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Chronic lymphocytic leukemia (CLL) is the most common leukemia in the Western world, 
comprising approximately 30% of all leukemias diagnosed annually. The median age 
at presentation is 65 years 1, with an incidence of less than 1 per 100.000 in persons 
under 40 years of age, rising to 19 (females) and 36 (males) per 100.000 in persons 
older than 75 years 2. 

The disease is characterized by the accumulation of small monomorphic B lymphocytes 
in the peripheral blood (PB), bone marrow and lymph nodes (LN). The liver and spleen 
are typically infiltrated and other extra-nodal sites may occasionally be involved. There 
has been a longstanding debate as to the normal cellular counterpart(s) of CLL, but 
based on surface membrane phenotype and gene expression profile, CLL most likely 
derives from an antigen-experienced B cell 3. 

The clinical course of CLL is very heterogeneous. Approximately 30% of patients has 
an indolent course and eventually dies from causes unrelated to CLL, whereas 15% dies 
rapidly (within 2 to 3 years from diagnosis) from CLL and/ or treatment related causes. In 
the remaining portion of patients, the disease has a relatively indolent course during the 
first 5 to 10 years, followed by a terminal phase marked by considerable morbidity, both 
from the disease itself and from complications of therapy 4. 

Many disease associated features have been found to be related to adverse outcome. 
In order to distinguish patients based on their prognosis as to survival, clinical staging 
systems have been developed by Rai et al 5, and by Binet et al 6 a few years later. These 
staging systems are still widely used. However, 30 - 40% of patients with early stage disease 
(i.e. Rai stage 0/ Binet stage A) experiences rapid clinical progression and ultimately dies 
from CLL related causes. Because at present the disease is diagnosed more frequently in 
young and asymptomatic patients, while at the same time therapeutic options expand, 
accurate risk stratification is highly relevant. Several features intrinsic to the CLL cells have 
been found to be associated with adverse outcome, among which mutation status of the 
immunoglobulin heavy chain (IgVH) gene 7;8, CD38 expression 7;9, ZAP-70 expression 10 
and cytogenetic abnormalities, especially those affecting chromosome 17p on which the 
p53 gene is located 11-13 (see below). 

Although some patients remain asymptomatic, the majority of CLL patients eventually 
requires treatment. At present, remission rates achieved with conventional (immuno-) 
chemotherapy are high; however, cures are not obtained and the need for repeated cycles 
of therapy inevitably results in drug resistance which infers a very poor prognosis 14;15. 

The origin of drug resistance in CLL
Alkylating drugs and nucleoside-analogs (including fludarabine) are the mainstay of 
the treatment of CLL. These drugs exert their activity via p53 dependent induction of 
apoptosis (programmed cell death) 16-18. Apoptosis is initiated when (in response to 
cellular stress) anti-apoptotic Bcl-2 family members such as Bcl-2, Bcl-xL, Bfl-1/A1 and 
Mcl-1 are engaged by pro-apoptotic BH3-only proteins 19. Such interactions are not 
promiscuous; only certain protein pairs associate inside cells. Bim and Puma engage all 
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Bcl-2 family members, whereas Noxa only binds Mcl-1 and Bfl-1/A1, and Bad binds Bcl-
2, Bcl-xL and Bcl-w (Figure 1). Binding of BH3-proteins to Bcl-2 family members leads 
to activation of the effector proteins Bax and Bak and the subsequent cascade of events 
which will ultimately result in cell death: permeabilization of the mitochondrial membrane, 
cytochrome C release and activation of effector caspases. We have previously found 
that p53 dependent death following (fludarabine-) treatment of CLL cells is mediated 
by transcriptional upregulation of the BH3-only protein Puma 20. Also the BH3-only 
protein Noxa was found to be decisive for cell fate in CLL cells, presumably through 
interaction with its anti-apoptotic counterpart Mcl-1, especially in CLL cells residing in the 
LN 21. Although the response to several (novel) drugs involves Noxa 22;23, the role and 
regulation of Noxa in response to drug treatment in CLL are not well known. Noxa is a 
response gene of p53 in many cell types 24, but this seems not to be the case in CLL 20.
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Drug resistance often finds its origin in the balance between pro- and apoptotic 
proteins. Several mechanisms contribute to drug resistance in CLL: (1) in the secondary 
lymphoid tissue and bone marrow, CLL cells engage in interactions with various cell types 
which results in proliferative and anti-apoptotic signaling; and (2) the evolution of clones 
harbouring cytogenetic alterations, of which especially those affecting the p53 response 
have clinical impact 25;26.

1. Interactions of CLL cells with the microenvironment

In the bone marrow CLL cells mainly interact with mesenchymal stromal cells (MSCs), 
whereas in secondary lymphoid tissue CLL cells interact with T cells, nurse-like cells 
(NLCs) and follicular dendritic cells. 

Activated CD4+ T cells found in the pseudofollicles in lymphoid tissue of CLL patients 
express CD154 which engages CD40 expressed on the surface of CLL cells. We have 
previously demonstrated upregulation of the anti-apoptotic proteins Bcl-xL, Bfl-1/A1, and 
Mcl-1 upon prolonged CD40 stimulation of PB derived CLL cells in vitro 27, in a similar 
pattern as was found in lymphoid tissue derived leukemia cells 21. Numbers of activated 
T cells, both CD4+ and CD8+, are increased in CLL 28-31. Although these expansions 
have been thought to be driven by a putative tumour-derived antigen, in vitro data do 
not support this hypothesis, as cytotoxic responses against autologous CLL cells have 
rarely been observed 30;32;33. We have found that the expansion of CD8+ T cells in CLL 
is largely confined to CD8+ T cells exhibiting the cytotoxic CD45RA+/-CD27- phenotype 
and is exclusively seen in CMV-seropositive patients 34. A similar pattern was recently 
described for the CD4+ compartment 35. The cause of the enhanced T cell activation 
and whether this finding is unique for CLL is currently not known.

Another cell type abundantly present in the secondary lymphoid tissue of CLL 
patients is the NLC 36. In vitro, NLCs enhance viability of CLL cells via the secretion 
of stromal-derived factor-1 (SDF-1)/CXCL12, B-cell activating factor (BAFF) and a 
proliferation-inducing ligand (APRIL) 37. NLCs also express CD31 (PECAM-1), a member 
of the Ig family. Recently, CD31 was proposed to function as a ligand for CD38 expressed 
on CLL cells, resulting in anti-apoptotic and proliferative signaling in CLL cells and thus 
accounting for the worse prognosis of CD38high CLL 38. Although all these factors have 
been linked to the survival-supporting property of NLCs, their independent contributions 
have not yet been properly studied. Yet, in order to develop targeted strategies directed 
at these interactions, such knowledge is crucial.

Microenvironmental interactions might account for the difference in clinical course 
between patients with mutated versus unmutated IgVH. Although the gene expression 
profile of both subgroups is highly similar, a subset of genes is differentially expressed 39;40. 
Zeta associated protein of 70kDa (ZAP-70) is more frequently expressed in unmutated 
CLL. ZAP-70 expression allows for enhanced IgM signaling in CLL 41, but it is not known 
how this affects prognosis. It has been speculated that enhanced NF-κB signaling in ZAP-
70+ CLL may play a role in CLL cell survival 42;43. Ligand-receptor interactions, such 
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as CD40L-CD40 44 and BAFF and APRIL and their receptors 45, have been found to 
increase NF-κB activity in CLL and could therefore account for the difference in biological 
behaviour between mutated and unmutated CLL. 

2. Cytogenetic alterations

Cytogenetic abnormalities can be demonstrated by fluorescence in situ hybridization 
(FISH) in approximately 80% of patients with CLL. Several recurrent abnormalities have 
been recognized which relate to prognosis; deletion of 13q14.3 and trisomy 12 are the 
most prevalent abnormalities and predict a relatively favourable overall survival of 133 
and 114 months respectively. Deletions of 11q22-23 and 17p13 are far less prevalent 
in previously untreated disease; however, these deletions infer a poor prognosis with an 
overall survival of 79 and 32 months respectively 12. Loss of function of p53 accounts for 
the poor prognosis and inferior response to treatment in patients with a deletion of 17p 
16;46. Chromosome 11q harbours the ATM gene (Ataxia Teleangiectasia Mutated), which 
is also involved in the p53 response. Although, at diagnosis, only 5% of patients with 
CLL shows deletion of 17p or mutations in the p53 gene, these abnormalities are found 
in up to 30-40% of relapsed or chemotherapy refractory cases 47. Whether this results 
from selection of p53-dysfunctional clones or clonal evolution is subject of investigation.

In recent years, many advances have been made both in upfront treatment and subsequent 
salvage regimens. At the same time, the standard of supportive care has been improved, 
allowing CLL patients to live longer in relatively good health. However, with conventional 
treatment strategies, cures are not obtained, and as the disease evolves, treatment 
options become increasingly limited by the occurrence of drug resistance. Therefore it 
is highly necessary to develop therapeutic strategies that circumvent common resistance 
mechanisms in CLL. 
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Outline of the thesis

In the first part of this thesis interactions between CLL cells and the microenvironment 
are studied in order to provide a rationale for further development of targeted strategies 
for the treatment of CLL. In chapter 2 alterations in the T cell compartment in CLL are 
compared with those in other B cell malignancies in order to elucidate the mechanisms 
driving such changes. In chapter 3 the intracellular effects of environmental stimuli (in 
this case CpG-ODN and CD40-ligand stimulation as a model for the LN environment) 
are analyzed in both IgVH mutated and unmutated CLL cells, to study whether such stimuli 
contribute to the difference in clinical course between these subgroups. In chapter 4 
we investigate the functional consequences of the interaction of CD38 expressed on CLL 
cells with CD31 expressed on fibroblasts (as a model for CD31 expressing NLCs in vivo).

The focus of the second part of this thesis is on exploration of p53 independent 
mechanisms of cell death. Since cisplatinum proved to be highly active in chemoresistant 
CLL (chapter 5), platinum-based compounds were used to investigate p53 independent 
death inducing pathways in CLL cells. In chapter 6 the regulation and role of the 
p53 family member TAp73 in p53 dysfunctional cells is explored. In chapter 7, the 
efficacy and mechanism of action of cisplatinum is studied in more detail in drug resistant 
CLL, either due to p53 dysfunction or as a result of microenvironmental stimuli. In this 
chapter we focus on the cellular redox balance as a possible target to induce p53 
independent apoptosis. Lastly, current insights into the optimal treatment of relapsed and 
chemorefractory CLL will be summarized in chapter 8.
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Abstract

In patients with chronic lymphocytic leukemia (CLL), numbers of CD8+CD45RA+/-CD27- 

effector T cells are expanded. We investigated whether this expansion is also present in 
other B cell malignancies and the possible mechanism underlying these changes.

Whereas an increase in total CD4+ and CD8+ T cell numbers was found only in 
CLL, CD4+ and CD8+ effector T cells were significantly expanded both in CLL and 
indolent lymphoma, but not aggressive lymphoma and myeloma. Interestingly, PD-1 
expression was decreased on effector T cells and inversely correlated with effector T 
cell numbers, suggesting a functional role for PD-1 in regulating T cell homeostasis. In 
vitro experiments revealed impaired upregulation of PD-1 upon T cell activation in the 
presence of malignant but also healthy B cells.

Our data suggest that in CLL and indolent lymphoma, the malignant B cells affect 
PD-1 expression on effector T cells, resulting in an expansion of these subsets.22



Introduction

Chronic lymphocytic leukemia (CLL) is the most common leukemia in the Western 
world and mainly affects the elderly. The clinical course is often characterized by 
considerable morbidity due to an increasing susceptibility to (opportunistic) infections 
and the occurrence of autoimmune phenomena. A cardinal feature of this immuno- 
incompetence is progressive hypogammaglobulinemia, but also defects in T cell function 
play an important role (reviewed in 1;2).

The interaction between malignant B cells and the host immune system is thought to 
be a dynamic and reciprocal process in which the exact role of T cells is ill-defined. T 
cells may have an important role in cancer immunosurveillance, but on the other hand, 
these cells can contribute to clonal selection and tumour growth and survival 3.

Several studies have described an expansion of both CD4+ cells 4;5 and CD8+ 

cells 4;6;7 in CLL. These T cells were found to have an antigen experienced, activated 
phenotype 4;6;8. Furthermore, clonal and oligoclonal expansions were demonstrated 
within both the CD4+ and the CD8+ T cell compartment 4;7;9;10. Hence these expansions 
have been thought to reflect a tumour-derived antigen directed response. However, in 
vitro data do not support this hypothesis, as cytotoxic responses against freshly isolated, 
or even CD40-activated, autologous CLL cells have rarely been observed 6;11;12. In 
addition numbers of regulatory T (Treg) cells were found to be increased in CLL 13, but 
also in this case, neither analysis of the T-cell receptor repertoire nor CD45 isoform 
expression on Treg cells provided evidence for chronic (tumour) antigenic stimulation as 
a cause for the expansion 14.

Functionally, CD8+ T cells can be divided into three subsets; naïve cells (expressing 
both CD45RA and CD27), memory cells (expressing CD27 but not CD45RA), and 
effector cells (which may express CD45RA, but not CD27) 15. We have found earlier that 
the expansion of CD8+ T cells in CLL is largely confined to CD8+ T cells exhibiting the 
cytotoxic CD45RA+/-CD27- phenotype 16 and is exclusively seen in CMV-seropositive 
patients. In CMV infected, but otherwise healthy individuals, CD8+ T cells displaying 
the cytotoxic CD45RA+CD27- or the non-cytotoxic CD45RA-CD27+ phenotype persist 
in the latency phase after clearance of the acute infection 17. Indeed, using tetrameric 
cytomegalovirus (CMV)-peptide complexes, a considerable proportion of the expanded 
CD8+ CD45RA+/-CD27+ T cell pool in CLL patients was found to be CMV-specific 
16. A similar division can be made in CD4+ T cells, based on expression of CD28 
and CD45RA. Low frequencies of CD4+ T cells which have lost expression of the 
co-stimulatory receptor CD28 and have direct cytotoxic capacity (through granzyme B 
and perforin containing granules) can be found in the peripheral blood of individuals with 
chronic viral infections among which CMV 18;19. In a very recent study, also the numbers 
of CMV-specific CD4+ T cells exhibiting the late differentiated CD45RO+CD27-CD28-

CCR7- phenotype were found to be increased in CLL 20. It is currently not known whether 
these changes are due to intrinsic changes in T cells in patients with CLL or whether they 
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reflect an increased antigenic pressure due to failure of other components of the immune 
system, possibly induced by the malignancy. The fact that reactivations of CMV-infection 
are rare in untreated CLL patients does not support the latter hypothesis.

Immuno-incompetence is also a frequent feature of the clinical course of other B 
cell malignancies, like B cell non Hodgkin lymphoma (B-NHL) and multiple myeloma 
(MM). Although also in these diseases, changes in the T cell compartment and shifts in T 
cell-receptor repertoire have been described, much less is known about the dynamics of 
specific T cell subsets and its relation to CMV-serostatus. 
In the present study we address two questions:
(1) Are the changes in the T cell compartment specific for CLL or do they also occur in 
patients with other B cell malignancies, and (2) what are possible mechanisms underlying 
the alterations in T cell homeostasis.

Materials and methods
Patients

Peripheral blood (PB) mononuclear cells (PBMCs) and plasma samples from 67 previously 
untreated patients with B cell malignancies were collected during routine follow-up 
visits at the departments of Hematology of the Academic Medical Centre, the Antoni 
van Leeuwenhoek hospital and the Onze Lieve Vrouwe Gasthuis in Amsterdam. The 
numbers per disease entity were: CLL, n=29 (including; small lymphocytic leukemia n= 
2); indolent lymphoma, n=15 (follicular lymphoma grade I-II n=8; hairy cell leukemia 
n=2 marginal zone lymphoma n=3, low-grade lymphoma not otherwise specified 
n=2); aggressive lymphoma, n=13 (follicular lymphoma grade III with an aggressive 
clinical course n=3, diffuse large B cell lymphoma n=10) and multiple myeloma, n=10. 
As a control, blood was drawn from 12 healthy age-matched individuals; all control 
subjects had a normal lymphocyte count. Approval for these studies was acquired from 
the Medical Ethical Committee in all participating institutions. Written informed consent 
was obtained in accordance with the Declaration of Helsinki.  

Isolation of peripheral blood mononuclear cells, cell culture and T cell 
activation

PBMCs were isolated by Ficoll density gradient centrifugation (Pharmacia Biotech, 
Roosendaal, the Netherlands) and cryopreserved at -180 oC until the day of analysis. 
Plasma was obtained by centrifugation of blood samples at 1750 rpm for 10 min and 
subsequently stored at – 20 oC. 

For T cell activation studies, 96-well flat bottom plates were coated with anti-CD3 
(clone 16A9T, generated in our laboratory) overnight at 4°C. Then, PBMCs (0.15x106) 
derived from healthy donors were cultured in these wells in the presence or absence of 
0.15x106 CLL cells, healthy donor derived CD19+ B cells (CD2/14/16/36/43/235a 
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depleted PBMCs) or CD19 depleted PBMCs (‘second party cells’) using Dynabeads 
according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). Second 
party cells were labelled with 0,5 μM carboxyfluorescein diacetate succinimidyl ester 
(CFSE, Molecular Probes, Invitrogen) in PBS for 15 min at 37 oC and washed in IMDM 
containing 10%. After 48 hours of culture, cells were washed, stained and analyzed as 
described below.  

Immunofluorescence staining and flow cytometric analysis

Mononuclear cells were washed twice with ice-cold PBS containing 1% BSA and 0.01% 
sodium acetate and stained for 30 min on ice, using saturating amounts of CD3-PE, CD3-
APC, CD3-pacific blue, CD3 Pe-Cy7, CD4-FITC, CD4-Percp-Cy5.5, CD8-Percp-Cy5.5, 
CD8-APC, CD8 Pe-Alexa610 (Invitrogen), CD19-Percp-Cy5.5, CD25-FITC, CD28-PE, 
CD38-PE, CD127-PE, HLA-DR-FITC, CD45RA-APC, PD-1-PE (all Becton Dickinson 
(BD), San Jose, Ca, USA) and CD27-FITC (Pelicluster, Amsterdam, the Netherlands). 
Cells were washed and were acquired on a FACSCanto using FACSDiva Software (BD 
Biosciences). Results were analyzed using FlowJo MacV8.6.3 (Tree Star, Ashland, OR, 
USA).

CMV polymerase chain reaction (PCR) and CMV antibody levels

CMV copy number in whole blood (EDTA) was analyzed by a quantitative polymerase 
chain reaction (PCR) as described previously 21. To determine CMV serostatus, anti-
CMV IgG antibody levels were measured in plasma samples with use of the AxSYM 
microparticle enzyme immunoassay (Abbott Laboratories, Abbott Park, Il, USA), according 
to the manufacturer’s instructions. Measurements were calibrated relative to a standard 
serum.

Statistical analysis

The d’Agostino and Pearson omnibus normality test was performed to assess normal 
distribution of data sets. In case of Gaussian distribution of data, an unpaired two-
sided t test was used to analyze differences between data sets. If there was no Gaussian 
distribution, a two-tailed Mann- Whitney-U test was used to analyze differences between 
the groups. Correlations were analyzed by Spearman’s rank correlation test. A p-value 
<.05 was considered statistically significant.

Results
Expansion of CD4+ and CD8+ T cells is restricted to CLL

The size of the total T cell compartment (CD3+ cells) and CD4+ and CD8+ (gated on 
CD3+) subsets was assessed by flowcytometry in patients with CLL (n=22), indolent 
lymphoma (n=15), aggressive lymphoma (n=13), multiple myeloma (n=10) and age-
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matched healthy controls (n=12). Patient characteristics of these patients are summarized 
in supplemental Table I. As shown in Table I, total T cell numbers as well as CD4+ as CD8+ 

T cell numbers were increased in CLL patients, in accordance with our previous findings. 
In contrast, in patients with indolent non Hodgkin lymphoma and multiple myeloma 
no significant changes in T cell subsets were found, whereas in aggressive lymphoma, 
both total T cell numbers and CD4+ T cell numbers were significantly decreased when 
compared to controls. 

Effector T cells are expanded both in CLL and in indolent lymphoma

Next we investigated the distribution of subsets within the CD4+ and CD8+ T cell 
compartment (Figure 1A). Analysis of subsets within the CD4+ T cell compartment in 
CLL patients revealed expansion of both memory cells and, more strikingly, effector cells, 
whereas numbers of naïve cells were not increased as compared to healthy controls 
(Figure 1B left graph). Regarding CD8+ T cells, an expansion was found only of effector 
T cells, whereas numbers of naïve and memory cells were unchanged as compared to 
healthy controls, in line with our previous findings 16.

Subset analysis of the CD4+ and CD8+ T cell compartment in patients with indolent 
lymphoma revealed a similar increase in effector cells, CD4+ as well as CD8+ (Figure 
1C), whereas numbers of naïve cells were decreased (data not shown). Numbers of 
memory CD4+ and CD8+ T cells were equal. No significant increase in effector T cells 
was found in patients with aggressive lymphoma or multiple myeloma (Figure 1C). Thus, a 
common expansion of effector T cells, CD4+ as well as CD8+, was found in patients with 
CLL and indolent B cell lymphoma; however, the increase was more pronounced in CLL.

Effector T cell expansion is related to latent CMV infection

In line with our previous findings 16, in CLL, the increase in effector T cell numbers 
(CD4+ as well as CD8+) as compared to healthy controls was predominantly found 
in CMV-seropositive patients (Figure 2A). The significant increase in effector T cells in 

Table I. Absolute T cell numbers in patients with B cell malignancies

Control CLL Indolent NHL Aggressive NHL MM

CD3 mean 1.71 4.03*** 1.44 1.08** 1.31

*109/l (95% CI) (1.38-2.04) (3.12-4.94) (1.05-1.83) (0.74-1.41) (0.83-1.78)

CD4 mean 1.1 2.26** 0.84 0.64** 0.83
*109/l (95% CI) (0.94-1.26) (1.62-2.90) (0.58-1.11) (0.37-0.90) (0.55-1.10)

CD8 mean 0.55 1.34*** 0.51 0.37 0.42

*109/l (95% CI) (0.35-0.76) (0.96-1.72) (0.34-0.69) (0.28-0.46) (0.28-0.46)

Absolute total CD3+, CD3+CD4+ and CD3+CD8+ T cell numbers in patients with B cell malignancies; 
mean ± 95 % confidence interval (CI). Significant difference from control was tested using the Students 
T test for unpaired samples (or the Mann – Whitney test if normality test was not passed). ** p < .005, 
*** p < .0005.
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Figure 1. Expansion of the T cell compartment mainly affects effector T cells; in CLL but also 
in indolent lymphoma (A) Representative dot plots of 6-color immunostaining of T cells in a healthy 
control. Cells were gated on the ‘lymphogate’ using forward and sideward scatter (FSC/SSC), CD3, and 
subsequently on CD4 (left panel) and CD8 (right panel). Within the CD4+-gate the following subsets 
were discerned CD45RA+CD28+ (naïve cells); CD45RA-CD28+ (memory cells) and CD45RA+/-CD28- 
(effector cells). Within the CD8+-gate the following subsets were discerned CD45RA+CD27+ (naïve cells); 
CD45RA-CD27+ (memory cells) and CD45RA+/- CD27- (effector cells). (B) Distribution of T cell subsets 
(as described in A) within the CD4+-gate (left graph) and CD8+-gate (right graph) in CLL patients. Bars 
represent mean ± standard error of mean (SEM). ** p < .005, *** p < .0005. (C) Absolute numbers of 
effector (CD45RA+/-CD28-) CD4+ cells and effector  (CD45RA+/- CD27-) CD8+ cells in patients with B 
cell malignancies as indicated. Bars represent mean ± SEM. * p <.05, ** p < .005, *** p < .0005.
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indolent lymphoma was also restricted to CMV-seropositive patients, whereas there was 
no significant difference between CMV-seropositive patients with aggressive lymphoma 
or multiple myeloma and healthy controls. The mechanism which drives this effector T 
cell expansion is not known. One hypothesis is that failure of components of the immune 
system due to the malignant disease increases the antigenic pressure of the latent 
infection. However, in our study cohort, none of the subjects had a positive CMV-PCR in 
the peripheral blood (data not shown). We also tested whether the number of effector T 
cells was related to CMV-serology. No significant relation was found between the height 
of CMV-antibody titers and effector T cell numbers (Figure 2B). 

We found an increased number of Tregs (CD4+CD25hiCD127low) in CLL patients. 
However, there were no differences in Treg numbers between patients with aggressive and 
indolent lymphoma or multiple myeloma and healthy controls. Furthermore the expansion 
of Tregs in CLL patients was not related to CMV-serostatus (Supplemental Figure 1).
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Figure 2. Expansion of effector T cells is related to CMV-infection (A) Absolute numbers of effector 
(CD45RA+/-CD28-) CD4+ cells and effector (CD45RA+/- CD27-) CD8+ cells in CMV-seronegative (CMV-) 
and CMV-seropositive (CMV+) patients with B cell malignancies as indicated. In CMV-seronegative healthy 
controls, patients with indolent and aggressive lymphoma and multiple myeloma frequencies of effector 
(CD45RA+/-CD28-) CD4+ cells were extremely low. Bars represent mean ± SEM. * p <.05, ** p < .005. 
(B) Absolute numbers of effector (CD45RA+/-CD28-) CD4+ cells and effector (CD45RA+/- CD27-) CD8+ 

cells in CMV-seropositive patients and healthy controls (pooled), divided according to height of anti-CMV 
IgG titre (low: < 250 U/l; high: > 250 U/l).

28



Effector T cells in CLL and indolent lymphoma display decreased PD-1 
expression 

Chronic viral infections, including CMV, are often characterized by varying degrees of 
functional impairment of virus-directed T cell responses, which may explain the inability of 
the host to eliminate the persisting pathogen 22;23. A (unique) feature of these exhausted 
T cells is the expression of the inhibitory activation-associated B7-CD28-family member 
programmed death-1 (PD-1) 24. Upon interaction with its ligands PD-L1 (inducibly 
expressed on hematopoietic and parenchymal cells) and PD-L2 (predominantly expressed 
on macrophages and dendritic cells), signaling via the T cell receptor (TCR) is inhibited 
(reviewed in 25;26). Blocking interaction of PD-1 with its ligands reverses T cell anergy and 
results in viral clearance in the experimental setting 24. In contrast to aggressive lymphomas, 
PD-1 is expressed on low-grade lymphomas including subtypes of follicular lymphoma, 
SLL and CLL cells and is increased upon CD40-stimulation 27. We hypothesized that 
the presence of high numbers of CLL cells expressing PD-1 may lead to competition for 

Figure 3. Decreased expression level of PD-1 on effector T cells in patients with CLL and indolent 
B cell lymphoma/ low-grade follicular lymphoma (A) Percentage of cells expressing PD-1 within 
subsets of CD4+ T cells and CD8+ T cells as described in figure 1A in controls (n=12), patients with 
CLL (n=14) and patients with follicular lymphoma grade I-II (FL, n=8). Bars represent mean ± SEM. * 
p <.05, ** p < .005. (B) Percentage of PD-1 positive cells within CD3+CD4+CD45RA+/-CD28- subset 
(left graph) or within CD3+CD8+CD45RA+/-CD27- subset (right graph) set out against absolute numbers 
of cells (x 109/ L) within these gates. Correlation analyzed by assessment of Spearman’s rank correlation 
coefficient.
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PD-1-ligands and subsequent accumulation of exhausted PD-1 expressing effector T cells. 
Surprisingly, we found a significant decrease in percentage of effector T cells expressing 
PD-1 in patients with CLL and follicular lymphoma when compared to healthy controls 
(Figure 3A). The difference was found irrespective of CMV-serostatus, but assessment of 
PD-1 expression was hampered by the very low frequency especially of CD4+ effector 
T cells in CMV-seronegative subjects (data not shown). Interestingly, the level of PD-1 
expression inversely correlated with the size of the effector CD4+- as well as CD8+- T cell 
compartment, supporting in vivo relevance of the in vitro data (Figure 3B).

Extent of PD-1 expression on effector T cells is related to the number of 
circulating clonal B cells in patients with CLL 

Although PD-1 expression on effector T cells was not related to RAI stage (data not 
shown), the expression was inversely correlated to numbers of CD19+ cells in CMV-

Figure 4. Level of PD-1 expression is related to number of circulating CLL cells (A) Percentage of 
PD-1 positive cells within CD3+CD4+CD45RA+/-CD28- subset or within CD3+CD8+CD45RA+/-CD27- 
subset set out against absolute numbers of CD19+ cells (x 109/ L) in CMV-seropositive CLL patients 
(n=15). (B) Number of circulating CLL cells (left panel), percentage PD-1 expressing effector (CD45RA+/-

CD28-) CD4+ cells and effector (CD45RA+/- CD27-) CD8+ cells (middle panel), and number of effector 
CD4+ and CD8+ T cells (right panel) in a 62-year old male patient at diagnosis, after chlorambucil 
treatment (chl), at relapse, immediately and 1 year after completion of fludarabine/ cyclophosphamide 
(FC) treatment.
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seropositive CLL patients (Figure 4A). This may indicate a causal relation between the 
abundance of malignant B cells and PD-1 expression on effector T cells. Support for this 
hypothesis comes from data on numbers of circulating CLL cells, effector T cells and PD-1 
expression on these cells, in serial blood samples derived from a 62-year old CLL patient 
(Rai stage III, del13q, mutated IgVH, bulky disease) at diagnosis, after chlorambucil 
treatment, at disease relapse and immediately after and 1 year after completion of 
fludarabine / cyclophosphamide treatment respectively. Upon treatment of the disease, 
numbers of CLL cells decrease, PD-1 expression on CD8+ T cells increases and effector 
CD8+ T cell numbers decrease, whereas at disease relapse (with an increasing number 
of circulating CLL cells),  PD-1 expression decreases and effector CD8+ T cell numbers 
increase (Figure 4B). As CD4+ effector T cells were present at a very low frequency, PD-1 
expression on these cells could not be measured reliably.

Upregulation of PD-1 expression upon T cell activation is impaired in 
the presence of malignant as well as normal B Cells

Next, we addressed the possible mechanism behind impaired PD-1 expression on effector 
T cells in patients with CLL and indolent lymphoma. First, we assessed the proportion of 
activated T cells in all disease categories. Activation was defined by co-expression of 
CD38 and HLA-DR on CD4+ and CD8+ T cells. An increased proportion of T cells 
(CD4+ as well as CD8+) was activated in patients with CLL and B cell lymphomas (both 
indolent and aggressive lymphoma; supplemental Figure 2B).

Next we investigated whether impaired PD-1 expression results from interaction with 
malignant B cells. In a time course experiment, robust upregulation of PD-1 on CD4+ 
and CD8+ T cells was seen after 48 hours of stimulation with anti-CD3 antibodies 
(Figure 5A and data not shown). As shown in Figure 5B, PD-1 expression on CD4+ T 
cells after 48 hours of activation by anti-CD3 stimulation was hampered when activation 
occurred in the presence of CLL cells, whereas PD-1 expression was not affected by 
the presence of PBMCs depleted of CD19+ cells. PD-1 expression on CD8+ cells was 
similarly hampered in the presence of CLL cells (Figure 5C). To test whether impaired 
expression of PD-1 in the presence of CLL cells is attributable to features related to 
malignancy, or rather to a common B cell feature, PD-1 upregulation was studied in 
the presence of healthy B cells. Interestingly, PD-1 expression upon activation of T cells 
was also hampered in the presence of healthy B cells (Figure 5B-C). These data suggest 
that in patients with indolent B cell lymphoma, including CLL, the abundance of B cells 
interferes with normal T cell activation. 

Discussion 

In this study we found that, although an increase of total CD4+ and CD8+ T cells is 
confined to patients with CLL, an expansion of effector T cells (CD4+ as well as CD8+), 
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exists in all patients with indolent B cell lymphoproliferative diseases. On these cells we 
found a decreased expression of PD-1 compared to the expression on effector T cells 
derived from healthy controls. Furthermore, the extent of PD-1 expression on effector T 
cells correlated inversely with absolute numbers of these cells, which may relate to the 
mechanism behind the expansion.

Figure 5. Impaired upregulation of PD-1 expression upon T cell activation in the presence of B 
cells (A) Representative plots of PD-1 expression on CD3+CD4+ cells of a healthy donor after 48 hours 
of stimulation with anti-CD3 antibodies. (B) Representative plots of PD-1 expression on CD3+CD4+ 
cells of a healthy donor after 48 hours of stimulation with anti-CD3 antibodies in the presence of CLL 
cells, PBMCs depleted of B cells or B cells of a healthy donor (as described in the Methods section). (C) 
Summary of PD-1 expression on CD3+CD4+ cells (left graph) or CD3+CD8+ cells (right graph) of 6 
healthy donors (in 3 independent experiments) stimulated as described in (A). Bars represent mean ± 
SEM. * p <.05, ** p < .005, *** p < .0005.
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T cell numbers, and specifically effector T cell numbers, were not significantly different 
from controls in patients with aggressive lymphoma. An explanation could be that at 
time of diagnosis (or at the start of treatment), the disease usually has been present for 
a relatively longer time period in case of indolent lymphoma or CLL when compared to 
more aggressive diseases, allowing for more extensive interaction of the malignant cells 
with the immune system. An alternative explanation could be a difference in the quantity 
and / or quality of interactions between malignant B cells and T cells. 

The relevance of the interaction of T cells with malignant B cells is supported by recent 
studies in T cells of untreated CLL patients, in which altered expression was found of 
genes, mainly involved in cell differentiation in CD4+ cells, and in cytoskeleton formation, 
vesicle trafficking, and cytotoxicity in CD8+ cells 28. Direct contact of both patient-derived 
and healthy control T cells with CLL cells resulted in defective immunological synapse 
formation 29. Interestingly, similar findings were reported in studies on T cells of patients 
with follicular lymphoma and DLBCL. These changes in peripheral T cells were only 
found in patients in leukemic phase of the disease 30. In addition, Christopoulos et al 
recently showed reduced expression of numerous genes involved in the T cell receptor 
(TCR) signalling cascade upon TCR and CD28 co-stimulation of CD4+ T cells in very 
early stage CLL (Rai stage 0) 31. A similar pattern was seen upon co-culture with follicular 
lymphoma cells in healthy donor derived CD4+ T cells, suggesting that the consequences 
of the pathologic interaction between malignant B cells and T cells in lymph nodes, 
persists after re-entry into the circulation.

We now describe that PD-1 upregulation on effector T cells is hampered upon 
interaction with malignant CLL cells, but notably also in the presence of (large numbers 
of) normal B cells. As B cell depleted PBMCs did not affect PD-1 expression upon T cell 
activation, we conclude that a B cell feature, which is preserved in malignancy, influences 
PD-1 regulation. 

Very little is known about the regulation of PD-1. In a recent study, PD-1 gene regulation 
was found to occur in part via the recruitment of NFATc1 to a novel regulatory element 
of the PD-1 gene 32. In a mouse model, the addition of TLR-9 receptor ligand CpG 
oligodinucleotide (ODN) to an intra-tumoral peptide vaccine resulted in decreased PD-1 
expression on the ensuing antigen-specific CD8+ T cell clone. This clone was expanded 
and exhibited enhanced ex vivo function 33. Also, antigen-independent upregulation 
of PD-1 on T cells by the common g chain cytokines IL-2, IL-7, IL-15 and IL-21 has 
been reported 34.  However, as long as the mechanism of PD-1 regulation upon T cell 
activation is not known, it is difficult to reason how B cells could influence this process. An 
appropriate next step to elucidate the role of B cells would be to analyze whether direct 
cell contact or rather a B cell derived soluble factor is necessary for this effect. 

The important role of PD-1/PD-1-ligand interactions in maintaining peripheral 
tolerance is increasingly appreciated. First, although these interactions may prohibit viral 
clearance in chronic viral infections and blockade of the interactions greatly enhanced 
viral control in a LCMV infected mouse model, PD-L1 deficient mice died of (the response 
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to) the viral infection 24. Our finding of decreased PD-1 expression on effector T cells 
would imply intact cytotoxic functionality. Indeed, we have previously found that CMV-
specific effector CD8+ T cells derived from CLL patients displayed robust cytotoxic activity, 
even without ex vivo restimulation 35. Furthermore, CMV reactivation in CLL patients is 
not frequently encountered, with the exception of patients treated with T cell depleting 
agents like alemtuzumab or fludarabine. Secondly, functional PD-1 deficient mice exhibit 
clinical signs of autoimmunity 36 and in humans, polymorphisms within the PD-1 gene 
have been linked to adverse outcome in multiple sclerosis, rheumatoid arthritis, type 1 
diabetes, and systemic lupus erythematosus 37-39. Autoimmune phenomena are frequently 
encountered in CLL, occurring in 10% to 25% of patients at some time during the disease 
course. Autoimmunity in CLL predominantly targets blood constituents, and autoimmune 
hemolytic anemia (AIHA) is most commonly seen followed in incidence by auto-immune 
thrombocytopenia. These phenomena are antibody mediated, but probably also involve 
auto reactive T cells and regulatory T cells (reviewed by 40 and 2). Furthermore, also non-
hematological autoimmunity occurs, although to a much lesser extent. The role of PD-1 
expression on auto reactive T cells in the pathogenesis of autoimmunity related to CLL or 
lymphoma has not been investigated.

Although we found the expansion of effector T cells was largely confined to CMV-
seropositive patients, we expect our findings may apply to antigen-primed effector T 
cells more in general. The immunophenotyping strategy we used was predetermined 
to identify T cell subsets with specificity for CMV; especially CD4+CD45RA+/-CD28- 

T cells are highly specific for latent phase CMV infection 19. Moreover, CMV is a 
highly immunodominant virus and CMV-specific T cells comprise an increasingly large 
proportion of the T cell compartment with increasing age, even in healthy individuals 41. 

In conclusion, we have identified impaired PD-1 expression as a possible mediator in 
the expansion of CD4+ and CD8+ effector T cells in CLL and other indolent lymphomas. 
As both immuno-incompetence and auto-immunity cause considerable morbidity in 
patients with CLL and indolent B cell malignancies, our data provide an incentive for 
further research into the role of PD-1 in the interaction between malignant B cells and 
the immune system.
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Supplemental Figure 1. Increased number of Tregs in CLL (A) Absolute number of Tregs 
(CD3+CD4+CD25hiCD127low) in patients with CLL, indolent lymphoma, aggressive lymphoma and 
multiple myeloma compared to healthy controls. Bars represent mean ± standard error of mean (SEM), 
*** p < .0005. (B) Absolute number of Tregs (CD3+CD4+CD25hiCD127low) in CMV-seronegative (CMV-) 
versus CMV-seropositive (CMV+) patients with CLL, indolent lymphoma, aggressive lymphoma and multiple 
myeloma compared to healthy controls. Bars represent mean ± SEM.
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Supplemental Figure 2. Percentage of activated T cells in patients with B cell malignancies (A) 
Representative plots of CD3+CD4+ gated samples characterized by an increasing level of activation as 
assessed by co expression of CD38 en HLA-DR. (B) Percentage of CD4+ and CD8+ T cells co expressing 
CD38 en HLA-DR in patients with CLL, indolent lymphoma, aggressive lymphoma and multiple myeloma 
compared to healthy controls. Bars represent mean ± SEM, * p < .05, ** p < .005, *** p < .0005.
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Supplemental Table 1. Patient characteristics.

Total CMV+ CMV-

N Age N Age N Age

Control 12 55 ± 8.6 7 56.4 ± 10.3 5 53.8 ± 6.4
CLL 22 58.1 ± 10.5 11 60 ± 9.4 9 55 ± 11.8
Indolent lymphoma 15 58.7 ± 10.4 8 62 ± 8.1 7 54 ± 11.5
Aggressive lymphoma 13 60.6 ± 12.3 8 62.1 ± 11.9 5 57.3 ± 14.5
Multiple myeloma 10 57.2 ± 7.8 6 57.8 ± 8.8 4 56.3 ± 6.9

Indolent lymphoma: follicular lymphoma grade I-II (8), hairy cell leukemia (2), marginal zone lymphoma 
(3), low-grade lymphoma n.o.s. (2); aggressive lymphoma: follicular lymphoma grade III (3), diffuse large 
B cell lymphoma (10). Age in years; mean ± standard deviation. There were no significant differences in 
age between different disease categories, for total groups as well as upon subdivision in CMV-seropositive 
and -negative patients.
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Abstract 

Chronic lymphocytic leukemia (CLL) cells circulating in peripheral blood (PB) differ from 
the leukemic fraction in lymph nodes (LN) regarding cell division and drug sensitivity. 
CD40 stimulation of PB CLL in vitro results in chemoresistance and provides a partial 
model for the LN microenvironment. The TLR9 ligand CpG induces proliferation in IgVH 
unmutated, but apoptosis in IgVH mutated CLL. In order to juxtapose proliferative with 
anti-apoptotic signals, we here studied effects of CpG in the context of CD40 ligation in 
mutated versus unmutated CLL cells.

Prolonged CD40 ligation induced classical followed by alternative NF-κB activity 
in both subgroups, correlating with enhanced Bfl-1 and Bcl-xL levels, respectively. A 
dichotomy in NF-κB signaling occurred upon combined CD40/TLR9 triggering. This 
induced declining p52 and Bcl-xL levels, and reversed chemoresistance only in mutated 
cells, whereas unmutated cells proliferated, maintained p52 and Bcl-xL and remained 
chemoresistant. The pivotal contribution of Bcl-xL to chemoresistance was demonstrated 
by the BH3 mimetic ABT-737 and RNAi. Finally, in ex vivo LN samples p52, p65 and Bcl-
xL levels were highly expressed, corroborating the in vitro findings. Thus, a distinction in 
NF-κB activation and drug susceptibility in mutated versus unmutated (LN-like) CLL cells 
was uncovered, which was causally linked to Bcl-xL levels.
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Introduction

The clinical course of chronic lymphocytic leukemia (CLL) is highly variable 1 and 
prognosis is strongly associated with mutation status of the immunoglobulin variable 
heavy chain (IgVH) genes 2-5. Patients with unmutated CLL have a rapidly progressive 
disease compared to patients with mutated CLL. Both mutated and unmutated CLL display 
a similar gene expression profile 6;7, but a subset of genes is differentially expressed. 
Among these genes is the gene encoding the zeta associated protein of 70kDa (ZAP-
70) 7, which is more frequently expressed in unmutated CLL. In ZAP-70+ CLL there is 
enhanced IgM signaling 8, but how this affects prognosis is still unclear. It has been 
speculated that enhanced NF-κB signaling in ZAP-70+ CLL might play a role in CLL cell 
survival 9;10. In addition, ligand-receptor interactions, such as CD40L-CD40 11, BAFF 
and APRIL and their various receptors 12 as well as CpG-TLR9 13, have been studied 
as inducers of NF-κB activity in CLL. These signaling routes are putative candidates to 
influence CLL cell survival and thereby the clinical course of the disease. 

CpG motifs are present in unmethylated viral and bacterial DNA, but endogenous 
ligands released during cellular stress are also thought to activate TLR9 receptors 14. A 
dichotomy was observed in peripheral blood (PB) CLL cells from mutated versus unmutated 
CLL patients stimulated with CpG in vitro 15. CpG stimulation resulted in proliferation 
in the majority of unmutated CLL cells, whereas mutated CLL cells underwent apoptosis. 
Notably, PB CLL cells differ in important aspects from the leukemic fraction in lymph 
node (LN) CLL cells. While PB CLL cells are prone to apoptosis, sensitive to various drugs 
and arrested in the G0/G1 phase of the cell cycle, LN CLL cells have an anti-apoptotic 
profile, are supposedly drug resistant and are proliferating 16-19. CD40L stimulation of 
both mutated and unmutated PB CLL cells in vitro results in an anti-apoptotic profile 
with increased expression of Mcl-1, Bcl-xL and Bfl-1 20, and the development of drug 
resistance 19. However, CD40L stimulation does not induce significant proliferation 21 
and thus provides only a partial model for the LN microenvironment. 

Two different NF-κB pathways can be distinguished. In the classical pathway, 
phosphorylation of IκBa leads to degradation of IκBa in the proteasome. As a result 
the active NF-κB subunits p65 and p50 translocate to the nucleus and activate their 
downstream targets 22. Alternative NF-κB activation leads to phosphorylation and 
degradation of p100, which results in translocation of the subunits p52 and RelB to 
the nucleus. Hewamana et al showed that in PB CLL cells the classical NF-κB pathway 
is associated with in vitro cell survival 10. It is currently unknown which NF-κB pathway 
predominates in LN CLL cells, and which possible downstream NF-κB targets, such as 
Bcl-xL or Bfl-1 23 are important in causing drugresistance. Secondly, it is unclear whether 
mutated and unmutated CLL differ in these respects.

In order to more accurately mimic the in vivo lymph node microenvironment, in 
the current study, we stimulated mutated and unmutated CLL cells simultaneously with 
CD40L and CpG. Earlier studies have linked CD40 triggering and NF-kB activity in 
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CLL 24;25, but neither the currently recognized clinically important distinction of mutated 
versus unmutated CLL, nor the alternative NF-κB pathway was included in those studies. 
TLR9 triggering causes Myd88-dependent activation of NF-κB 26. Other studies have 
already reported on the proliferation and cytokine production induced by combined 
TLR9/CD40 triggering 27. Yet, it is not known if and to what extent TLR9 signaling 
interferes with simultaneous CD40 triggering in mutated or unmutated CLL cells to 
alter NF-κB signaling pathways and development of drug resistance. We performed 
time course analyses of prolonged CD40L stimulation showing sequential activation of 
the classical and alternative NF-κB pathway. This correlated with early Bfl-1 and late 
Bcl-xL upregulation, respectively. Furthermore, a novel distinction in alternative NF-κB 
activation and drug susceptibility in mutated versus unmutated CLL was observed; only 
in mutated CLL combined triggering of CD40 and TLR9 downregulated p52 and Bcl-xL 
levels and abrogated drug resistance. Lastly, in ex vivo CLL LN samples, activation of the 
classical and alternative NF-κB pathway, as well as Bcl-xL expression could be observed, 
underlining the relevance of the in vitro observations.

Materials and Methods
Patient material

After informed consent patient material was obtained during diagnostic or follow-up 
procedures at the departments of Hematology and Pathology of the Academic Medical 
Center Amsterdam. This study was approved by the AMC Ethical Review Board (ERB) 
and conducted in agreement with the Helsinki Declaration of 1975, revised in 1983. 
LN material, diffusely infiltrated by CLL (unmutated), was freshly frozen in liquid nitrogen 
directly after surgical removal. Immunohistochemical analysis of LN revealed that greater 
than 90% of the tissue consisted of tumour cells 19. PB of patients with CLL, obtained after 
Ficoll density gradient centrifugation (Pharmacia Biotech, Roosendaal, The Netherlands) 
were frozen and stored as described 28. Expression of CD5 and CD19 (Beckton Dickinson 
(BD) Biosciences, San Jose, CA, USA) on leukemic cells was assessed by flow cytometry 
(FACScalibur, BD Biosciences) and analyzed with CellQuest software (BD Biosciences). 
Patient characteristics are reported in Supplemental table 1. 

Reagents 

CpG oligonucleotide type B- Human TLR9 ligand (ODN2006) was purchased from 
Invivogen (San Diego, CA, USA). Bortezomib was obtained from Janssen-Cilag (Tilburg, 
The Netherlands). Roscovitine and fludarabine (F-Ara-A) were purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). BAY-11-7082 was obtained from Calbiochem 
(Amsterdam, The Netherlands). ABT-737 29 was obtained under MTA from Abbott (Abbott 
Park, Illinois, USA, courtesy Dr S. Rosenberg).
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Cell culture, proliferation assay, detection of apoptosis

PB lymphocytes of CLL patients were stimulated by co-culture with NIH3T3 fibroblasts 
stably transfected with CD40L, as previously described 28. Briefly, DMSO-frozen CLL 
cells were thawed and co-cultured on irradiated (30Gy) control NIH3T3 fibroblasts or 
NIH3T3 fibroblasts expressing CD40L ± CpG (1,5 μg/ml). The CLL-cell concentration 
was 1.67x106 cells/ml in IMDM containing 10% FCS. After 1, 6, 24 or 72 hrs of culture at 
37oC cells were detached and incubated in medium ± cytotoxic drugs for an additional 
24-48 hrs. To test the effect of BAY-11-7082 cells were pre-treated for 30 minutes with 
1 μM of BAY-11-7082. 

To analyze proliferation upon CD40L/CpG stimulation CLL cells were labelled with 
carboxyfluorescein diacetate succinimidyl ester (CFSE, Molecular Probes, Leiden, The 
Netherlands). Cells were resuspended in PBS at 1.0x107/mL in 0.5 μM CFSE for 15 
min at 37 oC and washed. After stimulation for 72 hours with CD40L/CpG, cells were 
analyzed by flow cytometry. 

For apoptosis induction, cells were treated with 100 μM fludarabine (48 hrs), 30nM 
bortezomib (24 hrs) or 25 μM roscovitine (24 hrs), and stained with 200 nM MitoTracker 
Orange (Molecular Probes) for 30 minutes at 37°C followed by flow cytometry 28. 
Additionally, apoptotic and viable cells were discriminated by Annexin V (IQ Products, 
Groningen, The Netherlands) and propidium iodine staining (PI; Sigma, St Louis, MO) 
as described 28.

Western Blot and antibodies

Western blotting was performed as previously described 28. Samples (10-80 μg protein) 
were separated by 13% SDS-PAGE gel electrophoresis. Blots were probed with polyclonal 
anti-Bcl-xL (catalog#620211, BD Biosciences), antiserum to β-actin (clone I-19; Santa 
Cruz Biotechnology, Santa Cruz, CA), polyclonal NF-κB p100/p52 (catalog#4882 
Cell Signaling), polyclonal anti-total IκBa (catalog#9242 Cell Signaling), monoclonal 
mouse antibody for phosho-IκBa (catalog#9246 Cell Signaling), polyclonal anti-p65 
(clone C-20; catalog#sc-372; Santa Cruz), polyclonal anti-Histon H3 (catalog#9715 
Cell Signaling), polyclonal antibodies against A1/Bfl-1 were a kind gift of Prof. Dr. Borst 
(The Netherlands Cancer Institute, Amsterdam, The Netherlands). Immunoreactive 
proteins were visualized using HRP-conjugated Ig (DAKO, Glostrup, Denmark) and 
enhanced chemiluminescence (ECL, Amersham, Buckinghamshire, UK). IRDye 680 
donkey anti-rabbit IgG, IRDye 800 donkey anti-goat IgG or IRDye 800 donkey anti-
mouse IgG (Westburg, Leusden, the Netherlands) were used as secondary antibody when 
blots were scanned on the Odyssey imager (LI-COR Biosciences, Lincoln, NE). When 
indicated, Western blots were subjected to densitometry by analysis with the AIDA image 
analyzer software (AIDA Image Analyzer version 3.52) or the Odyssey software (Odyssey 
Application software version 3.0). 
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Enzyme-linked immunosorbent assay (ELISA)

IL-6, IL-8, IL-10 and TNF-a in supernatants were measured using the PeliKine human 
ELISA kit (Sanquin, Amsterdam, The Netherlands) according to manufacturer’s 
recommendations. Absorbance was read at 450 nm.

RNAi and nucleofection

CLL cells were transfected using the Amaxa nucleofection technology (Amaxa, Koln, 
Germany), according to the manufacturer’s recommendations and as described 
21. Briefly, cells (5.0x106) were resuspended in 100 μL Human B- Cell nucleofector 
kit solution. RNAi (Bcl-xL and Silencer Select Negative Control#1) was obtained from 
Ambion (ID#1920 and Cat#4390843) and 1.5-3 μg was used. Cell suspensions mixed 
with RNAi were nucleofected with the Amaxa Nucleofector apparatus using program 
X-05. Thereafter, cells were immediately transferred into pre-warmed 6-well plate 
containing NIH3T3-cells expressing CD40L, and co-cultured for 72 hours before protein 
lysates were obtained and treatment with cytotoxic drugs was initiated. 

Statistics

The Shapiro-Wilk normality test was performed to analyze Gaussian distributions. If there 
was a Gaussian distribution a two-sided t-test was used to analyze differences between 
the groups. If there was no Gaussian distribution, a two-tailed Mann-Whitney U-test was 
used to analyze differences between the groups and a Wilcoxon matched paired test to 
analyze differences between paired samples. Statistically significance was set at p < .05, 
with * representing .01 < p < .05; ** .001 < p < .01; *** p <.001.

Results
CD40L stimulation of PB CLL cells first activates the classical and then the 
alternative NF-κB pathway

It is assumed that in vivo CLL cells continuously transit from lymph nodes to peripheral 
blood. In lymph node proliferation centers CD40-CD40L interaction takes place, which 
can be mimicked by in vitro co-culture of CLL cells from peripheral blood on feeder cells 
expressing human CD40L 19;21;27;28;30. The kinetics of CD40L-induced NF-κB activity in 
such a system are unknown. In time course experiments (1-72 hrs CD40 stimulation), we 
found sequential activation of the classical and alternative NF-κB pathway in both mutated 
and unmutated CLL. The classical NF-κB pathway, as detected by phosphorylated IκB, 
was activated within 1 hour (Figure 1A). Synthesis of p100 and simultaneous appearance 
of p52 indicating alternative NF-κB pathway activity became apparent from 24-72 hours 
after CD40L stimulation. Bfl-1 and Bcl-xL are members of the anti-apoptotic Bcl-2 
family and are both downstream NF-κB targets 23. Increased Bfl-1 protein levels were 
associated with high levels of pIκBa at 6 hrs of CD40L stimulation, whereas elevated Bcl-
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xL levels were associated with activation of the alternative NF-κB pathway, as indicated by 
elevated levels of p52 at 24 hrs (Figure 1A). 

To investigate whether Bfl-1 was indeed a downstream target of the classical NF-κB 
pathway, and Bcl- xL of the alternative pathway, CD40L stimulated CLL cells were treated 
with an irreversible inhibitor of IκBa phosphorylation (BAY-11-7082). Blocking classical 
NF-κB activation resulted in a clear downregulation of IκBa phosphorylation and Bfl-1 
levels. In comparison, p52 and Bcl-xL levels were partially maintained after BAY-11-7082 
both in mutated and unmutated CLL (Figure 1B). Thus, alternative NF-κB activation was 
at least partially independent of classical NF-κB activity in CD40L stimulated CLL cells.

Prolonged CD40 stimulation of CLL cells is known to induce resistance to various 
drugs 21;25;28. Co-incubation with BAY-11-7082 did not sensitize mutated and unmutated 
cells to bortezomib and only partially abrogated the chemoresistance of mutated CD40L-
stimulated CLL to fludarabine (Figure 1C). For fludarabine, mutated samples appeared 
more sensitized than unmutated samples, but this did not reach statistical significance 
(n=7 for both groups) (black bars Figure 1C). To further correlate chemoresistance in 
conjunction with NF-κB activation, we investigated sensitivity of CLL for fludarabine 
and bortezomib after 6, 24 and 72 hrs of CD40 stimulation. Significant differences 
in resistance to bortezomib and fludarabine were observed comparing 6 hrs of CD40 
stimulation to prolonged CD40 stimulation (24 and 72hrs) in both patient groups (Figure 
1D). In control samples (medium) no significant differences in apoptosis were observed. 
Thus, we conclude that the development of CD40L-induced drugresistance occurred 
predominantly in parallel to enhanced activity of the alternative NF-κB pathway and a 
rise in Bcl- xL levels. 

Combined CD40/TLR9 triggering induces proliferation predominantly in 
unmutated CLL cells

CD40 ligation alone induced proliferation in CLL cells to a very moderate extent (Figure 
2A) and in a small proportion of cells in cultures for up to 7 days (data not shown). Longo 
and colleagues have demonstrated that the TLR9 ligand CpG induces proliferation 
mainly in unmutated CLL, whereas mutated CLL undergo apoptosis 15. In order to more 
accurately mimic the in vivo lymph node microenvironment where CLL cells proliferate, 
we stimulated CLL cells simultaneously with CD40L and CpG for three and five days. As 
shown before 15, stimulation with CpG only resulted in proliferation of unmutated, but 
not mutated CLL (Figure 2A,B). The proliferating fraction upon simultaneous CD40/TLR9 
triggering was considerably larger than upon triggering with either of the stimuli alone. 
Notably, 3 days of CD40/TLR9 triggering of mutated CLL hardly resulted in proliferation. 
After 5 days of CD40/ TLR9 triggering a significant difference in proliferation was observed 
between mutated and unmutated CLL (Figure 2B).The observed differences were not 
attributable to differential expression of CD40 or TLR9 in mutated versus unmutated CLL 
cells at baseline or upon stimulation with CD40L/CpG as measured by flow cytometry 
and q-PCR (data not shown). 
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In supernatants of these cultures, cytokine levels were determined by ELISA. In 
agreement with previous data 27, TNF-a, IL-6 and also IL-10 secretion was enhanced by 
combined CD40/TLR9 triggering (Supplementary Figure 1). For IL-6, IL-8 and IL-10 no 
differences were observed between mutated and unmutated CLL stimulated with CD40L/
CpG. Regarding TNFa levels, there was a trend towards higher levels in the supernatant 
of unmutated CLL stimulated with CD40L/CpG compared to mutated CLL. 
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Figure 1. Time course analysis of classical and alternative NF-κB activation and drugresistance 
in mutated and unmutated CLL cells (A) Cells were stimulated with CD40L for the indicated time 
(0, 1, 6, 24 and 72 hrs). Protein lysates were probed for tIκBa, pIκBa, Bfl-1, p100, p52, Bcl-xL levels 
and β- actin levels as loading control. Bands were visualized using HRP-conjugated Ig and enhanced 
chemiluminescence. Blots from one representative mutated and one unmutated patient are shown, of a 
total of four analyzed for each group. (B) Mutated (n=4) and unmutated (n=4) CLL cells were stimulated 
with 3T3 (control) or CD40L-expressing 3T3 cells for 0, 6 and 72 hours ± classical NF-κB inhibitor BAY-
11-7082 (1μM) as indicated. Protein lysates were probed for pIκBa, Bfl-1, p100, p52, Bcl-xL and β- actin 
as loading control. Western blots were scanned on the Odyssey imager. Blots from a representative 
mutated and an unmutated patient are shown. (C) Mutated (n=7) and unmutated (n=7) were co-cultured 
with control 3T3 (control) or CD40L-expressing 3T3 cells for 72 hrs, ± BAY as indicated. After detachment, 
cells were incubated with bortezomib for 24 hrs or fludarabine for 48 hrs. Apoptosis was measured with 
MitoTracker staining. Error bars represent standard error of the mean. * .01 < p < .05. (D) CLL cells 
were stimulated with 3T3 (control) or CD40L-expressing 3T3 cells for 6, 24 and 72 hrs. After detachment, 
cells were incubated with the indicated drugs as described in the Materials and Methods and analyzed 
for apoptosis by MitoTracker staining after 24 hrs (bortezomib 30nM) or 48 hrs (fludarabine 100 μM). 
The number of patient samples analyzed was 5 mutated and 6 unmutated for the 6 hr time point, 9 for 
both groups for the 24 hr time point, and 8 mutated and 6 unmutated for the 72 hr time point. Error bars 
represent standard error of the mean. * .01 < p < .05; ** .001 < p < .01; *** p <.001.
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Dichotomy in alternative NF-κB activation, Bcl-xL expression, and drug 
susceptibility in mutated versus unmutated CLL cells upon combined 
CD40L and CpG stimulation

In view of the above differences we investigated the effect of CpG on CD40L-induced 
NF-κB activation and concomitant drug resistance. Western blot analysis was performed 
for p52, Bcl-xL, pIκBa and Bfl-1 after 72 hrs of stimulation. Notably, p52 and Bcl-xL 
showed a clear decline in mutated CLL cells upon CD40/TLR9 triggering compared to 
CD40L stimulation alone. In contrast, in unmutated cells no such decline in p52 and Bcl-
xL was observed (Figure 3A upper panel). Densitometric analysis of 7 mutated versus 7 
unmutated CLL samples revealed that these differences were statistically significant (Figure 
3B). Compared with the 3T3 control, TLR9 triggering showed a modest upregulation of 
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Figure 2. Proliferation of unmutated CLL cells upon combined CD40L/CpG stimulation. (A) 
Mutated and unmutated CLL cells were stimulated with CpG, CD40L and a combination of CpG and 
CD40L. Cells were labelled with CFSE and monitored after 3 and 5 days by FACS analysis. (B) For both 
patient groups, the fraction of proliferating cells on day 3 and day 5 after the indicated stimuli is plotted. 
Bars represent the average of four patients ± SE. * .01 < p < .05.
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Bcl-xL in both groups. A representative sample is showed in Figure 3A. There was a 
trend that unmutated CLL cells (n=8) stimulated with CD40L/CpG showed higher pIκBa 
levels than mutated CLL cells (n=7) stimulated with CD40L/CpG, but this did not reach 
statistical significance (Supplemental figure 2). No significant differences in Bfl-1 levels 
were observed between mutated and unmutated CLL cells stimulated with CD40L/CpG 
(Figure 3A and Supplemental figure 2). Thus, a dichotomy occurred in alternative NF-κB 
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Figure 3. P52 and Bcl-xL levels are downregulated in mutated CLL cells but not in unmutated 
CLL cells stimulated with CD40L and CpG. (A) CLL cells were co-cultured with control 3T3 (control) 
or CD40L-expressing 3T3 cells for 72 hrs, ± CpG as indicated. Protein lysates were probed for p100, 
p52, Bcl-xL, pIκBa, Bfl-1, as indicated and β- actin as loading control. The p52 levels of the unmutated 
patient depicted were analyzed in two separate Western blots of the same experiment, as indicated by 
the vertical line. Results are representative of at least four different patients. (B) Western blots of p52 and 
Bcl-xL were quantified by use of the AIDA image analyzer software in both mutated and unmutated CLL 
patients stimulated with CpG, CD40L and a combination of CpG and CD40L. Bars represent the average 
of seven patients ± SE. P52 and Bcl-xL levels in mutated were compared to those in unmutated CLL 
samples, p=0.018 and p=0.007, respectively). * .01 < p < .05; ** .001 < p < .01. 
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signaling and Bcl-xL levels in mutated versus unmutated CLL cells triggered via CD40 
and TLR9.

In line with the study of Longo et al 15, CpG induced apoptosis in mutated CLL, and 
we observed that this could be completely prevented by simultaneous stimulation with 
CD40L (Figure 4A). Next, drug sensitivity to bortezomib and fludarabine was measured 
in mutated and unmutated CLL cells after 72 hours of CD40/TLR9 triggering. In mutated 
CLL cells, CD40L-induced drug resistance was partially abrogated by adding CpG. 
In contrast, in unmutated CLL cells, in which CD40L-induced p52 and Bcl-xL levels 
were unaffected by CpG, no effect on drug resistance was observed (Figure 4A). For 
bortezomib as well as fludarabine these differences between mutated and unmutated CLL 
were statistically significant (Figure 4B). 

CD40L-induced drugresistance is mediated by Bcl-xL

The previous experiments indicated that Bcl-xL levels are important in the development of 
drug resistance in CD40-stimulated CLL cells. To functionally address this, Bcl-xL levels 
were lowered in two different ways. Firstly, the Bad like BH3-only mimetic ABT-737 which 
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Figure 4. CpG abrogates CD40L-induced drugresistance in mutated but not in unmutated CLL 
cells (A) Mutated and unmutated CLL cells were co-cultured with 3T3 (control) or CD40L-expressing 3T3 
cells for 72 hrs, ± CpG as indicated. Sensitivity for bortezomib (30 nM) was tested for 10 mutated and 9 
unmutated patients; fludarabine (100 μM) was tested for 8 mutated and 9 unmutated patients. 
(B) Data for the CD40L-CpG stimulation in combination with bortezomib (left panel) or fludarabine (right 
panel) was compared for the two patient groups. Dots represent individual patients and the horizontal 
line represents the average. For A and B error bars represent standard error of the mean. * . 01 < p < 
.05; *** p < .001.
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has high affinity for Bcl-2 and Bcl-xL 
31 was used. Previously, we and others have shown 

that CLL cells are highly sensitive for ABT-737 and that this is reduced at least 100-fold 
upon CD40 triggering 21;28. When used in a sublethal dose in this setting (0.1μM), ABT-
737 significantly increased drug-induced apoptosis in both mutated and unmutated CLL 
cells stimulated with CD40L/CpG (Figure 5A). 

Next, RNAi was used to knock-down Bcl-xL. Nucleofection with specific siRNA, but not 
aspecific control siRNA, resulted in a clear knock-down of Bcl-xL (Figure 5B). Quantified 
data of the Bcl-xL/β-actin ratio showed significant differences between CLL cells treated 
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Figure 5. Nucleofection of Bcl-xL RNAi and ABT-737 results in enhanced sensitivity to cytotoxic 
drugs (A) A sublethal dose of ABT-737 (0.1μM) was added after 72 hours of CD40-TLR9 triggering and 
sensitivity for bortezomib (30 nM) and fludarabine(100 μM) was tested for mutated (n=8) and unmutated 
(n=6) patients. (B) Nucleofection with Bcl-xL or control siRNA was done on CLL cells before co-culturing 
on CD40L expressing 3T3 cells. Lysates of CLL cells nucleofected with Bcl-xL RNAi or negative control 
RNAi were probed for expression of Bcl-xL or actin as a loading control. As a control lysates of CLL cells 
on 3T3 and CD40L expressing 3T3 cells are shown. (C) Western blots were quantified with the Odyssey 
software for 4 CLL patients. (D) After nucleofection with Bcl-xL RNAi or negative control RNAi followed by 
stimulation with CD40L for 72 hrs mutated CLL cells (n=4) were treated with bortezomib (30 nM) and 
roscovitine (25 μM). For A, B and C error bars represent standard error of the mean * .01 < p < .05; ** 
.001 < p < .01
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with Bcl-xL RNAi and negative control RNAi (Figure 5C). Importantly, knock-down of Bcl-
xL in CLL cells resulted in enhanced drug susceptibility for bortezomib and roscovitine 
(Figure 5D). In these experiments, specific apoptosis was calculated and plotted, since 
background apoptosis was enhanced by the nucleofection procedure. Mean levels of 
background apoptosis in CD40L stimulated CLL cells were 25.4% ± 7.78% (mean ± SE). 
For Bcl-xL and negative control RNAi treated CLL cells background apoptosis levels were 
higher, respectively 43.3% ± 10.53% and 42.3% ± 8.88% (mean ± SE). Fludarabine-
induced apoptosis is routinely measured after 48 hours after detachment from 3T40L 
cells, but at this time point background apoptosis levels in Bcl-xL RNAi treated CLL cells 
reached approximately 60% and a significant additional effect of fludarabine could not 
be reliably observed (data not shown). In summary, the combined data from the ABT-
737 and RNAi experiments strongly suggested that Bcl-xL levels play an important role in 
determining drug susceptibility of CLL cells stimulated with CD40L.

PB CLL cells studied in vitro with CD40L and CpG and lymph node 
proliferation centers in vivo have a similar NF-κB signaling signature

To investigate whether our in vitro model resembled the situation in vivo, lymph node 
samples obtained from CLL patients (only available from unmutated patients) were 
compared with those from peripheral blood (mutated and unmutated) (Figure 6). As 
expected based on previous studies 10;32, p65 is present in the nuclei of peripheral 
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Figure 6. P52, p65 and Bcl-xL are highly expressed in CLL lymph nodes. (A) Nuclear or cytoplasmic 
fraction protein lysates obtained from peripheral blood (PB, n= 5) and lymph node (LN, n=7) were 
probed for p65, Histon H3, Bfl-1 and β-actin as indicated. All lymph node samples were obtained from 
unmutated CLL patients. The first two PB samples were obtained from mutated CLL patients, the last three 
samples were obtained from unmutated CLL patients. For comparison, PB CLL cells stimulated in vitro for 
6 and 72 hours via CD40 were included. (B) Cytoplasmic fractions of the same samples were probed 
for p100/52, Bcl-xL, and β-actin. We have previously described Bcl-xL levels in lymph node samples 28. 
Western blots were scanned on the Odyssey imager. Vertical lines indicate that images were derived from 
separate gels.
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blood CLL samples, but its levels are significantly higher in lymph node samples. Bfl-1 
could be observed in moderate to high amounts in both PB and LN samples, and there 
seemed to be no major difference among the two compartments. By comparison, in a 
control sample using our in vitro CD40L-stimulation system, higher p65 as well as Bfl-1 
levels at 6 and 72 hr time points were observed. Concerning the alternative NF-κB 
pathway, in the majority of lymph node samples p100 was clearly processed into p52. 
In peripheral blood samples activity of the alternative NF-κB pathway was lower, which 
was correlated with a clear difference in Bcl-xL expression in PB versus LN compartment. 
In most instances, no p100 band could be observed in ex vivo samples for an unknown 
reason. The levels of p52 and Bcl-xL were comparable between ex vivo samples and CLL 
cells stimulated in vitro via CD40L. Together, these results strongly suggest that in the LN 
compartment both classical and alternative NF-κB signaling occur, and at appreciably 
higher levels than in PB. Secondly, with respect to Bfl-1 and Bcl-xL levels the alternative 
pathway appears to predominate in LN correlating with our in vitro observations. Thus, 
the in vitro CD40/TLR9 model - which renders CLL cells chemoresistant and endows 
proliferative capacities - at least partially recapitulates the local NF-κB signaling in lymph 
node proliferation centers in vivo. 

Discussion

The present study demonstrates that prolonged CD40L stimulation of CLL cells induced 
sequential classical and alternative NF-κB activation which correlated with Bfl-1 and Bcl-
xL levels, respectively. Combining CD40L and CpG uncovered a dichotomy in prognostic 
subgroups with respect to proliferation as well as alternative NF-κB activity, Bcl-xL levels 
and drug resistance. In addition to the well-known divergent B cell receptor signaling 
in ZAP-70+ versus ZAP-70- CLL cells 8, this new distinction in survival signaling upon 
CD40L/CpG stimulation may have clinical relevance. 

The correlation between CD40 stimulation, NF-κB activity, increased survival and 
drug resistance in CLL cells has been reported earlier 24;25. In addition, a recent study 
addressed the basal classical NF-κB activity in unstimulated peripheral blood CLL 
cells, which was inversely correlated with the response to fludarabine 10. Compared 
to these studies, our current study provides novel as well as more detailed information. 
Firstly, we describe sequential classical and alternative NF-κB signaling in time-course 
experiments, revealing alternative NF-κB activity after prolonged CD40L stimulation. 
Secondly, expression of the anti-apoptotic Bcl-2 members Bfl-1 and Bcl-xL is shown to be 
related to classical and alternative NF-κB activation, respectively. Interestingly, induction 
of Bcl-xL via the alternative NF-κB pathway is related to resistance to various drugs. 
Thirdly, we separate all our patient data according to the clinically relevant subgroups of 
mutated (n=15) versus unmutated (n=12) CLL. Furthermore, using the TLR ligand CpG 
we uncover a hitherto undescribed dichotomy in mutated versus unmutated CLL, both 
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in relation to proliferation and drug resistance. Finally, by investigating ex vivo lymph 
node samples we demonstrate that the relevant signaling pathways and anti-apoptotic 
Bcl-2 family members are active players in these proliferation centers. It is known that 
constitutive CD40 signaling in murine B cells induces alternative NF-κB activation and 
promotes lymphomagenesis 33. This correlates well with our finding that prolonged 
CD40L stimulation of CLL cells (24-72 hours) resulted in alternative NF-κB activation 
and upregulation of Bcl-xL levels. The crucial role of Bcl-xL in the development of drug 
resistance could be demonstrated by the BH3 mimetic ABT-737 and Bcl-xL RNAi. 

Simultaneous stimulation with CD40L/CpG has been studied previously in normal 
and CLL cells to enhance immunogenicity 27. The effect of combined stimulation on drug 
resistance, or prognostic subgroups and NF-κB signaling were hitherto unknown. We could 
demonstrate that combined CD40/TLR9 triggering diminished p52 and Bcl-xL levels in 
mutated CLL cells and partially abrogated drug resistance in mutated, but not unmutated 
cells. The reason for the dichotomy in CD40L/ CpG induced NF-κB signaling in mutated 
versus unmutated CLL cells is as yet unknown. It could be related to the well-known 
difference in ZAP-70 expression in mutated and unmutated CLL cells. Indeed, a recent 
study using unstimulated PB CLL cells reported a relation between ZAP-70 status and p65 
activity which determined sensitivity to a novel IκB kinase inhibitor 32. In our setting of in 
vitro CD40/CpG stimulation, no changes in ZAP-70 expression occurred which could be 
linked to NF-κB signaling (data not shown). In addition, an earlier report concluded that 
phospho-IκB correlates with clinical outcome in CLL with lymph node involvement, but is 
independent from ZAP-70 expression as a prognostic factor of survival 34. We therefore 
presume that, independently of ZAP-70 signaling, the two CLL subgroups might differ 
intrinsically in their wiring of upstream NF-κB components. It has been shown that both 
mutated and unmutated CLL cells bear the phenotype of activated B cells 35, but it has 
been suggested that unmutated CLL cells resemble B cells at an earlier state of activation 
than mutated CLL cells 36. The degree to which the pre-malignant mutated and unmutated 
CLL cells have been exposed to TNF members, e.g. CD40L, BAFF or APRIL, which all 
affect NF-κB signaling, most likely varies depending on the encounter with T helper cells 
or by location in the LN 37;38. Thus, it is conceivable that different modes of upstream 
NF-κB signaling are hard-wired in the two CLL subgroups. Possibly, in mutated CLL cells 
stimulated with CD40L/CpG, a negative feedback mechanism is activated, which does 
not occur in unmutated CLL cells. Negative regulation of NF-κB signaling is mediated by 
a family of de-ubiquitinating enzymes among which are cylindromatosis (CYLD) and A20 
39. Recent studies have shown inactivation of A20 in various B cell malignancies 40;41. 
Furthermore, alternative NF-κB signaling in many cell types relies on NF-κB-inducing 
kinase (NIK), which is controlled in a complex manner through interaction with TRAF 
and IAP family members. Important in the context of our studies, regulation of NIK can 
be under control of CD40 or BAFF signaling 42;43. If and how CpG/TLR9 signaling 
interferes with these signaling pathways to affect NF-κB activity, in particular in the context 
of CLL, is currently unresolved. However, the source for the dichotomy in mutated versus 
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unmutated CLL cells upon CD40/CpG triggering might well lie in differential NF-κB 
signaling mediated through upstream regulators such as cIAP1/2, A20, NIK, and TRAF 
family members. The complex interplay between these signaling modulators is currently 
the subject of intense scrutiny 44;45. In addition, combined CD40/TRL9 triggering induces 
proliferation in unmutated CLL cells, suggesting that these signaling pathways can also 
interfere or even replace signals that are presumed to initiate from the B-cell receptor 
(BCR). In this context, the recent insights into chronic active BCR signaling in diffuse large 
B-cell lymphoma, which also involves constitutive NF-κB activity for cell survival 46, may 
also have relevance for CLL.

Based on our current data, Bcl-xL appears to be an important downstream target of 
the alternative NF-κB pathway in determining drug resistance. Treatment with the BH3 
mimetic ABT-737 as well as knock-down of Bcl-xL resulted in enhanced sensitivity to 
cytotoxic drugs. Treatment with ABT-737 showed complete abrogation of drug resistance 
in both subgroups. At a concentration of 0.1 μM ABT-737 treatment by itself did not 
induce apoptosis, in line with data from Vogler et al 21. In addition, we observed an 
association between alternative NF-κB activity and Bcl-xL levels. Indeed, specifically 
blocking classical NF-κB activity by BAY-11-7082 strongly abrogated Bfl-1 expression, 
whereas only a partial effect on Bcl-xL and p52 expression was observed. Our data 
indicate that compared to the alternative NF-κB pathway, the classical NF-κB pathway 
plays a minor role in the NF-κB dichotomy of mutated versus unmutated CLL cells 
stimulated with CD40L/CpG. To date, there are no specific pharmacological inhibitors 
available to selectively block the alternative NF-κB pathway. NIK RNAi has been used 
to target the alternative pathway 47, but CD40 requires NIK for signaling events in both 
the classical and alternative NF-κB pathway 48. Thus, NIK might not be the appropriate 
target to selectively block alternative NF-κB activity upon CD40 triggering in CLL. 

B cell receptor triggering is proposed to drive CLL proliferation in vivo, especially 
for the unmutated subtype 9. Various prior studies applied surface IgM crosslinking 
in vitro to assess [3H] thymidine incorporation 49 or Ki-67 staining 50 in CLL patients, 
which resulted in minimal proliferation. By combining CD40L and CpG stimulation, we 
could demonstrate clearly enhanced proliferation in unmutated CLL cells, correlating 
with the development of drug resistance. By comparison, in mutated CLL cells, CD40L/
CpG stimulation resulted in modest proliferation at day 5, and partial abrogation of 
drug resistance. Although our co-culture system provides an oversimplified model for 
the complex lymph node microenvironment, various cytokines are produced such as, 
TNFa, APRIL, IL-6, IL-8 and IL-10 which may be involved in tumour cell survival in vivo 
51-53 (Supplemental figure 1 and data not shown). Finally, the in vitro effects of CD40L/
CpG stimulation at least partially relate to the in vivo situation as can be deduced from 
the comparable, high levels of p52, p65 and Bcl-xL in observed ex vivo CLL lymph node 
samples. Our findings also underscore that Bcl-xL is a potential target for therapy, e.g. by 
BH3 mimetics such as ABT-737, especially in unmutated CLL patients.
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Currently, CLL is viewed as a heterogeneous malignancy. In a small subset of CLL 
patients the disease has a rapid course and requires early treatment. The dynamic cell 
turnover reported by recent studies 54;55 may well be linked with cell division rates as 
well as the period leukemic cells reside in LN proliferation centers. Our findings indicate 
that modeling of the lymph node characteristics of CLL is feasible and can provide novel 
information on distinct responses in vitro to cytostatic drugs among prognostic subgroups. 
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Supplemental figure 1. Cytokine production in mutated and unmutated CLL cells stimulated with 
CD40L and/or CpG. Mutated and unmutated CLL cells were co-cultured with 3T3 or CD40L-expressing 
3T3 cells ± CpG as indicated. After 72 hours supernatants were collected and IL-6, IL-8, IL-10 and TNF-α 
levels were measured by ELISA. CLL cells from three to six mutated and unmutated patients were used for 
the experiments. Error bars present standard error of the mean. 

Supplemental figure 2. Densitometric analysis of classical NF-κB activity and the downstream 
target Bfl-1 in mutated and unmutated CLL cells stimulated with CD40L and CpG. CLL cells were 
co-cultured with control 3T3 (control) or CD40L-expressing 3T3 cells for 72 hrs, ± CpG as indicated. 
Western blots of pIκBα and Bfl-1 were quantified by use of the AIDA image analyzer software in both 
mutated (n=7) and unmutated (n=8) CLL patients. Protein levels are normalized for β- actin. Error bars 
present standard error of the mean. 
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Supplemental table 1. Patient characteristics

Patient number Age  (Years) Rai stage %CD5CD19 1 IgVH mutations 2 Chromosomal 
aberrations 3

B-CLL 1 79 1 95,7 + 11q-
B-CLL 2 67 1 95 + ND
B-CLL 3 66 2 94,1 + none
B-CLL 4 62 ND 96,4 + 11q-
B-CLL 5 76 0 94,5 + 13q-

B-CLL 6 69 4 96,6 + 13q-; t(14q32)
B-CLL 7 76 2 92,5 + ND
B-CLL 8 81 0 94,4 + none
B-CLL 9 74 ND 99,8 + ND
B-CLL 10 63 ND 99,7 + ND
B-CLL 11 40 2 89 + 13q-
B-CLL 12 75 0 94,6 + ND
B-CLL 13 63 1 96,9 + none
B-CLL 14 81 ND 93,3 + ND
B-CLL 15 49 3 99,7 + ND
B-CLL 16 60 2 93 - 11q-
B-CLL 17 54 2 95,8 - None
B-CLL 18 80 2 93,9 - 13q-; 11q-;17p-
B-CLL 19 47 2 93,3 - ND
B-CLL 20 54 2 86,4 - 13q-
B-CLL 21 64 0 82 - Trisomy 12
B-CLL 22 55 1 90 - Trisomy 12
B-CLL 23 67 0 99,5 - ND
B-CLL 24 54 0 86,2 - Trisomy 12
B-CLL 25 68 0 86,2 - ND
B-CLL 26 51 2 80 - 13q-
B-CLL 27 53 4 83,2 - 11q-
1 Percentage of cells positive for CD5 and CD19 surface expression measured by flow cytometry.
2 Mutated IgVH gene (+) denotes >2% mutations compared to germ line sequence.
3 As determined by FISH. Probes for 11q22.3 (ATM), centromere 12 (CEP12), 13q14 (D13S319), 14q32 
(IGH) and 17p13 (TP53) were obtained from Abbot-Vysis. Samples with > 10% aberrant signals were 
considered abnormal.
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Abstract

Although CD38, a marker of poor prognosis in chronic lymphocytic leukemia (CLL), 
is primarily known as an ecto-enzyme, it has also been ascribed a receptor function. 
Interaction with its proposed ligand CD31 expressed on nurse-like cells would result in 
proliferative and survival signals. Yet, in CLL, both homotypic and heterotypic CD31-
CD38 interactions are expected to be rather ubiquitous.

We analyzed whether CD38-CD31 interactions result in proliferative and anti-
apoptotic signals. 

We found a high expression of CD31 on CLL, irrespective of CD38 expression. 
Co-culture of CD38high CLL with endothelial cells or CD31 transfected fibroblasts, with 
or without blocking CD31- or CD38-antibodies, did not result in increased survival or 
proliferation. Analysis of gene-expression of most known regulators of apoptosis revealed 
no influence of co-culture with CD31-expressing feeder cells. In conclusion, our data do 
not support an important contribution of CD38 triggering by CD31 to the proliferative, 
and anti-apoptotic, state of the leukemic clone.  
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Introduction

A high expression level of CD38 on chronic lymphocytic leukemia (CLL) is associated with 
an unfavorable prognosis 1. This observation did not exceed the level of phenomenology 
until Deaglio et al recently attributed an important functional role to CD38 as a 
transmembrane receptor for the proposed ligand PECAM-1 (CD31, a member of 
the Ig superfamily). Since interaction of these molecules resulted in proliferative and 
survival signals in CLL cells 2, the aggressive clinical course in patients with CD38high 
CLL was suggested to result from the binding of the leukemic cells to CD31high nurse-
like cells localized in the bone marrow. Moreover, in a recent article in this journal, the 
same group linked CD38 triggering to expression of ZAP-70, another indicator of poor 
prognosis in CLL 3. 

However, besides on nurse like cells, CD31 is highly expressed on multiple cell types, 
including endothelial cells and peripheral blood mononuclear cells from healthy donors 
(reviewed in 4). Moreover, it has been reported that also CLL cells express variable levels 
of CD31 5. Therefore in CLL, both homotypic and heterotypic CD31-CD38 interactions 
are expected to be rather ubiquitous.

We analyzed whether CD38-CD31 interactions among CLL cells and between CLL 
cells and endothelium result in proliferative and anti-apoptotic signals and whether the 
expression profile of apoptosis regulating genes changes upon CD31-CD38 interaction.

Materials and methods
Patients samples and cell-lines

After written informed consent, CLL samples were obtained and handled as described 
before 6. After thawing, cells were cultured in Iscove modified Dulbecco medium (IMDM; 
Invitrogen), supplemented with 10% (vol/vol) heat-inactivated FCS (ICN Biomedicals 

GmbH), 100 μg/mL gentamycin, and 5 mM L-glutamine (Invitrogen). All patient derived 
PBMCs used in the experiments contained >90% CD5+CD19+ cells. APC-labeled 
CD31-mAb (eBioscience) and PE-labeled CD38-mAb (IQ-products) were used to assess 
expression levels of these proteins. 

ECRF24 cells, an immortalized CD31high human endothelial cell line 7, was kindly 
provided by R.D. Fontijn. 

NIH-3T3 cells, stably transfected with either a plasmid encoding human CD40L 
(3T40L) or negative control plasmid (3T3) were both provided by D. van Baarle (Sanquin). 
Next, the 3T3 cell line was stably transfected with a human CD31-construct (3T31). This 
resulted in high expression levels of CD31 as measured by flow cytometry (FACScalibur, 
BD Biosciences) and analyzed with CellQuest software (BD Biosciences).
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Cell culture and measurement of apoptosis and proliferation

For co-culture experiments, thawed CLL cells (1*106 cells/ml) were pre-incubated for 
30 minutes with the blocking anti-CD31-mAbs HEC65 or HEC170 (Sanquin) 8 or 
the anti-CD38-mAb AT1 (Santa Cruz Biotechnology) 9 at 10 μg/ml and subsequently 
co-cultured with the ECRF24 cell line or irradiated (30 Gy) control, CD40-ligand- or 
CD31-transfected 3T3 feeder cells (plated at a 60% confluency). 

For apoptosis measurements, cells were harvested at indicated time points, washed, 
labeled with FITC-labeled annexin V (IQ Products) and APC-labeled anti-CD19- 
antibodies (BD Biosciences) for 30 minutes and analyzed by flowcytometry. Just prior to 
analysis, propidium iodide (PI) was added (final concentration 5 μg/ml). Annexin V–/PI– /
CD19+ cells were designated viable. 

For assesment of proliferation, freshly thawed PBMCs from CLL patients were labelled 
with carboxy fluorescein diacetate succinimidyl ester (CFSE) (Molecular Probes, Eugene) 
and co-cultured as described above. At indicated time points cells were harvested and 
proliferation was assessed by CFSE dilution (flowcytometry). As a positive control for 
proliferation, CLL cells were co-cultured with 3T3 cells transfected with CD40-ligand in 
the presence of the oligo-dinucleotide CpG (ODN2006, Invivogen).

RNA isolation and reverse transcription–multiplex ligation-dependent 
probe amplification assay

For the purpose of RNA isolation, 5*106 CLL cells of 6 patients were cocultured with 
irradiated control, CD40-ligand- or CD31-transfected 3T3 feeder cells and harvested 
after 3 days.

After total RNA was isolated using the GenElute mammalian total RNA miniprep kit 

(Sigma-Aldrich), a reverse transcription-multiplex ligation-dependent probe amplification 
assay (RT-MLPA) procedure was performed as described previously10. For data 
presentation, gene expression levels were calculated relative to the average of 6 CLL 
samples co-cultured with control 3T3 feeder cells. The resulting data were imported in 
the TIGR Multiexperiment viewer version 4.1 (www.tigr.org/software/tm4).

Results and discussion

A high expression of CD31 was measured on CLL cells of both CD38high (n=15; CD38+ 
cells > 30 %) as well as CD38low patients (n=8; CD38+ cells < 30%) (Figure 1A). 

Culture of CLL cells of 4 CD38high patients at high (5*106/ml) and low (0.5*106/ml) 
density for 5 days, with or without addition of blocking anti-CD31 antibodies, did not 
result in modulation of apoptosis or proliferation (data not shown).

To analyze heterotypic interactions between CLL cells and endothelium, CLL cells of 
6 CD38high patients were co-cultured with the CD31high endothelial cell-line ECRF24. 
CD38low cells and addition of the blocking anti-CD31 antibodies were used in control 
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experiments. No significant differences in apoptosis or proliferation were observed 
between any of the conditions after 24, 48 and 72 hours (data not shown).

Because proliferation of ECRF24 cells could not be inhibited by irradiation without 
concomitant induction of cell death, for prolonged co-culture experiments we used 
CD31 transfected mouse fibroblasts. CLL cells of 10 CD38high and 5 CD38low patients 
were co-cultured with either 3T3 or 3T31 cells with or without the addition of blocking 
CD31 antibodies. Co-culture for up to 7 days did not result in proliferation in any of 
the tested conditions. Also, no modulation of apoptosis could be observed. In sharp 
contrast, co-culture of these CLL cells with 3T40L-transfected fibroblasts rescued cells 
from apoptosis (Figure 1B). Also, when these experiments were repeated in the presence 
of the AT1 antibody to block CD38, neither proliferation nor modification of apoptosis 
were seen (Figure 1C).

Besides the anti-apoptotic effects of CD40L stimulation, co-culture of CLL with 3T40L 
cells in the presence of the oligo-dinucleotide CpG induced marked proliferation (Figure 
1D), demonstrating that receptor triggering (CD40, Toll-like receptor-9) can indeed 
influence survival and proliferation of CLL cells. 

Figure 1. Expression of CD31 on CLL or bystander cells does not influence  survival and 
proliferation of CD38high CLL cells. (A) Like ECRF24 and CD31-transfected 3T3-cells (3T31), CLL 
cells have a high surface expression of CD31, irrespective of CD38 expression (MFI-R = ratio mean 
fluorescence APC-conjugated CD31/ MFI APC-conjugated isotype-control; CLL CD38low n=8, CLL 
CD38high n=15; error bars represent SEM; n.s. = not significant, unpaired two-sided students T-test). 
(B) There is no significant difference in viability of CLL-cells co-cultured with 3T3 and 3T31 cells, with 
or without addition of blocking CD31-antibodies (HEC65 and HEC170). CLL cells cocultured with 3T3 
transfected with CD40-ligand (3T40L) have a significantly increased survival (viability shown at 5 days; * 
p < .05, paired two-sided students T-test). (C) There is no significant modulation of viability of CLL-cells 
co-cultured with 3T3 and 3T31 cells, with or without addition of the anti-CD38 antibody AT1 (viability 
shown at 5 days). (D) Combined CD40 and TLR-9 triggering induces marked proliferation of CLL cells.
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In addition to these functional experiments we analyzed whether co-culture of 
CD38high CLL cells with CD31 expressing feeder cells induced changes in the expression-
profile of apoptosis regulating genes. CD31 interaction for up to 120 hours did not 
result in significant differences in the expression of apoptosis regulators (Figure 2). In 
contrast, co-culture with CD40-ligand expressing feeder cells induced characteristic 
changes in this gene expression profile (among which upregulation of BCL-xL, Bfl-1/
A1 and Bid). Of note, survivin, which in most cells is exclusively expressed during the 
G2/M cell cycle phase11, was not upregulated upon CD31 stimulation, whereas CD40-
ligand stimulation clearly induced its expression. This might be seen as another argument 
against an important role of CD31-CD38 interactions for proliferation of CLL cells. 

These data are to some extent discordant with the findings of Deaglio et al. This could 
result from differences in experimental set-up, such as cell-purity and the use of IL-2, 
which may have direct effects on CLL cells, or differences in read-out used for assessment 
of apoptosis and proliferation and the cell-population analyzed.

Although Damle et al recently showed a strong correlation between expression of 
CD38 and KI-67, a marker of cell cycle entry 12, our data do not support an important 
contribution of CD38 triggering by CD31 to the proliferative, and anti-apoptotic, state 
of the leukemic clone. It may be that in CLL CD38 functions primarily as an ecto-enzyme 
in accordance with its role on various cell types of the immune-system(reviewed in13).
Thus, the functional significance of CD38 expression on CLL remains to be determined.

Figure 2. Co-culture of CLL cells with CD31-transfected fibroblasts does not result in an altered 
expression profile of apoptosis regulating genes. CLL samples were co-cultured for 3 days with 3T3, 
3T31 or 3T40L cells (CD38low n=2; CD38high n=4 for 3T3 and 3T31 and n=3 for 3T40L). The relative 
expression level of indicated genes, as assessed by RT-MLPA, was related to the average expression in the 
CLL samples co-cultured with 3T3 cells. The resulting matrix was imported in the program MultiExperiment 
Viewer (www.tigr.org), and values were assigned green or red colors; green for values between 0 and 1 
indicating downregulation and red for values >1 indicating upregulation. The CLL samples are ordered 
as indicated below the matrix. In the right hand column, the genes are ordered by functional category 
(HKG= house-keeping genes; β2M= β-2-microglobulin). A significant change in expression level was 
defined as a two-fold up- or downregulation of the average expression of a gene in samples co-cultured 
with 3T31 or 3T40L cells compared to samples co-cultured with 3T3 cells and a statistical significant 
difference with a p-value <.05 (two-sided students T-test for 5 paired samples). No significant differences 
were found after co-culture with 3T3 or 3T31 cells; genes with a significant differential expression level 
after co-culture with 3T40L are denoted with *. To exclude the possibility that variations in gene-expression 
occur at time-points earlier or later than 72 hours, of two CD38high CLL patients additional RNA was 
isolated after 24 and 120 hours of co-culture. Also at these time-points, no differences were found (data 
not shown); matrix in full colour on page 172.
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Fludarabine-refractory chronic lymphocytic leukemia (CLL) infers a very poor prognosis, 
with a median life expectancy of less than one year 1. Although alemtuzumab, the only 
registered drug for the treatment of fludarabine refractory CLL, is effective in this patient 
category, its use is hampered by an increased risk of major opportunistic infections. Also, 
effectivity is rather low in patients with bulky disease 1. The only means by which enduring 
remissions in patients with refractory CLL can be achieved is reduced intensity allogeneic 
hematopoietic stem cell transplantation (RIST). Response to induction treatment prior to 
RIST is found to be an important determinant of long-term outcome as patients with high 
disease burden, particularly bulky lymphadenopathy at time of transplantation or poor 
response to last treatment, have the tendency to relapse more often, whereas patients 
with progressive disease uniformly do bad 2. Currently, no optimal induction regimen, 
especially for patients with chemorefractory disease, has been established.  

In relapsed B cell non-Hodgkin lymphoma the DHAP-regimen (dexamethasone, 
cytarabine and cisplatin) has been used as an effective salvage treatment and also as 
induction therapy prior to (autologous) stem cell transplantation. Moreover, a recent 
study showed improved efficacy of the addition of the anti-CD20 monoclonal antibody 
rituximab to a DHAP-based induction regimen 3. Although platinum-based therapies are 
presently not often used in CLL, these data provide an incentive to investigate its efficacy 
in relapsed and refractory CLL.

A 36-year old male patient (patient 1) was referred to our clinic with progressive 
CLL, Rai stadium III with adverse prognostic characteristics (CD38 positivity, unmutated 
IgVH-genes), and bulky lymphadenopathy. As shown in table 1, he had been treated 
extensively over a period of 1.5 years without response. At time of referral the patient 
had fludarabine-refractory disease according to the NCI criteria and cytogenetic analysis 
showed deletion of 17p (FISH probe p53 (Abbott-Vysis)) in 87% of the CLL cells. R-DHAP 
(dexamethasone 40 mg days 1-4, cisplatin 100mg/m2 day 1, cytarabine 2 x 2g/m2 day 
2 and rituximab 375 mg/m2 day 5, every three weeks) was chosen as induction regimen 
and a donor search for allogeneic stem cell transplantation was initiated. Already within 
a few weeks after the first cycle of therapy, the peripheral blood lymphocyte count 
decreased more than 20-fold from 78 x 109/L to 3.3 x 109/L. 

To further study the efficacy of this regimen, we next retrospectively analyzed 9 
additional CLL patients with chemorefractory disease treated with R-DHAP. Patient 
characteristics are presented in Table 1. The mean age of the patients was 54 years. One 
patient had a WHO performance status (PS) of 2; otherwise the PS was 0-1 at time of the 
first cycle of R-DHAP. Seven patients had high-risk disease based on the Rai-classification 
and 8 had bulky lymphadenopathy, defined as lymphadenopathy > 5cm. Cytogenetic 
abnormalities, including 2 cases of 17p deletion and 2 cases of 11q deletion, were found 
in 4 patients. All patients had undergone multiple preceding therapies as indicated. Nine 
patients had previously been treated with fludarabine; 6 of whom suffered from relapse 
within 6 months and the remaining 3 within 1 year. 
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A total of 1 to 4 cycles of R-DHAP was administered. Eight of the 10 patients responded 
(80 %); a partial remission, as defined by the revised iwCLL-criteria, was obtained in 7 
out of 10 patients and a complete response in 1 patient. In this patient the absence 
of minimal residual disease (MRD) was confirmed by four-color flowcytometry. One of 
the two patients with del17p and both patients with del11q responded. Interestingly, 
a significant decrease in lymphadenopathy was attained in 6 of 8 patients with bulky 
disease. One patient developed tumour-lysis syndrome after the first cycle of R-DHAP, for 
which one dose of rasburicase was administered. All patients experienced grade III or 
IV hematological toxicity, although treatment effects could not always be discriminated 
from disease related cytopenias. No life-threatening events occurred. Three patients 
developed infectious complications, requiring in-hospital antibiotic treatment (grade III). 
Six patients (nos 3, 5-7, 9 and 10) subsequently underwent RIST; there was no appropriate 
donor available for patient 2 (Sib or MUD), whereas patient 1, 4 and 8 were considered 
not eligible for stem cell transplantation. Follow-up after the last cycle of R-DHAP is 
too short do draw firm conclusions as the end-points of progression-free survival and 
overall survival are not yet reached in 5 patients. However, progression-free survival and 
overall survival extended beyond the median follow-up of 12 months in 3 and 4 patients 
respectively.

Knowledge about mechanisms by which drug-resistance is overcome by this regimen 
and which constituents of the regimen are important in this process, will provide valuable 
information for further research into treatment modalities for chemorefractory CLL. 

Table 1. Patient-characteristics

Pt no Gender 
and Age

PS1 FISH2 Rai Bulky 
disease3

Preceding therapies4 Fluda-
resistant5

No of cycles 
R-DHAP

Response7 Grade III/IV toxicities8 Allo-SCT9 PFS10 OS11

1 M 36 1 del 17p IV + CA, CVP, FCR, Alem, R-CHOP + 1 SD No - 3 8
2 M 65 1 Normal II - CA, CVP, F 6 3 PR Tumor lysis syndrome - 9 NR (23)
3 M 71 1 Normal IV + CA, F, FC, FCR + 1 PR E. Coli pneumonia MUD 6 11
4 M 51 2 Normal II + CA, F, FCR + 4 SD No - 2 5
5 F 47 0 del 11q IV + FCA, Alem 6 3 PR Sinusitis maxillaris Sib 6 13
6 F 53 0 ND III - CA, F, Alem 6 3 PR No Sib NR (13) NR (13)

7 F 54 0 ND III + CA, F, FCR, R-CHOP + 4 PR No MUD NR (14) NR (14)
8 M 65 1 ND IV + CA, CVP, F, CHOP, Alem + 3 PR Aspergillus pneumonia; 

Pansinusitis
- 19 28

9 M 57 1 del 17p II + R-CVP, R-CHOP NA 4 PR No MUD NR (4) NR (4)
10 M 50 1 del 11q IV + Chl, FCR, Alem + 3 CR No MUD NR (4) NR (4)
1 Performance status according to WHO-criteria. 2 FISH = fluorescence in situ hybridization for 
cytogenetic changes: del 17p, del 11q, trisomy 12, del 13q; ND = not performed. 3 Bulky disease 
is defined as lymphadenopathy > 5 cm at at least one location. 4 CA = chlorambucil, CVP = 
cyclophosphamide/vincristine/prednisone, F = fludarabine, FC(R)(A) = fludarabine/ cyclophosphamide/ 
(rituximab)(ofatumumab), Alem = alemtuzumab, CHOP = cyclophosphamide/ doxorubicin/ vincristine/ 
prednisone. 5 Fludarabine resistance according to NCI-criteria (1996, revised in 2008; relapse within 6 
months of fludarabine containing regimen); NA = not applicable.

6 3 patients had an early relapse (<1 year) after fludarabine-containing therapy, and were hence ‘poor-
risk’ according to EBMT criteria (2007). 7 Response evaluation according to iwCLL criteria; SD = stable 
disease; PR = partial remission; CR = complete remission. 8 According to NCI-criteria; all patients had 
grade III-IV hematological toxicity. 9 Reduced intensity conditioning allogeneic stem cell transplantation; 
MUD = matched unrelated donor; Sib = sibling donor. 10 Progression-free survival (in months since last 
cycle of R-DHAP); NR = not reached. 11 Overall survival (in months after last cycle of R-DHAP); NR = 
not reached.
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We studied in vitro sensitivity to fludarabine on serial blood samples taken from 
patient 1 before and 24 and 48 hours after start of treatment (before administration 
of cytarabine) and found that in vitro fludarabine resistance was abolished following 
48 hours of in vivo treatment (Figure 1A). Since both cisplatin and dexamethasone are 
administered during the first 48 hours of the R-DHAP regimen, we attempted to dissect 
the contribution of these drugs to the observed synergy with fludarabine (F-ara-A) in both 
p53 functional (n=3) and dysfunctional (n=3) CLL samples. As expected, p53 functional 
CLL cells were sensitive to 10 μM fludarabine (F-ara-A), whereas p53 dysfunctional CLL 
samples were not. Co-treatment with 10 μM dexamethasone, but especially 10 μM 
cisplatin (CDDP), resulted in a synergistic response, importantly also in p53 dysfunctional 
samples (Figure 1B). Although these in vitro data are preliminary, this observation needs 
to be investigated further as it may offer insight into new possibilities to overcome p53 
dysfunction in drug responses in CLL.

In our retrospective analysis, we found marked effectivity of the R-DHAP regimen in 
chemorefractory CLL, of note also in patients with bulky lymphadenopathy. Synergistic 
interactions between nucleoside analogs and oxaliplatin have been described in early 
stage, previously untreated CLL samples 4, but our data suggest that also in patients 
with fludarabine resistance sensitivity to this drug can be enhanced by platinum-based 
compounds. 

However, before the R-DHAP regimen can be generally considered as a treatment 
option in high-risk CLL patients, the results of a current prospective Dutch/ Belgian HOVON 
trial studying the efficacy and tolerability of this regimen prior to allo-SCT in CLL patients 

Table 1. Patient-characteristics

Pt no Gender 
and Age

PS1 FISH2 Rai Bulky 
disease3

Preceding therapies4 Fluda-
resistant5

No of cycles 
R-DHAP

Response7 Grade III/IV toxicities8 Allo-SCT9 PFS10 OS11

1 M 36 1 del 17p IV + CA, CVP, FCR, Alem, R-CHOP + 1 SD No - 3 8
2 M 65 1 Normal II - CA, CVP, F 6 3 PR Tumor lysis syndrome - 9 NR (23)
3 M 71 1 Normal IV + CA, F, FC, FCR + 1 PR E. Coli pneumonia MUD 6 11
4 M 51 2 Normal II + CA, F, FCR + 4 SD No - 2 5
5 F 47 0 del 11q IV + FCA, Alem 6 3 PR Sinusitis maxillaris Sib 6 13
6 F 53 0 ND III - CA, F, Alem 6 3 PR No Sib NR (13) NR (13)

7 F 54 0 ND III + CA, F, FCR, R-CHOP + 4 PR No MUD NR (14) NR (14)
8 M 65 1 ND IV + CA, CVP, F, CHOP, Alem + 3 PR Aspergillus pneumonia; 

Pansinusitis
- 19 28

9 M 57 1 del 17p II + R-CVP, R-CHOP NA 4 PR No MUD NR (4) NR (4)
10 M 50 1 del 11q IV + Chl, FCR, Alem + 3 CR No MUD NR (4) NR (4)
1 Performance status according to WHO-criteria. 2 FISH = fluorescence in situ hybridization for 
cytogenetic changes: del 17p, del 11q, trisomy 12, del 13q; ND = not performed. 3 Bulky disease 
is defined as lymphadenopathy > 5 cm at at least one location. 4 CA = chlorambucil, CVP = 
cyclophosphamide/vincristine/prednisone, F = fludarabine, FC(R)(A) = fludarabine/ cyclophosphamide/ 
(rituximab)(ofatumumab), Alem = alemtuzumab, CHOP = cyclophosphamide/ doxorubicin/ vincristine/ 
prednisone. 5 Fludarabine resistance according to NCI-criteria (1996, revised in 2008; relapse within 6 
months of fludarabine containing regimen); NA = not applicable.

6 3 patients had an early relapse (<1 year) after fludarabine-containing therapy, and were hence ‘poor-
risk’ according to EBMT criteria (2007). 7 Response evaluation according to iwCLL criteria; SD = stable 
disease; PR = partial remission; CR = complete remission. 8 According to NCI-criteria; all patients had 
grade III-IV hematological toxicity. 9 Reduced intensity conditioning allogeneic stem cell transplantation; 
MUD = matched unrelated donor; Sib = sibling donor. 10 Progression-free survival (in months since last 
cycle of R-DHAP); NR = not reached. 11 Overall survival (in months after last cycle of R-DHAP); NR = 
not reached.
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with fludarabine–resistant disease, should be awaited. Our findings are in line with a 
previous small study, in which 2 courses of DHAP followed by alemtuzumab were used 
as conditioning regimen prior to autologous transplantation in chemorefractory CLL 5. In 
addition, a phase I-II trial in which a comparable regimen (OFAR; consisting of oxaliplatin, 
fludarabine, cytarabine and rituximab) was used, yielded moderate though encouraging 
results in chemorefractory patients; 33% of patients with fludarabine-resistant CLL (and 
37% of patients with documented deletion of 17p) responded 6. Together these results 
provide a rationale to explore the efficacy and mechanism of action platinum-based 
regimens in this patient category. A drawback of regimens containing platinum-based 
compounds is the rather substantial risk of hematological toxicity, especially in patients 
with already compromised hematopoiesis due to the disease. Therefore the potential 
benefit of alternative regimens like the combination of high dose methylprednisolone and 
rituximab, which showed considerable effectivity (an overall response rate of 93%) in a 
small study in a similar patient group, and the newer targeted compounds (reviewed by 
Tsimberidou 7), should be explored unabatedly. 
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Figure 1. R-DHAP sensitizes chemorefractory CLL to fludarabine. (A) Samples taken before and 
after 24 and 48 hours of in vivo treatment, were treated with 10 μM fludarabine (F-ara-A) for 48 hours. 
Presented is % cell death upon F-ara-A treatment corrected for baseline apoptosis of the sample (mean 
+ SEM of 4 tests; Mann-Whitney-U test). (B) P53 dysfunctional (p53-; n=3) and p53 functional (p53+; 
n=3) CLL samples were treated with 10 μM cisplatin (CDDP) or 10 μM dexamethasone (dexa) combined 
with 10 μM F-ara-A. To assess synergy, drug interactions were analyzed as described by Kaspers et al 8. In 
short, actual survival (as assessed by MitoTracker staining) is plotted against expected survival, calculated 
from the survival rates of samples treated with the individual drugs. The diagonal line represents the 
situation in which actual survival = predicted survival. Dots beneath this line indicate synergistic drug 
interactions (as actual survival = < predicted survival).
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Abstract

The activity of platinum-based compounds such as cisplatinum (CDDP) has been linked 
to the induction of the p53 family member TAp73 in solid tumours. In CLL, loss of 
function of p53 is highly associated with fludarabine (F-ara-A) refractory disease and 
poor outcome.

In p53 dysfunctional CLL cells isolated 24 and 48 hours after in vivo treatment with 
CDDP, a clear induction of TAp73 was observed. We further studied the role of TAp73 in 
CDDP-induced apoptosis in the p53 dysfunctional pro-lymphocytic B cell line MEC1, as 
a model for p53 dysfunctional B cell malignancies. CDDP treatment resulted in cell cycle 
arrest and sensitized MEC1 cells to FAS- and F-ara-A-induced cell death. At the molecular 
level, treatment with CDDP induced c-Abl dependent protein expression of TAp73 and 
its downstream targets p21, Bid, Puma and CD95. TAp73 RNA interference markedly 
decreased sensitivity to CDDP/ F-ara-A. In vitro treatment of quiescent peripheral blood 
derived CLL cells with CDDP did not result in increased TAp73 expression levels. Yet, 
a clear induction of TAp73 was seen after stimulation of CLL cells with CD40-ligand. 
Moreover, increased expression levels of TAp73 were found in lymph node derived CLL 
cells. Our data indicate that the activity of CDDP in chemo-refractory CLL might be 
mediated by induction of TAp73.
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Introduction

Although considerable advances have been made in upfront treatment strategies for 
chronic lymphocytic leukemia (CLL), patients are not cured and many experience relapsing 
disease requiring renewed treatment. Most cytotoxic drugs, including fludarabine 
(F-ara-A), depend on intact p53 function for their activity and repeated cycles of therapy 
may eventually result in drug resistance due to acquired cytogenetic alterations, mainly 
affecting genes involved in the p53 response 1. Fludarabine refractory disease infers a 
very poor prognosis with a median life expectancy of less than one year 2;3. Therefore, 
the identification of alternative drug targets, independent of p53, is urgently needed.  

In recent years the p53 family member TAp73 has received increasing attention. 
TAp73 shares many functions with p53, but it is rarely mutated in cancer 4. Its role 
in apoptosis regulation and response to drug therapy has been studied mainly in 
various solid tumours. Much less is known about its function and regulation in lymphoid 
malignancies such as CLL. However, the functional relevance of TAp73 in the apoptotic 
response in CLL has been demonstrated by adenoviral overexpression studies of TAp73, 
which restored F-ara-A sensitivity in p53 dysfunctional CLL cells 5.

Platinum-based compounds like cisplatinum (CDDP) are among the most active 
antitumour agents, and are mainly used in the treatment of solid malignancies. Their 
primary mechanism of action is the formation of adducts and cross-links between DNA 
strands, thereby blocking DNA replication and transcription. Furthermore, apoptotic 
programmes are initiated in which the role of TAp73 is being increasingly appreciated, 
especially in the absence of functional p53. Treatment with CDDP results in upregulation 
of TAp73 in multiple human solid tumour cell lines 6-8.  Furthermore, TAp73 upregulation 
in response to CDDP induced DNA damage was found to be mediated by c-Abl 6. 

Clinically, platinum-based combination regimens are active both in relapsed diffuse 
large B cell lymphoma 9-11 and in chemorefractory CLL 12;13. Whether treatment 
with platinum-based compounds exerts its effects through TAp73 induction in (p53 
dysfunctional) CLL is unknown.

Targeting the TAp73 pathway may provide a means to overcome drug resistance in 
CLL. We recently observed induction of TAp73 protein expression in samples derived 
from a p53 dysfunctional patient following in vivo CDDP treatment. The expression of 
TAp73 correlated with clinical response. This prompted further in vitro analyses on the 
mechanisms and consequences of TAp73 induction in p53 dysfunctional leukemia cells.
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Materials and Methods
Patient material

Peripheral blood mononuclear cells (PBMCs) from patients with CLL were isolated and 
subsequently frozen and stored as previously described 14. Approval for these studies was 
acquired from the Amsterdam Academic Medical Center Medical Ethical Committee. 
Informed consent was obtained in accordance with the Declaration of Helsinki. All 
samples included in these studies contained > 90 % CD5+CD19+ cells. P53 dysfunction 
(as assessed by RT-MLPA) was defined as the absence of upregulation of mRNA expression 
levels of Puma, Bax and p21 upon 5 Gy radiation, as previously described 15.

Lymph node (LN) material, diffusely infiltrated by CLL (unmutated), was freshly frozen 
in liquid nitrogen directly after surgical removal. Immunohistochemical analysis of these 
LNs revealed that greater than 90% of the tissue consisted of tumour cells 16. 

Cells culture and drugs

Cells were cultured in Iscove modified Dulbecco medium (IMDM; Gibco Life Technology, 
Paisley, United Kingdom) supplemented with 10% (vol/vol) heat inactivated fetal calf 
serum (FCS; ICN Biomedicals, Meckenheim, Germany), 100 μg/mL gentamycin, and 5 
mM L-glutamine (Invitrogen, Carlsbad, CA) at 37oC degrees. 

For CD40 stimulation, the fibroblast cell line HeLa (ATCC, Manassas, VA) and the 
CD40-ligand transfected cell line HeLa-CD154 were used, as described previously 5. 
In the synergy experiments the following drugs and reagents were used: CDDP (Mayne 
Pharma, Brussels, Belgium), F-ara-A (Sigma-Aldrich, St Louis, MO), imatinib (Novartis, 
Basel, Switzerland), and CH11 (Beckham Coulter Company, Marseille, France). 

Analysis of apoptosis, cell cycle and surface marker expression

For assessment of apoptosis MitoTracker Orange (Molecular Probes, Leiden, the 
Netherlands) staining was used. Cells were stained with MitoTracker 200nM at 37oC 
for 30 minutes and acquired using a FACS Calibur flow cytometer and analysed with 
CellQuest software (Becton Dickinson (BD) Biosciences, San Jose, CA, USA). 

Cell cycle progression was analyzed by propidium iodide staining. After incubation 
with CDDP as indicated, cells were washed in PBS and fixated in cold 70% ethanol. 
After 30 minutes on ice, the cells were washed twice in Phosphate-citrate buffer (192 
parts 0.2M disodium phosphate, 8 parts 0.1M citric acid with pH 7.8) and ribonuclease 
(Sigma-Aldrich) was added. After addition of propidium iodide (PI; 50 mg/ml) cells were 
analyzed by FACS Calibur flow cytometry and analyzed using CellQuest software. 

Analysis of drug interactions

The interaction between drugs was analyzed as described previously 17. For each 
condition, expected viability after treatment with a combination of drugs was calculated 
by multiplication of the measured viability of the samples treated with the drugs of 
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interest separately (corrected for base-line viability). Expected survival is plotted against 
measured viability of the sample treated with the combination of both drugs. Measured 
viability lower than expected viability indicates synergy between the drugs.

Protein isolation and Western blot

CLL cells, incubated with drugs as indicated, were collected, washed once in ice-cold 
phosphate buffered saline (PBS), and lysed by sonification in radioimmunoprecipitation 
(RIPA) buffer as previously described 5. For separated nucleus/cytoplasm samples, cells 
were first lysed in NP40 buffer and the remaining cell-pellet (consisting mainly of nuclear 
components) in leamli buffer, as previously described 18. Protein content was measured 
using the BCA protein assay kit. Thirty to 100 μM of protein lysate was loaded onto each 
lane of a 7.5%, 10% or 13% gradient SDS–polyacrylamide gel electrophoresis (PAGE) 
gel (Biorad, Hercules, CA) and transferred onto a polyvinylidene fluoride microporous 
membrane (PVDF-FL, Millipore, Billerica, MA). Membranes were probed with antibodies 
against β-actin (clone I-19; Santa Cruz Biotechnology, Santa Cruz, CA), polyclonal anti-
α-tubulin (Cell signaling, Beverly, MA), TA-p73 (IMG-246, Imgenex, San Diego, CA), 
polyclonal anti-p21 (Santa Cruz Biotechnology), polyclonal anti-Puma (Cell Signaling), 
polyclonal anti-Bid (Cell Signaling) or mouse anti-c-ABL (clone 8E9; BD Pharmingen, 
San Jose, CA, USA). IRDye 680 donkey anti-rabbit IgG, IRDye 800 donkey anti-goat 
IgG or IRDye 800 donkey anti-mouse IgG (Westburg, Leusden, the Netherlands) were 
used as secondary antibody and blots were scanned on the Odyssey imager (LI-COR 
Biosciences, Lincoln, NE). 

Lentivirus-mediated RNA interference targeting c-Abl and TAp73

One shRNA target set designed for c-Abl (sequence: CCGGGCTGAAATCCACC-
AAGCCTTTCTCGAGAAAGGCTTGGTGGATTTCAGCTTTTTG) and two designed for 
TAp73 (sequence:CCGGCCCGCTCTTGAAGAAACTCTACTCGAGTAGAGTTTCTTCAA
GAGCGGGTTTTT and sequence:CCGGCCAAGGGTTACAGAGCATTTACTCGAGTAA
ATGCTCTGTAACCCTTGGTTTTT respectively) were inserted in the pLKO.1 lentiviral vec-
tor. As control for transfection efficiency pLKO-TurboGFP was used. The plasmids were 
prepared with plasmid maxi kit and transfected in HEK293FT cells (Invitrogen) with the 
transfection reagent (GeneTran, Biomiga, San Diego, CA) to produce lentiviral particles 
as previously described 19. Lentivirus titer determination was performed according to the 
manufacturer’s instructions (Open Biosystems, Huntsville, AL). Primary cultures of MEC1 
cells were infected with concentrated lentiviral stocks at 20 multiplicity of infection (MOI) 
in the presence of 8 μg/ml polybrene. After 24 hours cells were washed and suspended 
in IMDM medium supplemented with puromycin (1 μg/ml) for 6 days to select for cells 
stably infected with the lentivirus. The transfected MEC-1 cells were cultured in fresh 
medium for 5 days after puromycin selection before qRT-PCR, immunoblotting and func-
tional experiments. 
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RNA extraction and qRT-PCR

Total RNA was extracted using the RNAeasy Mini Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions. Total RNA was reverse transcribed using 
the SuperScript II kit (Invitrogen) according to the manufacturer’s instructions. Polymerase 
chain reaction containing first-strand cDNA (1:10 dilution), SYBR Green PCR Master 
Mix, and forward and reverse primers was performed using a 79HT Fast Real-Time PCR 
System (Applied Biosystems, Carlsbad, CA). Cycling conditions were as follows: initial 
step 50oC for 2 min, 95oC for 10 min, followed by 40 cycles of 95oC for 15 min and 
60oC for 1 min. All reactions were run in triplicates. The primers for the PCR amplification 
of TAp73, c-Abl, p21, Bid and Puma genes were designed using the Primer Express 
software (version 2.0). The relative expression levels of genes were expressed in arbitrary 
units, where the Ct value of the gene of interest was normalized to that determined for 
GAPDH RNA, a housekeeping gene, to correct for differences in concentrations of the 
cDNA templates. Then, fold induction was calculated by dividing CDDP treated samples 
by medium control. 

Results
In vivo induction of TAp73

A 36-year old male patient was referred to our clinic with fludarabine resistant CLL 
according to the iwCLL criteria 20. He had previously been treated with chlorambucil, 
CVP (cyclophosphamide, vincristin, prednisone), FCR (fludarabine, cyclophosphamide, 
rituximab), alemtuzumab and R-CHOP (cyclophosphamide, adriamycin, vincristin, 
prednisone, rituximab). Cytogenetic analysis revealed deletion of 17p in 87% of the cells. 
At the functional level, the leukemia cells of this patient proved to be p53 dysfunctional 
as p53 and its downstream targets p21 and Puma were not induced following 5 Gy 
irradiation (supplemental figure 1A). After initiation of R-DHAP combination therapy 
(CDDP 100 mg/m2 day 1, cytarabine 2 gr/m2 bid day 2, dexamethasone 40 mg day 1-4 
and rituximab 375 mg/m2 day 3), the peripheral blood (PB) lymphocyte count decreased 
rapidly after a remarkable initial rise (Figure 1A). A similar pattern was seen in a 70-year 
old female with F-ara-A resistant CLL/ SLL (supplemental figure 1B). In addition to a 
sharp rise in the lymphocyte count 1 day after administration of CDDP, she developed an 
overt tumourlysis syndrome for which she was treated with rasburicase. Furthermore, a 
significant decrease in lymphadenopathy was apparent already within one week. 

We studied protein levels in samples of the first patient taken before and 24 and 48 
hours after start of treatment. Already after 24 hours an induction of Puma and Bid was 
seen, which is striking as both proteins are p53 response genes. In agreement with earlier 
findings that both the expression of Bid and Puma can be regulated by TAp73 5;21;22, we 
found an induction of TAp73, already after 24 hours of treatment (Figure 1B).
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CDDP induces p53 independent cell death and cell cycle arrest 

The role of TAp73 in apoptosis induction in p53 dysfunctional cells was further studied 
using the p53 dysfunctional cell line MEC1 23 (supplemental figure 2). First, the sensitivity 
of MEC1 cells to CDDP was tested in dose-response experiments. Cell death was 
measured after 24 and 48 hours. As shown in Figure 2A, after 48 hours of treatment, 
significant cell death was seen at concentrations of 20 μM or higher. To avoid interference 
by apoptosis, a sublethal concentration of CDDP was used in further experiments. Also, 
such concentrations are in the range of drug levels achieved in plasma in vivo 24.

First, the effect of CDDP treatment on the intrinsic (mitochondrial) apoptosis pathway 
was studied. In accordance with the lack of functional p53, MEC1 cells are not sensitive 
to F-ara-A. However, a clear synergy was observed upon treatment with low-dose CDDP 
in combination with F-ara-A (Figure 2B).  Next, we analyzed the effects on the extrinsic 
(death-receptor mediated) apoptosis pathway. Upon treatment with CDDP, surface 
expression of FAS was upregulated (data not shown) and enhanced soluble FAS-ligand 
induced cell death was observed (Figure 2C). Finally, we analyzed CDDP mediated 
changes in cell cycle transition. As shown in Figure 2D, CDDP causes a G2/M phase cell 
cycle arrest. At higher concentrations cells accumulate in the S phase, but this may reflect 
a non-specific effect due to the formation of DNA-adducts.

C-Abl dependent upregulation of TAp73 upon treatment with CDDP 

Next, we studied whether the functional effects of CDDP in this p53 dysfunctional MEC1 
cell line could be linked to induction of TAp73. Already after 24 hours of CDDP treatment, 
induction of TAp73, and its downstream targets p21 25 and Bid could be detected, even 
at concentrations as low as 5 μM (Figure 3A). In accordance with previous data on the 
regulation of TAp73 26, induction occurred only at the protein level, as no induction of 
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Figure 1. Induction of TAp73 protein expression in vivo (A) Leukocyte number (*109/L) following 
treatment with R-DHAP in a patient with p53 dysfunctional CLL. (B) Protein levels of TAp73, Puma and 
Bid, assessed by Western blot, 24 and 48 hours after treatment with CDDP in vivo. Actin was used as 
loading control.

C
hapter 6 

 C
D

D
P induced expression of TA

p73

85



Figure 2. Functional consequences of treatment of MEC1 cells with CDDP (A) Apoptosis induced 
by increasing doses of CDDP as indicated, assessed by Mitotracker staining; mean +/- standard error 
of mean (SEM)  of three experiments. (B) Viability of MEC1 cells after treatment with CDDP (5 μM open 
symbols; 10 μM solid symbols) and F-ara-A (t 5 μM, s 10 μM, l 25 μM, n 50 μM). Measured viability is 
plotted against expected viability (based on activity of the separate drugs; see Methods section); the area 
below the diagonal represents synergism. (C) Apoptosis assessed by Mitotracker staining upon treatment 
with CDDP for 24 hours followed by FAS-ligand (FAS-L; CH11) for 24 hours as indicated; mean + SEM 
of three experiments. (D) Analysis of cell cycle transition by Propidium Iodide (PI) staining after 48 hours 
of CDDP-treatment in ascending doses as indicated.

G0/G1

G2/M
S

control

1 uM 2 uM

propidium iodide

A B

C

5 uM 10 uM

0 20 40 60 80 100
0

20

40

60

80

100

 viability (expected, %)

vi
ab

ili
ty

 (m
ea

su
re

d,
%

)
D

0 5 10 20 50 100
0

25

50

75

100

CDDP (uM)

%
 m

ito
tra

ck
er

 +

co
ntr

ol

+ FA
S-

L

CDDP 5
 uM

+ FA
S-

L

CDDP 1
0 

uM

+ FA
S-

L
0

25

50

75

100

%
 m

ito
tra

ck
er

 -

86



TAp73 RNA was seen (data not shown). Induction of TAp73 in solid tumour cell lines 
depends on post-translational modification mediated by c-Abl 6. Likewise, upregulation 
of TAp73 after CD40-ligand stimulation in CLL cells required c-Abl 5. We therefore 
repeated the experiment in the presence of imatinib, a specific c-Abl kinase inhibitor. 
Indeed, upregulation of TAp73, p21 and Bid was strongly inhibited in the presence of 
imatinib (Figure 3A). Next we studied the subcellular localization of c-Abl after treatment 
with CDDP, because it has recently been shown that nuclear entry of c-Abl contributes to 
DNA damage-induced activation of the intrinsic apoptotic pathway 27. As shown in Figure 
3B, following CDDP treatment, c-Abl translocates to the nucleus, further supporting a 
role for c-Abl (and TAp73) in CDDP-induced apoptosis in MEC1 cells.

Figure 3. c-Abl-dependent upregulation of TAp73 upon treatment of MEC1 cells with CDDP (A) 
Protein levels of TAp73, p21 and Bid analyzed by Western blot after 48 hours of treatment with CDDP 
and/ or imatinib as indicated. Actin was used as a loading control. (B) Nuclear and cytoplasmatic protein 
levels of c-Abl, 3 and 6 hours of treatment with CDDP as indicated. Actin was used as a loading control. 
Tubulin was used as control for adequate division of the nuclear and cytoplasmatic compartment.
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Knockdown of both c-Abl and TAp73 results in impaired CDDP-induced 
upregulation of p21, Puma and Bid
To confirm an essential role of c-Abl in CDDP-induced TAp73 induction, protein expression 
levels of TAp73 following CDDP treatment were measured in mock transfected MEC1 
cells and MEC1 cells transfected with a c-ABL-specific shRNA construct. As depicted in 
Figure 4A, knockdown of c-Abl prevented upregulation of TAp73. 

RNA expression levels of the reported TAp73 target genes Bid, p21 and Puma were 
measured after knockdown of c-Abl and TAp73 respectively. Knockdown of either c-Abl 
or TAp73 prevented upregulation of p21 and Puma upon CDDP treatment (Figure 4B). 
RNA expression levels of Bid are relatively high in MEC1 cells (data not shown). Although 
a modest effect on Bid RNA expression levels was observed following CDDP treatment 
of wild-type MEC1 cells, this was not seen in the knockdown cells. These data not only 
demonstrate that these proteins are downstream targets of TAp73 (and c-Abl), but also 
confirm that in the absence of functional p53, transcription is mediated by TAp73. At 
the functional level, apoptosis upon combined treatment with CDDP and F-ara-A was 
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Figure 4. Effects of knockdown of c-Abl and TAp73 in MEC1 (A.) Protein levels of c-Abl and TAp73 
analyzed by Western blot upon 48 hours of treatment with 10 μM CDDP as indicated after lentiviral 
transduction of MEC1 cells with a shRNA targeting c-Abl and TAp73 (two constructs). (B.) RNA expression 
levels, assessed by qRT-PCR, of p21, Bid, Puma and Noxa upon treatment of lentiviral transduced MEC1 
cells with CDDP 10 μM for 48 hours. Plotted is fold induction compared to untreated cells; dotted line 
represents ‘no induction’ (fold induction = 1). (C.) Apoptosis in MEC1, mock knockdown (NO KD) 
and TAp73 knockdown cells (p73 KD – 2) following treatment with 5 μM CDDP and 10 μM F-ara-A as 
indicated; mean + SEM of three experiments
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diminished in TAp73 knockdown cells (Figure 4C), indicating that the response to this 
combination of drugs depends, at least in part, on TAp73. In c-Abl knockdown cells, high 
rates of spontaneous apoptosis were observed (data not shown), which implies that c-Abl 
also has an important role in maintaining viability.

TAp73 is expressed in CLL cells residing in the lymph nodes 

To translate the results of our experiments in MEC1 cells to patient derived CLL cells, we 
treated PB derived CLL cells with increasing doses of CDDP in vitro. In contrast to MEC1 
cells, circulating primary CLL cells are in G0/ early G1-arrest (reviewed by Bertilaccio 
et al 28). After 48 hours of CDDP treatment, no induction of TAp73 was seen, nor of its 
downstream target Bid. Even after 96 hours of treatment with CDDP at concentrations up 
to 100 μM, no induction of TAp73 was seen (data not shown). In contrast, CD40-ligand 
stimulation of these PB derived CLL cells did result in upregulation of TAp73 protein levels 
(Figure 5A).

In vitro stimulation of CLL cells with CD40-ligand is applied as a model for the 
proposed interactions between activated T cells and CLL cells residing in the LN 16. Such 
interactions with the microenvironment are thought necessary for cell cycle induction 
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Figure 5. Differential expression of TAp73 in PB versus LN derived CLL cells (A) Protein levels of 
TAp73 and Bid assessed by Western blot in CLL cells with dysfunctional p53 after treatment CDDP for 48 
hours as indicated. Actin was used as loading control (blot representative of 8 patients tested). 
(B) Protein levels of TAp73, p21 and Bid in CLL cells cocultured with CD40-ligand expressing fibroblasts 
for 24 hours with our without imatinib. Cells were washed and lysed after an additional 24 hours of 
culture. Actin was used as loading control (blot representative of 11 patients tested). (C) Protein levels 
of TAp73 and Bid in peripheral blood (PB) and lymph node (LNN) derived CLL cells. Actin was used as 
loading control.
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28;29. To investigate whether induction of TAp73 expression upon CD40-ligation indeed 
relates to TAp73 expression in LN derived CLL cells, we compared TAp73 protein 
expression levels in PB derived CLL cells of untreated patients with expression levels in 
LN derived CLL cells. Strong TAp73 expression was detected in 4 of 7 LN derived CLL 
samples, whereas very little or no expression was seen in peripheral blood derived CLL 
cells (Figure 5). Furthermore, the downstream target Bid was consistently upregulated in 
the LN samples, whereas no expression of Bid was seen in PB derived cells.

Discussion

In this study we investigated the role of the pro-apoptotic protein TAp73 in apoptosis 
regulation in p53 dysfunctional leukemia cells treated with CDDP, following the 
observation of increased expression of this protein in p53 dysfunctional CLL cells derived 
from a patient treated with a regimen containing CDDP.  In the p53 dysfunctional cell 
line MEC1, CDDP treatment induced c-Abl dependent upregulation of TAp73 and of its 
downstream targets, in accordance with findings in solid tumour cell lines. This resulted 
in increased sensitivity to both F-ara-A- and FAS-induced cell death. No upregulation of 
TAp73 was seen in PB derived CLL cells treated with CDDP, but increased expression of 
TAp73 was found in LN derived CLL cells, suggesting that this transcription factor may 
have a role in apoptosis regulation in cells residing in the secondary lymphoid tissue.

The p53 family member p73 was first described in 1997 25. Over the years many 
isoforms have been identified, which are represented in two major groups of proteins with 
opposing functions. TAp73 induces cell cycle arrest and apoptosis, whilst the oncogenic 
(N-terminal truncated) deltaNp73 inhibits both TAp73 and p53 induced apoptosis 30 
(reviewed by Ozaki et al 4 and Rufini et al 31). Although the role of the p73 family in 
human cancer is much less well-defined than that of p53, its role in hematological 
oncogenesis is being increasingly appreciated. Specifically, inactivation of the TAp73 gene 
by epigenetic silencing or deletion is a common finding in malignant lymphoproliferative 
disorders. TAp73 is inactivated in about 35% of acute lymphoblastic leukemia (ALL) and 
about one-third of non Hodgkin lymphomas (NHLs) 32-35.

In CLL, increased expression of both TAp73 and deltaNp73 was found 36;37, and the 
pattern of overexpression of different isoforms has been linked to clinical behaviour in CLL 
36. A functional role of TAp73 in apoptosis regulation and response to drug treatment in 
CLL was first described by Dicker et al 5. Upon CD40-ligation, TAp73 was upregulated 
in a c-Abl-dependent manner, CD95 and Bid were induced and cells were sensitized to 
F-ara-A treatment, notably independent of p53 function. Based on these and previous 
results, in a phase I trial, autologous CLL cells transduced to express CD40-ligand were 
infused in CLL patients. This resulted in a comparable pattern of protein expression, 
including increased expression of TAp73. Furthermore, clinical responses were seen, 
also in patients with documented 17p deletion 38. In addition, recently the activity of 
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some novel drugs for the treatment of CLL has been described to involve upregulation of 
TAp73, including HDAC-inhibitors 21, lenalidomide 39 and forodesine 40.

Although we found clear expression of TAp73 in LN derived CLL cells, and in CD40-
ligand stimulated PB derived CLL cells, no induction was seen upon CDDP treatment of 
PB derived CLL cells. The cause of this difference is not known, but it is conceivable that it 
relates to the proliferative state of the clone and/or interactions with the microenvironment 
as discussed below.

First, TAp73 regulation has been shown to primarily take place at the level of protein 
degradation. Normally, levels of TAp73 are maintained at low levels because of constitutive 
activity of the ubiquitin E3 ligase Itch, which targets TAp73 for poly-ubiquitinylation and 
degradation via the ubiquitin-proteasome pathway. Upon DNA-damage Itch is degraded 
and expression levels of TAp73 are stabilized 26. Itch was recently found to be negatively 
regulated by the microRNA miR106b 21. It was postulated that silencing of specific 
miRNA-regulated pathways may characterize quiescent tumours such as CLL 21;41, 
which, in this case would imply impaired protein stabilization of TAp73. 

Secondly, the intracellular events linking CD40-ligation to expression of TAp73 in CLL 
are not known. Stabilization of TAp73 is mediated by c-Abl, as was shown in solid tumour 
cell lines 6, but also in the present study. Upregulation of TAp73 upon CD40-ligation 
in CLL was also dependent upon c-Abl 5. Furthermore, we have described that other 
downstream effects of CD40-ligand stimulation, namely the induction of anti-apoptotic 
proteins, could be blocked by inhibitors of c-Abl 14. Possibly, activation/ phosphorylation 
of c-Abl depends on the replicative state of the cell.  Indeed, in contrast to p53, TAp73 
has been shown to be regulated along the cell cycle in various cell lines. TA73 was 
found to be target of transcription factor E2F1 during the S phase of the cell cycle, and 
TAp73 proteins accumulated in cells in S phase 42. E2F-1 regulates TAp73 expression 
either directly 42;43 or via microRNAs like miR106b 21. Furthermore, expression of E2F-1 
was linked to CD40-ligation in a B cell lymphoma cell line and also in mouse B cells, as 
CD40-ligation allows for release of repression of this transcription factor 44;45. It is highly 
likely that additional interactions with the environment contribute to the mechanisms 
available to the cell to respond to cytotoxic insults.

Although CD40 activation in vitro and presumably also in vivo (in the secondary lymphoid 
tissue) induces expression of TAp73 and its downstream targets, CD40 activation also 
results in NFκ-B mediated expression of anti-apoptotic molecules, like Bcl-xL and A1/Bfl-1 
46, which probably tips the balance towards an anti-apoptotic, pro-survival profile. The 
observation of TAp73 expressing cells in the PB following CDDP treatment might reflect a 
shift in the apoptotic balance (mediated by TAp73), causing cells to detach from the LN 
environment and go into apoptosis. This hypothesis is supported by the initial rise in the PB 
leukocyte count observed in patients who have been treated with CDDP (Figure 1A) and 
also by the major LN responses induced by the R-DHAP regimen 13.
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We have demonstrated a functional role of TAp73 in the response to CDDP treatment 
in a p53 dysfunctional B cell lymphoma cell line. As we found induction of TAp73 both 
in in vivo treated CLL cells and in LN derived CLL cells, we expect that TAp73 has a role 
in the response to treatment in CLL. Further exploring the role and regulation of TAp73 
in CLL may provide clues for the development of novel treatment strategies for p53 
dysfunctional and chemorefractory CLL.
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Supplemental figure 1. p53 dysfunctional CLL  (A) Protein levels of p53 and the downstream targets 
p21 and Puma after 5 Gy irradiation as indicated, in a p53 dysfunctional (left panel) and a p53 functional 
(right panel) CLL patient. (B) Leukocyte number (*109/L) following treatment with R-DHAP in a patient with 
F-ara-A refractory CLL.

Supplemental figure 2. MEC1 is a p53 dysfunctional human pro-lymphocytic cell line (A) May-
Grunwald-Giemsa staining (500x) (B) Upper panel: fluorescent in situ hybridization (FISH) of MEC1 
showing trisomy 7 (CEP7) and 1 x deletion of 17p (p53). Lower panel: western blot showing lack of 
p53 induction upon 5 Gy radiation. I-83, a p53-functional CLL cell-line, is used as control.  (C) Puma 
RNA-levels (assessed by RT-MLPA) and expression of CD95 (FAS, assessed by FACS-staining) upon 5 Gy 
radiation, indicating lack of p53 function in MEC1. The I-83 cell line is used as control; figure A and B in 
full colour on page 174.
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Abstract 

In recent years, considerable progress has been made in treatment strategies for chronic 
lymphocytic leukemia (CLL). Yet, the disease remains incurable due to the development 
of chemoresistance. Strategies to overcome resistance mechanisms are therefore highly 
needed.

At least 2 mechanisms contribute to the development of resistance to drugs; acquired 
mutations resulting in a dysfunctional p53 response and shifts in the balance between 
apoptosis regulating proteins. Platinum-based compounds have been successfully applied 
in relapsed lymphoma and recently also in high-risk CLL. In this study we investigated the 
efficacy and mechanism of action of cisplatinum (CDDP) in chemorefractory CLL. 

Independent of p53 functional status, CDDP acted synergistically with fludarabine 
(F-ara-A). The response involved generation of reactive oxygen species (ROS), which 
led to specific upregulation of the pro-apoptotic BH3-only protein Noxa. Induction of 
Noxa resulted in cell death by apoptosis since inhibition of caspase activation completely 
abrogated cell death. Furthermore, drug resistance upon CD40-ligand stimulation, 
a model for the protective stimuli provided in lymph nodes, could also be overcome 
by CDDP/F-ara-A. ROS accumulation resulted in Noxa upregulation mainly at the 
transcriptional level and this was, at least in part, mediated by the mitogen-activated 
protein kinase (MAPK) p38. Lastly, Noxa RNA-interference markedly decreased sensitivity 
to CDDP/F-ara-A, supporting a key role for Noxa as mediator between ROS signaling 
and apoptosis induction. Our data indicate that interference in the cellular redox-balance 
can be exploited to overcome chemoresistance in CLL.
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Introduction

The clinical course of chronic lymphocytic leukemia (CLL) is highly variable; however, 
most patients eventually develop symptomatic disease requiring treatment. Although 
important advances have been made in first and second line treatment strategies, cures 
are not attained. Various biological markers correlate with poor prognosis and response 
to treatment, such as IgVH mutational status, expression levels of CD38 and/ or ZAP-70 
and cytogenetic abnormalities (reviewed by Van Bockstaele et al.1). Especially deletion or 
mutation of the p53 locus (17p13) is associated with a very poor outcome 2. Most drugs, 
including alkylating agents and nucleoside analogs, rely on intact p53 function for their 
activity and treatment with these compounds results in selection and evolution of clones 
containing cytogenetic changes affecting the p53 response 3. A second important 
contribution to chemoresistance in CLL is made by shifts in the balance between pro- and 
anti-apoptotic proteins. Increased expression levels of Bcl-2 family members like Bfl-1/
A1 4 and in particular Mcl-1 5 have been associated with resistance to chemotherapy. Shifts 
in the apoptotic balance presumably arise in CLL cells residing in secondary lymphoid 
tissue. In these niches, cells receive stimuli from the microenvironment inhibiting apoptosis 
and are consequently protected from the action of cytotoxic drugs 6. Indeed, we found 
increased expression of Mcl-1, Bcl-xL and Bfl-1/A1 in lymphoid tissue-derived leukemia 
cells in comparison with peripheral blood-derived CLL cells 7. It is postulated that clones 
harboring acquired mutations originate from these niches 6.

The prognosis for patients with fludarabine (F-ara-A) refractory disease is extremely 
poor, with a median survival of less than a year 8. Therefore it is highly necessary to 
develop therapeutic strategies that circumvent resistance mechanisms to cytotoxic agents 
in order to obtain sustained responses in these patients. 

Several novel drugs are currently under investigation in clinical and preclinical studies 
for this category of patients (reviewed by Kater and Tonino 9), but although responses 
have been observed, when used as single agent these drugs generally do not induce 
long-term disease free survival.  

An approach to overcome drug resistance could be to alter the cellular apoptotic 
balance, independent of p53, in order to sensitize cells to alkylating agents and nucleoside 
analogs. Regimens containing platinum-based compounds have shown activity in CLL, 
importantly also in p53 dysfunctional cases. In a small phase I-II trial, the OFAR-regimen 
(oxaliplatin, F-ara-A, cytarabine, and rituximab) induced a response in 7 of 20 patients 
with documented 17p-deletion 10. We recently found marked activity of the R-DHAP 
regimen (rituximab, dexamethasone, cytarabine and CDDP) in 8 of 10 treated patients 
with F-ara-A refractory disease, including patients with proven p53 dysfunction 11. Synergy 
between F-ara-A and platinum-based compounds was studied in in vitro studies and was 
found to result from inhibition of nucleotide excision repair by F-ara-A of DNA-damage 
induced by platinum-based compounds in both a cell-free system and in CLL cells derived 
from patients with early-stage disease (in which p53 dysfunction is found in less than 5% 
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of cases) 12;13. CLL cells exhibit high DNA repair capacity and this was found to correlate 
with resistance to cytotoxic drugs 14;15. However, to what extent these repair pathways are 
involved in response to therapy in CLL, how these processes are regulated and how cell 
fate is decided upon after DNA-damage is not well known. Since p53 is the central player 
in the regulation of DNA repair pathways 16 as well as in the initiation of the ensuing 
apoptotic response (reviewed by Rich et al.17), the above described synergy very likely 
depends on a functional p53 pathway. However, clinical effectiveness in p53 dysfunctional 
patients suggests that an alternative, p53 independent, mechanism is in play in the activity 
of the combination of CDDP and F-ara-A.

As elucidating p53 independent apoptosis pathways may yield useful information for 
the development of treatment strategies for chemorefractory patients, we studied how 
platinum-based compounds abrogate F-ara-A -resistance in CLL. We found synergy 
between the two classes of drugs, irrespective of p53 functional status. Resistance resulting 
from CD40-ligation was also overcome. The apoptotic response towards CDDP/F-ara-A 
combination treatment was mediated by an increase in reactive oxygen species (ROS) 
and required upregulation of the pro-apoptotic BH3-only protein Noxa. These data 
stress the potential clinical relevance of targeting the redox-balance to overcome drug 
resistance in CLL.

Material and methods
Patient material and cell culture

Peripheral blood mononuclear cells (PBMCs) of patients with CLL, collected during 
follow-up visits at the department of Hematology, were isolated and subsequently frozen 
and stored as previously described 18. Patient characteristics are summarized in table 
1. Approval for these studies was acquired from the Amsterdam Academic Medical 
Center Medical Ethical Committee. Informed consent was obtained in accordance 
with the Declaration of Helsinki. All samples included in these studies contained > 90 
% CD5+CD19+ cells. P53 dysfunction (as assessed by RT-MLPA) was defined as the 
absence of upregulation of mRNA expression levels of Puma, Bax and p21 upon 5 Gy 
radiation, as described 19.

Cells were cultured in Iscove modified Dulbecco medium (IMDM; Invitrogen, 
Carlsbad, CA), supplemented with 10% (vol/vol) heat-inactivated fetal calf serum 
(FCS; ICN Biomedicals, Meckenheim, Germany), 100 μg/mL gentamycin, and 5 mM 
L-glutamine (Invitrogen). Where indicated, CLL cells (1.5 – 2 * 106/ml) were stimulated 
with CD40-ligand for 48 hours prior to drug treatment as previously described 18. In 
the synergy experiments the following drugs and reagents were used: CDDP (Mayne 
Pharma, Brussels, Belgium), Oxaliplatin, F-ara-A, CCCP (Sigma-Aldrich, St Louis, MO), 
H2O2 (Merck KGaA, Darmstadt, Germany), p38-i (SB202190), JNK-i (Sp600125; Enzo 
Life Sciences Inc, Farmingdale, NY), Q-VD-OPh (R & D systems, Minneapolis, MN), 
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Z-IETD-fmk, N-acetylcysteine, Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid disodium 
salt monohydrate), butylated hydroxyl-anisole (BHA) (all Sigma-Aldrich). 

Assessment of apoptosis and ROS-production

Apoptosis was assessed by annexin-V (IQ Products, Groningen, the Netherlands)/ 
propidium iodide (PI) staining (Sigma-Aldrich) or MitoTracker Orange (Molecular 
Probes, Leiden, The Netherlands) staining as previously described 7 and analyzed by 
flow cytometry. Where indicated specific apoptosis is presented: (% apoptosis treated cells 
- % apoptosis untreated cells)/ % viable untreated cells. For the measurement of cellular ROS 
content, cells which had been incubated with drugs for the indicated period of time, were 
harvested and washed with pre-warmed phenol-red free Dulbecco’s modified Eagle’s 
medium (DMEM; Invitrogen) and incubated with 10 μM carboxy-H2-DCFDA (C2938, 
Invitrogen) dissolved in warm DMEM at 37 oC. After 30 minutes, cells were washed and 
analyzed by flow cytometry.

Table 1. Patient characteristics.

Pt No age Rai-stadium IgVH-mut status1 Cytogenetics2 p53-function3

1 64 I U 17p- Dysfunctional

2 59 I U 17p- Dysfunctional
3 54 I M ND Dysfunctional
4 59 II poly ND Dysfunctional
5 36 III U 17p- Dysfunctional
6 82 IV M 17p-, 13q- Dysfunctional4

7 83 II M ND Functional

8 80 0 U Trisomy 12 Functional
9 64 IV M 13q- Functional

10 67 II M ND Functional
11 40 II M 13q- Functional
12 61 IV M Normal Functional
13 58 III M Normal Functional
14 76 I M 11q- Functional
15 67 II U ND Functional
16 74 0 M 13q- Functional
17 62 II M ND Functional
18 63 I M Normal Functional
19 66 0 U ND Functional
20 49 III M ND Functional
21 75 0 M 13q- Functional
22 73 II U ND Functional
23 66 II M Normal Functional
24 54 III U Normal Functional

1 Mutational status of the immunoglobulin variable heavy chain; M = mutated, UM = unmutated, poly 
= polyclonal. 2 as analyzed by FISH (fluorescence in situ hybridization); ND = not performed. 3 P53-
function as assessed by RT-MLPA as described 9 and in Methods. 4 Patient sample was designated p53-
dysfunctional based on deletion of 17p and F-ara-A resistance in vitro.
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mRNA isolation and RT-MLPA

CLL cells were incubated with Q-VD-OPh for 30 minutes at 37 oC before the addition of 
drugs as indicated. After the indicated period of time, cells were harvested and total mRNA 
was isolated using the GenElute mammalian total mRNA miniprep kit (Sigma-Aldrich). A 
reverse transcription multiplex ligation-dependent probe amplification assay (RT-MLPA, 
apoptosis-kit R011-B1, MRC-Holland, Amsterdam, the Netherlands) was performed 
as described previously 20. Expression levels were normalized for the expression of the 
housekeeping gene β2-microglobulin. For data presentation gene expression in treated 
cells was compared to expression in untreated cells. Genes that showed at least two-fold 
increase or decrease in mean relative expression level upon treatment were subjected to 
statistical testing for significance. 

Protein isolation and Western blot

CLL cells, incubated with drugs as indicated, were washed once in ice-cold phosphate 
buffered saline (PBS), and lysed by sonification in radioimmunoprecipitation (RIPA) buffer 
as previously described 21. Protein content was measured using the BCA protein assay 
kit. Thirty to 100 μM of protein lysate was loaded onto each lane of a 7.5%, 10% or 13% 
gradient SDS–polyacrylamide gel electrophoresis (PAGE) gel (Biorad, Hercules, CA) and 
transferred onto a polyvinylidene fluoride microporous membrane (PVDF-FL, Millipore, 
Billerica, MA). Membranes were probed with antibodies against β-actin (clone I-19; Santa 
Cruz Biotechnology, Santa Cruz, CA), p73 (IMG-246, Imgenex, San Diego, CA), Noxa 
(IMG-349, Imgenex), Puma (polyclonal, Cell signaling, Beverly, MA), Bax and Mcl-1 
(polyclonal, Pharmingen, Franklin Lakes, NJ), and Bcl-2 (polyclonal, Alexis, Farmingdale, 
NY). IRDye 680 donkey anti-rabbit IgG, IRDye 800 donkey anti-goat IgG or IRDye 800 
donkey anti-mouse IgG (Westburg, Leusden, the Netherlands) were used as secondary 
antibody and blots were scanned on the Odyssey imager (LI-COR Biosciences, Lincoln, 
NE). Where indicated protein expression levels were quantified using LI-COR Odyssey 
software version 3.0.

Nucleofection

CLL cells were transfected using the Amaxa nucleofection technology (Lonza, Cologne, 
Germany) according to the manufacturers’ recommendations and as described 22. 
In short, CLL cells (5x106) were left to recuperate from thawing for 4 to 6 hours and 
subsequently spinned down at 1300 rpm for 5 minutes, resuspended in 100 μl of 
amaxa buffer and transfected with 3 μl of siRNA (stock concentration 100 μM) using 
programme X-01. Cells were immediately transferred into warm medium and after 1 
hour of incubation at 37oC, drugs were added as indicated. The Noxa siRNA (s10709) 
and negative control siRNA 1 were used (Ambion, Austin, TX). 
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Statistics

The Shapiro-Wilk normality test was performed to assess normal distribution of data 
sets. In case of Gaussian distribution of the data, a two-sided t test was used to analyze 
differences between data sets. If there was no Gaussian distribution, a two-tailed Mann- 
Whitney-U test was used to analyze differences between groups of unpaired samples and 
a Wilcoxon matched paired test to analyze differences between paired samples. For the 
comparison of more than 2 sets of data the Kruskal-Wallis test was used, with a post-hoc 
Dunns test in case of statistical difference. Statistic significance was set at a p- value < 
0.05.

Results
Platinum-based compounds sensitize CLL cells to caspase-dependent 
apoptosis induction by F-ara-A, independent of p53 function 

The response of CLL cells to increasing doses of CDDP (1-100 μM) was assessed after 
24 and 48 hours. After 48 hours, cell death was seen only in doses above 50 μM. As the 
Cmax of CDDP in vivo is within the range indicated by the shaded area in figure 1A 23, 
and does not exceed 10 μM, CDDP is not expected to be active as a single agent in CLL 
(Figure 1A). As expected, p53 functional CLL cells were sensitive to F-ara-A in increasing 
doses, whereas p53 dysfunctional CLL samples were resistant, even in doses much higher 
than those that can be achieved in vivo (Figure 1B, C). Addition of 10 μM CDDP, which 
by itself did not induce cell death, not only enhanced F-ara-A induced cell death in p53 
functional samples, but also synergistically induced cell death in p53 dysfunctional CLL. 
Significant synergy was already observed with 5 μM F-ara-A. Assessment of apoptosis 
by measuring both loss of mitochondrial membrane potential (MitoTracker staining) as 
well as phosphatidylserine-exposure (annexin-V/ PI staining) yielded comparable results 
(presented are results from annexin-V/ PI staining, Figure 1B, C left graph). 

Oxaliplatin (DACH oxalate-platinum), a third generation platinum-based compound 
with improved pharmacokinetics and toxicity-profile in comparison with CDDP, is currently 
tested in chemorefractory CLL as component of the OFAR-regimen. A similar synergistic 
effect was found of combining oxaliplatin with F-ara-A, indicating that the observed 
synergistic effect applies to platinum-based compounds in general (Figure 1C right 
graph).

To analyze whether the observed cell death is caspase-dependent, synergy experiments 
were repeated in the presence of the general caspase inhibitor Q-VD-OPh. Addition of 
Q-VD-OPh significantly abrogated cell-death in p53 functional (Supplemental figure 
1) as well in p53 dysfunctional cells (Figure 1D). Cell death could not be inhibited by 
the caspase-8 inhibitor Z-IETD-fmk (data not shown), indicating that the mitochondrial, 
rather than the extrinsic apoptosis pathway is involved.
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Figure 1. Synergism between F-ara-A and CDDP in CLL is independent of p53-functional status. 
(A) CLL cells of 8 patients (pt no 2, 3, 5, 8, 11, 15, 18, 22) were incubated for 48 hours with CDDP 
at increasing doses (1-100 μM). Cell death was assessed by annexin-V/ PI staining (as described in the 
Methods section). The shaded area presents the concentration-range attained upon CDDP treatment in 
vivo 23. (B) CLL cells with functional p53 (n=5; pt no 11, 12, 18, 21, 22) were treated with increasing 
doses of F-ara-A (5-50 μM), with or without 10 μM CDDP, for 48 hours. Cell death was assessed by 
annexin-V/ PI staining. To correct for variation in base-line apoptosis levels (see Figure 1A), specific 
apoptosis is depicted (as described in the Methods section). Presented is mean + standard error of mean 
(SEM; * p < .05; Mann-Whitney-U test). (C) CLL cells with dysfunctional p53 were treated with increasing 
doses of F-ara-A (5-50 μM), with or without 10 μM CDDP (n=6; pt 1-6) or 10 μM oxaliplatin (n=4; pt no 
2, 3, 5, 6), for 48 hours. Cell death was assessed by annexin-V/ PI staining. Presented is mean + SEM (* p 
< .05, ** p < .01; Mann-Whitney-U test). (D) Left panels: Cells of pt no 5 were treated with 10 μM CDDP 
and 10 μM F-ara-A (C+F) with or without pre-incubation with 20 μM Q-VD-OPh. Apoptosis was assessed 
after 48 hours using annexin-V/ PI-staining. Right graph: summarized data of 5 p53 dysfunctional CLL 
patients (pt no 1-3, 5, 6). Bars represent mean + SEM (** p < .01; Mann-Whitney-U test).
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Co-treatment of CLL cells with CDDP and F-ara-A results in upregulation 
of Noxa

We have described earlier that F-ara-A induced apoptosis relies upon p53 dependent 
upregulation of the BH3-only molecule Puma 20. To study whether the combination of 
CDDP and F-ara-A results in alterations in the balance between pro- and anti-apoptotic 
proteins, the mRNA expression level of relevant apoptosis-regulating genes was assessed 
by RT-MLPA. Treatment with 10 μM CDDP did not result in significant modulation of gene 
expression in p53 functional and p53 dysfunctional CLL samples, in accordance with the 
absence of an apoptotic response. As expected, since the activity of F-ara-A depends on 
p53 3;19;20, treatment with this drug induced significant upregulation of the p53 target 
genes Puma, p21 and Bax in p53 functional samples, whereas no upregulation of Puma 
and Bax was detected in p53 dysfunctional samples. Combination treatment with CDDP 
and F-ara-A induced significant changes in expression levels of only two genes: p21 and 
Noxa, irrespective of p53 function (Figure 2A). To test protein expression levels, cells 
were treated as indicated in the presence of Q-VD-OPh to prevent caspase-mediated 
breakdown of proteins. Noxa protein levels were clearly increased upon combination 
treatment, whereas no induction occurred upon treatment with CDDP or F-ara-A as 
single drugs. Puma protein was upregulated in a p53-dependent fashion (Figure 2B,C). 
Levels of the anti-apoptotic Bcl-2 family-member Mcl-1, the principal binding partner of 
Noxa 24, remained stable, as did protein levels of anti-apoptotic Bcl-2 and Bfl-1/A-1 and 
pro-apoptotic Bax and Bim (Figure 2B,C and data not shown). 

CD40 ligation does not protect against the cytotoxic effect of CDDP and 
F-ara-A

Next to the functional status of p53, protective stimuli derived from the microenvironment 
in secondary lymphoid tissue constitute a major determinant of drug-resistance in CLL. 
The protective microenvironment can in part be mimicked in vitro by stimulating CLL cells 
with CD40-ligand, which results in increased expression levels of Bcl-xL, Bfl-1/A1 and 
Mcl-1 and decreased expression levels of Noxa 18;22;25. To analyze whether combination 
treatment with CDDP and F-ara-A can also overcome chemoresistance due to these 
protective signals, CLL cells were co-cultured with CD40-ligand expressing fibroblasts 
for 48 hours and subsequently treated with CDDP and F-ara-A for 48 hours. As shown 
in figure 3A, cells co-cultured with control fibroblasts were sensitive to F-ara-A, whereas 
CD40-ligand stimulation resulted in complete resistance to F-ara-A. Addition of CDDP 
to F-ara-A resulted in a significant increase in apoptosis levels despite CD40 ligation. 

We have shown earlier that F-ara-A mediated induction of Puma expression is not 
abrogated by CD40-ligand stimulation 25. Analysis of protein expression levels upon 
combination treatment revealed strong upregulation of Noxa (figure 3B). Since Noxa 
selectively binds and inhibits Mcl-1 24, these data suggest that induction of Mcl-1 
expression is an important determinant of CD40-ligand mediated chemoresistance. The 
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decrease in Mcl-1 protein expression level in CD40-ligand stimulated cells treated with 
CDDP and F-ara-A may be secondary to caspase activation 26. 

Activity of CDDP is not correlated with p73 expression in CLL

The observed synergy between CDDP and F-ara-A in p53 dysfunctional CLL samples 
implies activation of p53 independent apoptosis pathways. Previous studies in various 
solid cancers have indicated that the activity of CDDP involves p53 independent 
upregulation of p73, a member of the p53 family 27. Since Noxa is reported to be a 
response gene of p73 28, we studied whether p73 was upregulated by CDDP in CLL 
cells and whether the observed apoptosis was mediated by this protein. We first tested 
this hypothesis in the p53 dysfunctional pro-lymphocytic cell-line Mec-1. Upon CDDP-

Figure 2. Co-treatment of CLL cells with F-ara-A and CDDP induces upregulation of Noxa. (A) 
Cells of 3 p53 functional (pt no 11, 18, 22) and 3 p53 dysfunctional (pt no 2, 4, 5) CLL patients were 
treated with 10 μM CDDP, 10 μM F-ara-A or the combination in de presence of Q-VD-OPh. The mRNA 
expression level of 30 apoptosis regulating genes was assessed by RT-MLPA (as described in the Methods 
section). Gene expression upon treatment was related to gene expression in untreated cells. The resulting 
matrix was imported in the program MultiExperiment Viewer (www.tigr.org/software/tm4), and values were 
assigned green or red colors; green for values between 0 and 1 indicating downregulation and red for 
values >1 indicating upregulation. The CLL samples are ordered as indicated below the matrix. In the 
right hand column, the genes are ordered by functional category (HKG= house-keeping genes; β2M= 
β-2-microglobulin). Significant changes in expression are indicated with (*) for p53+ samples and (†) for 
p53- samples (p < .05, Kruskal Wallis test with post-hoc Dunns-test). (B) CLL cells were treated with 10 
μM CDDP, 10 μM F-ara-A or the combination as indicated for 48 hours in the presence of Q-VD-OPh to 
prevent caspase-dependent breakdown of proteins. Protein lysates were analyzed for Mcl-1, Puma and 
Noxa expression by Western blot. Actin was used as loading control. Shown is a representative blot of both 
a p53 functional (pt no 20) and a p53 dysfunctional CLL sample (pt no 3). (C) Summarized data of the 
relative expression (compared to control) of Mcl-1, Puma and Noxa in 4 p53 functional (pt no 18-20, 22) 
and 4 p53 dysfunctional (pt no 1-3, 5) CLL samples upon treatment as described in (B). Protein expression 
was quantified using Licor Odyssey software and corrected for the expression of actin. Bars represent 
mean + SEM (* p < .05, Kruskal Wallis test with post-hoc Dunns-test); matrix in full colour on page 175.
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Figure 3. CD40 ligation does not rescue CLL cells from apoptosis induced by CDDP/ F-ara-A 
combination treatment (A) Cells of 6 p53-functional CLL patients (pt no 9, 10, 13, 14, 17, 21) were 
stimulated with CD40-ligand for 48 hours, harvested and treated with 10 μM CDDP, 10 μM F-ara-A or the 
combination for 48 hours. As control, cells were cocultured with 3T3 fibroblast. Apoptosis was assessed 
by annexin-V/ PI staining. Bars represent mean + SEM (* p < .05, *** p < .001; Mann-Whitney-U test). 
(B) Cells were treated as in (A), lysed and tested for expression levels of Mcl-1, Noxa and actin (pt no 18; 
representative blot of 4 patients tested). 
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Figure 4. CDDP treatment does not induce p73 in CLL (A) CLL cells of 2 patients with functional (pt 
no 19, 20) and 2 with dysfunctional p53 (pt no 2, 3) were treated with 10 μM or 100 μM CDDP; after 48 
hours p73 protein expression levels were assessed by Western blot. As control, CLL cells were cocultured 
with CD40-ligand expressing fibroblasts for 24 hours and analyzed for p73 expression after an additional 
24 or 48 hours (pt no 20). Lysates were obtained in the same experiment and loaded on separate gels. 
As antibody control a lysate of HEK293 cells transfected with a construct encoding HA-tagged p73 was 
used (* denotes the endogenous p73 band; ** the HA-tagged p73 band in transfected cells). (B) CLL cells 
were co-cultured with CD40-ligand expressing or control 3T3 fibroblasts for 48 hours and treated with 
10 μM CDDP and 10 μM F-ara-A as indicated for 48 hours. P73 and actin protein expression levels were 
analyzed by Western blot (pt no 18; representative blot of at least 6 patients tested).

treatment upregulation of p73 was seen in a time- and dose-dependent fashion (data not 
shown). Next, we analyzed expression levels of p73 upon treatment with CDDP in p53 
functional and dysfunctional CLL cells. No upregulation of p73 protein levels were found 
when cells were treated with doses up to 100 μM (Figure 4A) and incubation up to 96 
hours (data not shown). CD40 ligation was used as a control, as this was demonstrated 
to induce upregulation of p73 protein levels in CLL 21. Also treatment with F-ara-A or the 
combination of these drugs had no effect on p73 levels in CLL (Figure 4B). 

N-acetylcysteine abrogates apoptosis as well as Noxa-upregulation

The mechanism of action of platinum-based compounds is classically described to be 
mediated by DNA-damage and the ensuing death response 29. However, CDDP binds 
to many cellular components; in fact only 10-15% is found in the nuclear compartment, 
whereas 75-85% is bound to proteins 30. Once in the cell, platinum-based compounds 
are aquated and become highly reactive. In this form they rapidly bind cytoplasmatic 
proteins, among which anti-oxidant proteins like reduced glutathione 31 and constituents 
of mitochondria causing mitochondrial dysfunction 32. We hypothesized that in CLL cells, 
disruption of the cellular redox-balance and the generation of ROS, rather than direct 
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DNA-damage, might contribute to the apoptotic response upon treatment with CDDP. To 
study whether the activity of the combination of CDDP and F-ara-A involves generation 
of ROS, experiments were performed in the presence of the free radical scavenger 
N-acetylcysteine (NAC). As shown in figure 5A, apoptosis upon CDDP/ F-ara-A 
combination treatment in p53 dysfunctional cells was almost completely abrogated 
by NAC, whereas sensitivity to F-ara-A in p53 functional samples was unaffected by 
the addition of NAC. To confirm that cell death was abrogated by NAC through its 
ROS-scavenging properties, experiments were repeated with the alternative scavengers 
Tiron and BHA (butylated hydroxyl-anisole). These experiments yielded comparable 
results, but data analysis was hampered by toxicity of these compounds after 48 hours 
(Supplemental figure 2A). Upregulation of Noxa protein-levels was abrogated by 
co-treatment with NAC, whereas expression-levels of Puma remained unaffected (Figure 
5B), which supports a functional role for Noxa in apoptosis induction upon CDDP/F-
ara-A combination treatment. Furthermore, cell death upon combination treatment in 
CD40-ligand stimulated cells could be diminished by the addition of NAC (and Tiron 
and BHA), indicating that also in this setting, death is mediated by ROS (figure 5C and 
supplemental figure 2B).

To further test our hypothesis, we performed direct assessment of both cellular 
glutathione as well as ROS levels. A significant but only partial decrease was found in 
glutathione levels within 6 hours of treatment, not only in cells treated with high dose 
CDDP (100 μM), as expected, but also in cells treated with 10 μM CDDP in combination 
with 10 μM F-ara-A, whereas treatment with the drugs at this dose level alone, did 
not result in a significant modulation of glutathione levels (Supplemental Figure 2C). 
Direct assessment of cellular ROS content revealed an increase in ROS levels within 
6 hours of combination treatment (Figure 5D upper left panels + right graph). This 
occurred well before loss of mitochondrial membrane potential (upper left panels) and 
phosphatidylserine exposure (not shown), which supports a pivotal role for ROS in the 
induction of apoptosis. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a potent 
uncoupler of oxidative phosphorylation and inducer of ROS, was used to confirm effects 
of ROS accumulation in CLL (Figure 5D lower left panels). 

Accumulation of ROS results in upregulation of Noxa, primarily on a 
transcriptional level

We further studied the mechanism by which accumulation of ROS results in upregulation 
of Noxa. First we determined what source of ROS is most likely accountable for induction 
of Noxa protein levels. Cells were treated with either CCCP or with hydrogen peroxide 
(H2O2, a common ROS intermediate generated by various extra- and intracellular ROS 
producing sources). Treatment with 100 μM CCCP (and 300 μM H2O2; data not shown) 
strongly induced apoptosis within 24 hours independent of p53 function and this could 
be completely abrogated by the addition of NAC (assessed by annexin-V/ PI-staining; 
Figure 6A). However, accumulation of Noxa protein was seen after 24 hours of treatment 
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Figure 5. Apoptosis and Noxa upregulation upon CDDP/ F-ara-A combination treatment are 
mediated by ROS (A) P53 dysfunctional (n=5; pt no 1-5) and p53 functional (n=4; pt no 11, 12, 
18, 21) CLL samples were pre-incubated with 5 mM NAC for 30 minutes and subsequently treated 
with F-ara-A in increasing doses (5-50 μM), with or without 10 μM CDDP, for 48 hours. Apoptosis was 
assessed by annexin-V/ PI staining. Presented is mean + SEM. (B) CLL cells were treated for 48 hours as 
indicated (M = control, C = 10 μM CDDP, F = 10 μM F-ara-A, CF = CDDP/ F-ara-A both 10 μM) with 
or without preincubation with 5 mM NAC and analyzed for protein expression levels of Mcl-1, Puma, 
Noxa and actin. Experiments for protein collection were performed in the presence of Q-VD-OPh to 
prevent caspase-dependent breakdown of proteins. Percentage of apoptosis was assessed by annexin-V/ 
PI staining (pt no 2, 22; representative of 6 patients tested). (C) CLL cells, which have been co-cultured 
with CD40L-expressing or control 3T3 fibroblast for 48 hours, were treated for 48 hours with 10 μM 
CDDP and 10 μM F-ara-A with or without preincubation with 5 mM NAC (n=5; pt no 7, 15, 16, 21, 22). 
Percentage of apoptosis was assessed by annexin-V/ PI staining; bars represent mean + SEM (** p < .01; 
Mann-Whitney-U test).(D) Left panels: ROS-content was determined by carboxy-H2-DCFDA staining and 
flow cytometry (as described in the Methods section) after 6 hours of treatment with 10 μM CDDP and 10 
μM F-ara-A (C+F; open graph, upper panels) and compared to ROS-content of untreated (grey graph) 
or CCCP (100 μM) -treated cells (open graph, lower panels)(pt no 2). Loss of mitochondrial potential was 
assessed by MitoTracker staining. Right graph: Summarized data of cellular ROS content after 6 hours of 
treatment as indicated compared to ROS-content of control sample (n=4, pt no 1, 2, 3 and 5). Presented 
is mean + SEM (* p < .05, ** p < .01; Mann-Whitney-U test).

with 100 μM CCCP (Figure 6B), but not with H2O2. The proteasome inhibitor bortezomib 
was used as positive control. These data suggest that mainly ROS derived from a 
mitochondrial source are required for the upregulation of Noxa. 

Next, we determined the level at which ROS-dependent Noxa induction is regulated. 
In accordance with our findings upon CDDP/F-ara-A treatment (Figure 2 A), treatment 
with CCCP resulted in upregulation of Noxa mRNA levels, irrespective of p53 functional 
status (Figure 6C and Supplemental Figure 4A), which was abrogated by the addition of 
NAC.

Apart from the p53 family, the MAPK signaling pathways play an important role in 
deciding cell fate upon cellular stress, including oxidative stress (reviewed in McCubrey 
et al.33). Of these, mainly the JNK en p38 pathways orchestrate the apoptotic response 
upon cellular stress and are hence grouped together and referred to as stress-activated 
protein kinases (SAPK). To investigate the role of SAPK we treated cells with CCCP in 
de presence of specific pharmacological inhibitors of p38 en JNK. As shown in figure 
6D, p38 inhibition abrogated Noxa upregulation upon CCCP treatment, whereas JNK 
inhibition did not.

As recently has been shown in CLL cells, Noxa protein has a short half life trough 
rapid proteasomal dependent degradation 34. We measured proteasome activity in CLL 
cells treated with CCCP or bortezomib. Although some decrease was observed upon 
CCCP treatment, effects were very limited, especially when compared to the decrease 
of proteasomal activity following treatment with bortezomib (decrease in activity 15-20% 
versus > 95%) (data not shown).
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Knockdown of Noxa attenuates CDDP/ F-ara-A induced cell death

The functional relevance of Noxa upregulation in the apoptotic response upon 
treatment was further investigated by means of RNAi. Cell viability was not affected by 
the nucleofection procedure (not shown). Nucleofection with Noxa siRNA, but not a 
scrambled control (scr) siRNA, resulted in a 50-60% decrease in Noxa protein expression 
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Figure 6. (A) P53 dysfunctional (n=5; pt no 2-6) and p53 functional (n=5; pt no 11, 19-22) CLL cells 
were treated with 100 μM CCCP for 24 hours with or without pre-incubation with 5 mM NAC for 30 
minutes. Apoptosis was assessed by annexin-V/ PI staining. Presented is mean + SEM (** p < .01; Mann-
Whitney-U test). (B) CLL cells were treated with 300 μM H2O2,, 30 nM Bortezomib (B) or 100 μM CCCP 
(as indicated) for 24 hours in the presence of Q-VD-OPh to prevent caspase-dependent breakdown of 
proteins. Protein lysates were analyzed for Noxa expression by Western blot. Actin was used as loading 
control. Shown is a representative blot (pt no 23) of 3 independent experiments.  (C) Cells of 3 p53 
functional (pt no 11, 18, 22) CLL patients were treated with 100 μM CCCP with or without pre-incubation 
with 5 mM NAC for 30 minutes in de presence of Q-VD-OPh. The mRNA expression level of 30 apoptosis 
regulating genes was assessed by RT-MLPA (as described in the Methods section). Presented are the mRNA 
expression levels of Noxa normalized for β2-microglobulin. (* p < .05, Students T-test). For complete 
results of the assay supplemental figure 3. (D) Left panels: CLL cells (pt no 24) were treated with 100 μM 
CCCP with or without 10 μM of the MAPK-inhibitors p38-i (SB202190) or JNK-i (Sp600125; as indicated) 
for 24 hours in the presence of Q-VD-OPh to prevent caspase-dependent breakdown of proteins. Protein 
lysates were analyzed for Noxa expression by Western blot. Actin was used as loading control. Right 
graph: summarized data of the relative expression (compared to control) of Noxa in 3 CLL samples 
upon treatment as described in (B). Protein expression was quantified using Licor Odyssey software and 
corrected for the expression of actin. Bars represent mean + SEM.
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Figure 7. Apoptosis induced by CDDP/ F-ara-A combination treatment is mediated by Noxa. (A) 
Protein expression levels of Noxa and actin in untransfected cells and in cells nucleofected with Noxa or 
control (scr) siRNA, untreated (left panels) or treated with 10 μM CDDP and 10 μM F-ara-A for 48 hours 
(right panels), were analyzed by Western blot for control of knockdown of Noxa. Apoptosis was assessed 
by MitoTracker staining (pt no 1). (B) Protein expression levels in 4 patients (pt no 1-3, 5), treated as 
described in (A) were quantified using Licor Odyssey software and the Noxa/ Mcl-1 ratio was calculated. 
Noxa/ Mcl-1 ratio of untransfected cells was set to 1. Bars represent mean + SEM (* p < .05, Mann-
Whitney-U test). (C) Cells of p53-dysfunctional CLL patients were transfected with Noxa RNAi or control 
scrambled (Scr) RNAi and treated with 10 μM CDDP and 10 μM F-ara-A for 48 hours, 100 μM CCCP for 
24 hours or left untreated. Apoptosis was assessed using annexin-V/PI staining (n=4; pt no 1-3, 5). Bars 
represent mean + SEM (* p < .05, Mann-Whitney-U test). 
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levels upon combination treatment (Figure 7A and B). Knockdown of Noxa significantly 
diminished sensitivity to CDDP/ F-ara-A combination treatment and also to CCCP (Figure 
7C). These data indicate a functional role for Noxa in the apoptotic response upon drug-
induced, p53 independent ROS accumulation in CLL cells.

Discussion

In this study we show that the combination of CDDP and F-ara-A induces apoptosis 
in CLL cells, independent of p53 functional status. The activity of this combination is 
mediated by the generation of ROS. The BH3-only protein Noxa was identified as an 
important player in the ensuing apoptotic response. Noxa-mediated apoptosis induction 
in p53 dysfunctional cells by CCCP confirms the potency of ROS-signaling in p53 
independent apoptosis induction. Furthermore, our data suggest that the MAPK p38 
links ROS-accumulation to Noxa induction.

Initially we investigated whether apoptosis was mediated by p73, but although this 
protein mediates responses towards CDDP in various cancer types, this seems not to 
apply in CLL, as no upregulation of p73 upon CDDP (and/ or F-ara-A) treatment was 
found. Activity of both drugs is classically described to be based on infliction of DNA 
damage 29;35, and the subsequent activation of the DNA repair machinery in which p53, 
and possibly p73, play key roles. However the large majority of CLL cells, especially 
those derived from peripheral blood, are in G1 arrest. Active DNA-replication does not 
prevail and in this respect CLL differs from other cancer types. It is therefore conceivable, 
that alternative mechanisms of action of both drugs play a more prominent role in CLL.

Studies in various cancer types have shown that malignant cells are under increased 
oxidative stress due to enhanced ROS-formation 36. Therefore, the balance between ROS 
and anti-oxidant mechanisms is especially critical in cancer cells, and hence presents an 
attractive target for therapeutic intervention (reviewed by Fruehauf and Meyskens Jr.37). 
Most likely, this also applies to CLL, since in comparison to normal lymphocytes, CLL 
cells are under enhanced oxidative stress, which is associated with oxidative damage to 
nuclear and mitochondrial DNA 36;38;39.

We found that responses to CDDP/ F-ara-A combination treatment in CLL were 
mediated by the generation of ROS. Cellular ROS content increased within hours after 
the addition of drugs. Synergy between these drugs could furthermore be abrogated by 
the addition of ROS-scavengers. Platinum-based compounds have been shown to stress 
the cellular redox-system in various ways. CDDP induces mitochondrial dysfunction and 
an increase in ROS production by damaging mitochondrial DNA and disruption of the 
respiratory chain 32;40. Furthermore, CDDP reacts with thiol-containing molecules like 
glutathione 31;41, thereby depleting intracellular glutathione levels 42 and also inhibits 
thioreduxin reductase, an important component of the alternative cellular reducing 
machinery 40. We found a decrease in cellular glutathione levels upon combination 
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treatment, whereas treatment with single drugs (in clinically relevant doses) did not 
significantly affect glutathione levels. However, as we found Noxa upregulation upon 
treatment with the uncoupler of oxidative phosphorylation CCCP, but not upon treatment 
with H2O2, accumulation of ROS from a mitochondrial source may be required to 
induce upregulation of Noxa. Clinically attainable doses of CDDP alone did not induce 
ROS-accumulation in our experiments. It could be that the cellular anti-oxidant system is 
capable of neutralizing CDDP in the used dose within the time-period of the experiments. 
Indeed, when we used supra-physiological concentrations of CDDP (50 – 100 μM), a 
decrease in glutathione levels, ROS-production, Noxa upregulation and apoptosis were 
observed, which could be abrogated by the addition of NAC (data not shown). Although 
F-ara-A as a single agent does not seem to induce ROS-production directly 43, it has 
been found to enhance ROS production in leukemia cells when combined with other 
agents by a yet unrevealed mechanism 44.

We found that apoptosis was the primary mechanism of cell death induced by 
combination treatment, as blocking caspase activation almost completely abrogated 
death. The BH3-only protein Noxa played an important role in this process. As the 
knockdown achieved in our nucleofection experiments was partial, it is conceivable that 
the role of Noxa in the apoptotic response may be underestimated. We have previously 
shown that in CLL mRNA expression levels of Noxa are high, independent of p53 functional 
status 20. Although the Noxa/ Mcl-1 balance was found to be decisive for cell fate in cells 
residing in the LN (and upon CD40 stimulation as its in vitro counterpart 7), the role and 
regulation of Noxa in CLL specific responses to drug treatment are not well known. Noxa 
is a p53 response gene in many cell-types 45, but this is not the case in CLL 20. In this study 
we show that, at least in CLL, Noxa is the only BH3-only member that is induced upon 
ROS signaling. These findings are of particular interest as they constitute an apoptosis 
pathway in CLL which does not depend upon p53. We found that ROS-mediated Noxa 
upregulation is mainly transcriptional. As inhibition of the MAPK/SAPK p38 abolished Noxa 
upregulation, this pathway may play an important role in the cellular reaction, including 
induction of Noxa, to oxidative stress. Although in recent years, it has been increasingly 
appreciated that MAPK activation may be the major component deciding cell fate upon 
CDDP treatment (reviewed in Brozovic and Osmak 46), we here describe a novel link 
between treatment induced p38 activation and Noxa induction in CLL. Interestingly, in 
a very recent report, in keratinocytes Noxa upregulation upon UVB irradiation was also 
found to be orchestrated by p38 MAPK in a p53 independent manner 47. 

The potential relevance of ROS dependent apoptosis in drug responses is supported by 
the recent observation that F-ara-A resistant cells are highly sensitive to beta-phenylethyl 
isothiocyanate (PEITC), a compound that induces ROS accumulation by disabling 
the glutathione system 38 and data in various other reports that link the response to 
drugs, including bendamustine and HDAC-inhibitors 36;48-51, to p53 independent 
ROS production. However, whether ROS production is required for the initiation of 
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apoptosis, or is a consequence of this could not be conclusively determined for all of 
these compounds.

Since major advances have recently been made in first and second line therapy for 
patients with CLL, it is expected that increasing numbers of patients, among which a 
substantial number of p53 dysfunctional cases, will eventually need third line therapy. 
Designing strategies that target the distinguishing biochemical features of malignancy 
may be a promising approach. The altered redox balance in cancer represents one 
of such features, as ROS adaptation may play a critical role in drug resistance. Our 
data indicate that pharmacological induction of ROS or abrogation of cellular adaptive 
mechanisms to ROS may be a sensible strategy in high-risk, chemoresistant CLL patients.
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Supplemental figure 1. Cells of p53 functional (n=6; pt no 12, 18-22) CLL were incubated with the 
pan-caspase inhibitor Q-VD-OPh for 30 minutes before the addition of 10 μM CDDP, 10 μM F-ara-A 
or the combination. Apoptosis was assessed after 48 hours using annexin-V/ PI-staining. Bars represent 
mean + SEM (*** p < .001; Mann-Whitney-U test).120
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Supplemental figure 2.  (A) p53 dysfunctional CLL cells (pt no 1 and 4) were pre-incubated with 5 mM 
NAC, 5 mM Tiron or 100 μM BHA for 30 minutes and subsequently treated with 10 μM F-ara-A and 10 
μM CDDP (C+F) as indicated for 48 hours. Apoptosis was assessed by annexin-V/ PI staining. (B) CLL 
cells (pt no 16 and 21), which have been co-cultured with CD40L-expressing or control 3T3 fibroblast 
for 48 hours, were pre-incubated with 5 mM NAC, 5 mM Tiron or BHA 100 μM for 30 minutes and 
subsequently treated with 10 μM F-ara-A and 10 μM CDDP (C+F) as indicated for 48 hours. Apoptosis 
was assessed by annexin-V/ PI staining. (C) CLL cells were treated with 10 μM CDDP and/ or 10 μM. 
F-ara-A or 100 μM CDDP (as indicated) and lysed after 3 (n=3), 6 (n=4) or 16 hours (n=2). Cellular 
glutathione content was assessed as described in the Methods section. Presented is glutathione content, 
corrected for protein content of the sample, relative to the glutathione content of untreated cells. Only two 
samples were available for the 16 hour time-point, so statistical analysis could not be performed. X: no 
reliable measurement of glutathione levels possible, as considerable cell death was seen. Bars represent 
mean + SEM (* p < .05; Mann-Whitney-U test). 
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Supplemental figure 3.  Cells of 3 p53 functional (pt no 11, 18, 22) and 3 p53 dysfunctional (pt no 2, 
4, 5) CLL patients were treated with 100 μM CCCP in de presence of Q-VD-OPh. The RNA expression 
level of 30 apoptosis regulating genes was assessed by RT-MLPA (as described in the Methods section). 
Frames indicate genes which show at least two-fold induction or decrease in expression level. 
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Abstract

In recent years, considerable advances have been made in first-line treatment strategies 
for chronic lymphocytic leukemia (CLL). Combination of conventional chemotherapy with 
immunotherapeutic agents is currently considered the most active strategy, with improved 
progression-free survival and overall survival. However, patients are not cured and 
invariably experience relapsing disease requiring treatment. In contrast to the advances 
made in first-line treatment strategies, much less progress has been made for patients 
with relapsed and especially refractory CLL. The activity of most chemotherapeutic 
drugs used in CLL relics on intact p53 function, and repeated cycles of therapy might 
eventually result in drug resistance because of acquired cytogenetic alterations, mainly 
affecting genes involved in the p53 response. As a consequence, most commonly 
used treatment regimens are ineffective in patients with refractory disease. A number 
of promising alternative treatment approaches are currently under investigation. In this 
review, the approach to patients with relapsed and refractory CLL and current promising 
experimental treatment options for these distinct clinical patient categories are discussed.

124



Introduction

Chronic lymphocytic leukemia (CLL) is a CD5+ B cell malignancy that is considered 
to be incurable. Until recently, the first-line treatment consisted of alkylating agents, 
which resulted in responses in up to 70% of patients but did not improve survival 1. 
Treatment regimens containing nucleoside (purine) analogues, such as fludarabine 
or pentostatin, were found to yield higher response rates 2, especially in combination 
with cyclophosphamide 3-5. However, despite increased complete response (CR) rates, 
treatment with purine analogues alone does not appear to improve overall survival 
(OS) 2. In newer first-line treatment regimens, different classes of chemotherapy are 
combined with monoclonal antibodies (MoAb) 6. Although treatment with such 
combinations might provide for a first-time-observed survival benefit 7, such therapy still 
is not considered curative. Most patients treated with these (immuno-) chemotherapeutic 
regimens will have an initial CR or partial response (PR). However, with the exception of 
some patients who subsequently undergo hematopoietic stem cell transplantation (SCT), 
disease relapse invariably occurs after treatment has been discontinued. In this review, 
the approach to and current promising experimental treatment options for relapsed and 
refractory CLL will be discussed.

Example case studies in chronic lymphocytic 
leukemia
Case 1: Relapsed chronic lymphocytic leukemia

The patient is a 79-year-old man with a history of hypertension, hypercholesterolemia, 
and mild congestive heart failure following an acute coronary syndrome 8 years ago 
that is controlled with diuretics. Five years ago, he was diagnosed with Rai stage II 
CLL with mutated immunoglobulin heavy chain variable region (IgVH) genes. Two 
years after diagnosis, he developed progressive lymphadenopathy and anemia and 
thrombocytopenia because of marrow infiltration, which prompted treatment with 
chlorambucil (20 mg, 5 days, every 28 days).

After 6 cycles he had a PR with normalization of his blood counts. Three years later, he 
again developed progressive disease. Cytogenetic analysis was performed by fluorescent 
in situ hybridization (FISH) and revealed a 13q deletion in 80% of the leukemic cells 
without additional abnormalities. What should be the treatment of choice for this patient?

Case 2: Refractory chronic lymphocytic leukemia

The patient is a 64-year-old woman with otherwise no significant medical history who 
was diagnosed with rapidly progressive CLL, Rai stage III with unmutated IgVH. Because of 
her rapidly progressive disease, immunochemotherapy treatment was initiated consisting 
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of fludarabine, cyclophosphamide, and rituximab (FCR). Six cycles of FCR resulted in a 
PR. Yet, 2 months after the last cycle, lymphocytes started to rise, and another 3 months 
later, she developed a relapse with progressive bulky lymphadenopathy. FISH analysis 
was performed and revealed a 17p deletion in 67% of the leukemic cells. What should 
be the treatment of choice for this patient?

Definition of relapsed or refractory chronic 
lymphocytic leukemia

When patients develop progressive disease following first-line treatment, it needs to 
be established whether the patient has relapsed or refractory disease. In 2008, the 
International Workshop on Chronic Lymphocytic Leukemia developed formal criteria for 
relapsed and refractory CLL 8: relapse is defined as evidence of disease activity after 
a period of at least 6 months in a patient who has previously achieved a CR or a PR. 
Patients who do not achieve either a PR or CR following treatment or those who develop 
disease progression within 6 months of therapy have refractory disease.

Distinction between relapsed and refractory CLL is clinically relevant because the 
majority of patients with progressive disease occurring more than 6-12 months after 
discontinuation of first-line treatment (relapsed CLL) can be successfully re-treated with 
either the very same treatment regimen, or with other available treatment options. In 
patients with refractory disease, however, it is extremely unlikely that responses will 
occur with previously applied therapies, and overall, these patients have a much poorer 
prognosis.

It is important to reconfirm the diagnosis of CLL before a patient is considered to have 
relapsed or refractory CLL. Especially, disorders such as transformation of CLL into large 
B cell lymphoma or other types of hematologic malignancy should be ruled out by means 
of appropriate biopsy and histologic studies.

After establishing the diagnosis of either relapsed or refractory CLL, cytogenetic 
analysis using FISH should be performed. Patients with refractory disease more frequently 
have leukemia cells that harbour deletions in the short arm of chromosome 17 (del(17p)), 
which is associated with loss of functional p53, or in the long arm of chromosome 
11 (del(11q)) in and/or around the gene encoding the ataxia telangiectasia mutated 
(ATM) protein, which is a kinase required for p53 function 9,10. In consequence, many 
chemotherapy-refractory patients have leukemia cells that have lost functional p53. 
Because the cytoreductive activity of most chemotherapy agents requires functional p53 
11,12, the emergence of a p53-dysfunctional clone is thought to result from selection of 
chemotherapy-resistant CLL subclones during treatment 13,14. Appearance of del(11q), 
and especially del(17p), is highly predictive for unresponsiveness to subsequent 
immunochemotherapy 15.
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Treatment of Relapsed Disease

Currently, the optimal treatment for patients with relapsed disease is not known. In the 
absence of del(11q) or del(17p), patients can be successfully treated with either the same 
regimen as used upfront, or by switching to other more potent treatment combinations. 
Patients who relapse following treatment with alkylating agents and who are re-treated 
with the same category of agents have overall response rates (ORRs) ranging from 22% 
to 62%; however, most responses are of short duration, and few patients achieve a 
CR 16. Response rates to purine analogues in these circumstances are higher and of 
longer duration, with an ORR ranging from 13% to 59% and CR rates of 3% to 37% 
17-19. A landmark crossover study in treatment-naive patients compared treatment with 
chlorambucil with treatment with fludarabine. Patients who failed chlorambucil had an 
ORR to subsequent treatment with fludarabine of 46%, whereas only 7% of the patients 
who failed fludarabine responded to chlorambucil. This observation indicates that there 
is little role for treatment with alkylating agents in patients in whom previous purine 
analogues have failed 2.

Combination therapy of purine analogues with alkylators is superior to treatment 
with fludarabine alone with respect to ORR, CR, and progression-free survival (PFS) in 
patients with previously untreated CLL 3-5, as has been shown in 3 large, prospective, 
randomized, multicenter studies. Furthermore, in relapsed CLL, various nonrandomized 
studies using this regimen showed an ORR rate of 40%-80% with 3%-15% CRs 20-22. 
The most promising results in previously treated CLL have been attained by a group 
from the M. D. Anderson Cancer Center (MDACC) with the chemoimmunotherapeutic 
combination regimen FCR. Fludarabine 25 mg/m2 and cyclophosphamide 250 mg/
m2 on days 2-4 of cycle 1 and days 1-3 of cycles 2-6, and rituximab 375 mg/m2 on 
day 1 of cycle 1 and 500 mg/m2 on day 1 of cycles 2-6, were given every 28 days for 
6 cycles to 177 patients with relapsed CLL 23. Toxicity was acceptable, and infectious 
complications were manageable. The ORR was 73%, with 25% CR and 16% nodular PR, 
with a molecular CR in 32% of the patients in CR.

These very promising results with FCR prompted the study of the benefit of adding 
rituximab to the combination of a nucleoside analogue and an alkylating drug in relapsed 
patients in a large, international, prospective, randomized study, the REACH trial. This study 
randomized 552 relapsed patients to fludarabine and cyclophosphamide with or without 
rituximab 24. Patients had been treated previously with single-agent alkylator therapy (66%), 
purine analogues (16%), or other combinations (CHOP (cyclophosphamide/doxorubicin/
vincristine/prednisone), COP (cyclophosphamide/vincristine/prednisone), 18%). Patients 
who were treated before with the combination of fludarabine and cyclophosphamide 
were excluded. ORR, CR, and median PFS favored FCR (70%, 24%, and 31 months, 
respectively) over FC (57%, 13%, and 21 months, respectively). Patients from different 
risk groups (eg, IgVH mutation status, ZAP-70 status) did equally well except for those 
with del(17p), who did much worse. The study showed an acceptable safety profile for 
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both FCR and FC without new or unexpected findings for the addition of rituximab to 
chemotherapy.

All of the above studies dealt with patients who relapsed after either first-line single-
agent therapy or less potent chemotherapy combinations. Yet, based upon recent results 
from the German CLL Study Group (GCLLSG) CLL08 study that showed superior results 
of up-front treatment with FCR over FC in terms of ORR, PFS, and OS, FCR is likely to 
become the first-line treatment in previously untreated fit patients 7. However, despite 
a PFS of more than 50 months and an improved OS, patients will eventually relapse, 
and responses to second-line treatment following FCR have not yet been prospectively 
studied.

In an attempt to gain more insight in treatment outcomes in patients who relapse 
after treatment with FCR, the MDACC group retrospectively analyzed 300 patients 
treated with up-front FCR 25. After a median follow-up of 6 years, 116 patients (39%) 
had failed FCR therapy, of whom 13 patients had primary refractory disease and 103 
relapsed disease. Patients received treatment chosen at the discretion of individual 
treating physicians. The CR rates of second-line therapy were: FCR, 17%; rituximab, 
4%; alemtuzumab with or without rituximab, 31%; FCR and alemtuzumab (CFAR), 56%; 
lymphoma-type chemotherapy, 0%; other treatment, 0%. None of the regimens showed 
a significant survival benefit. The median OS from time of relapse was 33 months with 
a 40% 5-year survival rate. Allogeneic stem cell transplantation (alloSCT) was usually 
performed as second or subsequent salvage therapy with a 5-year survival fraction of 
approximately 35%. From these studies, it can be concluded that more than half of the 
patients who relapsed after FCR can achieve at least a PR with salvage therapy. The 
optimum treatment for this group of patients, however, remains ill defined and should be 
studied in prospective trials unabatedly.

Treatment of Refractory Disease

Almost all patients with CLL will ultimately develop refractory disease 26. As most patients 
are treated with fludarabine-based regimens, either up front or at first relapse, the majority 
of information on refractory disease is derived from patients refractory to fludarabine. 
The prognosis of such patients is poor. In a retrospective review of 147 patients with 
fludarabine-refractory CLL, Keating et al reported a 22% response rate (CR plus PR) to 
the first salvage regimen and a median survival of 10 months 27. In recent years, various 
new drugs and treatment combinations have been tested in this patient category. The 
most promising strategies are discussed here.

Monoclonal Antibody Treatment

Alemtuzumab. Alemtuzumab (Campath-1HR), an anti-CD52 humanized MoAb, has been 
extensively investigated in CLL. It has significant anti-leukemic activity, predominantly in 
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the peripheral blood compartment, bone marrow, and spleen, whereas activity is lower 
in lymph nodes. The US Food and Drug Administration (FDA) approved alemtuzumab for 
patients with CLL who have been treated previously with alkylating agents and in whom 
fludarabine therapy has failed. At least 4 single-arm prospective studies have evaluated 
the efficacy of single-agent alemtuzumab in patients with relapsed or refractory CLL after 
treatment with fludarabine (Table 1). The two largest and most compelling trials will 
be further discussed. In a pivotal multicenter international clinical trial, 93 fludarabine-
refractory patients received alemtuzumab 30 mg intravenously (I.V.) in a 3-times-weekly 
schedule for a maximum of 12 weeks 27. Most patients were heavily pretreated with a 
median number of 7 previous therapies. The ORR in an intention-to-treat analysis was 
33% (CR, 2%; PR, 31%). Alemtuzumab induced responses in the blood in 83% and 
in the bone marrow in 26% of the patients. The median time to disease progression 
for all patients was 4.7 months, and the median OS duration was 16 months. Among 
responders, however, the median time to progression was 9.5 months, and the median 
survival duration was 32 months. This study demonstrated that alemtuzumab increases 
the median survival of patients with fludarabine-refractory CLL compared with historical 
controls. Similar results were found in the GCLLSG CLL2H trial, in which alemtuzumab 
was administered subcutaneously at 30 mg 3 times weekly to 103 fludarabine-refractory 
patients 28. The response rate was 34% (CR, 4%), and the median PFS and OS durations 
were 7.7 months and 19.1 months, respectively. In this study, a thorough analysis of 
responses in different risk groups was performed. Responses (CR or PR) were observed 
in 24% of the patients with del(11q), 39% of the patients with del(17p), and 33% of the 
patients with mutations in the TP53 gene (irrespective of del(17p)) 29. Importantly, PFS 
and OS did not differ significantly among these genetic subgroups. This study confirmed 
that alemtuzumab had activity in patients with high-risk CLL, including patients with poor-
risk cytogenetic abnormalities.

Although both of these studies clearly demonstrated clinically useful effects of 
alemtuzumab in patients with refractory disease, cures are never obtained, and PFS 
remains relatively short if treatment is not followed by consolidation with allogeneic 
hematopoietic SCT. Furthermore, some special considerations need to be taken into 
account when alemtuzumab is prescribed: first of all, alemtuzumab proved least effective 
in patients with bulky lymphadenopathy 30,31. As an example, one study reported ORRs of 
87%, 40%, and 9% in patients with no lymphadenopathy, those whose largest node was 
≤ 5 cm, and those whose largest node was > 5 cm, respectively 32. Secondly, because 
CD52 is ubiquitously expressed on normal B and T lymphocytes as well as monocytes, 
the clinical use of alemtuzumab is hampered by serious infection-related toxicities. In 
most studies alemtuzumab increased the already existing vulnerability of patients with 
advanced-stage CLL to opportunistic infections, including potentially lethal bacterial, 
viral (especially cytomegalovirus (CMV)), fungal, and protozoal infection, indicating that 
appropriate antibacterial and antiviral prophylaxis must be instituted when this agent is 
used 27,28,31,33-36. A thorough discussion on choices of prophylaxis regimens is out of 

C
hapter 8 

Treatm
ent of relapsed C

LL

129



the scope of this review, but these regimens should at least include prophylaxis against 
Pneumocystis carinii infections as well as antiviral therapy and close monitoring on CMV 
(re)activation.

Based on the above studies, alemtuzumab monotherapy should be the treatment of 
choice for patients with del(17p) without bulky lymphadenopathy outside of clinical trials. 
As described in the next paragraph, combinations of alemtuzumab with other agents are 
potential treatment options for patients with del(17p).

Ofatumumab. Ofatumumab (HuMax-CD20R) is a fully humanized high-affinity MoAb 
that targets a different epitope of CD20 than that targeted by rituximab and that activates 
complement derived cytotoxicity more effectively than rituximab. Results of a phase I/II 
clinical trial of ofatumumab in recurrent/refractory CLL were encouraging. Thirteen of 
26 patients responded (1 nPR, 12 PR) with a median time to progression of 106 days in 
responders and median time to next therapy of 366 days 37. Grade 1/2 infectious toxicity 
was seen in 48% of the patients, but 1 patient developed grade 4 interstitial pneumonitis. 
A pivotal phase II study of ofatumumab in relapsed patients showed impressive activity 
both in patients refractory to both fludarabine and alemtuzumab (double refractory (DR), 
n = 59) and in patients with bulky lymphadenopathy refractory to fludarabine (bulky 
fludarabine refractory (BFR), n = 79) 38. ORR, PFS, and OS were similar for the DR (58%, 
5.7 months, and 13.7 months, respectively) and BFR groups (47%, 5.9 months, and 

Table 1. Alemtuzumab treatment in relapsed and refractory chronic lymphocytic leukemia

Study Treatment Number of 
patients

Patient category TRM, % ORR, % CR, % Median response 
duration, months

Osterborg et al 35 Alem 3/weekly x 12 29 Relapsed and refractory CLL 0 42 4 9.5

Keating et al 27 Alem 3/weekly x 12 93 Relapsed and refractory CLL 6,5 33 2 4,5
Rai et al 36 Alem 3/weekly x 16 24 Relapsed and refractory CLL 17 33 0 15,4
Stilgenbauer et al 28 Alem 3/weekly x 4-12 103 Refractory CLL * 34 4 7.7
* After a median follow-up time of 37.9 months, there were 75 deaths, 31% due to infection, and 13% not 
related to CLL. Abbreviations: CR = complete reponse; ORR = overall response rate; TRM = treatment-
related mortality

Table 2. Pivotal trial efficacy data of ofatumumab in refractory chronic lymphocytic leukemia 38

Efficacy measure Double refractory 
(n=59)

Bulky fludarabine refractory 
(n=79)

ORR, % 58 47

CR 0 1
PR 58 46
SD, % 31 41
Median time to response, months 1.8 1.8
Median duration of response, months 7.1 5.6
Median PFS, months 5.7 5.9

Median OS, months 13.7 15.4
Abbreviations: CR = complete response; ORR = overall response rate; OS = overall survival; PFS = 
progression-free survival; PR = partial response; SD = stable disease
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15.4 months, respectively; Table 2). In this study, a very high dose of MoAb was used. 
Because it has been shown that the use of intensified rituximab therapy—especially when 
combined with high-dose methylprednisolone—also is effective in refractory patients 39, 
it remains to be established whether the results of ofatumumab could be attributed to 
drug-specific mechanisms or to the dose used. Based on these results, ofatumumab 
has received FDA approval in patients with CLL refractory to both fludarabine and 
alemtuzumab

Chemoimmunotherapy

Different regimens have been studied (or are currently under investigation) in which 
chemotherapeutic agents are combined with MoAb in chemorefractory CLL (Table 3).

A small study in patients with CLL refractory to fludarabine alone and alemtuzumab alone 
showed a considerable response rate upon combining fludarabine with alemtuzumab, 
suggesting synergy between these two agents 40. This result formed the basis of a 
multicenter, open-label, randomized phase III study in order to compare the efficacy and 
safety of fludarabine and alemtuzumab versus fludarabine alone as second-line therapy 
in 335 patients with relapsed or refractory CLL 41. Patients received fludarabine (30 mg/
m2) with or without alemtuzumab (30 mg) on days 1-3 of a 28-day cycle. Combination 
therapy resulted in significantly higher ORR and CR rates (combination: ORR, 84.8%, 
CR, 30.4%; fludarabine single agent: ORR, 67.9%, CR, 16.4%). Interim analysis after 
a median follow-up time of 17 months revealed a significantly improved PFS for the 
combination treatment arm (29.6 months vs. 20.7 months), whereas toxicity was highly 
comparable between the two arms. Although the results of this study appear encouraging, 
the exact percentage of patients with true refractory disease was not yet disclosed.

Following the observed synergy between alkylating agents and fludarabine, the 
GCLLSG initiated a multicenter phase II trial combining fludarabine, cyclophosphamide, 
and alemtuzumab in 61 fludarabine-refractory patients. In this single-arm study, patients 
received fludarabine 25 mg/m2, cyclophosphamide 200 mg/m2, and alemtuzumab 30 
mg on days 1-3, every month for up to 6 cycles 42. Grade 3/4 thrombocytopenia and 
neutropenia were the most common serious side effects. Twelve of 56 patients died 
during or within 6 months after last chemoimmunotherapy, of which 5 were related to 
therapy. The ORR for the remaining patients was 68% (CR, 22%), independent of FISH 

Table 1. Alemtuzumab treatment in relapsed and refractory chronic lymphocytic leukemia

Study Treatment Number of 
patients

Patient category TRM, % ORR, % CR, % Median response 
duration, months

Osterborg et al 35 Alem 3/weekly x 12 29 Relapsed and refractory CLL 0 42 4 9.5

Keating et al 27 Alem 3/weekly x 12 93 Relapsed and refractory CLL 6,5 33 2 4,5
Rai et al 36 Alem 3/weekly x 16 24 Relapsed and refractory CLL 17 33 0 15,4
Stilgenbauer et al 28 Alem 3/weekly x 4-12 103 Refractory CLL * 34 4 7.7
* After a median follow-up time of 37.9 months, there were 75 deaths, 31% due to infection, and 13% not 
related to CLL. Abbreviations: CR = complete reponse; ORR = overall response rate; TRM = treatment-
related mortality
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status. Also in this study, the exact percentage of patients with true refractory disease was 
not disclosed.

Based upon the observed synergy between purine analogues, alkylating agents, and 
either alemtuzumab or rituximab, FCR combined with alemtuzumab (CFAR) has been 
tested in patients with previously treated CLL 43. Eighty patients with relapsed CLL, of 
whom 31 with fludarabine-refractory disease received fludarabine (25 mg/m2 on days 
2-4), cyclophosphamide (250 mg/m2 on days 2-4), rituximab (375 mg/m2 (cycle 1) or 
500 mg/m2 (cycles 2-6) on day 2), and alemtuzumab (30 mg I.V. on days 1, 3, and 5) 
every 28 days for up to 6 cycles. Grade 3/4 neutropenia was the most common side 
effect. ORR of the whole group of patients was 67% (CR, 27%), and for the fludarabine-
refractory patients, it was 52% (CR, 6%). Median OS and time to treatment failure (TTF) 
were 16.6 months and 10.6 months, respectively, for all patients.

For patients achieving CR, median OS (50+ months) and TTF (28+ months) have 
not been reached. So, although the addition of alemtuzumab to FCR improved efficacy, 
CFAR seems significantly less active in patients with fludarabine-refractory disease.

Another regimen that is currently being studied in refractory CLL is the combination 
of a platinum-based compound (oxaliplatin), with fludarabine, cytarabine, and rituximab 
(OFAR).

Combining platinum-based compounds with cytarabine has been proven successful 
in relapsed and refractory non-Hodgkin lymphomas 44. A phase I/II trial using this 
regimen consisting of increasing doses of oxaliplatin (17.5, 20, or 25 mg/m2 on day 1), 
fludarabine (30 mg/m2 on days 2-3), cytarabine (1 g/m2 on days 2-3) and rituximab 
(375 mg/m2 on day 3) yielded moderate though encouraging results in patients with 
CLL with chemorefractory disease, with an ORR of 33% for the patients with fludarabine-
refractory CLL and 37% for the patients with documented del(17p) 45. In an ongoing 
phase II clinical trial of the OFAR regimen in patients with fludarabine-refractory CLL or 
Richter syndrome, the interim response rate is approximately 63% 46.

Based upon effectiveness of the R-DHAP regimen (rituximab, dexamethasone, 
cytarabine, and cisplatin) in relapsed B-cell non-Hodgkin lymphoma and the apparent 

Table 3. Chemo-immunotherapeutic regimens for refractory chronic Lymphocytic leukemia

Study Treatment Number of 
patients

ORR (CR), % PFS, months Results in 
refractory patients

Engbert et al 41 F-alem 335 85 (30) 30 Unknown

Elter et al 42 FC-alem 56 68 (11) Unknown Equally effective
Badoux et al 43 CFAR 80 67 (27) 11 Less effective
Tsimberidou et al 46 OFAR 91 44 (7) Unknown Equally effective
Tonino et al 47 R-DHAP 10 80 (10) Unknown Equally effective
Abbreviations: CFAR = fludarabine/ cyclophosphamide/ alemtuzumab/ rituximab; CR = complete 
reponse; F-alem = fludarabine/ alemtuzumab; FC-alem = fludarabine/ cyclophosphamide/ 
alemtuzumab; OFAR = oxaliplatin/ fludarabine/ cytarabine/ rituximab; ORR = overall response rate; 
PFS = progression free survival; R-DHAP = rituximab/ dexamethasone/ cytarabine/ cisplatin
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clinical activity of platinum in refractory CLL, a retrospective analysis has been performed 
on the activity of the R-DHAP regimen (dexamethasone 40 mg on days 1-4, cisplatin 
100 mg/m2 on day 1, cytarabine 2 × 2 g/m2 on day 2, and rituximab 375 mg/m2 on 
day 5, every 3 weeks) in 10 patients with fludarabine-refractory CLL 47. Eight of the 10 
patients responded with 1 CR. Interestingly, a significant decrease in lymphadenopathy 
was attained in 6 of 8 patients with bulky disease. Six patients subsequently underwent 
reduced SCT. Based upon these promising results, R-DHAP is currently being tested in 
a prospective Dutch/Belgian HOVON trial studying the efficacy and tolerability of this 
regimen before alloSCT in CLL patients with fludarabine–resistant disease. Although 
combinations of immunochemotherapy seem to have an effect in fludarabine-refractory 
CLL, long-term results of prospective studies must be awaited, and patients should not be 
treated with these combinations outside of clinical trials.

Novel agents for relapsed and fludarabine-refractory chronic lymphocytic 
leukemia

Several exciting novel therapeutic agents are currently under either preclinical or early 
clinical investigation and include small molecule inhibitors of BcL-2, cyclin-dependent 
kinase (CDK) inhibitors, bendamustine, and inhibitors of phosphatidylinositol 3-kinases. 
Because of the nature of this review, only promising agents beyond phase Ia trials will 
be discussed.

Flavopiridol 

Flavopiridol is a synthetic flavone with many divergent effects in vitro. It broadly inhibits 
CDK, downregulates expression of key anti-apoptotic proteins, and induces apoptosis 
independent of p53 48. A small study that indicated marked effectivity in CLL was hampered 
by serious side effects, especially hyperacute tumour lysis syndrome 49. Therefore, a 
modified protocol was used in a phase II study including 64 patients with relapsed CLL 
in which flavopiridol was combined with dexamethasone to suppress cytokine release 
syndrome 50. Thirty-four patients (53%) achieved responses, of whom 1 achieved a CR. 
A majority of high-risk patients responded, including patients with del(11q) and del(17p) 
irrespective of lymph node size. PFS among responders was 10-12 months across all 
cytogenetic risk groups. The use of prophylactic dexamethasone resulted in improved 
tolerability and treatment delivery. Based upon these encouraging results, a registration 
study in patients with relapsed CLL is ongoing.

Lenalidomide

Lenalidomide is a so-called immunomodulating drug that has proven efficacy in multiple 
myeloma and myelodysplastic syndrome. The exact mechanism of action is unknown, 
but this class of drugs is believed to be effective via pleiotropic immunomodulatory 
mechanisms 51. In the first phase II study of lenalidomide in CLL, the same dose was used 
as in the treatment of multiple myeloma, namely 25 mg/day on days 1 through 21 of a 
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28-day cycle. Although an impressive ORR of 30% was observed among 23 patients with 
fludarabine- refractory CLL, clinical applicability seemed hampered by major toxicity, 
which consisted of a so-called tumour flare reaction (swelling of involved lymph node 
sides) and tumour lysis syndrome 52. To diminish significant toxicity, in the next study, 
the dose of lenalidomide was decreased to a starting dose of 10 mg followed by slow 
titration upward to a maximum daily dose of 25 mg 53. Twelve patients with fludarabine-
refractory CLL were included in this study. Twenty-five percent of these patients responded 
to lenalidomide, compared with a response rate of 38% in the patients with fludarabine-
sensitive disease. Treatment with lenalidomide was associated with an ORR of 31% in 
the patients with del(11q) or del(17p). Furthermore, this dose-regimen was much better 
tolerated.

To study potential synergy, a phase II study was initiated by the MDACC to evaluate the 
activity of the combination of lenalidomide and rituximab in patients with relapsed CLL, 
including 27% with fludarabine-refractory disease 54. Sixty CLL patients who relapsed 
after purine analogue–based therapy, received rituximab 375 mg/m2 I.V. on days 1, 8, 
15, and 22 of cycle 1, and then once every 4 weeks during cycles 3-12. Lenalidomide 
(10 mg/day) was given orally starting on day 9 of cycle 1 and continued daily for 12 
cycles. An interim analysis after 6 cycles of treatment showed that 25 patients achieved a 
response (6 nodular PRs (16%) and19 PRs (51%)), resulting in an ORR of 68%. Six patients 
(16%) attained stable disease or clinical improvement and are continuing treatment, and 
6 patients (16%) failed to respond, including 1 death that occurred on day 34 as a 
result of infectious complications. The most common side effect was neutropenia; the 
occurrence of lenalidomide-associated tumour flare reaction was limited to grade 1 
and 2. Results of this study suggest that the combination of lenalidomide and rituximab 
is superior to single-agent lenalidomide, although subgroup analysis on patients with 
refractory disease has not yet been disclosed.

Bendamustine 

Bendamustine has structural similarities to both alkylating agents and purine analogues. 
Phase II studies from the former East Germany using empirical dosing in relatively small 
numbers of patients with CLL provided evidence that bendamustine was effective with 
response rates of 65%-93%, with a favorable safety profile 55,56. Based on these results, 
the GCLLSG initiated a phase II study to investigate the combination of bendamustine 
(70 mg/m2 on 2 consecutive days) and rituximab (day 1, at a dose of 375 mg/m2 for 
the first course and 500 mg/m2 during subsequent cycles) in 81 patients with relapsed 
CLL 57. Included patients had a median age of 66 years and had received a median 
of 2 previous therapies. In the first 31 patients evaluable for response, the ORR was 
65%, including 13% CRs. However, there were no molecular remissions as assessed by 
flow cytometry. The main adverse effect was reversible myelosuppression (48 patients 
experienced grade 3/4 adverse events). In conclusion, bendamustine seems active in 
relapsed CLL, but until now, efficacy in refractory CLL remains to be explored.
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Allogeneic Hematopoietic Stem Cell Transplantation. 

The only means by which long-term clinical remissions can be achieved is allogeneic 
hematopoietic SCT (alloHSCT). Following alloHSCT the relapse incidence decreases 
over time, not only following myeloablative conditioning 58,59, but also following 
nonmyelotoxic reduced-intensity conditioning (RIC) 60-62. Evidence that this clinical effect 
is because of an ongoing graft-versus-leukemia (GVL) effect in CLL comes from the 
following observations: (1) the relapse risk is reduced in the presence of chronic graft-
versus-host disease (GVHD)63; (2) the relapse risk is increased when T-cell–depleted 
allografts are used16; and (3) donor lymphocyte infusions (DLI) following alloHSCT can 
effect reductions in tumour burden 16,61. The existence of a GVL effect is further supported 
by a study from Ritgen and colleagues, who measured the kinetics of minimal residual 
disease following RIC alloHSCT 64. Although the conditioning regimen did not eliminate 
overt disease, durable remissions were observed between 100 and 200 days following 
alloHSCT in patients who had GVHD or who received DLI following transplantation.

Long-term PFS rates have been reported in 30%-60% of patients who have undergone 
transplantation by RIC alloSCT. Outcome is independent of fludarabine refractoriness or 
presence of del(17p) as has been shown in different trials: in 2003 a relatively small trial 
of 30 patients found a probability of 2-year OS and PFS of 72% and 67%, respectively 
61. Univariate analysis of clinical risk factors for 2-year PFS did not show a significant 
effect of fludarabine-refractory disease. Also in the CLL3X trial of the GCLLSG, which 
included 113 patients, fludarabine refractoriness did not emerge as an adverse factor 
for PFS in multivariate analysis 65. In a 5-year follow-up study of the Seattle Consortium, 
which included 82 patients (of whom 87% had fludarabine-refractory disease), a 5-year 
PFS of 39% and an OS of 50% were reported. Patients with fludarabine-refractory disease 
and/or patients with del(17p) did equally well as patients without poor-risk disease. The 
strongest prognostic factor for relapse was the presence of bulky lymphadenopathy at 
time of transplantation 66.

Based upon these data the European Group for Blood and Marrow Transplantation 
(EBMT) published a consensus paper on the indications for HSCT in CLL. In summary, 
according to EBMT, alloHSCT should be considered for eligible patients with previously 
treated, poor-risk CLL. Poor risk is defined as lack of response or disease recurrence within 
12 months after purine analogue–containing therapy, recurrence within 24 months after 
purine analogue combination therapy and patients with recurrent/ refractory disease with 
evidence of p53 deletion or mutation 67. Preferential induction treatment for alloHSCT 
has not yet been established. Regimens that are active in patients with bulky disease, 
such as R-DHAP or ofatumumab (approved for patients with double-refractory CLL; see 
above) are most promising, but the outcome of prospective trials need to be awaited.
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Conclusion

The distinction between relapsed disease and refractory disease has a major effect on the 
choice of salvage regimen. The first-line treatment regimen or another chemotherapy-
based (more effective) treatment strategy may be repeated if the duration of the first 
remission exceeded 12 months. Treatment choices are far more limited for refractory 
disease (defined as relapse within 6 months after the last treatment) or in case of 
del(17p). In this event, patients should be included in clinical trials whenever possible. If 
no trial is available, treatment choices highly depend on the physical fitness of the patient 
(Figure 1). In fit patients, we recommend treatment with alemtuzumab monotherapy for 
12 weeks, followed by a RIC. If the patient is also alemtuzumab refractory, ofatumumab 
therapy should be considered. In unfit patients, prognosis is very poor, and we would 
prefer a nontoxic palliative regimen along with supportive care.

Example Case Studies Follow-up

The patient described in case 1, who had relapsed CLL and considerable comorbidity, 
was again treated with chlorambucil. This resulted in a PR lasting for more than 1 year. 

The patient described in case 2 (refractory disease) was treated with R-DHAP in a 
clinical trial. She had a good PR without bulky disease and is now prepared for alloHSCT.

Relapsed CLL Refractory CLL
(it is recommended
to include these 
patients in clinical trials 
whenever possible)

Repeat
first -line
treatment

More effectieve
chemotherapy

based treatment
Fit patient ?

Supportive
care

No Yes

Alemtuzumab -
refractory / bulky

lymphadenopathy

No Yes

Alemtuzumab Ofatumumab
methylprednisolone /

rituximab

RIC alloHSCT

Figure 1. Algorithm for the treatment of relapsed and refractory chronic lymphocytic. leukemia 
outside clinical trials. Abbreviations: RIC alloHSCT = reduced intensity conditioning allogeneic 
hematopoietic stem cell transplantation.
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Summary

In this thesis, drug resistance in CLL is addressed. In the first part, interactions between 
CLL cells and the microenvironment are studied in order to identify novel targets for the 
treatment of (chemorefractory) CLL. The second part focuses on the exploration of p53 
independent mechanisms of cell death.

One of the major determinants of drug resistance in CLL is the decreased propensity 
to apoptosis of CLL cells residing in the secondary lymphoid tissue and bone marrow. 
In the current view, the microenvironment in these niches provides a proliferative drive 
as well as pro-survival signaling. Activated CD4+ T cells are thought to play a key role 
in these interactions. Numbers of both CD4+ and CD8+ T cells are increased in CLL, 
but the mechanisms underlying the altered T cell homeostasis are still ill-defined. In 
chapter 2 the relation between CLL and the cognate T cell compartment is investigated. 
We have previously found an expansion of CMV specific CD8+ effector type T cells in 
patients with CLL. It was unknown whether these changes are specific for CLL. We have 
found that in patients with CLL or other indolent B cell lymphomas (in which extensive 
interactions between malignant B cells and T cells are to be expected), both effector 
CD4+ and CD8+ T cell numbers are increased. In contrast, in patients with aggressive 
lymphoma and myeloma such changes were not found. On these effector T cells, we 
found decreased expression of PD-1, an activation-associated inhibitory member of the 
CD28/CTLA-4 family. In the presence of malignant B cells, upregulation of PD-1 upon 
T cell activation was impaired; suggesting that the abundance of B cells in patients with 
indolent B cell lymphoma and CLL affects PD-1 expression and the size of the effector 
T cell pool. These data emphasize the reciprocity of the interactions between CLL cells 
and the immune system and support the rationale for treatment strategies targeting these 
interactions. 

The functional results of the interactions with the microenvironment are further 
studied in chapter 3. More specifically, in this chapter we studied whether interactions 
with the microenvironment play a role in the difference in biological behaviour (and 
prognosis) of IgVH mutated versus unmutated CLL. In an attempt to accurately mimic the 
lymph node (LN) environment, CD40 stimulaton was combined with Toll-like receptor 
9 (TLR-9) triggering by the oligonucleotide CpG-ODN. Natural ligands for TLR-9 are 
CpG motifs present in unmethylated viral and bacterial DNA, but also endogenous 
ligands released during cellular stress. We have found that prolonged CD40 ligation 
induced classical NF-κB activation followed by alternative NF-κB activation, correlating 
with enhanced Bfl-1/A1 and Bcl-xL levels, respectively. Upon combined CD40/TLR-9 
triggering a dichotomy in NF-κB signaling could be discerned. In mutated cells this 
induced declining levels of p52 (a mediator of the alternative NF-κB pathway) and Bcl-xL, 
and reversal of chemoresistance. In contrast, unmutated cells proliferated, maintained 
p52 and Bcl-xL expression and remained chemoresistant. In ex vivo LN samples, p52, 
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p65 and Bcl-xL were highly expressed, corroborating the in vitro findings. These data 
uncover a distinction in NF-κB activation and drug susceptibility between mutated versus 
unmutated CLL, possibly accounting for the difference in biological behaviour between 
these subgroups of CLL. 

In chapter 4 we analyzed the role of CD31-CD38 interactions in the pathogenesis 
of CLL. Interactions of CD38 expressed on CLL cells with CD31 expressed on nurse-like 
cells have been proposed to result in anti-apoptotic and proliferative signaling in CLL. 
CD38 is primarily known as an ecto-enzyme and high expression correlates with a poor 
prognosis in CLL. We found a high expression of CD31 on CLL cells, irrespective of CD38 
expression. However, in contrast to published reports, co-culture of CD38high CLL with 
endothelial cells or CD31 transfected fibroblasts did not result in increased survival or 
proliferation. Analysis of gene expression of most known regulators of apoptosis revealed 
no influence of co-culture with CD31-expressing feeder cells. Hence, we have found no 
evidence for an important contribution of CD38 triggering by CD31 to the proliferative, 
and anti-apoptotic, state of the leukemic clone.  

In the second part of the thesis we focus on therapeutic strategies to overcome drug 
resistance due to p53 dysfunction. As platinum-based compounds are effective 
in relapsed lymphoma and also high-risk CLL, we first investigated the efficacy of a 
cisplatinum (CDDP) containing regimen in patients with chemo-refractory CLL. As 
described in chapter 5, we have found marked activity in 8 of 10 patients treated with 
the R-DHAP regimen, importantly also in patients with bulky lymphadenopathy. These 
results prompted us to further investigate the mechanism of action of platinum-based 
compounds in CLL in vitro. In chapter 6 we studied whether the activity of CDDP in 
CLL is mediated by the p53 family member TAp73, as has been demonstrated in various 
solid cancer types. Increased expression of TAp73 and its downstream targets was indeed 
seen in PB blood derived cells from a patient with p53 dysfunctional CLL who had been 
treated with CDDP in vivo. Further studies on the role and regulation of TAp73 in the p53 
dysfunctional pro-lymphocytic B cell line MEC1 revealed c-Abl dependent upregulation 
of TAp73 upon in vitro treatment with CDDP, correlating with functional effects. Although 
in vitro treatment of peripheral blood derived CLL cells with CDDP did not result in 
increased TAp73 expression levels, a clear induction of TAp73 was seen after stimulation 
of CLL cells with CD40-ligand. Also, increased expression levels of TAp73 were found in 
LN derived CLL cells, corroborating earlier findings that CLL cells residing in the lymphoid 
tissue display a distinct phenotype resulting from interactions with the microenvironment. 
The replicative state of the clone may play a role in this difference. We expect that the 
effects of CDDP in chemo-refractory CLL in vivo might in part be mediated by induction 
of TAp73.

Although CDDP did not induce apoptosis (nor resulted in upregulation of TAp73) 
when used as single agent, we found synergy in vitro between CDDP and fludarabine 
(F-ara-A) in CLL cells, irrespective of p53 functional status. Resistance resulting from 
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CD40 ligation was also overcome. As described in chapter 7 the response to treatment 
with this combination involved generation of reactive oxygen species (ROS), which lead 
to specific, p53 independent, upregulation of the pro-apoptotic BH3-only protein Noxa. 
ROS accumulation resulted in Noxa upregulation mainly at the transcriptional level and 
this was at least partly mediated by the mitogen-activated protein kinase (MAPK) p38. 
Noxa RNA-interference markedly decreased sensitivity to CDDP/F-ara-A, supporting a 
key role for Noxa as mediator between ROS-signaling and apoptosis induction. These 
data indicate that interference in the cellular redox-balance can be exploited to overcome 
chemoresistance in CLL. Finally, in chapter 8, guidelines are presented for the optimal 
treatment of both relapsed and drug-refractory CLL. Furthermore, some promising 
compounds still in experimental phase are discussed.
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General discussion

In recent years considerable advances have been made in upfront treatment strategies 
for CLL. At present, the majority of patients will obtain long-lasting responses following 
combined immuno-chemotherapy. However, patients are not cured and relapse of the 
disease is inevitable. 

A major obstacle in the management of CLL is (the development of) drug resistance. 
Several mechanisms contribute to drug resistance in CLL. In this thesis (1) interactions 
of CLL cells with the microenvironment and (2) cytogenetic alterations, especially those 
affecting the p53 response, are addressed.

1. Drug resistance through interactions with the microenvironment

CLL cells accumulate in vivo, but rapidly undergo spontaneous apoptosis in vitro, 
indicating that these cells are highly dependent upon external signals for their survival. 

Central to the pathogenesis of CLL is signaling through the B cell receptor (BCR), 
mediated by yet unidentified (auto)antigens 1. Additional signaling pathways are activated 
upon interactions of CLL cells with the microenvironment, either through the secretion of 
mediators or by direct cell-cell contact. 

1.1 Targeting cellular interactions

Although multiple cell types have been implied to interact with CLL cells, the precise 
nature of such interactions and the individual contributions to the pathogenesis of CLL, 
are ill-defined. In the bone marrow CLL cells mainly interact with mesenchymal stromal 
cells (MSCs), whereas in secondary lymphoid tissue CLL cells interact with nurse-like cells 
(NLCs), T cells and follicular dendritic cells. Interactions of CLL cells with NLCs and T cells 
have been studied most extensively. 

In vitro, NLCs enhance viability of CLL cells via the secretion of stromal-derived 
factor-1 (SDF-1)/CXCL12, B-cell activating factor (BAFF) and a proliferation-inducing 
ligand (APRIL) 2. Although recently interactions of CD38 expressed on CLL cells with 
CD31 expressed on NLCs were described to result in proliferation and pro-survival 
signaling 3, our data do not support a role for such interactions.

In the lymphoid tissue, CLL cells interact with activated CD4+ cells, mainly via CD40-
CD40-ligand interactions (see Introduction). However, in addition to T cell induced 
anti-apoptotic signaling in CLL cells, reciprocal interactions between CLL cells and T cells 
are expected, as CLL patients display increased susceptibility to auto-immune phenomena 
and opportunistic infections. The relevance of such reciprocal interactions is supported by 
recent studies in T cells of untreated CLL patients, and patients with follicular lymphoma 
in leukemic phase, in which altered expression was found of genes, mainly involved 
in cell differentiation in CD4+ cells, and in cytoskeleton formation, vesicle trafficking, 
and cytotoxicity in CD8+ cells 4;5. Direct contact of both patient-derived and healthy 
control T cells with CLL cells resulted in defective immunological synapse formation 6. 
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In line with these findings, we found impaired upregulation of the inhibitory activation 
associated protein PD-1 on T cells activated in the presence of (malignant) B cells, 
possibly accounting for the increased numbers of effector T cells found in CLL.

Interactions of CLL cells with the microenvironment are not targeted by current 
treatment strategies. Although the mechanism of action of lenalidomide is not completely 
understood, this drug may exert its action through modulation of the microenvironment, 
possibly in part through co-stimulation of T cells 7. Defective synapse formation between 
CLL cells and T cells was reversed by lenalidomide 6. As single agent, lenalidomide is active 
in CLL 8. Currently, trials are conducted to study synergistic effects of lenalidomide with 
immuno-chemotherapy: in Germany in combination with bendamustine and rituximab in 
fit patients; in the Netherlands in combination with chlorambucil and rituximab in elderly/ 
unfit patients. 

1.2 Targeting intracellular signaling pathways

Binding of a ligand to its receptor results in activation of protein tyrosine kinases (PTKs). 
PTKs and downstream signaling pathways are commonly deregulated in malignant cells 
9. In CLL, the PTKs Lyn and Syk (downstream targets of BCR triggering) and c-Abl are 
over-expressed 10-12. Consequently, also several pathways downstream of these PTKs 
are found to be constitutively active in CLL, including the PI-3/Akt pathway 13 and the 
NFk-B pathway 14;15. Selective inhibition of these pathways in CLL cells in vitro resulted 
in apoptosis of CLL cells, supporting their role in the pathogenesis of CLL. 

In addition to constitutive activity, ligand-receptor interactions may further enhance 
signaling via these pathways. For example, we have previously shown that drug resistance 
upon CD40-ligand stimulation could be partly inhibited by the c-Abl specific inhibitor 
imatinib and completely blocked by the broad PTK inhibitor dasatinib 16. Specifically 
targeting these pathways may provide a more effective and better tolerable treatment 
strategy than conventional chemotherapy. Several inhibitors of PTKs and downstream 
targets are currently in various stages of clinical testing, including the Syk kinase inhibitor 
fostamatinib 17, the PI- 3-kinase inhibitor CAL-101 18, the Btk inhibitor PCI-32765,  
imatinib and dasatinib 19. One potential drawback for these targeted drugs is the 
existence of redundancy between downstream pathways. This might be overcome by 
the use of dual or triple pathway inhibitors. One such compound, ARD12130 (Sanofi-
Aventis) which inhibits both PI3-kinase and MTOR, will be tested in relapsed and 
refractory CLL within our institute.

The difference in biological behaviour and prognosis between mutated and unmutated 
CLL has long been thought to result from increased BCR signaling in unmutated CLL, 
mediated by the PTK ZAP-70 by a not yet completely understood mechanism 20. 
Unmutated CLL B cells are more dependent on environmental pro-survival signals than 
mutated cells, as they are more prone to spontaneous apoptosis in vitro 21. It has been 
speculated that enhanced NF-κB signaling in ZAP-70+ (unmutated) CLL accounts for 
this difference 22;23. Several ligand-receptor interactions have been found to mediate 
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NFk-B signaling, including CD40-CD40-ligand 24, BAFF and APRIL and their various 
receptors 25 as well as CpG-TLR-9 26. Indeed, we here uncover a dichotomy in NF-κB 
signaling between unmutated and mutated cells, independent of ZAP-70, upon combined 
CD40/TLR-9 triggering, which adds to our understanding of the difference in clinical 
behaviour and response to treatment between these two subgroups.

The result of aberrant signaling in CLL is apoptosis resistance through overexpression 
of anti-apoptotic Bcl-2 family members, such as Bcl-xL, Bcl-2, Mcl-1 and Bfl/A-1. Several 
drugs directly targeting these anti-apoptotic proteins are currently being investigated, 
including the Bcl-2 antisense molecule oblimersen 27, the BH3-mimetic ABT-263 28, 
obatoclax, which inhibits binding of Bcl-2 family members to Bax/Bak 29, and flavopiridol , 
a cyclin-dependent kinase (CDK)-inhibitor, which induces caspase 3-mediated apoptosis 
via a decrease in expression levels of Mcl-1 and XIAP 30;31

2. Strategies to overcome drug resistance; clues from clinical observations

If drug resistance develops, the prognosis rapidly worsens. Appearance of del11q and 
especially del17p are highly predictive for unresponsiveness to subsequent (immuno-) 
chemotherapy 32. Fludarabine refractory disease infers a very poor prognosis with a 
median life expectancy of less than one year 33;34. The only means by which durable 
remissions in patients with chemo-refractory CLL can be achieved is reduced intensity 
allogeneic hematopoietic stem cell transplantation (RIST). However, the long-term 
outcome after RIST is highly dependent upon remission status prior to transplantation 
as patients with high disease burden, especially bulky lymphadenopathy at time of 
transplantation, or poor response to last treatment, have the tendency to relapse. In 
addition, although morbidity and mortality have decreased with the introduction of 
reduced intensity (non-myelo-ablative) conditioning regimens 35;36, transplantation is 
often not feasible in the elderly CLL patient with significant co-morbidity. 

2.1 Treatment options in refractory CLL

At present, two drugs are registered for the treatment of fludarabine refractory CLL: 
the anti-CD52 monoclonal antibody alemtuzumab and the anti-CD20 monoclonal 
antibody ofatumumab. In phase II trials, alemtuzumab has shown modest response 
rates in patients with refractory CLL 37;38. However, the use of alemtuzumab is hampered 
by the high incidence of opportunistic infections. Furthermore, this drug is less active 
in patients with bulky disease 39. Ofatumumab has shown activity in patients with CLL 
refractory to both fludarabine and alemtuzumab and in patients with fludarabine-
refractory bulky disease, but activity appears to be rather low in patients with del17p 
40. Responses have also been obtained following treatment with the CDK-inhibitor 
flavopiridol 41 and lenalidomide 8. 

We found activity of a regimen containing cisplatin (CDDP) in this category 
of patients, as a response was achieved in 8 of 10 patients. Moreover, 6 of these 
8 responding patients could proceed to allogeneic stem cell transplantation. These 
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findings are in line with results of a previous study, in which 2 courses of DHAP followed 
by alemtuzumab were used as conditioning regimen prior to autologous transplantation 
in chemo-refractory CLL 42. In another small phase I-II trial, the OFAR-regimen 
(oxaliplatin, F-ara-A, cytarabine, and rituximab) induced a response in 7 of 20 patients 
with documented del17p 43. 

2.2 The TAp73 pathway may circumvent p53 dysfunction

The major challenge in the development of treatment strategies for drug resistant CLL is 
the identification of p53 independent apoptosis pathways.

A candidate may be the TAp73 pathway. The role of TAp73 in CLL has not yet been fully 
elucidated, but functional relevance of this protein in apoptosis regulation and response to 
drug treatment in CLL has been described 44. Recently the activity of some novel drugs for 
the treatment of CLL has been described to involve upregulation of TAp73, including HDAC-
inhibitors 45, lenalidomide 7 and the purine nucleoside phosphorylase forodesine 46.

The activity of platinum-based compounds is mediated by TAp73 in various solid 
tumour types 47-49. We found that the response to CDDP treatment in the p53 dysfunctional 
cell line MEC1 was mediated by TAp73. Also, TAp73 expression was found both in CLL 
cells exposed to CDDP treatment in vivo and in LN derived CLL cells, indicating that the 
activity of CDDP in chemo-refractory CLL might at least in part be mediated by induction 
of TAp73 (Figure 1). Further exploring the role and regulation of TAp73 in CLL may 
provide clues for the development of novel treatment strategies for p53 dysfunctional 
and drug refractory CLL.

2.3 Redox balance, the Achilles’ heel of CLL?

Studies in various cancer types, including CLL, have shown that malignant cells are under 
increased oxidative stress due to enhanced ROS formation 50;51. The relation between 
ROS and the pathophysiology of cancer is bipartite; ROS are involved in many signalling 
pathways and thereby contribute to oncogenic transformation. However, when ROS 
levels exceed a critical threshold death-pathways are initiated. Therefore, the balance 
between ROS and anti-oxidant mechanisms is especially critical in cancer cells, and 
hence presents an attractive target for therapeutic intervention (reviewed in 52). 

The potential relevance of reactive oxygen mediated (ROS)-dependent apoptosis in 
drug responses is supported by the recent observation that F-ara-A resistant cells are 
highly sensitive to beta-phenylethyl isothiocyanate (PEITC), a compound that induces 
ROS accumulation by disabling the glutathione system 53. Furthermore, the cytotoxic 
activity of various novel drugs in CLL was linked to p53 independent ROS production, 
including bendamustine 54, HDAC-inhibitors 55;56 and proteasome inhibitors 57-59. We 
observed that the response following treatment with CDDP and fludarabine in PB derived 
CLL cells, was mediated by the generation of ROS and subsequent Noxa-dependent 
initiation of apoptosis, irrespective of p53 function. Noxa is a p53 response gene in 
many cell-types 60, but this is not the case in CLL 61. We have found that, at least in CLL, 
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Noxa is the only BH3-only member that is induced upon ROS signaling. These findings 
are of particular interest as they constitute an apoptosis pathway in CLL which does not 
depend upon p53 (Figure 1).

3. Conclusion

As advances are made both in upfront treatment strategies and salvage regimens, and 
the standard of supportive care improves, the emergence of drug resistant disease will 
be an increasing challenge in the care for patients with CLL. Although reduced intensity 
conditioning regimens will make allogeneic stem cell transplantation accessible to a 
growing number of patients, many will still experience progressive disease for which 
no effective treatment is available. Therefore, a continuous quest for novel treatment 
targets is warranted. Targeting CLL at its loci minoris resistentiae, i.e. the dependency on 
interactions with the microenvironment and the disturbed redox balance, may be the key 
to long term control of drug resistant disease.
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Appendices





Nederlandse samenvatting
Introductie

Chronische lymfatische leukemie (CLL) is de meest voorkomende leukemie in de Westerse 
wereld. De incidentie neemt toe met de leeftijd; de gemiddelde leeftijd waarop de ziekte 
zich presenteert is 65 jaar. CLL wordt in Nederland jaarlijks bij 600 tot 700 patiënten 
vastgesteld.

De ziekte wordt gekenmerkt door de accumulatie van maligne B lymfocyten (een 
bepaald type witte bloedcel) in de bloedbaan, het beenmerg en de lymfklieren. Ook de 
lever en de milt zijn vaak geïnfiltreerd.

Het beloop van de ziekte verschilt van patiënt tot patiënt. Ongeveer 30% van de 
patiënten heeft een zeer mild ziektebeloop; bij hen beïnvloedt CLL de levensverwachting 
niet. Vijftien procent van de patiënten daarentegen overlijdt binnen 2 à 3 jaar na het 
stellen van de diagnose aan de ziekte of aan complicaties van de behandeling. De 
meerderheid van de patiënten ondervindt de eerste 5 tot 10 jaar nauwelijks symptomen, 
maar krijgt uiteindelijk toch te maken met progressieve ziekte en problemen ten gevolge 
van de behandeling.

Teneinde de levensverwachting van patiënten al bij het stellen van de diagnose in te 
kunnen schatten, zijn er sinds de jaren ’70 verschillende stadiërings-systemen ontwikkeld. 
Het bekendst zijn de systemen van Rai en Binet. Beide maken gebruik van klinische 
parameters en worden tot op de dag van vandaag gebruikt. Een probleem is echter dat 
een aanzienlijk deel van de patiënten die op grond van deze systemen ingedeeld worden 
in de groep met het laagste risico (en die dus een goede levensverwachting zouden 
hebben), uiteindelijk toch snel progressieve ziekte blijkt te hebben. Omdat de ziekte 
tegenwoordig steeds vaker gediagnosticeerd wordt bij jonge mensen zonder klachten, is 
het van groot belang een goede risicoschatting te kunnen maken. 

In de loop der jaren zijn verschillende moleculaire en genetische eigenschappen van 
de CLL cellen geïdentificeerd die een nauwkeuriger voorspelling van het ziektebeloop 
mogelijk maken, zoals de mutatiestatus van de zware ketens van de immuunglobulines 
(IgVH; patiënten met ongemuteerde IgVH hebben een duidelijk slechtere prognose), 
expressie van de eiwitten CD38 en ZAP-70, en genetische afwijkingen, vooral van genen 
die betrokken zijn bij de p53 respons (zie verder). Overigens worden deze kenmerken 
vandaag de dag (nog) niet gebruikt bij de indicatiestelling tot behandeling.

Hoewel een deel van de patiënten relatief symptoomloos zal blijven, ontstaat er 
bij het grootste deel van de patiënten vroeg of laat de noodzaak om behandeling te 
starten. Met de huidige behandelingsmogelijkheden (waarin chemotherapie veelal 
gecombineerd wordt met monoklonale (anti-CD20) antistoffen), is het bij verreweg het 
grootste deel van de patiënten mogelijk de ziekte onder controle te krijgen. Het is echter 
niet mogelijk de ziekte geheel te elimineren en vroeg of laat zal deze dus terugkeren. Na 
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herhaalde behandelingen met chemotherapie zal zich dan uiteindelijk resistentie tegen 
deze middelen ontwikkelen. Als deze situatie ontstaat, is de prognose slecht.

Oorzaken van resistentie in CLL

Chemotherapie werkt veelal door middel van het aanbrengen van schade aan 
onderdelen van de cel (bijvoorbeeld het genetische materiaal) of door te interfereren 
in de processen noodzakelijk voor de overleving van de cel. Als reactie op deze aanval 
wordt het eiwit p53 geactiveerd. Activatie van p53 resulteert (onder andere) in een 
cascade van interacties tussen verschillende eiwitten, welke uiteindelijk leidt tot celdood. 
Dit kan beschouwd worden als een veiligheidsmechanisme, waarbij het organisme 
beschermd wordt tegen ongecontroleerd gedrag van beschadigde cellen. Deze vorm 
van geprogrammeerde celdood wordt aangeduid met de term apoptose. De oorzaak 
van resistentie tegen chemotherapie is vaak te vinden in een verstoring in de balans 
tussen celdood-bevorderende (pro-apoptotische) en -beschermende (anti-apoptotische) 
eiwitten. Grofweg zijn de mechanismes die hieraan bijdragen te verdelen in twee 
groepen: (1) interacties tussen CLL cellen en het micromilieu en (2) verworven genetische 
afwijkingen, vooral die afwijkingen die de functie van het eiwit p53 treffen.

CLL cellen die zich in het beenmerg of in de lymfklieren bevinden zijn, in vergelijking met 
CLL cellen die in de bloedbaan circuleren, minder gevoelig voor apoptose. De gedachte 
is dat interacties tussen CLL cellen en andere celtypes in het micromilieu resulteren in 
anti-apoptotische signalering in de CLL cellen en bovendien celdeling induceren. In het 
micromilieu van de lymfklieren lijken interacties van CLL cellen met (geactiveerde) T 
lymfocyten (een ander type witte bloedcel) een belangrijke rol te spelen. Er is veel in 
vitro onderzoek gedaan naar de invloed van de binding van CD40-ligand (CD154), 
een eiwit dat tot expressie komt op geactiveerde T lymfocyten, en CD40 op CLL cellen. 
Inderdaad blijkt deze binding ervoor te zorgen dat CLL cellen minder gevoelig worden 
voor chemotherapie, (onder andere) doordat na binding bepaalde anti-apoptotische 
eiwitten verhoogd tot expressie komen in CLL cellen (Mcl-1, A1/Bfl-1 en Bcl-xL). Resistentie 
tegen chemotherapie vindt dus waarschijnlijk zijn oorsprong in deze niches; bovendien 
fungeren deze locaties als een reservoir van waaruit de ziekte onderhouden wordt.

Afwijkingen in het genetische materiaal kunnen in de CLL cellen van een groot deel 
van de patiënten worden aangetroffen. Omdat de meeste vormen van chemotherapie 
werken via p53, houden vooral afwijkingen die dit eiwit beïnvloeden verband met een 
slechte prognose. Dit betreft afwijkingen van chromosoom 17, omdat op dit chromosoom 
het gen dat codeert voor p53 gelegen is, en afwijkingen van chromosoom 11. Op 
dit chromosoom ligt het gen dat codeert voor ATM (Ataxia Teleangiectasia Mutated), 
dat ook een belangrijke rol speelt in de p53 respons. Afwijkingen van deze specifieke 
chromosomen worden op het tijdstip van diagnose slechts in een heel klein percentage 
van de patiënten aangetroffen. Onder invloed van behandeling met chemotherapie kan 
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er echter een selectie van klonen plaatsvinden die deze afwijkingen dragen. Bij patiënten 
die meerdere lijnen van behandeling hebben ondergaan en bij wie resistentie is ontstaan, 
worden dergelijke afwijkingen dan ook veel vaker gevonden. 

Samenvatting van de hoofdstukken

Dit proefschrift gaat over resistentie tegen chemotherapie in CLL. In het eerste gedeelte 
worden interacties tussen CLL cellen en hun omgeving (het micromilieu) onderzocht. In 
het tweede gedeelte wordt onderzocht op welke manieren celdood geïnduceerd kan 
worden als resistentie (vooral ten gevolge van p53 dysfunctie) eenmaal is ontstaan.

In het micromilieu van de lymfklieren lijken interacties tussen CLL cellen en geactiveerde 
T lymfocyten een belangrijke rol te spelen. T lymfocyten kunnen onderverdeeld worden in 
CD4+ en CD8+ T lymfocyten, en vervolgens verder weer in naïeve, geheugen en effector 
T lymfocyten. Zowel CD4+ als CD8+ T lymfocyten worden in verhoogde aantallen 
gevonden in patiënten met CLL. De oorzaak van deze toename is niet bekend. 

In hoofdstuk 2 hebben wij de relatie tussen CLL cellen en het T celcompartiment 
onderzocht. Wij hebben eerder gevonden dat in patiënten met CLL de expansie van het 
CD8+ T celcompartiment vooral berust op een toename van effector CD8+ T lymfocyten 
gericht tegen het cytomegalovirus (CMV). Wij hebben nu gevonden dat bij patiënten met 
CLL, naast CD8+, ook de aantallen CD4+ effector T lymfocyten verhoogd zijn. Deze 
veranderingen werden bovendien ook gevonden bij patiënten met een indolente variant 
van lymfklierkanker (lymfoom), maar niet bij patiënten met agressievere lymfomen. 
Daarnaast hebben we gevonden dat het eiwit PD-1, waarschijnlijk onder invloed van 
de (maligne) B lymfocyten, verlaagd tot expressie komt op deze T lymfocyten. Deze 
verlaagde expressie houdt mogelijk verband met de toegenomen aantallen van de T 
lymfocyten. Deze data onderstrepen de wederkerigheid van interacties van CLL cellen 
met hun omgeving.

In hoofdstuk 3 hebben wij de interacties met het micromilieu verder onderzocht. In 
dit hoofdstuk wordt bestudeerd of deze interacties wellicht een rol spelen in het verschil 
in ziektebeloop en prognose tussen patiënten met (IgVH) gemuteerde en ongemuteerde 
CLL. Om de situatie in de lymfklieren zo goed mogelijk te imiteren, is stimulatie met 
CD40-ligand hier gecombineerd met CpG. CpG motieven komen voor in viraal en 
bacterieel DNA. We hebben gevonden dat CD40 stimulatie in zowel gemuteerde als 
ongemuteerde CLL cellen leidt tot signalering via het NF-kB pad en inductie van de anti-
apoptotische eiwitten A1/Bfl-1 en Bcl-xL. Gecombineerde stimulatie met CD40-ligand 
en CpG bracht een onderscheid aan het licht tussen de twee verschillende subgroepen. 
In gemuteerde CLL cellen namen de NF-kB activiteit en de hoeveelheid van het anti-
apoptotische eiwit Bcl-xL af en dientengevolge werden de cellen weer gevoelig voor 
chemotherapie. Dit werd niet gezien in ongemuteerde CLL cellen (deze bleven resistent 
tegen chemotherapie). Bovendien werd in deze ongemuteerde CLL cellen celdeling 
geïnduceerd. Hoge expressie van eiwitten uit de NF-kB cascade en Bcl-xL werden 
gevonden in lymfklieren van CLL patiënten, hetgeen de in vitro data ondersteunt. Deze 
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data brengen een onderscheid tussen gemuteerde en ongemuteerde CLL aan het licht, 
dat het verschil in biologisch gedrag en prognose tussen de twee subgroepen mogelijk 
deels kan verklaren. 

In hoofdstuk 4 hebben we de rol van interacties tussen CD31 en CD38 in de 
pathogenese van CLL onderzocht. Interacties tussen CD38 (dat in wisselende mate tot 
expressie komt op CLL cellen) en CD31 op ‘nurse-like cells’ (NLCs) in de lymfklieren, 
worden gedacht te resulteren in anti-apoptotische signalering en celdeling in CLL. Deze 
interacties zouden de relatief slechte prognose van CLL met hoge CD38 expressie kunnen 
verklaren. Wij vonden echter geen aanwijzingen voor anti-apoptotische signalering noch 
celdeling van CLL cellen na stimulatie met CD31. Ook vonden wij geen invloed van 
CD31 stimulatie van CLL cellen op de expressie van genen betrokken bij apoptose. De 
vraag is dus of deze interacties werkelijk bijdragen aan de pathogenese van CLL. 

Het tweede deel van het proefschrift richt zich op therapeutische mogelijkheden om 
resistentie ten gevolge van p53 dysfunctie te omzeilen. 

Omdat het middel cisplatin (CDDP) effectief is gebleken in de behandeling van 
patiënten met een recidief lymfoom, hebben we eerst de effectiviteit van dit middel 
onderzocht in chemotherapie resistente CLL. Zoals beschreven in hoofdstuk 5, was 
dit middel inderdaad effectief (als onderdeel van het ‘R-DHAP’ schema); in 8 van de 10 
behandelde patiënten werd een goede respons gezien. 

Naar aanleiding van deze bevinding hebben wij vervolgens het werkingsmechanisme 
van CDDP verder onderzocht in vitro. In hoofdstuk 6 hebben we onderzocht of de 
effectiviteit van het middel gemedieerd wordt door het eiwit TAp73. TAp73 is een familielid 
van p53, waarvan in verschillende solide tumoren is aangetoond dat het functies van 
p53 kan overnemen. Verhoogde expressie van TAp73 (en enkele eiwitten die door TAp73 
geïnduceerd worden) werd inderdaad gezien in CLL cellen die waren afgenomen bij 
een patiënt die kort daarvoor met CDDP behandeld was. Verder onderzoek in vitro naar 
de rol van TAp73 in de p53 dysfunctionele cel-lijn MEC-1, toonde c-Abl afhankelijke 
opregulatie van TAp73 en celdood na behandeling met CDDP. Een dergelijke opregulatie 
van TAp73 werd niet gevonden na behandeling met CDDP in vitro van primaire CLL cellen 
verkregen uit de bloedbaan van (onbehandelde) patiënten. Een verhoogde expressie van 
TAp73 werd wel gevonden in CLL cellen verkregen uit lymfklieren van CLL patiënten. Dit 
is in overeenstemming met eerdere bevindingen; namelijk dat CLL cellen die zich in de 
lymfklieren bevinden een andere opmaak hebben ten gevolge van hun interacties met 
het micromilieu. Het is goed mogelijk dat TAp73 in vivo wel degelijk een rol speelt in de 
respons op behandeling met CDDP. 

Hoewel behandeling van primaire cellen met CDDP als enig middel dus niet 
in inductie van TAp73 resulteerde noch tot celdood leidde, vonden we wel synergie 
wanneer het gecombineerd werd met fludarabine (F-ara-A), een belangrijk middel in de 
behandeling van CLL. Deze synergie was onafhankelijk van p53 functie. Resistentie ten 
gevolge van CD40 stimulatie (als model voor interacties met het micromilieu) kon ook 

162



worden opgeheven. Zoals beschreven in hoofdstuk 7, vonden wij dat na behandeling 
met de combinatie van deze middelen een ophoping ontstaat van zuurstofradicalen 
(reactive oxygen species; ROS) in de CLL cellen, en dat het pro-apoptotische eiwit Noxa 
wordt geïnduceerd. Zowel het toedienen van anti-oxidantia (die de productie van ROS 
remmen) als het doelgericht uitschakelen van Noxa (middels RNAi), konden celdood 
ten gevolge van de behandeling (ten dele) remmen. Deze data tonen aan dat de redox 
balans van de CLL cel een doelwit zou kunnen zijn voor behandeling van cellen die 
resistent zijn geworden tegen gangbare vormen van chemotherapie. 

In hoofdstuk 8 wordt ten slotte een overzicht gegeven van de huidige standaarden 
voor de behandeling van recidief en refractaire CLL. Ook worden enkele veelbelovende 
middelen besproken die zich momenteel nog in een experimenteel stadium bevinden.

Conclusie

Hoewel er in de afgelopen jaren veel vooruitgang is geboekt op het gebied van de 
behandeling van CLL, is het ontstaan van resistentie tegen chemotherapie nog steeds een 
zeer groot probleem. Het vinden van behandelstrategieën voor patiënten met resistente 
ziekte is dan ook een van de grootste uitdagingen. Het vaststellen van de zwakste plek 
(de achilleshiel) van de CLL cel is hierin een belangrijke stap. De afhankelijkheid van CLL 
cellen van interacties met het micromilieu vormt een potentieel doelwit voor behandeling 
dat momenteel uitgebreid onderzocht wordt. Daarnaast worden in dit proefschrift twee 
alternatieve mechanismen beschreven waarmee celdood bewerkstelligd kan worden in 
resistente CLL cellen, namelijk de redox balans en het TAp73 pad. Gericht ingrijpen op 
deze paden zou een zinvolle benadering kunnen zijn om resistentie tegen chemotherapie 
in CLL te overwinnen.
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Chapter 4. Figure 2. Co-culture of CLL cells with CD31-transfected fibroblasts does not result 
in an altered expression profile of apoptosis regulating genes. CLL samples were co-cultured for 
3 days with 3T3, 3T31 or 3T40L cells (CD38low n=2; CD38high n=4 for 3T3 and 3T31 and n=3 for 
3T40L). The relative expression level of indicated genes, as assessed by RT-MLPA, was related to the 
average expression in the CLL samples co-cultured with 3T3 cells. The resulting matrix was imported in 
the program MultiExperiment Viewer (www.tigr.org), and values were assigned green or red colors; green 
for values between 0 and 1 indicating downregulation and red for values >1 indicating upregulation. The 
CLL samples are ordered as indicated below the matrix. In the right hand column, the genes are ordered 
by functional category (HKG= house-keeping genes; β2M= β-2-microglobulin). A significant change in 
expression level was defined as a two-fold up- or downregulation of the average expression of a gene 
in samples co-cultured with 3T31 or 3T40L cells compared to samples co-cultured with 3T3 cells and 
a statistical significant difference with a p-value <.05 (two-sided students T-test for 5 paired samples). 
No significant differences were found after co-culture with 3T3 or 3T31 cells; genes with a significant 
differential expression level after co-culture with 3T40L are denoted with *. To exclude the possibility that 
variations in gene-expression occur at time-points earlier or later than 72 hours, of two CD38high CLL 
patients additional RNA was isolated after 24 and 120 hours of co-culture. Also at these time-points, no 
differences were found (data not shown).
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Chapter 6. Supplemental figure 2. MEC1 is a p53 dysfunctional human pro-lymphocytic cell line 
(A) May-Grunwald-Giemsa staining (500x) (B) Upper panel: fluorescent in situ hybridization (FISH) of 
MEC1 showing trisomy 7 (CEP7) and 1 x deletion of 17p (p53). Lower panel: western blot showing lack 
of p53 induction upon 5 Gy radiation. I-83, a p53-functional CLL cell-line, is used as control.  
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Chapter 7. Figure 2. Co-treatment of CLL cells with F-ara-A and CDDP induces upregulation of 
Noxa. (A) Cells of 3 p53 functional (pt no 11, 18, 22) and 3 p53 dysfunctional (pt no 2, 4, 5) CLL patients 
were treated with 10 μM CDDP, 10 μM F-ara-A or the combination in de presence of Q-VD-OPh. The 
mRNA expression level of 30 apoptosis regulating genes was assessed by RT-MLPA (as described in the 
Methods section). Gene expression upon treatment was related to gene expression in untreated cells. The 
resulting matrix was imported in the program MultiExperiment Viewer (www.tigr.org/software/tm4), and 
values were assigned green or red colors; green for values between 0 and 1 indicating downregulation 
and red for values >1 indicating upregulation. The CLL samples are ordered as indicated below the 
matrix. In the right hand column, the genes are ordered by functional category (HKG= house-keeping 
genes; β2M= β-2-microglobulin). Significant changes in expression are indicated with (*) for p53+ 
samples and (†) for p53- samples (p < .05, Kruskal Wallis test with post-hoc Dunns-test).
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