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Characteristics and cellular origin of CLL 
Chronic lymphocytic leukemia (CLL) is a chronic lymphoproliferative disorder characterized 

by the progressive accumulation of CD5+CD19+CD23+ mature B cells in peripheral blood 

and secondary lymphoid organs (lymph nodes (LNs) and spleen) 1. Classically, CLL cells 

were thought to be long-lived tumor cells that accumulate as a result of defects in intrinsic 

apoptosis. However, growing evidence suggests that CLL is a dynamic disease with substantial 

proliferation rates and increased death rates in vivo 2;3. The normal counterpart of CLL is still 

a matter of debate (reviewed in 4). 

Normal B cell maturation and differentiation
Most important for the maturation and differentiation of B cells is the formation of a B 

cell receptor (BCR). The BCR consists of a membrane bound immunoglobulin (Ig) molecule 

composed of two Ig heavy (H) chains and two light (L) chains, encoded by variable, diversity 

and joining (VDJ) region gene segments that have gone through a process of RAG-mediated 

V(D)J-rearrangement. The RAG-mediated V(D)J rearrangement is responsible for the initial 

antibody repertoire of B cells (at least 1011 specificities) developing in the bone marrow. 

First the pre-BCR is formed, consisting of a H chain and a surrogate L chain. BCR mediated 

signalling (constitutively or delivered by autoantigens from the microenvironment) then 

becomes important. It induces positive selection, clonal expansion, heavy chain allelic 

exclusion and formation of the L chain (Igkappa or Iglambda) resulting in a complete BCR 

expressed on immature B cells. These cells are IgM+IgD+, IGHV/D/J, and IGK/J or IgL/J are 

paired, and cells can be autoreactive. Now negative selection for higher affinity autoreactive 

BCRs takes place by a process of clonal deletion and receptor editing or receptor revision 

of the IgHV gene. B cell development in the bone marrow is foreign antigen independent. 

Cells with no or low affinity for autoantigen move to the periphery as naive B cells. Foreign 

antigen-binding B cells meet helper T cells at the border between T- and B cell zones in 

secondary lymphoid tissue. This interaction gives rise to an initial proliferation of B cells in a 

primary focus. Some of these proliferating B cells differentiate into plasmablasts that secrete 

antibody, others migrate together with their associated T cells into a primary lymphoid follicle 

and ultimately form a germinal center (GC). In the GC reaction a stepwise differentiation 

occurs during processes of somatic hypermutation (SHM) under the influence of activation-

induced cytidine deaminase (AID), positive selection of high affinity BCRs and class switch 

recombination (CSR). After the GC reaction, cells are isotype switched and affinity matured, 

and differentiate into a) plasma cells that produce oligo/monoreactive Igs or b) memory cells. 

Whereas T cell-dependent BCR stimulation occurs in GC reactions, T-cell independent B cell 

responses take place in the marginal zone (MZ) of the spleen. Here, MZ B cells encounter 

T-cell independent antigens and can respond in 2 ways: 1. without undergoing isotype 

switching or IGV gene mutations they give rise to either plasmacells secreting polyreactive, 

unmutated IgMs or to non-switched memory cells 2. after isotype switching and IGV gene 
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mutation they give rise to plasma cells producing oligo/monoreactive mutated IgMs, IgGs or 

IgAs or to switched memory cells. 

Origin of CLL cells
Importantly, most of our knowledge about CLL cells derives from studying circulating cells. 

CLL cells residing in lymph nodes and other secondary lymphoid organs proliferate and expand 

as result of survival signals from their microenvironment. Once they leave their ‘sanctuary 

sites’ these cells become prone to apoptosis 5. There is strong evidence that signaling via 

the BCR plays a major role in the development of CLL and that it determines its clinical 

behaviour (reviewed in 6). Most cases of CLL express IgM and IgD and use either mutated 

(M-CLL) or unmutated (UM-CLL) immunoglobulin variable heavy chain (IGHV) genes. This 

feature distinguishes two patient subgroups with distinct clinical courses 7;8. UM-CLL can be 

considered to be derived from a pre-GC cell that has not undergone SHM, whereas M-CLL 

is the malignant counterpart of a post-GC cell that has undergone SHM in a germinal center 

reaction. The IGHV gene and immunoglobulin light chain variable (IGHV) gene usage differs 

markedly between the 2 major subsets. The third (minor) subset of CLL, expressing isotype-

switched Igs usually derived from mutated V genes, displays IGHV gene patterns distinct 

from M-CLL 9. This suggests a separate origin of the 3 subsets and it appears that each 

subset has arisen independently during B cell differentiation. The routes leading to the 3 

subsets of CLL are depicted in Figure 1, where antigen stimulation (auto- or foreign antigen) 

is the likely initial drive for all. 

CLL cells continuously need support from the surrounding microenvironment for their survival 

in vivo. One key component in the microenvironment is antigen. Both UM-CLL and M-CLL 

undergo engagement of surface IgM (sIgM) in vivo. Interestingly, UM-CLL express higher 

levels of IgM than M-CLL. This is probably the result of diminished down-modulation after 

antigen encounter, possibly caused by a lower affinity for antigen of UM-CLL compared 

to affinity matured M-CLL. Furthermore, in both UM-CLL and M-CLL endocytosis of sIgM 

takes place after antigen engagement. Endocytic events lead to modulation of glycans of the 

µ-chains with relative higher surface retention of a mannosylated immature form, which binds 

to mannose binding lectins in the microenvironment. This surface retention is more evident 

in UM-CLL where it could mediate new microenvironmenal interactions. Finally, less dramatic 

down-modulation of sIgM in UM-CLL results in stronger signaling capacity as compared to 

M-CLL, characterized by partial activation of downstream pathways (reviewed in 6) 

Other factors correlating with sIgM signaling capacity (e.g. CD38 expression, ZAP70 

expression) are of prognostic significance (reviewed in 6), indicating the important role of 

BCR signaling in the pathophysiology and behaviour of the disease. 

In conclusion, UM-CLL and M-CLL cells can be considered as antigen-experienced pre- and 

post-GC cells respectively and UM-CLL cells show more aggressive behaviour in vivo, possibly 

as a result of stronger IgM signaling capacity and easier access to other survival factors from 

the microenvironment. 
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Bidirectional interaction of T cells and CLL cells
The cellular crosstalk between T- and B cells belongs to the major microenvironmental stimuli 

regulating B cell survival, proliferation and differentiation. The interaction between CLL cells 

and T cells is a dynamic process with reciprocal effects on both cell types, which will be 

discussed below. 

Figure 1. Biology of CLL subsets. The 2 major subsets (UM-CLL and M-CLL indicated by bold arrows) and 
the minor subset of isotype-switched CLL (indicated by thin arrows) derive from 3 different normal B-cell 
populations. Probably antigen stimulation is the first step in tumorogenesis, with transformation of UM-CLL 
before initiation of somatic mutation (SHM) in a GC reaction. M-CLL and isotype-switched CLL are considered 
antigen-experienced post-GC cells that have undergone SHM in a GC.
Adapted from Stevenson, Blood 2011
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Effects of CLL cells on T cells
1. CLL cells exert different effects on basal T-cell numbers. CLL patients have an increased 

absolute number of CD4+ and CD8+ T cells 10-12. Furthermore, in CLL an inversed CD4/CD8 

ratio is observed 13. Interestingly, an increase in total CD4+ and CD8+ T cell numbers is found 

only in CLL and not in other B cell malignancies including monoclonal B cell lymphocytosis 

(unpublished data). This suggests CLL cell specific induction of T cell proliferation. The 

presence of an oligoclonal or even monoclonal T cell receptor (TCR) repertoire in CD8+ 

and (more frequently) in CD4+ T cells 11;14;15 suggests (tumor) antigen-selected memory 

T cells. There is growing evidence however that these T cells are not tumor-specific. The 

increased pool of cytotoxic CD8+ T cells in CMV seropositive CLL patients consists largely of 

CMV-specific cytotoxic CD8+ T cells 16. The fact that CMV seronegative CLL patients do not 

show an increase in total number of cytotoxic CD8+ T cells, supports the hypothesis that it’s 

not a tumor-specific T cell pool that accounts for the T cell expansion in CLL. 

There is evidence for CLL-dependent differentiation of certain T cell subsets. A significant 

increase in relative numbers of central and effector memory T cells is observed in the CD4+ 

T cell pool from CLL patients with unmutated IGHV genes as compared with patients with 

mutated IGHV genes. This is associated with a high Rai stage, progressive disease and shorter 

treatment-free survival 12;17. In a recent study, also the numbers of CMV-specific CD4+ T 

cells exhibiting the late differentiated CD45RO+CD27-CD28-CCR7- phenotype are found to be 

increased in CLL as compared to normal controls 18. Furthermore, there is evidence for CLL 

cell-induced Treg formation 19. 

2. CLL cells also have an effect on T cell function. Although total CD4+ and CD8+ T cell 

numbers are increased in CLL, the frequent occurrence of secondary cancers 20 and 

increased incidence of autoimmune diseases suggest T cell dysfunction. Aberrant T-cell 

physiology in CLL is characterized by reduced expression of numerous genes involved in 

the TCR signaling cascade upon TCR and CD28 costimulation. At the protein level, this 

pattern results in a reduced secretion of cytokines 21. T cells from CLL patients are impaired 

in their capacity to differentiate towards a Th1 phenotype 21;22. Also, adequate cytotoxic 

anti-CLL immune responses 23 are hampered by reduced expression of costimulatory 

molecules on CLL cells. On the other hand, the cytotoxic capacity of CMV specific 

T-cells in CLL and healthy donors is comparable (Te Raa, unpublished data). Finally, by 

expressing programmed death-1 (PD-1) 24 and CD200 25 CLL cells might contribute to the 

impairment of the immunologic synapse formation, resulting in the inhibition of T cells 26. 

Interestinlgy, lenalidomide can reverse cellular immune dysfunction in CLL by enhancing T 

cell immunological synapse formation and functional activity 26, reviewed in 27. 

Recently, T-cell function in CLL Eµ-TCL1 transgenic mouse model was studied. Eµ-TCL1 

transgenic mice develop functional T-cell defects and alterations of gene and protein 

expression closely resembling changes seen in CLL patients. Infusion of ‘CLL cells’ from 

Eµ-TCL1 mice into young syngeneic mice induces comparable defects, suggesting a causal 
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relationship between CLL and the T cell defects 28. Lenalidomide also reverses dysfunctional 

immunological synapse formation and T-cell signaling in vivo in TCL1 mice 28.

Effect of T cells on CLL cells
There is growing evidence for a key role of T cells in the pathogenesis of CLL.

1. Very recently, in a mouse model Bagnara et al. elegantly show in vivo proliferation of CLL 

cells under the influence of activated autologous CLL-derived T lymphocytes 29.

2. Increased numbers of regulatory T cells in CLL 30;31 could interfere with adequate tumor 

surveillance by putative tumor-specific T cells, thereby contributing to diminished T cell 

function in CLL and eventually disease progression. Indeed, the increased numbers of 

Treg in CLL patients is associated with unmutated IGHV genes, high Rai stage and poor 

clinical outcome 30.

3. In this thesis we show the effect of activated T cells on important characteristics of CLL 

cells in vivo: activation, proliferation and drug resistance of CLL cells. 

 Altogether, these studies suggest that T cells favour disease progression in CLL patients. 

The exact underlying mechanisms however have to be determined.

Treatment of CLL
At present a curative treatment for CLL is not available, although treatment results have improved 

considerably over the last decade. A watch-and-wait approach is applied in asymptomatic 

patients. Until recently, in case of symptomatic disease and/or disease progression patients 

were treated with alkylating agents (chlorambucil) or purine analogue containing regimens 

(fludarabine). Remission rates are variable but cures are never obtained. However, recently it 

was shown in a large randomized phase III trial that addition of the chimeric IgG1 anti-CD20 

monoclonal antibody (mAb) Rituximab (R) to FC (Fludarabine, Cyclophosphamide) improves 

both progression free survival (PFS) and overall survival (OS) in p53 functional, previously 

untreated CLL patients 32. Combination treatment with fludarabine, cyclophosphamide, and 

rituximab (FCR) has now emerged as the standard of care in the treatment of CLL in fit 

young patients (reviewed in33). Although this approach seems encouraging, patients with 

CLL eventually all relapse and require additional therapies. Also, this treatment is too toxic for 

many patients since CLL mainly affects elderly people. 

Many of the current therapeutic regimens for CLL are myelotoxic, immunosuppressive, and 

associated with infectious complications. Finally, upon sequential treatments in up to 50% of 

the patients selection of p53 dysfuctional clones occurs 34;35, resulting in chemoresistance. 

It is now unclear how to treat patients that do not respond to or cannot tolerate the current 

agents. Therefore, there is an urgent need for targeted novel therapeutic approaches that are 

effective, associated with low toxicity, circumvent microenvironmental chemoresistance and 

act independently of p53. Examples of targeted therapies are small molecules targeting the 

PI3K/Akt/mTor pathway (e.g everolimus, temsirolimus or CAL-101 a selective inhibitor of PI3K 
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6), or inhibiting BCR signaling targets SYK (fostamatinib) and BTK ((PCI-32765) 6, Antibody-

drug conjugates and targeted monoclonal antibodies (mAbs) to B-cell lineage antigens or to 

TNF-receptor family members like TRAIL-death receptor or CD40 (reviewed in 36). 

Alemtuzumab (anti-CD52 mAb) has been shown to be effective in the treatment of p53 

dysfunctional patients 37, possibly by inducing p53-independent non-classical apoptosis 
38;39. However, T cell depletion following treatment with Alemtuzumab can result in serious 

opportunistic infections and CMV reactivation. Also immunotherapy, targeting CD23 40 in vitro 

and in vivo, or CD47 mAbs 41 in vitro, has been shown to be effective. At present, anti-CD20 

therapy is the most widely used targeted treatment in CLL and will be discussed below.

Anti-CD20mAbs: types and mechanisms of cell 
death induction
The CD20 molecule, a transmembrane tetra-span, is a non-glycosolated 30-to 35-kDa 

phosphoprotein (Figure 2) expressed by B lymphocytes already at early stages of differentiation 

and by most B cell malignancies 42-44. Although CD20 is the most frequently antibody-targeted 

antigen in general, its exact function is still unknown. Until now there is no known natural 

ligand. Tedder et al 45;46 and Golay et al 47 were among the first to show that different 

anti-CD20 antibodies were able to induce changes in growth patterns of B cells. Moreover, 

Figure 2. The CD20 molecule is 
a transmembrane tetra-spanning 
non-glycosolated phosphoprotein with 
a small and a large extracellular loop. 
Here, rituximab a chimeric anti-CD20 
monoclonal antibody is bound to the large 
extracellular loop of CD20. Adapted from 
drbentownsend files(wordpress.com).
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it has been shown that CD20 can function as a calcium channel, as transfection of CD20 

into cell lines results in increase of Ca2+ conductance, and initiate intracellular signals 42;48;49. 

Also, intracellular calcium responses are significantly reduced in CD20-/- mouse B cells 50. In 

CD20-/- mice, B cell development, tissue localization, signal transduction, proliferation, T 

cell-dependent antibody responses and affinity maturation are normal 50. However T cell 

independent B cell responses are severely impeded in CD20-deficient mice 51. Interestingly, 

in humans CD20 deficiency also results in impaired T cell-independent antibody responses, 

although the response of antigen-independent B cells is normal 51. 

The chimeric anti-CD20 mAb rituximab (Figure 2) was first approved in 1997 for the treatment 

of relapsed or refractory low-grade or follicular B-cell NHL. Since then it has become a major 

element in the treatment of many B-cell malignancies including B-CLL 52;53 and auto-immune 

diseases such as rheumatoid arthritis 54. 

Important mechanisms of anti-CD20 mAbs action in vivo are antibody dependent cellular 

cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC), mediated by cells 

expressing Fcg receptors (FcgRs) such as FcgRIIIa- expressing NK cells and macrophages 

(reviewed in 55). Furthermore, intracellular signals initiated upon CD20 binding potentially 

result in growth inhibition and cell death (‘direct cell death’) (reviewed in55). The last 

mechanism is much less clear, remains controversial and its role in vivo is still a matter of 

debate. There is evidence that CD20 crosslinking can lead to cell death of certain B-cell lines 
39;56;57, however many other B-cell lines appear to be insensitive to such death 58;59. 

There is further controversy concerning the possible mechanisms of anti-CD20 induced cell 

death. Many have shown that cell death following CD20 crosslinking has features of classical 

apoptosis (including caspase activation and DNA fragmentation) 57;58;60;61. Others could not 

confirm these findings 39;57;62;63. Regarding this issue, it is important to note that there are 

2 types of anti-CD20 mAbs: Type I (rituximab-like) and type II (tositumumab-like), based on 

their ability to redistribute CD20 molecules in the plasma membrane (lipid rafts) and activate 

various effector functions (Table 1). Although both types bind bivalently to CD20, distinct 

complexes are formed with CD20. The B cell surface can accommodate approximately twice 

as many of type I antibodies as type II antibodies. Type I antibodies stabilize CD20 into 

Table 1. Differences between type I and type II anti-CD20 mAbs.

Type I mAbs Type II mAbs

Localize CD20 to lipid rafts Do not localize CD20 to lipid rafts

High CDC Low CDC

ADCC activity ADCC activity

Ca2+-flux + Ca2+-flux -

Weak homotypic aggregation (HA) Strong homotypic aggregation (HA)

Weak direct cell death induction Strong direct cell death induction

Rituximab, Ocrelizumab, Ofatumumab
AME-133

GA101
B1 (Tositumomab)
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lipid rafts leading to stronger C1q binding and potent induction of CDC. However, type 

I antibodies trigger only low levels of direct cell death. In contrast, type II antibodies do 

not stabilize CD20 into lipid rafts and thus have reduced CDC capacity, but they potently 

induce direct cell death 55;64;65. Recent studies.showed that type II anti-CD20 mAbs induce 

homotypic adhesion-related cell death through a lysosome-dependent pathway 64;66. Figure 

3 summarizes the mechanisms of cell death induction by anti-CD20 mAbs.

Anti-CD20 therapy in CLL and new anti-CD20 
mAbs
Rituximab monotherapy is effective in the treatment of CLL, but the efficacy is relatively 

low at dosages used in the treatment of non-hodgkin lymphoma (NHL). Therefore, higher 

doses and more intensified regimens must be used 67. Unfortunately, a considerable fraction 

of patients are resistant or become resistant to therapy with rituximab. Possible underlying 

mechanisms are not well understood. Several possible explanations might exist: first, CLL 

cells express low levels of CD20 68;69 and CD55 and CD59 expressed on CLL cells inhibit 

complement activation70. Second, freshly isolated CLL cells are resistant to ADCC by NK cells 

in vitro 71. In general, CLL cells seem resistant to apoptosis-inducing processes 72, possibly 

caused by an intrinsic defect in apoptosis. Third, circulating CD20 has been shown to interfere 

Figure 3. Mechanisms of anti-CD20 induced cell death. Antibody dependent cellular cytotoxicity (ADCC) 
is mediated by cells expressing Fcg receptors (FcgRs). In complement dependent cytotoxicity (CDC) C1q is 
activated by the Fc-tail of the anti-CD20 mAb resulting in activation of the complement cascade, formation of 
the membrane attack complex and eventually cell death. Binding of anti-CD20 mAb to CD20 can also result in 
direct cell death induction. This latter mechanism is not well understood (for details see text). Adapted from 
InvivoGen.
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with the binding of rituximab 73. Finally, after rituximab treatment transient downmodulation 

of CD20 expression in CLL patients has been described 74, which could explain the lack of 

response of CLL patients to rituximab, Several mechanisms can be responsible for CD20 

loss. After rituximab binding CD20 can be removed from CLL cells by internalization and 

degradation of CD20/mAb complexes in CLL cells themselves 75;76. Another mechanism is 

loss via an endocytic process called shaving/trogocytosis, mediated by FcgR on acceptor cells 

including monocytes/macrophages, which remove and internalize rituximab-CD20 immune 

complexes from B cells 77. A very recent study shows that shaving occurs more rapidly and 

induces considerably greater loss of CD20 and bound mAb from opsonized B cells than in the 

process of internalization 78.

At the moment, various new anti-CD20 mAbs with superior efficacy are being developed. 

An example of a newly developed type I anti-CD20 mAb is Ofatumumab: a fully human IgG1 

anti-CD20 mAb that binds to the small loop of CD20 and displaying enhanced CDC inducing 

capacity 79;80. Recently it was shown that ofatumumab is active in fludarabin-refractory 

CLL patients irrespective of prior rituximab treatment 81. The first glyco-engineered type 

II humanized IgG1 anti-CD20 mAb is GA101, that shows increased direct and immune 

effector cell-mediated cytotoxicity when compared to rituximab 65;82. Also, GA101 is more 

potent than rituximab at equivalent concentration in depleting CLL cells in vitro 83. Finally, a 

phase I/II study with GA101 in heavily pre-treated relapsed or refractory CLL patients shows 

promising activity when given as single agent 84.

Scope of the thesis
The aim of this thesis is two fold 

1. to study the bidirectional interaction between CLL cells and T cells.

2. to analyze mechanisms and modulation of direct cell death induced by type I- and type II 

anti-CD20 mAbs in CLL.

Chapter 2 describes the effect of activated T cells on activation, proliferation and drug 

resistance of CLL cells. These effects are compared with other microenvironmental stimuli. In 

chapter 3 the mechanism of Treg formation in CLL patients is investigated. In chapters 4 and 

5 the effect of the microenvironment on the sensitivity of CLL cells to type I anti-CD20 mAb 

(rituximab) and type II anti-CD20 mAb (GA101) induced cell death is investigated and the 

underlying cell death mechanisms are explored. In chapter 6 the effect of CD40 stimulation 

on sensitivity of B cells to rituximab and GA101 is investigated in vivo in a CD20 transgenic 

(CD20TG) mouse model. Finally, in chapter 7 an integrated summary and discussion is 

presented and future approaches towards the treatment of CLL are suggested. 

19

Background and scope of thesis

chapter

1

Proefschrift.indb   19 6-3-2012   14:48:17



Reference List
 1.  Caligaris-Cappio F, Hamblin TJ. B-cell chronic lymphocytic leukemia: a bird of a different feather. J.Clin.

Oncol. 1999;17:399-408.

 2.  Messmer BT, Messmer D, Allen SL et al. In vivo measurements document the dynamic cellular kinetics 
of chronic lymphocytic leukemia B cells. J.Clin.Invest 2005;115:755-764.

 3.  van GR, Kater AP, Otto SA et al. In vivo dynamics of stable chronic lymphocytic leukemia inversely 
correlate with somatic hypermutation levels and suggest no major leukemic turnover in bone marrow. 
Cancer Res. 2008;68:10137-10144.

 4.  Chiorazzi N, Ferrarini M. Cellular origin(s) of chronic lymphocytic leukemia: cautionary notes and addi-
tional considerations and possibilities. Blood 2011;117:1781-1791.

 5.  Calissano C, Damle RN, Marsilio S et al. Intra-clonal complexity in chronic lymphocytic leukemia: frac-
tions enriched in recently born/divided and older/quiescent cells. Mol.Med. 2011 Sep 23 (Epub)

 6.  Stevenson FK, Krysov S, Davies AJ, Steele AJ, Packham G. B-cell receptor signaling in chronic lympho-
cytic leukemia. Blood 2011;118:4313-4320.

 7.  Damle RN, Wasil T, Fais F et al. Ig V gene mutation status and CD38 expression as novel prognostic 
indicators in chronic lymphocytic leukemia. Blood 1999;94:1840-1847.

 8.  Hamblin TJ, Davis Z, Gardiner A, Oscier DG, Stevenson FK. Unmutated Ig V(H) genes are associated 
with a more aggressive form of chronic lymphocytic leukemia. Blood 1999;94:1848-1854.

 9.  Stevenson FK, Caligaris-Cappio F. Chronic lymphocytic leukemia: revelations from the B-cell receptor. 
Blood 2004;103:4389-4395.

 10.  Kay NE. Abnormal T-cell subpopulation function in CLL: excessive suppressor (T gamma) and deficient 
helper (T mu) activity with respect to B-cell proliferation. Blood 1981;57:418-420.

 11.  Serrano D, Monteiro J, Allen SL et al. Clonal expansion within the CD4+CD57+ and CD8+CD57+ T cell 
subsets in chronic lymphocytic leukemia. J.Immunol. 1997;158:1482-1489.

 12.  Tinhofer I, Weiss L, Gassner F et al. Difference in the relative distribution of CD4+ T-cell subsets in B-CLL 
with mutated and unmutated immunoglobulin (Ig) VH genes: implication for the course of disease. 
J.Immunother. 2009;32:302-309.

 13.  Platsoucas CD, Galinski M, Kempin S et al. Abnormal T lymphocyte subpopulations in patients with B cell 
chronic lymphocytic leukemia: an analysis by monoclonal antibodies. J.Immunol. 1982;129:2305-2312.

 14.  Goolsby CL, Kuchnio M, Finn WG, Peterson L. Expansions of clonal and oligoclonal T cells in B-cell 
chronic lymphocytic leukemia are primarily restricted to the CD3(+)CD8(+) T-cell population. Cytometry 
2000;42:188-195.

 15.  Rezvany MR, Jeddi-Tehrani M, Osterborg A et al. Oligoclonal TCRBV gene usage in B-cell chronic 
lymphocytic leukemia: major perturbations are preferentially seen within the CD4 T-cell subset. Blood 
1999;94:1063-1069.

 16.  Mackus WJ, Frakking FN, Grummels A et al. Expansion of CMV-specific CD8+CD45RA+. Blood 
2003;102:1057-1063.

 17.  Scrivener S, Goddard RV, Kaminski ER, Prentice AG. Abnormal T-cell function in B-cell chronic lympho-
cytic leukaemia. Leuk.Lymphoma 2003;44:383-389.

 18.  Pourgheysari B, Bruton R, Parry H et al. The number of cytomegalovirus-specific CD4+ T cells is mark-
edly expanded in patients with B-cell chronic lymphocytic leukemia and determines the total CD4+ T-cell 
repertoire. Blood 2010;116:2968-2974.

 19.  Jak M, Mous R, Remmerswaal EB et al. Enhanced formation and survival of CD4+ CD25hi Foxp3+ T-cells 
in chronic lymphocytic leukemia. Leuk.Lymphoma 2009;50:788-801.

20

Chapter 1

Proefschrift.indb   20 6-3-2012   14:48:17



 20.  Travis LB, Curtis RE, Hankey BF, Fraumeni JF, Jr. Second cancers in patients with chronic lymphocytic 
leukemia. J.Natl.Cancer Inst. 1992;84:1422-1427.

 21.  Christopoulos P, Pfeifer D, Bartholome K et al. Definition and characterization of the systemic T-cell 
dysregulation in untreated indolent B-cell lymphoma and very early CLL. Blood 2011;117:3836-3846.

 22.  Gorgun G, Holderried TA, Zahrieh D, Neuberg D, Gribben JG. Chronic lymphocytic leukemia cells induce 
changes in gene expression of CD4 and CD8 T cells. J.Clin.Invest 2005;115:1797-1805.

 23.  Buhmann R, Nolte A, Westhaus D, Emmerich B, Hallek M. CD40-activated B-cell chronic lymphocytic 
leukemia cells for tumor immunotherapy: stimulation of allogeneic versus autologous T cells generates 
different types of effector cells. Blood 1999;93:1992-2002.

 24.  Xerri L, Chetaille B, Serriari N et al. Programmed death 1 is a marker of angioimmunoblastic T-cell 
lymphoma and B-cell small lymphocytic lymphoma/chronic lymphocytic leukemia. Hum.Pathol. 
2008;39:1050-1058.

 25.  Kretz-Rommel A, Bowdish KS. Rationale for anti-CD200 immunotherapy in B-CLL and other hematologic 
malignancies: new concepts in blocking immune suppression. Expert.Opin.Biol.Ther. 2008;8:5-15.

 26.  Ramsay AG, Johnson AJ, Lee AM et al. Chronic lymphocytic leukemia T cells show impaired immu-
nological synapse formation that can be reversed with an immunomodulating drug. J.Clin.Invest 
2008;118:2427-2437.

 27.  Ramsay AG, Gribben JG. The 3 Rs in CLL immune dysfunction. Blood 2010;115:2563-2564.

 28.  Gorgun G, Ramsay AG, Holderried TA et al. E(mu)-TCL1 mice represent a model for immunothera-
peutic reversal of chronic lymphocytic leukemia-induced T-cell dysfunction. Proc.Natl.Acad.Sci.U.S.A 
2009;106:6250-6255.

 29.  Bagnara D, Kaufman MS, Calissano C et al. A novel adoptive transfer model of chronic lymphocytic 
leukemia suggests a key role for T lymphocytes in the disease. Blood 2011;117:5463-5472.

 30.  Beyer M, Kochanek M, Darabi K et al. Reduced frequencies and suppressive function of CD4+CD25hi 
regulatory T cells in patients with chronic lymphocytic leukemia after therapy with fludarabine. Blood 
2005;106:2018-2025.

 31.  Mittal S, Marshall NA, Duncan L et al. Local and systemic induction of CD4+CD25+ regulatory T-cell 
population by non-Hodgkin lymphoma. Blood 2008;111:5359-5370.

 32.  Hallek M, Fischer K, Fingerle-Rowson G et al. Addition of rituximab to fludarabine and cyclophospha-
mide in patients with chronic lymphocytic leukaemia: a randomised, open-label, phase 3 trial. Lancet 
2010;376:1164-1174.

 33.  Riches JC, Ramsay AG, Gribben JG. Chronic Lymphocytic Leukemia: An Update on Biology and Treat-
ment. Curr.Oncol.Rep. 2011;13:379-385

 34.  Lozanski G, Heerema NA, Flinn IW et al. Alemtuzumab is an effective therapy for chronic lymphocytic 
leukemia with p53 mutations and deletions. Blood 2004;103:3278-3281.

 35.  Sturm I, Bosanquet AG, Hermann S et al. Mutation of p53 and consecutive selective drug resistance in 
B-CLL occurs as a consequence of prior DNA-damaging chemotherapy. Cell Death.Differ. 2003;10:477-484.

 36.  Younes A. Beyond chemotherapy: new agents for targeted treatment of lymphoma. Nat.Rev.Clin.Oncol. 
2011;8:85-96.

 37.  Stilgenbauer S. Advances in the use of alemtuzumab in CLL. Clin.Adv.Hematol.Oncol. 2008;6:23-24.

 38.  Mone AP, Cheney C, Banks AL et al. Alemtuzumab induces caspase-independent cell death in human 
chronic lymphocytic leukemia cells through a lipid raft-dependent mechanism. Leukemia 2006;20:272-279.

 39.  Stanglmaier M, Reis S, Hallek M. Rituximab and alemtuzumab induce a nonclassic, caspase-independent 
apoptotic pathway in B-lymphoid cell lines and in chronic lymphocytic leukemia cells. Ann.Hematol. 
2004;83:634-645.

21

Background and scope of thesis

chapter

1

Proefschrift.indb   21 6-3-2012   14:48:17



 40.  Giordano Attianese GM, Marin V, Hoyos V et al. In vitro and in vivo model of a novel immuno-
therapy approach for chronic lymphocytic leukemia by anti-CD23 chimeric antigen receptor. Blood 
2011;117:4736-4745.

 41.  Mateo V, Lagneaux L, Bron D et al. CD47 ligation induces caspase-independent cell death in chronic 
lymphocytic leukemia. Nat.Med. 1999;5:1277-1284.

 42.  Bubien JK, Zhou LJ, Bell PD, Frizzell RA, Tedder TF. Transfection of the CD20 cell surface molecule into 
ectopic cell types generates a Ca2+ conductance found constitutively in B lymphocytes. J.Cell Biol. 
1993;121:1121-1132.

 43.  Nadler LM, Korsmeyer SJ, Anderson KC et al. B cell origin of non-T cell acute lymphoblastic leukemia. A 
model for discrete stages of neoplastic and normal pre-B cell differentiation. J.Clin.Invest 1984;74:332-
340.

 44.  Tedder TF, Klejman G, Schlossman SF, Saito H. Structure of the gene encoding the human B lymphocyte 
differentiation antigen CD20 (B1). J.Immunol. 1989;142:2560-2568.

 45.  Tedder TF, Forsgren A, Boyd AW, Nadler LM, Schlossman SF. Antibodies reactive with the B1 molecule 
inhibit cell cycle progression but not activation of human B lymphocytes. Eur.J.Immunol. 1986;16:881-
887.

 46.  Tedder TF, Engel P. CD20: a regulator of cell-cycle progression of B lymphocytes. Immunol.Today 
1994;15:450-454.

 47.  Golay JT, Clark EA, Beverley PC. The CD20 (Bp35) antigen is involved in activation of B cells from the G0 
to the G1 phase of the cell cycle. J.Immunol. 1985;135:3795-3801.

 48.  Anolik J, Looney RJ, Bottaro A, Sanz I, Young F. Down-regulation of CD20 on B cells upon CD40 activa-
tion. Eur.J.Immunol. 2003;33:2398-2409.

 49.  Walshe CA, Beers SA, French RR et al. Induction of cytosolic calcium flux by CD20 is dependent upon B 
Cell antigen receptor signaling. J.Biol.Chem. 2008;283:16971-16984.

 50.  Uchida J, Lee Y, Hasegawa M et al. Mouse CD20 expression and function. Int.Immunol. 2004;16:119-
129.

 51.  Kuijpers TW, Bende RJ, Baars PA et al. CD20 deficiency in humans results in impaired T cell-independent 
antibody responses. J.Clin.Invest 2010;120:214-222.

 52.  Keating MJ, O’Brien S, Albitar M et al. Early results of a chemoimmunotherapy regimen of fludara-
bine, cyclophosphamide, and rituximab as initial therapy for chronic lymphocytic leukemia. J.Clin.Oncol. 
2005;23:4079-4088.

 53.  Wierda W, O’Brien S, Wen S et al. Chemoimmunotherapy with fludarabine, cyclophosphamide, and 
rituximab for relapsed and refractory chronic lymphocytic leukemia. J.Clin.Oncol. 2005;23:4070-4078.

 54.  Edwards JC, Szczepanski L, Szechinski J et al. Efficacy of B-cell-targeted therapy with rituximab in 
patients with rheumatoid arthritis. N.Engl.J.Med. 2004;350:2572-2581.

 55.  Glennie MJ, French RR, Cragg MS, Taylor RP. Mechanisms of killing by anti-CD20 monoclonal antibod-
ies. Mol.Immunol. 2007;44:3823-3837.

 56.  Pedersen IM, Buhl AM, Klausen P, Geisler CH, Jurlander J. The chimeric anti-CD20 antibody rituximab 
induces apoptosis in B-cell chronic lymphocytic leukemia cells through a p38 mitogen activated protein-
kinase-dependent mechanism. Blood 2002;99:1314-1319.

 57.  van der Kolk LE, Evers LM, Omene C et al. CD20-induced B cell death can bypass mitochondria and 
caspase activation. Leukemia 2002;16:1735-1744.

 58.  Ghetie MA, Bright H, Vitetta ES. Homodimers but not monomers of Rituxan (chimeric anti-CD20) induce 
apoptosis in human B-lymphoma cells and synergize with a chemotherapeutic agent and an immuno-
toxin. Blood 2001;97:1392-1398.

22

Chapter 1

Proefschrift.indb   22 6-3-2012   14:48:17



 59.  Manches O, Lui G, Chaperot L et al. In vitro mechanisms of action of rituximab on primary non-Hodgkin 
lymphomas. Blood 2003;101:949-954.

 60.  Deans JP, Li H, Polyak MJ. CD20-mediated apoptosis: signalling through lipid rafts. Immunology 
2002;107:176-182.

 61.  Hofmeister JK, Cooney D, Coggeshall KM. Clustered CD20 induced apoptosis: src-family kinase, the 
proximal regulator of tyrosine phosphorylation, calcium influx, and caspase 3-dependent apoptosis. 
Blood Cells Mol.Dis. 2000;26:133-143.

 62.  Cragg MS, Glennie MJ. Antibody specificity controls in vivo effector mechanisms of anti-CD20 reagents. 
Blood 2004;103:2738-2743.

 63.  Daniels I, Abulayha AM, Thomson BJ, Haynes AP. Caspase-independent killing of Burkitt lymphoma cell 
lines by rituximab. Apoptosis. 2006;11:1013-1023.

 64.  Ivanov A, Beers SA, Walshe CA et al. Monoclonal antibodies directed to CD20 and HLA-DR can elicit 
homotypic adhesion followed by lysosome-mediated cell death in human lymphoma and leukemia cells. 
J.Clin.Invest 2009;119:2143-2159.

 65.  Mossner E, Brunker P, Moser S et al. Increasing the efficacy of CD20 antibody therapy through the engi-
neering of a new type II anti-CD20 antibody with enhanced direct- and immune effector cell-mediated 
B-cell cytotoxicity. Blood 2010;115:4393-4402

 66.  Alduaij W, Ivanov A, Honeychurch J et al. Novel type II anti-CD20 monoclonal antibody (GA101) evokes 
homotypic adhesion and actin-dependent, lysosome-mediated cell death in B-cell malignancies. Blood 
2011;117:5419-5429

 67.  Byrd JC, Murphy T, Howard RS et al. Rituximab using a thrice weekly dosing schedule in B-cell chronic 
lymphocytic leukemia and small lymphocytic lymphoma demonstrates clinical activity and acceptable 
toxicity. J.Clin.Oncol. 2001;19:2153-2164.

 68.  Almasri NM, Duque RE, Iturraspe J, Everett E, Braylan RC. Reduced expression of CD20 antigen as a 
characteristic marker for chronic lymphocytic leukemia. Am.J.Hematol. 1992;40:259-263.

 69.  Ginaldi L, De MM, Matutes E et al. Levels of expression of CD19 and CD20 in chronic B cell leukaemias. 
J.Clin.Pathol. 1998;51:364-369.

 70.  Golay J, Lazzari M, Facchinetti V et al. CD20 levels determine the in vitro susceptibility to rituximab 
and complement of B-cell chronic lymphocytic leukemia: further regulation by CD55 and CD59. Blood 
2001;98:3383-3389.

 71.  Golay J, Manganini M, Facchinetti V et al. Rituximab-mediated antibody-dependent cellular cytotoxicity 
against neoplastic B cells is stimulated strongly by interleukin-2. Haematologica 2003;88:1002-1012.

 72.  Bannerji R, Kitada S, Flinn IW et al. Apoptotic-regulatory and complement-protecting protein expression in 
chronic lymphocytic leukemia: relationship to in vivo rituximab resistance. J.Clin.Oncol. 2003;21:1466-1471.

 73.  Manshouri T, Do KA, Wang X et al. Circulating CD20 is detectable in the plasma of patients with 
chronic lymphocytic leukemia and is of prognostic significance. Blood 2003;101:2507-2513.

 74.  Jilani I, O’Brien S, Manshuri T et al. Transient down-modulation of CD20 by rituximab in patients with 
chronic lymphocytic leukemia. Blood 2003;102:3514-3520.

 75.  Beers SA, French RR, Chan CH et al. Antigenic modulation limits the efficacy of anti-CD20 antibodies: 
implications for antibody selection. Blood 2010;115-5191-5201

 76.  Luqman M, Klabunde S, Lin K et al. The anti-leukemia activity of a human anti-CD40 antagonist anti-
body, HCD122, on human chronic lymphocytic leukemia cells. Blood 2008;112:711-720

 77.  Beum PV, Kennedy AD, Williams ME, Lindorfer MA, Taylor RP. The shaving reaction: rituximab/CD20 
complexes are removed from mantle cell lymphoma and chronic lymphocytic leukemia cells by THP-1 
monocytes. J.Immunol. 2006;176:2600-2609.

23

Background and scope of thesis

chapter

1

Proefschrift.indb   23 6-3-2012   14:48:17



 78.  Beum PV, Peek EM, Lindorfer MA et al. Loss of CD20 and bound CD20 antibody from opsonized B 
cells occurs more rapidly because of trogocytosis mediated by Fc receptor-expressing effector cells than 
direct internalization by the B cells. J.Immunol. 2011;187:3438-3447.

 79.  Teeling JL, French RR, Cragg MS et al. Characterization of new human CD20 monoclonal antibodies 
with potent cytolytic activity against non-Hodgkin lymphomas. Blood 2004;104:1793-1800.

 80.  Teeling JL, Mackus WJ, Wiegman LJ et al. The biological activity of human CD20 monoclonal antibodies 
is linked to unique epitopes on CD20. J.Immunol. 2006;177:362-371.

 81.  Wierda WG, Padmanabhan S, Chan GW et al. Ofatumumab is active in patients with fludarabine-
refractory CLL irrespective of prior rituximab: results from the phase II international study. Blood 
2011;118:5126-5129

 82.  Niederfellner G, Lammens A, Mundigl O et al. Epitope characterization and crystal structure of GA101 
provide insights into the molecular basis for type I/II distinction of CD20 antibodies. Blood 2011;118-
358-367

 83.  Patz M, Isaeva P, Forcob N et al. Comparison of the in vitro effects of the anti-CD20 antibodies ritux-
imab and GA101 on chronic lymphocytic leukaemia cells. Br.J.Haematol. 2010;152:295-306

 84.  Morschhauser F, Cartron G, Lamy T, et a. Phase 1 study of RO5072759 (GA101) in relapsed/refractory 
chronic lymphocytic leukemia [abstract]. Blood 2009;114 (Suppl. 1) (Abstract 884):

24

Chapter 1

Proefschrift.indb   24 6-3-2012   14:48:17



C  h  a  p  t  e  r2
Activated T cells induce activation, proliferation 
and drug resistance in chronic lymphocytic 
leukemia cells

Margot Jak1, Jacqueline M. Tromp1,2, Maria Fernanda Pascutti1,2, 
Ingrid A.M. Derks2, Marinus H.J. van Oers1, Eric Eldering2 and 
René A.W. van Lier2

Departments of 1Hematology and 2Experimental Immunology, Academic Medical Centre, 

Amsterdam, the Netherlands

Proefschrift.indb   25 6-3-2012   14:48:17



Abstract
CLL is a dynamic disease with substantial proliferation rates in vivo. CLL cells rapidly undergo 

apoptosis in vitro indicating the important role of signals from the microenvironment such 

as bone marrow and secondary lymphoid organs. To study the mechanisms of proliferation 

and drug resistance of CLL cells, robust and reliable experimental systems must be developed 

that resemble the lymph node microenvironment. An important signal in the lymph node 

microenvironment is CD40L activation of CLL cells by activated T cells. Here, two in vitro 

systems, mimicking CLL T cell interactions, were compared; a CD40L transfectant culture 

system and a system that depends on the coculture of CLL cells with autologous activated 

T cells. Both in vitro systems were highly comparable as to activation and drug resistance 

of CLL cells. Activated autologous T cells however also induced proliferation, thereby 

most closely mimicking the in vivo situation. Proliferation of CLL cells was dependent on 

simultaneous activation with CD40L and IL-21, making these molecules possible targets in 

the treatment of CLL. Interestingly, gene expression profiles of CLL cells co-cultured with 

either CD40L transfectants or activated autologous T cells resembled transcriptomes of 

CLL cells obtained from freshly isolated lymph nodes. We conclude that signals derived 

from T cells are instrumental in inducing and maintaining activation, drug resistance and 

proliferation of CLL cells;.

26

Chapter 2

Proefschrift.indb   26 6-3-2012   14:48:18



Introduction
Despite major advancements in treatments, chronic lymphocytic leukemia (CLL) remains an 

incurable disease. CLL cells were considered to be long-lived tumor cells arrested in the G0/

G1 phase of the cell cycle and possessing intrinsic apoptosis defects, a concept largely based 

on analyses of peripheral blood derived CLL cells. However, studies of in vivo cellular kinetics, 

strongly indicated that CLL is a dynamic disease with substantial proliferation rates as well 

as increased death rates compared with normal B cells 1;2. CLL cells relentlessly accumulate 

in vivo, but rapidly undergo spontaneous apoptosis in vitro, suggesting their apoptosis 

resistance in vivo depends on external signals. Indeed, growing evidence suggests that 

survival signals from the microenvironment (bone marrow and secondary lymphoid organs) 

not only promote disease progression but also result in an inability to eliminate the leukemic 

clone (reviewed in 3). 

Several in vitro models have been used to mimic the natural microenvironment. CLL cells 

co-cultured with nurselike cells (NLCs) 4, bone marrow stromal cells (MSCs) 5 or follicular 

dendritic cells 6 are protected against apoptosis. In CLL tissues pseudofollicular structures are 

found 3;7 consisting of CLL cells, antigen (Ag)-presenting cells and numerous CD4+ T cells 8;9. 

It has been shown that CLL cells in lymph nodes (LNs) attract CD4+ T cells 8 by producing 

CCL4 and CCL22 10;11, and that these T cells express CD154 (CD40L) 9. In vitro stimulation 

of CLL cells with CD40L results in an increased anti-apoptotic profile 12-14 and rescues them 

from drug-induced apoptosis 12;13;15. Based on these observations CD40L stimulation in vitro 

is considered to mimic the lymph node microenvironment in CLL. However, this model might 

be oversimplified, since it reflects only the CD40L-CD40 interaction and not other cell-related 

membrane-bound or soluble factors. Therefore, the important question on how to construct 

a model which most faithfully reflects the in vivo CLL LN microenvironment remains to be 

answered. 

To dissect the role of T cells in activation, proliferation and drug resistance we designed a 

new in vitro CLL LN system by co-culturing CLL cells with activated autologous T cells. As 

control we cultured CLL cells on CD40L-expressing mouse fibroblasts (3T40L) as described 

previously12. In both in vitro systems, we studied activation, proliferation and drug resistance 

of CLL cells and compared gene expression profiling. 

Methods
Patient samples
Patient material (peripheral blood, bone marrow aspirate) was obtained from CLL patients 

(diagnosed according to the NCI-WG guidelines) after routine follow-up or diagnostic 

procedures at the department of hematology of the Academic Medical Center Amsterdam. 

Peripheral blood mononuclear cells (PBMCs) and bone-marrow derived mononuclear cells 

were isolated by Ficoll density gradient centrifugation (Pharmacia Biotech, Roosendaal, the 
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Netherlands) and either used immediately or stored in liquid nitrogen. Lymph node material 

diffusely infiltrated by B-CLL cells (>95% lymphocytes) was freshly frozen in liquid nitrogen 

directly after surgical removal and after thawing LN-derived CLL cells were isolated by 

mincing the lymph nodes. During all in vitro experiments, cells were maintained in culture 

medium: Iscove’s modified Dulbecco medium (IMDM: Gibco Life technology, Paisley, USA) 

supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin, 100µg/

ml gentamycin and 0.00036% b-mercaptoethanol. All samples contained at least 90% CD5+/

CD19+ cells as assessed via flow cytometry. The studies were approved by the Ethical Review 

Board of the Institute and written informed consent was obtained in accordance with the 

Helsinki Declaration of 1975, revised in 1983.

Reagents
The proteasome inhibitor bortezomib was obtained from Janssen-

Cilag (Tilburg, The Netherlands). Fludarabine (F-Ara-A) was purchased from Sigma Chemical 

Co. (St. Louis, MO, USA). 

Cell cultures
PBMC from CLL patients (>90% CD5+ CD19+ cells) were thawed and after positive selection 

with CD19+ magnetic beads (MACS, Miltenyi Biotec B.V. Leiden, The Netherlands) CLL B 

cells were labelled with 5 µM DDAO according to the manufacturer’s recommendations 

(Invitrogen, Breda, The Netherlands). After labelling with DDAO, CLL B cells were either 

stimulated with CD40 ligand (CD40L) transfected NIH3T3 (3T40L) cells as described 

previously12 or co-cultured with autologous T cells (negatively selected with CD19+ magnetic 

beads (MACS, Miltenyi Biotec B.V. Leiden, The Netherlands) activated with CD3 (clone 1XE, 

Sanquin, Amsterdam, The Netherlands) and CD28 (clone 15E8, Sanquin, Amsterdam, The 

Netherlands). Non-transfected 3T3 cells or non-activated (resting) T cells respectively were 

used as negative controls. In parallel experiments, split well cultures were performed; CLL 

cells were seeded onto transwell (TW) diffusion chambers (0,4 µm microporous filter, Falcon, 

Beckton Dickinson, Heidelberg, Germany) and placed into 3T40L-coated or activated T cell 

seeded 6 well-plates. To block CD40 signaling and IL-21 signaling, anti-CD40L mAb (5µg/

ml, Abcam, Cambrigde, UK) and anti-IL21R mAb (10µg/ml, R&D systems, Minneapolis, USA) 

were used respectively. After 2 days, CLL cells were gently removed from the fibroblast 

layer or resuspended in cultures with activated T cells and TW inserts and used in further 

experiments.

Proliferation and activation assays, induction and analysis of 
apoptosis 
To analyze proliferation upon CD40L with and without IL-21 stimulation, CLL cells were 

labelled with carboxyfluorescein diacetate succinimidyl ester (CFSE, Molecular Probes). Cells 

were resuspended in PBS at 1,0 x 107/mL in 0,5 µM CFSE for 15 min at 37ºC and washed in 
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IMDM containing 10% FCS. After labeling, cells were cultured on 3T40L cells in the presence 

or absence of 25 ng/ml IL-2116. After 5 days, cells were analyzed by FACS for CFSE staining.

For intracellular Ki-67 expression analysis, cells were fixed and permeabilised (eBioscience, 

San Diego, CA) and subsequently stained with FITC-conjugated Ki-67 or isotype control 

(Becton Dickinson, San Jose, CA). To determine expression of the activation markers CD95 

and TNFR2 cells were stained with mAb conjugates APC-conjugated CD5, PerCP-conjugated 

CD19 and FITC-conjugated CD95 (all Beckton Dickinson, San Jose, CA) or PE-conjugated 

TNFR2 (Lot # LFB 046021, R&D systems Minneapolis, USA).

For apoptosis induction, cells were treated with 10µM fludarabine (48 hrs) or 7,5nM

bortezomib (24 hrs). Apoptosis was analyzed by evaluation of mitochondrial membrane 

potential with DioC6 (Molecular probes, Leiden, The Netherlands) according to the 

manufacturer’s recommendations.

Expression of intracellular protein, cell surface molecules and DioC6 was determined using 

the FACSCalibur flow cytometer (BD biosciences) and CellQuest software (Beckton Dickinson) 

was used for data acquisition. Data were analyzed with FlowJo software (TreeStar, San 

Carlos, CA, USA).

Sample preparation for microarray analysis.
Matched peripheral blood (PB), bone marrow (BM), and lymph node (LN) samples were 

collected from treatment-naïve CLL patients (Table 1). Mononuclear cells were isolated by 

Ficoll density gradient centrifugation (Pharmacia Biotech, Roosendaal, the Netherlands) and 

stored in liquid nitrogen until use. For stimulation with 3T40L cells or autologous activated 

T cells, mononuclear cells were thawed and CLL cells were positively- and T cells negatively 

selected with CD19+ magnetic beads (MACS, Miltenyi Biotec B.V. Leiden, The Netherlands). 

After selection the percentage CD5+CD20+ CLL cells and CD3+ T cells was determined by 

flow cytometry. CLL cells and T cells were subsequently added in a 1:2 ratio (T:B) in the 

presence of CD3 (clone 1XE, CLB, Amsterdam, The Netherlands) and CD28 (clone 15E8, 

Sanquin, Amsterdam, The Netherlands). In parallel experiments CLL cells were cultured on 

3T40L cells. Cells were stimulated ON at 37ºC in a 5% CO2 incubator or left unstimulated 

at 4ºC. Mononuclear cells from LN and BM were thawed together with the PBMCs and 

kept at 4ºC for the same period of time. The following day, cells were harvested on ice, 

stained with APC-conjugated anti-human CD5 and PerCP Cy5.5-conjugated anti-human 

CD19 or FITC-conjugated anti-human CD20 (all BD Biosciences, San Jose, CA). CD5+CD19+ 

or CD5+CD20+ cells were sorted in a FACS Aria (BD Biosciences, San Jose, CA). Purity was > 

98% in all cases. Immediately after sorting, cells were washed with PBS, resuspended in Trizol 

(Invitrogen, Leiden, The Netherlands) and stored at -80ºC. RNA was extracted according to 

the Trizol’s manufacturer instructions and then cleaned with RNeasy kits (Qiagen, Venlo, 

The Netherlands) to obtain high purity RNA. The concentration and purity of the RNA 

were determined with a NanoDrop spectrophotometer ND-1000 (NanoDrop Technologies, 
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Wilimington, USA) and the ribosomal RNA band integrity was determined on an Agilent 

2001 BioAnalyzer® (Agilent Technologies, Santa Clara CA, USA). 

Microarray data analysis
Fragmentation of cRNA, hybridization to HG-U133 Plus 2.0 microarrays (Affymetrix, Santa 

Clara CA, USA) and scanning was carried out according to the manufacturer’s protocol 

(Affymetrix) at the Microarray Department of the University of Amsterdam (MAD, 

Amsterdam The Netherlands). Intensity values and P-values for determining significant 

regulation (P < 0.0025) were assigned with GCOS software (Affymetrix) and normalized to 

an average intensity of 100 using the MASS5.0 algorithm (Affymetrix). Microarray data have 

been deposited at the GEO database at the NCBI website under number [to be disclosed]. 

The data was normalized with the GCOS program using the affymetrix mas5 algoritm, 

normalized to a trimmed mean of 100. In-built differential gene expression as well as KEGG 

PathwayFinder algorithms were applied between groups.

Results
Stimulated T cells induce activation of CLL cells in both CD40L 
dependent and independent ways 
To assess the role of T cells in activation of CLL cells, DDAO-labeled CLL cells were cocultured 

with CD3-CD28 activated autologous T cells. Patient characteristics are listed in Table 1. The 

Table 1 Patient characteristics

Sex Age, y IgHV Genetic aberration p53 Rai stage Previous therapy

M 55 mut ND functional 2 none

M 62 mut none ND 0 none

M 90 mut ND ND 2 none

M 83 mut Del 13q14, Del 5q15 ND 0 none

F 63 mut Del 13q14 functional 0 none

M 75 mut ND functional 1 none

M 85 mut none ND 1 none

M 65 mut Del 13q14, Del 5q15, t(14q32) functional 3 none

M 68 mut none functional 2 none

M 51 UM trisomie 12 functional 0 none

F 75 mut ND functional 1 none

F 67 mut ND ND 0 none

M 48 UM Del 13q14 ND 4 Clb, FCR

Patient characteristics including sex, age, mutation of IgHV genes, genetic aberrations, p53 function, Rai 
stage and previous therapy. (F= female, M = male, Mut = mutated IgHV genes, UM = unmutated IgHV genes. 
ND = not determined
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CLL-T cell coculture system was compared with the earlier described CD40L transfectant 

system 12;17;18. Non-activated (resting) T cells or non-transfected 3T3 cells respectively 

were used as negative controls. A blocking CD40L mAb was used to inhibit CD40-CD40L 

interaction. In the presence of a CD40 mAb (to prevent internalization of CD40L after 

ligation with its ligand 19), activated T cells from CLL patients showed marked increase of 

CD40L (Figure 1A). CLL cells cocultured with activated T cells showed increased blast-like 

appearance comparable with CLL cells cultured on CD40L transfectants (Figure 1B, gated 

on DDAO+ cells). A decrease in percentage blast-like cells was observed in the presence 

of anti-CD40L mAb, indicating a role for CD40L in inducing activation of CLL cells in both 

systems. 

A well-known activation marker is CD95 or Fas. It has been shown that CLL cells upregulate 

CD95 after CD40 stimulation in vitro 12 and in vivo 20. Activated T cells also induced CD95 

upregulation in CLL cells but remarkably this was independent of CD40L (Figure 1C+D). To 

test whether soluble factors produced by activated T cells affected the CLL cells, split-well 

experiments were performed. In these experiments CD95 upregulation was observed in CLL 

cells cultured with activated T cells, but not with CD40L transfectants. A similar pattern was 

observed for the upregulation of another TNFR-family member: TNFR2 (Figure 1D). 

In summary, these data show that both CD40L and soluble factors produced by activated T 

cells regulate the activation of CLL cells and that the induction of CD95 can occur independent 

of CD40L. As described earlier for the CD40L system12, increased CD95 expression on CLL 

cells did not result in increased sensitivity to FasL-mediated cell death (data not shown). 

Activated T cells induce drug resistance in CLL cells via a CD40L 
independent mechanism
CD40 stimulation results in an increased anti-apoptotic profile 12-14 and drug resistance in 

CLL cells12;13;15. To test whether T cells could also induce drug resistance, DDAO labelled 

CLL cells cocultured 48 hours with CD3-CD28 activated T cells were incubated with different 

cytostatic drugs (Fludarabine and Bortezomib). Apoptosis was analyzed by measuring 

DioC6 signal in DDAO+CD19+ CLL cells (for gating strategy see Figure 2A). Figure 2B shows 

significant drug resistance in CLL cells cultured with activated T cells. In contrast to CD40L 

transfectant-induced drug resistance, T cell-induced drug resistance was not blocked in the 

presence of anti-CD40L mAb. Interestingly, also in the absence of cell-cell contact, activated 

T cells induced drug resistance in CLL cells (Figure 2B, Tact in split well). Altogether the data 

indicate that activated T cell induced drug resistance in CLL cells is CD40L-independent and 

may depend on a soluble factor. 
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Gene expression profiling reveals strong similarities between CD40L 
and activated T cell stimulated CLL cells.
To compare gene expression profiles of CD40-stimulated CLL cells and CLL cells cocultured 

with activated autologous T cells, microarray studies using Affymetrix technology were 

performed. For comparison CLL cells from peripheral blood (PB) were used. Gene expression 

profiles of CLL cells from both in vitro systems (CD40L transfectant system and activated T 

cell system) were very similar (Figure 3), with the exception of 14 genes upregulated in CLL 

cells cocultured with T cells (data not shown). It should be noted that microarrays from CLL 

co-cultured with T cells showed CD3 delta, epsilon and gamma message indicating that 

despite rigorous cell sorting low amounts of activated T cells contaminated these samples 

(data not shown).

It has been shown that drug resistance in CLL cells mainly results from NF-kB-mediated 

induction of anti-apoptotic proteins 18;21-23. Therefore, the expression of NF-kB targets 

Bcl-XL, Bfl1 and TNF were compared between both in vitro systems and peripheral blood 

CLL cells (Figure 4A-C). Expression levels of Bcl-XL, Bfl1 and TNF were increased in both 

in vitro systems compared with PB CLL cells. Interestingly, this NF-kB signature was also 

overexpressed in ex vivo lymph node CLL cells (LN)24. Upregulation of the activation marker 

CD95, as observed with FACS analysis (Figure 1C+D) in both in vitro systems, was confirmed 

by our microarray data (data not shown).

Altogether, these data show that the CD40L transfectant- and activated T cell system are 

comparable in terms of activation of CLL cells and upregulation of NF-kB targets likely leading 

to drug resistance. The NF-kB signature was also found in LN CLL samples. Further, both in 

Figure 1 Autologous activated T cells induce activation of CLL cells in vitro 
DDAO-labeled CLL cells were cocultured with CD3-CD28 activated autologous T cells and compared with the 
CD40L transfectant system as described in materials and methods. All experiments were done in the presence 
or absence of a CD40L blocking mAb. Non-activated (resting) T cells or non-transfected 3T3 cells respectively 
were used as negative controls. 
A. CD40L expression on CD3-CD28 activated autologous T cells. PBMCs from CLL patients were activated with 

CD3-CD28 in the presence of an agonistic CD40 mAb (to prevent internalization of CD40L after ligation 
with its ligand19). After 48 hours CD40L expression was analyzed on CD4+ T cells by flow cytometry. Top: 
CD40L expression on resting CD4+ T cells (left) and CD40L expression on activated CD4+ T cells (right). 
Bottom: histogram showing GeoMean of CD40L on CD4+ resting (grey) and activated (black) T cells.

B. FSC-SSC scatter plots of DDAO+ CLL cells showing CD40L-dependent blast formation of CLL cells co-cultured 
with activated T cells or CD40L transfectants (3T40L) (Trest resting T cells, T act activated T cells, aCD40L 
blocking CD40L mAb)

C. CD95 expression on DDAO+ CLL cells in the different in vitro systems (CLL+Trest, CLL+Tact, CLL+Tact in 
split well, 3T3, 3T40L) in the presence or absence of aCD40L. Upregulation of CD95 was observed in 
CLL cells co-cultured with activated T cells also in a split well experiment as well as in CLL cells cultured 
on CD40L transfectants. In contrast to CD40L transfectant-induced upregulation, activated T cell-induced 
upregulation of CD95 was CD40L-independent. 

D. Bar graph of CD95 and TNFR2 expression on DDAO+ CLL cells in the in vitro systems of B. Left: CLL-T 
cell co-culture system, right: 3T3-CD40L transfectant system. Averaged results from 8 CLL patients are 
presented as percentage CD95+ cells (mean ± SEM). Averaged results from 5 CLL patients are presented as 
Geomean (MFI) of TNFR2 (mean ± SEM). 01<p< .05 *, .001<p<.01 **
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Figure 2 Autologous activated T cells induce drug resistance in CLL cells 
DDAO labelled CLL cells cocultured 48 hours with CD3-CD28 activated T cells were incubated with different 
cytostatic drugs (Fludarabine 10 µM for 48 hours and Bortezomib 7.5 nM for 24 hours). Resting T cells were 
used as negative control and CD40L transfectant-induced drug resistance as positive control. Apoptosis was 
analyzed by evaluation of mitochondrial membrane potential with DioC6.
A. Facs plots showing gating strategy for apoptosis analysis in CLL cells in different CLL-T cell co-culture 

systems. Apoptosis was analyzed by measuring DioC6 signal in DDAO+CD19+ CLL cells. Left: medium 
control, right: fludarabine treated cells.

B. Bar graphs showing drug-induced CLL cell apoptosis in the CLL-T cell coculture system (left) and 3T3-CD40L 
transfectant system (right). Activated T cell-induced drug resistance is not abrogated in the presence of 
aCD40L mAb in contrast to 3T40-induced drug resistance. Averaged results from 11 CLL patients are 
presented as percentage apoptosis (mean ± SEM). 01<p< .05 *, p<.001 ***
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vitro systems resemble in vivo arrays of lymph node CLL cells. However, because of residual 

T cells in the activated T cell system no firm conclusions can be drawn concerning putative 

differences in the expression of ubiquitous genes (e.g. cell cycle/proliferation genes) in both 

systems. 

Proliferation of CLL cells is both dependent on CD40L and IL-21.
Although gene expression profiles of both in vitro systems were similar, activated T cells 

can induce CD95 upregulation and drug resistance in CLL cells independently from CD40 

signaling (Figure 2). These findings suggest that (in vivo) lower levels of CD40L cooperate 

with soluble factors to induce activation, drug resistance and possibly proliferation, an 

important characteristic of CLL cells in vivo 1;2. Therefore the question arose which soluble 

factor(s) could have this role in vivo. Proliferation is not observed in vitro without the addition 

of cytokines and/or membrane-bound factors but, CLL cells from lymph nodes show higher 

percentage Ki-67+ cells than CLL cells from peripheral blood or bone marrow (Figure 5A). 

This finding underscores the importance of the micro-environment for CLL behaviour 

T act 3T40L Peripheral blood

Figure 3 Gene expression profling in 
CD40L transfectant- and activated T 
cell system
Heatmap of 474 genes differentially 
expressed in peripheral blood CLL cells 
compared to peripheral blood CLL 
stimulated with CD40L or activated T 
cells for 24 hours. Shown are mean 
changes in transcript levels. Shades 
of red and green represent up- and 
downregulation of genes, respectively. 
The gene set included all genes that 
were significant after the Bonferroni 

correction for multiple testing (P ≤ 
0.0001). Samples were clustered 
together with mean expression value.
The CD40L transfectant and activated 
T cell system induce major changes 
in gene expression compared with 
peripheral blood and similar gene 
expression was observed in both in vitro 
systems, with the exception of a set 
genes indicated by the white boxes. . 
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in vivo. The cytokine IL-21 has been known to play an important role in the homeostasis 

of normal B cells25. It has been shown that IL-21 plays an essential role in T-cell induced 

B cell activation, proliferation, plasma cell (PC) differentiation and immunoglobulin (Ig) 

production26. Furthermore, peripheral blood memory B cells can be converted into highly 

proliferating Ig-secreting B cells by introducing Bcl-6 and Bcl-xL and by culturing these cells 

with CD40 ligand (CD40L) and interleukin-21 (IL-21)16. Therefore, it was tested whether 

culturing CLL cells with CD40L and IL-21 also resulted in proliferation. Cells were labelled 

with CFSE and after five days the number of divisions was analyzed by flow cytometry (Figure 

5B). Clearly, CLL cells cultured on CD40L transfectants and in the presence of IL-21 showed 

significant proliferation in contrast to CLL cells cultured on CD40L transfectants only (Figure 

5B+C). CD40L and IL-21 are two factors produced by follicular helper T cells (reviewed in 27). 

Therefore, it was tested whether CLL cells cocultured with activated T cells also started to 

proliferate and if so, whether this was blocked by aCD40L- or aIL21R blocking mAb. Resting 

T cells were used as negative control and CD40L transfectants in combination with IL-21 

were used as positive control. In CLL cells cocultured with activated T cells a significant 

increase in Ki-67+ cells was observed which could be blocked with IL-21R blocking mAb 

and with aCD40L blocking mAb (Figure 5D+E left). Interestingly, activated T cell induced 

upregulation of CD95 was also inhibited in the presence of IL21-R blocking mAb (data not 

shown). No proliferation was found in CLL cells cocultured with resting T cells, or cultured on 

3T3 or CD40L transfectants alone. Again a large increase in Ki-67+ cells was observed in CLL 

cells cultured on CD40L transfectants in the presence of IL-21 (Figure 5D+E right). These data 

show that activated autologous T cells induce proliferation of CLL cells which is dependent 

on IL-21 and CD40L, 27. In sharp contrast, CLL cells cultured on CD40L transfectants alone 

don’t proliferate. Interestingly, the IL-21R was upregulated in both in vitro systems when 

compared with peripheral blood CLL cells (Figure 5F).
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Figure 4 Upregulation of NF-kB targets in CLL cells co-cultured with CD40L transfectants or activated 
T cells
Bar graphs showing gene expression of NF-kB targets Bcl-XL (A), Bfl-1 (B) and TNF (C) from CLL cells co-cultured 
with CD40L transfectants or activated T cells compared with peripheral blood samples. Data are presented as 
gene expression in arbitrary units (mean ± SEM). 

36

Chapter 2

Proefschrift.indb   36 6-3-2012   14:48:20



B

E

0

1

2

3

4

5

C
D

5 
C

D
19

 %
 K

i 6
7

PB LNBM

A
CLL + 3T40L

CLL + 3T40L 
+ IL -21

CFSE

0

10

20

30

40

50

60

CLL + 3T40L CLL + 3T40L
     +IL-21

%
 p

ro
lif

er
at

in
g 

ce
lls **

Ki -67

D
D

A
O

 (
C

D
19

+)

C

CLL+3T3 CLL+3T40L CLL+3T40L+aCD40L CLL+3T40L+IL21

CLL+T rest CLL+T act CLL+T act+aCD40L
D

CLL+T act+aIL21R

0

2

4

6

8

CLL + 3T40L
CLL + 3T40L + aCD40L
CLL + 3T40L + IL-21

CLL + 3T3

%
 K

i-6
7

+  c
el

ls

*

0

50

100
aCD40L
aIL-21R
aCD40L+aIL-21R

Medium

%
 K

i-6
7+

 c
el

ls
(r

el
at

iv
e 

to
 T

ac
t)

*
***

***

IL21-R

0

200

400

600 3T40L
PB

T act

IL
21

-R
 g

en
e 

ex
pr

es
si

on
(a

rb
itr

ar
y 

un
its

)

F

Figure 5 Proliferation of CLL cells in lymph nodes is both dependent on CD40L and IL-21
A.  CD5+CD19+ CLL cells isolated from peripheral blood (PB), bone marrow (BM) and lymph nodes (LN) were 

analyzed for Ki-67 expression. Averaged results from 2 CLL patients are shown.
B.  CLL cells were labelled with CFSE and cultured on CD40L transfectants in the presence and absence of 

IL-21. After five days the number of divisions was analyzed by flow cytometry. Shown is a representative 
histogram of one of 10 patients tested.

C.  Bar graph showing the percentage proliferating CLL cells (positive CFSE dilution) cultured on CD40L 
transfectants in the presence and absence of 25 ng/ml IL-21. Averaged results from 10 CLL patients are 
presented as percentage proliferating cells (mean ± SEM). .001<p<.01 **

D.  CLL cells were labelled with DDAO and cocultured with activated T cells and after 48 hours. Facs analysis 
of Ki-67 expression in DDAO+ CLL cells was performed. Resting T cells or 3T3 cells were used as negative 
control and CD40L transfectants in combination with IL-21 was used as positive control. Experiments were 
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Discussion
To investigate the role of the micro-environment in CLL, several in vitro systems have been 

described3-6;12. This study shows that for mimicking the lymph node micro-environment in 

vivo in CLL, two in vitro systems are robust and reliable; the CD40L transfectant system and 

a CLL- activated T cell coculture system which both induce activation and drug resistance of 

CLL cells. However, an important characteristic of in vivo CLL cells, proliferation1;2, is only 

induced by activated T cells, suggesting this system more faithfully reflects the in vivo CLL 

LN microenvironment. Interestingly, proliferation appeared to depend on IL-21, a cytokine 

mainly produced by follicular helper T cells in lymph nodes.27;28. Finally, the microarray data 

show that the CD40L transfectant system and the CLL-activated T cell coculture system are 

highly similar, and both in vitro systems resemble the in vivo lymph node situation with 

respect to increased NF-κB activity. 

Activation of CLL cells by allogeneic activated T cells was already shown by Ranheim et al 
29. CLL cells cocultured with CD4+ mitomycin C-treated T cells previously plated in culture 

wells coated with a-CD3 mAb dramatically increased expression of CD54 (ICAM-1) and B7/

BB1. Upregulation of CD54 (ICAM-1) and B7/BB1 was significantly inhibited in the presence 

of anti-CD40 mAbs and cell-cell contact was required. The authors suggested that CD40 

crosslinking may be necessary and sufficient for T- cell-induced expression of B7/BB1 and 

other accessory molecules on CLL cells. In our study, autologous activated T cells induced 

activation of CLL cells, which was partly dependent on CD40L. The percentage of blast-like 

CLL cells in cocultures of activated T cells and CLL cells was decreased in the presence of 

anti-CD40L mAb, but upregulation of CD95 expression was not affected by anti-CD40L 

mAb. Furthermore, increased expression of CD95 was also observed in CLL cells cultured 

with activated T cells in a split well system. These data suggest that a soluble, non-membrane 

bound factor is sufficient for the upregulation of CD95. Differences in signaling strength 

could explain a variable dependence on cytokines between the various studies29. 

Another important characteristic of in vivo CLL cells is drug resistance induced by 

microenvironmental factors3. It is of clinical importance to develop a reliable and stable 

in vitro system to study the underlying mechanisms of drug resistance in CLL. The CD40L 

transfectant system has been extensively used. CLL cells cultured on CD40L transfectants 

done in the presence or absence of aCD40L- or aIL21R blocking mAb. 
E.  Left: CLL cells were co-cultured with activated T cells in the presence or absence of aCD40L-or aIL-21R 

blocking mAb. After 48 hours the percentage Ki-67+ CLL cells was analyzed by flow cytometry. Data are 
presented as percentage Ki-67+ CLL cells relative to activated T cells (mean ± SEM of 8 patients tested). 
Right: CLL cells were cultured on CD40L transfectants in the presence and absence of IL-21 or aCD40L. 
After 48 hours the percentage Ki-67+ CLL cells was analyzed by flow cytometry. Bar graph presents 
averaged results from 9 CLL patients (mean ± SEM). 01<p< .05 *, p<.001 ***.

F.  IL-21R gene expression. CLL cells were stimulated with CD40L transfectants or activated T cells. 
Peripheral blood CLL cells were used as control. After sorting RNA was isolated and microarray analysis 
was performed using affymetrix as described in materials and methods. Gene expression of IL-21R was 
compared between groups
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show an increased anti-apoptotic profile 12-14 and drug resistance to several different 

cytostatic drugs 12;13;15. Tinhofer et al showed the pro-survival potential of autologous CD4+ 

memory T cells on B-CLL cells in vitro30. Our study shows for the first time that autologous 

activated T cells are also capable of inducing drug resistance in CLL cells. In contrast to the 

CD40L transfectant system, activated T cell induced drug resistance was not solely dependent 

on CD40L. T/B cell contact was not required to induce drug resistance, suggesting a role for 

a soluble factor. Tinhofer et al. observed significant reduction in the pro-survival effect of 

CD4+ T cells in the presence of IL-4 blocking mAbs30. Whether IL-4 plays a role in activated 

T cell induced drug resistance has to be determined. Blocking IL-2 or IL-21 did not have a 

significant effect on drug resistance nor on activation of CLL cells (data not shown). 

Altogether, these data show that activation and drug resistance of CLL cells is induced in 

both in vitro systems, however the underlying mechanisms seem different. In the CD40L 

transfectant system the observed effects are obviously solely dependent on CD40L. 

In the activated T cell system the effects are only partly dependent on CD40L and other 

membrane-bound or soluble factors are likely to play a role. Reverse signaling via CD70 has 

been shown to support proliferation and cell cycle entry of B cells31. CD70 expression on 

CLL cells is significantly upregulated on CLL after CD40 stimulation12, suggesting a possible 

role for CD27-CD70 interaction in the CLL/activated T cell coculture. However, no effects 

were observed on activation or drug resistance of CLL cells when CD27-CD70 interaction 

was blocked (data not shown). Clearly, for both systems an upregulation of NF-kB induced 

anti-apoptotic genes was observed in the micro-array analysis, suggesting a common causal 

factor for drug resistance.

Several studies have shown that CLL is a dynamic disease with substantial proliferation 

rates1;2. However, in vitro CLL cells rapidly undergo apoptosis. Therefore, the in vitro system 

that closest resembles the in vivo situation must induce proliferation of CLL cells (next to 

activation and drug resistance). Our study shows for the first time that CLL cells cultured on 

CD40L transfectants and in the presence of IL-21 proliferate. Moreover, CLL cells cocultured 

with activated T cells proliferate in an IL-21- and CD40L- dependent manner. It has been 

shown that CLL cells upregulate IL-21R expression after CD40 stimulation32. We confirmed 

this finding by FACS analysis (data not shown) and by micro-array analysis (Figure 5F). 

Interestingly, IL-21 has previously been shown to induce caspase-dependent apoptosis in 

CLL cells both in unstimulated 33 and CD40-stimulated CLL cells32. Gowda also showed that 

IL-21 enhances apoptosis mediated by fludarabine and rituximab in unstimulated CLL33. In 

contrast, our study shows proliferation of CLL cells in the presence of CD40L and IL-21. This 

difference can be explained by a different experimental setup; Totero induced apoptosis 

by sequential signaling of CD40L and IL-21 in contrast to simultaneous CD40L and IL-21 

signaling resulting in proliferation of CLL cells in our study. In addition, differences in CLL 

cell density in the presence of IL-21 have an effect on viability (F. Pascutti, unpublished 

observation). Interestingly, both CD40L and IL-21 are required to induce proliferation 
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suggesting the involvement of complementary signaling pathways. Whether IL-21 also plays 

a role in inducing activation or drug resistance needs to be determined. 

This study supports growing evidence for a key role of T cells in the pathogenesis of CLL 

in vivo. A significant increase in relative numbers of central and effector memory T cells 

was observed in the CD4+ T cell pool from CLL patients with unmutated IGHV genes as 

compared with patients with mutated IGHV genes and this was associated with high Rai 

stage, progressive disease and shorter treatment-free survival 30. Recently, Bagnara et al. 

elegantly showed in vivo proliferation of CLL cells under the influence of activated autologous 

CLL-derived T lymphocytes in a mouse model34. There is also a clear role for regulatory T cells 

(Treg) in CLL. High Treg numbers are associated with unmutated IGHV genes, high Rai stage 

and poor clinical outcome35 and we found evidence for CLL cell-induced Treg formation36. 

In the present study CD4+ T cells, CD8+ T cells and possibly Tregs were present in the in vitro 

assays. The role of every individual subset in the induction of activation, drug resistance and 

proliferation of CLL cells in vitro has to be determined. 

By inducing proliferation and drug resistance of CLL cells, activated autologous T cells might 

negatively affect the course of the disease (this study and 34). On the other hand, increased T 

cell activation leads to an apparent graft-versus-tumor reaction in Bagnara’s mouse model34. 

Also injection of autologous CLL cells transduced with CD40L leads to T cell activation and 

CLL cell elimination37. Therefore, simple elimination of autologous activated T cells in the 

treatment of CLL will not result in a favourable outcome per se. Proliferation of CLL cells 

was dependent on simultaneous activation with CD40L and IL-21. Blocking CD40- and 

IL-21 signaling are likely to reduce proliferation of CLL cells in vivo, making these molecules 

interesting targets in the treatment of CLL. 

Acknowledgements
We are indebted to the participating CLL patients for their commitment to this study.

40

Chapter 2

Proefschrift.indb   40 6-3-2012   14:48:21



Reference List
 1.  Messmer BT, Messmer D, Allen SL et al. In vivo measurements document the dynamic cellular kinetics 

of chronic lymphocytic leukemia B cells. J.Clin.Invest 2005;115:755-764.

 2.  van GR, Kater AP, Otto SA et al. In vivo dynamics of stable chronic lymphocytic leukemia inversely 
correlate with somatic hypermutation levels and suggest no major leukemic turnover in bone marrow. 
Cancer Res. 2008;68:10137-10144.

 3.  Burger JA, Ghia P, Rosenwald A, Caligaris-Cappio F. The microenvironment in mature B-cell malignan-
cies: a target for new treatment strategies. Blood 2009;114:3367-3375.

 4.  Burger JA, Tsukada N, Burger M et al. Blood-derived nurse-like cells protect chronic lymphocytic leukemia B 
cells from spontaneous apoptosis through stromal cell-derived factor-1. Blood 2000;96:2655-2663.

 5.  Lagneaux L, Delforge A, Bron D, De BC, Stryckmans P. Chronic lymphocytic leukemic B cells but not 
normal B cells are rescued from apoptosis by contact with normal bone marrow stromal cells. Blood 
1998;91:2387-2396.

 6.  Pedersen IM, Kitada S, Leoni LM et al. Protection of CLL B cells by a follicular dendritic cell line is depen-
dent on induction of Mcl-1. Blood 2002;100:1795-1801.

 7.  Caligaris-Cappio F. Role of the microenvironment in chronic lymphocytic leukaemia. Br.J.Haematol. 
2003;123:380-388.

 8.  Ghia P, Strola G, Granziero L et al. Chronic lymphocytic leukemia B cells are endowed with the capacity 
to attract CD4+, CD40L+ T cells by producing CCL22. Eur.J.Immunol. 2002;32:1403-1413.

 9.  Stevenson FK, Caligaris-Cappio F. Chronic lymphocytic leukemia: revelations from the B-cell receptor. 
Blood 2004;103:4389-4395.

 10.  Burger JA, Quiroga MP, Hartmann E et al. High-level expression of the T-cell chemokines CCL3 and CCL4 
by chronic lymphocytic leukemia B cells in nurselike cell cocultures and after BCR stimulation. Blood 
2009;113:3050-3058.

 11.  Quiroga MP, Balakrishnan K, Kurtova AV et al. B-cell antigen receptor signaling enhances chronic 
lymphocytic leukemia cell migration and survival: specific targeting with a novel spleen tyrosine kinase 
inhibitor, R406. Blood 2009;114:1029-1037.

 12.  Kater AP, Evers LM, Remmerswaal EB et al. CD40 stimulation of B-cell chronic lymphocytic leukaemia 
cells enhances the anti-apoptotic profile, but also Bid expression and cells remain susceptible to autolo-
gous cytotoxic T-lymphocyte attack. Br.J.Haematol. 2004;127:404-415.

 13.  Smit LA, Hallaert DY, Spijker R et al. Differential Noxa/Mcl-1 balance in peripheral versus lymph node 
chronic lymphocytic leukemia cells correlates with survival capacity. Blood 2007;109:1660-1668.

 14.  Willimott S, Baou M, Naresh K, Wagner SD. CD154 induces a switch in pro-survival Bcl-2 family members 
in chronic lymphocytic leukaemia. Br.J.Haematol. 2007;138:721-732.

 15.  Kitada S, Zapata JM, Andreeff M, Reed JC. Bryostatin and CD40-ligand enhance apoptosis resistance 
and induce expression of cell survival genes in B-cell chronic lymphocytic leukaemia. Br.J.Haematol. 
1999;106:995-1004.

 16.  Kwakkenbos MJ, Diehl SA, Yasuda E et al. Generation of stable monoclonal antibody-producing B cell 
receptor-positive human memory B cells by genetic programming. Nat.Med. 2010;16:123-128.

 17.  Hallaert DY, Jaspers A, van Noesel CJ et al. c-Abl kinase inhibitors overcome CD40-mediated drug resistance in 
CLL: implications for therapeutic targeting of chemoresistant niches. Blood 2008;112:5141-5149.

 18.  Tromp JM, Tonino SH, Elias JA et al. Dichotomy in NF-kappaB signaling and chemoresistance in immu-
noglobulin variable heavy-chain-mutated versus unmutated CLL cells upon CD40/TLR9 triggering. Onco-
gene 2010;29:5071-5082.

41

Activated T cells induce proliferation, activation and drug resistance in CLL

chapter

2

Proefschrift.indb   41 6-3-2012   14:48:21



 19.  Frentsch M, Arbach O, Kirchhoff D et al. Direct access to CD4+ T cells specific for defined antigens 
according to CD154 expression. Nat.Med. 2005;11:1118-1124.

 20.  Chu P, Deforce D, Pedersen IM et al. Latent sensitivity to Fas-mediated apoptosis after CD40 ligation 
may explain activity of CD154 gene therapy in chronic lymphocytic leukemia. Proc.Natl.Acad.Sci.U.S.A 
2002;99:3854-3859.

 21.  Furman RR, Asgary Z, Mascarenhas JO, Liou HC, Schattner EJ. Modulation of NF-kappa B activity and 
apoptosis in chronic lymphocytic leukemia B cells. J.Immunol. 2000;164:2200-2206.

 22.  Hewamana S, Alghazal S, Lin TT et al. The NF-kappaB subunit Rel A is associated with in vitro survival 
and clinical disease progression in chronic lymphocytic leukemia and represents a promising therapeutic 
target. Blood 2008;111:4681-4689.

 23.  Romano MF, Lamberti A, Tassone P et al. Triggering of CD40 antigen inhibits fludarabine-induced apop-
tosis in B chronic lymphocytic leukemia cells. Blood 1998;92:990-995.

 24.  Herishanu Y, Perez-Galan P, Liu D et al. The lymph node microenvironment promotes B-cell recep-
tor signaling, NF-kappaB activation, and tumor proliferation in chronic lymphocytic leukemia. Blood 
2011;117:563-574.

 25.  Jin H, Carrio R, Yu A, Malek TR. Distinct activation signals determine whether IL-21 induces B cell 
costimulation, growth arrest, or Bim-dependent apoptosis. J.Immunol. 2004;173:657-665.

 26.  Kuchen S, Robbins R, Sims GP et al. Essential role of IL-21 in B cell activation, expansion, and plasma cell 
generation during CD4+ T cell-B cell collaboration. J.Immunol. 2007;179:5886-5896.

 27.  King C. New insights into the differentiation and function of T follicular helper cells. Nat.Rev.Immunol. 
2009;9:757-766.

 28.  Parrish-Novak J, Dillon SR, Nelson A et al. Interleukin 21 and its receptor are involved in NK cell expan-
sion and regulation of lymphocyte function. Nature 2000;408:57-63.

 29.  Ranheim EA, Kipps TJ. Activated T cells induce expression of B7/BB1 on normal or leukemic B cells 
through a CD40-dependent signal. J.Exp.Med. 1993;177:925-935.

 30.  Tinhofer I, Weiss L, Gassner F et al. Difference in the relative distribution of CD4+ T-cell subsets in B-CLL 
with mutated and unmutated immunoglobulin (Ig) VH genes: implication for the course of disease. 
J.Immunother. 2009;32:302-309.

 31.  Arens R, Nolte MA, Tesselaar K et al. Signaling through CD70 regulates B cell activation and IgG produc-
tion. J.Immunol. 2004;173:3901-3908.

 32.  de TD, Meazza R, Zupo S et al. Interleukin-21 receptor (IL-21R) is up-regulated by CD40 triggering and 
mediates proapoptotic signals in chronic lymphocytic leukemia B cells. Blood 2006;107:3708-3715.

 33.  Gowda A, Roda J, Hussain SR et al. IL-21 mediates apoptosis through up-regulation of the BH3 family 
member BIM and enhances both direct and antibody-dependent cellular cytotoxicity in primary chronic 
lymphocytic leukemia cells in vitro. Blood 2008;111:4723-4730.

 34.  Bagnara D, Kaufman MS, Calissano C et al. A novel adoptive transfer model of chronic lymphocytic 
leukemia suggests a key role for T lymphocytes in the disease. Blood 2011;117:5463-5472.

 35.  Beyer M, Kochanek M, Darabi K et al. Reduced frequencies and suppressive function of CD4+CD25hi 
regulatory T cells in patients with chronic lymphocytic leukemia after therapy with fludarabine. Blood 
2005;106:2018-2025.

 36.  Jak M, Mous R, Remmerswaal EB et al. Enhanced formation and survival of CD4+ CD25hi Foxp3+ T-cells 
in chronic lymphocytic leukemia. Leuk.Lymphoma 2009;50:788-801.

 37.  Wierda WG, Cantwell MJ, Woods SJ et al. CD40-ligand (CD154) gene therapy for chronic lymphocytic 
leukemia. Blood 2000;96:2917-2924.

Proefschrift.indb   42 6-3-2012   14:48:21



C  h  a  p  t  e  r3
Enhanced formation and survival of 
CD4+CD25hiFoxp3+ T cells in CLL

Margot Jak1,2, Rogier Mous1,2, Ester BM Remmerswaal2, René Spijker1,2, 
Annelieke Jaspers1,2, Adriana Yagüe1, Eric Eldering1,2, René AW van Lier2 
and Marinus HJ van Oers1

Departments of 1Hematology and 2Experimental Immunology, Academic Medical Center, 

Amsterdam, the Netherlands

Leukemia and Lymphoma, May 2009; 50(5): 788-801

Proefschrift.indb   43 6-3-2012   14:48:21



Abstract
Recently it has been described that chronic lymphocytic leukemia (CLL) patients have increased 

numbers of regulatory T cells (Treg). In the present study, we analysed the mechanism behind 

Treg expansion in CLL. Neither analysis of the T cell receptor (TCR) repertoire nor CD45 

isoform expression of Treg from CLL patients provided evidence for chronic (tumor) antigenic 

stimulation as a possible cause for Treg expansion in CLL. We found evidence however for 

increased formation of Treg via CD70 costimulation, since we observed that CD40 ligand 

activated CLL cells (which might be considered a model of lymph node CLL cells) strongly 

induced CD70-dependent formation of Treg. 

RT-MLPA expression analysis of 34 apoptosis-regulating genes showed that in comparison to 

other CD4+ T cells, Treg from both healthy individuals and CLL patients had a high expression 

of pro-apoptotic Noxa and a low expression of anti-apoptotic Bcl-2. Strikingly, Bcl-2 levels of 

Treg in CLL patients were significantly higher than in healthy individuals. Finally, the different 

apoptotic profile resulted in differences at the functional level, since Treg from CLL patients 

were more resistant to drug-induced apoptosis than Treg from healthy individuals. 

In conclusion, Treg in CLL may accumulate both by increased formation, facilitated by 

CD27-CD70 interaction in the lymph node proliferation centres, and decreased sensitivity to 

apoptosis due to a shifted Noxa-Bcl-2 balance.  
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Introduction
Chronic lymphocytic leukemia (CLL) is characterized by the slow accumulation of mature 

CD5+CD19+ B cells. Notably, CLL patients frequently also have increased numbers of 

circulating CD4+ and CD8+ T cells1,2. At present, there are no data supporting CLL-specificity 

of these expanded T cell populations. In contrast, we have shown that CLL patients can have 

increased numbers of CMV-specific CD8+ memory effector cells3. 

Recently it has been described that CLL patients have increased numbers of CD4+CD25bright 

regulatory T cells (Treg), with highest Treg frequencies in progressing patients with extended 

disease4. Importantly, Treg cells from CLL patients show inhibitory function similar to healthy 

controls4. Tregs are thought to play an important role in immune evasion by malignancies5,6. 

High Treg numbers in patients with malignancies are often associated with poor prognosis 
6. Since high Treg numbers in CLL might negatively affect the course of disease, it will be 

important to elucidate the mechanism of this Treg expansion. Most naturally occurring 

Foxp3+ Tregs in adults express markers of primed T cells, such as CD45R0. The naïve marker 

CD45RA, which is expressed by a proportion of naturally occurring Foxp3+ Tregs, decreases 

with age7. In contrast to naturally occurring Treg which are generated in the thymus, the 

majority of Treg in healthy adults are generated in the periphery8. These so-called adaptive 

or induced Treg are likely to be continuously produced from the memory CD4+ T cell pool9, 

since most Treg possess a memory phenotype (CD45R0+) and the T cell receptor repertoire 

of Treg shows a high homology to that of the CD4+ memory T cell pool. However, the 

turnover of Treg appears to be much faster than that of memory T cells9 and since in healthy 

individuals there is no steady increase in Treg numbers the increased proliferation rate 

apparently is counterbalanced by regulated apoptosis of Treg 10,11. Thus, the increase of 

Treg in CLL might be due either to increased formation (either by increased proliferation or 

by differentiation of non-Tregs into Tregs), decreased apoptosis or both. Another possibility 

of an increase in Tregs in the peripheral blood of CLL patients is redistribution of Tregs; 

by distorting lymph node architecture tumor cells could drive Tregs out of the secondary 

lymphoid organs into the blood.

In the present study we have examined potential mechanisms of increased Treg numbers in 

CLL. Possible expansion by chronic antigenic stimulation was evaluated by analysis of the T 

cell receptor repertoire and the expression of differentiation markers on Treg. Furthermore, 

we investigated whether CLL cells themselves play a stimulatory role in the formation of Treg. 

Finally, alterations in apoptosis of Treg were studied by expression profiling of 34 apoptosis 

regulating genes as well as by assessment of Treg sensitivity to cytotoxic drugs. 
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Methods
Cells from CLL patients and healthy individuals
Peripheral blood was drawn from CLL patients (diagnosed according to the NCI-WG 

guidelines) as well as from healthy volunteers (blood bank donors). PBMC were isolated 

and either used immediately or stored in liquid nitrogen. During all in vitro experiments, 

cells were maintained in Iscove’s modified Dulbecco medium (IMDM: Gibco Life technology, 

Paisley, USA) supplemented with 10% heat-inactivated fetal calf serum, penicillin, gentamycin 

and b-mercaptoethanol. All PBMC samples from CLL patients contained at least 90% CD5+/

CD19+ cells as assessed via flow cytometry. The age range of  CLL patients was 28-86 years 

(female:male ratio 1:1.6) and of healthy donors 29-61 years. (F:M ratio 1:0.8). The studies 

were approved by the Ethical Review Board of the Institute and from all participants written 

informed consent was obtained. Patient characteristics are listed in table 1. 

Table 1. Patient characteristics

ID Gender Age (yr) Stage (Rai) IgVH mutation status Prior Therapy

1 M 60 2 Mut No Tx

2 M 86 2 Mut No TX

3 M 52 0 Unmut No Tx

4* F 28 4 Unmut F, CA during analysis

5 M 65 1 Unmut No Tx

6 F 65 1 Unmut F during analyis

7 M 52 0 Unmut No Tx

8 M 84 0 Mut No Tx

9 M 83 0 Unmut No Tx

10* M 35 2 Unmut F,C,R > 1 yr

11 M 62 2 Mut No Tx

12 F 75 0 Mut No Tx

13 M 74 0 Mut No Tx

14 F 59 0 Mut No Tx

15 M 73 1 Mut No Tx

16 F 73 1 Mut CA < 1 yr

17 F 59 1 ND No Tx

18 M 78 2 Unmut CA < 1 yr

19 F 42 2 Mut CA < 1 yr

20 F 62 0 Mut No Tx

21 M 54 2 Mut No T

Patient characteristics including gender, age, Rai stage, mutation of IgVH genes and prior therapy. (F= 
female, M = male, Mut = mutated IgVH genes, Unmut = unmutated IgVH genes, ND = not determined, C= 
cyclophosphamide, CA= chlorambucil, F= fludarabine, R= rituximab, no Tx = no therapy). Patients indicated 
with an asterisk (*) showed highly progressive disease.
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Flow cytometry
PBMC were stained using antibodies against CD4, CD8, CD5, CD19, CD25, CD45RA or 

CD45R0 and CD127 (all Becton Dickinson, San Jose, CA), CD70 FITC (clone CLB-2F2) or 

with antibodies against CD95 (IQ products, Groningen, the Netherlands). For intracellular 

staining, cells were fixed and permeabilised (eBioscience, San Diego, CA) and subsequently 

stained for Bcl-2 (Dako, Glostrup, Denmark), Ki-67 (BD Pharmingen, San Jose, CA) and Foxp3 

(eBioscience, San Diego, CA).  As isotype-matched control antibody for Bcl-2 and CD95 we 

used mouse IgG1 FITC, clone X40 (BD Pharmingen, San Jose, CA) and for Ki-67 we used 

FITC-conjugated mouse IgG1, κ isotype control, clone MOPC-21 (BD Pharmingen, San Jose, 

CA). Antibody stained cell samples were analysed by flow cytometry with the CellQuest 

program on a fluorescence-activated cell sorting (FACS) Calibur (Beckton Dickinson).

Isolation of T cell populations
Thawed PBMC from either healthy individuals or CLL patients were stained with antibodies 

against CD4, CD25 and CD127 (all Becton Dickinson, San Jose, CA). Subsequently, Treg 

(CD4+/CD25bright/CD127low) and non-Treg CD4+ T cells  (CD4+/CD25-/CD127+) were 

obtained by cell sorting (FACS Aria, Becton Dickinson, San Jose, CA). The isolated cells were 

immediately lysed to prepare RNA or perform protein isolation. Treg enriched populations 

contained approximately 80% CD4+/Foxp3+ cells as assessed by flow cytometry.

Analysis of Vb repertoire
RNA isolated from sorted T cells was subjected to template switch-anchored reverse 

transcriptase–polymerase chain reaction (RT-PCR) by using Super Smart PCR cDNA Synthesis 

Kit (BD Biosciences Clontech, Palo Alto,CA). Vb PCR was performed on amplicons as 

described previously 12. For the spectratyping, samples were mixed with Genescan-500 ROX 

size standards and run on an ABI 3100 capillary sequencer (Applied Biosystems,Warrington, 

United Kingdom) in Genescan mode.

In vitro CD40 ligand stimulation of CLL cells
PBMC from CLL patients (> 90% CD5+CD19+ cells) were stimulated with CD40 ligand 

(CD40L) transfected NIH3T3 (3T40L) cells as described previously13. Briefly, CLL cells were 

added to 6-well plates coated with gamma irradiated (30 Gy) CD40L transfected NIH3T3 

cells. Non-transfected 3T3 cells were used as negative controls. After 2 days, the CLL cells 

were gently removed from the fibroblast layer and used in further experiments.

Cell stimulation cultures (CSC)
CSC were performed with 3T3- or 3T40L-stimulated CLL cells (APC) and PBMC of a healthy 

individual or (autologous) CLL patient (responders) in a 1:1 ratio (2 x 105 stimulators: 2 x 

105 responders). Cells were cultured in 96-wells plates (Costar, Corning Inc., NY, USA) in 

the presence of soluble CD3 mAb (clone CLB-T3.4/E)14 and in the presence or absence 
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of a blocking CD70 mAb (clone CLB-2F2)15. After 4 days cells were harvested and Foxp3 

expression was analyzed by flow cytometry as described above. 

Reverse transcription–multiplex ligation-dependent probe 
amplification assay
Reverse transcription–multiplex ligation-dependent probe amplification assay (RT-MLPA) 

procedure was performed as described previously16. Briefly, 100 ng total RNA as obtained 

from sorted T cell populations was reverse transcribed using a gene-specific probe mix. 

The resulting cDNA was annealed overnight at 60°C to the MLPA probes. Annealed 

oligonucleotides were covalently linked by Ligase-65 (MRC, Amsterdam, The Netherlands) 

at 54°C. Ligation products were amplified by polymerase chain reaction (PCR; 33 cycles, 30 

seconds at 95°C, 30 seconds at 60°C, and 1 minute at 72°C) using one unlabeled and one 

6-carboxy-fluorescein–labelled primer (10 pM). PCR products were size separated on an ABI 

3100 capillary sequencer in the presence of 1 pM ROX 500 size standard (Applied Biosystems, 

Warrington, United Kingdom). Results were analyzed using the programs Genescan analysis 

and Genotyper (Applied Biosystems). Category tables containing the area for each assigned 

peak (scored in arbitrary units) were compiled in Genotyper and exported for further analysis 

with Excel spreadsheet software (Microsoft, Redman, WA). Data were normalized by setting 

the sum of all signals at 100% and expressing individual peaks relative to the 100% value. 

The thus obtained expression levels of all tested genes in Treg populations (see isolation 

of T cell populations) were then compared to the levels found in the non-Treg CD4+ T cell 

population and reflected as relative expression (gene expression in CD4 set as 1).

Quantative PCR analysis of Noxa expression
20 ng of RNA extracted from sorted cell populations (see analysis of Vb repertoire) was used to 

synthetize cDNA with superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). From these 

cDNA pools, specific targets were amplified by PCR performed with Lightcycler FastStart DNA 

Master SYBR Green I (Roche Diagnostics, Indianapolis, IN), using the sense and antisense Noxa 

primers 5’-GGAGATGCCTGGGAAGAAGG-3’ and 5’-TCAGGTTCCTGAGCAGAAGAG-3’ and the 

18S primers 5’-GGACAACAAGCTCCGTGAAGA-3’ and 5’-CAGAAGTGACGCAGCCCTCTA-3’ 

respectively. The results were normalized to 18S. Thus obtained values for Treg were set as 1 

and compared to values of non-Treg (relative expression).

Western blotting
Western blotting was performed as described previously17. Protein samples were separated 

by 13% sodium dodecyl sulfate–polyacrylamide gel electrophoresis followed by Western 

blotting. Blots were probed with the following antibodies or antisera: polyclonal Mcl-1 (BD 

Pharmingen, San Jose, CA), monoclonal anti-Noxa (Imgenex, San Diego, CA), anti-Bcl-XL 

(Transduction Laboratories, Lexington, KY), rabbit-anti-Bcl-2 (Alexis Biochemicals, San Diego, 

CA) or antiserum to ß-actin (Santa Cruz Biotechnology, Santa Cruz, CA).
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Drug sensitivity assays
PBMC of both CLL patients and healthy individuals were incubated with various concentrations 

of fludarabine (Sigma-Aldrich, St Louis, MO), Roscovitine (Sigma Aldrich, St Louis, MO) or 

agonistic Fas antibody CH11 (Beckman Coulter, Fullerton, CA). After 24 hours, cells were 

fixed and permeabilised and stained for CD3, CD4, CD25 (all Beckton Dickinson) and Foxp3 

(eBioscience) to determine the percentage of regulatory T cells (Treg) out of the total CD4 

population. The obtained values were then normalized by calculating the percentage of Treg 

remaining after drug stimulation compared to non-stimulated as follows: (Foxp3+/(CD4+)drug 

stimulated)/(Foxp3+/(CD4+)non-stimulated) x 100%.

Alternatively, drug-treated PBMC samples were fixed and analyzed for the presence of 

fragmented DNA (permeabilization buffer containing 0.1mM EDTA, 10mg ml-1 propidium 

iodide and 50mg ml-1 RNase-I) or cleaved caspase-3 (BD Pharmingen, San Jose, CA) within 

the Foxp3 positive and negative population.  

Statistics
The two-tailed Mann-Whitney U test was used to analyze differences between 2 groups. 

Alternatively, the Wilcoxon matched paired test was used to analyze differences between 

paired samples. P-values < 0.05 were considered statistically significant. 

Results
CLL patients have increased numbers of regulatory T cells in 
peripheral blood
In agreement with our previous studies in CLL patients we found increased numbers of 

CMV-specific CD8+/CD45RA+/CD27- cells3 but no increase in the CMV-associated CD4+/

CD27-/CD28- T cell population18 (data not shown). In addition, we observed an increase in 

numbers of CD4+CD25brightCD127low T cells (figure 1A). This phenotype has been associated 

with Foxp3 expression and regulatory function19,20. Indeed, counterstaining with Foxp3 

antibody showed predominantly Foxp3 positive T cells within the CD4+CD25brightCD127low 

population (figure 1B), thereby confirming recent findings that CLL patients have increased 

numbers of regulatory T cells4 (Treg). In line with previous studies4 we observed higher Treg 

frequencies (defined as CD4+/FoxP3+ cells) in patients with extended disease (Supplemental 

Figure S1). 

No evidence for predominant antigen involved in Treg formation
A possible mechanism behind Treg formation and/or maintenance is (chronic) antigenic 

stimulation. Recently it has been demonstrated that upon antigenic stimulation, a limited 

number of Treg clones arises with the same T cell receptor (TCR) as the antigen-specific T 

cells from the effector cell pool9. Thus, an antigenic “fingerprint” is present within both the 

49

Enhanced formation and survival of CD4+CD25hiFoxp3+ T cells in CLL

chapter

3

Proefschrift.indb   49 6-3-2012   14:48:22



effector T cell pool and the Treg population. To see whether a predominant antigen may be 

involved in the formation or maintenance of the Treg population in CLL patients, we screened 

the TCR repertoire of CLL patients (n=2; patient number 3 and 4, Table 1) as well as the TCR 

repertoire recovered from Treg from healthy individuals (n=2) and compared this repertoire 

to that of non-Treg CD4+ T cells (combination of naïve and memory CD4 cells) from the 

same individuals. We observed that the complete range of Vb genes was used in Treg and 

non-Treg from both healthy individuals and CLL patients (figure 2A). We randomly chose 3 

Vb families for fragment length analysis (spectratyping). Also here, the 3 randomly chosen 

Vb family PCR products showed similar peak patterns for both non-Treg and Treg cells (figure 

2B) in all individuals, making the involvement of a predominant antigen in Treg formation in 

CLL patients less likely. Only within the Vb11 family, a discrepant peak was observed in Treg 

compared to the non-Treg CD4+ T cell population, but this peak was present in Treg from 

both CLL patients and healthy individuals. 

Next, we examined the “antigen experience” of Treg by determining the surface expression 

of CD45R0. In line with previous studies9, we found that the vast majority of the Treg in these 

adult individuals have an antigen-experienced phenotype when compared to non-Treg T cells, 

as characterized by surface expression of CD45R09 (figure 2C). We observed no difference in 

the percentage of CD45R0 positive Treg between healthy individuals and CLL patients. The 

percentage of CD45R0+ cells in the non-Treg population was statistically different between 

healthy individuals and CLL patients (Figure 2C). This difference could neither be explained by 

age, nor by CMV status (data not shown).
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Figure 1 Analysis of T cell populations in 
CLL patients. 
CD4+ T cells of 9 CLL patients (CLL) were 
analyzed by flow cytometry and compared to 
T cells of 9 age-matched healthy individuals 
(HD). 
A. Absolute numbers of CD4+/CD25bright/

IL7Rlow T cells. 
B. Foxp3 counterstaining of CD4+/CD25bright/

IL7Rlow population of a CLL patient. After 
gating on CD4+ lymphocytes, CD25 was 
plotted against IL7R (left dot plot). The 
CD25bright/IL7Rlow population is indicated 
with a region mark (R1). Within R1, the 
percentage of Foxp3 positive cells was 
determined (right dot plot). Dot plots are 
representative for both CLL patients and 
healthy individuals; the percentage of 
CD25bright/IL7Rlow within the CD4+ T cell 
population varied between donors.
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CD40 ligand-stimulated CLL cells induce Foxp3 expression in CD4+ T 
cells in a CD70 dependent manner
Recently, it has been shown that CD70+ non-Hodgkin’s lymphoma (NHL) B cells can induce 

Treg via CD70 costimulation21. In contrast to peripheral blood CLL cells, CD40 ligand (CD40L) 

stimulated CLL cells (which resemble CLL cells from a lymph node environment22) have high 

CD70 surface expression13,23. Therefore, we hypothesized that in a lymph node environment 

CLL cells might facilitate the formation of Treg. To test this, we performed cell stimulation 

cultures (CSC) using CLL cells that were pre-stimulated with 3T3 or CD40L transduced 

3T3 cells (3T40L; see methods) as APC and PBMC from a healthy individual or autologous 

PBMC from CLL patients as responder cells. All CSC were performed in the presence of 

mitogenic CD3 mAb (see methods). After 4 days, cells were harvested and analyzed by flow 

cytometry. After CD40L-stimulation of CLL cells, both the percentage of CD5+CD19+CD70+ 

cells and CD70 mean fluorescence intensity (MFI) strongly increased (figure 3A). Strikingly, 

we observed that CD40L-stimulated CLL cells significantly augmented Foxp3 expression in 

CD4+ T cells of a healthy individual (* p= 0.019). Moreover, this augmentation could be 

blocked by anti-CD70-antibodies (2F2; figure 3B). To test if this effect was also present in an 

autologous setting, CD40L-stimulated CLL cells were used to stimulate autologous T cells. 

Also here, CD40L-stimulated CLL cells augmented Foxp3 expression in autologous CD4+ T 

cells (n=4), which could again be blocked by anti-CD70-antibodies (figure 3C). When paired 

CSC’s  were analyzed, we showed that Foxp3 induction was CD70 dependent; when cultured 

in the presence of CD70 blocking antibodies, Foxp3 induction in CD4+ T cells of both healthy 

individuals and CLL patients was significantly inhibited (p=0.0156; figure 3 D).  As a control 

we used anti-CD80-antibodies, which showed no significant inhibition of Foxp3 induction 

(data not shown). 

High expression of Noxa and low Bcl-2 characterize a pro-apoptotic 
profile of Treg
Since Treg have been described to be highly susceptible to apoptosis11, we investigated 

whether this might be related to the expression of pro- or anti-apoptotic molecules. 

To establish the ‘apoptotic profile’ of Treg, both non-Treg CD4+ T cells and Treg from 3 

healthy individuals were sorted based on IL2R and IL7R expression20. RNA was extracted 

from these T cell populations and used as input for RT-MLPA expression analysis to evaluate 

the expression levels of 34 apoptosis-regulating genes. We found that overall expression 

profiles in Treg were very similar to those in non-Treg CD4+ T cells (n=3; figure 4A).  However, 

2 genes had a markedly different expression in Treg. First, the levels of the pro-apoptotic 

BH3-only molecule Noxa were considerably increased in Treg as compared to non-Treg CD4+ 

T cells (2.89 fold increase; p=0.02). Secondly, in line with previous studies9 we found that 

Bcl-2 expression was significantly decreased in Treg as compared to non-Treg CD4+ T cells 

(3.02 fold decrease; p=0.01). 
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High mRNA levels of Noxa in Tregs were confirmed by quantitative PCR analysis (figure 4B). 

Protein analysis subsequently confirmed the elevated expression levels of Noxa and low 

expression of Bcl-2 in Treg (figure 4C). Thus, Treg seem to have a unique apoptotic profile 

which suggests enhanced susceptibility to apoptosis induction. Indeed, spontaneous cell 

death in purified Treg was higher than in non-Treg CD4+ T cells (figure 4D; left dot plots, 

non-treated). Moreover, when sorted Treg cells were treated overnight with a moderate 

concentration of Roscovitine (a drug that preferably induces apoptosis in cells with high Noxa 

levels24), they were much more sensitive to cell death than non-Treg CD4+ T cells (figure 

4D; right dot plots, Roscovitine). Moreover, under these conditions, higher percentages of 

cleaved caspase 3 and DNA fragmentation (both classical hallmarks of apoptosis) were found 

in Tregs when compared to non-Treg CD4 + T cells (Figure 4E). 

Treg from CLL patients are relatively protected against apoptosis 
Since Treg have a highly apoptosis-prone gene expression profile, the increased number of 

Treg in CLL might be caused by small alterations in expression levels of apoptosis-regulating 

genes. Figure 5A shows the expression levels of 34 apoptosis-regulating genes of both 

Treg and non-Treg CD4+ T cells of 2 CLL patients. Similar to healthy controls Tregs from 

CLL patients have higher Noxa levels compared to non-Treg CD4+ T cells (figure 5A and 

B). Comparing the expression levels in Figure 4A (healthy controls) with levels in Figure 5A 

(CLL patients), we further analyzed 2 apoptosis regulating genes that showed differences 

between healthy controls and CLL patients (Bcl-2 and IAP1). Comparing expression levels 

of these genes in Treg populations to levels in non-Treg populations (with non-Treg CD4+ 

set as 1), we found that Treg from CLL patients express higher levels of Bcl-2 than Treg 

from healthy individuals (figure 5B). This was confirmed at the protein level by intracellular 

staining (figure 5C). This supports the notion that Treg from CLL patients might be relatively 

protected against apoptosis, since the elevated expression of Bcl-2 observed in Treg from 

CLL patients might serve to counterbalance the high expression of Noxa  (figure 4A and B, 

figure 5B). The mechanism behind high Bcl-2 levels in Treg from CLL patients remains to be 

Figure 2 T cell receptor (TCR) repertoire analysis and phenotype of Treg from CLL patients. 
A and B. CD4+/CD25bright/IL7Rlow (Treg) and CD4+/CD25-/IL7R+ (CD4; non-Treg CD4+ T cells) from 2 CLL 
patients (CLL) and 2 healthy individuals (HD) were sorted by FACS. RNA isolated from these T cell populations 
was used as input for Vb PCR assays. The figures displayed are representative for both CLL patients and both 
healthy individuals, respectively. 
A. Vb repertoire of each T cell population (specified on the left). The bands on gel represent the product of 

each individual Vb PCR (see bottom of each gel). The markers on the right indicate the area in which the 
product for each PCR is expected. * size marker.

B. Spectratyping of 3 randomly chosen Vb families. Each peak represents a CDR3 region with a certain length. 
On top of the picture, the different Vb families are indicated; the sorted T cell populations are indicated on 
the left. 

C. PBMC from CLL patients (n=21) and healthy individuals (n=6) were stained for CD3, CD4, Foxp3 and 
CD45R0. The percentage of CD45R0+ cells within the Treg (CD3+/CD4+/Foxp3+) and non-Treg CD4 (CD3+/
CD4+/Foxp3-) population is plotted. 
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Figure 3 Cell Stimulation Cultures (CSC) and Foxp3 induction. 
CSC were performed with 3T3 or 3T40L stimulated CLL cells (APC) and PBMC of a healthy individual (HD) or 
autologous PBMC from CLL patients (responders) in a 1:1 ratio. Cells were cultured in the presence of soluble 
CD3 mAb and in the presence or absence of a blocking anti-CD70 mAb (2F2). Foxp3 expression was analyzed 
after 4 days. 
A. CD70 expression on CD5+/CD19+ cells before (t=0) and after 2 days co-culture with 3T3 or 3T40L (n=3). 

Left: percentage CD5+/CD19+/CD70+ cells ± SEM. Right: CD70 expression of CD5+/CD19+/CD70+ cells. 
Data are presented as mean fluorescence intensity (MFI) ± SEM. Top right: CD70 expression; overlay of 
3T3 stimulated CLL cells (light grey line) and 3T40L stimulated CLL cells (black line). Gated on CD5+/CD19+ 
cells. 

B. CSC with 3T3 stimulated CLL (3T3-CLL) or 3T40L stimulated CLL cells (3T40L-CLL) as APC and PBMC of 
HD as responders in presence (grey bars) or absence (white bars) of 2F2 (n=3). Data are presented as 
percentage CD4+/Foxp3+ cells (mean ± SEM). (* p= 0.019)

C. CSC of 3T3 stimulated CLL (3T3-CLL) or 3T40L stimulated CLL cells (3T40L-CLL) and autologous PBMC of 
CLL patient in presence (grey bars) or absence (white bars) of 2F2 (n=4). Data are presented as percentage 
CD4+/Foxp3+ cells (mean ± SEM).

D. Individual percentages CD4+/Foxp3+ cells of all performed CSC cultures (HD responder n=3, CLL responder 
n=4) with 3T40L-CLL as APC in the presence or absence of the CD70 mAb (2F2). (*p=0.0156 Wilcoxon 
signed rank test).  
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determined, since in our CSC experiments we did not observe (CD70 induced) upregulation 

of Bcl-2 in Treg or non-Treg CD4+ T cells (data not shown). 

In addition, Treg from CLL patients seemed to have increased expression of inhibitor 

of apoptosis protein 1 (IAP1) (figure 5B), a gene that has been implicated in apoptotic 

responses to TNF25,26. On the other hand, we observed that Treg from CLL patients had 

higher expression of Fas/CD95 (figure 5D), a molecule that has been implied in activation-

induced cell death in T cells27. Finally, Treg from CLL patients displayed lower cycling activity 

as assessed by the percentage of Ki-67 positive cells (figure 5E).

To test the potential functional consequences of these changes, we compared Treg from 

CLL patients and healthy individuals for sensitivity to drug-induced apoptosis. PBMC from 

CLL patients (n=6) and healthy individuals (n=6) were incubated with cytotoxic drugs or 

Fas-agonistic antibody and monitored for the percentage of CD25brightFoxp3+ cells within 

the total CD4+ T cell population (figure 5F). In Treg from CLL patients we observed a strongly 

decreased apoptosis induction by fludarabine, Roscovitine (a drug that acts via the Noxa-Mcl1 

axis24) or Fas ligation when compared to Treg from healthy individuals. Together, these data 

support the notion that reduced apoptosis contributes to the accumulation of Treg from CLL 

patients.

Discussion
In the present study we investigated potential mechanisms behind the expansion of Treg 

in CLL. We observed that Treg from CLL patients as well as Treg from healthy individuals 

predominantly have the phenotype of primed Treg (CD4+CD25brightFoxp3+CD45R0+). 

Although we did not find evidence for a predominant (tumor) antigen driving Treg expansion 

in CLL, our experiments suggest that T cell stimulation in a CLL lymph node environment 

might result in increased formation of Treg via CD27-CD70 costimulation. Furthermore, we 

observed that Treg (compared to non-Treg CD4+ T cells) have a pro-apoptotic phenotype 

characterized by high levels of Noxa and low expression of Bcl-2. Nevertheless, Treg from CLL 

patients seem to be less sensitive to apoptosis induction than Treg from healthy individuals, 

possibly via increased expression of Bcl-2.

Our finding that Treg in CLL patients are predominantly CD45R0+ and use a similar T cell 

receptor (TCR) repertoire to non-Treg CD4+ T cells is in line with a recent study which indicates 

that Treg arise continuously from the memory T cell pool upon antigenic stimulation9. 

The latter also makes it tempting to speculate about the involvement of a predominant 

tumor antigen/peptide in the formation of the increased numbers of Treg in CLL patients. 

Nevertheless, the TCR repertoire analysis performed in the current study on Treg from CLL 

patients did not support this possibility. Moreover, also CMV seropositivity did not influence 

the percentage of CD45R0+ Treg (data not shown), making a role for this antigen (which has 

been demonstrated to influence the CD8+ T cell repertoire in CLL3) in the formation of Treg 

in CLL unlikely.
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Figure 4 Apoptosis-regulating genes in Treg 
CD4+ T cell populations of three healthy individuals (HD) enriched for either Treg (CD25bright/IL7Rlow) or 
non-Treg CD4+ T cells (CD25-/IL7R+) were isolated by flow cytometry (see methods) and lysed to obtain RNA 
and protein content. 
A. relative expression levels of apoptosis-regulating genes, measured via RT-MLPA (n=3; see methods). Results 

of individual apoptosis-regulating genes are shown as expression relative to the total signal in the sample. 
Bars graph represents the mean ± SEM. 

B. quantative PCR analysis of Noxa expression in the sorted cell populations. The results are presented as 
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To elucidate the mechanism of increased Treg frequencies in malignancies, an important 

question to be answered is whether tumor cells themselves can promote the expansion and 

activation of Tregs. Recent studies show that NHL B cells are powerful inducers of Treg21,28. 

Yang et al. show that CD70+ NHL B cells induce Treg formation in the lymph node via CD70 

ligation. To test whether CLL cells can also be inducers of Treg, it is important to realize that 

CLL populations may be heterogeneous, consisting of quiescent apoptosis resistant peripheral 

blood cells, and actively dividing cells in lymphatic aggregates in lymph nodes and bone 

marrow29. In vitro, CD40 stimulation of CLL cells increases survival and drug resistance13,30. 

In vivo, there is histopathologic evidence that proliferating CLL cells are exposed to CD40L+ T 

cells in proliferative centers in lymph nodes29,31. After CD40 stimulation, peripheral blood CLL 

cells can attract CD4+CD40L+CCR4+ T cells by upregulating the T cell attracting chemokine 

CCL22 (CCL22 mRNA is constitutively expressed in CLL cells purified from involved lymph 

nodes)31. Furthermore, CD40 stimulation of peripheral blood CLL cells results in a similar 

apoptosis gene expression profile to lymph node CLL cells22. Altogether, these data suggest 

that CD40L stimulated CLL cells resemble CLL cells from a lymph node environment. It has 

been shown that in contrast to peripheral blood CLL cells, CD40L stimulated CLL cells have 

high CD70 surface expression13,23. We show that like CD70+ NHL cells, CD40L-stimulated CLL 

cells are also capable of inducing Treg in a CD70 dependent manner. CD40L-stimulated CLL 

cells enhanced the formation of Treg upon TCR stimulation (figure 3B and C), and this effect 

could be blocked by CD70 antibodies.  In the absence of TCR stimulation CD40L-stimulated 

CLL cells were not able to induce Foxp3 expression (data not shown). These data suggest 

that CD27-CD70 co-stimulation may be an important step in the formation of Treg in B cell 

malignancies. Moreover, if indeed the increased number of Treg in CLL can be explained 

by CD70 ligation by CLL cells in vivo, this might also explain why these Treg have increased 

surface expression of CD95, since it is known that CD95 expression is upregulated on CD70 

co-stimulated T cells32. Analysis of number and phenotype of Treg in bone marrow of CLL 

patients showed no difference with peripheral blood Treg (data not shown), indicating that 

the bone marrow is probably not the primary site of Treg formation in CLL. Altogether, we 

therefore hypothesize that Treg formation in CLL occurs in lymph nodes where CLL cells may 

function as professional APC’s to induce Treg, possibly by CD27-CD70 co-stimulation. The 

observation that the highest frequencies of Treg are observed in CLL patients with extended 

disease4 (and thus with more lymph node involvement) supports this hypothesis. Moreover, 

relative expression compared to the expression levels in Treg (black bars); the results were normalized by 
setting the expression levels obtained for regulatory T cells as 1. 

C. western blot of pooled protein lysates from Treg and non-Treg CD4+ T. Actin is used as a loading control.
D. Treg and non-Treg CD4+ T cells (isolated as described above) were incubated in medium (non-treated) or in 

the presence of CDK inhibitor Roscovitine (12.5mM) for 24 hours. After 24 hours viable cells were identified 
by flow cytometry (forward-sideward scatter). 

E. PBMC of a healthy individual were incubated with Roscovitine (12.5mM) for 24 hours. Subsequently, cells 
were analyzed for apoptosis parameters (caspase-3 cleavage and DNA fragmentation). A Foxp3 antibody 
was used to identify regulatory T cells.
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Figure 5 Analysis of apoptosis sensitivity of Treg from CLL patients. 
CD4+ T cell populations of two CLL patients enriched for either Treg (CD25bright/IL7Rlow) or non-Treg CD4+ 
T cells (CD25-/IL7R+) were isolated by flow cytometry (see methods) and lysed to obtain RNA and protein 
content. 
A. relative expression levels of apoptosis-regulating genes, measured via RT-MLPA (n=2; see methods). Results 

of individual apoptosis-regulating genes are shown as expression relative to the total signal in the sample. 
Bars graph represents the mean; error bars indicate range. 

B. RNA isolated from Treg and non-Treg CD4+ T cells (CD4) of two CLL patients (CLL) and three healthy 
individuals (HD) was used as input for RT-MLPA (see methods). Graphs compose 2 differently expressed 
genes (Bcl-2, IAP1) and one equally expressed gene (Noxa) between Tregs of healthy controls and CLL 
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extended disease may distorte lymph node architecture and result in decreased niches for 

Tregs, resulting in Treg spill from lymph nodes into peripheral blood. 

In conditions of immune stimulation, Foxp3 might not be a good marker for Treg cells, 

since it can be expressed by both regulatory and activated effector T cell populations33. 

Foxp3 induction by CD40L-stimulated CLL cells might therefore be a reflection of activation 

rather than induction of functional Tregs. Distinguishing Treg from activated T cells in our 

experiments however is complicated, given the fact that Treg markers as CD25 and Foxp3 are 

common activation markers as well. However, for Treg induction by CD70+ NHL cells it has 

been shown that Foxp3 expression remained stable up to 14 days, while CD25 expression 

was transient21. Long-term maintenance of Foxp3 expression after activation would correlate 

with suppressive capacity34. To further investigate whether CD40L-stimulated CLL cells are 

capable of inducing functional Tregs that have inhibitory capacity, new and preferably unique 

Treg surface markers need to be found . 

Next to increased formation in lymph nodes, our data also suggest that Treg in CLL may 

accumulate via decreased sensitivity to apoptosis. The latter may strongly influence the rapid 

turnover of Treg in vivo, which according to our findings seems to be facilitated by an altered 

balance between two molecules involved in apoptosis regulation: Noxa and Bcl-2. Therefore, 

the observed increased expression of anti-apoptotic Bcl-2 in CLL Treg may counterbalance 

the high expression of pro-apoptotic Noxa.  In our drug sensitivity assays (figure 5F) we show 

that Treg from CLL patients are less sensitive to fludarabine, Roscovitine and CD95 ligation 

(the mechanism via which Treg are thought to be eliminated in vivo 10). The increased 

expression of the potent anti-apoptotic protein Bcl-2 seems to protect CLL Treg not only 

against p53-dependent apoptosis by fludarabine, but also p53-independent apoptosis by 

Roscovitine or CD95 ligation. Indeed, overexpression of Bcl-2 or knockdown of the BH-3 

only proapoptotic protein Bid has been shown to protect against CD95L induced apoptosis 

in pancreatic islets cells of mice35, indicating that in death receptor induced apoptosis the 

mitochondrial pathway can be involved. 

patients. The results are plotted as relative expression, which is calculated as follows: expressionTreg 

population/ expressionnon-Treg CD4
+
 T cell population. Gene expression in non-Treg CD4+ is set as 1. Bars 

represent the mean relative expression; error bars indicate range. 
C. Bcl-2 staining of PBMC from CLL patients (n=21) and healthy individuals (n=11). CD4 = CD3+/CD4+/Foxp3-; 

Treg = CD3+/CD4+/Foxp3+. Data are presented as MFI; samples were standardized by using an isotype-
matched control antibody. 

D. CD95 expression on T cells from CLL patients (n=19) and healthy individuals (n=5). Data are presented as 
MFI; samples were standardized using an isotype-matched control antibody. 

E. percentage of Ki-67+ cells in Treg and non-Treg CD4 from CLL patients (n=19) and healthy individuals 
(n=10). Cutoff for Ki-67 staining was determined using an isotype-matched control antibody. 

F. PBMC from CLL patients (n=6) and healthy individuals (n=6) were incubated with various concentrations 
of fludarabine, Roscovitine and Fas-agonistic antibody CH-11 (a-Fas). After 24 hours, cells were harvested 
and analyzed by flow cytometry. Finally, the percentage of Treg that remained compared to non-treated 
samples was calculated (see methods). Data are presented as mean ± SEM.  
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Increased frequencies of Treg occur in many types of cancer36-38. There is evidence that 

the presence of Treg in the tumor microenvironment may affect antitumor responses and 

promote disease progression5,6,39. This may also be the case in CLL. Thus, targeting Treg 

in CLL might influence the course of the disease. Interestingly, one of the drugs used in the 

first line treatment of CLL, fludarabine, has been reported to reduce frequencies of Treg and 

affect their suppressive capacity4. It has been hypothesized that the effect of fludarabin 

on CLL is partially due to its effect on Treg function and frequencies. Our data however 

show that Treg from CLL patients are less sensitive than Treg from healthy controls to 

fludarabine-induced apoptosis. Moreover, in active immunotherapy it has been shown that 

blockade of CTLA-4 potentates anti-tumor T-cell responses, possibly by selective targeting 

of antitumor Treg40,41. Our data show that Treg from healthy controls are very sensitive to 

Roscovitine, a cyclin dependent kinase inhibitor that targets Mcl-1 and therefore preferably 

induces apoptosis in cells with high levels of its binding partner Noxa24. Although Treg from 

CLL patients are less sensitive to Roscovitine than Treg from healthy controls, by selectively 

targeting Treg and inducing apoptosis in CLL cells42, Roscovitine could nevertheless be a 

potent adjuvant drug in active immunotherapy.  Alternatively, in view of the relatively high 

Bcl-2 expression in CLL Treg, it would also be interesting to monitor Treg frequencies and 

suppressive capacity in CLL patients that are being treated with oblimersen, a therapeutical 

Bcl-2 antisense oligonucleotide43,44. 

In conclusion, Treg in CLL patients appear to accumulate through increased formation, 

facilitated by CD70 ligation by tumor cells in the lymph nodes as well as by decreased 

sensitivity to apoptosis due to a shifted Noxa-Bcl-2 balance. Since the increased number of 

Treg might be considered to negatively affect the course of the disease, targeting either 

one of the above-mentioned mechanisms may provide additional strategies in the treatment 

of CLL.
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Supplemental Figure S1 Frequency of Treg (defined as CD4+/Foxp3+ cells) in context of stage of 
disease.
21 CLL patients were classified according to the Rai classification: Rai 0 (n=8), Rai 1 (n= 5), Rai ≥ 2 (n= 8).  
CD4+/Foxp3+ T cells were analyzed by flow cytometry. Bars graph represents mean percentage CD4+/Foxp3+ 
cells ± SEM. 
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Abstract
In vitro CD40-stimulated Chronic Lymphocytic Leukemia (CLL) cells are resistant to cytotoxic 

drugs. In sharp contrast we here show that CD40 stimulation sensitizes CLL cells to 

rituximab-mediated cell death. This increased sensitivity is specific for anti-CD20 treatment. 

Rituximab-mediated death in CD40-stimulated CLL cells shows rapid kinetics (within 

hours) and is caspase- and p53-independent, but depends on extracellular Ca2+ and ROS 

production. By increasing basal ROS production CD40 stimulation sensitizes CLL cells to 

rituximab-mediated death. Our findings provide a rationale for combination treatment of CLL 

with cytotoxic drugs and anti-CD20 monoclonal antibodies.
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Introduction
CLL is characterized by progressive accumulation of CD5+CD19+CD23+ malignant B cells 

in blood, bone marrow and lymphoid organs. Although treatment results have improved 

considerably over the last decade, a curative treatment is still not available, with the possible 

exception of allogeneic stem cell transplantation. The incurability of CLL might be due to 

the interaction of CLL cells with their micro-environment, notably in proliferation centers 

in the lymph nodes. In these niches CLL cells not only receive signals driving proliferation 
1;2 but also multiple signals resulting in resistance to cytotoxic drugs 3. Indeed, there is 

histopathologic evidence that in proliferation centres in lymph nodes CLL cells are exposed 

to CD40L+ T cells 2;4. We have previously shown that in vitro CD40 stimulation of peripheral 

blood derived CLL cells can to a certain extent mimic the lymph node microenvironment and 

result in resistance to cytotoxic drugs 5-7. 

Recently it has been shown in a large randomized phase III trial that addition of the chimeric 

anti-CD20 monoclonal antibody (mAb) rituximab (R) to FC (Fludarabine, Cyclophosphamide) 

improves both progression free survival (PFS) and overall survival (OS) in p53 functional, 

previously untreated CLL patients 8. This is remarkable in view of the relatively low efficacy 

of rituximab when used as monotherapy at dosages used in the treatment of lymphoma. 

This poor efficacy has been explained by low CD20 expression levels of CLL cells 9;10, the 

presence of complement inactivating molecules (CD55,CD59) on CLL cells 11, the presence 

of soluble CD20 12, shaving and downmodulation of CD20 after rituximab treatment 13;14,  

resistance to ADCC by NK cells in vitro 15 and -last but not least- the intrinsic anti-apoptotic 

profile of CLL cells 16. 

In the present study we show that, in sharp contrast to the induction of resistance to 

cytotoxic drugs, CD40 stimulation of CLL cells considerably increases sensitivity to anti-CD20 

mediated cell death. Furthermore we demonstrate that rituximab-induced cell death of 

CD40-stimulated CLL cells is caspase- and p53-independent, and mediated by calcium-

dependent ROS production. 

Materials & Methods
Patient samples
Peripheral blood was drawn from CLL patients (diagnosed according to the NCI-WG 

guidelines). Peripheral blood mononuclear cells (PBMC’s) were isolated by Ficoll density 

gradient centrifugation (Pharmacia Biotech, Roosendaal, the Netherlands) and either used 

immediately or stored in liquid nitrogen. During all in vitro experiments, cells were maintained 

in culture medium: Iscove’s modified Dulbecco medium (IMDM: Gibco Life technology, 

Paisley, USA) supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml 

penicillin, 100µg/ml gentamycin and 0.00036% b-mercaptoethanol. All PBMC samples from 

CLL patients contained at least 90% CD5+/CD19+ cells as assessed via flow cytometry. The 
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studies were approved by the Ethical Review Board of the Institute and from all participants 

written informed consent was obtained.

Antibodies and reagents 
The anti-CD20 monoclonal antibody (mAb) Rituximab was kindly provided by Roche 

Nederland BV (Woerden, The Netherlands). The anti-CD20 mAb Ofatumumab was kindly 

provided by Genmab (Utrecht, The Netherlands). The anti-CD52 antibody alemtuzumab 

(Ilex pharmaceuticals San Antonio, TX, USA), goat-anti human (GAH) Fc-g fragment specific 

antibody (Jackson Immunoresearch Europe), mouse anti-human IgM mAb (MH15, Sanquin, 

The Netherlands), CD20-FITC clone B9E9 (Beckman Coulter, France), FITC-conjugated 

rabbit anti-active caspase-3 monoclonal antibody (Becton Dickinson, San Jose, CA) were all 

obtained commercially.

The pan-caspase inhibitor Q-VD was purchased by R&D systems (Minneapolis, MN, USA) 

and Z-VADfmk by Alexis Biochemicals (San Diego, CA, USA). Roscovitine, Fludarabine, 

Cisplatin, Indo1-AM, Propidium Iodide (PI), N-acetylcysteine (NAC), hydroxychloroquine 

(HCQ), Triton-X 100 and EGTA were purchased from Sigma Chemical Co (St. Louis, MO, 

USA). The proteasome inhibitor bortezomib was obtained from Janssen-Cilag (Tilburg, The 

Netherlands). BAPTA-AM was purchased by Calbiochem. RNAse (DNAse free) was obtained 

by Roche. 2,7-dichlorodihydrofluorescein diacetate DCFH-DA (DCF-1), MitoTracker orange 

and Ionomycin were purchased by Molecular Probes, Leiden,The Netherlands. 

FITC-labeled Annexin V was purchased by IQ products BV, Groningen, The Netherlands.

Flow Cytometry
To determine CD20 expression levels on CLL cells, PBMC were stained using FITC-labeled 

antibodies against CD20 and mean fluorescence intensity (MFI) was determined.

For intracellular staining, cells were fixed and permeabilised (eBioscience, San Diego, CA) and 

subsequently stained with FITC-conjugated rabbit anti-active caspase-3 monoclonal antibody 

(mAb). Samples were analyzed on the FACSCalibur flow cytometer (BD biosciences) and 

CellQuest software (Beckton Dickinson) was used for data acquisition. Data were analyzed 

with FlowJo software (TreeStar, San Carlos, CA, USA). 

In vitro CD40 ligand stimulation of CLL cells
PBMC from CLL patients (> 90% CD5+ CD19+ cells) were stimulated with CD40 ligand 

(CD40L) transfected NIH3T3 (3T40L) cells as described previously 6. Briefly, 5.106 CLL cells/

well were added to 6-well plates coated with irradiated (30 Gy) CD40L transfected NIH3T3 

cells. Non-transfected 3T3 cells were used as negative controls. After 2 days, the CLL cells 

were gently removed from the fibroblast layer and used in further experiments.

Induction and analysis of apoptosis 
For apoptosis induction 3T3 or 3T40L stimulated CLL cells were incubated with the indicated 

mAbs (10 µg/ml) for 24h as described previously 17.  Crosslinking GAH antibody (indicated 
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as XL) (50 µg/ml) was added 30 minutes after the indicated mAbs. As a positive control for 

apoptosis induction cells were treated with different cytotoxic drugs: fludarabine 50 µM, 25 

µM roscovitine, a cyclin dependent kinase inhibitor and potent inducer of apoptosis in CLL 
18;19 or bortezomib 30 nM. The pan-caspase inhibitors 20mM Q-VD or 200 mM Z-VADfmk 

were added 30 minutes before the indicated mAbs or roscovitine. To chelate extracellular 

calcium, EGTA was added at a concentration of 5mM and added 30 minutes prior to 

addition of mAbs. As intracellular calcium chelator BAPTA-AM was used in a concentration 

of 5 µM and added 30 minutes prior to addition of mAbs. The Reactive Oxygen Species 

(ROS) scavenger NAC was used in a concentration of 50 mM and added 30 minutes prior to 

respective mAbs.

Apoptosis was analyzed by evaluation of mitochondrial membrane potential with MitoTracker 

orange (Molecular probes, Leiden, The Netherlands) according to the manufacturer’s 

recommendations or by Annexin V PI  staining as described previously 20. The percentage 

apoptotic cells was calculated as follows: 100% - annV-/PI- (viable) cells. Due to heterogeneous 

levels of basal apoptosis, data are expressed as relative cell death, which was defined as: % 

cell death in stimulated cells - % cell death in medium control.

FACS analysis for sub-G1 DNA fragmentation
DNA fragmentation was analysed using flow cytometry after PI labeling of apoptotic nuclei 

as described previously 21. In brief, after apoptosis induction (as described above), cells were 

put on ice and subsequently centrifuged. While vortexing, cells were resuspended in 200 µl 

hypotonic solution containing 25 µg/ml PI, 100 µg/ml RNAse and 0.1% Triton-X100 in 0.1% 

Na-citrate solution. Cells were incubated on ice for 1 h in the dark and analyzed by flow 

cytometry. The subG1 peak represents apoptotic cells. 

Electron microscopy
5.106 stimulated cells were washed twice in PBS (to remove all FCS) and centrifuged. Pellets 

were fixed in Karnovsky’s fixative (0.1 M cacodylate buffer pH 7.4 containing 4% w/v 

formaldehyde and 2.5% w/v glutaraldehyde) and postfixed in 1% osmium tetroxide plus 

0.5% uranyl acetate and embedded in Epon Resin (Hexion Specialty Chemicals, Hoogland, 

The Netherlands). Ultra-thin sections were stained with uranyl acetate and lead citrate and 

subsequently examined in a Philips CM10 electron microscope; images were obtained and 

measured with iTEM software (Soft Imaging System GmbH) 17.

Determination of intracellular ROS production
ROS production was detected on FACSscan using 2,7-dichlorodihydrofluorescein diacetate, 

DCFH-DA as described previously 22. Briefly, 0.2 106 cells were incubated with rituximab (10 

µg/ml) and crosslinking GAH antibody (50 µg/ml) for 1, 4 or 8 h in culture medium. In some 

experiments, cells were treated with RXL in the presence or absence of 50mM NAC or 5mM 

EGTA. After incubation with antibodies, cells were washed in warm (37°C) phenolred free 

DMEM medium. The pellet was resuspended in 100 µl DMEM medium with 1µM DCFH-DA 
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and incubated for 30 min at 37 °C to allow cellular incorporation. ROS-dependent DCF-1 

fluorescence in cells was analysed by flow cytometry (FACSCalibur flow cytometer, BD 

biosciences).  

Measurement of Ca2+ mobilization
Ca2+ mobilization was measured as described previously 23. Briefly, after stimulation on 3T3 

or 3T40L fibroblasts, cells were gently removed from the fibroblast layer and resuspended 

in loading medium (Hank’s buffered salt solution (HBSS) containing 1mM Ca2+ and Mg2+ 

and 1% FCS) at a concentration of 1-10.106 cells/ml and loaded with 2 µM Indo-1 AM for 30 

minutes at 37°C while gently shaking. Then cells were washed and resuspended in loading 

medium at 1.106 cells/ml. Calcium responses were measured on a Beckton Dickinson FACS 

Vantage SE with UV excitation. Data were collected and displayed as the relative ratio 

of intensities of Indo fluorescence (Ca-bound Indo violet emission 405nm/free Indo blue 

emission 485 nm) for each cell over time and analyzed with FlowJo software (TreeStar, San 

Carlos, CA, USA). To analyze CD20 induced Ca2+ mobilization, cells were pre-incubated with 

rituximab (10µg/ml) for 10 minutes and excess antibody was washed away prior to the start 

of the experiment. Samples (5.105 cells per 10 minute assay) were analyzed 1-2 minutes to 

obtain a baseline, followed by the addition of 50 µg/ml GAH antibody (CD20 induced Ca2+ 

mobilization) or 10 µg/ml mouse anti-human IgM mAb (MH15) to measure B-cell receptor 

(BCR) induced Ca2+ mobilization. As a control GAH antibody alone (50 µg/ml) was added (on 

non rituximab pre-incubated cells). Ionomycin was used to control for intracellular loading of 

Indo-1 AM.

Reverse transcription–multiplex ligation-dependent probe 
amplification assay
Reverse transcription–multiplex ligation-dependent probe amplification assay (RT-MLPA) 

procedure was performed as described previously 24. Data were normalized by setting the 

sum of all signals at 100% and expressing individual peaks relative to the 100% value.

Statistics
The Shapiro-Wilk normality test was performed to test Gaussian distribution. When there 

was Gaussian distribution a two-sided paired t-test was used to analyze differences between 

the groups. The two-tailed Mann-Whitney U test was used to analyze differences between 2 

groups and a Wilcoxon matched paired test was used to analyze differences between paired 

samples when there was no Gaussian distribution. P-values < 0.05 were considered to be 

statistically significant. 
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Results 
CD40 stimulation sensitizes CLL cells to anti-CD20 mediated death 
Previous studies have shown that CD40-stimulated CLL cells are resistant to various cytotoxic 

drugs and CD95L 5;6;25. But the sensitivity of CD40-stimulated CLL cells to CD20 antibodies 

is not known. Therefore rituximab-mediated cell death of CD40-stimulated CLL cells from 

17 CLL patients was tested. Patient characteristics are listed in Table 1. In initial experiments 

anti-CD52 mAbs were used for comparison. Figure 1A shows typical Annexin V PI FACS 

plots of rituximab-induced cell death 26. Maximal levels of cell death were induced at a 

rituximab concentration of 10 µg/ml (not shown). Assessment of cell death by evaluation 

of mitochondrial membrane potential with MitoTracker and by Annexin V/PI staining gave 

similar results (data not shown). 

In line with previous studies 17;27 rituximab- and anti-CD52 mAb only induced apoptosis after 

crosslinking (XL) (Figure 1A+B). XL alone did not induce apoptosis (Figure 1B). Surprisingly, 

CD40-stimulated (3T40L) CLL cells were more sensitive to rituximab-mediated death than 

unstimulated (3T3) CLL cells (Figure 1 p= 0.0064). This was in contrast to cell death caused by 

CD52XL (Figure 1A+B) which was clearly inhibited by CD40 stimulation (p= 0.0023), indicating 

Table 1. Patient characteristics 

Sex Age, y IgHV Genetic aberration p53 Rai stage Previous therapy

M 59 M Del 13q14, Del 11q22 functional 2 Clb, F

M 58 M trisomie 12, Del 13q14 functional 2 none

M 65 M Del 13q14, t(14q32) functional 4 Clb

F 40 M Del 13q14 functional 1 none

M 47 UM Del 13q14 functional 4 Clb

F 64 M none functional 2 ClbP

M 75 M Del 11q22 functional 1 none

M 80 M none functional 0 none

M 49 UM trisomie 12 ND 0 none

M 64 UM Del 13q14, Del 5q15 functional 1 none

M 51 UM trisomie 12 functional 1 ClbP

M 77 UM Del 13q14, Del 11q22, Del 17p13 functional 2 ClbP

F 64 M none functional 2 none

M 63 M Del 13q14, Del 5q15,  t(14q32) functional 3 Clb

M 78 M Del 13q14 functional 0 none

F 70 M Del 13q14, Del 17p13 functional 3 Clb

M 60 M Del 13q14 functional 0 none

Patient characteristics including sex, age, mutation of IgHV genes, genetic aberrations, p53 function, Rai 
stage and previous therapy. (F= female, M = male, M = mutated IgHV genes, UM = unmutated IgHV genes, 
Clb = chlorambucil, ClbP = chlorambucil+prednisone, F= fludarabine, ND = not determined
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Figure 1 CD40 stimulation sensitizes CLL cells to anti-CD20 mediated death in vitro
PBMC of CLL patients were cultured on 3T40L or 3T3 mouse fibroblasts as described in materials and methods. 
After 2 days CD40-stimulated (3T40L) and unstimulated (3T3) CLL cells were incubated with the indicated 
mAbs (10 µg/ml) for 24h (B) or cytotoxic drugs (C).  Where indicated, crosslinking (XL) GAH antibody (50 
µg/ml) were added 30 minutes after the indicated mAbs. After 24h apoptosis was analyzed by Annexin V PI 
staining. 
A. Upper panel: FSC-SSC FACS plots showing blast formation after CD40 stimulation. Lower panel: 

representative Annexin V PI FACS plots of 3T3 (left) or 3T40L (right) stimulated CLL cells incubated with 
Rituximab (R), crosslinked Rituximab (RXL), CD52 or crosslinked CD52 (CD52XL) respectively.

B.  Averaged results from 17 CLL patients (5 patients with unmutated and 12 with mutated IGHV genes). 
Relative cell death was calculated as described in materials and methods. Data are presented as percentage 
relative cell death (mean ± SEM ). 

C.  Averaged results from 8 CLL patients (3 patients with unmutated and 5 with mutated IGHV genes). Data 
are presented as percentage relative cell death (mean ± SEM. RXL: rituximab+ XL, OfXL: ofatumumab + XL

D. Averaged results from 7 CLL patients (with mutated IGHV genes) treated with fludarabine 50 µM, 
roscovitine 25 µM or bortezomib 30 nM. Data are presented as percentage apoptosis (mean ± SEM).  

 .01<p< .05 *, .001<p<.01 **, p<.001 ***

A

FSC

SS
C

3T40L3T3 B

R RXL CD52 CD52XL XL
0

20

40

60 3T3

3T40L

%
 r

el
at

iv
e 

ce
ll 

d
ea

th
 (

A
n
n

+
) **

**

C

m
ed

ium

Flu
da

ra
bin

e

Ro
sc

ov
itin

e

Bo
rte

zo
m

ib
0

20

40

60

80

100
3T3
3T40L

%
 a

po
pt

os
is

*** *** **

Annexin V FITC

PI

med

R

RXL

CD52

CD52XL

RXL OfXL
0

10

20

30

40

50
3T3

3T40L

%
 r

el
at

iv
e 

ce
ll 

de
at

h 
(A

nn
+
)

*** ***

+
)

D

72

Chapter 4

Proefschrift.indb   72 6-3-2012   14:48:28



that CD40-induced enhancement of rituximab-induced cell death is specific. To exclude that  

the CD40 mediated senstization is rituximab specific we also tested Ofatumumab ,another 

so-called type I anti-CD20 antibody (for review see28). Ofatumumab also induced increased 

cell death in CD40-stimulated CLL cells as compared with unstimulated CLL cells (Figure 

1C). Like rituximab, Ofatumumab only induced cell death in the presence of a crosslinking 

antibody (data not shown). 

In agreement with our previous studies 5;6, CD40-stimulated CLL cells were resistant 

to fludarabine, roscovitine and bortezomib (Figure 1D). CD40-stimulated CLL cells with 

unmutated and mutated immunoglobulin variable heavy-chain (IGHV) genes had similar 

sensitivity to rituximab-mediated death (data not shown) and no differences in rituximab-

induced cell death was observed between never treated and previously treated patients. 

Importantly, p53 dysfunctional CD40-stimulated CLL cells were also sensitive to rituximab-

mediated death in vitro (Supplemental Figure 1). 

It has been shown that CD20 levels determine the in vitro susceptibility to rituximab 11;29. 

Thus, a rather trivial explanation for the increased sensitivity of CD40-stimulated CLL cells 

to rituximab-mediated cell death might be CD40-induced upregulation of CD20 expression 

levels. However, CD20 expression levels of unstimulated (3T3) and CD40-stimulated (3T40L) 

CLL cells did not differ (Supplemental Figure 2). 

Rituximab-mediated death in CLL is caspase-independent
In line with previous studies using B cell lines 17, inhibition of caspases with Q-VD or Z-VAD 

did not block rituximab-induced cell death of unstimulated (3T3) CLL cells (data not shown) 

or CD40-stimulated CLL cells (Figure 2A). In contrast, roscovitine-induced apoptosis 19 was 

completely blocked in the presence of Q-VD or Z-VAD  (Figure 2A). 

Despite the lack of a blocking effect of pan-caspase inhibitors, rituximab-induced cell death 

displayed 3 hallmarks of apoptosis. The first classical hallmark was phosphatidyl serine (PS) 

exposure as measured with Annexin V (Figure 2A). Second, rituximab induced partial activation 

of caspase 3 (as detected by intracellular FACS analysis), which was significantly higher in 

CD40-stimulated CLL cells (Figure 2B, left panel). However, after roscovitine treatment the 

increase in active caspase 3+ cells was significantly higher in unstimulated CLL cells than in 

CD40-stimulated cells 5 (Figure 2B, right panel). Interestingly, rituximab-induced activation 

of caspase 3 could not be blocked by ZVAD in contrast to roscovitine-induced caspase 3 

activation (Figure 2C). This is in agreement with our finding that Z-VAD blocked roscovitine-

induced cell death but not rituximab-induced cell death. Figure 2C shows different caspase 3 

histograms of unstimulated CLL cells incubated with roscovitine or CD40 stimulated CLL cells 

treated with RXL. Roscovitine induced a distinct peak of active caspase 3+ cells whereas this 

was not observed with RXL Clearly, Z-VAD completely blocked roscovitine induced caspase 

3 activation, whereas caspase 3 activation by RXL was not  blocked by Z-VAD. These data 

suggest that the FACS assay for caspase-3 cleavage can detect alternatively or partially 
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processed caspase-3, as has been described in BCR induced ongoing caspase 3 processing in 

the presence of Z-VAD 30.

The third classical hallmark of apoptosis was the induction of a subG1 peak as a result of 

DNA fragmentation. A subG1 peak was seen both in CD40-stimulated (Figure 2D, upper 

panel) and unstimulated CLL cells (data not shown). Similar to its lack of effect on caspase 

3 activation, Q-VD pre-treatment did not inhibit rituximab-induced DNA fragmentation, 

whereas roscovitine-induced DNA fragmentation was inhibited in the presence of Q-VD 

(Figure 2D). 

Finally, rituximab-induced cell death displayed remarkable fast kinetics. The decrease 

in Annexin V-/PI- cells and caspase 3 activation occurred within 1 hour after addition of 

rituximab and XL (data not shown). 

In summary, our data show that rituximab-induced cell death in CLL cells occurs within hours 

and is caspase-independent.

Rituximab crosslinking causes strong homotypic aggregation (HA) in 
CD40-stimulated CLL cells
Recently Ivanov et al 26 described a homotypic adhesion (HA) -related cell death by type II 

anti-CD20 mAbs in cell lines. It has been shown that HA occurs after CD40 stimulation of 

normal B cells 31. In primary CLL cells we also observed HA upon CD40 stimulation (Figure 

3). As expected from a type I antibody 32, rituximab alone did not induce HA, neither in 

unstimulated nor in CD40-stimulated CLL cells (Figure 3). Crosslinked rituximab strongly 

Figure 2 Rituximab-mediated cell death of CLL cells is caspase-independent
CD40-stimulated (3T40L) CLL cells were incubated with rituximab in the presence or absence of Q-VD or 
Z-VAD as described in materials and methods. As a positive control for caspase 3 activation and apoptosis 
induction 25µM roscovitine was used in unstimulated (3T3) CLL cells 19. Apoptosis was analyzed by Annexin V 
PI staining. Active caspase 3 and DNA fragmentation were measured as described in materials and methods.
A.  Rituximab-induced cell death of CD40-stimulated CLL cells was not blocked by Q-VD or Z-VAD. Q-VD 

and Z-VAD blocked roscovitine-induced apoptosis in unstimulated (3T3) CLL cells. Data are presented as 
percentage relative cell death (mean ± SEM from 4 independent experiments). 

B.  Intracellular staining for active caspase 3. Left panel: representative facs plots of unstimulated (3T3, 
upper) and CD40-stimulated (3T40L, lower) CLL cells. Left: untreated cells, right: RXL treated cells. Right 
panel: Bar graph represents data from 5 independent experiments. Data are presented as fold increase ± 
SEM of active caspase 3+ cells between treated cells and medium control, where the medium control is 
set as 1. RXL induced significantly higher caspase 3 activation in CD40-stimulated CLL cells compared with 
unstimulated CLL cells (fold increase 4.982 ± 4.258 and 1.785 ± 0.498 respectively, p= 0.03). 

C. Rituximab-induced caspase 3 activation could not be blocked by ZVAD. Z-VAD blocked roscovitine-induced 
caspase 3 activation. Data are presented as percentage active caspase 3 positive cells (mean ± SEM from 4 
independent experiments). Top right: representative histograms of CD40 stimulated CLL cells treated with 
RXL (left) or unstimulated CLL cells incubated with roscovitine (right) shaded: medium, grey line: RXL or 
roscovitine + Z-VAD, black line: RXL or roscovitine)

D. RXL induced DNA fragmentation in CD40-stimulated CLL cells, resulting in the appearance of a subG1 peak 
(p= 0.0002). Q-VD pre-treatment did not inhibit RXL-induced DNA fragmentation. Roscovitine-induced 
DNA fragmentation was inhibited in the presence of Q-VD. Markers in histograms indicate percentage cells 
in subG1. Bar graph represents data from 7 independent experiments. Data are presented as percentage 
cells in subG1 (mean ± SEM). 

 .01<p< .05 *, .001<p<.01 **, p<.001 ***
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Original magnification , x20

Figure 3 Rituximab crosslinking causes strong homotypic aggregation (HA) in CD40-stimulated 
CLL cells
CD40-stimulated (3T40L) and unstimulated (3T3) CLL cells were incubated with 10 µg/ml rituximab or CD52 
mAb with or without XL antibody or with XL antibody alone for 24h, at which point HA was assessed by light 
microscopy. Original magnification: x20. Data are representative for 10 experiments.

CD40 stimulated CLL + RXL

unstimulated CLL

unstimulated CLL + roscovitine

CD40 stimulated CLL 

2 µm

Figure 4 No morphological signs of classical apoptosis in rituximab-treated CD40-stimulated CLL cells
Electron microscopy (EM) of CD40-stimulated CLL cells treated with RXL showed massive vacuolization of 
cytoplasm with relatively intact nuclei (lower panel, left). Unstimulated cells treated with roscovitine showed 
classical signs of apoptosis like apoptotic bodies (arrows) and chromatin condensation (lower panel, right). 
Scale bars in the lower right corner of figures indicate magnification. 

increased HA in CD40-stimulated CLL cells (Figure 3). In contrast, crosslinking of anti-CD52 

induced only weak HA in CD40-stimulated CLL cells (Figure 3). In control experiments XL 

alone did not induce HA (Figure 3). Blocking LFA-1 antibodies showed no effect on HA or cell 

death (data not shown), suggesting a b2 integrin-independent mechanism of HA.
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Figure 5 Rituximab-mediated cell death of CD40-stimulated CLL cells is dependent on extracellular 
calcium
CD40-stimulated CLL cells were pre-incubated with 5 mM EGTA or 5 µM BAPTA-AM 30 minutes prior to 
addition of rituximab and XL antibody. 
A. representative histograms of MitoTracker (MitoT) staining. Left: untreated cells with or without EGTA 

or BAPTA-AM. Right: RXL treated cells in the presence or absence of EGTA or BAPTA. Markers indicate 
percentage mitoT- cells. 

B. Averaged results from 8 independent experiments. Data are presented as percentage relative cell death 
(mean ± SEM). .01<p< .05 *, .001<p<.01 **, p<.001 ***

No morphological signs of classical apoptosis in rituximab-treated 
CD40-stimulated CLL cells
To test whether RXL induced classical apoptosis in CD40-stimulated CLL cells, we performed 

electron microscopy (EM). RXL induced cytoplasmic vacuolization in the presence of 

relatively intact nuclei in CD40-stimulated CLL cells (Figure 4). The latter has been described 

as the pattern characteristic for cell death induced by anti-CD20 17;26. In contrast to 

roscovitine-treated cells (Figure 4), rituximab-treated CD40-stimulated CLL cells displayed no 

morphological signs of classical apoptosis, like chromatin condensation, pyknotic nuclei, cell 

shrinkage, disintegration of cytoplasmic organelles and apoptotic bodies. 

Rituximab-mediated death of CD40-stimulated CLL cells is Ca2+ and 
ROS- dependent
It has been shown that CD20 can function as Ca2+channel 23;33;34 and that anti-CD20 

mediated cell death is Ca2+-dependent 32;35. In agreement with previous studies 23;34, 

we found that in the presence of a crosslinking antibody rituximab induced a Ca2+ flux in 
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CLL cells (Supplemental Figure 3). The pattern was different from the Ca2+ flux after BCR 

stimulation with anti-IgM mAb (MH15) (Supplemental Figure 3). When used alone, the XL 

antibody did not induce a Ca2+ flux (data not shown).

To test whether rituximab-induced cell death was Ca2+ dependent, CLL cells were incubated 

with EGTA (to chelate extracellular calcium) or BAPTA-AM (a chelator of intracellular calcium) 

prior to the addition of rituximab and XL. In CD40-stimulated CLL cells EGTA significantly 
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Figure 6 Involvement of ROS in rituximab-mediated cell death of CD40-stimulated CLL cells.
A. Representative DCF-1 FACS plots of unstimulated (3T3 med) and CD40-stimulated (3T40Lmed) CLL cells 

treated with RXL for 1 hour. Left: FSC SSC plots with ungated debris. Right: DCF-1 FACS plots with gated 
DCF-1 positive cells. Histogram shows Geometric Mean (MFI) of DCF-1 positive cells (thin grey line 3T3 
medium, bold grey line 3T3 RXL, thin black line 3T40 medium, bold black line 3T40 RXL).

B.  Left panel: ROS production after 1, 4 and 8 hours of RXL in unstimulated (3T3) and CD40-stimulated 
(3T40L) CLL cells. Data are presented as Geometric Mean (MFI) of DCF-1 positive cells gated as described 
above (mean ± SEM from 5 independent experiments). Right panel: percentage cell death (MitoT- cells) in 
unstimulated (3T3) and CD40-stimulated (3T40L) CLL cells after 1, 4 and 8 hours of RXL.

C.  ROS production in CD40-stimulated CLL cells incubated with rituximab and XL antibody for 1 hour. Data 
are presented as fold increase of DCF-1 where the DCF-1 signal in medium is set as 1 (mean ± SEM from 5 
independent experiments. Mean 1.23 ± 0.152 p=0.0277).

D.  ROS production in CD40-stimulated (3T40L) CLL cells in the presence or absence of NAC, EGTA and RXL. 
Shown is one representative experiment. Data are presented as mean fluorescent intensity of DCF-1.

E.  Averaged results from 8 independent experiments. N-acetylcysteine (NAC) significantly blocked rituximab-
induced cell death of CD40-stimulated CLL cells. (p=0.03). Data are presented as percentage relative cell 
death (mean ± SEM) 

 .01<p< .05 *, .001<p<.01 **, p<.001 ***

blocked rituximab-mediated cell death (p=0.0043) but BAPTA-AM did not (Figure 5B).  

Representative MitoTracker histograms are shown in Figure 5A. Analysis of the role of Ca2+ 

in rituximab-mediated cell death of unstimulated CLL cells was not possible because these 

cells died in the presence of EGTA or BAPTA-AM (data not shown). These data suggest that 

rituximab-mediated cell death of CD40-stimulated CLL cells is dependent on extracellular Ca2+.

It is known that a rise in intracellular Ca2+ concentration [Ca2+]i results in a higher 

mitochondrial Ca2+ concentration [Ca2+]m 
36;37 which  induces the production of reactive 

oxygen species (ROS) 36. ROS are associated with different types of cell death mechanisms 

(classical apoptosis, necrosis and autophagy) 38-43. CD40 stimulation induced an almost 

2-fold increase in basal ROS production when compared to unstimulated CLL cells. (Figure 

6A, Figure 6B left panel, 3T40 medium versus 3T3 medium).  RXL induced a significant 

further increase of ROS production  in CD40-stimulated CLL cells but not in unstimulated CLL 

cells .This was already apparent after 1 hour of RXL, and  maintained after 4 and 8 hours 

(Figure 6B left panel).This was paralleled by the percentage of dead cells (Figure 6B right 

panel). Figure 6C shows the fold increase in ROS production in 5 individual patients after 1 

hour RXL. As shown in Figure 6D this increase is blocked by EGTA indicating dependence on 

extracellular calcium.

To test whether ROS play a role in rituximab-mediated cell death, CD40-stimulated CLL cells 

were incubated for 30 minutes with the ROS scavenger N-acetylcysteine (NAC) prior to the 

addition of rituximab and XL. NAC was found to inhibit both the rituximab-induced increase 

in ROS production (Figure 6D) and rituximab-induced cell death (Figure 6E, p=0.03). With 

the ROS scavenger Tiron similar results were obtained (data not shown). Importantly NAC 

did not inhibit roscovitine or anti-CD52- induced cell death (data not shown), indicating 

that effects of NAC are specific for rituximab-induced cell death. In summary our data 

show that CD40 stimulation of CLL cells increases basal ROS production, which is further 

increased by addition of rituximab and XL. Moreover, rituximab-induced ROS generation and 
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resulting cell death are dependent on extracellular calcium. Recent studies from our group 

show synergistic effects of the ROS inducing drug cisplatin and fludarabine as to cell death 

induction of CLL cells 44. In line with this RXL also sensitized to fludarabine induced cell 

death in CD40 stimulated CLL cells (Figure 7). Moreover, in contrast to fludarabin, cisplatin 

was able to induce cell death in CD40 stimulated cells (Figure 7) and combination treatment 

of RXL and cisplatin induced strong cell death (Figure 7).

Discussion 
The major findings of our study can be summarized as follows: 1) whereas CD40 stimulation 

renders CLL cells resistant to various cytotoxic drugs 5;6, it sensitizes CLL cells to anti-CD20 

mediated cell death, also in p53 dysfunctional CLL cells. 2) This increased sensitivity can not 

be explained by a change in CD20 expression levels and appears not to be a feature of all 

monoclonal antibody-mediated cell death since it is not observed with anti-CD52 treatment. 

3) Rituximab-mediated death in CD40-stimulated CLL cells is caspase-independent, shows 

rapid kinetics (within hours) and is dependent on extracellular Ca2+ and the production 

of reactive oxygen species (ROS). 4)  In CD40-stimulated CLL cells, RXL induces strong 

homotypic aggregation. 

There is controversy concerning the possible mechanisms of anti-CD20-induced cell death. 

Although some reports indicated that cell death induced by CD20 crosslinking has features 

of classical apoptosis 17;45-47, others were unable to confirm these findings 17;27;48;49. A 

number of findings in our study strongly suggest that rituximab-induced cell death is a form 

of non-classical apoptosis. First, although 3 classical hallmarks of apoptosis were observed 

(Annexin V exposure, caspase 3 activation and DNA fragmentation), broad spectrum caspase 

inhibitors did not block these features or cell death. Theoretically, this lack of inhibition by 
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Figure 7 Combination treatment of RXL and fludarabine or cisplatin in CD40 stimulated CLL cells
Averaged results from 4 CLL patients (3 with mutated- and 1 with unmutated IGHV genes) treated with RXL 
and fludarabine 12.5, 25 or 50 µM or with RXL and 12.5, 25 or 50 µM cisplatin. After 48h apoptosis was 
analyzed by MitoTracker staining by flow cytometry. Data are presented as percentage cell death (mean ± 
SEM).  
.01<p< .05 *, .001<p<.01 **, p<.001 *** 

80

Chapter 4

Proefschrift.indb   80 6-3-2012   14:48:31



pan-caspase inhibitors might be due to inactivation of Z-VAD or Q-VD by the ROS induced 

by rituximab. However, incubation of pan-caspase inhibitors with oxygen radicals had no 

effect on the activity of these compounds (data not shown). Also, the observed caspase 3 

cleavage which could not be blocked by caspase inhibitors might be explained as a bystander 

phenomenon, rather than an as initiator of cell death. This has recently also been described 

in the caspase independent cell death of glioblastoma cell lines incubated with taurolidine 
50. Moreover, ongoing processing of caspase 3 in the presence of Z-VAD has been described 

before in B cells after BCR triggering and interestingly also after treatment with the ROS 

inducing agent CCCP30.

Secondly, the rapid kinetics of rituximab-induced cell death in CLL cells (within hours) are 

certainly not characteristic for classical apoptosis. These rapid kinetics make it unlikely 

that rituximab-mediated death in CLL cells is at the level of transcriptional or translational 

regulation. This notion is supported by multiplex mRNA analysis: In contrast to CLL cells treated 

with fludarabine that showed a significant upregulation of p53 induced apoptosis-regulating 

genes p21 and Puma, no evidence for transcriptional regulation of apoptosis-regulating 

genes by rituximab was observed (Supplemental Figure 4). Furthermore, CD20 binding in CLL 

cells did not have an effect on Raf-1 kinase inhibitor protein (RKIP) levels (data not shown), 

previously reported to be upregulated in NHL B-cell lines after anti-CD20 treatment 51. 

Thirdly, our EM data in rituximab-treated CD40-stimulated CLL cells did not reveal classical 

signs of apoptosis but – in agreement with a recent report 26 - rather gross vacuolization of 

cytoplasm with relatively intact nuclei. In contrast to recent studies describing the involvement 

of autophagy in anti-CD20 mediated death of Burkitt lymphoma cell lines 52;53, we found no 

evidence for RXL induced autophagy in CD40-stimulated CLL cells (data not shown). 

CD20 has been described as Ca2+-channel 33;34;54. Type I anti-CD20 antibodies are thought 

to induce direct cell death by inducing a Ca2+ flux (reviewed in 32). Indeed, upon RXL CLL 

cells showed a rapid Ca2+ flux preceding cell death. Rituximab-induced cell death could 

be blocked by EGTA but not by BAPTA-AM, in agreement with recent data showing that 

extracellular calcium plays a pivotal role in anti-CD20-induced cell death 52. At present it 

is unclear whether it is the CD20 molecule itself that allows Ca2+ entry or another anion 

channel that opens upon CD20 binding 34;52. 

Intracellular Ca2+ can directly enter mitochondria via the Ca2+ uniporter. High [Ca2+]m 

results in the formation of ROS 36;37. We therefore hypothesized that a rise in [Ca2+]i  would 

induce production of ROS in CLL cells after ligation of CD20. Indeed, ROS were increased 

in CD40-stimulated CLL cells after RXL, whereas this was not observed in unstimulated CLL 

cells. Moreover, rituximab-induced ROS production and cell death were inhibited in the 

presence of the ROS scavenger NAC. Recently, the involvement of ROS was also described 

in cell death induced by anti-HLA-DR mAbs 55. Rituximab-induced ROS production was 

impaired in the presence of EGTA, supporting our hypothesis that Ca2+ is important for 

rituximab-induced ROS. Zhou et al 56 showed that CLL cells with higher basal ROS are more 

sensitive to 2-Methoxyestradiol (2-ME), a compound that induces apoptosis via a free radical 
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mediated mechanism. Based on our data we propose CD40 stimulation sensitizes CLL cells to 

rituximab-mediated death by increasing basal ROS production, which is further increased by 

rituximab. ROS production after CD40 stimulation has been described before in B cells 57 and 

CD40-induced ROS play critical roles in CD40-mediated B cell regulation e.g. NF-kB signaling 
58. Our data indicate that constitutive CD40 signaling results in activation of CLL cells and 

increased basal ROS production.

The increased sensitivity of CD40 stimulated CLL cells to the ROS inducing agent cisplatin 59 

(Figure 7) is in line with CD40 induced ROS dependent sensitization to rituximab. Furthermore, 

combination treatment of RXL and fludarabine showed synergistic effects in CD40 stimulated 

CLL cells (Figure 7). We hypothesize that RXL induces ROS and thereby sensitizes to fludarabine 

induced cell death, correlating with earlier findings that fludarabine shows synergistic effects 

with cisplatin as ROS inducing agent 44. Importantly, this increase in ROS production appears 

to be rituximab specific because cytotoxic drugs like fludarabine and roscovitine did not induce 

ROS in CD40-stimulated CLL cells (unpublished data). Finally, we showed that CD40 stimulation 

of CLL cells not only induced sensitization to rituximab- but also to ofatumumab- (another 

type I anti-CD20 mAb) induced cell death. Whether CD40 stimulation also sensitizes to type II 

anti-CD20 mAbs is subject of our ongoing research.

In conclusion, this study shows that CD40 stimulation sensitizes CLL cells to rituximab-

induced cell death via a Ca2+ dependent increase in ROS production. Since CD40 stimulation 

is considered to be part of the micro-environmental stimuli rendering CLL cells less sensitive 

to cytostatic drugs, our data provide a strong rationale for adding rituximab to chemotherapy 

regimens, like for example Fludarabine and Cyclophosphamide (FC). By bypassing the 

anti-apoptotic machinery 6;7;17, RXL is able to induce caspase-independent cell death in 

CD40-stimulated CLL cells that are resistant to various drugs as result of upregulation of Bcl-2 

family members 5;6. Moreover, our findings suggest that it might be very relevant to combine 

rituximab with other ROS inducing drugs like arsenic trioxide 56 or cisplatin 59.
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Supplemental Figure 3 RXL induces a Ca2+ flux in CLL cells 
Ca2+ mobilization was measured as described in materials and methods. 
Data are displayed as the relative ratio of intensities of Indo fluorescence (Ca-bound Indo violet emission 
405nm (FL4)/free Indo blue emission 485 nm (FL5). The upper graph shows a Ca2+ flux in CD40-stimulated 
CLL cells after RXL. Lower graph shows a Ca2+ flux in CD40-stimulated CLL cells after stimulation of the BCR.  

Supplemental Figure 1 CD40 stimulation sensitizes 
p53 dysfunctional CLL cells to rituximab-mediated 
death
CD40-stimulated (3T40L) p53 dysfunctional CLL cells 
of 2 CLL patients were incubated with rituximab (10 
µg/ml) and XL antibody (50 µg/ml) for 24h. After 
24h apoptosis was analyzed by MitoTracker staining 
by flow cytometry. Data are presented as percentage 
cell death (MitoT– cells). 

Supplemental Figure 2 Increased sensitivity to 
anti-CD20 mediated cell death of CD40-stimulated 
CLL cells is not caused by an increase in CD20 
expression
CD20 expression (Geometric Mean) analyzed after 48 
hours stimulation on 3T3 or 3T40L fibroblasts..PBMC 
of 13 CLL patients were stained with FITC-labeled 
anti-CD20 and analyzed by flow cytometry. Data 
are presented as mean fluorescence intensity (MFI) 
± SEM.
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Supplemental Figure 4 MLPA analysis 
Relative expression levels of apoptosis-regulating genes, measured via RT-MLPA (n=4; see methods). Results 
of 39 individual apoptosis-regulating genes are shown as expression relative to the total signal in the sample. 
Bars graph represents the mean ± SEM.  No differentially expressed genes were observed in CLL cells treated 
with rituximab (R) or crosslinked rituximab (RXL) after 24 hours. As control, CLL cells were treated with 50 
µM fludarabine for 24 hours. Here, a significant upregulation of p53 dependent genes (p21, Puma, Bax) was 
observed (59). Shown are the results from 4 mutated (upper graph) and 4 unmutated (lower graph) CLL 
patients. .01<p< .05 *, .001<p<.01 **, p<.001 ***
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Abstract 
Sensitivity of CLL cells to anti-CD20 mAbs is low and therefore the efficacy of monotherapy 

with current anti-CD20 monoclonal antibodies (mAbs) is limited. At present it is not known 

whether sensitivity of CLL cells to CD20 mAbs is modulated by micro environmental stimuli. 

Previously we have shown that in vitro CD40 stimulation of peripheral blood derived CLL 

cells results in resistance to cytotoxic drugs. In this study we show that, in contrast, CD40 

stimulation sensitizes CLL cells to the recently described novel type II anti-CD20 mAb GA101. 

Cell death occurred without crosslinking of GA101 and involved a lysosome-dependent 

mechanism. Combination of GA101 with various cytotoxic drugs resulted in additive cell 

death, not only in CD40-stimulated CLL cells, but also in p53 dysfunctional CLL cells. Our 

findings indicate that GA101 has efficacy against chemoresistant CLL and provide a rationale 

for combining cytotoxic drugs with anti-CD20 monoclonal antibodies.
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Introduction
Although treatment results for Chronic Lymphocytic Leukemia (CLL) have improved 

considerably over the last decade, a curative drug regimen is still lacking. Similar to other B 

cell malignancies such as follicular lymphoma and multiple myeloma, in CLL the interaction 

of the malignant cells with their microenvironment in lymph nodes (LN), spleen and possibly 

bone marrow, has been shown to play an important role in the biology of the disease1. We 

and others have previously shown that in vitro CD40 stimulation of CLL cells can to a certain 

extent mimic the LN environment, and results in the induction of resistance of the CLL cells 

to cytotoxic drugs like fludarabine, chlorambucil, bortezomib and roscovitine2-6. Thus, these 

microenvironmental niches might be an important localization of minimal residual disease 

and form the basis for the relapses characterizing this disease1,3-5,7,8. Moreover, upon 

sequential treatments in up to 50% of the patients selection of p53 dysfuctional clones 

occurs9,10, also resulting in chemoresistance. Therefore, the urge for new treatments that 

circumvent microenvironmental chemoresistance and act independently of p53 is high. Such 

new treatment strategies may include anti-CD20 monoclonal antibody (mAb) containing 

regimens11,12. However, sensitivity of CLL cells to anti-CD20 monoclonal antibodies (mAbs) in 

vitro is low and monotherapy with conventional doses of the type I anti-CD20 mAb rituximab 

(R) has only limited efficacy in CLL. In light of rituximab resistance or unresponsiveness, 

more potent anti-CD20 mAbs are currently sought. Two types of anti-CD20 mAbs have been 

described. A prime difference is that in contrast to type I anti-CD20 mAbs, type II mAbs are 

unable to translocate CD20 into lipid rafts or evoke Ca2+ flux13-16. Ofatumumab, a second 

generation type I anti-CD20 mAb seems promising for the treatment of CLL17, although large 

amounts seem required for administration to patients. GA101 is a novel glycoengineered 

type II anti-CD20 mAb. When compared to rituximab, GA101 has enhanced direct cell death 

inducing capacity and improved antibody dependent cellular cytotoxicity (ADCC)15,18. GA101 

was also more potent than rituximab at equivalent concentration in depleting CLL cells in 

vitro19. Finally, a phase I study with GA101 in heavily pre-treated relapsed/refractory CLL 

patients showed promising activity when given as single agent20. Recent studies showed that 

type II anti-CD20 mAbs induce homotypic adhesion-related cell death through a lysosome-

dependent pathway21,22.

Rather unexpectedly we recently found that, in contrast to its induction of chemoresistance, 

CD40 stimulation enhanced sensitivity of CLL cells to rituximab via a ROS dependent 

mechanism23. In view of the largely different mechanism of action of type I- vs type II 

anti-CD20 mAbs, we decided to address the question whether CD40 stimulation also affects 

sensitivity of CLL cells to GA101 and, if so, by what mechanism.
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Methods
Patient samples
Peripheral blood was drawn from CLL patients (diagnosed according to the NCI-WG 

guidelines). Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density 

gradient centrifugation (Pharmacia Biotech, Roosendaal, the Netherlands) and either 

used immediately or stored in liquid nitrogen. During all in vitro experiments, cells were 

maintained in culture medium: Iscove’s modified Dulbecco medium (IMDM: Gibco Life 

technology, Paisley, USA) supplemented with 10% heat-inactivated fetal calf serum (FCS), 

100 U/ml penicillin, 100µg/ml gentamycin and 0.00036% b-mercaptoethanol. All samples 

contained at least 90% CD5+/CD19+ cells as assessed via flow cytometry. p53 dysfunction of 

patient samples was assessed with cytogenetics (Del 17p13) in combination with multiplex 

quantification of p53 target gene induction as described earlier24. The studies were approved 

by the Ethical Review Board of the Institute and conducted in agreement with the Helsinki 

Declaration of 1975, revised in 1983.

Antibodies, reagents and western blotting
The anti-CD20 monoclonal antibody (mAb) Rituximab was kindly provided by Roche 

Nederland BV (Woerden, The Netherlands). The anti-CD20 mAb GA101 was provided by 

Roche Glycart (Schlieren, Switzerland) and goat-anti human (GAH) Fc-g fragment specific 

antibody was obtained from Jackson Immunoresearch Europe.

The pan-caspase inhibitor Q-VD was purchased by R&D systems (Minneapolis, USA) and 

Z-VADfmk by Alexis Biochemicals (San Diego, CA, USA). Fludarabine, Chlorambucil, Nutlin, 

Bendamustine, Concanamycin A, Bafilomycin A, Cytochalasin D, Propidium Iodide (PI) 

and N-acetylcysteine were purchased from Sigma Chemical Co (St. Louis, MO, USA). The 

proteasome inhibitor bortezomib was obtained from Janssen-Cilag (Tilburg, The Netherlands). 

MitoTracker orange and Lysotracker Red were purchased from Molecular Probes, Leiden,The 

Netherlands. FITC-labeled Annexin V was purchased from IQ products BV, Groningen, The 

Netherlands. Anti-CD2 APC was purchased from Beckton Dickinson (San Jose, CA) (clone 

S5.2). FITC-conjugated rabbit anti-active caspase-3 monoclonal antibody was from Becton 

Dickinson, San Jose, CA (catalog #559341).

Preparation of cell lysates and western blotting were performed as described previously 25. 

Blots were probed with rabbit anti-cleaved caspase-3 mAb (catalog # 9664 Cell Signaling), 

polyclonal rabbit anti-PARP antibody (catalog # 9452 Cell Signaling) or cathepsinB (AF953 

R&D systems (Minneapolis, USA) and antiserum to ß-actin (Santa Cruz Biotechnology, Santa 

Cruz, CA) or tubulin (Cell Signaling).

Immunoreactive proteins were visualized using IRDye 680 donkey anti-rabbit IgG, IRDye 

800 donkey anti-goat IgG or IRDye 800 donkey anti-mouse IgG (Westburg, Leusden, the 

Netherlands) as secondary antibody. Blots were scanned on the Odyssey imager (LI-COR 

Biosciences, Lincoln, NE).

92

Chapter 5

Proefschrift.indb   92 6-3-2012   14:48:34



MDW933 detection of active glucocerebrosidase (GBA) in CLL cells
GBA from CLL cell extracts were labelled in vitro with green fluorescent MDW93326. The 

lysate (20 µg total protein) was incubated for 30 min at 37°C with the probe dissolved in 

McIlvaine buffer (150 mM citrate-Na2HPO4, pH 5.2, 0.2% (w/v) sodium taurocholate, 0.1% 

(v/v) Triton X-100). After incubation, samples were resolved by standard conditions on 10% 

SDS-PAGE. The resulting gels were analysed by fluorescence scanning on a Typhoon Variable 

Mode Imager (Amersham Biosciences), 600 PMT, medium sensitivity, 200 µm pixel size: 

MDW933 (488 λem, 520bp40 λex).

In vitro stimulation of CLL cells
PBMC from CLL patients (> 90% CD5+ CD19+ cells) were stimulated with CD40 ligand 

(CD40L) transfected NIH3T3 (3T40L) cells as described previously4. Briefly, 5 x 106 CLL cells/

well were added to 6-well plates coated with irradiated (30 Gy) CD40L transfected NIH3T3 

cells. Non-transfected 3T3 cells were used as negative controls. After 3 days, CLL cells were 

gently removed from the fibroblast layer and used in further experiments. In analogous 

experiments CLL cells were co-cultured with autologous T cells activated with 1µg/ml 

anti-CD3 (clone 1XE, Sanquin, Amsterdam, The Netherlands) and 5 µg/ml anti-CD28 (clone 

15E8, Sanquin, Amsterdam, The Netherlands) or soluble anti-CD40 (clone 14G7, Sanquin, 

Amsterdam, The Netherlands). After 3 days cells were used in further experiments. 

Induction and analysis of apoptosis, caspase-3 activation
For apoptosis induction 3T3 or 3T40L stimulated CLL cells (at a concentration of 1.5. x 06/

ml) were incubated with the indicated anti-CD20 mAbs (10 µg/ml) for 24h. Crosslinking 

GAH antibody (indicated as XL) (50 µg/ml) was added 30 minutes after the CD20 mAbs. In 

combination experiments cells were incubated with GA101 and cytotoxic drugs for 48hrs. 

Fludarabine was used at a final concentration of 25 and 50 µM, Bortezomib at 15 and 30 nM, 

Nutlin at 5 and 10 µM, Chlorambucil at 5 and 10 µM and Bendamustine at 50 and 100 µM.

The pan-caspase inhibitors Q-VD or Z-VAD-FMK and the ROS scavenger N-acetylcysteine 

(NAC) were added 30 minutes and cytochalasin D, concanamycin A or Bafilomycin 45 

minutes before the indicated mAbs. 

Apoptosis was analyzed by evaluation of mitochondrial membrane potential with MitoTracker 

orange (Molecular probes, Leiden, The Netherlands) according to the manufacturer’s 

recommendations or by Annexin V/PI staining as described previously27. The percentage 

apoptotic cells was calculated as follows: 100% - annV-/PI- (viable) cells. In some experiments, 

data are expressed as specific cell death (due to heterogeneous levels of basal apoptosis), 

which was defined as: % cell death in stimulated cells - % cell death in medium control.

For analysis of active caspase-3, cells were fixed and permeabilised (eBioscience, San Diego, 

CA) and subsequently stained with FITC-conjugated rabbit anti-active caspase-3 monoclonal 

antibody (Becton Dickinson, San Jose, CA). 
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Samples were analyzed on the FACSCalibur flow cytometer (BD biosciences) and CellQuest 

software (Beckton Dickinson) was used for data acquisition. Data were analyzed with FlowJo 

software (TreeStar, San Carlos, CA, USA).

DNA fragmentation was analysed using flow cytometry after PI labeling of apoptotic nuclei 

as described previously28. In brief, after apoptosis induction (as described above), cells were 

put on ice and subsequently centrifuged. While vortexing, cells were resuspended in 200 µl 

hypotonic solution containing 25 µg/ml PI, 100 µg/ml RNAse and 0.1% Triton-X100 in 0.1% 

Na-citrate solution. Cells were incubated on ice for 1 h in the dark and analyzed by flow 

cytometry. The subG1 peak represents apoptotic cells. 

Light- and confocal microscopy 
HA was assessed with light microscopy. Cells were incubated with the indicated anti-CD20 

mAbs in flat bottomed 48 well-plates. 24 hours later, cells were viewed with a Leica DCF 

320 inverted microscope (Leica Microsystems CH9435-Heerbrugs) using a x10 or x20 lens. 

Images were acquired using a Leica DMIL camera type 090-135.002 and were processed 

with Leica application suite v3.4 software (Leica Microsystems Switzerland, CMS, GmBH).

For confocal microscopy, cells were incubated with 25nM Lysotracker Red for 15 minutes 

after incubation with GA101 at different time points. Cells were washed with cold PBS and 

subsequently fixed with 2% paraformaldehyde on ice for 5 minutes. After fixation cells were 

seeded onto glass object slides for confocal analysis using a Leica TCS SP2 confocal system 

equipped with an Ar/Kr laser with a 63x objective, and images were taken in glow-over-

under mode. 

Lysosomal volume measurement
To assess lysosomal volume, cells were labeled with 25nM Lysotracker Red at different 

time points after incubation with GA101. FL-2 fluorescence of Lysotracker labeled cells was 

measured on a FACS-calibur cytometer (BD biosciences) 1 hour after labeling. Unlabeled cells 

were used as background control. Number of lysosomes per cell were counted blind by 2 

different independent observers. 

Assessment synergistic or additive effects of GA101 with cytotoxic 
drugs and statistics
To assess possible synergistic or additive effects, drug interactions were analyzed as described 

earlier29,30. In short, observed survival corrected for baseline apoptosis of the sample is 

plotted against expected survival, calculated from the fraction of surviving cells of samples 

treated with the individual drugs and GA101 (Expected survival = survival drug x survival 

GA101). 

The diagonal line (XY line) represents the situation in which observed survival = predicted 

survival. Dots beneath this line indicate synergistic interactions (as observed survival < 
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Table 1. Patient characteristics

ID # Sex Age, y IgHV Genetic aberration p53 Rai 
stage

Previous 
therapy

1 F 49 Mut Del 13q14 functional 1 none

2 F 64 Mut none functional 2 ClbP

3 M 59 Mut none functional 3 none

4 M 64 UM Del 13q14, Del 5q15 functional 1 none

5 F 44 Mut Del 13q14 functional 2 Clb

6 M 75 Mut Del 11q22 functional 1 none

7 M 64 Mut Del 13q14, Del 5q15, t(14q32) functional 3 Clb

8 F 75 Mut none functional 4 none

9 M 65 Mut Del 13q14, t(14q32) functional 4 Clb

10 M 60 UM trisomie 12 ND 0 Clb

11 M 51 UM trisomie 12 functional 1 Clb

12 M 77 UM Del 13q14, Del 11q22, Del 17p13 functional 2 ClbP

13 M 74 UM none functional 2 none

14 F 89 Mut none functional 0 none

15 M 59 Mut Del 13q14, Del 11q22 functional 2 Clb, F

16 F 82 Mut none functional 1 none

17 M 77 Mut Del 11q22 functional 2 none

18 F 85 Mut none ND 1 none

19 F 62 Mut ND ND 1 none

20 M 59 Mut none functional 3 none

21 M 51 UM trisomie 12 functional 1 Clb

22 M 44 UM none functional 2 none

23 M 66 UM ND ND 0 none

24 M 59 UM ND functional 0 none

25 M 60 UM Del 11q22 functional 2 Clb, Ofa, FCR+P

26 F 59 UM Del 17p13 67%, t(14q32) non-functional 1 none

27 M 83 Mut Del 17p13 53%, Del 13q14 non-functional 4 Clb

28 M 54 Mut ND non-functional 1 none

29 V 63 Mut  Del 13q14 functional ND ND

30 M 58 Mut  ND functional 3 ND

31 M 59 Mut  ND functional 3 ND

32 M 63 Mut Del13q14, Del14q32 functional 3 ND

Patient characteristics including sex, age, mutation of IgHV genes, genetic aberrations, p53 function, Rai stage 
and previous therapy. (F= female, M = male, Mut = mutated IgHV genes, UM = unmutated IgHV genes, Clb = 
chlorambucil, ClbP = chlorambucil+prednisone, F= fludarabine, FCR= fludarabine, cyclophosphamide, rituximab, 
Ofa= ofatumumab, P= prednisone, ND = not determined
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expected survival). Dots above the XY line represent additive interactions (observed survival 

> expected survival, but < survival of most active single drug (Dmax). 

The Shapiro-Wilk normality test was performed to test Gaussian distribution. When there 

was Gaussian distribution a two-sided paired t-test was used to analyze differences between 
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the groups. The two-tailed Mann-Whitney U test was used to analyze differences between 2 

groups and a Wilcoxon matched paired test was used to analyze differences between paired 

samples when there was no Gaussian distribution. P-values < 0.05 were considered to be 

statistically significant. 

Results
CD40 stimulation sensitizes CLL cells to GA101-induced cell death
The induction of cell death by GA10115 and GA101 and crosslinker (GXL) was compared with 

Rituximab plus crosslinker (RXL) in CD40-stimulated (3T40L) CLL cells and unstimulated (3T3) 

CLL cells of 13 patients. Patient characteristics are listed in Table 1 (ID# 1-13). CD40 stimulation 

induces resistance to various conventional drugs3, such as roscovitine, a cyclin-dependent 

kinase inhibitor that acts via the Mcl-1/Noxa axis and induces classical caspase dependent 

apoptosis3,31. In contrast, CD40 stimulation sensitized to anti-CD20-mediated cell death 

(Figure 1A) both triggered via RXL or GA101, with a maximum at 24 hours at a concentration 

of 10 µg/ml (data not shown). CLL cells with unmutated and mutated immunoglobulin 

variable heavy genes (IGHV) had similar sensitivity to anti-CD20 mediated death (Figure 1A, 

top panels). GA101 induced cell death in the absence of a secondary crosslinking mAb, in 

contrast to rituximab (Figure 1A, bottom panel). Crosslinking GA101 (GXL) increased cell 

Figure 1 CD40 stimulation induces drug resistance but sensitizes CLL cells to GA101 induced cell death 
A. PBMC of CLL patients were cultured on 3T3 murine fibroblasts or 3T3 expressing human CD40L as described 

in materials and methods. After 3 days CD40-stimulated (3T40L) and unstimulated (3T3) CLL cells were 
removed from the fibroblast layer and incubated with the indicated anti-CD20 mAbs (R= Rituximab, G= 
GA101. Where indicated, crosslinking (XL) GAH antibody (50 µg/ml) was added 30 minutes after the 
anti-CD20 mAbs (RXL= rituximab crosslinking, GXL= GA101 crosslinking). After 24h apoptosis was analyzed 
by measuring phosphatidyl serine (PS) and Annexin V exposure by flow cytometry. Top: results from individual 
patients (mutated: mutated IgHV genes, unmutated: unmutated IgHV genes) Bottom: averaged results from 
13 CLL patients (8 mutated and 5 unmutated). Data are presented as percentage specific cell death, whereby 
background apoptosis in absence of reagents is subtracted from the observed values in each incubation 
(mean ± SEM). .001<p<.01 **, p<.001 *** Asterisks indicate significant difference from control (3T3).

B. Representative Annexin V/PI FACS plots from unstimulated (3T3) and CD40-stimulated (3T40L) CLL cells 
incubated 24 h with XL alone, RXL and G respectively.

C. CD40-stimulated CLL cells were incubated 24h with RXL, G and GXL and cell death was analyzed in parallel 
by Annexin V/PI or mitotracker FACS staining. Stainings gave similar results in percentage of dead cells. 
Averaged results from 3 independent experiments (n=7 patients) (mean ± SEM). Black bars indicate dead 
cells as analyzed by Annexin V/PI staining (% dead cells= 100%- AnnV-PI- cells). 

D. Percentage subG1 cells in CD40-stimulated CLL cells 24h after incubation with RXL, G and GXL. Averaged 
results from 5 CLL patients are presented as percentage subG1 cells (mean ± SEM). .01<p< .05 *, .001<p<.01 
**. Asterisks indicate significant difference from control (medium).

E. Timecourse of CD40 stimulation (6-24-48 hours) and subsequent incubation with RXL, G, GXL and roscovitine. 
After 24h apoptosis was analyzed by measuring mitoTracker signal by flow cytometry. Averaged results from 
7 CLL patients are presented as percentage specific cell death (mean ± SEM). .01<p< .05 *, .001<p<.01 **

F. CLL cells stimulated 72 hours with 3T3, 3T40L, CD3/CD28 activated autologous T cells (act T cell) or with 
soluble anti-CD40 (aCD40) were incubated with RXL, G, GXL and roscovitine. After 24h apoptosis of CLL cells 
was analyzed by measuring mitoT signal in CD2-minus cells by flow cytometry. Averaged results from 3 CLL 
patients are presented as percentage specific cell death. .01<p< .05 *, p<.001 ***

97

CD40 stimulation sensitizes CLL cells to GA101-induced lysosomal cell death

chapter

5

Proefschrift.indb   97 6-3-2012   14:48:35



A

C

Caspase 3 FITC

roscovitinemedium GA101

med RXL G
0

10

20

30

40

50

60

70
3T40L 3T40L+Q-VD 3T40L+Z-VAD

%
 c

el
l d

ea
th

 (
A

nn
+  c

el
ls

)

med roscovitine
0

10
20
30
40
50
60
70
80
90

3T3 3T3+Q-VD 3T3+Z-VAD

*** **

%
 c

el
l d

ea
th

 (
A

nn
+  c

el
ls

)

B

lo int hi lo int hi lo int hi

115 kDa
89 kDa

19 kDa
17 kDa

Actin 43 kDa

CC3

PARP

- - - +       +        + 
- +        +        - - -
- - - +        +        
- - +        - - +   
21     95      58     17     50      54

CD40L              
Roscovitine
GA101
Q-VD
% cell death

- - - +       +        + 
- +        +        - - -
- - - +        +        
- +        - - +   Q-

%
 o

f 
M

ax

--
-

Figure 2 GA101 induces non-apoptotic cell death in CD40-stimulated CLL cells 
A.  Representative FACS plots of intracellular active caspase-3 staining of CD40-stimulated CLL cells incubated 

with GA101 for 24h. As positive control unstimulated CLL cells incubated with roscovitine are shown. 
Indicated are low (lo), intermediately (int) and highly (hi) caspase-3 positive cells. 

B.  Western blot for cleaved PARP and active caspase-3 of cell lysates from CD40-stimulated CLL cells incubated 
with GA101 for 24 hours. As positive control unstimulated CLL cells treated with roscovitine are shown. 
Cleaved casapse 3 (CC3) (19 and 17 KD) and caspase-3 induced cleavage fragment of PARP-1 of 89 kD in 
the presence or absence of 20 µM of Q-VD are shown. Percentage cell death as assessed with Mitotracker is 
indicated. Results are representative of 4 experiments.

C.  RXL and GA101 induced cell death in CD40-stimulated CLL cells is not blocked by 100 µM of Z-VAD or 20 
µM of Q-VD (left). Right: roscovitine induced cell death in unstimulated CLL cells is blocked by Z-VAD or Q-VD 
(positive control). Data are presented as percentage specific cell death (mean ± SEM from 4 independent 
experiments). .001<p<.01 **, p<.001 ***. Asterisks indicate significant difference from control (3T3).
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death of control 3T3 as well as of CD40-stimulated CLL cells, while XL alone did not induce cell 

death. Representative Annexin V/PI plots are shown in Figure 1B. Assessment of cell death by 

evaluation of mitochondrial membrane potential with MitoTracker gave equivalent results as 

obtained with Annexin V/PI staining (Figure 1C). Furthermore, the induction of a subG1 peak 

as a result of DNA fragmentation was observed 24 hours after incubation with RXL, G and 

GXL (Figure 1D). To investigate the kinetics of CD40-induced sensitization to anti-C20 mAbs, 

cells were stimulated with CD40L for different time points (6-24-48 hours) and subsequently 

incubated with anti-CD20 mAbs. CD40-induced sensitization to GA101-induced cell death 

was optimal after 48 hours stimulation with CD40L (Figure 1E). CD40-induced sensitization 

to GA101 occurred with similar timing as CD40-induced resistance to cytostatic drugs (Figure 

1E). Stimulation with CD40L for 72 hours did not further increase sensitivity to CD20 mAbs 

or drug resistance (data not shown). 

A purported source of the CD40L in vivo is T cells residing in the lymph node1,3-5,7,8. 

Therefore, it was tested whether autologous T cells could provide sufficient CD40 stimulation 

to enhance GA101-induced cell death. CLL cells were co-cultured with autologous T cells, 

using the endogenous ratios of CLL versus T cells present in the PBMC fraction. T cells were 

activated for 3 days via combined anti-CD3/CD28 mAbs which induces expression of CD40L 

(Supplemental Figure 3), and then the CLL cells were tested for sensitivity to CD20-mediated 

cell death. Indeed, also activated T cells were able to significantly increase sensitivity to 

RXL-and GA101-induced cell death (Figure 1F). Of note, the sensitivity towards roscovitine 

was not affected using activated T cells in this particular set-up, attesting to the fact the 

types of cell death induced by CD20 stimulation or drugs are distinct. Using only the relative 

weak stimulus of soluble anti-CD40 (Figure 1F) only showed a slight increase in RXL-induced 

cell death. Thus, CD40 stimulation of CLL cells via a co-culture system or via endogenous 

activated T cells sensitized to CD20-mediated cell death. In subsequent experiments GA101 

was tested in the absence of a crosslinking mAb, except where indicated.

GA101 induces cell death in CD40-stimulated CLL cells in a non-
apoptotic manner
After incubation with GA101, CD40-stimulated CLL cells showed processing of the effector 

caspase-3 as determined by FACS analysis (Figure 2A). Of note, regarding the amount of 

caspase 3 activation, three categories of cells could be discerned: low, intermediately and 

highly positive cells (indicated in Figure 2A). Cells treated with GA101 showed increase in the 

intermediate category, while the positive control for full caspase-3 processing (roscovitine) 

displayed high staining. PARP is a substrate of caspase-3 and PARP cleavage is a hallmark in 

classical caspase dependent apoptosis32. On western blot basal levels of cleaved caspase-

3 (CC3) and PARP were already observed in CD40-stimulated CLL cells and GA101 induced 

no further increase (Figure 2B). As positive control, cells were treated with roscovitine. As 

expected, PARP cleavage and caspase-3 activation by roscovitine were blocked in the presence 

of 20 µM of the pan-caspase inhibitor Q-VD (Figure 2B). In contrast, no clear correlation 
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between the amount of caspase-3 activation, PARP cleavage and the percentage of dead cells 

was found for GA101. Moreover, although GA101 induced caspase-3 activation (as measured 

by intracellular staining), cell death was not blocked in the presence of the pan-caspase 

inhibitors Q-VD (20 µM) or Z-VAD (100 µM) (Figure 2C). In addition, using an alternative 

measure of viability (MTS assay) for CD40-stimulated CLL cells treated with anti-CD20 mAbs 

showed only a partial decrease while control CLL cells treated with roscovitine displayed 

a clear reduction in metabolic activity (data not shown). Finally, it should be mentioned 

that CD40 stimulation of CLL cells generally does not trigger proliferation either alone33 or 

in combination with anti-CD20 mAbs. Altogether, this suggested that cell death by GA101 

occurred via a non-classical and/or caspase independent mechanism.

GA101 induces actin polymerization dependent homotypic 
aggregation and cell death in CD40-stimulated CLL cells
Recent studies show that type II anti-CD20 mAbs induced strong homotypic aggregation 

(HA) and subsequent cell death in Raji cells and primary CLL cells21,22. HA requires active 

reorganization of the cytoskeleton. It was shown earlier that CD40 stimulation induces 

homotypic adhesion in normal B cells34, although for CLL cells this was not confirmed35. 

Figure 3 shows mild HA of CLL cells after CD40 stimulation which was strongly increased by 

GA101 or GXL. To test whether the process of HA and cell death were functionally linked, cells 

were treated with cytochalasin D (cytoD), an agent that inhibits actin polymerization. CytoD 

Medium G GXLRXL

ConcA

CytoD

Original magnification, x20

No inhibitor

Figure 3. GA101 induces actin polymerization dependent homotypic aggregation (HA) and cell death 
in CD40-stimulated CLL cells
CD40-stimulated (3T40L) CLL cells were incubated with RXL, G, or GXL respectively. Cells were pre-incubated 
with 100nM Concanamycin A or 1 µM Cytochalasin D for 45 minutes prior to addition of anti-CD20 mAbs. 
After 24h HA was assessed by light microscopy. Original magnification: x20. Data are representative for 10 
experiments.
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completely blocked GA101 and RXL induced HA (Figure 3) and cell death in CD40-stimulated 

CLL cells (Figure 4A), suggesting a clear dependence on actin reorganization. 
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Figure 4. GA101 induces lysosomal swelling and burst and cell death is blocked with cytochalasin D 
and concanamycin A 
A.  Before incubation with RXL, G or GXL, CD40-stimulated (3T40L) CLL cells were pre-treated with 1 µM 

Cytochalasin D, 100nM Concanamycin or 200nM Bafilomycin. After 24h cell death was analyzed by 
measuring mitoTracker signal by flow cytometry. Averaged results from 8 CLL patients are presented as 
percentage cell death (mean ± SEM). 

B.  Top: Histograms showing Lysotracker signal in CD40-stimulated CLL cells in medium, after 2 and 6 hours 
incubation with GA101 in the presence (light grey line) and absence (black line) of Concanamycin. Unstained 
control is shown in shaded grey. In the right upper corner the individual Geomean of lysotracker (LT) of every 
sample is shown. Bottom: After 1, 2, 4 and 6 hours of incubation with GA101, CD40-stimulated CLL cells were 
labelled with Lysotracker and Lysotracker signal was analyzed by flow cytometry. .01<p< .05 *, p<.001 ***
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CD40 stimulation sensitizes CLL cells to GA101 induced cell death via 
a lysosome dependent mechanism
Our data suggested non-apoptotic cell death of CD40-stimulated CLL cells by GA101. 

Lysosomal Membrane Permeabilization (LMP) and subsequent lysosomal cell death resulting 

from the release of hydrolases into the cytosol is one proposed cell death mechanism induced 

by type II anti-CD20 mAbs21,22. To test the involvement of lysosomes, CD40-stimulated 

CLL cells were pre-treated with concanamycin A or Bafilomyin, both agents that inhibit 

acidification of lysosomes by blocking V-ATPases36. HA was not blocked in the presence of 

concanamycin A (Figure 3), but GA101-induced cell death was completely blocked in cells 

pre-treated with concanamycin A or Bafilomycin (Figure 4A). This suggested that the process 

of HA itself is lysosome-independent, but the subsequent cell death is lysosome dependent. 

Lysosomal swelling, LMP and burst are characteristics of lysosomal cell death37. Lysosomal 

volume of cells incubated with GA101 at different time points was assessed using Lysotracker. 

FACS analysis of CD40-stimulated CLL cells after 2 hours incubation with GA101 showed a 

peak in Lysotracker signal (Figure 4B), followed by a decrease after 4-6 hours, suggesting an 

initial increase in volume or numbers of lysosomes after 2 hours followed by LMP and burst 

after 4-6 hours. This pattern was also reflected by the percentage of dead cells (data not 

shown) increasing after 4 hours. Furthermore, loss of Lysotracker signal coincided with loss 

of mitochondrial membrane permeability (data not shown), indicating that the process of 

lysosomal rupture and cell death are correlated. 

Next, Lysotracker-labelled cells incubated with GA101 were visualised by confocal microscopy. 

As a result of HA, large clusters of cells were observed after incubation with GA101 (Figure 5A, 

indicated by arrow) and the distribution of lysosomes in individual cells was studied. Strikingly, 

the distribution and amount of lysosomes was very different between CD40-stimulated and 

unstimulated CLL cells (Figure 5A+B). CD40-stimulated CLL cells showed increased numbers 

of bright lysotracker-positive lysosomes, whereas unstimulated CLL cells contained only a 

small amount of lysosomes in the peri-nuclear region (Figure 5A, medium control). Also, the 

mean fluorescence intensity of Lysotracker signal in CD40-stimulated cells (3T40L) was 4 

times higher than in unstimulated CLL cells (3T3) (Figure 5B). After 2 hours incubation with 

GA101, CD40-stimulated CLL cells showed both a further increase in Lysotracker signal and 

in relocalization of lysosomes around the nucleus, that disappeared after 4 hours incubation 

(Figure 5A), thereby confirming the FACS data (Figure 4B). Importantly, the GA101 induced 

increase in lysosomal numbers and/or volume and activity was not observed in unstimulated 

(3T3) CLL cells (Figure 5A). Quantification of the number of lysosomes per cell showed that 

CD40 stimulation significantly increases the amount of lysosomes per cell (Figure 5B right). 

GA101 treatment increased the number of lysosomes further (2 hours) , whereas a drop in 

lysosomal number is observed after 6 hours incubation with GA101, suggesting a lysosomal 

burst. To confirm the observed increase in lysosomal content in CLL cells (patient ID#29-32 

Table 1) after CD40 stimulation, levels of the lysosomal hydrolases cathepsin B and active 
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glucocerebrosidase (GBA), were measured by western blot and by in vitro labeling of active 

GBA with the recently developed compound MDW93326, respectively. Clearly, an increase in 

both hydrolases was observed after CD40 stimulation (Figure 5C). These data suggest that 

by increasing the number and activity of lysosomes in the cell, CD40 stimulation sensitizes 

CLL cells to lysosomal cell death by GA101. This was confirmed by highest Lysotracker signal 

after 48 hours of CD40 stimulation (Figure 5D), the time point at which sensitization to 

anti-CD20 mAbs is at a maximum level (Figure 1E). 

Recently, we described that crosslinking of Rituximab (RXL) induces ROS dependent cell 

death in CD40-stimulated CLL cells23. Of note, whereas the ROS scavenger N-acetylcysteine 

(NAC) significantly inhibited RXL-induced cell death (Figure 5E), no inhibition was observed 

in GA101- induced cell death in the presence of NAC (Figure 5E), making a role for ROS 

in GA101-induced cell death less likely. An important question is whether lysosomes are 

involved in RXL-induced cell death of CD40 stimulated CLL cells. RXL-induced cell death was 

not blocked in the presence of concanamycin A (Figure 4A). Moreover, Figure 5F shows 

that in contrast to GA101, RXL induces no increase in Lysotracker signal or relocalization of 

lysosomes. These data,suggest that RXL and GA101 induce cell death in CD40-stimulated 

CLL cells via a different mechanism. 

Finally, the effect of Q-VD, cytochalasin D and concanamycin A on GA101-induced increase in 

Lysotracker signal in CD40-stimulated CLL cells was tested (Figure 5G). In line with previous 

results, Q-VD did not block HA or increase in Lysotracker signal (Figure 5G). Interestingly, 

cytochalasin D blocked HA but did not block the increase in Lysotracker signal. As expected, 

concanamycin A did not block HA, but blocked the increase in Lysotracker signal (Figure 5G). 

Additive cell death induction in drug resistant CLL cells by 
combination treatment of GA101 and cytotoxic drugs 
Next, we tested the effect of a combination treatment of GA101 with cytotoxic drugs 

in CD40-stimulated CLL cells with mutated (n=7) and unmutated (n=5) IGHV genes and 

p53 dysfunctional CLL cells (n=3). Patient characteristics are listed in Table 1 (ID # 14-28). 

The p53-independent proteasome inhibitor Bortezomib (15 and 30 nM) and the following 

cytotoxic drugs with a p53-dependent mode of action were tested in combination with 

GA101: Bendamustine (50 and 100 µM), Chlorambucil (5 and 10 µM), Fludarabine (25 and 

50 µM) and Nutlin (5 and 10 µM). Bendamustine is a mechlorethamine derivative with 

alkylating and purine-analog like activity. Chlorambucil is a nitrogen mustard alkylating agent 

that induces a p53 response after induction of DNA damage38. Fludarabine is a purine-

analog and triggers apoptosis via a p53 response that induces the expression of Puma25,39. 

Nutlins are the first highly selective small molecule inhibitors of the p53-MDM2 interaction 

and are able to induce p53 irrespective of upstream signaling defects40. Nutlin-3a has shown 

promising cytotoxic activity against CLL41. 

First, sensitivity of unstimulated CLL cells to the different cytotoxic drugs was tested. There 

was no difference in sensitivity between CLL cells with mutated and unmutated IGHV 

103

CD40 stimulation sensitizes CLL cells to GA101-induced lysosomal cell death

chapter

5

Proefschrift.indb   103 6-3-2012   14:48:37



F med GA101 2h RXL 2h GA GA +Q -VD GA +CytoD GA + ConcA
G

med GA RXL
0

200
400
600
800

1000
1200

G
eo

m
ea

n 
LT

med GA101 1h GA101 2h GA101 4h
3T40L

3T3

A

B

Lysotracker

0

500

1000

1500 3T3
3T40L

**

G
eo

m
ea

n 
LT

0

5

10

15

20

25

30

35 3T3
3T40L
3T40L GA 2h
3T40L GA 6h

# 
ly

so
so

m
es

/c
el

l ***
***

**

******

med GA101 1h GA101 2h GA101 4h

C

43 kDa

50 kDa

CTSB

tubulin

GBA/
MDW933

tubulin 50 kDa

CD40L           - - +     - - +      - +     - +
Time (hr):      0     24   24     0      4      4      24     24   48   48

#30 #31 #32

CD40L         - - - - +      +      +    
Time (hr):     0       4        24      48       4        24      48    

#29

*
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genes (Supplemental Figure 1). As expected, p53 dysfunctional CLL cells showed resistance 

to p53 dependent drugs Chlorambucil, Fludarabine and Nutlin and partial resistance 

to Bendamustine. However, these cells were sensitive to bortezomib which acts via a 

p53-independent mechanism42 (Supplemental Figure 1). 

The results from the combination treatment of CD40-stimulated CLL cells with GA101 and 

cytotoxic drugs are shown in Figure 6A. As expected, CD40-stimulated CLL cells were fully 

or partially resistant to the cytotoxic drugs alone (left bars in each panel, labeled control). 

However, cells were sensitive to GA101 and GXL as already shown in Figure 1. When 

combined with cytotoxic drugs, GA101 and especially GXL induced 80-100% cell death in 

these drug resistant CLL cells. Importantly, CD40-stimulated p53 dysfunctional CLL cells were 

in blue. Note the increase in both number and activity of lysosomes in CD40-stimulated CLL cells (3T40L 
medium) when compared to unstimulated cells (3T3 medium). Also after 1 hour incubation with GA101 
CD40-stimulated CLL cells showed clustering of cells (indicated by the arrow). After 2 hours incubation with 
GA101, an increase in Lysotracker signal (blue) was observed in CD40-stimulated CLL cells (upper panel), 
while no increase in Lysotracker signal was observed in unstimulated CLL cells. Data shown are representative 
for 3 individual experiments with each over a 100 cells, with identical settings for imaging. Scalebar is 5 mM.

B.  CD40-stimulated and unstimulated CLL cells were labelled with Lysotracker analyzed by flow cytometry. 
Left: representative FACS plot of lysotracker signal in unstimulated (grey line) and CD40-stimulated CLL cells 
(black line). Thin black line: unstained control. Middle Mean fluorescence intenstity (MFI) of Lysotracker in 
unstimulated and CD40-stimulated CLL cells. Averaged results from 5 CLL patients (mean ± SEM.) .001<p<.01 
**. Asterisks indicate significant difference from control (3T3)

 Right: Quantification of the number of lysosomes per cell in 3T3, 3T40L, 3T40L+GA 2hours and 3T40L+GA 
6hours stimulated CLL cells. Averaged results from 2 independent observers (mean ± SEM.) .001<p<.01 ** 
and p<.001 *** 

C.  Top: Representative western blot of the 43kDa procathepsin B (CTSB) of cell lysates from unstimulated 
(3T3) and CD40-stimulated (3T40L) CLL cells for 4, 24 or 48 hours. The asterisk (*) marks the position of an 
aspecific protein band reacting with the antiserum. Tubulin was used as loading control on the same gel. Blot 
is representative for 4 mutated patients tested. Contrast and brightness were adjusted for optimalization. 
Bottom: in vitro labeling of active GBA in unstimulated and CD40-stimulated CLL cells for different time 
points (3 different patients). Tubulin was used as loading control on the same samples, run in parallel on a 
standard SDS-PAGE gel followed by Western blot.

D.  CLL cells were stimulated with 3T3 or 3T40L in a timecourse (4-24-48h) after which Lysotracker signal was 
analyzed by flow cytometry. Averaged results from 3 CLL patients are presented as Geomean of Lysotracker 
signal (mean ± SEM.) .01<p< .05 *

E.  CD40-stimulated CLL cells were incubated with RXL or GA101 in the presence or absence of N-acetylcysteine 
(NAC). After 24 hours cell death was analyzed by measuring mitoTracker signal by flow cytometry. NAC 
significantly blocks RXL-induced cell death of CD40-stimulated CLL cells, but not GA101-induced cell death. 
Data are presented as percentage specific cell death (mean ± SEM). Averaged results from 10 independent 
experiments .01<p< .05 *

F.  Confocal microscopy of lysotracker-labelled CD40-stimulated CLL cells after 2 hours of treatment with 
GA101 or RXL. Shown is the distribution of lysosomes in individual cells visualised in glow-over-under. GA101 
induces an increase in number and activity of lysosomes in contrast to RXL. Scalebar is 5 mM. Bar graph 
shows Lysotracker signal analyzed by flow cytometry.

G.  Confocal microscopy of lysotracker-labelled CD40-stimulated CLL cells after 2 hours of treatment with GA101 
(GA) in the presence or absence of Q-VD, cytochalasin D, or concanamycinA. Note that HA and increase in 
Lysotracker signal are not blocked with Q-VD. An increase in Lysotracker signal was observed in the presence 
of cytochalasin D, despite the absence of HA. Conanamycin A blocked the GA101 induced increase in 
Lysotracker signal, but not HA. Scalebar is 5 mM
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sensitive to GA101 and in combination with cytotoxic drugs apoptosis levels of 80% were 

observed (Figure 6A lower panel, n=3). 
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Figure 6. Cell death induction in drug resistant CLL cells by combination treatment of CD20 mAbs and 
cytotoxic drugs 
A. CD40-stimulated CLL cells were incubated with different concentrations bortezomib, nutlin, fludarabine, 

chlorambucil or bendamustine alone or in combination with GA101 or GXL. After 48 hours cell death was 
analyzed by measuring mitoTracker signal by flow cytometry. Averaged results are presented as percentage 
cell death (mean ± SEM). .01<p< .05 *, .001<p<.01 **, p<.001 *** Asterisks indicate significant difference 
compared with control. M= mutated (n=7) and UM= unmutated (n=5) IGHV genes and p53d=p53 
dysfunctional CLL cells (n=3). Black bars indicate control, white bars low concentration- and grey bars high 
concentration cytotoxic drug (Bortezomib 15 and 30 nM, Nutlin 5 and 10 µM, Fludarabine 25 and 50 µM, 
Chlorambucil 5 and 10 µM, and Bendamustine 50 and 100 µM respectively).

B.  Averaged results from 4 CLL patients (3 with mutated- and 1 with unmutated IGHV genes) treated with RXL, 
G, GXL and fludarabine 12.5, 25 or 50 µM or with RXL, G, GXL and 12.5, 25 or 50 µM cisplatin. After 48h 
apoptosis was analyzed by MitoTracker staining by flow cytometry. Data are presented as percentage cell 
death (mean ± SEM). .01<p< .05 *, .001<p<.01 **, p<.001 ***, indicating significant difference compared 
with control.
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Synergistic or additive effects of GA101 and the cytotoxic drugs (assessed as described in 

materials and methods) are shown in Table 2 and Supplemental Figure 2. No significant 

synergistic effects were found.

High concentrations of Chlorambucil and Bendamustine showed statistically significant 

additive effects in CD40-stimulated CLL cells with mutated and unmutated IGHV genes. 

At 100 mM, Bendamustine also showed a significant additive effect in CD40-stimulated 

p53 dysfunctional CLL cells. Nutlin induced significant additive effects in CLL cells with 

unmutated IGHV genes and in CD40-stimulated p53 dysfunctional CLL cells (Supplemental 

Figure 2) and for 30 nM Bortezomib additive effects in CD40-stimulated p53 dysfunctional 

CLL cells were observed. Fludarabine containing regimens have been shown to be effective 

Table 2. Synergistic or additive effects of GA101 and cytotoxic drugs

Patients Treatment Bortezomib Nutlin Fludarabine Chlorambucil Bendamustine

M GA A A A A* A*

 GXL A A A A* A

UM GA Syn A* A A* A***

 GXL Syn A A A A*

p53d GA A A** A A A*

 GXL A* A A A A

Pooled results of 7 mutated (M), 5 unmutated (UM) and 3 p53 dysfunctional (p53d) patient samples treated 
with GA101 (G) or crosslinked GA101 (GXL) in combination with different cytotoxic drugs. A= additive trend, 
A*-**-***= statistical significant additive effect. Syn =synergistic trend. 0.1<p< .05 *, .01<p<.05 **, p<.001 ***

in CLL11. Furthermore, our recent studies showed synergistic effects of the ROS-inducing 

drug cisplatin and fludarabine regarding cell death induction of CLL43, and these drugs also 

enhanced cell death by RXL23. We therefore tested whether low concentrations of cisplatin 

or fludarabine in combination with GA101 induced cell death in drug resistant CLL cells. 

Indeed, low concentrations of both cisplatin and fludarabine combined with RXL, but also G 

and GXL induced strong cell death induction in CD40-stimulated CLL cells (Figure 6B).

Discussion
This study shows for the first time that cell death induced by type II anti-CD20 mAb GA101 

is enhanced in primary CD40-stimulated CLL cells. Our main finding is that by increasing 

lysosomal volume and number, CD40 stimulation sensitizes CLL cells to GA101-induced 

lysosomal cell death. Hereby we extend recent publications showing type II-induced 

lysosomal cell death in cell lines21,22, and translate these findings to a physiologically relevant 

context. In contrast to the type I antibody rituximab, GA101 does not require a secondary 

crosslinking mAb to induce cell death in vitro. Finally, combination treatment of drug resistant 
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CD40-stimulated CLL cells with GA101 and cytotoxic drugs results in additive cell death 

induction, also in p53 dysfunctional CLL cells.

Although the contrasting effects of CD40-induced sensitization to anti-CD20 mAbs and 

CD40-induced drug resistance occur with similar kinetics, the underlying mechanisms are 

clearly different. Firstly, CD40-induced sensitization to RXL is based on the formation of ROS23 

whereas CD40-induced sensitization to GA101 is based on increased lysosomal number and 

volume (this study). Secondly, CD40-induced drug resistance is based on an increase in Bcl-2 

family members and decrease in BH3 only proteins resulting in an anti-apoptotic profile3,44. 

We and others have shown that Bcl-2 members and classical apoptosis involving activated 

caspase 3 do not play a role in anti-CD20 induced cell death21,23. 

To translate the observation that CLL cells cultured on CD40L expressing fibroblasts were 

more sensitive to anti-CD20 mAbs to a more physiological setting, we also tested CLL cells 

co-cultured with autologous CD3/CD28 activated T cells. The fraction of T cells in this set-up 

is far below the CLL cells, and the CD40 stimulation is likely to be less potent than in the 

co-culture system, but still enhanced sensitivity to anti-CD20 mAbs was detectable. Using only 

soluble anti-CD40 mAbs did not significantly enhance sensitivity towards anti-CD20 mAbs, 

probably due to the rather weak CD40 signaling provided5. This could also be explained by 

different epitope binding and the absence of crosslinking in contrast to membrane-bound 

CD40L in 3T40L cells and activated T cells. Maximal resistance to chemotherapeutic drugs was 

only observed in CLL cells co-cultured with 3T40L cells. There are several likely explanations 

for this. First, the mechanism of anti-CD20-induced cell death is clearly different from cell 

death induced by cytostatic drugs. The latter is classical mitochondrial apoptosis controlled 

by Bcl-2 members. In addition, induction of full drug resistance in CLL cells requires persistent 

CD40 and/or NF-κB signaling resulting in strong upregulation of Bcl-2 members Mcl-1, Bcl-XL 

and Bfl-13. In an experimental setting, such strong signaling can be provided by 3T40L cells 

that express higher levels of CD40L than activated T cells (Supplemental Figure 3). 

As shown previously21, homotypic aggregation and cell death induced by GA101 were 

completely blocked by cytochalasin D. Therefore, the process of HA seems essential 

for cell death induction, yet the exact mechanism behind GA101-induced HA remains to 

be determined and is also not clear for other type II mAbs. GA101-induced HA was not 

dependent on ICAM-1 (data not shown). Increased sensitivity of CD40-stimulated CLL 

cells to GA101 induced cell death might be linked with increased HA as a result of CD40 

stimulation34. 

Lysosomal cell death has recently been appreciated as actual cell death mechanism, rather 

than as a downstream event of apoptotic cell death (reviewed in ref. 37). Decreased 

Lysotracker fluorescence may reflect LMP and/or an increase in lysosomal pH, meaning that 

this method is not absolutely specific for LMP45. However these data, together with complete 

inhibition of cell death in the presence of concanamycin A or Bafilomycin (Figure 4 A) make 

lysosomal cell death induced by GA101 in CLL cells likely. Golay et al recently proposed that 

type II anti-CD20 induced cell death detected by flow cytometry is an artefact of HA46. An 

108

Chapter 5

Proefschrift.indb   108 6-3-2012   14:48:42



argument against this hypothesis is the prominent cell death inhibition by concanamycin A in 

the presence of HA, as also observed with cathepsin inhibitors in some circumstances22,46. 

An interesting observation was the increased Lysotracker signal in the absence of HA in 

CD40-stimulated CLL cells incubated with GA101 plus cytochalasin D. This suggests that the 

process of actin polymerization, HA and increase in lysosomal number and activity are not 

functionally linked. We therefore hypothesize that for GA101 induced-LMP and hence cell 

death, both HA and an increase in lysosomal volume and number are required. Indeed, not 

for every mAb a direct relationship between HA and cell death is found. For example, the 

pan-HLA mAb A9-1 induced high levels of HA but relatively low levels of cell death in Raji 

cells22. We found that CD40 stimulation increases the number and activity of lysosomes in 

CLL cells (as shown by an increase in lysotracker signal, increase in number of lysosomes and 

increase in lysosomal hydrolases cathepsin B and active GBA), thereby sensitizing them to 

GA101 induced lysosomal cell death47.

In comparison, RXL-induced cell death was not blocked in the presence of concanamycin A 

(Figure 4A) and induced no increase in lysosomal number and activity (Figure 5F), suggesting a 

different cell death mechanism. Indeed, we recently showed that RXL induces ROS dependent 

cell death in CD40 stimulated CLL cells23, whereas this was not observed with GA101 (Figure 

5E). Thus, the basis for the death-inducing capacity of type I CD20 mAb Rituximab versus 

GA101 seems to be quite different. Table 3 summarizes the differences between Rituximab 

and GA101-induced cell death in CD40 stimulated CLL cells. GA101 induces strong HA and 

lysosomal dependent cell death, whereas RXL induces Ca2+ - and ROS-dependent cell death. 

Both CD20 mAbs induce caspase activation as bystander phenomenon of a different cell 

death mechanism. Cell death can be observed with AnnexinV/PI staining as well as with 

MitoT staining and DNA fragmentation. 

In Figure 7 we summarise our findings for GA101-induced lysosomal cell death in CD40 

stimulated CLL cells, with inclusion of the indirect caspase activation. Anti-CD20 induced cell 

death is generally believed to be caspase-independent48-50, however some reports show 

that caspase activation plays a role13,50,51. In the present study, GA101 induced incomplete 

caspase-3 activation as measured by FACS, and by Western blot no full processing of caspase-

3 was found. Furthermore, no correlation between the amount of caspase activation and the 

percentage of dead cells was found. The results sugges at best a partial processing of caspase-

3 during anti-CD20 induced cell death. Finally, GA101 induced cell death was not blocked 

by pan-caspase inhibitors, suggesting participation of caspase-independent, non-classical 

apoptosis. Cleavage of caspases has also been described in lysosomal cell death. Release of 

lysosomal proteases into the cytosol are directly involved in the cleavage of pro-apoptotic 

substrates and/or activation of caspases. This latter process is usually mediated indirectly, 

through a cascade in which LMP causes the proteolytic activation of Bid52 (which is cleaved by 

the two lysosomal cathepsins B and D), which then induces MOMP, resulting in cytochrome c 

release and apoptosome-dependent caspase activation (reviewed in ref. 45). These sequence 

of events is likely to occur in CD40-stimulated CLL cells after incubation with GA101 and could 
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therefore be the result of lysosomal cell death and not reflect classical apoptosis. Of note, the 

identity of the responsible lysosomal hydrolase(s) is not certain. We applied various inhibitors of 

cathepsins but were unable to prevent GA101-induced cell death in CLL cells (data not shown).

We tested the effect of GA101 in combination with cytotoxic drugs in CD40-stimulated drug 

resistant CLL cells with mutated and unmutated IGHV genes and in p53 dysfunctional CLL 

cells. As expected, p53 dysfunctional CLL cells were insensitive to chlorambucil, fludarabine 

and nutlin which all have a p53-dependent mode of action. However, these cells were 

partially sensitive to Bendamustine (Supplemental Figure 1). The mechanism of action 

of Bendamustin has been principally linked to p53 stabilization, however a recent report 

showed that bendamustine cytotoxicity in CLL cells was p53 independent and mediated by 

ROS generation and triggering of the intrinsic apoptotic pathway53,54 and thus fits well with 

our data. We observed 80-100% cell death induction in drug resistant CLL cells by combining 

GA101 with cytotoxic drugs, also in patients with p53-dysfunctional CLL cells. Especially this 

latter finding is of importance, since these patients do not respond to conventional therapy 

and tend to have a rapidly progressive disease55. Moreover, the frequency of p53 dysfunction 

Figure 7 Model for GA101 induced cell death in 
CD40 stimulated CLL cells
GA101 induces homotypic aggregation (HA) 
which can be blocked by CytoD. CD40 stimulation 
increases the number of lysosomes, which are 
susceptible to swelling and burst via GA101 
engagement. Both GA101 induced HA and 
increase in lysosomal number are required to result 
in Lysosomal Membrane Permeabilsation (LMP) 
leading to cell death. An increase in lysosomal 
volume and LMP can be inhibited by concA. Release 
of cathepsins into the cytosol after LMP leads to 
caspase activation. Caspase activation, but not cell 
death is inhibited by Z-VAD and Q-VD.

GA101

Homotypic Aggregation Lysosomes

CytoD

ConcA

Cell death

CD40
+

Caspases

Q-VD/z-VAD

LMP

+

Table 3. Summary of characteristics of RXL and GA101 induced cell death in CD40-stimulated CLL cells 

characteristics RXL GA101

HA + ++

LMP - +

Ca-flux + -

ROS + -

mitoT + +

AnnV/PI + +

caspase activation + +

subG1 + +

HA=homotypic aggregation, LMP = lysomomal membrane permeabilization, ROS= reactive oxygen species, 
mitoT = mitotracker, RXL = rituximab + crosslinking. + = present. ++ = clearly present, - = absent
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increases to nearly 50% as the disease progresses and following therapy9,10. We have 

previously shown that also RXL induces cell death in p53-dysfunctional CLL cells23. Combining 

RXL, G or GXL with cisplatin or fludarabine results in strong cell death induction already at low 

concentrations of cytostatic drugs (Figure 7B)23. Altogether, this study provides a rationale for 

combining cytotoxic drugs with type II anti-CD20 mAbs for the treatment of CLL. 
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Supplemental Figure 1 Jak et al.

Supplemental Figure 1
Unstimulated CLL cells from 7 mutated, 5 unmutated and 3 p53 dysfunctional patients were treated with 
different concentrations bortezomib, nutlin, fludarabine, chlorambucil or bendamustine. After 48 hours cell 
death was analyzed by measuring mitoTracker signal by flow cytometry. Averaged results are presented as 
percentage cell death (mean ± SEM). Bor=bortezomib, Nut=Nutlin, Fluda=Fludarabine, Chlor=Chlorambucil, 
Ben=Bendamustine 
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Supplemental Figure 2 Jak et al.

Supplemental Figure 2
Synergistic or additive effects of GA101 and the highest concentration of cytotoxic drugs were assessed as 
described in materials and methods. The diagonal line (XY line) represents the situation in which observed 
survival = predicted survival. Dots beneath this line indicate synergistic interactions and dots above the XY line 
represent additive interactions. .01<p< .05 *, .001<p<.01 **, p<.001 ***
M=mutated, UM=ummutated, p53d=p53 dysfunctional
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Supplemental Figure 3 Jak et al.

Supplemental Figure 3
Left:CD40 L expression on resting (grey) and activated T cells (black) Right: CD40L expression on 3T3 (grey) and 
3T40L cells (black)
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Abstract
The mechanism responsible for resistance to anti-CD20 mediated therapy in the treatment of 

B cell malignancies is poorly understood. Since CD40-CD40L interactions provide important 

survival signals to B cells, we tested the effect of CD40 stimulation on the susceptibility 

of B cells to both type I (rituximab) and type II (GA101) anti-CD20 mAbs in human CD20 

transgenic (hCD20TG) mice. We found that CD40 stimulation in vitro sensitized hCD20TG B 

cells to cell death induced by either rituximab or GA101. CD40 triggering in vivo induced a 

marked increase in B cell numbers, but did not affect anti-CD20 induced depletion of B cell 

subsets in either blood, spleen or lymph nodes. Anti-CD40 pre-treatment did protect pro- and 

mature B cells in the bone marrow from anti-CD20 mediated depletion. No differences were 

observed between Rituximab- or GA101-induced B cell depletion. Altogether, we conclude 

that for most B cell subsets CD40-CD40L interaction is an unlikely mechanism of resistance 

to anti-CD20 monoclonal antibodies in vivo.
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Introduction
The introduction of rituximab, a chimeric anti-CD20 mAb, has considerably improved the 

outcome for patients with B cell malignancies. However, a substantial proportion of patients 

are resistant or acquire rituximab resistance following therapy 1-3. Therefore new and more 

potent anti-CD20 mAbs are continuously being sought. Currently, two different types of 

anti-CD20 mAbs are available, namely type I (e.g. rituximab, ofatumumab) and type II (e.g. 

tositumomab, GA101), which differ in their ability to redistribute CD20 into lipid rafts and in 

their potency to induce complement dependent cytotoxicity (CDC), homotypic aggregation 

and programmed cell death (PCD) 4;5. 

The underlying mechanisms of resistance to anti-CD20 mediated therapy are poorly 

understood. Internalization of CD20 by B cells leading to reduced antibody-dependent cellular 

cytotoxicity (ADCC) and to degradation of CD20:mAb complexes 6, cell intrinsic resistance 

to rituximab 7 and micro-environmental factors and circulatory dynamics of B cells 8 are 

thought to play a role. An important micro-environment-derived survival signal for B cells 

is CD40-triggering. CD40 stimulation can be provided by interaction with CD40L on CD4+ 

T cells 9;10. Previous studies have shown that CD40 stimulation increases the anti-apoptotic 

profile of CLL cells (11,12), resulting in drug resistance 11;12. In sharp contrast however, CD40 

stimulation of CLL cells sensitizes to anti-CD20 mediated cell death in vitro 13;14. Although 

these findings could lead to new strategies that can boost anti-CD20 mediated therapy, 

it is not yet known whether CD40 triggering also increases the susceptibility of B cells to 

anti-CD20 mAbs in vivo. Therefore, we investigated anti-CD20 mediated B cell depletion in 

hCD20 TG mice that were pre-treated or not with anti-CD40 mAbs. Since the most important 

mechanism of depletion differs between type I- and type II anti-CD20 mAbs (CDC and ADCC 

versus direct cell death, respectively 15) the effect of CD40 stimulation on sensitivity for 

type I- (rituximab) and type II- (GA101) 16 anti-CD20 mAbs was tested separately. In vitro, 

CD40 stimulation sensitized for both rituximab and GA101 induced cell death. However, in 

vivo triggering through CD40 did not affect anti-CD20 induced B cell depletion, with the 

exception for particular B cell subsets in the bone marrow. These data reveal important 

differences between in vitro and in vivo effects of CD40-triggering on the susceptibility to 

anti-CD20 antibodies. Since CD40-stimulation in vivo induces strong B cell proliferation, 

our findings argue for caution in the application of CD40 triggering for treatment of B cell 

malignancies.

Methods
Mice, anti-CD40- and anti-CD20 treatment
Human CD20TG mice on a balb/c background have been described previously 17 and were 

kindly provided by Dr. Beers (University of Southampton, Southampton, UK) . Wild-type 
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balb/c mice were obtained from Jackson Laboratories (Maine, USA). Mice were bred and 

maintained in local facilities under specific pathogen-free conditions.

On day -2 and 0, mice were pre-treated with 100 µg rat anti-mouse anti-CD40 mononclonal 

antibody (FGK-45) (Bioceros, Utrecht, The Netherlands) or PBS  i.p. On day 1 mice were 

treated with 0,5 mg rituximab (Roche) or GA101 (Roche/Glycart, Switzerland) or PBS i.p. On 

day 5 mice were sacrificed and blood and lymphoid organs were analyzed by flow cytometry. 

All animal experiments were approved by the Animal Care and Use Committee of the 

Academic Medical Center, Amsterdam. Approval ID of this study: DSK100978.

Cell preparation, antibodies and flow cytometry
Single cell suspensions were prepared from spleens, mesenteric lymph nodes and bone 

marrow (1 femur). Erythrocytes were lysed with ammonium chloride buffer. After isolation, 

single cell suspensions were stained with different mAb conjugates. FACS antibodies 

were purchased from Beckton Dickinson (San Jose, CA) ,Beckman Coulter (Woerden, The 

Netherlands) and eBioscience (San Diego, CA). For intracellular Ki-67 expression analysis, 

cells were fixed and permeabilised (eBioscience, San Diego, CA) and subsequently stained 

with FITC-conjugated Ki-67 or isotype control (Becton Dickinson, San Jose, CA). Unspecific 

binding of mAbs was blocked by adding 1.25 µg/ml anti-CD16/32 (clone 2.4G2 Bioceros, 

Utrecht, The Netherlands)

Expression of cell surface molecules and intracellular proteins was determined using the 

FACSCalibur or FACSCanto flow cytometer (BD biosciences) and CellQuest software (Beckton 

Dickinson) was used for data acquisition. Data were analyzed with FlowJo software (TreeStar, 

San Carlos, CA, USA).

CD40 stimulation of splenocytes and induction of cell death with 
anti-CD20 mAbs in vitro
After isolation cells were cultured in round-bottom 96 well plates in RPMI supplemented 

with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin, 100 µg/ml gentamycin 

and 0.00036% b-mercaptoethanol. Cells were stimulated with 5 µg/ml rat anti-mouse 

anti-CD40 mononclonal antibody (FGK-45) (Bioceros, Utrecht, The Netherlands), 5 µg/ml 

anti-IgM (HB88) or both. After 48 hours, cells were incubated with 10 µg/ml rituximab, 

10 µg/ml GA101 in the presence or absence of a secondary goat-anti-human Fc-g specific 

crosslinking mAb (Jackson Immunoresearch Europe). Cell death was analyzed after a 

subsequent incubation period of 24 hours, by evaluation of mitochondrial membrane 

potential with MitoTracker orange (Molecular probes, Leiden, The Netherlands) according to 

the manufacturer’s recommendations. Data are expressed as specific cell death: % cell death 

in stimulated cells - % cell death in medium control. 
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Statistics and calculation of relative depletion
Assuming Gaussian distribution, a two-sided unpaired t-test was used to analyze differences 

between the groups. P-values < 0.05 were considered to be statistically significant. 

To calculate anti-CD20 induced relative B cell depletion in PBS-or anti-CD40 pre-treated mice, 

the mean B cell count was calculated from 3 mice in the PBS or anti-CD40 treated group 

and set as 100%. Relative depletion in Rituximab or GA101 treated mice was calculated 

as follows: 100 – (B cell count rituximab or GA101 mice/mean B cell count PBS mice*100). 

Relative depletion in CD40+Rituximab or CD40+GA101 treated mice was calculated as 

follows: 100 – (B cell count CD40+rituximab or CD40+GA101 mice/mean B cell count CD40 

mice*100).

Results 
CD40 stimulation of hCD20TG splenocytes sensitizes to anti-CD20 
mediated cell death in vitro
To test whether CD40 stimulation influenced susceptibility to anti-CD20 monoclonal 

antibodies, freshly isolated splenocytes from hCD20TG mice were stimulated for 48 hours 

with agonistic anti-CD40 mAb (FGK-45) and/or anti-IgM (HB88), after which the cells were 

incubated with rituximab or GA101 in the presence or absence of a crosslinking mAb (XL). 

We found that CD40 stimulation increased anti-CD20 induced cell death, whereas BCR 

triggering alone did not sensitize to anti-CD20 induced cell death but protected cells from 

apoptosis (Figure 1). The combination of BCR- and CD40 triggering showed no further 
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Figure 1. CD40 stimulation of hCD20TG splenocytes sensitizes to anti-CD20 mediated cell death in 
vitro. Single cell suspensions were isolated from fresh hCD20TG spleens and stimulated with anti-CD40, 
anti-IgM or both. After 48 hours cells were incubated with 10 µg/ml rituximab or GA101 in the presence 
or absence of 50µg/ml crosslinking antibody (XL). After 24 hours cell death was analyzed by evaluation 
of mitochondrial membrane potential with MitoTracker orange in B220+ cells. CD40 stimulation increased 
anti-CD20 induced cell death, whereas BCR triggering alone did not sensitize to anti-CD20 induced cell death 
but protected cells from apoptosis. Combination of BCR- and CD40 triggering showed no further increase in 
sensitization than CD40 triggering alone. Averaged results from 2 mice are presented as percentage specific 
cell death (mean ± SEM). 
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increase in sensitization than CD40 triggering alone, indicating a CD40 specific effect. In 

contrast to GA101, Rituximab induced apoptosis only in the presence of XL14, indicating that 

GA101 is more efficient in direct cell death induction in vitro than rituximab. No cell death 

was observed in CD40-stimulated splenocytes of non-transgenic mice upon incubation with 

anti-CD20 mAbs (data not shown). 

CD40 stimulation in vivo induces B cell depletion in blood 
and increases B cell numbers in lymphoid organs by inducing 
proliferation 
To assess the role of CD40-stimulation in putative anti-CD20 mAb resistance in vivo, 

hCD20TG mice were injected twice with anti-CD40 mAb (on day -2 and 0). Five days after 

the last injection, an upregulation of MHC class II was observed on B cells (data not shown). 

As expected 18;19, CD40 treatment induced splenomegaly with a marked increase in B 

cell numbers (Figure 2A). Also in lymph nodes, B cell numbers were increased after CD40 

treatment (Figure 2A). In bone marrow, the number of total B220+ cells did not change (Figure 

2A), however the subpopulation of B220+CD20+ cells increased after CD40 treatment (Figure 

2A). In contrast to lymphoid organs, a profound B cell depletion in blood was observed after 

CD40 treatment (Figure 2A), which is most likely due to redistribution of B cells. Although 

we cannot completely exclude CD40-induced  apoptosis of mature, circulating B cells as 

described by Rathmell et al, we consider this unlikely as B cell numbers in the secondary 

lymphoid organs increased 20. To test whether increased B cell numbers in lymphoid organs 

upon anti-CD40 treatment was due to increased proliferation, Ki-67 expression was analyzed 

in splenocytes. Figure 2C shows a significant increase in Ki-67+ B cell (B220+) numbers after 

CD40 treatment. As expected, no change in numbers or Ki-67 expression in T cells (CD3+) 

was observed in anti-CD40 treated mice (Figure 2B and 2C). 

CD40 stimulation in vivo neither sensitizes nor protects against anti-
CD20 mediated cell death
To asses whether CD40 stimulation also sensitizes B cells to anti-CD20 mediated cell death 

in vivo, hCD20TG mice (and WT mice as control) were injected with anti-CD40 mAb or PBS 

(on day -2 and 0) and subsequently treated with rituximab or GA101 (on day 1). Five days 

following anti-CD20 treatment, mice were sacrificed and blood and lymphoid organs were 

analyzed. Both rituximab and GA101 induced massive systemic B cell depletion, which still 

occurred when mice were pretreated with anti-CD40 mAb (Figure 3A). Relative depletion in 

all groups was comparable, as shown in Figure 3B, indicating that CD40 stimulation in vivo 

does neither sensitize nor protect against anti-CD20 induced B cell depletion. A significant 

increase in Ki-67+ B cell (B220+) numbers was observed after CD40 treatment (Figure 

2C+ Figure 3C) and interestingly anti-CD20 mAbs preferentially depleted CD40-induced 

proliferating cells as shown in Figure 3C. WT mice treated with anti-CD20 mAbs showed no 

B cell depletion, also not after pre-treatment with anti-CD40 (data not shown). 
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Figure 2. CD40 stimulation in vivo induces B cell depletion in blood and increases B cell numbers in 
lymphoid organs by inducing proliferation.
A.  Total B cell numbers (#B220+ cells) in Blood, Sp, LN, BM in mice after CD40 treatment. After CD40 

treatment a profound decrease in B cells was observed in blood and increased B cell numbers (B220+CD20+) 
were found in Sp, LN and BM. In bone marrow the number of total B220+ cells and  the subpopulation 
of B220+CD20+ cells is shown. Mice were sacrificed five days after the last anti-CD40 injection. Averaged 
results from 3 mice/group are presented as total number (#) B220+ cells (mean± SEM). .01<p< .05 *, 
.001<p<.01 **, p<.001 ***

B.  No difference in total T cell numbers (#CD3+ cells) in Blood, Sp, LN, BM in mice after CD40 treatment. 
Mice were sacrificed five days after the last anti-CD40 injection. Averaged results from 3 mice/group are 
presented as total number (#) CD3+ cells (mean± SEM).  

C.  Intracellular Ki-67 staining of splenocytes (B cells: B220+ T cells: CD3+) from mice treated with anti-CD40 
or PBS. CD40 stimulation induced an increase in Ki-67+ B cells. No increase in Ki-67+ T cells was found 
after CD40 stimulation. Mice were sacrificed five days after the last anti-CD40 injection. Averaged results 
from 3 mice/group are presented as percentage or number Ki-67+ cells (mean± SEM).  .01<p< .05 *
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Figure 3. CD40 stimulation in vivo neither sensitizes nor protects against anti-CD20 mediated cell 
death.
A.  upper panel: representative facs plots of B220+ and CD3+ splenocytes. Lower panel: total number of 

B220+ cells in Blood, Sp, LN and BM after CD40 treatment, CD20 treatment (GA101 (GA) or Rituximab 
(Rit)) or the combination. Mice were sacrificed 5 days following CD20 treatment. White bars indicate 
control, black bars indicate CD40 treated mice. Both rituximab and GA101 induced massive systemic B cell 
depletion, still observed after pretreatment with anti-CD40 mAb. Averaged results from 3 mice/group are 
presented as total number (#) B220+ cells (mean± SEM).  .01<p< .05 *

B.  Relative depletion of total B220+ cells is comparable in Blood, Sp, LN and BM 5 days after GA101 or 
Rituximab treatment in CD40 treated or PBS treated mice. White bars indicate control, black bars indicate 
CD40 treated mice.

C.  Intracellular Ki-67 staining of splenocytes (B cells: B220+ T cells: CD3+) from mice treated with anti-CD40, 
anti-CD20 or both. After CD40 treatment, a significant increase in Ki-67+ B cell (B220+) numbers was 
observed and anti-CD20 mAbs preferentially depleted CD40-induced proliferating cells. White bars indicate 
control, black bars indicate CD40 treated mice. Averaged results from 3 mice/group are presented as 
number Ki-67+ cells (mean± SEM).  .01<p< .05 *
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CD40 stimulation does not affect anti-CD20 mediated depletion of B 
cell subsets in spleen, but protects pro- and mature B cells in bone 
marrow 
As we found no difference of CD40-treatment on CD20-mediated depletion of the total 

pool of B cells (B220+ cells), we tested whether particular B cell subsets in spleen and bone 

marrow were differentially affected by this treatment. First, we examined whether anti-CD40 

altered the expression of CD20 on these cells.  

Figure 4A shows CD20 expression levels on different B cell subsets in the spleen after CD40 

treatment. CD40 stimulation did not influence expression of CD20, except on plasmacells 

(PCs) (B220-CD138+CD38+), where CD20 was downregulated after CD40 stimulation. 

In humans, PCs have no CD20 expression 21;22 and are therefore resistant to anti-CD20 

induced cell death 23. In hCD20TG mice, PCs and plasmablasts (Plbs) expressed CD20 (Figure 

4A). Interestingly, B cells with a germinal center (GC) B cell phenotype (B220+CD38-GL-7+) 

expressed very high levels of CD20 (Figure 4A) and we found that the absolute number 

of these cells increased significantly upon CD40 stimulation (Figure 4B). Correspondingly, 

CD40-induced GC cells were sensitive to both rituximab and GA101 (Figure 4B). In the lymph 

nodes the same findings were observed (not shown). 

An increase in PCs (B220-CD138+CD38+) and Plbs (B220+CD138+CD38+++) was also observed 

after CD40 treatment (Figure 4B). However, no significant decrease was observed in PCs 

numbers in all groups after anti-CD20 therapy, despite CD20 expression albeit low (Figure 4A). 

Furthermore, CD40 stimulation increased the number of mature (B220+CD23+,IgM+,CD21/35+), 

T2 (B220+CD23+,IgM+,CD21/35++), MZB (B220+CD23-,IgM+,CD21/35-) and T1 (B220+CD23-

,IgM+,CD21/35+) B cells (Figure 4B), which were all strongly depleted after anti-CD20 therapy 

(Figure 4B). No differences between GA101 and rituximab were found. 

After CD40 stimulation, CD20 expression remained unchanged in pre- and immature B cells 

in bone marrow and showed a slight increase on pro- and mature B cells (Figure 4C). Figure 

4D shows depletion of pro-B cells (B220+CD43b+) and mature B cells (B220hiCD43b-) in 

bone marrow of non-CD40 pretreated mice. However, CD40 treatment protected these cells 

from anti-CD20 mediated depletion (Figure 4D). In line with previous studies 8, pre-B cells 

(B220+CD43b-IgM-) and immature B cells (B220+CD43b-IgM+) were resistant to anti-CD20 

mAbs (Figure 4D). The number of pre-B cells even increased after anti-CD20 treatment 

(Figure 4D). In conlusion, these results indicate that CD40 stimulation protects pro- and 

mature B cells in bone marrow and has no effect on CD20-mediated depletion of B cell 

subsets in the spleen.

Discussion
In this study we show that CD40 stimulation in vitro sensitizes hCD20TG splenocytes to 

anti-CD20 induced cell death, confirming earlier findings in CLL13;14. Interestingly, CD40 
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Figure 4. CD40 stimulation does not affect anti-CD20 mediated depletion of B cell subsets in spleen, 
but protects pro- and mature B cells in bone marrow despite an increase in CD20 expression
A.  Representative histograms of CD20 expression on different B cell subsets in spleen analyzed by flow 

cytometry, shaded: WT, grey: hCD20TG PBS, black: hCD20TG after CD40 treatment. Right: mean 
fluorescence intensity (MFI) of CD20 on different B cell subsets from spleen after CD40 treatment. 
White bars indicate control, black bars indicate CD40 treated mice. CD40 stimulation did not influence 
expression of CD20, except on plasmacells (PCs) (B220-CD138+CD38+) where CD20 was downregulated 
after CD40 stimulation. Averaged results from 3 mice/group are presented as MFI of CD20  (mean ± 
SEM).  Mat=mature B cells, MZB=marginal zone B cells, PC=plasmacells, Plb=plasmablasts

B.  Bar graphs representing total number of cells (mean± SEM of 3 mice/group) of B220+ splenocytes 
stained for germinal center (GC) cells (B220+CD38-GL-7+), plasmacells (PCs) (B220-CD138+CD38+) 
and (plasmablasts) Plbs (B220+CD138+CD38+++) and mature (B220+CD23+,IgM+,CD21/35+), T2 
(B220+CD23+,IgM+,CD21/35++), marginal zone B cells (MZB) (B220+CD23-,IgM+,CD21/35-) and T1 
(B220+CD23-,IgM+,CD21/35+) B cells after treatment with anti-CD40, anti-CD20 or both. White bars 
indicate control, black bars indicate CD40 treated mice. After CD40 treatment an increase in GC, PC, Plb, 
mature, T2, MZB and T1 cells was observed. All B cell subsets were depleted ater CD20 therapy, except 
GC cells. No difference between rituximab and GA101 was found. Mice were sacrificed 5 days following 
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stimulation in vivo does not sensitize B cells to anti-CD20 mediated depletion. Actually, CD40 

stimulation results in splenomegaly with a strong increase in B cell numers and proliferation 

as described earlier 18;19;24. These findings therefore argue for caution in the application of 

CD40 triggering for treatment of B cell malignancies as suggested by some researchers 25;26.

Anti-CD40-induced splenomegaly is probably attributable to effects on multiple cell types 
19 and is partly related to non-direct effects of CD40 stimulation e.g. changes in red pulp 

cell types, cytokine secretion, increase in stromal cells and dendritic cells (DCs) 19. This study 

clearly shows CD40-induced increase in Ki-67+ B cells in the spleen. Despite the fact that 

CD40-stimulation strongly increased the susceptibility of B cells for anti-CD20 induced cell 

death in vitro, it did not do so in vivo. Given the high sensitivity of normal B cells to CD20 

mediated B cell depletion however, detecting sensitization may be difficult in this system. 

Furthermore, the in vivo model might represent a complex phenotype since CD40 stimulation 

induced proliferation of B cells on one hand but on the other hand may have sensitized B cells 

to anti-CD20 treatment at the same time. Moreover, it should be stressed that in our model 

we could only study depletion of normal B cells and their response to CD40 potentiation may 

differ from those of malignant B cell clones. Using the current treatment regimen, we found 

no differences between rituximab or GA101 induced B cell depletion, also not after CD40 

stimulation. This is intruiging, since the mechanism of depletion differs between these types 

of antibodies. However, it could be that changes in the treatment protocol or a longer follow 

up time might reveal differences between these different anti-CD20 mAbs. 

Although we found no difference of CD40-treatment on CD20-mediated depletion of the 

total pool of B cells (B220+ cells) our data suggest, that CD40 stimulation in vivo protects 

pro- and mature B cells against anti-CD20 mediated depletion, despite an increase in CD20 

expression levels. The protective effect on pro B cells is most likely an indirect effect of CD40 

stimulation as CD40 is undetectable at the pro-B cell stage 9;27. Another possible explanation 

is that anti-CD20 treatment promoted pro-B-to-pre-B cell transition, which was blocked 

by anti-CD40 treatment via an unknown mechanism. This hypothesis is supported by the 

interesting finding that the number of pre B cells appeared to increase after CD20 treatment 

CD20 treatment. 01<p< .05 *, .001<p<.01 **.
C.  Representative histograms of CD20 expression on different B cell subsets from BM analyzed by flow 

cytometry shaded: WT, grey: hCD20TG PBS, black: hCD20TG after CD40 treatment. Right: mean 
fluorescence intensity (MFI) of CD20 on different B cell subsets from BM after CD40 treatment. CD20 
expression showed a slight increase on pro- and mature B cells. White bars indicate control, black bars 
indicate CD40 treated mice. Averaged results from 3 mice/group are presented as MFI of CD20  (mean ± 
SEM). Pro=pro B cells, pre=pre B cells,  Imm=immature B cells, mat=mature B cells

D.  Total number of pro B cells (B220+CD43b+), pre B cells (B220+CD43b-IgM-), immature B cells (B220+CD43b-

IgM+) and mature B cells (B220hiCD43b-) after CD40 treatment, CD20 treatment or the combination. 
White bars indicate control, black bars indicate CD40 treated mice. CD40 treatment protected pro- and 
mature B cells from anti-CD20 mediated depletion. Pre B cells (B220+CD43b-IgM-) and immature B cells 
(B220+CD43b-IgM+) were resistant to anti-CD20 mAbs. Mice were sacrificed 5 days following CD20 
treatment. Averaged results from 3 mice/group are presented as number (#) cells (mean± SEM).  .01<p< 
.05 *, .001<p<.01 **, p<.001 ***
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in non-CD40 treated mice. Whether this is the result of increased differentiation of pro B 

cells into pre B cells or increased proliferation of pre B cells is yet unclear. Obviously, these 

analyses are based on the assumption that expression of the cell surface markers used for 

the identification of these individual subsets is not changed by the anti-CD20 therapy itself. 

The fact that precursor cells in the bone marrow are protected against anti-CD20 mediated 

depletion after CD40 stimulation may have important implications in possible therapeutic use 

of CD40 ligation in vivo, where reconstitution of B cells after CD20 therapy will be expected 

earlier and faster. The fact that mature B cells in the bone marrow are protected from CD20 

induced depletion by CD40 ligation, but mature B cells in the spleen and LN are not, could be 

explained by different micro-environmental factors.

Gong et al hypothesize  that resistance of GC cells to anti-CD20 mAbs is caused by 

CD40-CD40L interaction 8. However, here we show for the first time that CD40 stimulation 

in vivo does not influence susceptibility of GC cells to anti-CD20 mAbs. Previous studies 

showed resistance of MZB cells to anti-CD20 therapy and the important role of BAFF herein 
8. In contrast, our study shows that CD40-induced-MZB cells are sensitive to both rituximab 

and GA101 induced cell death. Finally, in Gong’s study, treatment with anti-CD20 mAb 

incompletely depleted splenic B cells remaining almost 30% of the B cells, whereas depletion 

is approximately 90% in our study (Figure 3B). Our findings are based on a single dose of 

anti-CD40 (based on a half-life of 2-3 days) and anti-CD20. Obviously, different regimens, e.g. 

variation in strength of CD40 stimulation, dose of anti-CD20 mAb and subsequent follow up 

of B cell depletion in time could give different results. The resistance of CD20 expressing PCs 

and plasmablasts to depletion is interesting. DiLillo et al showed that PCs in vivo express low 

but detectable levels of mouse CD20 and that long-lived and short-lived PC numbers were 

unchanged after anti-CD20 treatment 28. These findings suggests cell intrinsic resistance, but 

the underlying mechanism has yet to be uncovered.

Based on our in vitro data with CLL cells 13 and hCD20TG splenocytes that show CD40-induced 

sensitization to anti-CD20 induced cell death, an in vivo approach combining anti-CD40-

and anti-CD20 mAbs could be promising in the treatment of (rituximab resistant) B cell 

malignancies. Interestingly, CD40 mAb can activate both neoplastic CD40+ B cells and host 

antigen presenting cells to present endogenous antigen or cross prime exogenous antigen 

respectively from necrotic or apoptotic tumor, which will eventually lead to anti-tumor 

cytotoxic T cell formation 18. By inducing cell death in neoplastic B cells, anti-CD20 mAbs 

will likely increase anti-CD40-induced antigen presentation. However, this study shows that 

in vivo treatment with CD40 mAbs should be approached with caution. CD40 triggering in 

vivo results in a profound increase in B cell numbers, which could be detrimental in patients 

with B cell malignancies. On the other hand, the present study shows that the majority of 

CD40-induced B cell subsets are depleted with anti-CD20 mAbs. Furthermore, these data 

suggest that CD40-CD40L interactions do not play a major role in anti-CD20 resistance in 

vivo. Yet, to further assess the role of CD40 triggering on susceptibility of malignant B cells to 

anti-CD20 mAbs in vivo, ‘CLL-like’ or lymphoma mouse models should be tested.
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Concluding remarks
One focus of the studies described in this thesis is the bidirectional CLL/T cell interaction 

and its consequences for the (patho)biology of CLL. In chapter 2 we describe the role of 

T cells in both microenvironment induced activation, proliferation and drug resistance of 

CLL cells. In chapter 3 we show that CLL cells induce Treg in a CD70-dependent manner, 

thereby elucidating one of the underlying mechanisms of increased Treg formation in 

CLL. Furthermore, we find remarkable similarities in activation, drug resistance and gene 

expression profiling between in vitro CD40-stimulated CLL cells and CLL cells cocultured 

with activated T cells (chapter 2). This latter finding supports the physiological role of CD40 

stimulation for drug resistance in CLL and the important role of T cells in the pathophysiology 

of the disease. In this chapter we discuss the relevance of our findings and their implications 

for future (immuno)therapeutic approaches. 

A second aspect of this thesis concerns the mechanism of direct cell death induced by type 

I and type II anti-CD20 mAbs in CLL cells. In chapter 4 we describe the Ca2+- and reactive 

oxygen species (ROS) dependent cell death induced by the type I anti-CD20 mAb rituximab 

and in chapter 5 we describe the lysosomal cell death induction by GA101, a novel type 

II anti-CD20 mAb. Furthermore, we show CD40-induced sensitization to both types of 

anti-CD20 mAbs. We show that CD40 stimulation sensitizes to rituximab-induced cell death 

by increasing basal ROS production, and that CD40-induced sensitization to GA101 is based 

on an increase in lysosomal volume and activity. The different mechanisms of cell death 

induction and CD40-induced sensitization to type I- and type II anti-CD20 mAbs in CLL cells 

are summarized in Figure 1. The effect of CD40 stimulation on anti-CD20 mediated cell death 

in vivo was studied in chapter 6. We conclude that CD40 stimulation in vivo does not play a 

role in resistance to anti-CD20 mAbs, and also that CD40-stimulation induces strong B cell 

proliferation, which argues for caution in using CD40 stimulation for the treatment of B cell 

malignancies.

These observations  have 2 important implications 
1.  The mutual effects of CLL/T cell interaction provide insight into the role of T cells in CLL in 

vivo. This could possibly lead to T cell targeted therapies in CLL.

2.  The effect of anti-CD20 mAb based therapies in CLL might be improved by modulation 

and sensitization of CLL cells to anti-CD20 induced, non-apoptotic and p53 independent 

cell death pathways. 

1. The mutual CLL/T cell interaction has different consequences. First, CLL cells induce Treg 1 

and other studies have shown inhibition of T cells in the presence of CLL cells 2;3. Eradicating 

Tregs in CLL could result in increased T cell function and restored actitvity of tumor-specific 
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T cells that eliminate the malignant CLL cells. Interesting new drugs that overcome drug 

resistance in CLL may also be effective against Tregs in CLL, especially those targeting cells 

with high expression of Noxa, like seleciclib 4. The site where CLL cells induce Tregs in a 

CD70-dependent manner in vivo is probably in proliferation centers in lymph nodes. Here, 

CLL cells are activated by CD40L+ T cells and upregulate CD70. In this respect, anti-CD70 

mAbs could kill two birds with one stone: CD70+ drug resistant CLL cells from the LN niches 

are eliminated and CLL-induced Treg formation is prevented. 

Second, signals derived from activated T cells are instrumental in inducing and maintaining 

specific features of CLL cells. Activated T cells can induce drug resistance and proliferation of 

CLL cells (chapter 2). These effects are only partially dependent on CD40L, which suggests 

a role for yet unknown factors. We show the IL-21 dependent proliferation induction in CLL 

cells by activated T cells. Recently, a model for CLL cell biology was suggested by Calissano et 

CD4

Basal ROS production ↑

CD40L

CD40

[Ca2+]c↑

[Ca2+]m↑

ROS ↑

EGTA

NAC

CLL 
CD20

Rituximab

GA101

Homotypic Aggregation Lysosomes

CytoD

ConcA

Cell death

CD40
+

Caspases

Q-VD/z-VAD

LMP

+

Figure 1. Mechanisms of type I- (Rituximab, top) and type II (GA101, bottom) anti-CD20 mAb induced 
cell death and underlying mechanisms of CD40-induced sensitization to both types of anti-CD20 
mAbs in CLL. Rituximab induces a Ca2+ flux (inhibited by EGTA) resulting in an increase in cytoplasmic Ca2+ 

concentration [Ca2+]c which leads to a rise in mitochondrial Ca2+ concentration [Ca2+ ]m. Increased [Ca2+]m 
leads to the formation of ROS and ROS dependent cell death (inhibited by NAC). CD40 stimulation sensitizes 
CLL cells to rituximab-induced cell death by increasing basal ROS production. 
GA101 induces homotypic aggregation (HA) which can be blocked by cytochalasin D (CytoD). CD40 
stimulation increases the number of lysosomes, which are susceptible to swelling and burst via GA101 
engagement. Both GA101 induced HA and increase in lysosomal number are required to result in Lysosomal 
Membrane Permeabilisation (LMP) leading to cell death. An increase in lysosomal volume and LMP can be 
inhibited by concanamycin A (concA). Release of cathepsins into the cytosol after LMP leads to caspase 
activation. Caspase activation, but not cell death is inhibited by Z-VAD and Q-VD.
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al. where the leukemic clone contains a spectrum of cells. It consists of a proliferative fraction, 

enriched in recently divided robust cells that are lymphoid tissue emigrants (CXCR4(dim)

CD5(bright)) and a resting fraction enriched in older, less vital cells (CXCR4(bright)CD5(dim)) 

that need to immigrate to lymphoid tissue or die 5. This model fits our T cell model where 

CLL cells are stimulated in the lymph node by CD40L+ T cells that produce IL-21 and leave the 

lymphoid tissue as proliferating CLL cells. Interfering in this process by blocking IL-21R on CLL 

cells seems an attractive therapeutic approach.

From these studies the question arises whether the CD40L system is a supraphysiological 

model in contrast to the activated T cell model.  Several in vitro models have been used 

to mimic the natural microenvironment. CLL cells co-cultured with nurselike cells (NLCs)6, 

bone marrow stromal cells (MSCs)7 or follicular dendritic cells 8 are protected against 

apoptosis. In CLL tissues pseudofollicular structures are found 9;10 consisting of CLL cells, 

antigen (Ag)-presenting cells and numerous CD4+CD40L+ T cells 11;12. In vitro stimulation 

of CLL cells with CD40L results in an increased anti-apoptotic profile 13-15 and rescues them 

from drug-induced apoptosis 13;14;16. All these in vitro models might be oversimplified. 

The important question on how to construct a model which most faithfully reflects the 

complex influence of membrane-bound- and soluble factors on CLL cells in vivo remains to 

be answered. We conclude in chapter 2 that both the CD40L system and the activated T 

cell system at least partially reflect the in vivo LN microenvironment, however only activated 

T cells induce proliferation of CLL cells, an important characteristic of CLL cells in vivo. This 

underscores the importance of T cells in vivo. 

Should activated T cells then be eliminated in CLL patients? On one hand it seems that by 

inducing proliferation and drug resistance of CLL cells, activated T cells might negatively 

affect the course of the disease (chapter 2 and 17). On the other hand, in mouse models 

increased autologous T cell activation can lead to an apparent graft-versus-tumor reaction 
17. Also injection of autologous CLL cells transduced with CD40L leads to T cell activation 

and CLL cell elimination 18. Furthermore, cross-priming of apoptotic CLL cell proteins 

after for instance anti-CD20 therapy could result in cytotoxic T cell responses against the 

tumor. Therefore, simple elimination of activated T cells in the treatment of CLL will not 

result in a favourable outcome per se. The occurrence of opportunistic infections and CMV 

reactivation as a result of T cell depletion following anti-CD52 therapy in CLL are serious 

adverse events. Blocking CD40L and IL-21 signaling in CLL seems a more attractive targeted 

immunotherapeutic approach. 

2. The mechanisms of direct cell killing by anti-CD20 mAbs are not well understood. The 

ability of anti-CD20 mAb to induce anti-tumour effects through cell signalling remains 

controversial 19. Only few studies show that intracellular signals are generated following 

rituximab treatment of CLL cells 20;21. Further controversy exists as to the actual cell 

death mechanism induced by CD20 ligation. Many have shown that CD20 crosslinking 

induces classical apoptosis 22-25, however growing evidence (including this thesis) exists 
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that non-classical apoptotic cell death is induced by anti-CD20 mAbs 25-28. By inducing 

non-classical apoptosis, anti-CD20 mAbs can circumvent the anti-apoptotic machinery in 

CLL cells. After CD40 stimulation CLL cells increase their anti-apoptotic profile and become 

drug resistant 13-15;29. On the other hand, the studies in this thesis show CD40-induced 

sensitization to anti-CD20 mAbs. And combination treatment of CD40-stimulated CLL cells 

with anti-CD20 mAbs and cytostatic drugs shows significant additive effects resulting in 

80-100% cell death. Altogether these results are promising and provide a rationale for 

combining cytostatic drugs and anti-CD20 mAbs in the treatment of CLL. The results of 

a large randomized phase III trial combining fludarabine, cyclophosphamide and rituximab 

(FCR) which improved both progression free survival (PFS) and overall survival (OS) in p53 

functional, previously untreated CLL patients 30 are the first in vivo confirmation of this 

finding. 

In light of the different mechanisms underlying CD40-induced sensitization of CLL cells to 

rituximab and GA101 respectively (Figure 1), several interesting candidates for combination 

treatments exist. We show CD40-induced sensitization to rituximab by increasing basal ROS 

production in CLL cells. Various studies show that cancer cells have altered redox balance. 

Malignant cells are under oxidative stress: high amounts of ROS are produced and cells 

have relatively low antioxidant capacity (reviewed in 31), resulting in a vulnerable balance. 

Also CLL cells are under enhanced oxidative stress, which is associated with oxidative 

damage to nuclear and mitochondrial DNA 32-34. Therefore, ROS inducing compounds 

are attractive in the treatment of CLL. Increased sensitivity of CD40-stimulated CLL cells 

to the ROS inducing agent cisplatin confirms the hypothesis that ROS inducing agents are 

potent cell death inducers in CD40-stimulated CLL cells. Combining rituximab and cisplatin 

results in even stronger cell death induction (Chapter 4). Whether this combination is also 

potent in vivo has to be determined. A recent interim analysis of a phase 2 study with 20 

patients treated with rituximab, cisplatin, cytarabine and dexamethason (R-DHAP) shows 

effective remission-induction for fludarabine-refractory or early relapsed patients35 . Also 

Bendamustine acts independently from p53 and induces ROS dependent cell death in CLL36. 

Combination treatment of rituximab and bendamustine could therefore be interesting to 

test in CD40-stimulated CLL cells. The German CLL Study Group is comparing bendamustine 

plus rituximab (BR) versus FCR as first-line therapy in patients with CLL who require therapy. 

A phase 1 study showed that BR is effective and safe in patients with relapsed CLL and has 

notable activity in fludarabine-refractory disease 37. The ultimate goal in the treatment of CLL 

patients is to eliminate the malignant clone with a treatment with lowest toxicity. The effect 

of other ROS inducing agents less toxic than cisplatin or bendamustin could be interesting 

to explore. It has been shown that 2-methoxyestradiol (2-ME) substantially reduces CLL cell 

survival by inhibiting the superoxide dismutase enzyme (SOD) leading to an accumulation of 

superoxide (O2
-) and cell death 34. CLL cells with higher basal O2

- contents are more sensitive 

to 2-ME in vitro than those with lower O2
-contents34. Combining 2-ME with rituximab could 

therefore enhance anti-leukemic activity and overcome drug resistance in CD40-stimulated 
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CLL cells. Other ROS inducing agents that have shown cytotoxicity in CLL cells as single 

agents are ascorbic acid and arsenic trioxide38. Of interest and also most attractive in light of 

lowest possible toxicity, are mAbs that induce ROS and subsequent non-apoptotic cell death 

in CLL, such as Hu1D10 (apolizumab), a humanized HLA-DR beta-chain-specific antibody 39.

The induction of lysosomal cell death could also be promising in the treatment of CLL. 

Lysosomal membrane permeabilization (LMP) initiates a lysosomal cell death mechanism. 

LMP results in a release of lysosomal hydrolases (cathepsins, calpains, nucleases) into the 

cytosol, that causes digestion of vital proteins and the activation of additional hydrolases 

including caspases (reviewed in 40). The cathepsins released into the cytosol upon LMP can 

therefore initiate the intrinsic apoptosis pathway40, but lysosomal leakage can also trigger a 

caspase-independent nonapoptotic cell death pathway, indicating that lysosomal hydrolases 

are capable of acting both as initiators and as effectors of programmed cell death 41. LMP 

is induced by a plethora of distinct stimuli (reviewed in 40)  including lysosomotropic agents 

(hydroxychloroquine, sphingosine, antibiotics such as ciprofloxacin) and microtubule toxins 

(vincristine, vinorelbine). Lysosomal alterations and perturbed regulation of LMP is common 

in cancer cells. The increased expression and altered trafficking of lysosomal enzymes is 

involved in tissue invasion, angiogenesis and sensitization to the lysosomal death pathway 

(reviewed in 41). The CD40-induced sensitization to lysosomal cell death induction by GA101 

suggest that LMP induction might lead to novel therapeutic avenues in CLL. It would be 

very interesting to test for instance the effect of combination treatment of GA101 and 

hydroxychloroquine (HCQ) on CD40-stimulated CLL cells. Especially since HCQ has been used 

for the treatment of malaria since decades and safety profiles are well known. Cancer cells can 

be resistant to LMP because of high Hsp70 42;43. In malignant cells Hsp70 translocates to the 

lysosomal compartment where it promotes cell survival by inhibiting LMP 44. Whether Hsp70 

expression levels in CLL cells correlate with sensitivity to GA101 needs to be determined.

Whether combination treatment of CD40 stimulation and anti-CD20 mAbs in vivo is effective 

and safe needs to be determined. First of all, the contrasting effects of CD40 stimulation 

on drug resistance on one hand and sensitization to anti-CD20 mAbs on the other seem 

contradictory. This observation is likely to put any clinician in doubt whether CD40 stimulation 

in vivo is sound. In vitro treatments of anti-CD20 mAbs and cytostatic drugs however show 

significant additive effects resulting in 80-100% cell death (chapter 4 and 5). Furthermore, in 

chapter 6 we show massive B cell depletion in hCD20TG mice with both rituximab and GA101, 

also after CD40 stimulation. The results suggest at best that CD40 stimulation in vivo does 

not induce resistance to anti-CD20 mediated cell death. On the other hand, a large increase 

in B cell numbers is observed after CD40 stimulation in vivo. Furthermore, the CD40-induced 

upregulation of CD70 on CLL cells and hence CD70-induced Treg formation could be a pitfall 

in CD40 treatment in vivo. However, CD40-induced cross priming of antigen from necrotic 

or apoptotic tumor after anti-CD20 therapy will eventually lead to anti-tumor cytotoxic T 
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cell formation 45. This latter process could be catalyzed by CD70 costimulation delivered by 

CD70+ CLL cells. Altogether, CD40 treatment in vivo should be approached with caution. 

In conclusion, our increasing insight into the effects of the microenvironment on both 

the biology of the CLL cells and their sensitivity to cytotoxic drugs and mAbs offers novel 

opportunities for future improvement of the treatment results in CLL.
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Summary
The work described in this thesis can be divided into two parts. The first part focuses on 

the bidirectional interaction of T cells and CLL cells and its consequences on both cell types 

(chapter 2-3). The second part describes: 1. the mechanisms of direct cell death induced by 

type I and type II anti-CD20 mAbs in CLL cells and 2. the effect of microenvironment derived 

signals on the sensitivity of CLL cells to anti-CD20 mediated cell death in vitro and in vivo 

(chapter 4-5-6).

Chapter 1 introduces the current understanding of CLL cell biology, the effects of mutual 

interaction of T cells and CLL cells, therapy, different anti-CD20 mAbs and mechanisms of 

anti-CD20 mediated cell death. Finally, the scope of this thesis is outlined. 

In Chapter 2 we compared the effect of two in vitro systems on activation, drug resistance 

and proliferation of CLL cells. To study the mechanisms of proliferation and drug resistance 

of CLL cells, robust and reliable experimental systems must be developed that resemble the 

lymph node microenvironment. An important signal in the lymph node microenvironment 

is CD40L activation of CLL cells by activated T cells. In this study, the in vitro systems mimic 

this CLL-T cell interaction:  the activated T cell system (CLL cells cocultured with autologous 

activated T cells) and the 3T40L system (CLL cells cocultured with mouse fibroblasts 

expressing human CD40L). Activation and drug resistance of CLL cells was induced in both 

systems. However, proliferation which is an important characteristic of CLL cells in vivo, was 

only observed in CLL cells cocultured with activated T cells. Importantly, this proliferation 

was IL-21 dependent. This underscores the important role of T cells in the pathophysiology 

of the disease. Gene expression of CLL cells co-cultured with either CD40L transfectants 

or activated autologous T cells was comparable in both in vitro systems. Interestingly they 

resembled transcriptomes of CLL cells obtained from freshly isolated  lymph nodes as to 

increased NF-κB activity. We conclude that both in vitro systems mimic the in vivo lymph 

node microenvironment in CLL. However, considering the proliferation induced by activated 

T cells, this system probably most faithfully reflects the in vivo CLL LN microenvironment.

In Chapter 3 we dissected the underlying mechanisms of increased Treg numbers in CLL. 

Neither analysis of the T cell receptor (TCR) repertoire nor CD45 isoform expression of 

Treg from CLL patients provided evidence for chronic (tumor) antigenic stimulation as a 

possible cause for Treg expansion in CLL. However, both enhanced survival and formation 

of Tregs was observed in CLL. RT-MLPA expression analysis of 34 apoptosis-regulating 

genes showed that in comparison to other CD4+ T cells, Treg from both healthy individuals 

and CLL patients had a high expression of pro-apoptotic Noxa and a low expression of 

anti-apoptotic Bcl-2. Strikingly, Bcl-2 levels of Treg in CLL patients were significantly higher 

than in healthy individuals. This resulted in enhanced survival and increased resistance to 

149

Summary

Proefschrift.indb   149 6-3-2012   14:48:50



drug-induced apoptosis. . Furthermore, CLL cells induced Treg in a CD70-dependent manner. 

The preferential site of Treg formation in CLL in vivo is most likely the lymph node, where 

CD40-induced upregulation of CD70 on CLL cells takes place. In conclusion, Treg in CLL 

accumulate by increased survival as result of increased Bcl-2 expression and by enhanced 

formation facilitated by CD27-CD70 interaction in lymph node proliferation centers.

In Chapter 4 we focused on the mechanism of direct cell death induction in CLL cells by the 

type I anti-CD20 mAb rituximab. We analyzed the effect of CD40 stimulation, an important 

microenvironment derived signal inducing drug resistance in vivo, on the sensitivity of CLL 

cells to rituximab. Whereas CD40 stimulation induced strong resistance to cytotoxic drugs, 

it sensitized CLL cells to rituximab-induced cell death. This increased sensitivity was specific 

for anti-CD20 treatment. Rituximab-mediated death in CD40-stimulated CLL cells showed 

rapid kinetics (within hours) and was caspase- and p53-independent. Rituximab induced 

Ca2+ and ROS-dependent non-apoptotic cell death. By increasing basal ROS production 

CD40 stimulation sensitized CLL cells to rituximab-induced cell death. Finally, combination 

treatment of rituximab and fludarabine showed synergistic effects in CD40-stimulated CLL 

cells. By inducing ROS, rituximab sensitized to fludarabine-induced cell death. 

 

In Chapter 5 we investigated the underlying mechanisms of the type II anti-CD20 mAb 

(GA101) induced cell death in CLL. Also here, CD40 stimulation sensitized CLL cells to 

anti-CD20 induced cell death and we explored the basis for this sensitization. GA101 induced 

cell death occurred without crosslinking. GA101 induced lysosomal cell death in CLL, where 

lysosomal burst and release of hydrolases into the cytosol lead to non-classical apoptotic cell 

death. CD40 stimulation increased lysosomal number and activity, thereby sensitizing CLL 

cells to GA101-induced lysosomal cell death. Finally, the effect of combination treatment with 

GA101 and different cytostatic drugs on cell death in CD40-stimulated CLL cells was tested. 

This resulted in strong cell death induction, also in unmutated (UM) and p53-dysfunctional 

CLL cells. These findings indicate that GA101 has efficacy against chemoresistant CLL.

Chapter 4 and 5 provide a rationale for the treatment of CLL with a combination of cytotoxic 

drugs and anti-CD20 monoclonal antibodies.

Chapter 6 aimed to define the potential role of CD40 stimulation on type I and type II 

anti-CD20 induced cell death in vivo. Human CD20TG mice were treated with mouse 

anti-CD40 mAbs and subsequently  either rituximab or GA101 was administered. After 5 

days B cell depletion in peripheral blood and secondary lymphoid organs was measured. 

Also in mice, CD40 stimulation in vitro sensitized to anti-CD20 mediated cell death. CD40 

stimulation in vivo resulted in a massive increase in total B cell numbers in peripheral blood, 

spleen and lymph nodes, which were all depleted after rituximab or GA101 treatment. 

One exception were mature B cells in bone marrow, where CD40 pretreatment resulted in 
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resistance to both rituximab- and GA101-induced cell death. Overall, no differences between 

rituximab and GA101 induced B cell depletion in this system were found. We conclude that 

for most B cell subsets CD40-CD40L interaction is an unlikely mechanism of resistance to 

anti-CD20 monoclonal antibodies in vivo. Finally, in vivo treatment with CD40 mAbs should 

be approached with caution as CD40 triggering in vivo results in a profound increase in B cell 

numbers, which could be detrimental in patients with B cell malignancies.

Chapter 7 presents an integrated summary and discussion and future approaches towards 

the treatment of CLL are suggested. 
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Chronisch lymfatische leukemie 
Chronisch lymfatische leukemie (CLL) is een vorm van witte bloedcel (lymfocyten) kanker. Het 

is de meest voorkomende leukemie in de Westerse wereld. De ziekte treft met name oudere 

mensen; de gemiddelde leeftijd waarop CLL zich presenteert is 65 jaar. 

CLL kenmerkt zich door een ophoping van kwaadaardige lymfocyten (zogenaamde B-cellen) 

in het bloed maar ook in de lymfklieren, de milt en het beenmerg van de patiënt. Omdat de 

CLL cellen niet doodgaan en blijven delen, blijven de cellen zich ophopen in bovengenoemde 

organen. Patiënten krijgen dan last van vergrootte lymfklieren, een grote milt en verdringing 

van goede, niet kwaadaardige cellen in het beenmerg waardoor uiteindelijk o.a. een 

bloedarmoede kan ontstaan. 

Het beloop van de ziekte verschilt per patiënt en hangt van een aantal factoren af. De 

meeste patiënten (30%) hebben een mild ziektebeloop en blijven de eerste 5 tot 10 jaar 

symptoomloos. De ziekte wordt vaak ontdekt bij mensen zonder klachten die bijvoorbeeld 

een bedrijfskeuring ondergaan. Vijftien procent van de patiënten echter overlijdt binnen 2 

tot 3 jaar na de diagnose. 

Er wordt steeds meer bekend over het verschil in CLL ‘vormen’ en de bijbehorende 

verschillende prognoses. Zo is inmiddels duidelijk dat de mutatiestatus van de zware ketens 

van immunoglobulines (IGHV genen) een belangrijke voorspeller is van het ziektebeloop. 

Patienten met ongemuteerde IGHV genen hebben een beduidend slechtere prognose dan 

patiënten met gemuteerde IGHV genen. Ongemuteerde CLL cellen hebben een hogere 

expressie hebben van de B-cel receptor (BCR) dan gemuteerde CLL cellen. De BCR is een 

belangrijk eiwit op het oppervlak van B-cellen waarmee B-cellen signalen (antigenen) uit 

hun omgeving oppikken om te kunnen overleven en delen. Omdat ongemuteerde CLL cellen 

een hoge BCR expressie hebben en bovendien ook een sterkere BCR signaleringscapaciteit 

hebben, pakken ze dus makkelijker overlevingssignalen op uit hun omgeving (ook wel 

micromilieu genoemd) en blijven daardoor langer leven. CLL cellen gaan zoals gezegd niet 

makkelijk dood en blijven ongeremd delen, een kenmerk van de meeste kwaadaardige cellen. 

Rol micromilieu in CLL 
Er is veel onderzoek gedaan naar de onderliggende oorzaken van verminderde apoptose 

(het doodgaan van cellen) gevoeligheid van CLL cellen. Het blijkt dat CLL cellen veel 

anti-apoptotische eiwitten tot expressie brengen, eiwitten die processen van celdood 

remmen. Signalen die CLL cellen uit het micromilieu (in lymfklieren) ontvangen spelen hierbij 

een belangrijke rol. Deze gedachte wordt ondersteund door het feit dat CLL cellen in een 

reageerbuisje (dus buiten de patiënt) snel doodgaan terwijl ze in het lichaam van de patiënt 

juist lang blijven leven. Er moeten dus in het lichaam van de patiënt signalen aanwezig zijn 

die de CLL cellen in leven houden. Deze signalen krijgen CLL cellen van andere niet-CLL 

cellen (bijvoorbeeld T-cellen) in de lymfklieren. Een voorbeeld van zo’n overlevingssignaal is 

CD40 ligand (CD40L), een eiwit dat T-cellen op hun oppervlak hebben en dat kan binden 

met CD40 op CLL cellen. Niet alleen blijven CLL cellen beter leven als gevolg van signalen uit 
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het micromilieu, ook de delingscapaciteit neemt toe. Tenslotte worden CLL cellen resistent 

tegen verschillende soorten medicijnen als gevolg van signalen van cellen uit het micromilieu. 

In dit proefschrift is de rol van T-cellen in het overleven en het ontstaan van resistentie van 

CLL cellen voor medicijnen bestudeerd (hoofdstuk 2 en 3). Dit laatste vormt uiteraard een 

belangrijk probleem in de behandeling van CLL. 

Aan de ene kant beïnvloeden T-cellen CLL cellen door overlevingssignalen te geven waardoor 

CLL cellen langer blijven leven. Aan de andere kant hebben CLL cellen ook weer een invloed 

op de overleving en het ontstaan van bepaalde soorten T- cellen, o.a. de zogenaamde 

regulatoire T-cellen (Tregs). Tregs hebben een remmende werking op de afweerreactie en 

zijn in die zin ongunstig in CLL. De afweerreactie van het lichaam die optreedt tegen de 

‘slechte’ CLL cel met als doel deze te doden wordt geremd door de aanwezigheid van Tregs. 

CLL cellen zelf kunnen de vorming van Tregs induceren (beschreven in dit proefschrift) en zo 

dus zichzelf beschermen tegen een dodelijke aanval. 

Behandeling van CLL 
Of en wanneer patiënten met CLL behandeld worden hangt af van het stadium van de ziekte 

en de klachten van de patient. Als er behandeling nodig is, wordt dat gegeven in de vorm 

van chemotherapie al of niet gecombineerd met rituximab (een anti-CD20 antilichaam). In 

dit proefschrift is veel onderzoek gedaan naar het effect van anti-CD20 antilichamen op CLL 

cellen en hierover volgt later meer. De standaard behandeling voor relatief jonge patiënten 

in goede conditie is op dit moment fludarabine, cyclofosfamide en rituximab. Van deze 

behandeling is bewezen dat het de overall survival (overleving) significant verbetert. Helaas 

komt de ziekte echter altijd terug en is CLL tot op heden met onze huidige behandelingen 

niet te genezen. De oorzaak voor het terugkeren van de ziekte is het uiteindelijk resistent 

(ongevoelig) worden van de CLL cellen voor de behandelingsmiddelen (zoals bacteriën 

resistent worden tegen antibiotica). Er moet dus gezocht worden naar nieuwe middelen die 

deze resistentie omzeilen. Bovendien is het van belang middelen te zoeken die zowel efficiënt 

zijn, als weinig toxisch. Tenslotte zijn het over het algemeen oudere kwetsbare patiënten 

die behandeld moeten worden voor CLL. Een voorbeeld van minder toxisch middelen dan 

chemotherapie zijn antilichamen. Dit zijn eiwitten die lijken op lichaamseigen stoffen; in het 

menselijk lichaam worden antistoffen (antilichamen) aangemaakt door afweercellen om 

bijvoorbeeld bacteriën op te ruimen. Zo’n antilichaam herkent een deel van de bacterie, bindt 

eraan en vervolgens helpen andere cellen het bacterie-antilichaam complex kapot te maken. 

Het gebruik van antilichamen als behandeling bij CLL werkt volgens datzelfde principe. Het 

antilichaam dat toegediend wordt herkent een deel van de CLL cel, bindt daaraan, en andere 

cellen helpen het antilichaam-CLL complex kapot te maken. 

CD20, anti-CD20 antilichamen en manier van celdood
Anti-CD20 antilichamen herkennen CD20, een eiwit dat CLL cellen tot expressie brengen. 

De functie van CD20 zelf is tot op heden niet opgehelderd, mogelijk speelt het een rol in 
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de deling en differentiatie van B-cellen. Alle B-cellen (zowel goedaardige als kwaadaardige) 

brengen CD20 tot expressie, met uitzondering van jonge B-cellen in het beenmerg en 

plasmacellen. Wanneer een patiënt anti-CD20 antilichamen krijgt gaan dus niet alleen de CLL 

cellen dood, maar ook de goedaardige gezonde B-cellen. De gezonde B-cellen herstellen wel 

weer na enkele maanden en een voordeel is dat de plasmacellen, die antilichamen maken 

tegen ziekteverwekkers, niet doodgaan (omdat ze geen CD20 tot expressie brengen) en de 

patient dus een redelijke afweer behoudt. 

De manier waarop CLL cellen doodgaan van anti-CD20 antilichamen is zoals boven beschreven 

(het antilichaam-CLL complex wordt opgeruimd door andere cellen), maar ook directe 

inductie van celdood speelt een rol. De manier waarop dit gaat is niet geheel duidelijk. Als 

een anti-CD20 antilichaam bindt aan een CLL cel treedt er directe celdood op (zonder dat 

er andere cellen meehelpen). In dit proefschrift is onderzocht wat de mechanismen zijn van 

directe celdood inductie na binden van anti-CD20 antilichamen aan CLL cellen in vitro (dus 

buiten het lichaam van de patient in een reageerbuisje). Daarbij zijn verschillende anti-CD20 

antilichamen bestudeerd: type I anti-CD20 antilichamen (rituximab) en type II anti-CD20 

antilichamen (GA101). De twee typen onderscheiden zich van elkaar door verschillende 

eigenschappen: type II antilichamen kunnen sterker directe celdood induceren dan type I 

antilichamen. Dit wordt waarschijnlijk veroorzaakt door sterke klontering (homotypische 

aggregatie) te geven van cellen. Type I antilichamen induceren een calcium (Ca2+) flux in 

cellen en type II antilichamen niet. De manier waarop de twee typen antilichamen celdood 

induceren verschilt dan ook wezenlijk. De verschillende mechanismen waarop de beide typen 

anti-CD20 antilichamen celdood induceren staan in dit proefschrift beschreven (hoofdstuk 

4 en 5). Een mooie bevinding is dat de celdood door beide typen antilichamen van het 

‘niet-klassieke’ type is (niet-klassieke apoptose). Dat betekent dat de gangbare manieren van 

CLL cellen om zich resistent te maken voor klassieke apoptose (door b.v. veel anti-apoptotische 

eiwitten aan te maken), hier omzeild worden. De CLL cellen gaan op een andere manier 

dood en ‘hebben niets’ aan hun resistentie trucjes die ze voor de chemotherapie gebruiken. 

Helaas brengen CLL cellen lage hoeveelheden CD20 tot expressie, waardoor ze relatief 

ongevoelig zijn voor celdood door anti-CD20 antilichamen. In dit proefschrift is het effect 

bekeken van signalen uit het micromilieu (met name het CD40L-CD40 signaal door interactie 

tussen respectievelijk T-cellen en CLL cellen) op de gevoeligheid van CLL cellen voor de 

verschillende anti-CD20 antilichamen. Hoewel CD40 stimulatie in CLL cellen aan de ene 

kant resulteert in resistentie voor chemotherapie, sensitiseert (maakt gevoeliger) het voor 

dood door anti-CD20 antilichamen. De manier waarop CD40 stimulatie CLL cellen gevoeliger 

maakt voor type I en type II antilichamen verschilt en staat beschreven in respectievelijk 

hoofdstuk 4 en 5. Tenslotte is nog bestudeerd wat het effect is van CD40 stimulatie en 

anti-CD20 behandeling in vivo in een muizenmodel (hoofdstuk 6).

In dit proefschrift laten we zien dat vooral de combinatie chemotherapie met anti-CD20 

lichamen veel celdood geeft in CLL cellen. Zelfs in CLL cellen die resistent zijn geworden voor 

de chemotherapie alleen. De combinatietherapie is dus veelbelovend in de therapie voor CLL. 
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Samenvatting van de hoofdstukken
Dit inhoud van dit proefschrift is tweeledig:

1.  het bestudeert het effect dat T-cellen en CLL cellen op elkaar hebben en

2.  het analyseert het mechanisme en de modulatie van celdood door type I- en type II 

anti-CD20 antilichamen in CLL.

In hoofdstuk 2 vergelijken we het effect van 2 in vitro systemen op activatie, resistentie 

en proliferatie van CLL cellen. Om die mechanismen te bestuderen, moeten er robuuste en 

betrouwbare experimentele systemen worden ontwikkeld die de lymfklier (het micromilieu) 

nabootsen. Een belangrijk signaal uit het micromilieu is CD40 stimulatie van CLL cellen 

door CD40L, dat tot expressie komt op geactiveerde T-cellen. In deze studie bootsen 2 

in vitro systemen deze interactie na: een geactiveerd T-cel systeem (CLL cellen gekweekt 

met geactiveerde T-cellen) en een 3T40L systeem (CLL cellen gekweekt op een laag 

muizenfibroblasten die humaan CD40L tot expressie brengen). Activatie en resistentie worden 

gevonden in beide systemen. Proliferatie echter, een belangrijk kenmerk van CLL cellen in vivo, 

wordt alleen gezien in het geactiveerde T-cel systeem. Proliferatie is IL-21 afhankelijk. Hieruit 

blijkt het belang van T-cellen in de pathofysiologie van CLL. Het genexpressie profiel van 

CLL cellen gekweekt met of geactiveerde T-cellen, of CD40L-transfectanten komt overeen. 

En deze komt weer overeen met die van CLL cellen uit echte lymfklieren. We concluderen 

dat beide in vitro systemen de lymfklier goed nabootsen, maar dat gezien de inductie van 

proliferatie het geactiveerde T-cel systeem het meest betrouwbaar de lymfklier nabootst.

In hoofdstuk 3 onderzoeken we de onderliggende mechanismen van verhoogde aantallen 

Tregs in CLL. Noch analyse van het T-cel receptor repertoire, noch CD45 isoform expressie 

op Tregs van CLL patiënten geeft bewijs voor chronische antigeen stimulatie als mogelijke 

oorzaak voor verhoogde Treg expansie in CLL. Echter, we vinden zowel langere overleving 

als toegenomen aanmaak van Tregs in CLL. RT-MLPA expressie analyse van 34 apoptose 

regulerende genen laat zien dat in vergelijking met andere CD4+ T cellen, Tregs van zowel 

gezonde mensen als van CLL patiënten een hoge expressie hebben van het pro-apoptotische 

Noxa en een lage expressie van het anti-apoptotische Bcl-2. Opvallend is dat Bcl-2 levels 

van Tregs in CLL patiënten significant hoger zijn dan in gezonde mensen. Dit resulteert 

in toegenomen overleving en toegenomen resistentie tegen cytostatica-geinduceerde 

apoptose. Tenslotte vinden we ook dat CLL cellen de aanmaak van Tregs kunnen induceren 

onder invloed van CD70. De plaats waar Treg aanmaak in het lichaam plaatsvindt is meest 

waarschijnlijk de lymfklier, waar CD40-geinduceerde opregulatie van CD70 op CLL cellen 

optreedt. Concluderend, accumuleren Tregs in CLL patiënten als gevolg van toegenomen 

overleving door verhoogde Bcl-2 expressie, en door verhoogde aanmaak geïnduceerd door 

CD27-CD70 interactie in proliferatie centra in de lymfklier. 

In hoofdstuk 4 bekijken we het mechanisme van directe celdood inductie in CLL cellen door 

het type I anti-CD20 antilichaam rituximab. We analyseren het effect van CD40 stimulatie, 

een belangrijk signaal uit het micromilieu verantwoordelijk voor de inductie van resistentie 

in vivo, op de gevoeligheid van CLL cellen voor rituximab. Aan de ene kant induceert CD40 
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stimulatie resistentie tegen cytostatica, maar aan de andere kant maakt het CLL cellen juist 

gevoeliger voor rituximab-geinduceerde celdood. De toegenomen gevoeligheid is specifiek 

voor anti-CD20 behandeling. Rituximab-geinduceerde celdood in CD40-gestimuleerde CLL 

cellen gaat snel (binnen enkele uren is de cel dood) en is caspase- en p53-onafhankelijk. 

Rituximab induceert Ca2+- en zuurstof radicaal (ROS)- afhankelijke niet-apoptotische celdood. 

Door de basale ROS productie te verhogen maakt CD40 stimulatie CLL cellen gevoeliger 

voor rituximab-geinduceerde celdood. Tenslotte, zien we bij combinatie behandeling met 

rituximab en fludarabine synergistische effecten op celdood in CD40-gestimuleerde CLL 

cellen. Door ROS te induceren, maakt rituximab CLL cellen gevoeliger voor fludarabine-

geinduceerde celdood. 

In hoofdstuk 5 onderzoeken we de onderliggende mechanismen van het type II anti-CD20 

antilichaam (GA101) geïnduceerde celdood in CLL. Ook hier maakt CD40 stimulatie CLL 

cellen gevoeliger voor anti-CD20 geinduceerde celdood, en we hebben de basis voor deze 

sensitisatie ontrafeld. GA101-geinduceerde celdood treedt al op zonder toevoeging van 

een tweede ‘crosslinking’ antilichaam. GA101 induceert lysosomale celdood in CLL, waar 

het barsten van lysosomen zorgt voor een uitstoot van hydrolases in het cytosol en voor 

niet-klassiek apoptotische celdood. CD40 stimulatie vermeerdert het aantal lysosomen en 

de activiteit ervan en daarbij sensitiseert het CLL cellen voor GA101-geinduceerde celdood. 

Tenslotte testen we in CD40 gestimuleerde CLL cellen het effect van combinatie behandeling 

met GA101 en verschillende cytostatica op celdood. Combinatie behandeling resulteert in 

sterke celdood inductie, ook in ongemuteerde en in p53-dysfunctionele CLL cellen. Deze 

data laten zien dat GA101 effectief is tegen chemoresistente CLL cellen.

Hoofdstuk 4 en 5 geven een rationale voor de behandeling van CLL cellen met een combinatie 

van cytostatica en anti-CD20 antilichamen.

Hoofdstuk 6 beschrijft de potentiële rol van CD40 stimulatie op celdood geïnduceerd door 

type I- en type II anti-CD20 antilichamen in vivo. Humaan CD20 transgene muizen worden 

eerst behandeld met muizen anti-CD40 antilichamen en vervolgens krijgen zij rituximab of 

GA101 toegediend. Na 5 dagen wordt B-cel depletie in het perifere bloed en secundair 

lymfoide organen gemeten. Ook in muizen, sensitiseert CD40 stimulatie in vitro voor 

anti-CD20 gemedieerde celdood. CD40 stimulatie in vivo geeft een massale toename van 

het totaal aantal B-cellen in perifeer bloed, milt en lymfklieren, die allemaal gedepleteerd 

worden na rituximab of GA101 behandeling. Een uitzondering zijn de rijpe B-cellen in het 

beenmerg, waar CD40 voorbehandeling leidt tot resistentie voor zowel rituximab als GA101. 

Over het algemeen worden er in dit systeem geen verschillen gevonden tussen rituximab- 

en GA101-geinduceerde celdood. We concluderen dat voor de meeste B-cel subsets 

CD40-CD40L interactie een onwaarschijnlijk mechanisme is voor het ontstaan van resistentie 

voor anti-CD20 antilichamen. In vivo behandeling met CD40 antilichamen moet voorzichtig 

worden benaderd omdat CD40 stimulatie resulteert in een forse toename van B-cel aantallen, 

wat voor patiënten met B-cel maligniteiten zeer onwenselijk is.
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In hoofdstuk 7 wordt een samenvatting en discussie gegeven en worden suggesties gedaan 

voor toekomstige behandelingen voor CLL. 

Conclusie
Hoewel voor CLL tot op heden geen curatieve behandeling is, geeft het groeiende inzicht 

in de effecten van het micromilieu, op zowel de biologie van CLL cellen als de gevoeligheid 

voor cytostatica en anti-CD20 antilichamen, ons nieuwe mogelijkheden voor toekomstige 

verbeteringen in de behandelingsresultaten in CLL patiënten. 
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Gelukkig is er aan het einde van de tunnel dan toch licht te bespeuren o.a. met het schrijven 

van dit dankwoord. 

Uiteraard gaat mijn grootste dank uit naar mijn begeleiders; Rien, Rene en Eric. Rien, 

het begon allemaal met een wetenschappelijke stage op het lab van de Experimentele 

Immunologie. Al tijdens de studie geneeskunde geboeid geraakt door de hematologie, 

belandde ik op jouw kamer voor een goed gesprek over wetenschappelijk onderzoek. Je had 

nog wel een plek voor een student over in het muizenproject van Ramon Arens. Tijdens deze 

stage heb ik ontzettend veel geleerd, met name om gestructureerd en goed gepland grote 

experimenten te doen. Daar heb ik tijdens mijn promotie onderzoek veel aan gehad. Rien, 

ik wil je bedanken dat ik bij jou mag promoveren en ik kijk uit naar de opleidingstijd bij de 

hematologie. 

Rene, vooral tijdens de eerste 2 jaar van mijn promotieonderzoek hebben we intensief 

samengewerkt. De gestructureerde, opbouwende en vooral verhelderende wekbesprekingen 

met jou waren voor mij een houvast in het oerwoud van ideeën en interpretaties, die de 

verschilllende begeleiders over mijn data erop nahielden. 

Eric, van jou heb ik geleerd kritisch naar data te kijken en vooral niet alles te geloven of willen 

geloven wat je ziet. Hoewel dit soms best tegen mijn ideeën over een efficiënte en snelle 

manier van werken indruiste. Ik ben trots dat ik met jou het GA101 stuk tot een Blood stuk 

heb mogen maken. Ik wacht nog op een fles goede wijn….

Gregor, zonder jouw hulp was ik niet zo trots geweest op dit proefschrift als dat ik nu 

ben. Dankzij jouw harde werken is het GA101 stuk gepubliceerd in Blood. Ik heb enorme 

bewondering voor jouw doorzettingsvermogen en vind het fantastisch om te zien hoeveel 

jij kan en jezelf hebt geleerd. Ik heb fijn met je samengewerkt en we waren een goed team! 

Succes in je verdere loopbaan. 

Alle leden en ex-leden van de apoptose/CLL groep, te beginnen met de ex-leden: Rogier, ik 

had mijn promotieonderzoek niet beter kunnen beginnen dan met het Treg stuk. Echt heel 

fijn om al zo vroeg in het traject een gepubliceerde paper te hebben. Je hebt me in korte tijd 

goed ingewerkt en ik kijk uit naar de tijd als collegae bij de hematologie opleiding! Delfine, 

we hebben niet lang samengewerkt, maar hopelijk werken we in de toekomst weer samen 

als collega hematoloog. Annelieke, ik heb veel van je geleerd in het lab, dank daarvoor! 

Jammer dat je al vrij snel nadat ik begon vertrok, we hebben je gemist. Felix, ik was altijd 

behoorlijk onder de indruk van jouw wetenschappelijke kennis en vaardigheden. Bedankt 

voor alle hulp met het muizenwerk. Dan de huidige leden: Dieuwertje, heel veel dank voor al 

het werk dat je met het patiënten materiaal, en later met experimenten hebt verricht. Ik heb 

enorm veel respect voor je betrokkenheid bij de CLL groep, zelfs in de aller zwaarste periode. 

Ingrid, zonder jouw hulp en tips was menig experiment van mij mislukt. Bedankt dat ik altijd 

met alle vragen bij je terecht kon. Chris, we hebben niet zo lang samengewerkt. Vooral het 
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kletsen over trance heb ik zeer gewaardeerd! Ik hoop dat je naast mooie papers ook mooie 

trance producties blijft maken! Arnon, jouw gedrevenheid, kennis en enthousiasme voor het 

vak zijn ongekend. Ik hoop dat we nog lang mogen samenwerken. Sanne, heel wat frustaties 

over mislukte ROS proeven hebben we kunnen delen…gefeliciteerd met je mooie boekje en 

goede verdediging. Daar kan ik een voorbeeld aan nemen. Sjakkie, waar was ik geweest 

zonder jou? Heel wat cappuccinootjes, vruchtensapjes en koekjes van de AH ToGo hebben 

we gedeeld na de donderdagochtend werkbesprekingen, mijmerend over onze toekomst…. 

De zin ‘Waar zijn we in godsnaam allemaal aan begonnen’ heeft heel wat keren over plein G 

geklonken. Ik had me geen betere collega en partner in crime kunnen voorstellen tijdens dit 

promotieonderzoek. Dank voor je altijd luisterende oor en ik hoop dat ik snel jouw paranimf 

mag zijn!  

Doreen en Jan-Jaap, super dat jullie zo goed bezig zijn met mooie experimenten. Ik hoop dat 

er voor jullie ook mooie CLL/muizen papers in de pijpleiding zitten. Fernanda, thanks for all 

the nice T cell work we did together. I hope it will result in two good papers. Good luck with 

your career and your new ‘job’ as a mom!

Mijn studenten Marieke en Jos, bedankt voor jullie inzet en succes met de verdere opleiding. 

Alle mensen van de beenmerg/Martijn Nolte groep: allereerst Martijn, bedankt voor al je 

hulp met het muizenstuk, je inspirerende input na elk praatje en nuttige tips. Sten en Alex, 

bedankt voor jullie hulp met het muizenwerk en succes met het afronden van jullie eigen 

promotie. 

Eric Reits, dank voor alle hulp met de confocal experimenten! Ik heb onze samenwerking 

enorm gewaardeerd. 

Wouter Kallenberg, bedankt voor alle hulp met de Inhibody proeven, al onze moeite was 

uiteindelijk niet voor niets! 

Joke Trotsenburg, bedankt voor alle hulp met de manuscripten en brieven etc etc….

Kamergenoten: Leonie, bedankt voor de alt F9 tip en alle andere nuttige hulp. Simone, 

Cristina, Marjolein, Alek, Daphne en Henrieke jullie waren fijne roomies. 

Alle medewerkers van het speciële hematologie lab, bedankt voor jullie hulp. 

Ester Remmerswaal, bedankt dat ik altijd terecht kon met vragen en bij je kon aankloppen 

voor monoclonalen. Si-La, wat een lieve betrokken collega ben je! 

Armin en alle andere trance DJs, bedankt voor jullie heerlijk trance setjes waarop ik urenlang 

saaie FACS data op FlowJo met plezier kon uitwerken. 
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Maaikie, bedankt dat je al meer dan 10 jaar mijn beste vriendinnetje bent. Ik vind het heel 

cool dat je mijn paranimf wil zijn!

Vriendenclub België zal ik jullie maar noemen, dank voor alle ontspannende en leuke 

weekendjes en feestjes. Daarna was ik altijd weer volledig opgeladen om vol voor mijn 

onderzoek en proefschrift te gaan. 

Volker en Dagmar, jullie zijn de liefste schoonouders die je maar kan wensen. Bedankt voor 

jullie oneindige interesse in mijn werk en het zelfs (proberen) te lezen en begrijpen van mijn 

artikelen!

Debra en Jaap, dank voor alle goede gesprekken, steun, interesse en vooral veel humor 

tijdens gezellige weekendjes!

Ragna, ook jij hebt zoveel interesse in wat ik doe, dat vind ik enorm leuk! 

Ulven, ik wou dat jij ook mijn boekje had kunnen zien en bij mijn promotie was geweest. In 

mijn hoofd hoor ik nog regelmatig jouw opmerking “Go, je moet niet zo zeuren, je vindt je 

werk toch leuk?”. Die woorden hebben me menig keer geholpen door te gaan in moeilijke 

tijden! Ik mis je nog steeds. 

Edje (bro), Willemijn, Oneiros,  thanks voor het maken van ‘mijn voorkantje’!

Miek, je bent mijn allerliefste zussie en ik vind het gaaf dat je altijd zo trots op me bent. Papa 

en mama, bedankt dat jullie alles voor mij over hebben en me alle kansen hebben gegeven 

om te kunnen bereiken wat ik heb bereikt. Ik hou heel veel van jullie.

Kev, mijn allerliefste geitje, zonder jouw onvoorwaardelijke steun, liefde, waardering, en 

opbeurende en optimistische woorden was dit proefschrift geen werkelijkheid geworden. 

Mijn toekomst met jou, Femma en ons toekomstige zoontje is voor mij het allerbelangrijkst. 

I love u till the sky falls down….and beyond. 
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Curriculum Vitae
Margot Jak werd op 29 juli 1977 geboren in Haarlem. In 1995 behaalde zij haar gymnasium 

diploma aan het Mendelcollege in Haarlem. Aansluitend studeerde zij eerst 2 jaar Medische 

Biologie aan de Universiteit van Amsterdam, totdat zij in 1997 werd ingeloot voor de studie 

Geneeskunde. Van 1997 tot 2001 studeerde zij Geneeskunde aan de Universiteit van 

Amsterdam en in 2001 behaalde zij cum laude het doctoraal examen. Van 2000 tot 2001 

deed zij onderzoek bij het lab van de Experimentele Immunologie in het Academisch Medisch 

Centrum in Amsterdam. Daarna werkte zij in de winter van 2001-2002 als reisleidster in 

Tignes in de Franse Alpen. Van 2002 tot 2004 liep zij haar coschappen. Zij volgde onder 

andere een keuze coschap hematologie aan de University of Kansas, Kansas city, USA, 

waarna zij in 2004 het artsexamen behaalde. In 2005 begon zij aan haar opleiding tot 

internist in Tergooiziekenhuizen in Hilversum. In 2007 onderbrak zij haar opleiding voor 3 jaar 

om promotieonderzoek te doen dat heeft geresulteerd in dit proefschrift. In 2010 hervatte 

zij haar werk in de kliniek en liep opleidingsstages op de ICU van het AMC en een polistage 

in het Westfriesgasthuis in Hoorn. In 2013 zal zij starten met de specialisatie hematologie 

in het Academisch Medisch Centrum in Amsterdam. Margot woont samen in Haarlem met 

Keven Aurich en hun dochter Femma en zij verwachten in juni een 2e kind. 
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