen is unclear, but may be organ specific autoantigen (Gratz and Campbell, 2014). 

Moreover, it has been recently shown that B cells play an important part in dampening 

cytotoxic T cell immunity via activation of Tregs (Moore et al., 2017). Macrophages and 

dendritic cells lacked this ability in the study. The relevance of this mechanism to 

immunotherapy is yet unclear. In any case, Tregs play an important part in immune tolerance 

by inhibiting T cell responses in the periphery in the absence of inflammatory signals. In 

established cancer, immune checkpoints dampen the recruitment and migration of neo-epitope 

specific T cells (CTLA4, (Snyder et al., 2014)) and deliver negative feedback at the tumour 

sites (PD1, (Rizvi et al., 2015)). In general terms, it is clear that despite central and peripheral 

tolerance mechanisms, a considerable frequency of T cells express TCR with specificity 

towards tumour specific antigens or towards mutated epitopes in cancer cells. This is the basis 

of immune checkpoint therapy that holds promise in the treatment of solid tumours (Sharma 

and Allison, 2015). 

 

T cell support of B cell malignancies in the context of infection 
 

Evidence for antigen driven Th cell support of malignant B cells has previously been 

described for two bacteria; Helicobacter Pylori and MALT lymphoma and Chlamydia 

Psitacci and conjunctival (ocular adnexal) lymphoma (Burger et al., 2009; Ferreri et al., 2007; 

Hussell et al., 1996). Similarly, other possible associations have been shown for Borrelia 

burgdorferi in cutaneous marginal zone lymphoma and Campylobacter jejuni in immune 

proliferations of the small intestine (Suarez et al., 2006).  In these examples, a chronic 

pathogen-derived antigenic stimulation activates specific T cells and eventually leads to 

lymphomagenesis. In this line, our group previously showed another mechanism of T-B 

collaboration, where chronically stimulated B cells by idiotype-specific Th cells promoted 

lymphomagenesis in a mouse model (Zangani et al., 2007). As far as T cell support of B cell 

malignancies in the context of virus is concerned, less is known. But an association of 

hepatitis C virus and splenic marginal zone lymphoma has also been described.(Suarez et al., 

2006)  
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Neo-epitopes in B cell malignancies	  
The lab of HG Rammensee in Tubingen, Germany published the first peptide 

ligandome where advanced mass spectrometry was used to identify peptides bound to HLA 

molecules of CLL and MM cells (Kowalewski et al., 2015; Walz et al., 2015). Results 

demonstrated a wealth of peptides that were either aberrantly presented or mutated. In 

addition to such neo-epitopes, malignant B cells expressed private clonotypic markers in their 

BCR V region sequences. Such peptides could be derived from mutated V region peptides or 

from junctional diversity (V(D)J-recombination of CDR3). Recently, it was demonstrated that 

idiotypes were by far the most frequent and best presented neo-epitopes by malignant B cells 

(Khodadoust et al., 2017). Many studies have demonstrated that Id-specific T cells can be 

found in patients (Khodadoust et al., 2017; Kwak et al., 1992; Neelapu et al., 2005; Trojan et 

al., 2000) , while few studies have investigated immune responses towards the other peptides 

within the ligandome, but functional studies demonstrated that peptide-specific T cells are 

found in CLL patients (Kowalewski et al., 2015).  

However, Id-sequences seem to be counter-selected as class I-presented CTL epitopes 

in follicular lymphoma (Strothmeyer et al., 2010) and as discussed in (Khodadoust et al., 

2017). Such results suggest that malignant B cells evade cytotoxic T cells by avoiding peptide 

epitopes which can be recognized by CTL. In contrast, on average about 10 CTL epitopes 

have been found in CLL cells for individual patients, and strikingly long-lived cytotoxic T 

cell responses have been detected (Rajasagi et al., 2014).  

In summary, it is clear that malignant B cells can be recognized by the T cell immune 

system of patients. This perspective would suggest that the use of check point inhibitors 

would have a very favourable effect on this patient group. Disappointingly, except for 

Hodgkin lymphomas (Ansell et al., 2015), check point inhibitors have had little or no effect 

on CLL patients (Hude et al., 2017). This result seems poorly compatible with the concept 

that the main function of neo-epitope-specific T cells is to counteract malignant B cell 

growth. However, results from the Gribben group suggest that cytotoxic CTL are chronically 

activated, may secrete cytokines but are exhausted in this malignancy (Riches et al., 2013). 

Our own results suggest that T cells are part of the drive of malignant B cells. The next 

paragraph takes a step backwards and reviews the gradual genesis of malignant B cells. 
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Genesis of malignant B cells 
 

Malignant transformation is considered to be a multistep process where oncogenic 

aberrations gradually change normal cells into cancer cells. In terms of B cell malignancies 

two additional points are relevant. First, clonotypically identical premalignant precursors can 

be found in patients several years before transformation. Second, it is increasingly clear that 

malignant B cells most often express autoreactive B cell receptors allowing chronic activation 

of the BCR pathway. This latter point has been the basis of considerable research and interest, 

both in terms of what BCRs are specific for (see later) and also as targets of novel drugs that 

target the activated BCR pathway in these malignancies (see paper 3, Syk inhibition).  

However, research in this field has not addressed the biological conundrum of how 

autoreactive non-malignant B cells can gradually progress to malignant B cells in the course 

of many years. To address this point, we have to discuss B cell biology and the concept of B 

cell anergy. 

When B cells bind an antigen the BCR will deliver a signal into the B cell that either 

causes migration to germinal centres or that allows generation of short-lived plasma blasts. 

The BCR signal causes expression of chemokine receptors (migration), increased sensitivity 

to Fas ligation (Lagresle et al., 1996), upregulation of MHC and costimulatory molecules (Liu 

et al., 1995). After continuous stimulation, B cells down regulate their sensitivity to 

stimulation (Cambier et al., 2007) and enter an anergic phase. If these B cells are not rescued 

by Th cells in continued T-B collaboration and immune responses, the B cells undergo 

apoptosis and die. This has been demonstrated for a number of model systems as well as for 

constitutive autoantigens such as DNA (Cook et al., 1998; Fulcher et al., 1996; Seo et al., 

2002). Due to the pre-activation (upregulation of costimulatory molecules and MHC class II) 

such B cells are excellent antigen presenting cells for Th cells. The natural history of 

autoreactive B cells is therefore to die within a few days if not rescued from anergy by Th 

cells. Newly emergent B cells therefore succumb by this mechanism, autoimmunity is 

avoided and the relatively efficient T cell tolerance mechanisms thereby also negate 

autoimmune B cell responses. 

Considering this biological basis, it is difficult to explain how autoreactive B cells 

could survive in patients first as normal (autoreactive) B cells, thereafter for years with 

moderate genetic aberrations before finally manifesting as a malignant B cell. But, it is only 

difficult to explain the survival of the B cell if the explanation is B cell centric (and only 
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considers BCR signalling). Normal immune responses would suggest that such autoreactive B 

cells could survive if (and only if) the autoreactive B cell received help from a Th cell. 

 

 
 

 

 

T cells and B cell malignancies, specificities and evidence for Th mediated propagation 

of malignant B cells. 

 

The first striking example of a stimulatory capacity of Th cells in B cell malignancy 

was found in 1990 (Umetsu et al., 1990) where follicular lymphoma (FL) cells could be 

cultured ex vivo if stimulated by alloreactive Th cells. FL cells are notoriously difficult to 

work with, and cells nearly always apoptose within a day ex vivo. This work was supplanted 

by studies initiated in the same lab that had the goal of vaccination of FL patients with 

Id+IgG-KLH protein and adjuvant (Maloney et al., 1985). Sadly, these trials failed for unclear 

reasons. Nevertheless, considering the stimulatory effect of Th cells it is plausible that Id-

specific Th cells (if triggered by the vaccine) assisted FL cell expansion in direct parallel to 

that observed in MLR in vitro. 

Late in the 1980s, Bröker described that 12 out of 14 IgM derived from CLL cells, 

were autoreactive binding to Fc of IgG, ssDNA, dsDNA, histones, cardiolipin, or cytoskeletal 

components. Some of them showed multispecificity (Bröker et al., 1988). Several groups 
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have shown that mAbs expressed by subsets of CLL cells can bind molecules on the surface 

of apoptotic human B and T cells. These specificities are probably directed to intracellular 

antigens that are exposed to the surface during apoptosis or neo-antigens generated by 

oxidation during this process, like myosin heavy chain IIA and oxidized LDL among others 

(Catera et al., 2008; Chu et al., 2008; Lanemo Myhrinder et al., 2008). Later, it has been 

described that mutated CLL cells would bind with high affinity and specificity to antigenic 

epitopes that are infrequent, coming from foreign antigens, and that will induce anergy due to 

high affinity. For example β-(1-6) glucan derived from yeasts (Hoogeboom et al., 2013) . This 

would explain why mutated CLL patients have more stable disease and expand at lower rate. 

On the other hand, unmutated CLL cell BCRs are more polyreactive and bind epitopes at 

lower affinity and specificity, for example autoantigens present in the microenvironment such 

as myosin, vimentin, IgFc (i.e. rheumatoid factors), oxidized LDL; most of them coming from 

apoptotic cells or from microbes (Bröker et al., 1988; Catera et al., 2008; Chu et al., 2008; 

Sthoeger et al., 1989). Recently, a GWS analysis of 46 patients pointed out that IGHV 

mutated subtype had more mutations on promoters and enhancer regions due to aberrant 

activation-induced cytidine deaminase, while unmutated IGHV subtype was represented by 

coding mutations of driver genes and was related to an ageing signature (Burns et al., 2017) 

 The majority of the field have a BCR-centric view of antigenic stimulation of CLL 

cells and focus on the idea that BCR ligation, i.e. a “signal 1” drives the proliferation of CLL 

cells. It has been speculated that unmutated CLL would find those antigens more frequently, 

thus (in a BCR-centric view) leading to rapid progression and aggressiveness, reviewed in 

(Burger and Chiorazzi, 2013).  The antigenic drive for BCR-stimulation in CLL is also 

suggested by a large study with CLL patients from Europe and US that identified that one 

third of the patients had a stereotyped BCR (stereotyped HCDR3). Moreover they provided 

evidence for different ontogeny. Patients belonging to the same stereotyped subsets had also 

similar biological characteristics and clinical outcome (Agathangelidis et al., 2012) and also 

presumably specificity.  

In 2012 an article published in Nature (Duhren-von Minden et al., 2012) presented an 

interesting view of BCR activation, where an internal FR2 BCR epitope (VRQ) could be 

recognized by the Heavy chain CDR3 from the same or the neighbouring BCR molecule. This 

autoestimulation lead to clear calcium signalling in a cell-autonomous fashion in the absence 

of exogenous antigen. The observation was independent of the mutational status. In this line, 

Binder et al described another epitope (YYC) in the FR3 of the variable part of 

immunoglobulins, which was found to be spatially co-localized with the VRQ epitope 
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described above (Binder et al., 2013). These studies suggest that BCR-BCR binding and 

recognition of epitopes in the variable parts of Igs may play an important role in CLL. It is 

unclear if such autonomous signalling is sufficient to drive proliferation (in concert with the 

relevant microenvironment). However, it has been argued by Pascutti that the autonomous 

calcium signalling described by von Dühren et al was below the levels observed upon BCR 

triggering and that this level of signalling might be insufficient to support a “signal 1”-

equivalent and proliferation in vivo (Pascutti et al., 2013). Others proposed an integrated 

hypothesis, where first an antigen-driven CLL cell expansion and clone selection occurs, 

where later the clones persist due to an antigen-independent cell signalling (Burger and 

Chiorazzi, 2013). 

Recently, profiling of the T-cell receptor gene repertoire in CLL showed remarkable 

skewing and oligoclonality, supporting the idea of selection by shared antigenic elements 

(Vardi et al., 2015). In another large scale, next generation sequencing study from the same 

group (Vardi et al., 2017), evidence of TCR repertoire skewing in CLL was confirmed. 

Moreover patients assigned at the same stereotype subset shared expanded clonotypes. 

These findings suggest that Th cells shape or are shaped by CLL, i.e. a degree of 

interaction between Th cells and B cells. The nature of this interaction is yet unknown, and it 

is unclear what T cells are specific for – whether patients harbour an antigen-driven B cell-T 

cell collaboration, where the presented antigen in question is the same that chronically 

stimulates the BCR, or the antigen presented is actually something endogenous such as 

idiotype. Data supporting the last option comes from previous work from our group (Munthe 

et al., 1999; Weiss and Bogen, 1989; Weiss and Bogen, 1991) and others (Zhang et al., 2001) 

describing that resting B cells can present idiotype to idiotype-restricted Th cells. It should be 

emphasized that recognition of Id on MHC class II is probably highly regulated and restricted 

(Bremel and Homan, 2014). T cell tolerance to germline idiotype may then prevent 

autoimmunity, but physiologic somatic hypermutation can create immunogenic peptides that 

in some cases bind good enough to MHC class II and can be recognized by T cells as non self 

(Eyerman et al., 1996). In paper 1 we show that CLL cells are good professional APC, that 

cells can endocytose, process and present antigen, activate T cells and receive help from them 

in a CD40L dependent manner. We consistently observed collaboration between CLL cells 

and T cells when co-cultured together in the absence of extra antigen. On two occasions we 

could show that T cells responded to presentation of endogenous antigen (derived from IgM 

or CLL lysates).  
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CLL cells are malignant B cells that have active BCR signalling and autoreactive BCR 

 

A number of reports have demonstrated that CLL cells are actively signalling and that 

the cells therefore resemble anergic B cells with the classical pattern of down regulated IgM 

and intact IgD expression. CLL cells have been described to be autoreactive to a number of 

autoantigens (Bröker et al., 1988; Catera et al., 2008; Chu et al., 2008; Sthoeger et al., 1989), 

towards a framework 2 peptide in neighbouring BCRs (Duhren-von Minden et al., 2012) or 

towards a fungal antigen (Hoogeboom et al., 2013), as described in the above paragraph. 

Previously, CLL cells have been found to poorly trigger Ca2+ signalling, to have higher 

expression of phospho-tyrosines in the BCR pathway, as well as demonstrating BCR-pathway 

negative feedback (Burger and Chiorazzi, 2013; Caligaris-Cappio, 1996). Classically anergic 

B cells will die unless activated by Th cells (Cook et al., 1998; Fulcher et al., 1996; Seo et al., 

2002). The mechanism of this rescue was recently elucidated in work from our group 

(Szodoray et al., 2016), where Th cell signals (CD40L) and cytokines activated CD45 

phosphatase which restored the BCR signalling and reversed the state of anergy of those 

autoreactive anergic B cells.  

We studied the activation of CLL cells in this landscape (paper 3), how Th derived 

signals and BCR signals integrate to allow CLL cell proliferation. As BCR pathway blocking 

therapy is emerging as first line treatment, this issue has some importance. Paper 3 

demonstrated the surprising finding that CD40L and BCR activation signals were linked in 

CLL. This as BCR-pathway blockers also blocked CD40L effects. It is likely that the signal 

integration between these pathways as well as negative feedback in the BCR pathway is 

responsible for the observed effect that had marked selectivity for CLL cells and spared the 

CD40L activation of normal B cells. 

 

Do Th cells drive the gradual accumulation of mutations in malignant B cells? 

In the germinal centre reaction B cells that have received pre-activation from Th cells 

upregulated the machinery for somatic mutation as well as isotype switch (Pieper et al., 

2013). This is related to expression of the AICDA gene as well as UNG (and APOBEC 

enzymes). If B cells are successful in generating a high affinity BCR that can bind ligands on 

follicular dendritic cells, the resultant BCR signal is thought to turn off this recombination 

and mutagenesis machinery. Such B cells can only survive further if they next encounter 
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antigen-specific Th cells that rescue them from apoptosis (Cook et al., 1998; Fulcher et al., 

1996; Seo et al., 2002) or if B cells are redeemed after mutation away from autoreactivity (or 

altered BCR glycosylation patterns)(Reed et al., 2016; Sabouri et al., 2014). 

Very recently it has been shown that the BCR-pathway drug idealisib (PI3K-inhibitor) 

deactivates the inhibition of this machinery, leading to genomic mutations, not only in BCR 

sequences, but also in off target oncogenes like Bcl-6 (Compagno et al., 2017). This raises 

concern of using this particular drug for long term treatment of B cell malignancies.  

Following the B cell biology overview above, it is plausible that AID expression is 

down-stream of Th cell activation (as in the step before the germinal centre reaction). In the 

gene expression analysis (as presented in paper 1) we found that AID was not found in resting 

B cells, but found in CLL cells when activated by Th cells. This work is currently being 

followed up by Simone Bürgler in Zurich. Following this argument, it is not unlikely that the 

gradual mutagenesis seen with the drug was secondary to 1) AID activation in malignant B 

cells by Th cells, 2) disinhibition of the AID expression by idealisib. 

 

The immune (T cell) deficiency model 
 

Several groups have described T cells in CLL as dysfunctional (Ayanlar-Batuman et 

al., 1986; Cantwell et al., 1997; Ramsay et al., 2008). The lab of Gribben has been central in 

describing exhausted CTLs in CLL patients that have evidence of recent activation, express 

markers such as PD-1 and CTLA4, and have deficiencies in cytotoxicity, but not cytokine 

release (Riches et al., 2013). In these studies, focus was put on CTL, but some findings of 

deficiency of Th cells was also found, including deficiency to engage in synapses (Ramsay et 

al., 2008), however in this study only CD3+ (or CD8+) cells and not bona fida Th cells were 

tested. It has not been clear how these findings relate to the age of patients and also to 

possible immunologic expenditure to counteract CMV. CMV-specific T cells can account for 

the increase of CTL seen in CLL patients (Khan et al., 2002; Mackus et al., 2003). 

Interestingly, it is described that CMV-specific CD8+ T cells function is not impaired in CLL 

patients, that these CTL have a normal ability to synapse with B cells and that the cells do not 

express exhaustion markers (Mackus et al., 2003; te Raa et al., 2014). This result challenges 

the finding of Riches (Riches et al., 2013) and it is unclear how these results relate to putative 

CLL-specific CTL cells.  

The adoptive transfer of autologous T cells engineered to express a chimeric antigen 

receptor (CAR) targeting CD19 is giving promising results in acute lymphoblastic leukaemia 
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with complete remission rates ranging from 70-90% at 1-2 months after infusion and some 

sustained remissions in some patients, reviewed in (Singh et al., 2016). However, the overall 

response rate in CLL is lower, ranging from 35-57% (Porter et al., 2015), and it has been 

suggested that this is because of qualitative T cell defects, but aging of T cell populations 

could also be the cause (Kipps et al., 2017). Only recently, by analysing fine-needle 

aspirations from CLL lymph nodes from 11 patients, a distinct phenotype in LN derived CLL 

cells was observed, with upregulation of HLA-DR, CD69, CD80, CD86 and CD38 which 

correlated with our findings in paper 1. Moreover, LN-CLL cells made better synapses with 

Th cells than the CLL cells in the blood, suggesting that T cells were not impaired in function 

in the pseudofollicles (Pasikowska et al., 2016). These findings support the idea that Th cells 

can play a role in promoting CLL proliferation as we have described. 

 The microenvironmental support of CLL also includes intercelullar communication by 

shedding of extracellular vesicles (EVs) from CLL cells. EVs are 30 to 1000 nm nanoparticles 

that are derived from plasma membrane or endosomal origin named microvesicles or 

exosomes, respectively. They can contain RNA, proteins, microRNA(miR) and lipids among 

other things, and can be used to modulate the microenvironment (Haderk et al., 2013; Raposo 

and Stoorvogel, 2013). In line with this, CLL-derived exosomes could modulate the 

surrounding stromal cells towards a pro-survival environment (Paggetti et al., 2015), EVs 

containing miR-363 shedded from CLL cells were internalized by autologous Th cells and 

this promoted the cross-talk between CLL and Th cells, enhancing migration and signaling 

(Smallwood et al., 2016). Also increased serum levels of miR-155 containing EVs has been 

found in CLL patients and in some other hematologic malignancies (Caivano et al., 2017).   

The (autoimmune) inflammatory signature of CLL 	  
 

It was clear early that CLL patients had increased incidence of autoimmune 

manifestations (Caligaris-Cappio, 1996) as well as aberrant responses that resembled delayed 

type hypersensitivity reactions, suggestive of aberrant cytokine secretion/responses.  

IFNγ levels have been found to be increased in serum of CLL patients, and this 

conferred resistance to apoptosis in vitro (Buschle et al., 1993b).  Both IFNγ and TNFα are 

Th1 type cytokines with pro-inflammatory characteristics.  In paper 2, we found a link 

between a new mechanism and this pro-inflammatory microenvironment described for CLL, 

where IFNγ increased CD38 expression on CLL cells in a T-bet dependent manner. We 

suggested that targeting this IFNγ/IFNγR/JAK/STAT/T-bet/CD38 axis could play a role in 
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therapy. Recently, 41 CLL patients (25 previously untreated) were enrolled in a clinical trial 

of ruxolitinib, a JAK 2 inhibitor. Ruxolitinib significantly reduced disease-related symptoms 

such as fatigue which could be related to pro-inflammatory cytokines and chemokines. In 

fact, they observed reduction in IL-6, CCL4 and CXCL10, as well as an initial rise and later 

fall of absolute lymphocyte counts, suggestive of lymphocyte redistribution (Jain et al., 

2017a). Going back to our paper 2, we showed that CLL cells expressed CCL3, CCL4, CCL5 

and CXCL10, and CLL-specific Th cells had ligands for them (CCR5 and CXCR3). Then, 

one could think that ruxolitinib could reduce migration of Th cells towards CLL cells and 

disturb the ongoing T-B collaboration in patients’ lymph nodes. However this trial had some 

limitations as it was designed to assess symptoms and no patients with high CLL burden were 

included, therefore more evidence is needed.   

Daratumumab, an anti-CD38 monoclonal antibody tested in multiple myeloma with 

promising effects and safe profile (Lokhorst et al., 2015), has also been tried in vitro and in 

vivo with samples from CLL patients. Anti-CD38 had an effect in vivo by hampering the 

homing of CLL cells into spleen of NSG mice, as well as reducing the attachment of CLL 

cells to VCAM1 (Matas-Cespedes et al., 2017).  

Around 10-20% of CLL patients develop an autoimmune haemolytic anaemia and 1-

2% an autoimmune thrombocytopenia. The group of Barker demonstrated that patients with 

warm-AIHA harbour activated Th cells that are specific for a peptide derived from the Rh 

system on red blood cells (Barker et al., 1997). A decade later, they questioned if a role for 

CLL cells presenting autoantigen in warm-AIHA in CLL patients was possible. In fact, they 

showed that CLL cells could act as APC, activate Th cells and drive autoimmunity (Hall et 

al., 2005). 

 

Main hypothesis from the thesis 

 
It is likely that the development, maintenance and expansion of malignant B cells are a 

multistep process that not only involves genes and pathways like the BCR, but also the 

microenvironment where Th cells are probably central. The role for Th cells would be to 

bridge the years between emergence of an autoreactive B cell and a decade later the frank 

malignancy. As malignant B cells all die ex vivo, are bereft of autonomous growth, it is also 

likely that Th cells play a role in maintenance and gradual expansion. However, the picture is 

likely to be rather complex, including CTL, macrophages, Tregs, cytokines with pleiotropic 
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effects, tolerance mechanisms, immune check point effects and issues with clonal sizes (of Th 

cells related to B cells). 

 

In summary, our work suggests that Th cells have supported the survival of malignant 

B cell precursors in chronic low grade immune responses towards an antigen presented by the 

autoreactive B cells. When analysed, patients had clear Th cell responses towards such 

antigens (paper 1). Current work (Wang et al., 2017) (paper outside the thesis focus, where I 

am co-author) has extended these findings to multiple myeloma. This hypothesis was first 

suggested in experiments that demonstrated that Id-specific Th cells could support the 

generation of malignant B cells after chronic T cell – B cell collaboration between Id specific 

Th cells and Id+ B cells (Zangani et al., 2007). Unpublished work has demonstrated that these 

B cell lymphomas expressed autoreactive BCR.  

 

Then we propose the following (see later figure 11): 

 

1) B cells with specificities directed to ubiquitous antigens like a) infectious agents, e.g. 

HCV, β-(1-6) glucan derived from yeasts,  or b) to an autoantigen (e.g. IgFc), or c) oxidized 

antigens of low affinity, or d) in an antigen-independent cell-autonomous fashion where an 

internal FR2 BCR epitope is recognized by the HCDR3 from the same BCR or the 

neighbouring BCR molecule (Binder et al., 2013; Chiorazzi and Efremov, 2013; Duhren-von 

Minden et al., 2012; Hoogeboom et al., 2013) are chronically triggered, but require Th cell 

help for growth. If lacking Th cell help, the B cells will die. 

 

2) If the B cells acquire Th cell help from Th cells specific for endogenous protein (e.g. 

idiotype, telomerase, other autoantigen, HCV, EBV, alloantigen), a chronic Th cell –B cell 

collaboration will ensue. Cytokines such as IL-2, IFNγ, APRIL, BAFF will provide cofactors 

for B cell activation.  

 

3) Chronic Th cell activation of B cells may allow oncogenic mutations and malignant 

transformation, but not necessarily in all the cases.  
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Figure 11: Illustration showing our main hypothesis where chronic Th cell -B cell 

collaboration leads to lymphoma transformation.  

 

 
 

CLL and EBV	  
 

It is estimated that viruses are involved in the pathogenesis of around 15-20% of 

cancers (McLaughlin-Drubin and Munger, 2008), either in mechanisms related to early 

initiation or in progression. Oncogenic viruses target cellular regulatory nodes that control 

proliferation, apoptosis, genome stability, and are able to become invisible by the hosts 

immunosurveillance. Most of the individuals infected by such human oncogenic virus will not 

develop cancer, and among those getting cancer many years may pass between the infection 

and cancer development. Host-factors like immunosuppression or chronic inflammation may 

play an additional role (McLaughlin-Drubin and Munger, 2008). EBV is one of the six 

oncogenic viruses where more evidence has been collected. 

There is a so called ”Hit-and-run” mechanism of carcinogenesis, that suggests that the 

virus might be essential in the initiation of tumour growth (genomic instability that leads to 

mutations), but when tumour cells acquire autonomous growth virus material will be lost and 

therefore not found at later stages (Javier and Butel, 2008). Weather this applies for the role of 

EBV in CLL progression or transformation, more evidence is needed. 

The infusion of autologous EBV-specific T cells into patients with post-transplant 

lymphoproliferative diseases (PTLDs) has provided a proof of principle for immunotherapy. 

Those T-cell lines are repeatedly expanded in vitro with autologous LCL and are constituted 
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by a mixture of CD8+ and CD4+ T cells. Since the effect of the CD4+ Th cell subset is poorly 

defined, Linnerbauer et al, used a SCID mouse model for PTLD to test clones of CD4+Th 

cells stimulated with different viral antigens. To their surprise some of the clones promoted 

tumour progression but little is said in the article, since they emphasized the killing effect of 

the other clones (Linnerbauer et al., 2014). Such results could suggest that some EBV-specific 

Th cells could in fact promote tumour development instead of killing infected cells. 

Much is known about the ability of CD8+ T cells to combat EBV infection. EBV 

specific Th cells that lyse LCL cells in vitro have also been reported by several groups (Fu 

and Cannon, 2000; Misko et al., 1991). But EBV+ specific Th cells from the same donor 

could either act as CTL and lyse LCL or secrete Th1 or Th2 cytokines and give bystander 

help for lymphomagenesis via CD40L/CD40 (Fu and Cannon, 2000). Early in the 1990s, 

evidence of Th cell help in lymphomagenesis in SCID mice was reported. The transfer alone 

of potentially oncogenic human B cells latently infected with EBV (from serologically EBV+ 

donors) into SCID mouse was not sufficient for tumour development. In contrast co-transfer 

with both Th or CD8+ T cells showed tumour development, and the co-injection of Th cells 

was more efficient. This finding suggested that chronic activation of Th cells could play a role 

in the pathogenesis of EBV related lymphomas when the host is immunodeficient (Veronese 

et al., 1992). Similar results were described by Coles (Coles et al., 1994). Another line of 

evidence that suggests a supportive role of Th cells is a study with LMP1 deficient EBV in a 

mouse model where Th cells could substitute for LMP1 by supplying signals in a 

CD40L/CD40 dependent manner. It is therefore suggested that LMP1 could be redundant 

when specific Th cells are present (Ma et al., 2015). 

To summarize, it could be argued that the EBV virus gives a lesson of what it takes to 

transform a B cell. First, the B cells need to be mitotically active (and any process that 

supports this cell division could help transformation, Th cells that collaborate with B cells in 

immune reactions are good examples). Second B cells require both signal 1 (BCR) and also 

signal 2 (CD40) and receive these in a chronic manner via LMP1 and LMP2. Next, B cells 

require some level of immune escape, viral IL-10 (with immune dampening effects) is an 

example. 
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There is increasing interest in the chronic lympho-
cytic leukemia (CLL) microenvironment and the
mechanisms that may promote CLL cell survival
and proliferation. A role for T helper (Th) cells has
been suggested, but current evidence is only circum-
stantial. Herewe show that CLL patients hadmemory
Th cells that were specific for endogenous CLL
antigens. These Th cells activated autologous CLL
cell proliferation in vitro and in human / mouse
xenograft experiments. Moreover, CLL cells were
efficient antigen-presenting cells that could endo-
cytose and process complex proteins through anti-
gen uptake pathways, including the B cell receptor.
Activation of CLL cells by Th cells was contact and
CD40L dependent. The results suggest that CLL is
driven by ongoing immune responses related to Th
cell–CLL cell interaction. We propose that Th cells
support malignant B cells and that they could be
targeted in the treatment of CLL.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is a lymphoid malignancy
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characterized by the accumulation of mature clonal CD5 B cells

derived from proliferation within localized pseudofollicles in the

bone marrow and secondary lymphoid organs (Burger et al.,

2009). Studies show that the stromal microenvironment can

play a role in supporting CLL cell survival via antiapoptotic ef-

fects. CLL cells are thought to interact with the endothelia,

stroma, and monocyte-derived nurse-like cells in a process

involving cytokines as well as chemokines (Burger et al., 2009).

However, it remains to be demonstrated which specific cellular

andmolecularmechanisms support the proliferation ofCLL cells.

The B cell receptor (BCR) of B cells delivers a low-level, tonic

signal in the absence of antigen. CLL cells may express poly-

566 Cell Reports 4, 566–577, August 15, 2013 ª2013 The Authors
t al., 2011; Dühren-von Minden et al., 2012). Moreover, a sub-

roup of patients with mutated immunoglobulin H (IgH) chain (of

he VH7-3 family) have CLL cells with specificity for b-(1,6)-

lucan cell wall constituents of commensal yeast and filamen-

ous fungi (Hoogeboom et al., 2013). CLL cells have an aberrant

henotype that includes IgM downregulation, reduced respon-

iveness to BCR ligands, reduced expression levels of CD21,

bove-baseline intracellular Ca2+, and activation of BCR

athway kinases, as well as negative feedback regulation,

ncluding SHP-1 activation (Caligaris-Cappio, 1996; Dühren-

on Minden et al., 2012; Tibaldi et al., 2011). In fact, CLL cells

ave been likened to anergic autoreactive B cells (Caligaris-

appio, 1996) that are somehow aberrantly rescued by the

umor microenvironment (Muzio et al., 2008; Stevenson et al.,

011).

The anergic B cell subset shares these BCR-dependent

eatures, including high intracellular Ca2+ as well as ERK-phos-

horylation and feedback regulation (Goodnow et al., 1988;

arkoni et al., 2010). Importantly, it was shown that anergic B

ells could be rescued from apoptosis by T helper (Th) cells,

llowing normal Th cell–B cell collaboration and autoantibody

roduction (Fulcher et al., 1996). These results raise the question

s to whether Th cells could play a similar role in CLL.

T cells, mostly of the CD4+ Th cell type but also of the

D8+ cytotoxic T lymphocyte (CTL) type, are known to infiltrate

seudofollicles of CLL (Pizzolo et al., 1983). We previously

howed in a mouse model that Th cells specific for a B cell

ymphoma marker, BCR V regions (idiotype [Id]), can chronically

ctivate B cells, resulting in the development andmaintenance of

cell lymphomas (Zangani et al., 2007). These findings

uggested that Th cells might play a supportive role in B cell

alignancies in humans.

Here, we hypothesize that proliferation of CLL cells in patients

ay be driven by cognate interactions with Th cells, duringwhich

LL cells present antigen to antigen-specific Th cells. Such an

ntigen could be derived from an extracellular source, or it could

e produced by the CLL cell itself (endogenous Ag).
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To examine this hypothesis, we must resolve three central on the CLL cells, such as CD16 or inappropriate light chains (Fig-
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questions: (1) Are CLL cells in the resting state able to endo-

cytose, process, and present antigen efficiently to Th cells? (2)

If so, can stimulated Th cells reciprocate and support the acti-

vation and proliferation of CLL cells? (3) If the answer to the first

two questions is yes, what antigen is involved in such a cognate

interaction?

Before turning to Th cells from CLL patients, we first investi-

gated the antigen-presenting cell (APC) function of resting CLL

cells by targeting antigen to various antigen uptake pathways.

Utilizing an antigen-specific Th cell clone (not related to CLL),

we demonstrated that resting CLL cells were able to efficiently

endocytose, process, and present complex protein antigens

on major histocompatibility complex (MHC) class II. This model

system allowed quantitative and well-controlled analysis of

cognate Th cell–CLL cell interactions. Reciprocally, the CLL cells

were receptive to help from this antigen-specific Th cell clone. In

the second part of the study, we extended these experiments to

Th cells from individual CLL patients. We generated Th cell lines

for each patient by stimulating Th cells with the patients’ own

CLL cells. We found that such patient Th cells had specificity

for endogenous CLL cell antigen, including epitopes within the

BCR. These autologous Th cells supported CLL cell activation

and proliferation in vitro as well as in vivo in the bone marrow

niche of Nod Scid gamma (NSG) mice.

RESULTS

CLL Cells Can Endocytose Complex Antigen and Are
Efficient APCs for Specific CD4+ Th Cells
If Th cell–CLL cell interactions play a role in expanding CLL cells

in patients, resting CLL cells must have the ability to efficiently

activate Th cells. Before investigating CLL cell interactions with

autologous Th cells (see below), we first studied the antigen-

presentation capacity of CLL cells by utilizing a human Th cell

clone that is specific for a nonamer peptide derived from the

constant region of mouse kappa (Ms Ck) light chains presented

on histocompatibility leukocyte antigen (HLA)-DRB1*0401

(Schjetne et al., 2002). This Th cell clone is not related to CLL,

but it allowed functional studies of the antigen presentation of

CLL cells and antigen-dependent cognate interaction with Th

cells. In this model system, DR0401+ CLL cells (8/28 patients;

Table S1) endocytosed antigen (Ms Ck+IgG) via Ms Ck+IgG tar-

geted to cell-surface receptors in the endocytic pathway (see

Figure 1A for the experimental strategy). As for relevant targets,

we found that CLL cells expressed endocytic receptors such as

Fc receptors (CD32 and CD23) and BCRs, although the number

of BCRs present was less than 10% of that found on normal B

cells (Figures 1 and S1).

With a 90% reduction in BCR on CLL cells (Figure 1B), the

utility of the BCR for internalization of antigen may be ques-

tioned. In fact, delivery of antigen to the BCR of CLL cells

resulted in a surprisingly potent stimulation of Th cells: with

one exception (CLL110, of the eight CLL tested), APC function

was comparable to that of normal B cells (Figure 1B). CLL cells

were also efficient in uptake, processing, and presentation

when Ms Ck+IgG antigen was targeted to conventional antigen

uptake pathways (CD32 and CD23), but not to markers absent
res 1C and S1). CLL cells lacking the DR0401 restriction

lement (CLL105, CLL112, CLL113, CLL114, CLL117, CLL124,

nd CLL109) were incapable of stimulating Th cells (Figures 1C

nd S1). Pretreatment of CLL cells with demethylated CpG

NA, which increases the surface levels of costimulatory and

LA class II molecules on CLL cells (Decker et al., 2000), did

ot significantly improve APC function (Figure S1). This demon-

trated a pre-existing APC efficiency of resting CLL cells. The

PC function of purified CLL cells was equivalent to that of

npurified CLL cells from peripheral blood mononuclear cells

PBMCs), as CLL cells accounted for >98% of the MHC class

I+ cells in the PBMCs (Figure S1). The Th cell stimulation

btained with targeted antigen was similar or superior to that

nduced by the Th cell mitogen phytohemagglutinin (data not

hown). In summary, CLL cells were found to have an intact abil-

ty to endocytose, process, and present antigen to CD4+ Th cells,

omparable to that of normal B cells.

ntigen-Specific Th Cells Induce CLL Cell Activation
ecause the CLL cells were efficient antigen-dependent acti-

ators of Th cells, we turned our attention to the reciprocal acti-

ation and analyzed whether CLL cells could be stimulated by

ntigen-activated Th cells (see Figure 2A for the experimental

trategy). DR0401+ CLL cells responded significantly in a Th

ell- and antigen-dependent manner by becoming activated

lasts, upregulating activation markers (CD69 and CD38),

LA-DR and costimulatory receptors (CD86), adhesion mole-

ules (CD54), receptors for Th cell help (CD40), and receptors

or Th cell cytokines (CD25), Figures 2B–2D and S2. CLL cells

id not lose HLA-DR expression and resembled plasma blasts

Figure 2D). CD27 and CD275 (ICOS-ligand) levels were

educed, consistent with activation-induced shedding. Target-

ng antigen to the BCR yielded CLL cell responses similar to

hose obtained with delivery via CD32 (Figures 2D and S2).

LL cells lacking DR0401 did not activate T18 in the presence

f antigen and therefore received no help from T18 cells. Thus,

LL cells from four DR0401-negative patients did not show in-

uction of the activation markers shown in Figures 2D and S2.

ntigen-Driven Th Cell–CLL Collaboration Can Support
ecretion of CLL-Derived Monoclonal Ig
ome CLL patients have low levels of CLL-derived monoclonal

g in the serum. CLL cells that collaborated with Th cells in an

ntigen- and Th cell-dependent manner increased both surface

nd intracellular levels of Ig (Figure 2E). Moreover, T cell-acti-

ated CLL cells secreted IgM, detected as IgM with the appro-

riate L chain (either k or l). We found very little IgM with the

nappropriate L chain, demonstrating a negligible contribution

f normal B cells (Figure 2F). The levels of secretion varied mark-

dly between the CLL cells (20- to 40-fold), indicating an intrinsic

ariation in the ability of CLL cells to secrete Ig.

h Cells Induce CLL Cell Proliferation in an Antigen- and
ontact-Dependent Manner

n addition to the activation described above, CLL cells prolifer-

ted when they collaborated with Th cells in an antigen- and cell-

ontact-dependent manner, a response that could be inhibited

ell Reports 4, 566–577, August 15, 2013 ª2013 The Authors 567



by anti-CD40L (Figures 3 and S3). Blastoid CLL cells underwent

DNA replication (bromodeoxyuridine [BrdU] incorporation) in

response to Th cells and antigen (Figure 3A). However, in about

ated alloreactive T cell lines from patients and healthy vol-

unteers. Both patient and control polyclonal alloreactive T cells

supported activation and proliferation of CLL cells in a manner

s

T

c

t

e

i

t

a

A
C
T

C

Figure 1. Analysis of the Efficiency of CLL Cells to Endocytose, Process, and Present Antigen to Th Cells

(A) CLL cells were tested for their ability to internalize, process, and present complex protein antigen in the form of mouse anti-human mAbs. Mouse antibodies

expressing k L chains all harbor a peptide determinant in the Ck of the L chain. After processing, this Ck peptide can be presented on HLA DRb*0401 and

recognized by the Ck-peptide/DR0401-specific T18 Th cell clone. Left: Testing mouse anti-human k (Ms k+IgG anti-Hu) versus mouse anti-human l (Ms k+IgG

anti-Hu l), corresponding to experiments in B). Right: Testing mouse anti-human CD32 (Ms k+IgG anti-Hu CD32), corresponding to experiments in C).

(B and C) Proliferation of MsCk/DR0401-specific T18 cells (3HTdR incorporation) in response to presentation of Ms k+Ig by DR0401+-CLL cells.

(B) Top: numbers of BCRs (detected by L-chain stain) on normal B cells compared with CLL cells. Bottom: CLL cells present antigen endocytosed via BCRs (Ms

k+IgG anti-Hu k or Ms k+IgG anti-Hu l) with efficiency comparable to that of normal B cells. The L chain isotype (k or l) expressed on patient CLL cells is indicated

by the black symbol (boxed symbols in legend table); nonexpressed L chain isotypes are gray. Controls (CLL alone, Th cells alone, Th cells alone with antigens,

and CLL cells with Th cells but no antigen) are indicated by overlapping open circles.

(C) Top: numbers of CD32molecules on normal B cells versus CLL cells. Bottom left: Th cell proliferation in response to antigen (Ms k+IgG anti-Hu CD32) targeted

to CD32 on DR0401+ CLL cells compared with control (CLL109, DR0401�). Bottom right: Th cell proliferation in response to antigen (Ms k+IgG anti-Hu CD32)

delivered via CD32 on DR0401+ CLL cells (open symbols) and normal DR0401+ B cells (filled symbols). Error bars: SD.

See also Figure S1 and Table S1.
half of the patients, in spite of activation and blastogenesis, the

proliferation was minor. In these patients, CLL cells only prolifer-

ated in a Th cell- and antigen-dependentmanner when theywere

provided with exogenous interleukin-2 (IL-2), TLR9 ligands

(CpG2006), or both (Figure S3). Such in vitro cofactor-dependent

CLL cells nevertheless proliferated in response to help in vivo

(see below).

Polyclonal Patient Th Cells Can Induce the Activation
and Proliferation of CLL Cells
The CLL responses described above were obtained with a single

Th cell clone. To test whether such CLL cell responses were a

general feature of interactions with activated Th cells, we gener-

568 Cell Reports 4, 566–577, August 15, 2013 ª2013 The Authors
imilar to that described above (Figure S4). In these allo-driven

cell–CLL cell collaboration assays, we also included CLL

ells from six DR0401� patients in the analysis, and found that

hese CLL cells were activated similarly to CLL cells from the

ight DR0401+ patients tested as described above. These exper-

ments demonstrated that Th cells from patients were not func-

ionally impaired and could support antigen-dependent CLL

ctivation.

utologous CLL-Specific Th Cell Lines Can Support CLL
ell Activation
he above results suggested that immune responses involving

LL cells, Th cells, and either exogenous antigens or



endogenous CLL antigens could support CLL cell growth in
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Figure 2. Analysis of CLL Cell Activation and Antigen-Driven CLL

Cell–Th Cell Collaboration

(A–F) Analysis of the outcome of the antigen-dependent Th cell activation of

CLL cells. Assays as shown in Figure 1 were performed on CLL cells with the

appropriate HLA-DR0401. CLL cells were analyzed for expression of surface

markers (B–D) or cell size and production of monoclonal IgM (E and F).

(B–F) PBMCs from patients were incubated in the presence or absence of T18

and antigen (Ms k+IgG anti-HuCD32 or Ms k+IgG anti-BCR [a mixture of both

Ms k+IgG anti-Hu k and Ms k+IgG anti-l]) for 96 hr.

(B) Contour plot of DR0401+ CLL106 CLL cells (CD5+19+ gate) showing CD86

versus CD54 surface expression in the presence or absence of T18 and

antigen.
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seudofollicles. We therefore turned our attention to the Th cells

n patients (see Figure 4A for the experimental strategy). In fact,

roliferating Th cells could be observed directly in unfractionated

BMCs, but not in the absence of CLL cells (Figures 4B and 4C).

hese Th cells were derived from CD45RO+ (memory) Th cells

Figure 4C). The results demonstrated that patients had a subset

f Th cells that were stimulated directly by the patients’ own CLL

ells. Th cells were restimulated every 10 days by autologous

LL cells to generate CLL-specific Th cell lines (Figures 4A

nd 4D). After three 10-day stimulation cycles, the CLL-specific

h cell lines proliferated in response to either autologous CLL

ells or autologous CLL cell lysate presented by APCs from

LA class II matched donors (Figures 4A, 4E, and 4F). Moreover,

uchCLL-specific Th cells stimulated HLA class II-restrictedCLL

ell activation and proliferation in a manner equivalent to that

escribed above, including dependency upon the CD40/

D154 pathway (Figure 4G). Further, the CLL-specific Th cells

timulated the activation of CLL cells at a level comparable to

hat seen with the T18 Th cell clone or allo-specific Th cells.

LL cells upregulated the activation markers BCR, CD54,

D25, CD40, CD38, and HLA-DR, but not CD138 (Figures 4H,

I, S3, and S4). Finally, we tested Th cells for responses toward

pitopes within the CLLBCR. HLA-matched donor cells present-

ng monoclonal antibody (mAb) derived from CLL hybridomas

ctivated autologous Th cells, demonstrating a significantly

ncreased Th cell specificity for this endogenous CLL antigen

Figure 4J). We therefore conclude that effector Th cells specific

or endogenous CLL antigens can exist in CLL patients and that

hey can support CLL cell growth and differentiation.

utologous CLL-Specific Th Cell Lines Can Support CLL
ell Activation and Proliferation In Vivo
t was previously described that autologous Th cells can support

LL cells in NSG mice, presumably through activation of

xpanding xenoreactive Th cells with accompanying bystander

ctivation of CLL cells. In such mice, CLL cells do not expand

ithout Th cells (Bagnara et al., 2011). We conditioned mice

ith busulfan (see Experimental Procedures) before injecting

1) patient PBMCs or (2) PBMCs and CLL-specific Th cells (Fig-

re 5A). In the latter group, the proliferation of both CLL cells and

h cells was dramatically and significantly increased in the bone

C) Gated CD5+19+ CLL103 cells (DR0401+) in histograms showing surface

xpression of CD25 and CD38 versus isotypic control (gray).

D) Surface markers on CLL cells of DR0401+ patients stimulated as listed on
he y axis. +BCR or +CD32 indicates that Ms k+IgG antigen was delivered to

he BCR or CD32. Staining intensity relative to background is shown on the

axis (see Experimental Procedures). Note that in one graph, the mean for-

ard scatter (FSC*) is plotted. See also Figure S2 for examples of the flow-

ytometry plots used for data generation.

E) IgM staining of permeabilized cells (extracellular + intracellular IgM

xpression) versus FSC in DR0401+ CLL106 cells cocultured with T18 in the

resence or absence of antigen (Ms k+anti-HuCD32).

F) Secretion of IgM by activated CLL cells. Purified CD5+ CLL cells were

reincubated with antigen (see Experimental Procedures) and mixed with T18

ells as indicated. Secreted IgMl and IgMk were measured by ELISA. The L

hain expression (k/l) of the various CLL cells is indicated in parentheses. n =

; error bars: SD is shown.

ee also Table S1.
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marrow, demonstrating that autologous pairs of CLL cells and

CLL-specific Th cells could support the proliferation of each

Figure 3. Analysis of Reciprocal Th Cell

Stimulation of CLL Cells

(A and B) Activation of CLL cells in response to

collaboration with antigen-specific T18 cells.

(A) IgM (intra- and extracellular expression) versus

BrdU staining on CD5+CD19+ gated CLL106 cells

from Transwells (see Experimental Procedures) as

indicated in the presence or absence of antigen

(Ms k+IgG anti-Hu l or Ms k+IgG anti-CD32).

(B) Ms k+IgG anti-CD32 Ag/Th-cell-dependent

CLL cell activation in the presence of anti-CD40L

or isotype. Expression of CD38 versus CD69 is

shown.

See also Figure S3 and Table S1.
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other in this niche (Figures 5B and 5C). It is notable that CLL cells

from the patient shown in Figure 5 belonged to the group of

patients whose Th cells supported the activation and blastogen-

esis of CLL cells, but CLL cells required cofactors for marked

proliferation in vitro (Figure S3). Because cofactors were not pro-

vided in these in vivo experiments, the results suggest that stro-

mal factors help support the T cell–CLL cell expansion in vivo.

Autologous CLL-Specific Th Cell Lines Have a Th1-Like
Phenotype
Activated autologous Th cells secreted interferon g (IFN-g; Fig-

ure 6A; data not shown) and had surface markers indicating a

Th1-like phenotype. The Th cells expressed the IFN-g-associ-

ated transcription factor T-Bet and were CXCR3+, CCR5�/+,
CCR6�, CRTh2 (CD294)�, CXCR5�, ICOS�, IL-21�, PD-

1(CD279)�/low, and Bcl-6� (data not shown). Reciprocally, we

confirmed that CLL cells express the T-Bet transcription factor

(Figure 6B), as described previously in analyses of CLL in pseu-

dofollicles (Dorfman et al., 2004).

CLL Cells that Collaborate with Antigen-Specific Th
Cells Undergo Marked Changes in Gene Expression
To further study the CLL cell–Th cell collaboration and CLL cell

activation, we utilized a well-defined model system and T18

cell clone. The gene expression profiles of purified CLL cells

from T-B collaboration assays (antigen: Ms Ck+IgG anti-l/k)

were analyzed (Figure 7). The CLL cells had undergone signifi-

570 Cell Reports 4, 566–577, August 15, 2013 ª2013 The Authors
nes (730 upregulated and 874 downre-

lated; Figure 7), including significant

regulation of mitosis-related genes

ble S2). Gene set enrichment analysis

SEA; http://www.broadinstitute.org/

ea/) indicated significant similarity to

ncer-related GSEA modules, including

ne sets that are expressed in large

ll lymphomas but are repressed in

L cells (Table S3). Similar results were

tained using the Global Cancer Map

ol (Broad Institute) and Oncomine anal-

is tool (Figure 7E; Table S4). Further,

ve regulation of apoptosis were signifi-

reas apoptosis-inducing genes were

5 and S6). To reveal potential signaling
ownregulated (Tables S

athways responsible for the altered gene expression, we further

ested the upregulated genes for potential transcription factor

inding sites (Table S7) and found a significant association

ith transcription factors such as members of the NF-kB1

athway. The gene expression profiles of CLL cells within pseu-

ofollicles in lymph nodes were described in a recent study (Her-

shanu et al., 2011), and we found that 52 of the upregulated

enes described herein overlap with the 133 overexpressed

ymph node genes reported in that study (Herishanu et al.,

011; Table S8).

ISCUSSION

revious studies have reported a high frequency of Th cells in

LL pseudofollicles (Pizzolo et al., 1983; Ghia et al., 2002; Patten

t al., 2008). In this work, using a model system and a Th cell

lone not related to CLL, we found that CLL cells could efficiently

resent complex protein antigen to Th cells, provided that anti-

en was delivered to the conventional antigen uptake pathways,

ncluding the BCR as well as Fc receptors. Subsequent to anti-

en presentation by resting CLL cells, Th cells reciprocally

nduced CLL cell proliferation and differentiation, including upre-

ulation of costimulatory receptors and activation markers on

LL cells, blastogenesis, secretion of Ig, and altered gene

xpression profile, but not loss of HLA-DR expression. Turning

o patients and their Th cells, we found that the CLL patients

http://www.broadinstitute.org/gsea/
http://www.broadinstitute.org/gsea/


harbored Th cells that were stimulated by endogenous antigens uum of functional anergy as seen in mice studies (Zikherman
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presented by CLL cells, and that a fraction of such Th cells

were specific for CLL cell antibody. These CLL-specific Th cells

in CLL patients had a Th1-like phenotype and could support

significantly increased CLL proliferation in the bone marrow of

NSG mice. Taken together, the results suggest that CLL is a

disease driven by immune responses via a process in which Th

cells engage CLL cells in response to exogenous antigen (which

may be efficiently internalized by the BCR and other uptake

pathways), or Th cells respond to endogenous CLL cell antigen

presented on the CLL cells’ own HLA class II molecules, as

demonstrated here.

With regard to the mechanism for antigen-driven Th cell–CLL

cell collaboration, the central facets are similar to those of normal

Th cell–B cell collaboration, i.e., dependency upon (1) presenta-

tion of antigen on HLA class II, and (2) cell-cell contact, including

the CD40/CD40L pathway (Grewal and Flavell, 1998). Some

studies have described CLL cells as poor APCs in mixed leuko-

cyte reactions prior to any activation (Halper et al., 1979; Ran-

heim and Kipps, 1993), whereas others demonstrated efficient

antigen-dependent stimulation (Yasukawa et al., 1988; Hall

et al., 2005). Here, we found that CLL cells are equally efficient

as normal B cells in presenting antigen to memory Th cells. After

cognate Th cell activation by the CLL cells, Th cells helped CLL

cells in a contact- and CD40-dependent manner. As a result,

the CLL cells upregulated costimulatory and adhesion mole-

cules, as well as HLA-DR, that could augment antigen presenta-

tion. These findings extend previous studies that demonstrated

a noncognate, bystander activation of CLL cells in vitro and

in vivo (Tretter et al., 1998; Patten et al., 2005; Bagnara et al.,

2011).

Other aspects of the antigen-driven Th cell–CLL cell interac-

tion did not conform to the norm: (1) CLL cells became activated,

proliferating Ig-secreting blasts, but did not downregulate HLA/

costimulatory molecules or express the plasma cell marker

CD138. Interestingly, it has been shown that polyclonally acti-

vated Th cells induce blastogenesis but do not downregulate

the aberrantly expressed survival factor lymphocyte enhancer

binding factor 1 (LEF-1), in contrast to CpG/cytokine-stimulated

blasts that have reduced LEF-1, allowing apoptosis (Gutierrez

et al., 2011). (2) CLL cells did not require additional BCR signals

to undergo this activation, as antigen delivered to non-BCR

endocytosis receptors was sufficient (see discussion below).

(3) CLL cells could present endogenously derived antigen to Th

cells, and such Th cells were readily detectable in patients. In

line with the third point, it was previously shown that patients

may have Th cells specific for antigens such as Id, but the signif-

icance and function of such Th cells have not been determined

(Rezvany et al., 2000).

It has been speculated that CLL cells represent the malignant

counterparts of anergic B cells, a subset destined to apoptose

due to chronic BCR stimulation (Caligaris-Cappio, 1996; see

Introduction). Concerning the role of BCR ligation in experi-

ments such as those conducted here, a level of BCR signaling

may already be ongoing in CLL cells, indicating an ‘‘anergic

signaling phenotype’’ (Chiorazzi and Efremov, 2013; Stevenson

et al., 2011), although it has been suggested that this signaling

may be balanced by the tuning and establishment of a contin-
t al., 2012). In any case, additional ligation by fluid-phase

CR mAbs produced little change in gene expression. By

ontrast, after antigen-dependent activation by Th cells, the

LL cells dramatically changed gene expression and expressed

2 of 133 of the genes found to be upregulated in CLL cells

n lymph nodes of patients (Herishanu et al., 2011). In terms

f signaling, CD40 ligation rapidly activates the canonical

F-kB1 pathway through members of TNFR-associated factor

TRAF) family of cytoplasmic proteins, causing RelA-dependent

ene expression, in addition to slower noncanonical NF-kB2

ctivation (RelB) (Bishop et al., 2007). However, the BCR and

D40 share multiple components, such as the protein tyrosine

inases Syk, Lyn, Btk, and Akt, as well as the PI-3 kinase and

hospholipase Cg2 (Faris et al., 1994; Ren et al., 1994; Ying

t al., 2011; Bishop et al., 2007). Hence, in line with the above

iscussion about anergic B cells, we suggest that the BCR

athway (constitutively triggered) and CD40 pathway (CD40L

n Th cells) converge (Ying et al., 2011) to allow CLL cell

ctivation.

As regards Th cells, important previous findings have special

elevance to the current work. First, mitogenic stimulation of

LL cells has been described to have a Th cell component,

ecause the presence of T cells augments the activation of

LL cells (Robèrt, 1979). Second, allogeneic Th cell help was

ufficient for generation of blasts secreting IgM (Fu et al.,

979). Third, Th cells were found juxtaposed to activated prolif-

rating CLL blasts in pseudofollicles (Ghia et al., 2002; Patten

t al., 2008). Fourth, such Th cells expressed CD40L (CD154),

ndicating recent activation (Ghia et al., 2002) as well as a poten-

ial to stimulate CLL cells via CD40. The crucial outstanding

uestion is, why and how are such Th cells activated, and

hat antigen do they recognize? There are three distinct but

ot mutually exclusive possibilities: (1) Th cells could be specific

or antigens derived from a hitherto unrecognized pathogen, or

espond to yeast or fungal antigens internalized by anti-b-(1,6)-

lucan expressing CLL cells (Hoogeboom et al., 2013); (2) Th

ells could be specific for autoantigens presented by the CLL

ell (Hall et al., 2005); and (3) Th cells could be specific for secre-

ory pathway autoantigens (Weiss and Bogen, 1991; Rezvany

t al., 2000) that are endogenously expressed in the CLL. In

he current work, we find that Th cells are specific for proteins

n CLL lysates, and that some of the Th cells in such polyclonal

ines are specific for the CLL mAb.

We found that the autologous CLL-specific Th cells were

FN-g secreting Th1-like cells, as was previously reported (Gitel-

on et al., 2003). Moreover, similar results were very recently

ound in preliminary studies of Th cells from lymph nodes with

LL cell involvement (S.B., A.P.R., A.O., K.M.T., G.E.T., B.B.,

nd L.A.M., unpublished data). How does this finding compare

owhat is known about themicroenvironment in pseudofollicles?

irst, CLL cells secrete CCL3 and CCL4 chemokines that attract

h1 cells (Burger et al., 2009). Second, CLL patients have

ncreased IFN-g in sera, and IFN-g can inhibit the apoptosis of

LL cells (Buschle et al., 1993). Third, CLL cells are positive for

he IFN-g-associated transcription factor T-Bet (Dorfman et al.,

004), as also confirmed herein. Thus, the results suggest that

FN-g may play an important role in the survival of CLL cells.
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CLL-specific Th cells could be readily demonstrated in

patients and responded with proliferation and cytokine secre-

CD8+ T cells, patients have CTLs of low frequency that

respond to CLL idiotypic peptide (Trojan et al., 2000). Howev-
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Figure 5. Analysis of Th Cell Collaboration

with CLL Cells In Vivo

(A) Autologous CLL-specific Th cells were gener-

ated. PBMC CLL cells were injected into NSG

mice alone or together with autologous CLL-spe-

cific Th.

(B) Stimulation of CLL107 cells by TCL107 in the

bone marrow (BM) of NSG mice. k L chain

expression versus in vivo BrdU incorporation of

gated CD19+ CLL cells is shown (quadrants: mean

[SD]; n = 4, p < 0.0004). Right: A priori expression

of k L chains, and control (background) anti-BrdU

staining of CLL cells.

(C) Stimulation of TCL107 by CLL107 cells in the

BM of NSG mice. Proliferation (BrdU) versus cell

size (FSC) of gated CD4+ cells is shown. Left: mice

receiving TCL107; right: mice receiving only

PBMC, PBMC CD4+ Th cells are shown (quad-

rants: mean (SD); n = 4; BrdU+ cells, p < 0.0001).

See also Table S1.
tion to the presentation of endogenous CLL cell antigen. Pre-

viously, T cells have been thought to be functionally deficient

(Görgün et al., 2005). Even so, a relatively high-frequency Th

cell repertoire has been demonstrated against CLL cells or

defined endogenous antigen (Rezvany et al., 2000; Kokhaei

et al., 2007; Gitelson et al., 2003). Moreover, CLL cells have

been implicated in the stimulation of autoreactive Th cells in

CLL patients suffering from autoimmune hemolytic anemia,

suggesting that CLL cells play a role in breaking the tolerance

of Th cells in such patients (Hall et al., 2005). As concerns

Figure 4. Analysis of Interaction between Autologous CLL-Specific Th
(A) Outline of the experimental strategy. PBMCswere investigated for Th cells unde

cells were tested for response toward autologous CLL cells (C). Th cells were stim

tested for responsiveness toward CLL cells and HLA-matched donor APCs prese

autologous CLL cells (G–I). Th cells were tested for responsiveness toward CLL-d

(B) Carboxyfluorescein succinimidyl ester (CFSE)-labeled PBMCs frompatients CL

without supplements as indicated. Left: CD4 versus CFSE contour plot. Box an

CD4+CD19� cells. The percentage of CFSE-decayed cells (marker) is indicated.

(C) BrdU incorporation of sorted CD4+CD45RO+ CD45RA� T cells from the blood

(D) Establishment of CLL-specific Th cell lines (TCL). CD4+ Th cells were purified from

2 inmediumwith autologous serum as the protein supplement. After 10-day cycles,

(E and F) Responses of gated CD4+CD19� Th cells.

(E) Proliferation of TCL107 cells (Th cells alone [left] or in the presence of autologo

(F) TCL107 is specific for a CLL107 antigen. TCL107 was cultured with or without P

presence of lysate of freeze-thawed CLL107 cells as indicated.

(G–I) Responses of gated CD5+CD19+ CLL cells are shown.

(G) Stimulation of CLL107 by TCL107 is inhibited by HLA class II or CD40L (CD154)

CpG, IL-2, and TCL107 in the presence of anti-pan HLA class II or the appropriate is

Right: CLL107 cells were cultured in the presence of TCL107 and anti-CD40L or a

each of these two conditions. Gray, isotypic control for CD38 FACS staining.

(H) Stimulation of CLL113 CLL cells by autologous CLL113-specific TCL113 Th cel

cells versus CLL cells alone).

(I) Analysis of CLL105 CLL cell response (CD38 upregulation) to the autologous CLL

Experimental Procedures).

(J) Stimulation of TCL106 by HLA-matched donor APCs presenting purified IgM fro

the absence or presence of CLL106 mAb (as indicated). FSC versus BrdU incorpo

CLL106 mAb in six separate experiments. Error bars indicate SD.

See also Figure S4 and Table S1.

C

r, there is increasing evidence of exhaustion in an expanded

ubset of CTLs that may have been chronically stimulated by

LL cells directed toward an unknown antigen (Riches et al.,

013).

The current work extends previous results that suggested that

h cells may play a role in the pathogenesis and expansion of

LL cells (Ghia et al., 2002; Patten et al., 2005, 2008; Tretter

t al., 1998; Bagnara et al., 2011). Our findings that (1) CLL cells

re functionally normal APCs, (2) patients harbor a subset of

LL-specific Th cells, and (3) these Th cells support CLL cell

ells and CLL Cells
rgoing cell divisions ex vivo in the presence of CLL cells (B). Sortedmemory Th

ulated by CLL cells to make CLL-specific Th cell lines (D). Th cell lines were

nting CLL cell lysates (F). Th cell lines were tested for their ability to stimulate

erived IgM presented by HLA-matched donor APC (J).

L113 andCLL107were cultured for 5 and 7 days, respectively, inmedia with or

d arrows: CFSELow proliferating Th cells. Right: CFSE expression of gated

of patient CLL113 in response to autologous CLL cells (left) or alone (right).

patient PBMCs and stimulated by autologousCLL cells in the presence of IL-

the cells were counted and restimulated. Relative Th cell numbers are shown.

us CLL107 [right]).

BMCs from an HLA-DR, DQ, and DPmatched healthy donor in the absence or

mAb. Left: CD19+ CLL107 cells were purified and cultured in the presence of

otype control. FSC versus BrdU incorporation in CLL cells on day 4 is shown.

n appropriate isotype control. The CD38 expression of CLL cells is shown for

ls for 72 hr. Fold change of markers on gated CLL cells (Th-cell-activated CLL

105-specific Th cell line TCL105 in the presence of cytokines or CpG2006 (see

m CLL106 hybridoma (CLL106 mAb). TCL106 was cultured with donor APC in

ration is shown. Right bar graph: TCL106 responsiveness to presentation of

ell Reports 4, 566–577, August 15, 2013 ª2013 The Authors 573



activation and expansion suggest that Th cells are important

drivers in this disease. Further work is required to define the

Th Cell Proliferation Assays and Th Cell–CLL Cell Collaboration
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Figure 6. Analysis of IFN-gSecretion by AutologousCLL-Specific Th

Cells and T-Bet Expression in CLL Cells

(A) IFN-g secretion by activated autologous CLL-specific T cell lines (IFN-g

versus FSC).

(B) Expression of T-Bet in CLL cells (T-Bet [line] versus isotype [filled histo-

gram]).

See also Table S1.
fine specificity of the CLL-specific Th cell subset in patients

and to extend such analyses to the microenvironment of the

lymph node.

EXPERIMENTAL PROCEDURES
Patient Material and Normal Controls
Experiments (Oslo, Norway). NSGmice (The Jackson Laboratory) were condi-

t

P

4

M

C

b
+ �
Patients who had been diagnosed with CLL (see Table S1) were recruited at

the hematological outpatient clinic at Oslo University Hospital, Rikshospitalet,

Norway, after they provided informed consent. The regional ethics committee

approved the project.

Th Cell and CLL Cell Isolation

CD4+ Th cells were purified from patient or control PBMCs using the Dyna-

beads FlowComp Human CD4 kit (Dynal; Invitrogen) according to the product
manual. CLL cells were positively selected usingMACS beads (Miltenyi Biotec)
Experimental Procedures). The purity of CD19 CD4 cells for gene expression

p

c

R

m

S

O

t

by selection via rituximab (anti-CD20, devoid of Ms Ck-antigen), anti-CD19, or

anti-CD5 as indicated. In the antibody secretion assay (Figure 2F), CLL cells

were positively selected (and concomitantly loaded with antigen) with Ms

Ck+ biotinylated CD5+ mAb/streptavidin-MACS beads.

Culture of CD4+ Th Cells and Generation of Th Cell Lines

Autologous CLL-specific Th cells were stimulated by autologous irradiated

CLL cells in culture media supplemented by autologous serum, and thereafter
using pooled human serum from healthy donors. The Th cell lines and the T18

clone were stimulated in 10-day cycles by irradiated APCs, with provision of A

T

O

gov/geo/query/acc.cgi?acc=GSE48268).
20 U/ml recombinant human IL-2 (rhIL-2; Roche). Alloreactive CD4+ Th cell

lines were generated by stimulating purified CD4+ cells with 20 Gy irradiated

mixed allogenic PBMCs from more than five CLL patients (see Extended

Experimental Procedures for details).
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ssays

h cells (5 3 104/well) were tested for proliferation (3H-thymidine incorpora-

ion) in 96-well plates in response to irradiated CLL cells or PMBCs (2 3

05/well) and antigen as indicated. Alternatively, cocultured cells were tested

or BrdU incorporation (see Extended Experimental Procedures for details).

pG ODN2006 (1–2 mg/ml; Invivogen) and rhIL-2 (Roche) were included

some assays as indicated. Pathway inhibition was performed with HLA

R, DP, or DQ mAb (Tu39; Becton Dickinson), or CD154 mAb (24-31;

Bioscience).
ntigen was delivered to the processing pathway of CLL cells utilizing Ms Ck

Abs targeting the following: Hu l L chain (4C2), Hu k L chain (A8B5) (both L

hain mAbs with the same isotype [IgG1]), and IgM (1030) from Diatec; CD16

CB16) and CD23 (EBVCS2) from eBioscience; and CD32 (3D3) and CD81

VB070) from Becton Dickinson. In the assays shown in Figures 1A and 1B,

ells from normal DR0401+ donors N1 and N2 received a mixture of Ms
+IgG anti-Hu l and Ms k+IgG anti-Hu k to allow uptake and presentation by

oth l- and k-positive B cells. In the assays shown in Figure 2F, CD5+CLL cells

ere purified with MACS utilizing Ms k+anti-HuCD5 mAb. In these assays,

orted, antigen-loaded CLL cells (Ms k+anti-HuCD5 plus additional Ms
+anti-HuCD23) were incubated with T18 cells.

urface Antigen Quantification
escribed above and the bead-based Cellquant Calibrator kit (BioCytex)

ccording to the manufacturer’s guidelines.

luorescence-Activated Cell Sorting Analysis

luorochrome-labeled mAbs with the indicated specificities or isotype con-
ace expression and proliferation on the indicated days. See the Extended

xperimental Procedures for an extensive list of mAbs. In Figures 2 and 4,

he changes in staining intensity are shown as the ratio of signal with the

Ab specific for the marker compared with the isotype control (ratio =

FImarker/MFIisotype).

n Vivo Experiments

ice experiments were approved by the National Committee for Animal
ioned with busulfan (Busilvex; Pierre Fabre Pharma) and injected i.v. with

BMCs or PBMCs and CLL-specific Th cells. Mice were analyzed on day

2; see the Extended Experimental Procedures for details.

icroarray Experiments

LL cells with or without 2 mg/ml of mouse k+ k and l IgG antibodies were incu-

ated with T18 Th cells. On day 3, CLL cells were purified (see Extended
rofiling as assessed by flow cytometry was 93%–99%, median 98%. CD4+

ell contamination was low (0.00%–0.6%, median 0.05%). For details on

NA purification, data acquisition, and analysis see the Extended Experi-

ental Procedures.

tatistics

ne-way ANOVAwith the Bonferroni multiple-comparisons test and Student’s

test was performed as indicated.
CCESSION NUMBERS

he microarray data series has been deposited in the Gene Expression

mnibus under accession number GSE48268 (see http://www.ncbi.nlm.nih.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48268
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48268
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Figure 7. Analysis of Gene-Expression Profiles of CLL Cells Activated by T18 Cells and Antigen as Compared with Controls

(A–E) CLL cells were cultured with or without the T18 Th cell clone for 3 days in the presence or absence of Ms k+IgG anti-BCR.

(A) Unsupervised hierarchical clustering (hierarchical entity tree, Euclidean, centroid) of significantly changed gene expression after one-way ANOVA (Benjamini-

Hochberg, asymptotic p value computation, p < 0.05) comparing each of the two control groups (CLL + Th; CLL + anti-BCR) with the activated group (CLL + Th +

anti-BCR). The hierarchical entity tree presents 280 probe-defined entities that represented 244 unique Entrez gene Id and Hugo terms.

(B) Unsupervised hierarchical clustering (Euclidean, centroid) of significantly different gene expression after unpaired t test (Benjamini-Hochberg corrected,

asymptotic p value computation, p < 0.05) comparing controls with the test group, i.e., Th cell–CLL cell collaboration (CLL + Th + anti-BCR). The hierarchical entity

tree represents 1,956 probe-defined entities, 1,604 of which were unique Entrez gene Id and Hugo terms.

(C) Profile plot of data from (B) after unpaired t test (Benjamini-Hochberg, p < 0.05), including only genes with >2-fold change.

(D) Left: Profile plot as in (C), all entities, averaged data (controls versus CLL + Th + anti-BCR stimulated cells). Right: GO-termmitotic cell cycle from data as in (B)

(unpaired t test, Benjamini-Hochberg, p < 0.05).

(E) Comparison of upregulated genes in Th cell/antigen-activated CLL with expression in the Global Cancer Map (Broad Institute; 686 of 730 genes were

recognized by the application). Red, expressed; blue, repressed (gene expression profiles from the Global Cancer Map as published in Ramaswamy et al., 2001).

See also Tables S1, S2, S3, S4, S5, S6, S7, and S8.
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erishanu, Y., Pérez-Galán, P., Liu, D., Biancotto, A., Pittaluga, S., Vire, B.,

ibellini, F., Njuguna, N., Lee, E., Stennett, L., et al. (2011). The lymph node

icroenvironment promotes B-cell receptor signaling, NF-kappaB activation,

nd tumor proliferation in chronic lymphocytic leukemia. Blood 117, 563–574.

oogeboom, R., van Kessel, K.P., Hochstenbach, F., Wormhoudt, T.A., Rein-

en, R.J., Wagner, K., Kater, A.P., Guikema, J.E., Bende, R.J., and van Noesel,

.J. (2013). A mutated B cell chronic lymphocytic leukemia subset that recog-

izes and responds to fungi. J. Exp. Med. 210, 59–70.

okhaei, P., Palma, M., Hansson, L., Osterborg, A., Mellstedt, H., and Choud-

ury, A. (2007). Telomerase (hTERT 611-626) serves as a tumor antigen in

-cell chronic lymphocytic leukemia and generates spontaneously antileu-

emic, cytotoxic T cells. Exp. Hematol. 35, 297–304.

uzio, M., Apollonio, B., Scielzo, C., Frenquelli, M., Vandoni, I., Boussiotis, V.,

aligaris-Cappio, F., and Ghia, P. (2008). Constitutive activation of distinct

CR-signaling pathways in a subset of CLL patients: a molecular signature

f anergy. Blood 112, 188–195.

atten, P., Devereux, S., Buggins, A., Bonyhadi, M., Frohlich, M., and Beren-

on, R.J. (2005). Effect of CD3/CD28 bead-activated and expanded T cells on

ukemic B cells in chronic lymphocytic leukemia. J. Immunol. 174, 6562–

563, author reply 6563.

atten, P.E., Buggins, A.G., Richards, J., Wotherspoon, A., Salisbury, J., Mufti,

.J., Hamblin, T.J., and Devereux, S. (2008). CD38 expression in chronic lym-

hocytic leukemia is regulated by the tumor microenvironment. Blood 111,

173–5181.

izzolo, G., Chilosi, M., Ambrosetti, A., Semenzato, G., Fiore-Donati, L., and

erona, G. (1983). Immunohistologic study of bone marrow involvement in

-chronic lymphocytic leukemia. Blood 62, 1289–1296.

amaswamy, S., Tamayo, P., Rifkin, R., Mukherjee, S., Yeang, C.H., Angelo,

., Ladd, C., Reich, M., Latulippe, E., Mesirov, J.P., et al. (2001). Multiclass

ancer diagnosis using tumor gene expression signatures. Proc. Natl. Acad.

ci. USA 98, 15149–15154.

anheim, E.A., and Kipps, T.J. (1993). Activated T cells induce expression of

7/BB1 on normal or leukemic B cells through a CD40-dependent signal.

. Exp. Med. 177, 925–935.

en, C.L., Morio, T., Fu, S.M., and Geha, R.S. (1994). Signal transduction via

D40 involves activation of lyn kinase and phosphatidylinositol-3-kinase,

nd phosphorylation of phospholipase C gamma 2. J. Exp. Med. 179,

73–680.

http://david.abcc.ncifcrf.gov
http://www.flowjo.com
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48268
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48268
http://www.broadinstitute.org/gsea/
http://www.oncomine.com
http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum


Rezvany, M.R., Jeddi-Tehrani, M., Rabbani, H., Rudén, U., Hammarström, L., CD4(+) T cells overcomes hyporesponsiveness of B-cell chronic lymphocytic

l

T

v

p

m

W

c

Y

B

Y

p

l

Y

s

Z

T

d

M

Z

t

Osterborg, A., Wigzell, H., and Mellstedt, H. (2000). Autologous T lymphocytes

recognize the tumour-derived immunoglobulin VH-CDR3 region in patients

with B-cell chronic lymphocytic leukaemia. Br. J. Haematol. 111, 230–238.

Riches, J.C., Davies, J.K., McClanahan, F., Fatah, R., Iqbal, S., Agrawal, S.,

Ramsay, A.G., and Gribben, J.G. (2013). T cells from CLL patients exhibit fea-

tures of T-cell exhaustion but retain capacity for cytokine production. Blood

121, 1612–1621.
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EXTENDED EXPERIMENTAL PROCEDURES

Cell Culture
Cells were cultured in RPMI 1640 + Glutamax�-1 (GIBCO, Invitrogen) supplemented with endotoxin and mycoplasma tested 10%

heat inactivated fetal bovine serum (Biochrom AG Berlin, Germany), pooled human serum (from healthy individuals) or autologous

serum (in the case of generation of autologous Th cells specific for CLL cell presented endogenous antigen).

T Cell Culture, T Cell Proliferation Assays, and T Cell–CLL Cell Collaboration Assays
The T18 T helper cell clone (Schjetne et al., 2002) was restimulated by 20 Gy irradiated antigen presenting cells (PBMC) from healthy

HLA-DRB1*0401+ donors presenting mouse IgG (Sigma-Aldrich, St. Louis, MO, USA) as antigen. Alloreactive CD4+ Th cell lines from

healthy donors or patients were generated by stimulating purified CD4+ cells with 20 Gy irradiated mixed allogenic PBMC frommore

than 5 CLL patients. T cells (5x104/well) were tested for proliferation in 96 well plates in response to irradiated CLL cells or PMBC

(2x105/well) and antigen as indicated. 3H-Thymidine was provided on the last 24h of assays, plates were harvested and analyzed

on day 4 or 5 using the MicroBeta or TopCount NXT Scintillation Counters (PerkinElmer, Waltham, MA, USA). In CLL differentiation

assays, T cells and CLL cells were incubated as indicated inz1:3 ratio (0.5-2x106/ml; in 1, 2 or 5 ml wells). BrdU (BrdU stain kit, BD)

was added to cell cultures in the final 48h of assays. The Toll-like receptor 9 (TLR9) oligonucleotide-ligand CpGODN2006 (Invivogen,

San Diego, CA, USA. Sequence: 50-tcgtcgttttgtcgttttgtcgtt-30) was included in some assays as indicated at 1-2 mg/ml. Presentation

via HLA class II molecules was inhibited by an anti-HLA-DR, -DP, -DQ mAb (Tu39, BD).

Purification of CLL Cells
For assays involving the T18 T helper cell clone, B cells or CLL cell were positively selected with a protocol devoid of the T cell antigen

(mouse kappa light chain constant region, Ms Ck): Cells were stained with biotinylated Rituximab (anti-CD20, Ms CkNeg mAb. Roche,

Basel, Switzerland) and selected with streptavidin-MACS beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated cells were

> 98% CD5+19+CD14� CLL cells. In the antibody secretion assay (Figure 2F), CLL cells were positively selected (and concomitantly

loaded with antigen) with biotinylatedMs k+IgG anti-CD5mAb/ streptavidin-MACS beads. In other experiments not involving the T18

clone, CLL cells were isolated with anti-CD19MACS beads. For theMicroarray experiment, CLL cells were negatively selected using

anti-CD3 and anti-CD14 magnetic Dynabeads (Invitrogen, Carlsbad, CA) after interaction with T18 Th cells for 3 days. The purity of

CD19+CD4� cells as assessed by Flow cytometry was 93%–99%, median 98%. CD4+ cell contamination was low (0%–0.6%,

median 0.05%).

Flow-Cytometry Analysis of Surface Markers
The following fluorochrome-labeled (Fluoresceinisothiocyanate (FITC), Alexa488, Phycoerythrin (PE), Peridinin-chlorophyll proteins

(PerCP), Allophycocyanin (APC) or Alexa 647) antibodies were used for analysis of marker expression and proliferation on the

indicated days: AbD Serotec (Oxford, UK): CD38 (AT13/5), CD40 (LOB7/6). Beckman Coulter (Brea, CA, USA): CD19 (J3-119),

CD40 (MAB89). BD: CD21 (1048), CD27 (M-T271), CD54 (HA58), CD69 (L78), CD86 (2331(FUN-1)), anti-BrdU (3D4), HLA-DR

(G46-6), Ki-67 (B56), ICOS (DX 29), CRTH2 (BM16), CD45RO (UCHL1), CXCR5 (RF8B2), CCR6 (11A9). Biolegend: CCR5 (HEK/

1/85a), CXCR3 (TG1/CXCR3) Diatec: CD5, CD25 (143-13), kappa L chain (A8B5), lambda L chain (4C2). eBioscience: CD16

(eBioCB16), CD19 (HIB19), CD23 (EBVCS2), CD25 (BC96), CD27 (LG.7F9), CD38 (HIT2), CD69 (FN50), CD275 (MIH12), HLA-DR

(LN3), PD-1 (J105), CD62L (DREG-56). Goat anti-human IgM was from Invitrogen (CA, USA). In general, the PE or FITC fluoro-

chromes were used for evaluation of surface staining, with appropriate isotype control, while the PerCP and APC channels were

used to identify CD5+CD19+ cells. Samples were acquired using FACS Calibur or LSRII flow cytometers (BD) and data was

analyzed using the Weasel software (v.2.7, Walter and Eliza Hall Institute, Parkville Victoria, Australia), or FlowJo (http://www.

flowjo.com, Tree Star Inc).

Intracellular Cytokine Stainings
1 x106 Th cells from T cell lines and positive control Th clone (provided by Dr L. Sollid, Oslo) were stimulated with PMA (50ng/ml),

ionomycin (2mM) and Golgi stop (4ml per 6ml) for 6h. Then cells were stained for surface markers, fixed with paraformaldehyde,

washed with 0,2% saponin/ 2% FCS in PBS, intracellularly stained and analyzed with BD LSR-II flow cytometer. The following

antibodies were used: From BD: anti-CD4-APC-H7 (SK3), CD3-PerCP (SK7), from eBioscience: CD8a-PE-Cy7 (RPA-T8), anti-

IFN-g-Pacific blue (45B3), IL-21-PE (3A3-N2), IL-17-APC (64DEC17).

Analysis of Transcription Factors
T cell lines were stained for transcription factors on day 3 after restimulation. Stainings for T-Bet, GATA3, FOXP3, RORgt and Bcl6

were performed according to the FOXP3 Staining Buffer Set protocol from eBioscience using the following antibodies: anti-T-Bet

(eBio4B10, eBioscience), anti-GATA3 (TWAY, eBioscience), anti-FOXP3 (259D/C7, BD), anti-RORgt (AFKJS-9, eBioscience), and

anti-Bcl6 (BD, K112-91).
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Determination of Cytokines by Cytometric Bead Array
13 106 T cells were cultured for 24h in 250 ml RPMIwith FCS in the presence of either PMA (50ng/ml) and Ionomycine (2 mM) or human

T-Activator CD3/CD28 beads (Invitrogen). Supernatants were analyzed with the Bio-Plex system using the Bio-Plex Pro Human

Cytokine 17-Plex Kit (both Biorad).

CLL Hybridomas
CLL hybridomas were generated by fusing purified CD19+5+ CLL cells with the murine OURI plasmacytoma cell line, following stan-

dard techniques (Thompson et al., 1986). After 2 weeks, the supernatants were screened for L chain usage and IgM/IgG status by

ELISA. Cells from positive wells were cloned by limiting dilution, and positive subclones selected for expansion and cultured further in

Integra CELLine CL1000 cell culture flasks (Integra Biosciences AG, Wallisellen, Switzerland), from which the supernatant was

collected weekly. IgM from supernatants were purified on Agarose anti-human IgM (m-chain specific, Sigma-Aldrich), and purity

was checked by SDS-page. VH Transcripts from Hybridomas were identified by PCR using a mixture of 50primers annealing to VH

leader sequences together with a 30primer specific for Ig CH1. Hybridomas were verified by comparing VH sequences with

ex vivo CLL cells.

In Vivo Experiments
Nod Scid gamma (NSG, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ JAX) mice (The Jackson Laboratory) received 25mg/kg busulfan (Busi-

lvex, Pierre Fabre Pharma) intraperitoneally 24 hr prior to xenotransplantation. Mice were injected intravenously with 4 3 107 CLL

PBMC and 3.5 3 107 autologous CLL-specific Th cells. On day 38, mice received BrdU intraperitoneally (2 mg) and in the drinking

water (1mg/ml). Four days later, the mice were euthanized and bone marrow cells were analyzed by flow cytometry.

Microarray Processing and Data analysis
32-45 x106 PBMCwere incubated overnight with or without 2 mg/ml of Ms k+IgG anti-kappa and anti-lambdamAbs. The PBMCwere

then cultured in presence or absence of 12.5 x106 T18 cells. On day 3, CLL cells were purified by negative selection using CD3 and

CD14Dynabeads (Invitrogen). RNA fromCLL cells was controlled and quantified on aNanoDrop1000 (Thermo Scientific,Wilmington,

DE, USA). 290ng per sample was amplified and labeled with the TotalPrep-96 RNA Amplification Kit (Illumina, San Diego, CA, USA).

Sample quality was further tested by Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA, USA). 1500ng of biotin labeled cRNA was

used to hybridize onto Illumina HumanWG-6 v3 Expression BeadChips. After scanning, the results were imported into Illumina

GenomeStudio v. 2010.1, Gene Expression module v. 1.6.0 for quality control and data export. Analysis was performed utilizing

GeneSpring GX v11 software (Agilent, Santa Clara, CA, USA). In GeneSpring GX, Logbase 2-transformed data were normalized

to the 75 percentile with baseline transformation tomedian of all samples. Flag Information: Lower cutoff for ‘Present’ call: 0.8, Upper

cutoff for ‘Absent’ call: 0.6. After sample grouping, statistical analyses were performed. Significance analysis was performed with

unpaired t test with asymptotic p value computation (corrected p value cut-off: 0.05) andmultiple testing correction (Benjamini-Hoch-

berg) - comparing Th cell/Ag activated CLL cells to the combined negative control group (CLL + T18, CLL + anti-BCR). The unpaired

t test analysis yielded 1956 probe-defined entities of which 1604 were unique Entrez gene Id and Hugo terms. The data set was split

into up- and downregulated genes. Upregulated genes (730) were used to analyze data presented in Tables S2, S3, S4, and S5. Gene

ontology analysis was performed in GeneSpring GX (Figure 7D) or by analysis performed on the DAVID bioinformatics server (http://

david.abcc.ncifcrf.gov/; Table S2). Downregulated genes (874) were used to generate Table S6. Gene sets were also generated by

choosing 2-fold upregulated genes (Tables S7 and S8). Gene set enrichment analysis of cancermodules was performed on the Broad

Institute server (http://www.broadinstitute.org/gsea/). Analysis of Lymphoma related Concepts was performed using the Oncomine

tool (Compendia Bioscience, Ann Arbor, MI) (http://www.oncomine.com/). Human Single Site Analysis (SSA) was performed with the

oPOSSUMprogram (http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum; Ho Sui et al., 2005). Data were also analyzed in GeneSpring

GX by one-way Anova (Benjamini-Hochberg, asymptotic p value computation, p < 0.05), resulting in 280 probe-defined entities that

represented 244 unique Entrez gene Id and Hugo terms (Figure 7A). See also (Barrett et al., 2013).
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Figure S1. Presentation of the Experimental Strategy, Quantification of Antigen Uptake Receptors, and Analysis of CLL Presentation of

Mouse k+IgG Targeted to Human Antigen Receptors, Related to Figure 1
(A) The T18 is a humanCD4+ Th cell clone that is specific for a peptide in the constant region of mouse (Ms) k light chains (Ck nonamer peptide) when presented on

the HLA-DRB1*0401 HLA class II molecule. Hence, Ms k+ antibodies can be presented by DRB1*0401+ CLL cells to the clone via 1) unspecific uptake (non-

targeted) or 2) receptor mediated uptake in cases where Ms k+mAbs are targeted to human (Hu) surface receptors, see also illustration in Figure 1A.

(B–F) T cell proliferation (3HTdR incorporation) in response to presentation of Ms k+ mAb by DRB1*0401+ CLL cells (CLL103, CLL106, CLL107, CLL111, CLL132)

or DR4-negative controls (CLL105, CLL109, CLL112, CLL113, CLL114, CLL117, CLL122, CLL124).

(B) Negative control assay for Figure 1C. Response of T18 Th cells to Ms k+ anti-CD32 in the presence of DR0401+ CLL cells that can present cognate antigen,

compared to six DR0401-negative patients that can not. Negative controls are shown with open symbols, positive controls with filled symbols, see graphical

legend. SEM is shown.

(C) Proliferation Ms Ck-specific T18 cells in response to PBMC or rituximab-purified k L chain+ CLL107 in the presence or absence of targeted antigen to the BCR

(Ms anti-Hu k), compared to non-targeted isotype control (Ms anti-Hu l). See the Extended Experimental Procedures for rituximab-based CLL cell purification

protocol.

(D) Proliferation of T18 cells in response to targeted (Ms k+ anti-CD23) or non-targeted (Ms k+ anti-CD16) antigen. PBMC or purified CLL as in (C).

(E) Pre-exposure to CpG2006 does not significantly improve the antigen presentation function of CLL cells. CLL cell presentation of Ms k+ anti-CD23 in the

presence or absence of CpG2006. The corresponding CpG and non-CpG treated CLL cells were not significantly different (two tailed student t test), as indicated

by ‘‘ns’’ in the legend.

(F) T18 cell stimulation by CLL cells presenting Ms k+ anti-CD81, or non-targeted Ms k+ IgG. Error bars in (C)-(F) show standard deviation.

(G) Quantification of surface markers on CLL cells (from 5 patients) as compared to normal B cells (from healthy volunteers) by use of CellQuant quantification kit.

The right panel shows the ratios of the number of surface markers per cell: each CLL patient versus mean level expressed on normal B cells from four healthy

controls.
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Figure S2. Flow-Cytometric Analysis of SurfaceMarkers onCLLCells Undergoing Antigen-DrivenCLLCell–Th Cell Collaboration, Related to

Figure 2

(A) PBMC from patients were incubated alone or in the presence of T18 T helper cells with or without T cell antigen [Ms k+IgG anti-CD32 or Ms k+IgG anti-BCR

(a mix of Ms k+IgG anti-Hu k, Ms k+IgG anti-Hu l)] at 1 mg/ml for 96h. Top two rows: CLL cells from DR0401+ patients. Bottom row: CLL cells from DR0401Neg

patients (negative controls). Shown are PE-conjugated IgG1 mAbs specific for the indicated markers (color coded, see legend) compared to isotype control

(shaded). Typical examples are shown, these and other markers are represented as ratios (in Figure 2D).

(B) Forward scatter (cell size) of CLL cells from three DR0401Neg negative controls (CLL105, CLL124, CLL109) corresponding to the six conditions in (A) as

indicated in the color legend. The bottom right histogram shows the corresponding data for CLL cells from the DR0401+ patient CLL103.

(C and D) Analysis of activation markers on three DR0401Neg controls (CLL105, CLL124, CLL109), derived from histogram data as presented in Figure S2A and

corresponding to graphs as shown in Figure 2D. PBMC from patients (see graphical ‘‘Legend A&B’’) were incubated in the presence or absence of T18 Th cells

and antigen [Ms k+IgG anti-HuCD32 or Ms k+IgG anti-BCR (Ms k+IgG anti-Hu k + Ms k+IgG anti-Hu l mix)] for 96h (day 4). (C) Surface markers on CLL cells of

DR0401Neg patients (negative controls) stimulated as listed on the y axis, compared to CLL103 DR0401+. ‘‘+ BCR’’ or ‘‘+CD32’’ indicates that Ms k+IgG antigen

was delivered to the BCR or CD32. Staining intensities relative to isotype (x axis) are shown (see Extended Experimental Procedures). (D) The mean forward

scatter of CLL cells under conditions as in (C) is shown.
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Figure S3. Analysis of the Cell-Cell Contact Dependency of CLL Cells, CD40 Pathway Dependency, and Cofactor Dependency for Prolif-

erative Responses, Related to Figure 3

(A) Analysis of contact dependency of T cell-CLL cell collaboration, related to Figure 3A - providing an additional example CLL103 as well as a negative control

(DR0401Neg). Proliferation (BrdU incorporation) of CLL cells in response to collaboration with antigen specific T18 cells. PBMCs from the DR0401+ patients

CLL103 and control CLL109 (DR0401Neg) were cultured in Transwells in the presence of T18 T cells in the bottom compartment and without T18 cells in the insert

(See Figure 3A for graphical legend). The two compartments were separated by a 0.4 mm pore membrane. The contour plots show IgM (intra- and extracellular

expression) versus BrdU staining on CD5+CD19+ gated CLL cells in the presence or absence of antigen (Ms k+IgG anti-BCR) for both compartments. BrdU was

added on day 2 and analysis performed on day 5.

(B) Analysis of CD40L dependency of cognate Th cell – CLL cell collaboration, i.e., reciprocal Th cell stimulation of CLL cells, relating to Figure 3B - with two

additional examples, CLL 107 and CLL110. CLL cells were incubated with T18 cells in the presence or absence of Ms k+IgG anti-CD32. Cells were cultured with

the antagonistic anti-CD40L mAb (24-31, eBioscience), or appropriate isotype control. Expression of CD38 versus CD69 is shown on gated CD19+ CLL cells.

(C) Analysis of cofactor dependency of T cell-CLL cell collaboration for induction of proliferation, providing an example of cofactor independent CLL cells

(CLL106) and cofactor-dependent cells (CLL107). Proliferation of CLL cells in response to collaboration with antigen specific T18 Th cells. PBMC from the

DR0401+ patients CLL106, CLL107 and control CLL117 (DR0401Neg) were stimulated with T18 Th cells in the presence of Ms k+IgG anti-CD32. BrdU versus

L chain is shown. L chains were detected with anti-kappa L chain (A8B5) or lambda L chain (4C2) mAbs that served as mutual isotype controls. Only data for the

appropriate L chain is shown (CLL106 is l+; CLL107 is k+; CLL117 is l+). CLL cells from patient CLL107 required cofactors [CpG ODN2006 (1 mg/ml) and IL-2

(5U/ml)] to mount a strong proliferative response (see arrow). Note that proliferation is not induced by Ms k+IgG anti-CD32 antigen and cofactors alone (see

asterisk), but is dependent upon cognate Th cell - CLL cell interaction. Note also that CLL107 (cofactor dependent cells in vitro, nevertheless proliferated in

response to autologous TCL107 in vivo as shown in Figure 5).
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Figure S4. Analysis of Collaboration between Th Cells and CLL Cells, Related to Figure 4

(A–C) Analysis of collaboration between alloreactive Th cells and CLL cells (A and B) compared to autologous Th cell - CLL cell collaboration (C). Patient Th cells

were stimulated by allogeneic or autologous CLL cells to make alloreactive (A) and autologous (C) CLL-specific Th cell lines, see Experimental Procedures.

(A) Proliferation of CLL cells stimulated by alloreactive Th cell lines [TCL113(allo) derived from patient CLL113; TCL120(allo) with Th cells from patient CLL120;

TCL105(allo) with Th cells from patient CLL105]. BrdU versus CD38 expression (contor plots) or percent of Ki67+ (inset) CD5+19+CLL cells are shown.

(B) Analysis of surfacemarkers on gated CD5+19+CLL cells in response to alloreactive Th cell lines as in (A). PBMCs from CLL patients CLL109, CLL121, CLL124,

CLL132 were incubated alone or with the indicated Th cell lines for 72h. Ratios (marker/isotype) are shown, as in Figure 2D.

(C) Some of the generated autologous CLL-specific Th cell lines (see Figure 4) were also allo-reactive to particular HLA mis-matched CLL cells, an example is

shown here: A CLL-specific Th cell line was generated from patient CLL113 (labeled TCL113(autol) in the Figure, see also Experimental Procedures). This Th cell

line also responded in an alloreactive manner toward CLL105, CLL106 and CLL111 cells, allowing side-by-side comparison of CLL-specific and allo-specific Th

cell help. Shown is the expression of the indicated markers on CLL cells derived from the HLA mis-matched patients (Black symbols, allo-specific help) as

compared to CLL113 CLL cell response to this autologous Th cell partner (TCL113(autol), blue triangles, blue dotted lines).
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Table S1. Patient List, Related to Figures 1–7 

 

Pt 
identifier 

DRB1*0401 
status

1
 

Gender/age 
(y) 

Binet 
stage 

IgVH, % 
germline 

2
 

CD38 
(%) 

3
 FISH 

4
 

Observation time 
before 

treatment/Treatment 
(T)

 5
 

CLL102 - M/49 A 
VH4-34, 

91,4 
NA* del13q14 75/Not T 

CLL103 + M/53 A 
VH3-48, 

99,4 
 
7 

NA 79/Not T 

CLL105 - F/64 A 

VH3-23, 100 
VH3-49, 

94.8 
(biclonal) 

0 NA 96/Not T 

CLL106 + F/56 A 
 

VH3-23, 
95.2 

1 NA* 49/Not T 

CLL107 + M/45 A 
VH3-30, 

92.9 
1 del13q14 84/Not T 

CLL109 - M/57 A 
VH3 (DP-
49/1,9III), 

93.8 
1 NA 98/Not T 

CLL110 + M56 A 
VH6-01, 

95,4 
1 NA 89/Not T 

CLL111 + M/63 A VH1-69, 91 2 NA* 48/Not T 

CLL112 - F/62 B 
VH3-30,3, 

98,1 
2 46,XX 39/FC 

CLL113 - M/62 A VH4-34, 94 NA* NA >180/Not T 

CLL114 - M/61 A 
VH3-23, 

88,2 
2 NA 78/Not T 

CLL116 + M/71 A 
VH4-59, 

93,4 
2 NA 78/Not T 

CLL117 - M/50 A 
VH4-34, 

87,5 
1 47XY, mar 

 
47/Not T 

CLL120 - M55 C VH4-34, 100 96 del11q22.3 1/FC 

CLL121 - M/66 C 
VH4-39, 

98,7 
61 NA 1/FCA 

CLL124 - F/60 C 
VH4-34, 

95,4 
1 del13q14 F-FC-FCR/A 

CLL130 + M/60 C 
VH3-74/5-

51, 100 
75 trisomy 12 2/FC 

CLL132 + M/53 C VH3-30, 100 94 NA 29/FC 

 
* 
NA: Not analyzed.

 

1
 Genotyping as performed by the Dept of Immunology, Oslo University Hospital, and/or registered in The 

Norwegian Bone Marrow Donor Registry (NORDONOR). No patients are homozygous for HLA-DRB1*0401. 
A total of 28 patients were DR-typed, 8 were HLA-DRB1*0401

+
. The table includes the 18 CLL patients that have 

been utilized in the experiments presented herein. 
2 

IgVH family, percent homology to germline. 
3 

Percentage of cells staining positive for CD38, above isotype control. 
4 

FISH: fluorescent in situ hybridization. 
5
 Observation time, treatment-free months since diagnosis. Non-treated patients are marked with Not T.  

Treated patients have received regimens with the following drugs marked with abbreviations: F = Fludarabine; FC 
= Fludarabine, Cyclophosphamide; FCR = Fludarabine, Cyclophosphamide, Rituximab; 
FCA = Fludarabine, Cyclophosphamide, Alemtuzumab; A = Alemtuzumab. Patient CLL124 received treatment 
three times over a 5 year period after experiencing relapses. The patient was initially treated with Fludarabine 
monotherapy, thereafter with Fludarabine, Cyclophosphamide, then Fludarabine, Cyclophosphamide, Rituximab 
(aborted due to toxicity), and replaced by Alemtuzumab monotherapy. The cell samples from CLL124 were 
gathered prior to FCR treatment. 
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 Table S2. Upregulation of Mitotic Cell-Cycle Genes, Related to Figure 7 

 

 
ENTREZ GENE D GENE NAME 

4085 MAD2 mitotic arrest deficient-like 1 (yeast) 

4751 NIMA (never in mitosis gene a)-related kinase 2 

57405 SPC25, NDC80 kinetochore complex component, homolog (S. cerevisiae) 

22974 TPX2, microtubule-associated, homolog (Xenopus laevis) 

90 activin A receptor, type I 

51529 anaphase promoting complex subunit 11 

54443 anillin, actin binding protein 

259266 asp (abnormal spindle) homolog, microcephaly associated (Drosophila) 

6790 aurora kinase A; aurora kinase A pseudogene 1 

9212 aurora kinase B 

332 baculoviral IAP repeat-containing 5 

699 budding uninhibited by benzimidazoles 1 homolog (yeast) 

983 cell division cycle 2, G1 to S and G2 to M 

991 cell division cycle 20 homolog (S. cerevisiae) 

995 cell division cycle 25 homolog C (S. pombe) 

83461 cell division cycle associated 3 

113130 cell division cycle associated 5 

1058 centromere protein A 

55165 centrosomal protein 55kDa 

890 cyclin A2 

9133 cyclin B2 

898 cyclin E1 

1021 cyclin-dependent kinase 6 

1026 cyclin-dependent kinase inhibitor 1A (p21, Cip1) 

1033 cyclin-dependent kinase inhibitor 3 

9787 discs, large (Drosophila) homolog-associated protein 5 

348235 
family with sequence similarity 33, member A; similar to Spindle and kinetochore-associated 
protein 2 

81610 family with sequence similarity 83, member D 

79187 fibronectin type III and SPRY domain containing 1 

2672 growth factor independent 1 transcription repressor 

56992 kinesin family member 15 

3833 kinesin family member C1 

4739 neural precursor cell expressed, developmentally down-regulated 9 

9918 non-SMC condensin I complex, subunit D2 

9232 pituitary tumor-transforming 1; pituitary tumor-transforming 2 

5701 proteasome (prosome, macropain) 26S subunit, ATPase, 2 

5718 proteasome (prosome, macropain) 26S subunit, non-ATPase, 12 

5709 proteasome (prosome, macropain) 26S subunit, non-ATPase, 3 

5720 proteasome (prosome, macropain) activator subunit 1 (PA28 alpha) 

5721 proteasome (prosome, macropain) activator subunit 2 (PA28 beta) 

5685 proteasome (prosome, macropain) subunit, alpha type, 4 

5686 proteasome (prosome, macropain) subunit, alpha type, 5 

5699 proteasome (prosome, macropain) subunit, beta type, 10 

5690 proteasome (prosome, macropain) subunit, beta type, 2 

5691 proteasome (prosome, macropain) subunit, beta type, 3 

5695 proteasome (prosome, macropain) subunit, beta type, 7 

5696 proteasome (prosome, macropain) subunit, beta type, 8 (large multifunctional peptidase 7) 

5698 proteasome (prosome, macropain) subunit, beta type, 9 (large multifunctional peptidase 2) 

9088 protein kinase, membrane associated tyrosine/threonine 1 

10381 tubulin, beta 3; melanocortin 1 receptor (alpha melanocyte stimulating hormone receptor) 

647000 tubulin, beta; similar to tubulin, beta 5; tubulin, beta pseudogene 2; tubulin, beta   

203068 pseudogene 1 

11065 ubiquitin-conjugating enzyme E2C 

 

Functional Annotation Clustering: Mitotic cell cycle (GO:0000278). Clustering of genes 

upregulated in T cell/antigen activated CLL cells compared to control 

Analysis performed on http://david.abcc.ncifcrf.gov/  

Input: 724 entities (David IDs)  

P value (Benjamini corrected): 6.9E-11 

 

 

http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=815649
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=791562
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=821580
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=800683
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=781157
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=819600
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=805050
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=782475
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=782105
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=807581
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=798571
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=802732
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=815142
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=800860
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=817790
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=779098
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=789361
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=808768
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=825527
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=778615
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=813528
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=780083
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=798079
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=775321
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=815446
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=789909
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=814341
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=814341
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=803861
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=788547
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=819488
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=784359
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=802146
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=817366
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=790226
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=819439
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=799755
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=792471
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=791833
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=802342
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=823033
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=784614
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=787507
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=813556
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=808423
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=789403
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=783409
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=809619
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=794662
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=824835
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=800760
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=800083
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=812018
http://david.abcc.ncifcrf.gov/
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Table S3. Upregulated Cancer-Related Gene Sets, Related to Figure 7 

 

Upregulated genes, significance to GSEA modules: 

Geneset name  

# genes in 
geneset 
(K) Description 

# genes in 
overlap (k) k/K p value 

Module 54  
Cell cycle (expression clusters) 245 Genes in module 54 45 0.1837 8.64E-7 

Module 306  
Glycolysis and TCA cycle 26 Genes in module 306 11 0.4231 4.47E-6 

Module 50 13 Genes in module 50 6 0.4615 4.22E-4 

Module 91  
Proteasome 37 Genes in module 91 10 0.2703 9.11E-4 

Module 315 
Spindle and kinetochore 15 Genes in module 315 6 0.4000 1.06E-3 

Module 28 32 Genes in module 28 9 0.2812 1.2E-3 

Module 169  
Immune response 95 Genes in module 169 17 0.1789 3.03E-3 

Module 509 14 Genes in module 509 5 0.3571 5.01E-3 

Module 57 
Cell cycle (KEGG, GenMapp) 54 Genes in module 57 11 0.2037 5.86E-3 

module_5 423 Genes in module 5 52 0.1229 5.96E-3 

module_431 15 Genes in module 431 5 0.3333 6.98E-3 

module_377 10 Genes in module_377 4 0.4000 7.73E-3 

 
# genesets in collections:   454 
# activated CLL genes in comparison (n): 686 
# genes in collections (N):   7902 

 

Cancer related gene sets up-regulated in T cell/antigen activated CLL cells compared to 

control 

Gene set enrichment analysis (http://www.broadinstitute.org/gsea/) C4:CM cancer modules 

 

Input: 686 (recognized) upregulated entities 

http://www.broadinstitute.org/gsea/
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 Table S4. Comparison of Upregulated Genes with Those Found in Other Lymphoma, 

Related to Figure 7 
 

ACTB  actin, beta 

APOL3  apolipoprotein L, 3 

ARHGAP11A  Rho GTPase activating protein 11A 

ASPM  asp (abnormal spindle) homolog, microcephaly associated (Drosophila) 

AURKA  aurora kinase A 

AURKB  aurora kinase B 

BAK1  BCL2-antagonist/killer 1 

BIRC5  baculoviral IAP repeat-containing 5 

BMP2K  BMP2 inducible kinase 

BUB1  budding uninhibited by benzimidazoles 1 homolog (yeast) 

CCNA2  cyclin A2 

CCNE1  cyclin E1 

CDC20  cell division cycle 20 homolog (S. cerevisiae) 

CDKN3  cyclin-dependent kinase inhibitor 3 

CENPA  centromere protein A 

CKAP2L  cytoskeleton associated protein 2-like 

CTNNA1  catenin (cadherin-associated protein), alpha 1, 102kDa 

CTSB  cathepsin B 

F3  coagulation factor III (thromboplastin, tissue factor) 

FAS  Fas (TNF receptor superfamily, member 6) 

FASN  fatty acid synthase 

FOXM1  forkhead box M1 

GLRX  glutaredoxin (thioltransferase) 

HMGA1  high mobility group AT-hook 1 

IKBKE  inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase epsilon 

IL13RA1  interleukin 13 receptor, alpha 1 

IL15RA  interleukin 15 receptor, alpha 

IL1R2  interleukin 1 receptor, type II 

IL32  interleukin 32 

ITGAX  integrin, alpha X (complement component 3 receptor 4 subunit) 

LMNB1  lamin B1 

LMO2  LIM domain only 2 (rhombotin-like 1) 

MAD2L1  MAD2 mitotic arrest deficient-like 1 (yeast) 

MAOA  monoamine oxidase A 

MELK  maternal embryonic leucine zipper kinase 

MGLL  monoglyceride lipase 

NEK2  NIMA (never in mitosis gene a)-related kinase 2 

PAQR4  progestin and adipoQ receptor family member IV 

PDK3  pyruvate dehydrogenase kinase, isozyme 3 

PEA15  phosphoprotein enriched in astrocytes 15 

PKMYT1  protein kinase, membrane associated tyrosine/threonine 1 

PRDM1  PR domain containing 1, with ZNF domain 

PSMB9  proteasome (prosome, macropain) subunit, beta type, 9 (large multifunctional peptidase 2) 

SIT1  signaling threshold regulating transmembrane adaptor 1 

SLC2A5  solute carrier family 2 (facilitated glucose/fructose transporter), member 5 

SPC25  SPC25, NDC80 kinetochore complex component, homolog (S. cerevisiae) 

STAG3  stromal antigen 3 

TIMP1  TIMP metallopeptidase inhibitor 1 

TK1  thymidine kinase 1, soluble 

TOP2A  topoisomerase (DNA) II alpha 170kDa 

TUBA1B  tubulin, alpha 1b 

TUBB  tubulin, beta 

VDR  vitamin D (1,25- dihydroxyvitamin D3) receptor 

ZBED2  zinc finger, BED-type containing 2 

Comparison of genes upregulated in T cell/antigen activated CLL cells compared to control 

using the Oncomine™ tool (Compendia Bioscience, Ann Arbor, MI) 

(http://www.oncomine.com/). 

 
A. Top lymphoma related Concept in analysis, using all (704) significantly upregulated CLL genes. 

Null List: All Entrez Gene IDs (42490). Associated Concept: Diffuse Large B-Cell Lymphoma vs. Normal - Top 
10% Overexpressed (Rosenwald Multi-cancer). Concept Type: Oncomine Gene Expression Signatures. Size: 388 
genes. Null List: Rosenwald_Multi-cancer (4202) 
  

http://www.oncomine.com/
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Interaction:  
P-value:3.37E-13 Q-value:4.04E-11 Odds Ratio:3.8 Size:54 genes 

 
B. Top lymphoma related Concept in analysis, using the most upregulated CLL genes (top 120 entities) 
Mature B Cell non-Hodgkin Lymphoma Type: Diffuse Large B Cell Lymphoma - Top 10% Overexpressed (Klapper Lymphoma) 
Concept Type: Oncomine Gene Expression Signatures. Size:1262 genes. Null List: Human Genome U133A Array (12624) 
P-value: 1.38E-12. Q-value: 2.59E-9. Odds Ratio: 5.5. Size: 35 genes. (Table not shown). 

 

 

Table S5. Upregulation of Genes Associated with Negative Regulation of Apoptosis, 

Related to Figure 7 
 

ENTREZ GENE ID GENE NAME 

602 B-cell CLL/lymphoma 3 

8837 CASP8 and FADD-like apoptosis regulator 

972 CD74 molecule, major histocompatibility complex, class II invariant chain 

80331 DnaJ (Hsp40) homolog, subfamily C, member 5 

355 Fas (TNF receptor superfamily, member 6) 

10553 HIV-1 Tat interactive protein 2, 30kDa 

51100 SH3-domain GRB2-like endophilin B1 

90 activin A receptor, type I 

332 baculoviral IAP repeat-containing 5 

983 cell division cycle 2, G1 to S and G2 to M 

2149 coagulation factor II (thrombin) receptor 

2152 coagulation factor III (thromboplastin, tissue factor) 

1072 cofilin 1 (non-muscle) 

1437 colony stimulating factor 2 (granulocyte-macrophage) 

1026 cyclin-dependent kinase inhibitor 1A (p21, Cip1) 

5045 furin (paired basic amino acid cleaving enzyme) 

2932 glycogen synthase kinase 3 beta 

28996 homeodomain interacting protein kinase 2; similar to homeodomain interacting protein 
kinase 2 

8870 immediate early response 3 

3611 integrin-linked kinase 

3560 interleukin 2 receptor, beta 

4170 myeloid cell leukemia sequence 1 (BCL2-related) 

4893 neuroblastoma RAS viral (v-ras) oncogene homolog 

8996 nucleolar protein 3 (apoptosis repressor with CARD domain) 

10935 peroxiredoxin 3 

8682 phosphoprotein enriched in astrocytes 15 

8767 receptor-interacting serine-threonine kinase 2 

55829 selenoprotein S 

8877 sphingosine kinase 1 

9021 suppressor of cytokine signaling 3 

6620 synuclein, beta 

7052 transglutaminase 2 (C polypeptide, protein-glutamine-gamma-glutamyltransferase) 

8784 tumor necrosis factor receptor superfamily, member 18 

7422 vascular endothelial growth factor A 

Functional Annotation Clustering: Negative regulation of apoptosis (GO:0043066)
 1)

. 

Clustering of genes upregulated in T cell/antigen activated CLL cells compared to control 

Analysis performed on (http://david.abcc.ncifcrf.gov/)  

Input: 724 entities (David IDs)  

 

P value (Benjamini corrected): 7.0E-4 

 
1)

Functional Annotation Clustering also related to apoptosis: Negative regulation of 

programmed cell death (GO:0043069): p value (Benjamini corrected): 9.2E-4. Induction of 

programmed cell death (GO:0012502: p value (Benjamini corrected): 6.7E-1 

 

 

http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=794303
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=784255
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=807663
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=777774
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=819422
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=799701
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=808345
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=781157
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=798571
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=815142
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=794032
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=823833
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=794115
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=817216
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=775321
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=795944
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=772426
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=790210
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=790210
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=815568
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=815867
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=804081
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=798110
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=796239
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=793747
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=791180
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=808563
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=778359
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=797573
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=777634
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=776812
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=775173
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=790977
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=792337
http://david.abcc.ncifcrf.gov/geneReportFull.jsp?rowids=781709
http://david.abcc.ncifcrf.gov/
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Table S6. Downregulation of Genes Associated with Positive Regulation of Cell Death, 

Related to Figure 7 

 

 
ENTREZ 
GENE 
ID 

GENE NAME   

23229 Cdc42 guanine nucleotide exchange factor (GEF) 9; hypothetical protein LOC100134381  

10922 Fas-activated serine/threonine kinase  

22861 NLR family, pyrin domain containing 1  

10181 RNA binding motif protein 5  

10670 Ras-related GTP binding A  

393 Rho GTPase activating protein 4  

154 adrenergic, beta-2-, receptor, surface  

64782 apoptosis enhancing nuclease  

8452 cullin 3  

8451 cullin 4A  

8065 cullin 5  

8445 dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 2  

8739 harakiri, BCL2 interacting protein (contains only BH3 domain)  

23787 mitochondrial carrier homolog 1 (C. elegans)  

4221 multiple endocrine neoplasia I  

2908 nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor)  

5581 protein kinase C, epsilon  

23368 protein phosphatase 1, regulatory (inhibitor) subunit 13B  

6233 ribosomal protein S27a pseudogene 12; ribosomal protein S27a; ribosomal protein S27a pseudogene 11; 
ribosomal protein S27a pseudogene 16  

400652 ribosomal protein S3A pseudogene 5; ribosomal protein S3a pseudogene 47; ribosomal protein S3a 
pseudogene 49; ribosomal protein S3A; hypothetical LOC100131699; hypothetical LOC100130107  

6789 serine/threonine kinase 4  

7013 similar to telomeric repeat binding factor (NIMA-interacting) 1; telomeric repeat binding factor (NIMA-
interacting) 1; telomeric repeat binding factor (NIMA-interacting) 1 pseudogene  

7529 tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, beta polypeptide  

7311 ubiquitin A-52 residue ribosomal protein fusion product 1  

 

Functional Annotation Clustering: Positive regulation of cell death (GO:0010942). Clustering 

of genes downregulated in T cell/antigen activated CLL cells compared to control 

 

Analysis performed on (http://david.abcc.ncifcrf.gov/)  

Input: 841 downregulated entities (David IDs)  

Related terms Evidence: (kappa: 1.0) 

 

http://david.abcc.ncifcrf.gov/
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Table S7. Human SSA Analysis of Upregulated Genes, Related to Figure 7 (Excel file) 

 

Human Single Site Analysis SSA analysis oPOSUM (Ho Sui et al., 2005) 

(http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum) of 2 fold up-regulated genes in T 

cell/antigen activated CLL cells compared to control is provided in an excel file.  

 

Human Single Site Analysis (SSA) is designed to detect over-represented conserved single 

sites in human and mouse genes. 

 

Selected Parameters 

Conservation level: Top 30% of conserved regions (min. conservation 60%) 

Matrix match score: 85% 

Upstream sequence length: 2000 

Downstream sequence length: 2000 

Number of genes submitted: 506 

Number of genes included: 355 

Number of genes excluded: 151 

 
Target Genes 
 
Analyzed: PFKP IDI1 BCL3 FSCN1 EPB41L3 RCN1 CD4 PTGS2 PKM2 CYP51A1 UHRF1 LAP3 NME1 MCM10 E2F2 
DEPDC1B RRAGD LIMA1 ACTN1 TMEM49 ECGF1 CDC2 TNFRSF6B IL17RB FAS SREBF1 PRDM1 PRKCQ CD38 HMMR 
SC4MOL P4HA2 HIPK2 ASPM LY75 TBXAS1 AURKA NRP1 BIRC5 LAG3 GNA15 CDKN3 TPX2 PLTP MMP9 CD40 RGS1 
IL21R HCK LYZ AQP9 EPDR1 IL4I1 LACTB ORC6L TNFSF13B IL2RB CENPM HIF1A hBG1 LAT2 CST3 ACP5 CCNE1 
SLC7A5 SNX5 XBP1 HOMER2 LAT2 IFI30 ATP8B4 PYGL SQLE QPRT CDK6 CYP27B1 PLDN TIMP1 CDCA3 RNF125 SNX8 
ENO2 CD83 MCM4 MMP12 CDC45L CA2 LMNB1 PCCB ALDOC AICDA SERPINE1 ENG CCL22 TREML2 MYL2 CCL17 
KYNU TTK CENTA1 STAT1 RIMS3 PFKFB4 NEDD9 SLAMF1 POU2AF1 SGK ST8SIA4 FBXO6 NEK2 BLVRA IFNG NCAPG 
NCF2 IL1R2 CTSC HMGCS1 KIF20A CENPA SPP1 ACVR1 TGFBI HDC CDC20 MS4A4A CCR6 CCR2 DHCR24 BCL6 
C1orf54 CKS2 CISH QPCT NDP F13A1 AMOT CTNNAL1 IRF1 HSD11B1 MND1 PTGER2 ATPAF1 C20orf100 QSOX1 PLAU 
PNKD RAB32 LDLR SLC25A19 NINJ1 ZWINT IL13RA1 RRAS FGL2 RNASE1 IL2RA GINS2 CDKN1A NP C1orf24 IGJ ANXA1 
TST ELL3 PSAT1 CAMK1 ALDH1A2 MRPL44 HAVCR2 BHLHB2 RAB33A ARPC1B GIMAP4 MYO1G TRAFD1 CYP1B1 IER3 
SLC39A8 ENPP2 CD302 FURIN EPSTI1 FKBP11 WARS PARP9 CD72 NUSAP1 FER1L3 ITGAX RHOF SLC2A5 SLC27A2 
KIF11 HDC IGSF6 LMO2 CEP55 TICAM2 PGD SLC16A3 PHLDA1 RGL1 HAPLN3 CXCL9 ALDOA MOBKL2C SLC20A1 MCL1 
INPP1 GNA12 CCNA2 CLEC1A AUH IKBKE PPFIA4 GALM FADS1 STOM CDCA5 CHEK1 GZMA Mal SPP1 ADM CDCA7 
SLC37A3 CD226 NECAP2 LRP8 UBE2L6 ALOX15 C1QC BRSK1 BRE PAQR4 EAF2 SAMSN1 ESPNL TKT CBS CCNB2 HK2 
LMNA PPAP2B TAGLN2 GBP5 FCRL3 GPR114 HK3 CTSB HPGD FOXQ1 TKT CSF2 Spc25 ANPEP BATF CENPN FCER1G 
C15orf39 DDIT4 FBP1 GFI1 NT5DC2 CD3D STAT3 TGFA VAMP5 GNG8 KIF15 MELK IL7R MVD ACAT2 HK3 TM7SF4 
SAP30 TAP1 SLC12A8 KIAA0101 GLB1 CRTAP SPRED1 RRM2 NFIL3 CDC2 BCL2L1 GLRX BNIP3 DHCR7 ATF5 MAL 
METRNL C1QB TYMS SRXN1 NET1 CD14 EBI2 TMEM51 IRX3 ELOVL6 PFKFB3 CKAP2L GRB2 CD163 GMPPB BUB1 
EAF2 TUBB6 FASN AURKB CIITA CSF1R CLC FZD2 LASS6 GAS6 ACTG1 MYADM SOCS3 HIST1H1C TMEM173 SOCS1 
THOC4 TNFRSF4 UPP1 ANKRD37 IDH2 HBG1 TUBB C12orf48 PLXNB2 MAOA MUC1 MAL CSF2RA C1orf85 OLFML2A 
KIFC1 PTPN1 AIF1 LTA NDUFA4L2 ADA PSMB9 ARID5A WDR40A PSMB8 CARD9 TBC1D8 MAFB SULF2 TUBB3 TGM2 
 
Excluded: P704P CEBPA LOC440871 C10orf128 IDH1 LRRC32 GNLY CLEC4A LOC642489 CCR1 RNF19A H1F0 CFLAR 
CBLN3 CHI3L2 LOC644774 PPPDE2 LOC651816 MTP18 IFITM1 ITGB2 PRDX2 TXN GBP1 UBE2C MGC4677 GYPC AMY1A 
MIAT SLC2A14 CENPV SERPINA1 RFTN1 MS4A6A LOC120376 LOC653874 AK3L1 IL32 CCL8 CCL13 IL8 CTSL1 ACTA2 
FKSG30 LOC727848 OAS1 ACOT7 PARM1 GZMH TK1 LOC732165 PGK1 S100A9 LOC647450 LOC642113 SIRPA ADAP2 
MAD2L1 LOC286016 GIMAP5 LOC654346 MT2A LOC652493 CMTM7 LDHA TRIM69 BATF3 C17orf58 MT1A SPC25 
C17orf60 CDC42 LOC399942 PALLD STAG3 TOP2A MTHFD2 FKBP1A CENPE LOC197135 SLC2A3 HLX HNRNPA3 
HMGA1 FAM72D LILRB2 LOC100008589 C6orf173 CLEC10A VCAN IFI6 RCAN2 C11orf75 LILRB4 CCL23 SERPINB6 
LOC647000 DSE ZMIZ1 HIST2H2AA3 HLA-DPB2 EMR2 LOC651957 TMEM97 GZMB CCL2 IFITM3 LILRB3 ENSA HJURP 
ACTB DLGAP5 HBG2 LOC643319 PHGDH PTTG3P C7orf68 HBD LOC402221 GAPDH HBB CCL18 HBA2 GBP4 SEC11C 
SCD LOC653506 C16orf75 GPR137B PTTG1 GBP2 LILRA3 LOC652694 FPR3 LILRA5 PGAM4 CD1A LOC541471 
LOC387882 OIP5 PGAM1 ENO1 AMY1B CCDC24 TPI1 CD1B LOC652184 FAM129B CD1E LOC732007 CD209  

 

Analysis parameters: The analyzed promotor regions were set to 2000 bp up- and 

downstream of each gene. The top 30% of conserved regions (min. conservation 60%) were 

examined for JASPAR CORE profiles from the vertebrate taxonomic supergroup. Matches to 

profiles were accepted only if above 85% of the matrix profile. Over-represented profiles 

were defined as having a one-tailed Fischer exact probability of <0.01 and a Z-score of > 10 

(bold in table), as described in (Ho Sui et al., 2005). See also Figure 7.
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Table S8. Common Upregulated Genes: Lymph Node CLL Cells versus Current In 

Vitro Experimental Data, Related to Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison of genes in set 1 vs. set 2:  

1) List of 133 genes overexpressed by in situ LN CLL cells.  [http://www.ncbi.nlm.nih.gov/, 

Gene Expression Omnibus, GSE21029] as described in  (Herishanu et al., 2011). This gene 

set was generated with identification of 2-fold upregulated genes in LN CLL cells compared 

to PBMC CLL cells (Herishanu et al., 2011).   

2) CLL cell expressed genes 2-fold up-regulated in the current data set.  

 

52 Common 2-fold overexpressed genes in 1) and 2) are listed (generated with the Ingenuity 

pathways analysis (IPA) tool).

Molecule Name Entrez Gene ID 

 

Molecule Name, 
continued 

Entrez Gene ID 
continued 

AICDA 57379 

 

KIAA0101 9768 

ASPM 259266 

 

KIF20A 10112 

AURKA 6790 

 

MAD2L1 4085 

AURKB 9212 

 

MCM4 4173 

BIRC5 332 

 

MELK 9833 

BUB1 699 

 

MND1 84057 

CCNA2 890 

 

MTHFD2 10797 

CCNB2 9133 

 

NCAPG (includes 
EG:64151) 

64151 

CD83 9308 

 

NEK2 4751 

CDC20 991 

 

NME1 4830 

CDCA3 83461 

 

NUSAP1 51203 

CDCA5 113130 

 

PTTG1 9232 

CDCA7 83879 

 

RGS1 5996 

CDK1 983 

 

RRM2 6241 

CDKN3 1033 

 

SGK1 6446 

CENPA 1058 

 

SLC2A3 6515 

CENPE 1062 

 

SLC2A14 144195 

CENPW 387103 

 

SOCS3 9021 

CEP55 55165 

 

SPC25 57405 

CHEK1 1111 

 

TK1 7083 

CKS2 1164 

 

TOP2A 7153 

DCAF12 25853 

 

TPX2 22974 

DLGAP5 9787 

 

TTK 7272 

GINS2 51659 

 

TYMS 7298 

HIST2H2AA3 8337 

 

UBE2C 11065 

HMMR 3161 

 

UHRF1 29128 



Table	  S7.	  Human	  SSA	  Analysis	  of	  Upregulated	  Genes,	  Related	  to	  Figure	  7
Human Single Site Analysis SSA analysis oPOSSUM (http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum) of 2 fold up-regulated genes in T cell/antigen activated 
CLL	  cells	  compared	  to	  control
Human	  Single	  Site	  Analysis	  (SSA)	  is	  designed	  to	  detect	  over-‐represented	  conserved	  single	  sites	  in	  human	  and	  mouse	  genes.

Selected Parameters
Conservation level: Top 30% of conserved regions (min. conservation 60%)
Matrix match score: 85 %
Upstream sequence length: 2000
Downstream sequence length: 2000
Number of genes submitted: 506
Number of genes included: 355
Number of genes excluded: 151

Analysis Results:

TF TF Class TF Supergroup IC Background gene hits

REL REL vertebrate 10.515 3609
NFYA CAAT-BOX vertebrate 12.925 2552
NF-kappaB REL vertebrate 13.345 2704
RELA REL vertebrate 14.757 1972
IRF2 TRP-CLUSTER vertebrate 21.134 74
SPIB ETS vertebrate 9.06 10919

Target Genes 

Analyzed: PFKP IDI1 BCL3 FSCN1 EPB41L3 RCN1 CD4 PTGS2 PKM2 CYP51A1 UHRF1 LAP3 NME1 MCM10 E2F2 DEPDC1B RRAGD LIMA1 ACTN1 TMEM49 ECGF1 CDC2 TNFRSF6B IL17RB FAS SREBF1 PRDM1 
PRKCQ CD38 HMMR SC4MOL P4HA2 HIPK2 ASPM LY75 TBXAS1 AURKA NRP1 BIRC5 LAG3 GNA15 CDKN3 TPX2 PLTP MMP9 CD40 RGS1 IL21R HCK LYZ AQP9 EPDR1 IL4I1 LACTB ORC6L TNFSF13B IL2RB 
CENPM HIF1A hBG1 LAT2 CST3 ACP5 CCNE1 SLC7A5 SNX5 XBP1 HOMER2 LAT2 IFI30 ATP8B4 PYGL SQLE QPRT CDK6 CYP27B1 PLDN TIMP1 CDCA3 RNF125 SNX8 ENO2 CD83 MCM4 MMP12 CDC45L CA2 
LMNB1 PCCB ALDOC AICDA SERPINE1 ENG CCL22 TREML2 MYL2 CCL17 KYNU TTK CENTA1 STAT1 RIMS3 PFKFB4 NEDD9 SLAMF1 POU2AF1 SGK ST8SIA4 FBXO6 NEK2 BLVRA IFNG NCAPG NCF2 IL1R2 
CTSC HMGCS1 KIF20A CENPA SPP1 ACVR1 TGFBI HDC CDC20 MS4A4A CCR6 CCR2 DHCR24 BCL6 C1orf54 CKS2 CISH QPCT NDP F13A1 AMOT CTNNAL1 IRF1 HSD11B1 MND1 PTGER2 ATPAF1 C20orf100 
QSOX1 PLAU PNKD RAB32 LDLR SLC25A19 NINJ1 ZWINT IL13RA1 RRAS FGL2 RNASE1 IL2RA GINS2 CDKN1A NP C1orf24 IGJ ANXA1 TST ELL3 PSAT1 CAMK1 ALDH1A2 MRPL44 HAVCR2 BHLHB2 RAB33A 
ARPC1B GIMAP4 MYO1G TRAFD1 CYP1B1 IER3 SLC39A8 ENPP2 CD302 FURIN EPSTI1 FKBP11 WARS PARP9 CD72 NUSAP1 FER1L3 ITGAX RHOF SLC2A5 SLC27A2 KIF11 HDC IGSF6 LMO2 CEP55 TICAM2 
PGD SLC16A3 PHLDA1 RGL1 HAPLN3 CXCL9 ALDOA MOBKL2C SLC20A1 MCL1 INPP1 GNA12 CCNA2 CLEC1A AUH IKBKE PPFIA4 GALM FADS1 STOM CDCA5 CHEK1 GZMA Mal SPP1 ADM CDCA7 SLC37A3 
CD226 NECAP2 LRP8 UBE2L6 ALOX15 C1QC BRSK1 BRE PAQR4 EAF2 SAMSN1 ESPNL TKT CBS CCNB2 HK2 LMNA PPAP2B TAGLN2 GBP5 FCRL3 GPR114 HK3 CTSB HPGD FOXQ1 TKT CSF2 Spc25 ANPEP 
BATF CENPN FCER1G C15orf39 DDIT4 FBP1 GFI1 NT5DC2 CD3D STAT3 TGFA VAMP5 GNG8 KIF15 MELK IL7R MVD ACAT2 HK3 TM7SF4 SAP30 TAP1 SLC12A8 KIAA0101 GLB1 CRTAP SPRED1 RRM2 NFIL3 
CDC2 BCL2L1 GLRX BNIP3 DHCR7 ATF5 MAL METRNL C1QB TYMS SRXN1 NET1 CD14 EBI2 TMEM51 IRX3 ELOVL6 PFKFB3 CKAP2L GRB2 CD163 GMPPB BUB1 EAF2 TUBB6 FASN AURKB CIITA CSF1R CLC 
FZD2 LASS6 GAS6 ACTG1 MYADM SOCS3 HIST1H1C TMEM173 SOCS1 THOC4 TNFRSF4 UPP1 ANKRD37 IDH2 HBG1 TUBB C12orf48 PLXNB2 MAOA MUC1 MAL CSF2RA C1orf85 OLFML2A KIFC1 PTPN1 AIF1 
LTA NDUFA4L2 ADA PSMB9 ARID5A WDR40A PSMB8 CARD9 TBC1D8 MAFB SULF2 TUBB3 TGM2 
  
Excluded: P704P CEBPA LOC440871 C10orf128 IDH1 LRRC32 GNLY CLEC4A LOC642489 CCR1 RNF19A H1F0 CFLAR CBLN3 CHI3L2 LOC644774 PPPDE2 LOC651816 MTP18 IFITM1 ITGB2 PRDX2 TXN GBP1 
UBE2C MGC4677 GYPC AMY1A MIAT SLC2A14 CENPV SERPINA1 RFTN1 MS4A6A LOC120376 LOC653874 AK3L1 IL32 CCL8 CCL13 IL8 CTSL1 ACTA2 FKSG30 LOC727848 OAS1 ACOT7 PARM1 GZMH TK1 
LOC732165 PGK1 S100A9 LOC647450 LOC642113 SIRPA ADAP2 MAD2L1 LOC286016 GIMAP5 LOC654346 MT2A LOC652493 CMTM7 LDHA TRIM69 BATF3 C17orf58 MT1A SPC25 C17orf60 CDC42 LOC399942 
PALLD STAG3 TOP2A MTHFD2 FKBP1A CENPE LOC197135 SLC2A3 HLX HNRNPA3 HMGA1 FAM72D LILRB2 LOC100008589 C6orf173 CLEC10A VCAN IFI6 RCAN2 C11orf75 LILRB4 CCL23 SERPINB6 LOC647000 
DSE ZMIZ1 HIST2H2AA3 HLA-DPB2 EMR2 LOC651957 TMEM97 GZMB CCL2 IFITM3 LILRB3 ENSA HJURP ACTB DLGAP5 HBG2 LOC643319 PHGDH PTTG3P C7orf68 HBD LOC402221 GAPDH HBB CCL18 HBA2 
GBP4 SEC11C SCD LOC653506 C16orf75 GPR137B PTTG1 GBP2 LILRA3 LOC652694 FPR3 LILRA5 PGAM4 CD1A LOC541471 LOC387882 OIP5 PGAM1 ENO1 AMY1B CCDC24 TPI1 CD1B LOC652184 FAM129B 
CD1E LOC732007 CD209  
 
Analysis	  parameters:	  The	  analyzed	  promotor	  regions	  were	  set	  to	  2000	  bp	  up-‐	  and	  downstream	  of	  each	  gene.	  The	  top	  30%	  of	  conserved	  regions	  (min.	  conservaFon	  60%)	  were	  
examined	  for	  JASPAR	  CORE	  profiles	  from	  the	  vertebrate	  taxonomic	  supergroup.	  Matches	  to	  profiles	  were	  accepted	  only	  if	  above	  85%	  of	  the	  matrix	  profile.	  Over-‐represented	  
profiles	  were	  defined	  as	  having	  a	  one-‐tailed	  Fischer	  exact	  probability	  of	  <0.01	  and	  a	  Z-‐score	  of	  >	  10	  (bold	  in	  table),	  as	  described	  in	  Ho	  Sui,	  et	  al.	  (2005).	  oPOSSUM:	  IdenFficaFon	  
of	  over-‐represented	  transcripFon	  factor	  binding	  sites	  in	  co-‐expressed	  genes.	  NAR,	  33(10):3154-‐64.	  PMID:	  15933209	   
 
 



Human Single Site Analysis SSA analysis oPOSSUM (http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum) of 2 fold up-regulated genes in T cell/antigen activated 

Human	  Single	  Site	  Analysis	  (SSA)	  is	  designed	  to	  detect	  over-‐represented	  conserved	  single	  sites	  in	  human	  and	  mouse	  genes.

Top 30% of conserved regions (min. conservation 60%)

Background gene non-hits Target gene hits Target gene non-hits Background TFBS hits

11541 111 244 4965
12598 83 272 3490
12446 85 270 3518
13178 63 292 2373
15076 5 350 74
4231 271 84 35925

Analyzed: PFKP IDI1 BCL3 FSCN1 EPB41L3 RCN1 CD4 PTGS2 PKM2 CYP51A1 UHRF1 LAP3 NME1 MCM10 E2F2 DEPDC1B RRAGD LIMA1 ACTN1 TMEM49 ECGF1 CDC2 TNFRSF6B IL17RB FAS SREBF1 PRDM1 
PRKCQ CD38 HMMR SC4MOL P4HA2 HIPK2 ASPM LY75 TBXAS1 AURKA NRP1 BIRC5 LAG3 GNA15 CDKN3 TPX2 PLTP MMP9 CD40 RGS1 IL21R HCK LYZ AQP9 EPDR1 IL4I1 LACTB ORC6L TNFSF13B IL2RB 
CENPM HIF1A hBG1 LAT2 CST3 ACP5 CCNE1 SLC7A5 SNX5 XBP1 HOMER2 LAT2 IFI30 ATP8B4 PYGL SQLE QPRT CDK6 CYP27B1 PLDN TIMP1 CDCA3 RNF125 SNX8 ENO2 CD83 MCM4 MMP12 CDC45L CA2 
LMNB1 PCCB ALDOC AICDA SERPINE1 ENG CCL22 TREML2 MYL2 CCL17 KYNU TTK CENTA1 STAT1 RIMS3 PFKFB4 NEDD9 SLAMF1 POU2AF1 SGK ST8SIA4 FBXO6 NEK2 BLVRA IFNG NCAPG NCF2 IL1R2 
CTSC HMGCS1 KIF20A CENPA SPP1 ACVR1 TGFBI HDC CDC20 MS4A4A CCR6 CCR2 DHCR24 BCL6 C1orf54 CKS2 CISH QPCT NDP F13A1 AMOT CTNNAL1 IRF1 HSD11B1 MND1 PTGER2 ATPAF1 C20orf100 
QSOX1 PLAU PNKD RAB32 LDLR SLC25A19 NINJ1 ZWINT IL13RA1 RRAS FGL2 RNASE1 IL2RA GINS2 CDKN1A NP C1orf24 IGJ ANXA1 TST ELL3 PSAT1 CAMK1 ALDH1A2 MRPL44 HAVCR2 BHLHB2 RAB33A 
ARPC1B GIMAP4 MYO1G TRAFD1 CYP1B1 IER3 SLC39A8 ENPP2 CD302 FURIN EPSTI1 FKBP11 WARS PARP9 CD72 NUSAP1 FER1L3 ITGAX RHOF SLC2A5 SLC27A2 KIF11 HDC IGSF6 LMO2 CEP55 TICAM2 
PGD SLC16A3 PHLDA1 RGL1 HAPLN3 CXCL9 ALDOA MOBKL2C SLC20A1 MCL1 INPP1 GNA12 CCNA2 CLEC1A AUH IKBKE PPFIA4 GALM FADS1 STOM CDCA5 CHEK1 GZMA Mal SPP1 ADM CDCA7 SLC37A3 
CD226 NECAP2 LRP8 UBE2L6 ALOX15 C1QC BRSK1 BRE PAQR4 EAF2 SAMSN1 ESPNL TKT CBS CCNB2 HK2 LMNA PPAP2B TAGLN2 GBP5 FCRL3 GPR114 HK3 CTSB HPGD FOXQ1 TKT CSF2 Spc25 ANPEP 
BATF CENPN FCER1G C15orf39 DDIT4 FBP1 GFI1 NT5DC2 CD3D STAT3 TGFA VAMP5 GNG8 KIF15 MELK IL7R MVD ACAT2 HK3 TM7SF4 SAP30 TAP1 SLC12A8 KIAA0101 GLB1 CRTAP SPRED1 RRM2 NFIL3 
CDC2 BCL2L1 GLRX BNIP3 DHCR7 ATF5 MAL METRNL C1QB TYMS SRXN1 NET1 CD14 EBI2 TMEM51 IRX3 ELOVL6 PFKFB3 CKAP2L GRB2 CD163 GMPPB BUB1 EAF2 TUBB6 FASN AURKB CIITA CSF1R CLC 
FZD2 LASS6 GAS6 ACTG1 MYADM SOCS3 HIST1H1C TMEM173 SOCS1 THOC4 TNFRSF4 UPP1 ANKRD37 IDH2 HBG1 TUBB C12orf48 PLXNB2 MAOA MUC1 MAL CSF2RA C1orf85 OLFML2A KIFC1 PTPN1 AIF1 

Excluded: P704P CEBPA LOC440871 C10orf128 IDH1 LRRC32 GNLY CLEC4A LOC642489 CCR1 RNF19A H1F0 CFLAR CBLN3 CHI3L2 LOC644774 PPPDE2 LOC651816 MTP18 IFITM1 ITGB2 PRDX2 TXN GBP1 
UBE2C MGC4677 GYPC AMY1A MIAT SLC2A14 CENPV SERPINA1 RFTN1 MS4A6A LOC120376 LOC653874 AK3L1 IL32 CCL8 CCL13 IL8 CTSL1 ACTA2 FKSG30 LOC727848 OAS1 ACOT7 PARM1 GZMH TK1 
LOC732165 PGK1 S100A9 LOC647450 LOC642113 SIRPA ADAP2 MAD2L1 LOC286016 GIMAP5 LOC654346 MT2A LOC652493 CMTM7 LDHA TRIM69 BATF3 C17orf58 MT1A SPC25 C17orf60 CDC42 LOC399942 
PALLD STAG3 TOP2A MTHFD2 FKBP1A CENPE LOC197135 SLC2A3 HLX HNRNPA3 HMGA1 FAM72D LILRB2 LOC100008589 C6orf173 CLEC10A VCAN IFI6 RCAN2 C11orf75 LILRB4 CCL23 SERPINB6 LOC647000 
DSE ZMIZ1 HIST2H2AA3 HLA-DPB2 EMR2 LOC651957 TMEM97 GZMB CCL2 IFITM3 LILRB3 ENSA HJURP ACTB DLGAP5 HBG2 LOC643319 PHGDH PTTG3P C7orf68 HBD LOC402221 GAPDH HBB CCL18 HBA2 
GBP4 SEC11C SCD LOC653506 C16orf75 GPR137B PTTG1 GBP2 LILRA3 LOC652694 FPR3 LILRA5 PGAM4 CD1A LOC541471 LOC387882 OIP5 PGAM1 ENO1 AMY1B CCDC24 TPI1 CD1B LOC652184 FAM129B 

Analysis	  parameters:	  The	  analyzed	  promotor	  regions	  were	  set	  to	  2000	  bp	  up-‐	  and	  downstream	  of	  each	  gene.	  The	  top	  30%	  of	  conserved	  regions	  (min.	  conservaFon	  60%)	  were	  
examined	  for	  JASPAR	  CORE	  profiles	  from	  the	  vertebrate	  taxonomic	  supergroup.	  Matches	  to	  profiles	  were	  accepted	  only	  if	  above	  85%	  of	  the	  matrix	  profile.	  Over-‐represented	  
profiles	  were	  defined	  as	  having	  a	  one-‐tailed	  Fischer	  exact	  probability	  of	  <0.01	  and	  a	  Z-‐score	  of	  >	  10	  (bold	  in	  table),	  as	  described	  in	  Ho	  Sui,	  et	  al.	  (2005).	  oPOSSUM:	  IdenFficaFon	  
of	  over-‐represented	  transcripFon	  factor	  binding	  sites	  in	  co-‐expressed	  genes.	  NAR,	  33(10):3154-‐64.	  PMID:	  15933209	   



Background TFBS rate Target TFBS hits Target TFBS rate Z-score Fisher score

0.0018 163 0.0027 16.96 9.59E-04
0.002 113 0.003 17.26 1.13E-03
0.0013 111 0.0018 12.64 2.59E-03
0.0008 78 0.0013 11.75 7.29E-03
0 5 0.0001 11.3 3.48E-02
0.009 911 0.0105 12.75 4.18E-02
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BCR signaling pathway inhibitors such as Syk inhibitors 1-3 have shown promise in CLL, a mature B 

cell cancer where the BCR pathway is constitutively active 4. However, sustained BCR signaling can 

lead to anergy and apoptosis in a process including IgM downregulation, reduced responsiveness to 

BCR ligands, high intracellular Ca2+ and activation of BCR pathway kinases 4, 5. Several studies 

suggest that CLL cells are rescued by combined BCR and CD40L triggering; an anti-apoptosis, 

activation and differentiation signal is mediated by T helper (Th) cells via CD40L (CD40Ligand, 

CD154) that binds CD40 on the B cell surface 6-10. Thus, CLL patients have CLL-specific Th cells that 

can support CLL cell proliferation in xenografts 8, 9, activated CD40L+ Th cells co-localize with 

proliferating CLL cells in pseudofollicles 6, 7, and CLL cells secrete Th attracting chemokines 

recruiting T cell help 6, 9. It has been unclear how BCR pathway inhibitors impact the 

microenvironmental help of CLL cells. Here we show that CD40L activated the BCR pathway in CLL 

cells, including Syk and downstream components. CLL cells were very sensitive to the Syk inhibitors 

that abrogated CD40L induced blastogenesis and proliferation. This suggests that CLL cells require 

CD40L-dependent activation of the BCR pathway to overcome negative feedback. Hence CD40 may 

function as a gatekeeper for the constitutive BCR signals. Treatment with Syk inhibitors may interfere 

with CLL cell proliferation by blocking CD40L-dependent Syk activation. We also found that normal 

B cells were not affected by the inhibition, suggesting that treatment could spare the normal B cell 

compartment. 

We stimulated CLL cells (Table S1) or normal B cells with CD40L using human CD40L+ murine L 

cell fibroblasts 11 for 6 days and measured proliferation by using the BrdU flow kit (anti-BrdU, 3D4 

BD). B cell activation was monitored by CD38 expression on gated CD19+ cells (HB7; HIB19, 

eBioscience). CD40L+ L cells stimulated CLL cell blastogenesis, CD38 expression, generation of CLL 
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cell clusters and proliferation of cells in all patients analyzed (Figure 1A-C, Supplementary Figure 

S1). Blastogenesis and cell clustering was dramatically reduced in the presence of the Syk inhibitor 

fostamatnib (R406), Figure 1B. Nevertheless, CLL cells were viable and activated as indicated by the 

expression of the activation marker CD38 (Figure 1C, Supplementary Figure S1). In contrast, both the 

blastogenesis (9 of 10 patients) and proliferation responses (10 of 10 patients) were inhibited in CLL 

cells (Figure 1D). We extended the analysis to P505-15, a novel and highly selective Syk-inhibitor 2.

P505-15 inhibited blastogenesis and CLL proliferation (Figure 1D, bottom panel). Remarkably, 

normal B cells (purified from healthy donors by negative selection kit, Miltenyi) were not inhibited in 

these assays (Figure 1E). 

We proceeded to investigate pathway activation with phosphoflow analyses; samples were prepared 

using phosphoflow reagents from BD Biosciences (San Jose, CA, USA). Permeabilized cells were 

barcoded with combinations of esters conjugated to Pacific Blue, Alexa Fluor 488 or Pacific Orange 

(Molecular Probes/Life Technologies) washed and pooled as described 12. CD19+ barcoded cells (PE-

Cy7, SJ25C1, BD Bioscience) were stained with Alexa Fluor 647-conjuated phospho-specific 

antibodies and acquired on a FACSCanto II, and analyzed as described 12.

In agreement with previous reports 4, we found a higher basal activation of the BCR signaling cascade 

in CLL cells (Syk (pY525/Y526, Cell Signaling Technologies), PLCγ2 (pY759, BD Biosciences), 

ERK1/2 (pT202/Y204 Cell Signaling Technologies), data not shown). After ligation with cross-

linking anti-BCR, CLL cells increased the levels of activated Syk (pY525/Y526) within 3 minutes 

(Figure 2A, upper panel), with kinetics similar to that of normal B cells, but with lower signal 

amplitude. CLL cells also increased Syk (pY525/526) levels after sCD40L stimulation, showing a 
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delayed response, most evident after 10-30 minutes (Figure 2A, upper panel). This response was 

higher and significantly different from that seen in normal B cells (Figure 2B). In contrast, sCD40L 

stimulated NF-κB p65 (pS536) and p38 MAPK (pT180/Y182, both mAbs from Cell Signaling) with 

similar kinetics in CLL and normal B cells (Figure 2A, lower panels). 

The analyses demonstrated that CD40 ligation provided a delayed increase in activated Syk in CLL 

cells. We next analyzed Syk in CLL cells after 24 h co-culture with CD40L+ L cells or control L cells. 

The CD40L induced levels of activated Syk (pY525/526) was higher in these long-duration assays 

(Figure 3A). The CD40L dependent Syk activity was markedly and significantly reduced in the 

presence of both R406 and P505-15 Syk inhibitors (Figure 3A). We proceeded to test levels of 

phosphorylation-dependent activation of components of the BCR pathway and found that CD40L 

stimulation increased the activity of Akt (pS473, Cell Signaling Technologies), BLNK (pY84, BD 

Biosciences), Btk/ltk (pY551/Y511, BD Biosciences), ERK1/2 (pT202/Y204) in 5 of 5 patients 

(Figure 3B and data not shown), suggesting that the CD40L pathway activation is permissive for 

constitutively active signals in the BCR pathway. Syk inhibition to a lesser degree also reduced the 

activity of the downstream pathway constituents, most pronounced effects were seen with P505-15 

and proximal constituents, pAkt, pBtk/Itk (Figure 3B).

In summary, we here report that CD40 ligation resulted in increased activity in the BCR pathway of 

CLL cells; this included phosphorylation of Syk and the downstream Akt, BLNK, Btk/Itk, and 

pErk1/2. The CD40L dependent activation was significantly higher in CLL cells than in normal B 

cells. CD40L stimulation induced CLL cell blastogenesis and proliferation and this response was 

blocked by Syk inhibition in CLL cells but not in B cells. Taken together, the results suggest that CLL 
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cells draw advantage of CD40L stimulation by increasing BCR pathway activity, signal integration 

and CLL cell proliferation. The inhibition of Syk only minimally reduced the CD40L dependent 

activation of NF-κB1 and CD38 on CLL cells. We find it likely that the difference from normal B 

cells is linked to constitutive BCR signaling and anergy in CLL cells 4, 5, 13-15. Hence, CD40 may act as 

a gatekeeper for constitutive BCR signals in anergized CLL cells, thereby disinhibiting feedback 

components. It is suggested, but not yet demonstrated that normal anergic B cells would be similarly 

dependent upon CD40L and sensitive to Syk-inhibition.  If so, Syk-inhibition could play a role in 

aborting the rescue of anergic autoreactive B cells in autoimmune disease. Although yet to be 

demonstrated, CD40 dependent Syk activation may be necessary in CLL cells to overcome the 

negative effects of Lyn/SHP-1 13 or inositol phosphate phosphatases 14, 15 to allow full CLL activation 

and CLL cell proliferation. 

Fostamatinib had an objective response in 55% of CLL patients treated with the drug in a phase II 

trial, the highest response rate in this study that also included other B cell malignancies 1. Other Syk-

inhibitors including P505-15 2 are now being developed and tested with promising results 3. Recently 

the novel Syk inhibitor entospletinib had an objective response of 61% in phase II for relapsed or 

refractory CLL 3, further trials are under way (NCT01799889, NCT01796470) and also include trials 

of a combined Syk/JAK inhibitor (NCT01994382). These impressing findings have yet to be followed 

up in phase III clinical trials. However, the demonstration of marked Syk sensitivity in CLL cells as 

compared to normal B cells as presented herein clearly suggest that further clinical trials are indicated. 
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Figure Legends 

Figure 1. Analysis of Syk inhibition of CD40 signaling in CLL and normal B cells

A-D. CLL cells were stimulated by irradiated CD40L+ or untransfected L cells in the presence of 

R406, P505-15 (SelleckChem) using relevant in vivo concentrations or DMSO vehicle control. 

(A) Forward scatter (cell size) vs. BrdU incorporation (anti-BrdU, 3D4 BD Bioscience) analysis (day 

5) in the gated CD19+ CLL cells as indicated. 

(B) Microscopic analysis (day 3) in the absence (top) or presence (bottom) of R406 (5μM). CLL cells 

were stimulated with irradiated CD40L+ L cells. 

(C) Expression of the activation marker CD38 on CLL cells (top) or normal negatively selected B cells 

(Miltenyi selection kit, bottom) as indicated. 

(D and E) B cells were stimulated by irradiated CD40L+ L cells. Left: Forward scatter vs. BrdU 

incorporation analysis (day 5) in the gated CD19+ CLL cells, (D) and CD19+ normal B cells (E) as 

indicated. The distribution of cells with high FSC (blasts, right quadrants) and proliferation (BrdU+,

upper quadrants) are shown. Right panel: gated CD19+ CLL cells, (D) and CD19+ normal B cells (E) 

stimulated by CD40L in the presence of DMSO or R406 (5 or 50 mM). Blastogenesis (%) was 

calculated as by subtracting unstimulated background:  stimulated CLL cells [upper right (UR) + 

lower right (LR) quadrants] – unstimulated CLL cells [UR+LR]. Proliferation (%):  stimulated CLL 

cells [upper left (UL) + upper right (UR)] quadrants) - unstimulated CLL cells [UL+UR]. Wilcoxon 

signed rank test, n=10, P < 0.006 for all comparisons in D; no significant differences in E (n=10). See 

also Supplementary Table S1 for patient list. 

Figure 2. Analysis of Syk activation following CD40 or BCR ligation
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(A) CLL cells or normal B cells were stimulated with sCD40L (400 ng/ml, ImmunoTools, Germany) 

or F(ab’)2 anti-human IgM (10 μg/ml, Southern Biotechnology, USA) for the indicated time periods. 

CD19+ cells were gated, Syk (pY525/Y526), NF-κB p65 (pS536) and p38 MAPK (pT180/Y182) were 

identified by phosphoflow cytometry, top and bottom panels, respectively. Shown is arcsinh median 

difference of the fluorescence intensity signals relative to unstimulated sample at time 0 (dotted line) 

for each time course in representative samples from one CLL patient and one B cell donor. 

(B) Activated Syk (pY525/Y526, as in A) in CLL or B cells 30 minutes after stimulation with 

sCD40L, n=8 CLL patients, n=8 healthy individuals. Mann Whitney U, p= 0.015. 

Figure 3. Analysis of Syk inhibitors on BCR pathway activation in CLL cells stimulated by 

CD40L 

(A) CLL cells from three patients were incubated with CD40L+ or untransfected control L cells for 

24h. CLL cells were treated with R406 (10 μM) or P505-15 (2 μM) or vehicle (DMSO). CLL cells 

were then processed and analyzed as in Figure 2. Syk (pY525/Y526) arcsinh median difference is 

shown. We found a significant difference between Syk activation in DMSO vs R406 and DMSO vs. 

P505-15 (paired student t test, p=0.03 and 0.001 respectively). Similar results were obtained with a 

separate experiment including 2 other patients. 

(B) Level of phosphorylation of down-stream signaling proteins in the BCR pathway from experiment 

as in A. Arcsinh median difference is shown for Akt (pS473), BLNK (pY84), Btk/Itk (pY551/Y511), 

ERK1/2 (pT202/Y204), and Syk (pY525/Y526). Heat map corresponds to -0.55 – +0.55 as indicated 

in the color bar. 
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Supplementary Figure S1
Expression of the activation marker CD38 on CLL cells after CD40L stimulation and 
Syk inhibition. CLL cells from 10 patients were stimulated by irradiated CD40L+ or 
untransfected L cells (unstimulated) in the presence of R406 using relevant in vivo
concentrations or DMSO vehicle control. See also Figure 1C.
(A) Expression of the activation marker CD38 on CD19+ CLL cells is shown in 
unstimulated condition, after CD40L stimulation with vehicle (DMSO) only, or after 
CD40L stimulation in the presence of R406.
(B) Mean fluorescent intensity of CD38‐expression in CD19+CLL cells as shown in 
(A).

MFI:
Unstim
+ R406 
(50µM)

MFI:
CD40L 
+ DMSO

MFI:
CD40L 
+ R406 
(50µM)

CLL105 18 62 22

CLL106 3.7 19 15

CLL109 11 19 19

CLL110 7,5 16 13

CLL111 4.4 32 33

CLL119 6.8 28 12

CLL125 6.4 17 11

CLL126 7 12 9.2

CLL121 63 56 48

CLL132 79 170 62
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Supplemental Table SI.  Patient information. 
 

 
Patient 

identifier 

 
Gender/age 

(years)* 

 
Binet stage* 

 
IgVH,% 

homology to 
germline1 

 
CD38 
(%)2 

 
FISH 

 
Observation time 
before treatment / 

Treatment (T)3 

CLL105 F/56 
 

A VH3-23, 100 
VH3-49, 94.8  
(biallelic) 

0 NA 96/Not T 
 

 

CLL106 F/52 A VH3-23, 95.2  1 NA 49/Not T 
CLL107 M/38 A VH3-30, 92.9 1 del(13q14) 84/Not T 

CLL109 M/54 A VH3, 93.8 1 NA 61/Not T 

CLL110 M/49 A VH6-01, 95.4 1 NA 89/Not T 

CLL111 M/59 A VH1-69, 91 2 NA 48/Not T 
CLL114 M/55 A VH3-23, 88.2 2 NA 78/Not T 
CLL119 M/56 C VH3-21, 98,7 NA Normal 

karyotype 
5/FCA 

CLL121 M/64 C VH4-39, 98,7 61 Normal 
karyotype 

1/FCA 

CLL125 M/44  
 

A at diagnosis, 
progressed to 
C 
 

VH1-18 98,1/ 
VH3-30 97,3 
(biallelic) 

0 Normal 
karyotype 

10/FCA 

CLL126 F/55 C VH4-34, 95.4 1 del(13q14) F-FC-FCR/A 

CLL132 M/51  B  VH3-30, 100  94 del(13q14) 29/FC  
CLL135 M/61 A at diagnosis, 

progressed to 
C 

VH4-34, 100 50 Normal 
karyotype 

36/FCR-A-BR 

CLL136 F/66 A VH3-30, 91,9 1 del(13q14) 52/Not T 

 
* :at diagnosis 
NA: Not analyzed.  
1 IgVH family, percent homology to germline. 
2 Percentage of cells staining positive for CD38, above isotype control. 
3 Observation time, treatment-free months since diagnosis. Non-treated patients are 
marked with Not T. Treated patients have received regimens with the following drugs 
marked with abbreviations: F= Fludarabine; C = Cyclophosphamide; 
A=Alemtuzumab; R=Rituximab; BR=bendamustine.  Cells were gathered before 
treatment except for CLL126 and CLL135. Patient CLL126 was initially treated with 
F, thereafter with FC, then FCR (aborted due to toxicity), and replaced by A 
monotherapy. Samples for CLL126 were gathered prior to FCR treatment. Patient 
CLL135 was initially treated with FCR, then A and finally BR. Samples were 
gathered between 2nd and 3rd treatment. 
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