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Abstract

Abstract

In this study, I applied a range of techniques in an attempt to enhance our 

knowledge of the role that CD38 plays in the pathogenesis of CLL. Investigation 

of a number of techniques to genetically modify the CLL cells led to the 

development of a lentiviral transduction system that was able to induce a marked 

increase in the ectopic expression of CD38 on the CLL cell surface. Subsequent 

molecular analysis identified changes in gene expression which may enhance 

disease progression. The pro-angiogenic growth factor VEGF and the DNA 

mismatch repair protein Msh6 were both identified as candidates for further 

investigation. This work also highlighted the challenges and limitations involved 

in using a lentiviral knock-in system and led to the design of experiments 

utilising CD31 -expressing co-cultures to stimulate CD38 on the CLL cell 

surface. The CD31-expressing co-culture system induced survival within the 

CLL sample compared to cells incubated with the control, non-transfected co

culture. Increased proliferation was illustrated through the incorporation of 

BrdU and induction of the cell cycle protein Ki-67. Multi-colour flow cytometry 

was employed to observe the expression of surface and intracellular molecules 

which may be involved in CLL cell activation and signalling. Changes in the 

phenotype of the CLL cells were consistently observed which support the notion 

that these cells can be activated in vitro and can thereby enhance B-cell receptor 

signalling. Specifically, CD 19, CD38 and the aberrantly expressed tyrosine 

kinase Zap-70 were all induced following incubation with CD31-expressing co

culture. This is the first time that a lentiviral transduction system has been 

developed which efficiently expresses CD38 in a CLL cell population with little 

cell death. The work carried out in this project also highlights the importance of 

using co-culture to stimulate CD38 on the surface of the CLL cells in vitro. The 

novel findings within this project have given insight into some of the 

mechanisms of CD38 signalling, provided direction for future work and 

highlight the potential of CD38 as a therapeutic target in CLL.
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Chapter I Introduction

Chapter 1.0 Introduction

1.1 A brief history
With the development of novel cell staining techniques in the late 19th 

Century, Paul Ehrlich described the morphological differences between myeloid 

and lymphoid leucocytes which allowed a much stricter definition of leukaemia 

(Ehrlich, 1887). His work was in agreement with the interpretations of Neumann 

who had previously described lymphocytic leukaemia as a primary disease of the 

haematopoietic system (Seufert and Seufert, 1982). By the mid 20th century 

chemotherapy and radiotherapy had been in use for many decades as treatments 

for leukaemia and the results of long-term studies in patients with chronic 

lymphocytic leukaemia (CLL) were yielding some important findings. A report 

by Boggs et al. in 1966 described how intensive chemotherapy regimens were 

decreasing the mortality rates, but conversely a cohort of patients who remained 

untreated had better long-term survival (Boggs et al., 1966). At the same time, 

differences in the rate of proliferation of the leukaemic cells of individual 

patients were described, suggesting that the disease was able to manifest in two 

different forms: an indolent accumulation of lymphocytes or a more aggressive 

proliferation of cells (Galton, 1966). By the 1970s a large amount of clinical and 

laboratory data had accumulated for patients with CLL undergoing various 

treatment protocols (Hansen, 1973, Sawitsky et al., 1977). From this evidence 

came two simple, but very informative, classification systems for 

lymphoproliferative disease involving the clinical assessment of lymph nodes 

and spleen. These systems became the gold standard over the next decade and 

remain in use today (Binet et al., 1981, Binet et al., 1977, Rai et al., 1975). 

Revisions to the classification systems in the late 1980s along with new 

observations in the laboratory and clinic made the diagnosis, prognosis and the 

monitoring of patients with CLL much more comprehensive (Gale, 1987, Molica 

and Alberti, 1987, Montserrat et al., 1986).

The following decade saw great advances in the characterisation of cells 

through the staining of surface molecules and in 1994 Matutes et al. devised a 

scoring system to classify CLL into typical or atypical disease using a panel of 

antibodies (Matutes et al., 1994). This classification is still used in conjunction
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with the clinical staging systems defined by Rai and Binet and is the primary 

method of accurately diagnosing patients with CLL.

With the development of gene analysis techniques including fluorescence in 

situ hybridisation (FISH) and polymerase chain reaction (PCR) a patient’s 

prognosis following diagnosis can be more clearly defined and they can be 

monitored accordingly. These recent methods, along with novel markers of 

disease with prognostic significance, will be described in greater detail in the 

following sections.

1.2 Chronic lymphocytic leukaemia (CLL)
CLL remains the most common adult leukaemia in the Western world 

presenting at a median age of 65 years and accounting for around 30% of all 

leukaemias (Foon et al., 1990). Occurring predominantly in males (2:1 ratio) 

(Finch and Linet, 1992) CLL is characterised by the accumulation of immune- 

incompetent CD5 positive, mature-looking B-lymphocytes in the bone marrow, 

peripheral blood and lymphoid system (Montserrat and Rozman, 1995). The 

majority of the cells derived from the peripheral blood are arrested in the G0/G1 

phase of the cell cycle. However there is considerable evidence that these cells 

have undergone substantial cell division, most likely within in a lymphoid tissue 

proliferative compartment, to generate an expanding clone (Messmer et al., 

2005, Deaglio and Malavasi, 2009, Calissano et al., 2009).

The latest world health organization (WHO) classification scheme considers 

CLL as a mature B-cell neoplasm and does not distinguish it from small 

lymphocytic lymphoma (SLL) a disease that is comprised of the same cell 

phenotype, but which is usually confined to the lymph nodes (Jaffe, 2001). 

Accumulation of these mature lymphocytes eventually leads to bone marrow 

infiltration resulting in an impaired immune response (presumably due to a lack 

of normal B-cells), anaemia and thrombocytopenia. Around sixty percent of 

patients present with hypogammaglobulinaemia which becomes more prominent 

throughout the disease due to the inability of the CLL cells to express functional 

paraprotein (Dighiero, 1988).

Other clinical features including autoimmune manifestations and pathogenic 

autoantibodies have been detected in up to 30% of patients (Caligaris-Cappio,
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1996). They are usually polyclonal and are directed against haematopoietic 

antigens expressed on the surface of red blood cells and platelets. This may lead 

to severe autoimmune haemolytic anaemia and thrombocytopenia (Hamblin et 

al., 1986, Kipps and Carson, 1993).

1.2.1 Aetiology and epidemiology

The aetiology of CLL is unknown. Various studies have linked the 

development of CLL with exposure to occupational chemicals including 

benzene, radio-isotopes and pesticides (Schnatter et al., 2005, Pukkala et al., 

2009), though evidence to the contrary has also been presented (Linet, 2006). 

There is an established familial link in the development of CLL and individuals 

with first degree relatives suffering the disease possess a 2 to 7 fold increased 

chance of being diagnosed with CLL (Cuttner, 1992). This was confirmed by 

subsequent investigations using genome wide association analysis that identified 

a number of genetic loci that gave an accumulated risk of developing CLL (Di 

Bernardo et al., 2008, Crowther-Swanepoel et al., 2010). Other investigations 

have observed similar findings (Blattner et al., 1979, Neuland et al., 1983, Yuille 

et al., 2000, Capalbo et al., 2000), although studies involving twins have 

provided contrasting evidence as to whether there is an inherited genetic factor 

responsible for the development of CLL (Brok-Simoni et al., 1987, Chen et al., 

2002, Hakim et al., 1995). CLL is rarely seen in people of Asian origin and is 

not increased in multiple generations of Asian migrants who have settled in areas 

of high CLL prevalence (Pan et al., 2002). This again suggests that genetic 

factors are involved in the development of CLL.

1.2.2 Clinical presentation of CLL

Patients may present with asymptomatic disease and their elevated 

lymphocyte count identified through a routine blood test. This is rare though and 

most patients are investigated due to a persistent infection, general lethargy or 

malaise (due to an underlying anaemia) or increased tendency of bruising (due to 

a reduced platelet count). Upon examination the lymph nodes are often enlarged, 

though non-tender. Less visible is an enlarged spleen or liver occurring in around 

35% and 20% of patients respectively (Rai, 2003). Although CLL cells are able 

to accumulate in various lymphoid tissues, or organs, infiltration to the extent of
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enlargement of other sites, such as the tonsil or Waldeyer’s ring (at the rear of 

the pharynx), or as lesions in the skin are rare (Rai, 2003).

1.2.3 Clinical staging

A wealth of data collected throughout the mid twentieth century enabled Rai 

et al in 1975 and Binet et a l two years later to propose the criteria for a clinical 

staging strategy in CLL. Both classification systems are based on the clinical 

features observed upon examination and are still in use today as an accurate 

means of determining the prognosis for individual patients. Table 1.1 illustrates 

the Rai system. The individual stages range from 0 to IV and describe the 

symptoms according to the presence of lymphocytosis, lymphadenopathy, 

hepato/splenomegaly, anaemia and thrombocytopenia. Occurrence of the latter 

two anomalies is associated with advanced disease and an unfavourable 

outcome.

Low

0 Lymphocytosis only

Intermediate

I Lymphocytosis + lymphadenopathy

II Lymphocytosis + splenomegaly with/without 
lymphadenopathy or hepatomegaly

High

III Lymphocy tosis — anaemia, with or without organomegaly

IV Lymphocytosis + anaemia + thrombocytopenia, with or 
w ithout organomegaly

Table 1.1 Rai staging system (Adapted from Rai et al, 1975)

The Binet classification system is slightly simpler and is based on the 

presence or absence of anaemia or thrombocytopenia with lymphadenopathy at 

single or multiple sites (Table 1.2). Both systems are applicable to the CLL 

patient and determine the degree of B-cell infiltration into the lymphoid system, 

surrounding organs, and indirectly, the bone marrow.
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Stage A Patients have fewer than three areas of enlarged 
lymphoid tissue. Enlarged lymph nodes of the neck, 
underarms, and groin, as well as the spleen, are each 
considered "one group," whether unilateral (one-sided) 
or bilateral (on both sides).

Stage B Patients have more than three areas of enlarged 
lymphoid tissue

Stage C Patients have anaemia plus thrombocytopenia (platelets 
<100- 103/dL).

Table 1.2 Binet staging system (Adapted from Binet et al, 1981)

1.2.4 Laboratory diagnosis

In 1996 the National Cancer Institute set its criteria for the laboratory 

diagnosis of CLL and it was agreed that a lymphocyte count of 5xl09/litre was 

appropriate for the primary diagnosis of CLL (Cheson et al., 1996). Twelve 

years later the criteria were changed by the International Workshop for CLL 

(IWCLL) to differentiate sub CLL diseases, namely monoclonal B-cell 

lymphocytosis (MBL) and SLL, from the more classical form of the disease 

(Hallek et al., 2008). The amendment stipulated that a total B-cell count of 

5x109/1 should to be used to diagnose CLL. This amendment was met with some 

controversy (Hanson et al., 2009) and a consensus for the definitive diagnosis of 

this disease with regards to lymphocyte count still eludes the CLL community, 

as it has over decades of dispute (Cheson et al., 1996, Matutes and Polliack, 

2000). Fortunately with the use of immunophenotyping and cytogenetic analysis 

very few cases of CLL are misdiagnosed or incorrectly treated.

1.2.4.1 Morphology

Following the intense study of blood cell morphology an agreed CLL 

classification system was agreed upon in 1989 by a French, American and 

British (FAB) board to standardise the diagnosis of CLL using cell morphology 

(Bennett et al., 1989). Two main types of CLL may be primarily determined
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from blood film analysis. The first is typical CLL where the lymphocytes present 

are small (around 7.3pm in diameter (Kuse et al., 1985)) with a single lobed 

nucleus which occupies the majority of the cell volume leaving a thin layer of 

cytoplasm (Matutes and Polliack, 2000) (Figure 1.1). The nuclei encapsulate 

dark staining chromatin revealing very little nuclear detail (Hamblin, 2009). A 

few larger B-cells may be present which are twice the size of a typical CLL cell 

and portray a larger cytoplasmic region and a visible nucleolus. These cells are 

designated pro-lymphocytes (PL) and may be present in typical CLL when 

accounting for less than 10% of the total lymphocyte count (Frater et al., 2001).

CLL cell

Smudge cell

Figure 1.1 Blood film illustrating typical CLL cells and smudge cells

(Adapted from Brandon Guthery, M.D., and Nasir Bakshi, M.D. Department of 

Pathology, University of Oklahoma Health Sciences Center, Oklahoma City)

The second type of CLL, defined morphologically and by cell surface 

markers, is atypical CLL. It accounts for around 15% of all cases and can be 

divided into two sub-types (Criel et al., 1999, Matutes and Polliack, 2000); the 

first exhibits 10-55% prolymphocytes and is designated CLL/PL. The second 

sub type is known as “mixed cell-type” atypical CLL and plasmacytoid or 

cleaved B-cells are present. Both forms of atypical CLL are usually associated 

with poor risk cytogenetics and immunophenotype and therefore represent a 

more aggressive form of the disease.
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A regular feature of the CLL blood film are smudge cells which are CLL 

cells which have been smeared due to the increased fragility of the cell 

membrane. These smudge cells are an artefact of the slide preparation but are 

almost diagnostic for CLL (Simmonds et al., 1981) (Figure 1.1). In 2009 a report 

by Nowakowski et al. showed that the number of smudge cells observed on the 

blood film could predict survival in CLL patients (Nowakowski et al., 2009). 

Erythrocytes and platelets usually appear normal in typical CLL although in rare 

cases of hypergammaglobulinaemia the red cells stack in rouleaux formations 

(Hoffbrand AV, 2001).

1.2.4.2 Bone marrow and lymph node involvement

It has been reported that bone marrow examination upon presentation is an 

important determinant of patient outcome (Rozman et al., 1984), though 

evidence to the contrary exists (Mauro et al., 1994, Geisler et al., 1996). The 

presence of more than 30% lymphocytes in the bone marrow is indicative of 

CLL (Cheson et al., 1996). Four patterns of bone marrow histology have been 

described in CLL that are largely concerned with the degree of bone marrow 

infiltration. They are defined as interstitial, nodular, mixed (nodular plus 

interstitial) and diffuse. The most commonly observed is the mixed type with the 

diffuse pattern determining the worst prognosis (Rozman et al., 1984).

Proliferation centres have been described in the bone marrow and lymph 

nodes of CLL patients, which are constructed from large prolymphocytoid and 

paraimmunoblast cells surrounded by T-cells and small CLL lymphocytes 

(Matutes and Polliack, 2000, Wang et al., 2008). Identification of these 

structures during histological analysis is usually a determinant of progressive 

disease (Wang et al., 2008, Soma et al., 2006). However, lymph node biopsies 

are not routinely acquired from patients at diagnosis and are only obtained 

throughout the course of the disease if the nodes are enlarged due to suspected 

transformation.

1.2.4.3 Lymphocyte doubling time

The use of the lymphocyte doubling time (LDT) as a prognostic indicator 

was first described in the mid 1980s. Although the LDT correlates with other 

markers of disease, its use as a sole predictor of outcome in CLL patients was
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rapidly identified as an accurate and simple method of assessing disease 

progression (Montserrat et al., 1986). In 1986 Montserrat et al. proposed that an 

LDT greater than 12 months identified a patient cohort with a good prognosis, 

whereas an LDT of less than or equal to 12 months was associated with poorer 

survival (Montserrat et al., 1986, Vinolas et al., 1987). In addition they found 

that a short LDT predicted rapid progression for patients in the early stages of 

disease.

1.2.5 Immunophenotyping

To confirm the diagnosis of CLL, the presence of specific markers on the 

cell surface can be detected using flow cytometry. Dillman et al were one of the 

first groups to illustrate that monoclonal antibodies can be used to identify 

surface markers on lymphocytes and contribute to the identification of subsets of 

CLL with differing prognostic outcome (Dillman et al., 1983). Since then a 

plethora of cell-specific immunological markers have been identified on the 

surface of the aberrant cells to further define the type of leukaemia present and 

predict the course of the disease.

The Matutes score defines classical CLL as a CD 19+, CD20+, CD23+ and 

CD5+ monoclonal B-cell population, in the absence of other pan-T-cell markers 

(Matutes et al., 1994). The B-cells express either kappa (k) or lambda (2) light 

chains and surface immunoglobulin (slg) is of low density and is predominantly 

immunoglobulin-M (IgM) with or without IgD. Depending on the number of 

these cell markers expressed on a population of CLL cells (and morphological 

differences) the disease may be diagnosed as typical or atypical CLL. The 

absence of other specific markers is used to diagnose classical CLL from a 

multitude of other lymphoid malignancies. These include CD 10, CD 11c, cyclin 

D1 and CD 103 (Dillman, 2008). Many of the cell surface antigens used to 

diagnose CLL are markers of B-cell maturity (e.g. FMC7 and TdT). The stage at 

which the B-cell transforms may be crucial to the severity of the disease 

underlining the importance in identifying such molecules. CD79b and CD22 are 

either weakly expressed or absent from the B-cell surface in CLL. Both 

molecules are involved in cell signalling (CD79b is usually abundant as a 

component of the activated B-cell receptor) and their absence may account, in
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some part, for the anergic nature of the CLL cell (Caligaris-Cappio et al., 1993, 

Payelle-Brogard et al., 2006).

The identification of numerous antigens specific for the individual B-cell 

disorders is important in the accurate diagnosis of the disease and provides 

prognostic value beyond the realms of cell morphology alone. A summary of 

surface and intracellular markers, used to identify the various B-lineage 

malignancies, are shown in Table 1.3.

Marker Follicular CLL Mantle MZL/MALT PLL’ DLBClI I  HCL BL/BLL LPL

Sig + dim ♦ ♦/+ + ♦ + +

Cig - -/♦ -1* - - - +

CD5 - ♦ + -/- -/+ - - - -

CD10 + - V- - -1+ - + -

CD20 + dim ♦/+ + t + t +

CD23 ./+ ♦ +/- - • - ■

CD43 • t  + •1* - -/+ + - H-

CD103 - - ♦/- - NA + NA •

Cyclin D1 - - - - -/+ - ■

+, >90% positive; +/-, >50% positive; -/+, <50% positive; <10% positive; CLL = chronic 

lymphocytic leukaemia; MZL/MALT = splenic marginal zone/mucosa-associated lymphoid 

tissue; PLL = prolymphocytic leukaemia; DLBCL = diffuse large B-cell lymphoma; HCL =  

hairy cell leukaemia; BL/BLL = Burkitt lymphoma/Burkitt-like lymphoma; LPL =  

lymphoplasmacytoid lymphoma; SIg = surface immunoglobulin; C lg = cytoplasmic 

immunoglobulin.* A T-cell variant is present in approximately 20 to 30% o f  PLL cases. NA = 

Not applicable for diagnosis o f  this disease.

Table 1.3 Surface and intracellular markers of B-lineage malignancies

(Adapted from Finak et al, 2009)

1.2.6 Cytogenetics
The analysis of chromosomes, using metaphase banding techniques and the 

development of interphase FISH, have allowed the identification of genetic 

aberrations with diagnostic and prognostic significance in CLL. Clonal 

cytogenetic aberrations can be identified in 50% of CLL cases using 

chromosome banding and an additional 30% more subtle rearrangements and
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mutations can be identified using interphase FISH (Mossafa H, 1997, Reedy,

2005).

Sub-clones may be found in some patients, which exhibit complex 

cytogenetic karyotypes. The most common aberrations identified upon 

presentation, or as the disease develops, are 13q deletion, trisomy 12, 17p 

deletion, and l lq  deletion. Many of the biological mechanisms altered by such 

genetic mutations are well described and have provided rationale for the 

observed disease progression and insight into the generation of tailored 

treatments for each sub-set of disease. There have been many studies carried out 

correlating these cytogenetic abnormalities with the clinical outcome of patients 

(Garcia-Marco et al., 1997, Mayr et al., 2006).

1.2.6.1 17p deletion

Monoallelic deletion of various sized portions of the short arm of 

chromosome 17 are observed in 7-8% of CLL cases and are associated with a 

poor prognosis (Amiel et al., 1997). The inferior outcome of CLL patients whose 

cells harbour the 17pl 3 deletion is thought to be due to the loss of genetic 

material encoding the p53 gene. The p53 protein plays a major role in cell 

development and is responsible for regulating progression through the cell cycle 

during mitosis. In response to an array of insults, including DNA damage, 

functional p53 is able to arrest the cell cycle in the Gl/S phase and allow the 

repair of genetic material before cell division. If the damage is irreparable then 

p53 promptly induces apoptotic signals resulting in deletion of the cell (Jacks 

and Weinberg, 1996). Many of the chemotherapeutic agents used to treat CLL do 

so by inducing DNA damage thereby promoting apoptotic cell death. Clones 

accommodating the p53 deletion are particularly resistant to these agents and 

remission is short-lived following the treatment of such patients (Wattel et al.,

1994). Novel therapeutic regimens include combination chemotherapy, high 

dose steroids and immunotherapy using monoclonal antibodies such as 

Alemtuzumab (anti-CD52) (Zenz et al., 2009). Initial studies have shown that 

these drugs improve the outcome in this poor prognostic group of patients 

(Lozanski et al., 2004). Additionally mutations in the p53 gene have been 

described in CLL (Gaidano et a l , 1991). Such mutations may occur in the
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absence of p53 deletion and are also associated with a poor outcome in CLL 

(Zenz et al., 2009).

1.2.6.2 13ql4.3 deletion

Deletion of a region within 13ql4.3 is the most common genomic aberration 

in CLL and occurs in more than 50% of patients (Stilgenbauer et al., 1998). Two 

functional genes present within this region are the deleted in lymphocytic 

leukaemia genes 1 and 2 (DLEU1 and DLEU2). Recent evidence suggests that 

these genes transcribe proteins which are involved in the regulation of tumour 

suppressor micro-RNA molecules miR-15a and miR-16-1 (Mertens et al., 2009). 

Deregulation of these recently described micro-RNA molecules in CLL results in 

an indolent disease with a favourable outcome. In a recent report the 

DLEU2/miR-15a/16-l gene cluster was shown to control B-cell proliferation and 

its deletion led to CLL like disease in mice (Klein et al., 2010).

1.2.6.3 Trisomy 12

In 15-25% of CLL cases, sub-clones exist which harbour three copies of 

chromosome 12. This genetic aberration is associated with an atypical CLL cell 

phenotype with increased surface immunoglobulin and FMC7 (Matutes et al., 

1996). Although associated with other poor prognostic indicators such as CD38 

and unmutated immunoglobulin genes (Athanasiadou et al., 2006), a direct 

correlation between trisomy 12 and a poor prognosis has not been established. 

The presence of trisomy 12 was shown to correlate with a reduced survival time 

only in the presence of a second chromosomal aberration when compared with 

patients with 13q abnormalities or a normal karyotype (Juliusson et al., 1990).

1.2.6.4 Ilq22-q23 deletion

Deletion of a segment of the long arm of chromosome 11 is seen in 

approximately 14% of patients with CLL (Bullrich et al., 1999). The portion of 

the chromosome affected encodes the ataxia telangiectasia mutated (ATM) 

protein which is a key player in the recruitment of tumour suppressor proteins to 

sites of DNA damage and cell cycle regulation. Patients with the deleted ATM 

gene are therefore often resistant to conventional chemotherapy which induces 

DNA damage. llq22-23 deletion in CLL is associated with increased
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lymphadenopathy and poor survival, particularly in younger patients (Dohner et 

al., 1997). Interesingly the loss of this potent mechanism of apoptosis induction 

has been exploited in the treatment of CLL. Inhibition of Poly (ADP-ribose) 

polymerase (PARP) imposes the requirement for DNA double strand break 

repair. ATM is essential for this function and in its absence the cell undergoes 

mitotic catastrophe (Kurz and Lees-Miller, 2004). This method of synthetic 

lethality has been found to be very successful in killing CLL cells in vitro and in 

vivo and PARP inhibitors such as Olaparib are being assessed for use in CLL 

patients with the 1 lq22-23 deletion (Weston et al., 2010).

1.2.6.5 Additional cytogenetic abnormalities

Various other genetic aberrations have been observed in CLL that are known 

to have prognostic significance. Translocations involving the immunoglobulin 

heavy chain locus on chromosome 14 may be detected although such anomalies 

are much more common in the solid tumours (t(14;18) in follicular lymphoma 

and t( 11; 14) in mantle cell lymphoma). Other genetic abnormalities include 

deletion of chromosome arm 6q, acquisition of a portion of chromosome 8 

(8q24), trisomy 3 and trisomy 18.

1.2.7 CLL transformation (Richter’s Syndrome)

First described by Maurice Richter in 1928, Richter’s syndrome is the 

transformation of CLL to an aggressive diffuse large B-cell lymphoma 

(DLBCL). More recently Richter’s transformation has been found to represent 

two biologically different conditions. The first is the transformation of CLL into 

a DLBCL that has arisen from the original CLL clone. The second represents a 

similar DLBCL that originates from a different clone to that of the original CLL 

(Rossi and Gaidano, 2009). CLL transforms to Richter’s syndrome in around 

five to twenty percent of cases (Tsimberidou and Keating, 2005). Until recently 

the biological and clinical characteristics of CLL and their relation to 

transformation to Richter’s was unclear. A study by Rossi et al. in 2008 

identified the variables in CLL which may be used to predict the onset of 

Richter’s (Rossi et al., 2008). Table 1.4.a and b summarise the biological and 

clinical variables respectively.
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Biological
Variable

Events
(n)

Log-rank. Risk of 
mortality within § 

years (%) P HR
Cox

95%CI P
IgHV <98% 6/114 7 0.006 0.11
IgHV >98% 11/64 28.3 3.65 1.34-9.35

No IGHV 4-39 13/170 11.1 <0.001 0.002
IgVH 4-39 4/8 56.2 6 1.95-18.43
Del 13q 14 3/95 3.8 0.004 0.009

No Del 13q 14 13/78 25.4 5.27 1.5-18.5
CD38 <30% 4/123 4.7 <0.001 0.002
CD38 >30% 11/60 35.4 6.01 1.91-18.89

Zap70 <20% 1/77 1.9 0.004 0.003
Zap70 >70% 7/50 21 11.24 1.38-91.55

HR, hazard ratio; Cl, confidence interval; P, P value calculated by both log-rank and Cox 

univariate analysis; BM, bone marrow; LDH, lactate dehydrogenase; ULN, upper limit of 

normal.

Table 1.4.a Biological risk factors of CLL transformation to Richter’s 

syndrome identified by univariate analysis at CLL diagnosis (Adapted from 

Rossi et al., 2008)

Clinical Variable
Events

(n)

Log-rank. Risk of 
mortality within 

5 years (%) P HR
Cox

95%CI P
Lymph node <3 cm 7/158 6.1 <0.001 <0.001

Lymph node >3cm 10/26 49.9 9.99 3.7-26.96

Nodal areas involved <3 8/151 8.3 <0.001 0.001

Nodal areas involved >3 8/33 31.8 5.51 2.66-14.72

LDH <1 ULN 9/167 8.6 <0.001 0.001

LDH >1 ULN 6/17 42.3 5.89 2.14-16.21

Binet Stage A 7/135 7.1 0.002 0.004

Binet Stage B-C 10/50 29.6 4.18 1.59-11.01

No diffuse BM 8/138 8.4 0.017 0.024

Diffuse BM 8/46 22.9 3.1 1.16-8.27

HR, hazard ratio; Cl, confidence interval; P, P value calculated by both log-rank and Cox 

univariate analysis; BM, bone marrow; LDH, lactate dehydrogenase; ULN, upper limit of 

normal.

Table 1.4.b Clinical risk factors of CLL transformation to Richter’s 

syndrome identified by univariate analysis at CLL diagnosis (Adapted from 

Rossi et al., 2008)
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1.2.8 Treatment of CLL

CLL patients may present with very high lymphocyte counts (sometimes in 

excess of 500xl09/L), but with good prognosis CLL cell phenotype, normal 

cytogenetics and a long LDT. This suggests that the disease has manifested over 

a period of many years or even decades and that aggressive treatment with 

cytotoxic drugs is not required for this indolent accumulation of lymphocytes. 

The use of first-line lymphocyte depleting drugs may be enough to control the 

lymphocyte count sufficiently so that patients remain well enough to live with 

the disease for many years. However, regular assessment of the lymphocyte 

count is required to ensure that the CLL clone does not transform into aggressive 

disease. Patients with a less favourable prognosis following clinical staging, cell 

phenotyping and genetic investigations, are candidates for more aggressive 

therapy usually involving an intensive combined chemotherapy regimen. Early 

strategies for the treatment of CLL included the use of standard chemotherapy 

alkylating agents like chlorambucil that induced a complete remission in around 

5% of patients (Figure 1.2) (Kay, 2006). The purine nucleoside analogues (which 

prevent elongation of DNA strands through direct incorporation into DNA and 

also inhibit RNA polymerase II) were introduced in the 1980s. These molecules, 

when used in combination with the original alkylating agents, induced a much 

improved response in patients with CLL (Kay, 2006). Various combinations of 

these drugs have been used in clinical trials yielding similar outcomes in 

patients. The use of fludarabine as a single agent or in combination with 

cyclophosphamide resulted in more patients entering complete remission and 

this drug remains an important chemotherapeutic option for CLL patients with 

advanced disease (Eichhorst et al., 2006).
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Figure 1.2 The development of CLL therapy throughout the 20th century

and patient outcome (Adapted from Kay, 2006a)

Advances in immunotherapy have seen the introduction of monoclonal 

antibodies that target the CLL B-cells (rituximab (anti-CD20)) or mature B and 

T-cells (alemtuzumab (anti-CD52)) within the patient. Although more target 

specific, they are known to cause substantial immune suppression and are used 

with care as treated patients are susceptible to infection (Peleg et al., 2007). A 

recent summary of first and second line treatment for advanced CLL was 

published by Eichhorst et al. in 2009 for the European Society for Medical 

Oncology (Eichhorst et al., 2009). They determined that only those patients with 

advanced stage disease with anaemia and/or thrombocytopenia, who do not 

respond to treatment with corticosteroids, should receive chemotherapy. First 

line regimens should consist of fludarabine, cyclophosphomide with rituximab 

(FCR) in younger (or fitter) patients, or chlorambucil in those with co

morbidities. The results from this study agreed with data published by Tam et al. 

in 2008, which highlighted the use of rituximab as a first line therapy in CLL 

(Tam et al., 2008). More recently, data from the CLL8 German study confirmed 

that the use of rituximab in combination with FC results in an increased
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progression-free and overall survival in CLL patients (Hallek et al., 2010). In 

addition, bendamustine has been reported to be more effective as a first line 

therapy for advanced stage CLL when compared to chlorambucil (Knauf et al.,

2009).

It has been widely established that patients with a deleted p53 gene respond 

poorly to DNA damaging agents and as such these individuals have benefited 

from first line alemtuzumab monotherapy or alemtuzumab in combination with 

high dose steroids such as dexamethazone and methylprednisolone (Hillmen et 

al, 2007, Dungarwalla et al., 2008, Pettitt et al., 2006). Novel drug therapy in 

CLL includes the use of the immunomodulatory drug lenalidomide and the 

monoclonal antibody lumiliximab. Lenolidamide was reported to re-establish the 

humoral immune recognition of malignant CLL cells through increased 

expression of the CD 154 antigen on the cell surface (Lapalombella et al., 2009). 

In the same report Lapalombella et a l described TNF-related apoptosis-inducing 

ligand (TRAIL) mediated apoptosis and the generation of antibodies by normal 

B-cells following treatment with lenalidomide. Lumiliximab is an anti-CD23 

monoclonal antibody that was shown to be beneficial in combination with 

fludarabine, cyclophosphomide and rituximab in CLL (Byrd et al., 2010). A 

second generation of fully humanised anti-CD20 monoclonal antibodies 

(Ofatumumab and GA-101) are currently being trialled in CLL. These antibodies 

have shown enhanced complement-dependent cytotoxicity and antibody- 

dependent cellular cytotoxicity compared with rituximab (Cheson, 2010, 

Bologna et al., 2011).

17p deleted patients are candidates for bone marrow transplant, though this 

is usually a last resort due to the high rate of mortality associated with 

myeloablative stem cell transplantation in older patients. (Michallet et al., 1996). 

Reduced intensity (non-myeloablative) and autologous transplantation may be 

considered though there is little data to suggest that these options offer a survival 

advantage over current therapies (Gribben, 2008).

1.2.9 The origin of the CLL cell

The origin of the CLL cell is a topic which has been widely debated and 

various hypotheses have been proposed and reviewed over the years in light of 

novel findings. Initial studies describe CLL B-cells as closely resembling CD5
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positive lymphocytes in the mantle zone of the secondary lymphoid follicle (Rai, 

2003). The CLL cells express low levels of surface immunoglobulin and are 

predominantly anergic. These features are characteristic of normal B- 

lymphocytes that have been exposed to self antigen and are candidates for 

deletion (Damle et al., 2002). CLL cells have also been shown to display some 

biological features of T-cells (Majolini et al., 1998, Wiestner et al., 2003). This 

led Caligaris-Cappio and Ghia to surmise that the transformation event in CLL 

may occur at an early stage of maturation when the B-cell was less distinct from 

its immunoregulatory partner, the T-cell (Caligaris-Cappio and Ghia, 2004).

The discovery that the immunoglobulin genes in CLL can be either mutated 

(suggesting that the cells had experienced antigen) or unmutated (suggesting a 

naive B-cell phenotype) confounded initial hypotheses and the idea arose that 

CLL was in fact two separate diseases; the first originating from a naive B-cell 

and the second from an antigen experienced, post germinal centre B-cell 

(Hamblin, 2002, Dighiero, 2002, Fegan, 2002). Gene expression analysis has 

identified specific genes differentially expressed between the two groups, which 

supports this theory (Ferrer et al., 2004). Evidence to the contrary exists however 

and additional gene expression studies have illustrated that CLL cells exhibiting 

unmutated IGHV genes have profiles very similar to that of antigen experienced 

memory B-cells (Klein et al., 2001, Rosenwald et al., 2001). An interesting 

study by Herve et al. induced auto and polyreactivity of mutated CLL antibodies 

by reverting them to the germ line sequence in vitro. They concluded that both 

mutated and unmutated CLL were derived from a self-reactive B-cell precursor 

and that somatic hypermutation has an important role in the development of CLL 

by altering the BCR autoreactivity (Herve et al., 2005). Current thinking is from 

an immunobiological approach with an emphasis on the possibility that CLL is 

an antigen driven disease. The identification of stereotyped IGHV 

rearrangements in mutated and unmutated CLL, together with gene array 

analysis, suggest that the CLL cell is an antigen experienced B-cell (Stevenson 

and Caligaris-Cappio, 2004). The progression of this B-cell is determined by a 

host of other molecular and biochemical events occurring within the cell and 

with its surrounding microenvironment (Ghia and Caligaris-Cappio, 2006).
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1.2.10 Antigen driven disease/autoimmunity

The fact that the VH gene rearrangements utilised by CLL B-cells from 

individual patients show a great deal of parity supports the hypothesis that a 

common antigen, or antigens, may be present in vivo and play a role in B-cell 

transformation or disease progression. Messmer et al. described a high degree of 

IGHV restriction in 452 patient sequences broken down into 5 distinct groups 

with regard to gene segment usage (Messmer et al., 2004). More recently, 

investigations by Stamatopoulos’ group compared the distribution of IGHV gene 

usage and somatic hypermutation in normal B-cells to a large cohort of CLL 

patients. They described the use of restricted IGHV segments in CLL and 

correlated specific rearrangements (including IGHV 3-21 and 4-34), along with 

stereotyped CDR3 regions and mutational load, with aggressive disease (Murray 

et al., 2008). The group followed up this work by looking at intraclonal diversity 

within the immunoglobulin light chains. They illustrated restricted gene usage 

and stereotyped light chains, especially within the IGHV 4-34 subset (Kostareli 

et al., 2010). This evidence strongly implies that specific antigenic stimuli are 

involved in the selection of the malignant B-cell clone or that CLL derives from 

a specific progenitor B-cell with a limited ability to select alternative IGHV 

rearrangements. Two recent reports describe the source of possible antigens that 

may stimulate the CLL cells to proliferate. Interestingly the antigens identified 

were derived from the surface of apoptotic cells generated by oxidation during 

the apoptotic process (Lanemo Myhrinder et al., 2008, Catera et al., 2008). 

These autoantigens are known to contain epitopes similar to those on bacteria 

and other microbes. A possible hypothesis therefore would be that the CLL clone 

is derived from a population of B-cells whose role is to target apoptotic cells and 

facilitate their clearance. In the presence of infection, bacterial antigens may 

stimulate these cells to proliferate uncontrollably. A review by Ghia et al. 

suggests that the CLL cell is most likely derived from an anergic CD5+ B-cell 

that is auto/poly reactive. Whether the autoantigen present is the cause of the 

transformation event is highly debatable, but it is likely that it is involved in 

maintaining the clone (Ghia et al., 2007).
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1.3 Molecular characteristics of CLL
A multitude of genetic anomalies occur in individual patients with CLL that 

make it an extremely complex and heterogeneous disease. The presence or 

abscence of somatic hypermutations in the IGHV genes that encode the B-cell 

receptor (BCR) determine a good or poor prognosis in CLL patients respectively. 

Over-expression of certain genes in the CLL cell results in the production of 

intracellular and surface proteins giving rise to an aggressive disease. The 

biology of many of these molecules is known and their presence in the CLL cell 

is undesirable if the normal processes of cell differentiation or programmed cell 

death are to take place. CD38 is an example of a cell surface glycoprotein which 

may be over-expressed on the surface of CLL cells. A second molecule 

expressed in many cases of aggressive disease is the ^-associated protein Zap-70. 

This intracellular tyrosine kinase has signalling properties that may enhance the 

proliferative potential of the CLL clone (Deaglio and Malavasi, 2009). CD38 and 

Zap-70 confer a poor prognosis when over-expressed in CLL and both have been 

widely investigated as markers of aggressive disease. Although an association 

exists between the increased expression of CD38, Zap-70 and the presence of 

unmutated IGHV genes, many conflicting reports have been published. (Hamblin 

et al., 2002, Cruse et al., 2007, Rassenti et al., 2008, Crespo et al., 2003, 

Rassenti et al., 2004, Wiestner et al., 2003). Other molecules that may be 

aberrantly expressed in CLL patients include CD23, CD49d, P2-microglobulin, 

vascular endothelial growth factor (VEGF) and the Bcl-2 family proteins 

(Fournier et al., 1992, Schimmer et al., 2003, Veronese et al., 2009, Rossi et al., 

2008, Packham and Stevenson, 2005).

1.3.1 Immunoglobulin genes and the B-cell receptor

1.3.1.1 Immunoglobulin gene diversity in B-cells

The primary events that allow the expression of a diverse number of antigen 

recognition epitopes on the surface of the B-cell occur at an early stage of B-cell 

development through rearrangement of the variable (V), diverse (D) and Joining 

(J) segments of the B-cell receptor. Following antigen recognition the B-cell 

migrates to the lymph node germinal centre where it is genetically modified to
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obtain a second level of antibody diversification so that a B-cell, highly specific 

to the foreign antigen, may be selected for clonal expansion (Li et al., 2004).

Within the germinal centre of the lymph node two main processes occur to 

enhance antibody diversity. The first of these is class switch recombination 

which involves rearrangement of the IGHV chain gene to incorporate one of the 

constant (C) regions (Chaudhuri and Alt, 2004). Known to be induced by IL-4 

derived from T-cells, the different classes of antibody generated may be released 

into the peripheral circulation to act as soluble mediators of immune surveillance 

with different properties depending on the C region usage (Janice Kuby, 1997). 

The second process employed, in order to introduce further antibody diversity, is 

that of somatic hypermutation. Point mutations (or less frequently insertions or 

deletions) are introduced into a 1.5kb region of the IGHV gene 150-200 base 

pairs down-stream of the promoter region (Li et al., 2004). This mechanism 

generates very subtle alterations to the B-cell antigen receptor expressed on the 

surface resulting in an extremely high specificity for the antigen. These complex 

processes require the participation of T-helper cells and dendritic cells and are 

characterised by the over-expression and down regulation of a multitude of genes 

within the B-cell (Li et al., 2004). The proteins expressed facilitate entry into the 

germinal centre, association with the exponent cells, genetic diversification, 

clonal expansion (or deletion) and differentiation.

1.3.1.2 IGHV gene usage in CLL

Investigations have been carried out to identify the IGHV gene usage of the 

malignant B-cell population in patients with CLL. Initial studies found that the 

IGHV gene usage of the CLL cells from different patients is not random (Fais et 

al., 1998). Later studies observed the gene usage in large patient cohorts and 

identified the most common recombinations. Specific BCR sub-types correlate 

with disease outcome and patients with VH3-21 recombinations were reported to 

have a shorter survival in CLL patients with mutated IGHV genes (Tobin et al., 

2002, Thorselius et al., 2006). Investigations have also been carried out which 

highlight the association of VH3-23 rearrangement as a marker of poor prognosis 

within the mutated IGHV gene cohort (Gerard Tobin, 2004, Bomben et al.,

2010). Additional studies have illustrated that the VHl-69 recombination is
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associated with the presence of unmutated immunoglobulin genes and aggressive 

disease (Potter et al., 2003, Forconi et al., 2009).

1.3.2.3 Somatic hypermutation in CLL

Early investigations looked at the mutation status of the CLL cell IGHV 

genes to observe whether the B-cell had encountered antigen and undergone 

somatic hypermutation in the germinal centre (Cai et al., 1992, Hashimoto et al.,

1995). Surprisingly the mutation status of individual patients varied from 

unmutated to highly polymorphic (Oscier et al., 1997). Analysis of the 

unmutated and mutated subgroups (defined as a IGHV sequence containing more 

or less than 98% homology to the corresponding germ line region respectively) 

revealed that patients with CLL B-cells harbouring unmutated genes had a 

significantly worse prognosis (Hamblin et al., 1999, Damle et al., 1999) (Figure

1.3).
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Figure 1.3 Correlation between IGHV  status and survival. Sampled from a 

cohort of 321 mutated and 100 unmutated patients from Cardiff University, 

Hospital of Wales. (Log rank survival p=<0.001; Hazard ratio=2.538)

Finally proteomic analysis of mutated versus unmutated CLL samples has 

illustrated differences in protein expression between the two groups (Cochran et 

al., 2003). Among the proteins identified nucleophosmin, which is involved in
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the regulation of murine double minute 2 (Mdm2) protein during p53 initiated 

programmed cell death, was absent in the unmutated group, but present in 

mutated cases in multiple-post-translationally modified forms.

1.3.1.4 Complementarity determining region 3 (CDR3)

Complementarity determining regions form specific epitopes involved in 

antigen recognition and are generated by the recombination of the VDJ genes 

(Murray et al., 2008). In a recent analysis of 916 CLL patients 22% exhibited 

CDR3 homology even though they comprised different VDJ rearrangements 

(Stamatopoulos et al., 2007). In a second study the CDR3 region was associated 

with specific IGHV gene usage and somatic hypermutation in CLL patients 

(Murray et al., 2008). This data provides additional evidence for the role of a 

specific antigen in the progression of CLL (Tobin et al., 2003, Caligaris-Cappio, 

2009).

1.3.1.5 Immunoglobulin light chains

Recent analysis of immunoglobulin light chains in CLL has illustrated that 

patterns of restricted gene selection and somatic hypermutation exist which 

mirror that of the IGHV genes (Hadzidimitriou et al., 2009). This presents 

convincing evidence that the entire BCR antigen recognition site utilises a 

restricted set of immunoglobulin genes (including heavy and light chain genes) 

and adds credence to the hypothesis that the CLL clone is selected or driven by 

specific antigen or autoantigen.

1.3.2 The BCR and signalling

The BCR comprises two main functional domains bound to the B-cell 

membrane. IgM or IgD ligand binding domains constitute the first and are 

predominantly extracellular. Disulphide bond links to Ig-a and Ig-P 

heterodimers, containing 48-61 amino acid cytoplasmic tails, make up the 

intracellular portion of the BCR and allow signalling (Janice Kuby, 1997). A raft 

of membrane bound molecules and intracellular substrates and kinases are 

recruited to the BCR following antigen binding. Phosphorylation of down-stream 

kinases results in calcium mobilisation and changes in gene transcription (Figure

1.4).
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Figure 1.4 BCR signalling pathways (Adapted from David Fruman, UCLA) 

http://mbb.bio.uci.edu/frumanyindex.htm

1.3.2.1 BCR signalling in normal B-cells

One of the primary roles of the BCR, following stimulation, is to mediate 

signals which promote migration and entry of the B-cell to the lymph node. Here 

the cell undergoes genetic diversification to allow selection of a mature cell, 

highly specific for the encountered antigen (Agenes et al., 2000). The cell then 

differentiates to form an antibody secreting plasmacytoid cell, or is retained in 

the periphery as a mature memory B-cell. During these processes the BCR 

responds to external stimuli to promote the survival and development of the cell, 

or if required, programmed cell death (Agenes et al., 2000).

BCR ligation is thought to be rapidly followed by the formation of clusters 

or raft complexes on the cell surface that are comprised of molecules which aid 

in BCR signalling (Weintraub et al., 2000). They include CD 19, CD21, CD81 

and CD38 (Fujimoto et al., 1998, Deaglio et al., 2003). Other surface proteins 

may be recruited which inhibit BCR signalling including CD5, CD22, CD72 and 

Fey receptor lib (Bikah et al., 1996, Walker and Smith, 2008, Adachi et al., 

2000, Koncz et al., 1998). Activation of Srk family kinases Lyn, Syk, Lck and
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Btk as well as mitogen activated protein-K (MAPK) and Ras pathways result in 

the translocation of nuclear factors (including the nuclear factor NFk-B) and 

increased calcium flux (Zipfel et al., 2000, Meinhardt et al., 1999). Protein 

kinase C-P (PKC-p) phosphatidylinositol-3-kinase (PI3-K) Erk and Akt all play a 

role in BCR signalling and have all been implicated in the development of CLL 

(Barragan et al, 2003, de Frias et al., 2009).

1.3.2.2 BCR signalling in CLL

In CLL, aberrant BCR signalling is thought to contribute to the maintenance 

and progression of the disease and many of the intracellular molecules active 

during normal signalling processes are thought to be atypically expressed.

S ig n a lo a o m e

Calcineurin

NFAT

Nucleus

Figure 1.5 Role of P13K in the signalosome model of BCR signalling

(Adapted from D.Fruman, UCLA), http://mbb.bio.uci.edu/fruman/index.htm

Figure 1.5 illustrates the various pathways involved in BCR signalling. BCR 

induced activation of Syk has been illustrated in CLL resulting in up-regulation 

of the anti-apoptotic protein Mcl-1 (Gobessi et al., 2009). Indeed this 

intracellular protein has been shown to be over-expressed in CLL, predominantly
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in poor risk groups (Pepper et al., 2008, Petlickovski et al., 2005). Activation of 

the PI3K/Akt pathway is thought to be essential to CLL cell survival (Barragan 

et al., 2003). A recent in vitro study by de Frias et a l illustrated that the use of 

Akt inhibitors in CLL led to rapid apoptosis of the clone, an effect not as potent 

in normal B or T-cells and one which could not be reversed by the addition of 

the potent survival mediators stromal derived factor-1 (SDF-1) and IL-4 (de 

Frias et al., 2009). In a previous study Akt was shown to be activated in CLL via 

two distinct pathways involving PI3K and PKC-P (Barragan et al., 2006). 

Activation of the MAPK pathway has also been described in CLL (Sainz-Perez 

et al., 2006). BCR stimulation results in phosphorylation of Mek-1 and Mek-2 

which in turn activate Erk, a mediator of normal B-cell development (Chang et 

al., 2003). In a study by Richards et al. the inhibition of Mek signalling blocked 

a subset of B-cell functions including proliferation but did not induce growth 

arrest or apoptosis in these cells (Richards et al., 2001). Further studies using the 

Epstein-Barr virus transformed CLL cell line EHEB showed increased 

sensitivity to purine analogue-induced apoptosis following inhibition of the 

MAPK/ERK pathway using two novel compounds (Smal et al., 2007). A third 

group of intracellular signalling molecules may be activated following 

stimulation of the BCR. The pathway is initiated by PKC-P that regulates the 

activity of I-kB a potent inhibitor of NF-kB. Over expression of the PKC-pII 

protein has also been described in CLL. This molecule increases the nuclear 

translocation and survival effects of NF-kB induced transcription (Abrams et al.,

2007).

The CD38 receptor is thought to associate with the BCR to enhance 

signalling on the surface of CLL cells. A report by Lanham et al. correlated 

increased CD38 expression and the presence of unmutated IGHV genes with an 

increase in BCR signalling (Lanham et al., 2003). In a series of experiments, 

Lund et al. illustrated that (unlike in normal B-cells) B-cells unresponsive to 

BCR stimulation did not proliferate when stimulated with an anti-CD38 antibody 

(Lund et al., 1996). They then showed that CD38 lowered the threshold for BCR 

signalling in murine B-cells responsive to BCR stimulation. Removal of surface 

immunoglobulin negated any CD38 response following stimulation using the 

anti-CD38 antibody. With the use of mutants expressing specific portions of the 

BCR they showed that signalling could be rescued by the expression of the
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cytoplasmic tail of Iga or IgP- Utilising vectors expressing CD38 mutants, Lund 

et al. then illustrated that the cytoplasmic tail of CD38 was not required for 

CD38 mediated signalling (Lund et al., 1996). These results suggest that the 

BCR and CD38 are closely associated on the cell surface during CD38 signalling 

and that CD38 utilises the cytoplasmic domain of the BCR during this process. 

Interestingly the effects of CD38 ligation included an increased calcium flux in 

the absence of any intra-cellular tyrosine phosphorylation. This work highlights 

the association between the BCR and CD38 during signalling and raises the 

question whether these molecules are working in synergy to promote the survival 

and proliferation of CLL B-cells.

1.3.2.3 Zap-70 and BCR signalling in CLL

As well as the aberrant expression of B-cell signalling proteins seen in CLL, 

the T-cell signalling molecule Zap-70 is expressed in a subset of patients. 

Although essential for pre B-cell development Zap-70 is not usually present in 

mature B-lymphocytes (Schweighoffer et al., 2003). The presence of the tyrosine 

kinase was shown to increase BCR signalling in CLL cells, particularly those 

expressing unmutated IGHV genes (Chen et al., 2002, Chen et al., 2005). 

Subsequent investigations of Zap-70 illustrated that it was able to act as an 

adapter protein during BCR signalling as it does not require kinase domain 

activation in order to enhance signalling (Chen et al., 2008).

1.3.2.4 Zap-70 as a marker of prognosis

The presence of Zap-70 has been associated with poor prognosis in CLL 

(Durig et al., 2003). Because of its role in promoting BCR signalling, initial 

clinical studies proposed that it could act as a surrogate for IGHV mutation status 

in CLL (Rassenti et al., 2004, Del Principe et al., 2006). Figure 1.6 illustrates the 

survival of patients according to their Zap-70 status. A clear relationship 

between the Zap-70 status and survival can be observed using a 20% cut-off 

point.
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Figure 1.6 Correlation between Zap-70 status and survival. Sampled from a 

cohort of 262 Zap-70 negative and 189 Zap-70 positive patients from Cardiff 

University, Hospital of Wales. (Log rank, p=<0.001; Hazard ratio=1.744)

1.3.3 CLL cell signalling and migration

Stromal derived nurse like cells have been described in CLL. These cells 

have been shown to enhance CLL cell survival through the release of stromal 

derived factor-la (SDF-la) (Burger et al., 2000). The CXCR4 receptor that 

binds the SDF-la chemokine can be detected on the surface of CLL cells. In 

vitro experiments have shown that CXCR4 promotes the migration of CLL cells 

through a stromal cell layer in the presence of SDF-1 (Burger et al., 1999). The 

tyrosine kinase Zap-70 is known to up-regulate CXCR4 in the process of T-cell 

transendothelial migration (Ticchioni et al., 2002) and Deaglio et al. showed that 

CD38 and Zap-70 expressing CLL cells illustrate enhanced migration in 

response to SDF-la (Deaglio et al., 2007a). They also showed that ligation of 

CD38 with an agonistic antibody induced Zap-70 phosphorylation. In a similar 

study Quiroga et a l showed that CLL cell migration could be blocked by 

treating the cells with an inhibitor of the Syk tyrosine kinase which is involved in 

BCR signalling (Quiroga et al., 2009).

CD49d is a member of the integrin superfamily that has attracted recent 

attention in CLL. Also known as a4 integrin it makes up half of the cell surface 

a4pl lymphocyte homing receptor and is known to regulate adhesion of the cells
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to the extracellular matrix by binding fibronectin, or to other cells via the 

VCAM-1 receptor (Rose et al., 2002). In a study of 303 patients with CLL, high 

CD49d expression significantly correlated with CD38, Zap-70 and 

immunoglobulin gene mutation status. It was also shown to be an independent 

prognostic marker for overall survival and time to first treatment (Rossi et al., 

2008, Majid et al., 2010).

Engagement of CXCR4 up-regulates matrix metalloproteinase-9 (MMP-9), 

a gelatinase effective in the breakdown of intercellular matrices and which is 

integral to the process of transendothelial migration (Redondo-Munoz et al.,

2006). CD49d has been shown to induce the expression of CXCR4 in CLL cells 

(Redondo-Munoz et al., 2006). The integrin was also reported to be involved in 

the transendothelial migration of CLL cells in a separate process involving the 

pro-angiogenic mediator VEGF (Till et al., 2005). In this recent report Till et al. 

showed that blocking VEGF (using a monoclonal antibody or an inhibitor of the 

VEGF receptor) resulted in a marked reduction in the transendothelial migration 

of CLL cells. This effect was not seen in normal B-cells. A recent gene 

expression study illustrated the increased expression of mRNA coding for 

molecules that induce adhesion and migration (including the integrin CD49d). 

These genes were only over-expressed in Zap-70 positive cells that also 

displayed increased in vitro survival (Stamatopoulos et al., 2009).

There is substantial evidence to suggest that a raft of surface and 

intracellular molecules are involved in promoting the migratory potential of CLL 

cells. CD38, present on the surface of CLL cells, has the potential to bind CD31 

on endothelial cells and facilitate the process of migration through the induction 

of such molecules. Whether Zap-70, VEGF, CD49d and the chemokines and 

their receptors are induced or activated following stimulation of CD38 is a 

question that remains to be answered in CLL.

1.4 CD38 in CLL
CD38 was first described on the surface of lymphocytes in 1980 by 

Reinherz et al. who were looking at antigens on the surface of T-cells (Reinherz 

et al., 1980). Since then an array of work has identified the various roles of 

CD38 in multiple cell types and uncovered intriguing evidence illustrating that

28



Chapter 1 Introduction

ADP-Ribosyl cyclase (ADPRc), a homologue of CD38, was present in primitive 

organisms over 700 million years ago (Malavasi et al., 2008).

1.4.1 Phylogeny of CD38

Evolution of the CD38 molecule has been eloquently described in a series of 

reports by Malavasi and Deaglio whose laboratories have been studying CD38 

and its homologues for many years. (Deaglio and Malavasi, 2006, Malavasi et 

al., 2006). Through analysis of the genetics of various species they postulated 

that the 7kb gene found in Aplysia, which translates to the soluble ADPRc 

enzyme, developed to become the 90kb gene expressing the membrane bound 

CD38 multifunctional glycoprotein found on many cell types in higher animals 

including human beings. Its homologue CD 157 evolved in parallel with CD38 as 

a glycosylphosphatidylinositol (GPI) membrane-anchored protein with similar 

calcium mobilising properties.

1.4.2 Genetics

The CD38 and CD 157 genes are found on the short arm of chromosome 4 

and are arranged in a head-to-tail manner (telomere —►CD 157 —►CD38 

—►centromere) implying that CD38 and CD 157 are derived by gene duplication 

(Malavasi et al., 2006). The CD38 gene consists of 8 exons that make up 98% of 

the 80kb fragment. Expression of the gene is controlled by regulatory elements 

on exon 1 and multiple binding sites exist for transcription regulatory molecules 

such as NF-kB, Spl, T-cell transcription factor-la (TCF-1), nuclear factor for 

IL-6 (NF-IL-6), interferon-responsive factor-1 (IRF-1) and glucocorticoid 

hormones (Tirumurugaan et al., 2008, Buggins et al., 2010). There is also a 

retinoic acid response element site located at the 5' end of exon 1 on 

chromosome 4 known to induce the transcription of CD38 in myeloid cells 

(Kishimoto et al., 1998). A single nucleotide polymorphism (SNP) has been 

characterised within the 5' region that incorporates a Pvu II  restriction site into 

the gene (Ferrero et al., 1999). The C to G mutation has been studied in various 

cohorts and the literature suggests that the presence of the polymorphism, in its 

homo or heterozygous form, results in susceptibility to CLL (Jamroziak et al.,
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2009), disease progression and transformation to Richter’s syndrome (Aydin et 

al., 2008).

1.4.3 Structure of CD38

CD38 is a type II trans-membrane glycoprotein with a small cytoplasmic 

region (21 amino acids), a single chain transmembrane region (23 amino acids) 

and 256 amino acid extracellular domain that can be loosely divided into two 

regions. The extracellular NH2 portion consists of 156 amino acids that make up 

5 a-helices. This region is adjacent to the COOH domain (amino acids 200-300) 

that contains four parallel P-sheets surrounded by two long and two short a- 

helices. The two regions are joined at multiple positions along the amino acid 

sequence (namely residues 118-119, 143-144, and 200-201; (Malavasi et al.,

2008). These bridges act as a hinge, allowing the structure to open and close 

depending on the binding of relevant molecules (Liu et al., 2005) (Figure 1.7).

N-term

C-term

Figure 1.7 Crystal structure of CD38 (Adapted from Liu et al,. 2005)

CD38 is generally reported as a 45KDa molecule, although treatment with 

different reagents and the use of various technical approaches has yielded 

proteins varying between 34 and 45KDa (Ferrero and Malavasi, 1997). Jackson 

et al. calculated that the molecular weight of the CD38 protein is approximately
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34KDa and suggested that 25% of the isolated complex was made up of 

carbohydrate (Jackson and Bell, 1990). A soluble form of the molecule has been 

described which is present at high levels in the serum of patients with various 

conditions including multiple myeloma and HIV infection (Funaro et al., 1996).

1.4.4 Functions of CD38

By the time CD38 was recognised as a cell surface molecule possessing 

enzymatic properties similar to that of ADPRc, a wealth of knowledge had been 

obtained on the biochemical properties of this calcium mobilising enzyme. 

Additionally, the CD 157 ectoenzyme was found to induce calcium mobilisation 

on the surface and within the cell. Interestingly, recent evidence has illustrated 

that CD38 also acts as a multi-functional molecule harbouring receptor- 

signalling capabilities (Ferrero and Malavasi, 1997).

1.4.5 Calcium mobilisation by ADPRc and CD38

Derived from nicotinamide adenine dinucleotide (NAD) and nicotinamide 

adenine dinucleotide phosphate (NADP) respectively, cADPR and nicotinic acid 

adenine dinucleotide phosphate (NAADP) are potent mediators of calcium 

release from intracellular stores (Chini et al., 1995). Both molecules and their 

precursors have very different structures which makes it surprising that they are 

both synthesised by ADPRc, CD38 and CD157. This mechanism of intracellular 

calcium release is known to be involved in the initiation of many cellular 

functions in plants and animals including proliferation, activation, gene 

expression, fertilisation and neurotransmitter release (Lee, 2001).

The production of cADPR or NAADP was initially thought to be dependent 

upon the levels of substrate available to the enzyme. It was later discovered that 

the catalytic pathway chosen is dependent upon the pH of the surrounding 

environment (Aarhus et al., 1995). In acidic conditions NAADP is generated 

where as in alkaline pH cADPR is produced. Acidic organelles such as 

endosomes participate in the endocytic pathway which is thought to be mediated 

by calcium release induced by the NAADP generated in such an acidic 

environment (Lee, 2001). On the extracellular membrane cADPR is thought to 

target the ryanodine receptor in a complex series of interactions involving 

calmodulin and other accessory proteins (Lee et al., 1995). In an experiment by
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Guse et al. the binding of ryanodine increased in a concentration dependent 

manner following the addition of cADPR (Guse et al., 1999). A number of other 

investigations have supported this theory and highlighted the role of cADPR in 

ryanodine receptor mediated calcium flux (Prosser et al., 2010). Following the 

conversion of NADP to cADPR, CD38 has the ability to hydrolyse cADPR to 

ADP-ribose in a secondary reaction. In a series of experiments, Howard et al. 

showed that purified cADPR augmented the proliferative response of activated 

murine B-cells (Howard et al., 1993). This suggests that the enzymatic functions 

of CD38 are able to deplete this molecule at the lymphocyte surface and allow 

proliferation of the cell.

Site-directed mutagenesis has allowed the identification of the specific 

nucleotides within the CD38 molecule that are required for cADPR synthesis 

and hydrolysis into ADPR. In a seminal study by Tohgo et al cysteine residues 

119 and 201 were identified as essential for both the synthesis and hydrolysis of 

cADPR (Tohgo et al., 1994). A later study by Graeff et al. identified the Glu-146 

site as being crucial in determining whether the synthesis or hydrolysis function 

be performed by the CD38 enzyme (Graeff et al., 2001). Much of this work has 

been carried out in lower organisms such as yeast and Aplysia, with the focus 

being solely on analysis of the regions of CD38 responsible for the generation of 

cADPR, ADPR and NAADP. Such investigations are imperative in translational 

research when looking for specific drug target sites to treat disease.

1.4.6 Receptor functions of CD38

Almost two decades after the CD38 antigen was described on the surface of 

lymphocytes it was suggested that the molecule was not just an ecto-enzyme 

involved in the control of intra-cellular calcium, but in addition possessed a 

receptor-signalling capacity in these cells (Deaglio et al., 2003). In the late 1990s 

Malavasi and his group generated a non-substrate, agonistic antibody for CD38 

which had the ability to stimulate intracellular signals resulting in the 

transcription and secretion of an array of biologically relevant molecules 

(Ausiello et al., 2000). It was promptly noted that some of the molecules 

activated following CD38 ligation were similar to those induced following 

stimulation of the T-cell receptor (TCR).

32



Chapter 1 Introduction

1.4.7 CD38 signalling in T-cells

Much of the early work on CD38 signalling was carried out in T-cells. 

Ligating CD38 with the agonistic monoclonal antibody IB4 led to both early and 

late signalling events involving the T-cell receptor (Zubiaur et al., 1997). 

Zubiaur et al. illustrated that following CD38 stimulation, phosphorylation of 

protein tyrosine kinases phospholipase C-yl (PLC- yl), c-Cbl, Zap-70 and She 

occurred in Jurkat cells. Down-stream activation of the MAPK Erk-2 was 

abrogated in Lck kinase-deficient mutants indicating an essential role for this 

molecule in CD38 signalling. The results of this extensive study concluded that 

both Raf-l/MAPK and CD3-£/Zap-70/PLC-yl pathways are triggered following 

the ligation of CD38 (Zubiaur et al., 1997). In a later study by the same group it 

was shown that ligation of CD38 led to tyrosine phosphorylation of both the 

CD3-£ and CD3-e portions of the TCR. They subsequently developed a mutant 

CD3-£ expressing TCR that exhibited defective binding to CD38. Following 

ligation, this unit was not phosphorylated but the down-stream effects of CD38 

stimulation were the same. This suggests that the CD3-e subunit is sufficient for 

CD38 activation of MAPK and PKC signalling cascades, though it is still likely 

that the CD3-£ sub unit plays a synergistic role in signalling as it is known to 

effectively recruit Zap-70 to the TCR (Zubiaur et al., 1999).

CD38 is abundant in lipid rafts on the surface of T-lymphocytes (Deaglio et 

al., 2006). Experiments depleting the cholesterol within these rafts resulted in 

abrogated CD38 signalling (Zubiaur et al., 2002). The recruitment of co

signalling molecules, including Src family kinases, to the lipid rafts suggested 

that this is a site where the CD38 molecule can exhibit enhanced signalling 

(Munoz et al., 2003). In a study by Cho et al. Lck was one of the molecules 

found in abundance in the CD38/TCR lipid raft domain and the same group duly 

illustrated that the Src homology-2 (SH2) region of Lck binds to the cytoplasmic 

tail of CD38 causing phosphorylation of the molecule (Cho et al., 2000). This 

work confirms that Lck has a definitive role in CD38 signalling and the 

activation of T-cells.

1.4.8 CD38 in normal B-cell development

CD38 is expressed on the surface of lymphoid and myeloid cells at various 

stages of cell maturation. It is present on progenitor B-lymphocytes in the bone
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marrow where it has a role in lymphopoiesis. Within the bone marrow 

microenvironment, interaction of B-cells with stromal cells in the presence of 

cytokines such as IL-2 and IL-4 stimulates the cells to mature and divide 

(Kumagai et al., 1995). The use of monoclonal antibodies to block the actions of 

CD38, prior to stimulation by cytokines and co-culture with stromal cells, was 

found to suppress B-cell lymphopoiesis (Kumagai et al., 1995).

Subsequent investigations have identified CD 19 as a mediator of CD38 

signalling. In normal B-cell progenitors, CD 19 has the ability to recruit specific 

kinases to the inner membrane (including syk and c-cbl) allowing CD38 to signal 

via PI3-K pathways (Kitanaka et al., 1996, Kitanaka et al., 1997). More recently 

the non-receptor tyrosine kinase Btk has been implicated in a novel signalling 

cascade leading to PKC, phosphatidylcholine, phospholipase C and 

phospholipase D-dependent B-lymphocyte activation. In a study by Moreno- 

Garcia et al. stimulation of CD38 resulted in the proliferation of splenic B-cells 

through phosphorylation of Btk in an alternative mode of CD38 signalling which 

was completely independent of phospholipase C-y2 in the canonical pathway 

(Moreno-Garcia et al., 2005).

Mature B-cells found in the periphery do not exhibit the CD38 antigen and 

only re-express the molecule following antigen stimulation or differentiation into 

antibody-secreting plasmacytoid B-cells (Deterre et al., 2000, Campana et al., 

2000).

1.4.9 CD38 as a marker of poor prognosis in CLL

CD38 was first described as a poor prognostic marker in CLL by Damle et 

al in 1999 who observed the outcome of 47 patients phenotyped for CD38 

expression and genotyped for IGHV mutation status (Damle et al., 1999). Both 

the presence of surface CD38 (>30% cells) and unmutated immunoglobulin 

genes correlated strongly with survival and CD38 was proposed as a novel and 

more simple means of predicting outcome in newly diagnosed CLL patients. In 

2001, Ibrahim et al. studied a larger cohort of patients and strongly correlated the 

presence of CD38 on the cell surface with a poor prognosis (Ibrahim et al., 

2001). In 96 out of 218 patients more than 20% of the CLL clones expressed the 

CD38 antigen and this cohort were found to have increased lymph node 

involvement, lower haemoglobin levels, high serum p2-microglobulin and
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shorter survival times. These observations were confirmed in subsequent studies 

where the expression of CD38 correlated with disease progression and treatment 

free survival in patients with CLL (Ghia et al., 2003, Durig et al., 2002). In a 

more recent study CD38 was shown to retain its prognostic significant in a 

cohort of patients with stage A disease (Letestu et al., 2010). Interestingly, a 

number of patients present with two distinct CLL cell populations; one CD38 

negative and the other CD38 positive. This bimodal phenotype was shown to 

correlate with unmutated immunoglobulin genes and an unfavourable outcome in 

CLL patients (Ghia et al., 2003). Using a 20% cut off point, CD38 positivity 

correlated with overall survival in a cohort of 485 patients from Cardiff 

University Hospital of Wales (figure 1.8).
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Figure 1.8 Correlation between CD38 status and survival. Data from a cohort 

of 269 CD38 negative and 216 CD38 positive patients from Cardiff University, 

Hospital of Wales. (Log rank, p=<0.001; Hazard ratio=2.3)

1.4.10 The role of CD38 in the pathogenesis of CLL

Following the identification of CD38 as a marker of poor outcome, various 

groups have investigated whether the molecule has a role in enhancing the 

survival or proliferation of the CLL clone. In 2005, Pittner et al. described the 

increased expression of activation markers including CD 18, CD49d and CD20 in 

CD38 positive CLL cells and also showed that the CD38 expressing cells were
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more receptive to additional activation through interferon simulation (Pittner et 

al., 2005). Expression analysis within bi-modal patients illustrated that the CD38 

positive sub-clone had a distinct gene expression profile compared to the CD38 

negative sub-clone (Pepper et al., 2007). Comparing CD38 positive and negative 

CLL cells from independent patients Damle et a l then illustrated that the former 

appear as a phenotypically activated subset (Damle et al., 2007). In the same 

report, they illustrated additional markers of activation including Zap-70, CD27, 

CD62L and CD69. Staining for the cell cycle entry protein Ki-67, Damle et al. 

illustrated increased proliferation within the CD38 positive clone and identified 

the presence of enhanced telomerase activity. They also illustrated that there was 

no difference in the telomere lengths between the CLL cells taken from CD38 

positive and negative patients (Damle et al., 2007). The latter phenomenon was 

complemented by Lin et a l who carried out genetic analysis on monoclonal 

CD38 positive and negative CLL subclones isolated from the same patient and 

illustrated no difference between the telomere lengths or the clonal evolution of 

the cell subsets according to their CD38 status (Lin et al., 2008). In 2009 

Calissano et a l carried out similar experiments and highlighted that there was no 

difference in the telomere lengths of CD38 positive and negative CLL B-cells. 

These investigations have led to the intriguing supposition that CD38 expression 

is transient on the surface of CLL cells.

With a wealth of knowledge obtained from studying the functions of CD38 

in T-cells, Malavasi and colleagues were in a prime position to investigate its 

role on the B-cell surface in CLL. A report by Deaglio et al in 2003 illustrated 

the signalling capacity of CD38 in CLL (Deaglio et al., 2003) and a second 

manuscript three years later summarised a comprehensive body of work which 

strengthened the hypothesis that CD38 is not just a marker of activation in this 

disease (Deaglio et al., 2006). Investigations by the same group, on the short 

term affects of CD38 ligation using an agonistic antibody, revealed increased 

calcium flux following cross-linking. However, this effect was not observed in 

all of the CD38 positive patient samples investigated and the increases in 

intracellular calcium were small. The addition of IL-2, which is known to up 

regulate CD38 on the surface of cells already expressing CD38, resulted in 

increased calcium flux in previously unresponsive CLL samples. This suggested 

that a minimum threshold was necessary for signalling or that IL-2 was able to

36



Chapter 1 Introduction

modify the arrangement of CD38 with accessory molecules on the cell surface to 

allow signalling (Deaglio et al., 2006). Due to its small cytoplasmic domain (21 

amino acids) it is not unreasonable to postulate that other molecules may be 

required for CD38 signalling to take place within the cell. With the use of co

capping experiments Deaglio et a l described how CD 19 and the BCR were 

recruited alongside CD38 in lipid raft formations and highlighted the similarity 

between the synergy of these molecules in B-cell signalling (Deaglio et al., 

2007b). Overall these experiments illustrated that CD38 had the capability to 

signal in the presence of co-accessory molecules and that this signal results in the 

prolonged survival of the CLL cell. The necessity for accessory molecules and 

cytokines to enhance cell signalling reinforced the idea that the tissue 

microenvironment was an ideal location for CLL cell activation and clonal 

expansion (Deaglio et al., 2006).

1.5 In vivo survival and proliferation of the CLL Cell

1.5.1 Proliferation centres and the microenvironment

Removal of CLL cells from the body results in the rapid onset of apoptosis 

(Collins et al., 1989). This suggests the presence of in vivo stimuli which 

enhance the survival and proliferation of the cells. This process is thought to take 

place in proliferation centres in the lymph nodes and bone marrow where the 

CLL cells are in contact with other cells such as T-cells and stromal cells. (Munk 

Pedersen and Reed, 2004). These sites are also a prime location for antigen 

presentation and immunological activation of the CLL cell (Ghia et al., 2008).

Proliferation centres, or pseudofollicles, have been described in the bone 

marrow and lymph nodes of CLL patients that are rich in pro-lymphocytes and 

paraimmunoblasts (Schmid and Isaacson, 1994). Staining tissue biopsies has 

illustrated that CLL cells reside in large numbers in these sites together with T- 

cells. Whether the CLL cells actively recruit the T-cells through the use of 

chemokines, or alternatively “attract their attention” through autoimmune 

responses (as described in other diseases such as rheumatoid arthritis (Takemura 

et al., 2001)) is a matter for debate. The survival of the CLL cells is promoted 

within these regions through stimulation of surface receptors and the presence of
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survival factors such as IL-2. One of the mechanisms which enhances CLL 

survival within the microenvironment was highlighted in a recent a study by 

Patten et al., who illustrated that through close interactions with T-cells in the 

pseudofollicles, the CLL cells express higher levels of CD38 which signifies an 

activated subset of cells (Patten et al., 2008).

1.5.2 CD31

CD31 (PECAM-1) is a member of the immunoglobulin super family 

expressed on endothelial cells and is the only known non-substrate ligand for 

CD38 (Deaglio et al., 1996, Deaglio et al., 1998). In a study by Deaglio et al 

ligation of CD38 by CD31 resulted in CLL cell activation and the induction of 

anti-apoptotic mechanisms that promoted cell survival. Following re-modelling 

on the cell surface and recruitment of the BCR and CD 19, the interaction 

between CD31 and CD38 was shown to illicit up-regulation of CD 100 in CLL 

cells (Deaglio et al., 2005). CD 100 is a survival receptor that binds to plexin-Bl. 

Plexin-Bl is found on nurse-like stromal cells present in the bone marrow and 

lymph nodes of CLL patients along with CD31. The multiple interactions of 

CD38 with its ligand CD31 and accessory molecules the BCR and CD 19, 

together with co-receptor signalling via CDlOO/plexin-Bl all occur on the 

surface of the CLL cell to enhance cell survival and proliferation (Deaglio et al., 

2006, Granziero et al., 2003).

Investigations have been carried out to determine whether the expression of 

CD31 on the surface of CLL cells correlates with outcome in CLL. Ibrahim et al 

illustrated that in a cohort of 120 patients, those expressing low levels of CD38 

and CD31 had a favourable outcome compared to the rest of the group. They 

also showed that patients with a high CD31 expression, but low CD38, exhibited 

a poor outcome not significantly different to that of the CD38 positive group 

(Ibrahim et al., 2003). Poggi et a l illustrated that anti-apoptotic mediators of the 

Bcl-2 family were up regulated in a cohort of patients whose clone expressed 

high levels of CD31 on the cell surface. They studied the effects of CD31 

ligation and observed increased activation of the PI3K/Akt pathway as well as 

nuclear localisation of the NF-kB sub units p65 and p52. (Poggi et al., 2010). 

Conversely Mainou-Fowler et a l showed that low levels of CD31 on the cell 

surface correlated with aggressive disease in CLL (Mainou-Fowler et al., 2008).
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1.6 Objectives
The multiple roles of the transmembrane glycoprotein CD38 have been 

widely studied in both T- and B-lymphocytes in health and disease. Although 

present on the surface of immature B-cells and abundant on antigen experienced 

plasma cells, CD38 is not present at high levels on the surface of healthy mature 

B-cells within the peripheral blood. In around 30% of CLL cases CD38 is highly 

expressed on the surface of the cell and has been shown to be a marker of 

aggressive disease. A relatively small group of researchers have carried out a 

wealth of investigations to determine whether CD38 is involved in the 

pathogenesis of CLL or whether it is merely a marker of an activated clonal B- 

cell. Work thus far has clearly identified CD38 as having signalling properties 

and it has also been reported to interact with other surface and intracellular 

signalling molecules such as the BCR and Zap-70.

The central hypothesis of this project was that CD38 has distinct signalling 

capabilities which contribute to the aggressive nature of CD38 positive CLL. 

Four principle objectives were devised to test this hypothesis:

1) To optimise a gene delivery technique to express CD38 on the surface of 

CD38 negative CLL cells. Using this approach I aimed to determine the direct 

effects of CD38 expression on the cell surface of CLL cells by comparison with 

genetically unmodified cells derived from the same patient.

2) To utilise this model along with native CD38 expressing CLL cells to assess 

•the in vitro survival and proliferation of CLL cells in liquid culture and under co

culture conditions.

3) To observe changes in the genotype of the CLL cells following the expression 

of CD38 on the surface of the cells.

4) To observe changes in the phenotype of the CLL cells following the 

expression of CD38 on the surface of the cells.
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Chapter 2. Materials and Methods

2.1 List of Materials and laboratory equipment 
(See Appendix 1)

2.2 Preparation of general reagents

2.2.1 Phosphate buffered saline (PBS)

IX Phosphate Buffered Saline (PBS) was made up by dissolving 5 PBS 

tablets in 0.5 litres of distilled water. The PBS was sterilised by autoclaving at 

121°C, 151b/ins2 for 20 minutes and then stored at room temperature.

2.2.2 Preparation of LB media for bacterial cell culture

Luria-Bertani (LB) media was made up by adding lOg of tryptone (1%), 5g 

of yeast extract (0.5%) and lOg of NaCl (0.17M) to 950ml of de-ionised water. 

The mixture was autoclaved as described. LB-agar, for making plates, was made 

from the same mixture adding 15g/l agar before autoclaving. For experiments 

requiring selective media, 200pl ampicillin (50pg/ml) was added following 

cooling of the media to approximately 50°C prior to pouring the LB-agar plates.

2.2.3 Preparation of eukaryotic cell culture media

2.2.3.1 Culture media for non-adherent cells

For cells cultured in suspension, media was made up in 500ml of Roswell 

Park Memorial Institute (RPMI) media. 50ml of fetal calf serum (FCS) (final 

concentration 10%) was added followed by 10ml Penicillin plus Streptomycin 

(2X), 5ml L-glutamine (IX) and 5ml Sodium Pyruvate (IX). The media was 

mixed well and left at room temperature to cool for an hour before storing at 4°C. 

All work was carried out using careful cell culture techniques in a Class II safety 

cabinet.
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2.2.3.2 Culture media for adherent cells

Culture media for adherent cells contains the Dulbecco’s Modified Eagle’s 

Media (DMEM) additive rather than RPMI. The media was made up following 

the same protocol as above without the requirement for the addition of L- 

glutamine as this is already contained in DMEM.

2.2.4 Paraformaldehyde

1% Paraformaldehyde (Sigma) was prepared by dissolving lg of 

paraformaldehyde in 100ml PBS. To dissolve the paraformaldehyde the solution 

was heated to 70°C and once dissolved was left to cool and then stored at 4°C in 

the dark to prevent depolymerisation and subsequent release of the carcinogen 

formaldehyde. The preparation of paraformaldehyde was carried out in a fume 

hood for safety purposes.

2.2.5 Waste disposal

As the work contained in this project required the use of primary human 

tissue, bacteria and attenuated lentivirus it was important to adhere to strict health 

and safety regulations within the laboratory and decontaminate and dispose of 

waste in the appropriate manner. Gloves and lab coats were worn at all times and 

contaminated waste was placed into a solution containing 2,500ppm chlorine 

over night before disposal.
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2.3 Methods

2.3.1 Primary cell isolation

2.3.1.1 Density centrifugation of peripheral blood to obtain patient CLL cells

Mononuclear cells from CLL patients were isolated from peripheral blood 

samples collected in EDTA. Ficoll reagent (Histopaque) was used to isolate the 

low-density layer of mononuclear cells containing CLL B-cells. 2.5ml of blood 

was mixed with 2.5ml of sterile PBS in a 15ml tube. 7ml of Ficoll reagent was 

carefully transferred to the bottom of the tube using a syringe and the sample was 

centrifuged at 756 x g for 20 minutes with no brake. The monolayer of low 

density cells was removed using a pastette and washed in 10ml sterile PBS. 

Following centrifugation at 272 x g for 5 minutes the cells were re-suspended in 

3ml of sterile H20  for 5 seconds to lyse any contaminating red cells. 10ml of 

sterile PBS was then added to restore the isotonic solution. The cells were 

pelleted and washed once more in sterile PBS before re-suspending in 1-10ml 

sterile PBS (depending on the size of the pellet).

2.3.1.2 Cell counting on the Beckman Coulter Vi-cell

Cell counting was performed using a Vi-cell analyser (Beckman Coulter). 

Briefly, 50pl of each sample was added to 450pl PBS in a cell counting tube and 

placed into the cell counting carousel. The cell type and dilution factor were 

entered into the Vi-cell and it was set to run. The number of viable cells per ml 

was ascertained within each sample using trypan blue exclusion.

2.3.1.3 Cell counting using the Neubauer Haemocytometer

lOpl of the cells in suspension were mixed with lOpl of trypan blue 

exclusion dye (to stain dead cells) and 40pl of PBS to give a 1 in 6 dilution. lOpl 

was pipetted onto the grid of a disposable Neubauer haemocytometer and placed 

under the microscope. The number of unstained cells in 9 small squares was 

added together and multiplied by 60,000 to give the number of cells per ml.
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2.3.1.4 Purifying CLL cells

The majority of patient samples derived from Ficoll separation of 

mononuclear cells consisted of over 95% CLL B-cells following density 

centrifugation. In those cases where there was less than 95% B-cells the T-cells 

were removed with the use of magnetic beads. CD 19 positive CLL cells were 

isolated by negative selection using CD3-expressing Dynabeads. 20pl of beads 

labelled with anti-CD3 antibody were used per lxlO6 CLL cells. The beads were 

washed once in PBS and incubated with the CLL cells in 2ml of PBS at 4°C. The 

sample was incubated for 20 minutes and mixed at regular intervals. The sample 

was then made up to 5ml with PBS and placed into the Dynal rack containing the 

magnet. After 5 minutes the sample was decanted into a fresh tube whilst 

maintained within the magnetic field. This CD3 depleted sample was spun at 272 

x g for 5 minutes and re-suspended in 500pl of PBS. The purity of the sample 

was assessed by flow cytometry for CD 19+ cells (Figure 2.1).
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Figure 2.1 Percentage CD19 positive cells in a CLL sample pre (a) and post 

(b) depletion of CD3-expressing T-cells
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2.3.2 Eukaryotic cell culture

2.3.2.1 Thawing cells from liquid nitrogen stores and transferring to liquid 

culture

The standard precautionary methods were used when dealing with liquid 

nitrogen (use of face masks and gloves). Following recovery from the nitrogen 

store, the cells were placed in a water bath at 37°C for 5 minutes. In order to 

remove the dimethyl sulphoxide (DMSO) storage reagent the cells were 

transferred to a 15ml tube containing 5ml of pre-warmed culture medium (RPMI 

and DMEM for non-adherent and adherent cells respectively) and gently mixed 

to give a homogeneous suspension. This suspension was centrifuged at 272 x g 

for 5 minutes to pellet the cells and the supernatant was carefully removed. The 

cells were then re-suspended in 8ml of fresh media, transferred to a small culture 

flask and incubated in a humidified atmosphere maintained at 37°C, 5% C 02.

2.3.2.2 Sub-culture of non-adherent cells

The confluence of non-adherent cells was determined by the turbidity and 

the colour of the RPMI media within the T175 flask. When appropriate, the cells 

were aspirated from the flask and centrifuged at 272 x g for 5 minutes. After re- 

suspending in 20ml, an aliquot of 1-5 ml was placed in to a fresh flask containing 

30ml of fresh media. The remaining cells were used in experiments or discarded. 

Smaller cell preparations were performed in T75 flasks in 15ml of media.

2.3.2.3 Sub-culture of adherent eukaryotic cells

Aspirating the media from the adherent cells left them bound to the bottom 

of the T175 flask. They were then washed in 10ml PBS to remove residual FCS 

in the DMEM media as this is known to inhibit the effects of trypsin. Following 

aspiration of the PBS, 5ml of trypsin was added and the cells were incubated for 

5 minutes at 37°C, 5% C 02. 8ml of DMEM media was washed over the bottom 

of the flask to ensure all cells were re-suspended. After centrifuging at 272 x g 

for 5 minutes the supernatant was discarded and the cells were re-suspended in 

10ml DMEM media. 0.5 to 5ml was replaced into the original small flask 

depending on the demand for cells. 25ml of DMEM media was added to 

supplement the cells for up to 5 days in culture. The cells were cultured at 37°C,
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5% C 02. Smaller cell preparations were performed in T75 flasks in 15ml of 

media.

2.3.2.4 Freezing down eukaryotic cell lines for long term liquid nitrogen 

storage

The storage media was made up of:

50% FCS

40% DMEM plus additives 

10% DMSO

8xl06 Cells were re-suspended in 4ml of storage media and 500pi was 

aliquoted into 8 cryo-storage tubes. The samples were placed into a freeze 

container submersed in isopropanol and placed into the -80°C freezer. After 24 

hours the samples were transferred to the liquid nitrogen store.

2.3.2.5 Preparation of co-culture

Adherent fibroblasts were utilised as in vitro co-cultures to simulate the in 

vivo microenvironment. Genetically modified sub-sets expressing the human 

CD31 or the human CD 154 antigen were employed to stimulate CD38 or CD40 

on the surface of CLL cells respectively. The fibroblast cells were first irradiated 

to prohibit their growth within the co-culture environment. (Details of co-culture 

cells and their origin can be seen in appendix 2.1.3).

23.2.5.1 Irradiation

5xl06 co-culture cells were re-suspended in 25ml DMEM with additives and 

irradiated at 75 Grays (27 minutes in the presence of Caesium-137, y emission). 

The volume was then made up to 50ml and 2ml was plated out into the wells of a 

6-well plate. Prior to irradiation, 1ml of the trypsinised co-culture cells were 

washed and placed into a fresh culture flask for future experiments.

23.2.5.2 Co-culture conditions

Following irradiation 1ml of fresh DMEM plus additives was aliquoted into 

each well (of a 6-well plate) and the cells were left at 37°C, 5% CO2 over night to
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adhere. After at least 12 hours the CLL cells were added to the co-culture and the 

media was changed every 3-4 days depending on its colour.

2.3.3 Generation of lentiviral plasmids

The SxW and EGFP plasmids are illustrated in Figures 2.2 and 2.3 

respectively. The CD38 expressing lentivirus was generated by excising CD38 

from the expression of green fluorescent protein plasmid (pEGFP-1) and 

incorporating it into the SxW lentiviral backbone (Figure 2.5).

WPRE 

3’HR'SIN seq primer

A£nl(8257)
X7io 1(8241)

5'HR'SIN seq primer 

3' SFFV LTR 

cPPT

RRE-Rev responsive element

LTR-HIVdelU3

Lenti-SxW
9064 bp

Amp. Res.

LTR HIV-1

Figure 2.2 SxW plasmid, highlighting the Kpnl and Xhol within the 

multiple cloning region
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pEGFP-1 (Incorporating CD38)
Xhol (1 3 4 4 )

Kan/Neo

Kpnl (2276)

SV40 Poly A

Figure 2.3 pEGFP-1 plasmid, highlighting CD38 and the Kpnl and Xhol 

restriction sites

2.3.3.1 Digestion of pEGFP-1 and SxW plasmids

Both the CD38-containing pEGFP-1 modified plasmid and the Lenti-SxW 

plasmid were digested using the Xho-1 and Kpn-1 enzymes. The reaction 

mixture consisted of 20pl of 10X buffer, lOpl of BSA, lOpl of Kpn-1 

(10,000U/pl), lOpl of Xho-1 (10,000U/pl), 40pl of SXW plasmid (50ng/pl) and 

20pl sterile water. The reaction was placed at 37°C on an orbital shaker for 2 

hours. The 927bp CD38 fragment and the 4700kb linear pEGFP fragment were 

then run on an agarose gel to assess the efficiency of the digestion (Figure 2.4).

2.3.3.2 Agarose gel electrophoresis

A 1% agarose gel was prepared by dissolving lg agarose in 100ml IX TBE 

(microwave at full power for 2 min). 4pl of Ethidium Bromide was then added 

and the gel was left to set in the gel plate containing a 10 well comb. After 

cooling the entire digest was run on the gel using IX running dye. 0.2pg lkb 

ladder was loaded alongside the product and the gel was run for lhour at 

120 Volts.
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1kb pEGFP-1 Neg 1kb
ladder digest control ladder

12000bp 

5000
4700kb

pEGFPlin

927kb 
CD38 lin

Figure 2.4 Agarose gel showing the K pnl, Xhol digested pEGFP plasmid

2.3.3.3 Extracting DNA from the gel using the QIAquick Gel Extraction kit 

(QIAGEN)

The DNA fragment was carefully, but rapidly excised from the gel whilst 

under the ultra violet light. The fragment was weighed and 3 volumes of buffer 

QG were added per lOOmg of gel. The sample was incubated for 10 minutes at 

50°C and 1ml of isopropanol was added to the dissolved gel solution. This 

solution was then pipetted into a QIAquick column and spun at 16,000 x g for 1 

minute. The sample was then washed by adding 75ml of Buffer PE and the 

sample was again spun for 1 minute at 16,000 x g. Eventually the DNA was 

eluted by adding 50pl of elution buffer to the column, letting it sit for 5 minutes 

at room temperature and then centrifugation at 16,000 x g for 5 minutes.

2.3.3.4 Shrimp Alkaline Phosphatase (SAP) treatment of excised fragments

This method is used to dephosphorylate the sticky ends of the cleaved 

plasmid fragments. The restricted SxW plasmid was treated by mixing 12.5pi 

10X buffer, 56pl of water, 50pl of SxW plasmid (20ng/pl) and 1.5pi of SAP 

enzyme. The reaction was placed at 37°C on the orbital shaker for 2 hours and 

then at 65°C for 15 minutes to inactivate the enzyme. Following the SAP
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treatment the QIAGEN QIAquick purification protocol was utilised to purify the 

plasmid DNA.

2.3.3.5 Clean up of PCR products using the QIAGEN QIAquick PCR 

purification kit

Five volumes of Buffer PB were added to one volume of PCR product. The 

sample was then centrifuged at 16,000 x g for 1 minute to bind the DNA. The 

sample was then washed by adding 750pl of Buffer PE and the sample was again 

spun for 1 minute at 16,000 x g. 50pi of elution buffer was added and the sample 

was centrifuged at 16,000 x g for 1 minute.

2.3.3.6 Ligation

The CD38 fragment was ligated into the SAP treated SXW vector by mixing 

2pl 10X buffer, lp l T4 DNA ligase, 2pl Sterile water, 5pl SXW plasmid 

(20ng/pl) and lOpl CD38 insert (40ng/pl) (Figure 2.5). The reaction was left over 

night at 16°C and then transformed into the DH5a E.coli bacteria.
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WPRE 

3'HR'SIN seq primer

1(9191) 

A pnl(9 l82)

CD38

Xho 1(8241)

5'HR'SIN seq primer 

3' SFFV LTR 

cPPT

RRE-Rev responsive e le m e n l^ i^

Not K6651)

LTR-HIVdelU3

Lenti-S38W
9989 bp

“ " R“

LTR HIV-1

Figure 2.5 S38W plasmid, illustrating the incorporation of the human CD38 

gene and Not 1, Kpnl and Xhol restriction sites

2.3.3.7 Digestion of the CD38 plasmid

The S38W plasmid was digested using Notl enzyme to observe whether the 

CD38 fragment had incorporated into the SXW plasmid. lOng of CD38 plasmid 

was added to 1 pi of New England Buffer 3 (NEB) and 0.25 pi BSA in a 500pl 

eppendorf tube. 0.5pl Notl enzyme (10,000U/pl) was added and the solution was 

incubated at 37°C for 1 hour. The plasmid incorporates two Notl restriction sites 

and when digested effectively generates two products of 2540bp and 7449bp in 

length (Figure 2.6).
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S38W
digest

Neg 1kb 
control ladder

12000bp

5000

7449bp

2540bp

Figure 2.6 Agarose gel illustrating Notl digested Lenti-CD38 Plasmid

2.3.4 Prokaryotic cell culture and plasmid amplification

2.3.4.1 Transformation of competent E.coli DH5a bacteria

In preparation, the LB media was warmed to 37°C in a water bath and the 

plasmids, and the DH5a cells, were thawed on ice. The DH5a cells were gently 

mixed and 50pl was placed into three separate 1.5ml eppendorf tubes. The tubes 

were labelled and 2pl of the respective plasmid DNA was added. Each cocktail 

was mixed gently and placed on ice for 30 minutes. The cells were subjected to 

heat shock by placing them into a 42°C water bath for 20 seconds. They were 

then placed on ice for a subsequent 2 minutes. 950pl of pre-warmed LB was 

added to the bacteria/plasmid transformation reactions and the tubes were 

incubated for 1 hour on the orbital mixer at 37°C, 225rpm.
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2.3.4.2 Plating the bacteria

Two plates containing LB-agar with ampicillin (50pg/ml) were prepared for 

each sample. On the first, a sample of the bacteria was streaked out onto the 

media and on the second the remaining mixture was poured out onto the plate. 

This made it more probable that a single colony would be retrieved from at least 

one of the plates. The plates were then incubated over night at 37°C, 5% C 02.

2.3.4.3 Picking single colonies and growing the transformed bacteria

From the plates containing the best spread of single bacterial colonies two 

single colonies were picked for each of the plasmid transformed bacterial 

preparations and transferred to a 15ml Falcon tube containing 5ml LB with 

ampicillin (50pg/ml). This was incubated for 6 hours on the orbital mixer at 

37°C, 225rpm. Following incubation the sample with the greatest number of 

bacteria (deduced by turbidity) was selected and transferred into a conical flask 

with 250ml LB including ampicillin (50pg/ml). The flask was then incubated 

overnight on the orbital mixer at 37°C, 225rpm to allow the transfected bacteria 

to multiply. The bacterial plates were wrapped in clingfilm and stored at 4°C.

2.3.4.4 Storage of transformed bacteria in glycerol

Before carrying out the plasmid DNA extraction, an aliquot of each of the 

transformed bacteria was stored in sterile glycerol. 850pl of the transformed 

bacteria in LB containing ampicillin (50pg/ml) was transferred to a 1.5ml 

Eppendorf tube. 150pl of sterile glycerol was added and the sample was snap 

frozen on dry ice. The samples were stored at -80°C.

2.3.4.5 Isolation of plasmid DNA using the QIAGEN Plasmid Maxi kit

All reagents were included in the QIAGEN Plasmid Maxi Kit (QIAGEN). In 

preparation, the Sorvall large centrifuge and the swing out rotor centrifuge were 

set to 4°C and the buffers were made up according to the manufacturer’s 

instructions. Conforming to the “overnight culture” protocol, 500ml of the 

transformed bacterial culture was centrifuged at 6000 x g for 15 minutes at 4°C 

to pellet the cells. The supernatant was then poured off and the bacterial cell 

pellet was homogeneously re-suspended in 10ml Buffer PI. 10ml of Buffer P2 

was then added and the container was mixed thoroughly through inversion and
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maintained at room temperature for 5 minutes. Following the addition of 10ml of 

Buffer 3 the sample was again mixed thoroughly and incubated on ice for 20 

minutes. The sample was centrifuged at 756 x g for 30 minutes at 4°C to pellet 

the cell lysate. The supernatant retrieved at this stage was subsequently re

centrifuged at 756 x g for 15 minutes at 4°C to remove any residual bacterial cell 

debris. The QIAGEN columns were placed into 50ml collection tubes and the 

binding filter was equilibrated by applying 10ml of Buffer QBT. The solution 

was allowed to pass through the column under gravity flow. The plasmid DNA 

(contained in the lysate supernatant (around 30ml)) was then transferred to the 

column and allowed to pass through the filter under gravity flow. The plasmid 

DNA, now bound to the column, was subsequently subjected to two consecutive 

wash stages using 30ml of Buffer QC. Again the liquid was allowed to pass 

through the column under gravity flow. When the last of the QC Buffer had 

passed through the column 15ml of Elution Buffer was added and the plasmid 

DNA was collected into a fresh 50ml Falcon tube. The Plasmid DNA was 

precipitated by adding 10.7ml (0.7 vol) room temperature isopropanol. The 

sample was then centrifuged for 30 minutes at 3000 x g 4°C to pellet the DNA. 

The supernatant was carefully decanted leaving a plasmid DNA pellet at the 

bottom of the 50ml tube. Sterile 70% ethanol was then added to re-suspend and 

wash the pellet. The sample was again centrifuged for 15 minutes at 3000 x g at 

4°C, and the ethanol was decanted. Inverting the sample onto a tissue allowed the 

remaining ethanol to evaporate and the DNA pellet was re-suspended in 0.5ml 

TE buffer, and stored at -20°C.

2.3.4.6 Quantification of plasmid DNA

lOpl of each plasmid DNA prep was diluted 1/50 in sterile water and 

analysed on the spectrophotometer to quantify the yield of DNA. The absorbance 

at 260nm was measured and the amount of DNA calculated taking into account 

the dilution factor and the knowledge that a 50pg/ml plasmid DNA solution has 

A260nm o f  1 .
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2.3.5 Generation of lentivirus

The plasmids generated were used alongside helper plasmids pA8.91 (gag, 

pol) and MD2G (envelope) (See Appendix 2) in a third generation lentivirus 

production procedure adapted from Dull et al (1998).

2.3.5.1 Calcium phosphate transfection of 293T Cells

Calcium phosphate bound to DNA facilitates its passage through the 

eukaryotic cell membrane and into the cytoplasm. This method has been used 

effectively to allow the genetic modification of eukaryotic cells through 

transfection with plasmid vectors. 75pi of calcium chloride was added to a sterile 

10ml tube. To this lOpg of the lentiviral plasmid, 7.5fig of the pA8.91 plasmid 

and 5 fig of the pMD2G plasmid were added (final concentration: 13ng, lOng and 

6.6ng respectively). The volume was made up to 750pl using molecular grade 

water and the solution was mixed thoroughly. In a second sterile 10ml tube 750pl 

4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid (HEPES) was bubbled using 

a sterile pastette and a media dispenser gun. The pDNA calcium chloride mix 

was added by dripping slowly through a 1ml pipette. The mixture was vortexed 

for 2-4 seconds and left at room temp for 20 minutes to allow pDNA/calcium 

phosphate precipitates to form. The precipitate was then distributed evenly over 

the adhered 293T cells prepared in fresh suspension media, and gently mixed. 

This preparation produced enough precipitate to transfect one medium flask of 

70% confluent 293T cells which was incubated for 48 hours at 37°C, 5% C 02.

2.3.5.2 Harvesting and concentrating the virus

9ml of the supernatant was carefully aspirated from each of the 4 medium 

flasks containing the 293T cells and transferred to a 50ml Falcon tube. The 

Falcon tube was centrifuged at 1700 x g for 10 minutes to pellet any cell debris 

and 11.5ml of the supernatant was transferred to three 12ml ultra centrifuge (UC) 

tubes (Beckman). These tubes were placed into the UC holders (stored at -4°C) 

that were then sealed and balanced to within O.lg. Ultracentrifugation was 

carried out at 121,603 x g for 2 hours at 4°C in a vacuum to pellet the viral 

particles. After 2 hours the supernatant was carefully removed and the pellet re

suspended in 250pl RPMI (room temperature) containing no additives. 50pi 

aliquots of the concentrated virus were stored at -80°C in sterile 500pl tubes.
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2.3.5.3 Quantification of viral particles using the Retrotek p24 Enzyme 

linked immunosorbent assay (ELISA)

The HIV-1 p24 antigen ELISA from Retro-tek (Zeptometrix corp.) was used 

to quantify the virus. 1:500, 1:1000, 1:2500, 1:5000 dilutions of the CD38 and 

GFP virus were prepared using DMEM. The control standards were also 

prepared as described by the protocol to give 125, 62.5, 31.3, 15.6, 7.8 and 0 

pg/ml concentrations. Wash buffer was made up by adding 15ml of 10X wash 

buffer with 135ml of autoclaved water. The wells of the ELISA kit were pre

washed 5 times using 300pl of IX wash buffer. 1.5 pi of each sample dilution 

was added to 268.5pl of DMEM plus 30pl of lysis buffer. 200pl of this sample 

was then added to the antibody coated wells supplied with the kit alongside the 

standards. The plate was incubated overnight at 37°C. The next day the plate was 

washed 5 times with IX wash buffer and 100pi of reconstituted HIV-1 p24 

detector antibody bound to biotin was added to each well. The sample was left 

for 1 hour at 37°C. The plate was again washed 5 times and lOOpl of streptavidin 

peroxidase working solution was added to each well. The wells were then sealed 

using the coating sticky plastic sheets supplied with the kit and left for 30 

minutes at 37°C. Following 5 washes with the IX wash buffer, lOOpl of substrate 

working solution (containing tetramethylbenzidine and DMSO) was added to 

each well and the uncovered plate was incubated at 37°C. At this stage the blue 

colour developed and was stopped after 30 minutes by adding lOOpl stop 

solution (proprietary formulation) to each well. The plate was immediately 

placed into the plate reader and the fluorescence measured at 450nm.

2.3.6 Transduction and transfection of lymphocytes

2.3.6.1 Infection of Jurkat cells with viral supernatant

A Neubauer chamber was used to determine the number of Jurkat cells in 

culture and lx l0 6 cells were transferred to each dish of a 6-well plate. Viral 

supernatant was added in the following amounts: 0, lOpl, 50pl, lOOpl, 250pl, 

and 500pl. The plates were stirred gently and incubated for 48 hours at 37°C, 

5%C02 before carrying out flow cytometry to identify cells expressing the gene 

of interest (GFP was primarily observed using a laser microscope). (Details of 

cell lines and their origin can be seen in appendix 2.1.3).
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2.3.6.2 Infection of primary CLL cells with concentrated virus

The cell samples were centrifuged at 272 x g for 5 minutes and the pellet 

was re-suspended in 3ml RPMI plus supplements, lx l0 6 CLL cells were used in 

each well and concentrated virus was added. The plates were stirred gently and 

incubated for 48-72 hours at 37°C, 5% CO2 before carrying out flow cytometry 

to identify the percentage of CLL cells expressing GFP.

2.3.6.3 Nucleofection

Nucleofection of primary CLL cells was carried out using the AMAXA B- 

cell Nucleofection kit. In preparation, 500pl of supplement solution was added to 

2.25ml of nucleofection solution to make up the nucleofection buffer. 5xl06 CLL 

cells were re-suspended in lOOpl of nucleofection buffer and the plasmid DNA 

was added to the sample (1-5 fig of GFP-CD38 or AMAXA GFP control 

plasmid). This sample was then aliquoted into the nucleofection chamber and the 

U-15 programme was initiated. The sample was immediately collected and 

placed into a 6-well plate containing 3ml of DMEM plus supplements. A sample 

that did not undergo nucleofection was included as a control in these 

experiments. The plate was incubated at 37°C and 5% CO2 for 24 hours to allow 

for gene expression.

2.3.6.4 Cell sorting on the MoFlo

5xl06 nucleofected CLL cells were washed in PBS and re-suspended in 3ml 

PBS. The sample was then sorted on the MoFlo cell sorter (Dako Cytomation) 

and GFP positive and negative fractions were collected. The fractionated 

populations were immediately placed back into culture in 3ml DMEM plus 

additives at 37°C 5% CO2 .

2.3.6.5 Electroporation of in vitro transcribed RNA

2.3.6.5.1 Generation o f in vitro transcribed mRNA

The GFP-expressing pGEM4Z-EGFP-A64bis plasmid was a kind donation 

of F. Van Bockstaele and B. Verhasselt. Following transformation of the plasmid 

into DH5a E.coli bacteria and expansion of the cells, the plasmid DNA was 

harvested. The plasmid was then linearized using 3 pi of the Spel restriction
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enzyme in a reaction containing lOpl NEB buffer 2, lp l BSA and 77pi of 

nuclease-free water. The digest was set up for 12 hours at 37°C on the orbital 

shaker at 225rpm. Following linearization the digest was run on a gel to check its 

purity. Due to a small amount of circular plasmid remaining, the entire sample 

was separated on an agarose gel and the linear fragment was isolated using the 

QIAGEN QIAQuick gel clean up protocol. The sample was then quantified using 

1 pi on the Nanodrop spectrophotometer.

For in vitro transcription, the T7 mMESSAGE mMachine kit was used, lpg 

of linear plasmid DNA containing the genetic code for GFP was added to a 

master mix containing lOpl 2X NTP/CAP reagent, 2pl of 10X buffer and 2pl of 

RNA polymerase enzyme. The mix was incubated for 2 hours and 30 minutes at 

37°C on the orbital shaker at 225 rpm. The sample was then heated to 70°C for 5 

minutes to inactivate the enzyme, lp l of Turbo DNase was added and the sample 

was left at 37°C for 15 minutes to degrade any contaminating DNA. 30pl of 

nuclease-free water and 30pl of lithium chloride were added and the sample was 

stored over night at -20°C. In order to precipitate the RNA, the sample was 

pelleted at 16,000 x g for 30 minutes at 4°C and the supernatant was removed, 

lml of 70% ethanol was then added and the sample was again spun at 16,000 x g 

for 10 minutes to pellet the sample. The pellet was subsequently air dried, re

suspended in nuclease-free water, quantified and stored at -80°C.

2.3.6.5.2 Electroporation

lxlO7 CLL cells were washed twice in DMEM containing no additives and 

then in 10ml Optimix wash buffer. The sample was then re-suspended in lml of 

Optimix Electroporation buffer and the IVT mRNA was added (0, 20 and 40pg). 

The cell solution was added to the electroporation chamber and electroporated at 

500 Volts and 150 Farads for 2 seconds. The sample was immediately removed 

using a pipette and placed into a 6-well plate containing 3ml DMEM plus 

supplements for 24 hours at 37°C, 5% C 02. Following this period, expression of 

GFP was assessed by flow cytometry.
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2.3.7 Primary CLL cell molecular biology and gene expression assays

2.3.7.1 RNA isolation

Up to lxlO7 CLL cells were re-suspended in lml of Trizol, mixed well and 

stored at -80C. Samples were thawed at room temperature and 200pl of 

chloroform was added. Following vortexing, the sample was left at room 

temperature for 5 minutes and then centrifuged at 16,000 x g for 15 minutes at 

4°C. The aqueous layer on the surface containing the RNA was then carefully 

removed and placed into a fresh tube. 500pl of isopropanol was added and the 

sample was mixed well by vortexing. Following 10 minutes at room temperature, 

centrifugation of the sample was carried out at 16,000 x g for 10 minutes at 4°C. 

The supernatant was then poured off and the pellet was washed in 500pl of 70% 

ethanol. Centrifugation at 16,000 x g for 10 minutes at 4°C allowed the sample to 

pellet on the bottom of the tube and the supernatant was carefully removed and 

the RNA left for approximately 10 minutes to air dry. 20-60pl of RNase-free 

water was used to re-suspend the pellet depending on its size and the sample was 

quantified using the Nanodrop spectrophotometer.

2.3.7.2 NanoDrop quantification of RNA

The NanoDrop stage was wiped clean and lpl of RNase-free water was 

added to zero the reading. 1 pi of each sample was added in turn, and RNA was 

quantified by the NanoDrop machine. The purity of the RNA was assessed by 

calculating the ratio of the absorbance at 230nm and 260nm.

2.3.7.3 Reverse Transcription

1 pg of RNA was used in each RT reaction in a volume of 3 pi of RNase-free 

water. This was added to 4pl MgCL, 2pi of 10X RT buffer, 2pi of each dNTP 

(CGA and T, lOpM each), lpl of RNase inhibitor, lp l of 50pM random 

hexamers and 1 pi 50U/pl reverse transcriptase enzyme. The sample was placed 

into the thermal cycler and incubated at 25°C for 10 minutes, 42°C for 30 

minutes and finally 95°C for 5 minutes to inactivate the enzyme. The temperature 

was then maintained at 4°C until the cDNA samples were removed and stored at 

-20°C.
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2.3.7.4 QPCR on the Roche Light Cycler

In preparation the Sybr green reagent was thawed and 10pl of DNA 

polymerase enzyme from vial la  was added. 5.4pl of pure water, 1.6pl MgCh, 

lpl of Sybr green working reagent and 0.5pi of the respective forward and 

reverse primer (lOpM) were made up per sample. This mixture was carefully 

pipetted into a lightcycler capillary and 2pl of cDNA was added. The samples 

were briefly centrifuged at 379 x g and placed into the Light cycler instrument. 

Following a ‘pre-heat’ at 95°C for 1 minute the cycling conditions were 95°C for 

3 seconds, 60°C for 5 seconds and 72°C for 12 seconds for 45 cycles. In a final 

step, the sample was denatured by heating to 95°C over a period of 10 minutes. 

The single peak observed in Figure 2.7 illustrated that the PCR product was of a 

single length and that no non-specific amplification had occurred.
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Figure 2.7 Melting curve of the 259 base pair MCL-1 PCR product

2.3.7.5 Affymetrix Microarray
The standard Affymetrix protocol was carried out for the labelling and 

detection of RNA from untreated CD38 virus treated and GFP treated RNA 

samples. The central biotechnology service (CBS) at Cardiff University was
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utilised for this technique and the Affymetrix protocol was kindly carried out by 

Mrs Megan Musson.

Step 1. Total RNA clean up after extraction

As RNA quality is possibly the most crucial factor for the success of the 

experiment, the RNA samples were purified using the QIAGEN RNeasy columns 

before proceeding to sample labelling (see above).

Step 2. Spectrophotometric QC

A quality assessment was necessary to verify that the samples were of 

sufficient molecular weight and purity to proceed with full labelling and 

hybridization. The samples were therefore run on the Agilent Bioanalyzer to 

ensure that the RNA was of sufficient quality. All samples met the following 

requirements for acceptance:

• Concentration > 0.5mg/ml

• A260/A280 >1.7

• Minimum yield per sample of 3pg

Step 3. Bioanalyzer QC

Each RNA sample was run on the Bioanalyser 2100 QC device to observe 

any RNA degradation.

Step 4. Sample Labeling

(i) First strand synthesis

5pg of total RNA was mixed with 0.5plT7-(T)24 primer (lOOpM) and 5.5pl 

of DEPC-treated water. The reagents were mixed and incubated at 70°C for 10 

minutes. The sample was then chilled on ice and pelleted. In a separate tube the 

2pl of 5X first strand buffer was mixed with lp l of 0.1 M DTT and 0.5pi dNTP 

blend (lOmM). 3.5pl of 1st strand premix was added to each annealed primer- 

RNA mix and incubated at 37°C for 2 minutes. 0.5pl of Superscript II RT was 

then added to each target and the samples were incubated at 42 °C for 1 hour. 

They were then placed into a water bath at 16°C ready for 2nd strand synthesis.
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(ii) Second strand synthesis

The samples were placed on ice to cool for 5 minutes. Meanwhile 45.5pi of 

DEPC-treated water was mixed with 15pl 5X second strand buffer, 1.5 pi dNTP 

blend (lOpM) 0.5pl E.coli DNA ligase (lOU/pl), 2pl E.coli DNA Pol 1 (lOU/pl) 

and 0.5pl RNaseH (2U/pl). The 2nd strand master mix was added to each 1st 

strand reaction, mixed well, spun and incubated at 16°C for 2 hours. Following 

incubation lpl of T4 DNA Polymerase [lOU/pl] was added and the sample was 

lightly vortexed, spun and incubated at 16°C for 5 minutes. 5pl of 0.5M EDTA 

was then added to each sample.

(iii) Clean-up of double stranded cDNA

80 pi of Phenol: chloroform: isoamyl alcohol [48:1:1] (saturated with lOmM 

Tris pH8) was added to each ds cDNA sample and vortexed. A 1.5 ml Phase 

Lock Gel Light (PLG) tube was prepared for each sample by pelleting the gel in 

a microcentrifuge at 16,000 x g for 20-30 seconds. The entire cDNA-PCI mixture 

was transferred to the PLG tube and centrifuged for 2 minutes at top speed. The 

aqueous phase was then transferred to a fresh tube and precipitated by adding 2 

pi Glycogen, 80 pi NFLjOAc 5M and 400pl ethanol 100%. The sample was then 

stored at -80°C for 60 minutes to increase the cDNA recovery. Following 

thawing each sample was centrifuged at 4°C for 30 minutes and washed with 

70% ethanol. The samples were then centrifuged at 4°C for 10 minutes and the 

pellet was air dried for 10 minutes. The pellet was re-suspended in 1.5pl DEPC- 

treated water.

(iv) In vitro transcription reaction (using biotin-NTPs)

The IX NTP labelling cocktail was prepared by mixing 2pl 10X ATP 

(75mM), 2pl 10X GTP (75mM), 1.5pl 10X CTP (75mM), 1.5pl 10X UTP 

(75mM), 3.75pl Bio-11-CTP (10 mM), and 3.75pl Bio-11-UTP (10 mM). 14.5pl 

of this mix was added to the 1.5 pi cDNA along with 2pl 10X T7 transcription 

buffer and 2pl 10X T7 enzyme mix. The sample was run in a thermocycler for 6 

hours at 37°C and then left on hold at 4°C.
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(v) Clean-up of labelled cRNA

The sample volume was adjusted to lOOpl with RNase-free water. 350pl 

Buffer RTL was added and mixed thoroughly. This was followed by the addition 

of 250pl absolute ethanol and the sample was mixed well by pipetting. The entire 

sample (700pl) was applied to an RNeasy mini spin column sitting in a collection 

tube and centrifuged for 15 seconds at 16,000 x g. The RNeasy column was 

transferred into a new 2ml collection tube and 500pi Buffer RPE was added. The 

sample was then centrifuged for 15 seconds at 16,000 x g and the flow-through 

was discarded. 500pi Buffer RPE was pipetted onto an RNeasy column and 

centrifuged for 2 minutes at 16,000 x g to dry the membrane. The flow-through 

was discarded and spun at 16,000 x g for 2 minutes to dry the pellet. The RNeasy 

column was transferred into a new 1.5ml collection tube and 50pl RNase-free 

water was placed directly on the membrane. The sample was left for 1 minute 

and then centrifuged for 1 minute at 16,000 x g to elute. This step was repeated. 

The cRNA was quantitated using the Nanodrop spectrophotometer.

Fragmentation o f  cRNA for target preparation

(i) Fragmentation reaction

15pg of fragmented cRNA was used in 300pl of hybridization mix. The 

sample was incubated for 35 minutes at 94°C and then stored at -20°C until ready 

to perform hybridization.

(ii) Preparing the hybridization target

Before preparing the pre-mix, the 20X GeneChip Eukaryotic Hybridization 

Control cocktail was heated for 5 minutes at 65°C. The premix was made up by 

mixing 4.15pl control B2 oligonucleotide, 12.5pl 20X Eukaryotic Hybridization 

controls, 2.5pi Herring Sperm DNA (lOmg/ml), 2.5pi acetylated BSA 

(50mg/ml), 125pl 2x Hybridization buffer and 12.5g fragmented cRNA in water.

(iii) Targeting hybridization to GeneChip array

The hybridization cocktail was heated to 95 °C for 5 minutes and spun in the 

microfuge at 16,000 for 5 minutes to remove any insoluble material. The 

GeneChip probe array was then prepared for sample loading. The probe arrays
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were equilibrated to room temperature before use. The array was filled with IX 

Hybridization buffer (200pl) and incubated at 45°C for 10 minutes with the 

rotation at 60rpm. The buffer was then removed and replaced with the 

appropriate volume of clarified hybridization cocktail. The probe array was 

replaced into the rotisserie oven and hybridized for 16 hours at 45°C, with a 

rotation of 60 rpm.

In the microarray experiments three untreated and virus treated samples were 

run on Affymetrix U133A GeneChips that contain 23,500 sequences derived 

from the Genebank database. All of the data obtained from the gene array study 

were analysed using Genespring 7.0 analysis software.

2.3.7.6 Sequencing

PCR products were extracted from the gel and cleaned using the QIAGEN 

clean-up protocol described. The samples were quantified on the Nanodrop 

spectrophotometer and the ABI Big Dye 3.1 kit was used to amplify the 

fragments.

2.3.7.6.1 Sequencing PCR

The reaction mixture consisted of 4pl Terminator Ready Reaction mix, lpg 

template, lpl primer (3.2pM) and 4pl sterile water. The thermocycler was 

programmed to carry out 25 cycles of [96°C for 10 seconds, 50°C for 10 seconds, 

60°C for 4 minutes] and then hold at 4°C.

2.3.7.6.2 Purifying sequencing products by isopropanol precipitation

The sequencing reaction was transferred into a 1.5 ml microcentrifuge tube. 

40 ml of 75% isopropanol was added and the sample was mixed. The sample was 

then placed at -20°C for 30 minutes to precipitate the products. Following 

thawing the sample was spun for 20 minutes at 16,000 x g in a microcentrifuge. 

The supernatant was aspirated leaving the pellet at the bottom of the tube. 250 ml 

of 75% isopropanol was added to the tubes and the pellet was re-suspended. The 

sample was then centrifuged at 16,000 x g for 5 minutes at maximum speed and 

the supernatant removed. The sample was air dried on the bench for 10 minutes 

then stored at -20°C until ready for electrophoresis.
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2.3.7.6.3 Preparation o f sequencing products fo r electrophoresis

Electrophoresis was carried out by the CBS service at Cardiff University. 

Each sample was re-dissolved in 3ml loading buffer (deionized formamide/25 

mM EDTA (pH 8.0) with blue dextran (50 mg/ml) at a 5:1 ratio) immediately 

before use. The sample was then heated to 95°C for 2 minutes and immediately 

placed on ice. 2pi of each sample was loaded into the 96-well plate for 

sequencing. Sequencing was performed on the ABI 3700 16 capillary genetic 

analyser.

2.3.8 Cell biology and biochemical assays

2.3.8.1 Flow cytometry

Flow cytometry was employed to assess viability, proliferation and the 

expression of surface and intracellular molecules.

2.3.8.2 Preparation of Jurkat cells for flow cytometry

lml of the Jurkat cells were removed from each well and transferred to a 

FACS tube. The tubes were centrifuged at 272 x g for 5 minutes to pellet the 

cells. After pouring off the supernatant 500pl of 1% paraformaldehyde was 

added to each tube and the cell pellet was re-suspended by mixing. Incubation for 

15 minutes at 4°C was sufficient to fix the cells and they were washed twice in 

3ml before re-suspending in 500pl PBS.

2.3.8.3 Preparation of primary CLL cells for flow cytometry

250 or 500pl of the cell suspension was pelleted by centrifugation at 272 x g 

for 5 minutes. The pellet was re-suspended in lOOpl PBS and the relevant 

antibody was added (4pl/lx l06 Cells) (see table 2.1.5 in Appendix 1 for list of 

antibodies). All CLL samples were stained with anti-CD 19 to identify the CLL 

B-cell population. Following incubation at room temperature for 15 minutes in 

the dark, the cells were washed once in lml PBS, pelleted and fixed in 250pl 1% 

Paraformaldehyde.
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2.3.8.4 Fix and perm of CLL cells for intracellular staining

To quantify intracellular proteins by flow cytometry the cells were fixed and 

permeabilised to allow entry of fluorescent antibodies into the cell. Intracellular 

staining for Zap-70 and Ki-67 was carried out using this method. The cells were 

washed and stained for CLL B-cell specific extracellular antigens CD5 and 

CD 19. The sample was washed in lml PBS and 50pl of Fixing reagent A was 

added (Caltag). Following 10 minutes in the dark the cells were again washed 

and 50pl of permeabilisation reagent B containing 0.1% Nonidet-P40 was added 

together with the desired antibody. Following 15 minutes incubation in the dark, 

the sample was washed in lml PBS and the cells re-suspended in 500pl of 1% 

paraformaldehyde. The sample was then stored at 4°C before being run on the 

flow cytometer.

2.3.8.5 Annexin V/PI staining for apoptosis

As the cell enters the process of apoptosis ATP in the cell is depleted and 

phosphatidylserine is expressed on the external leaflet of the cell membrane. 

Annexin V is a natural ligand that binds phosphatidylserine and can therefore be 

used to detect this early marker of programmed cell death. Cells were washed 

twice in PBS and re-suspended in 200pl of IX calcium containing binding 

buffer. 5 pi of annexin V- fluorescein isothiocyanate (FITC) reagent was added 

and the sample was incubated for 10 minutes in the dark. lOpl of propidium 

iodide (20pg/ml) was added and the cells were run on the flow cytometer. 

Annexin V-FITC staining was detected in FL1 and PI in FL3.

2.3.8.6 Assessment of proliferation through incorporation of 

Bromodeoxy-uridine (BrdU)

Cell division is pre-empted by the replication of DNA. BrdU is able to 

replace thymidine during this process and antibodies to BrdU therefore allow the 

detection of dividing cells. Proliferation was assessed in CLL cells incubated in 

CD31 -expressing and untransduced fibroblast co-cultures. lxlO6 CLL cells were 

incubated for 32 hours in co-culture. BrdU was added to give a final 

concentration of lOpM. The cells were incubated for a further 16 hours to allow 

BrdU integration. The CLL cells were then removed from the co-culture layer 

with a pipette and washed in lml staining buffer (Bender Medsystems). After
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pelleting, the cells were fixed using lOOpl cytofix/cytoperm reagent and left for 

20 minutes at 4°C. The cells were then washed using lOOpl cytoperm/wash 

buffer and pelleted. lOOpl cytoperm buffer was added to permeabilise the cells 

and the sample was placed on ice for 10 minutes. The cells were washed and 

lOOpl of DNase (300pg/ml) was added. The sample was then incubated at 37°C 

for 1 hour. After this time, the cells were resuspended in 50pl of anti BrdU-FITC 

antibody and incubated for 20 minutes at room temperature. The sample was then 

washed in lml of cytoperm/cytowash buffer pelleted and resuspended in 200pl 

of IX PI solution (final concentration lpg/pl). Flow cytometry was used to 

detect BrdU-FITC in FL1 and PI in FL3.

2.3.8.7 Measurement of VEGF in the CLL supernatant by ELISA

Levels of the VEGF protein released by the CLL cells into the supernatant 

were quantified using the VEGF-A ELISA kit (Bender Medsystems). A positive 

control sample was included in the kit and dilutions were prepared which ranged 

from 31 to 2000 picomoles. The required number of wells was prepared by 

washing twice with 300pi of well wash buffer. lOOpl of the control and the 

samples were added to the pre-coated wells and incubated in the dark at room 

temperature for 2 hours. The wells were aspirated and washed 5 times with 300pi 

of well wash buffer. lOOpl of the detection antibody was added to each well and 

the plate was incubated in the dark at room temperature for 1 hour. After this 

period the wells were again washed 5 times using the well wash buffer. lOOpl of 

Avidin-HRP solution was added and the plate was left in the dark at room 

temperature for 20 minutes. Following washing 5 times lOOpl of Avidin-HRP 

was again added to each well and the sample incubated in the dark at room 

temperature for 3 minutes. Again the wells were washed 5 times and lOOpl of 

TMB substrate was added to each well. The plate was then incubated in the dark 

at room temperature for 15 minutes to allow the reaction to occur. 50 pi of stop 

solution was added and the plate was read on the plate reader at 450nm.

2.3.8.8 Cytospin slide preparation and staining CLL cells with Giemsa for 

morphological analysis

Isolated CLL lymphocytes were washed in PBS and re-suspended at a 

concentration of 2xl06/ml. 50pl was placed into the cartridge of the assembled
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cytospin slide apparatus containing an absorbent filter card with a window for the 

cells to come into contact with the slide. The slides were spun at 188 x g for 6 

minutes and then removed from the holders. The cells were fixed in 70% ethanol 

for 5 minutes and 5% Giemsa solution was added (enough to cover the surface of 

the cells (100-150|nl)). The samples were left at room temperature for 30 minutes 

and the excess dye was washed off using PBS. The samples were placed under a 

Zeiss Axio microscope for analysis and digital images were recorded at x40 and 

xlOO.
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2.3.9 Statistical analysis

The paired /-test was used to determine differences in protein expression 

from paired samples under varying conditions. The Mann-Whitney test was 

employed to analyse non-parametric un-paired data when comparing different 

patient samples. When correlating gene or protein expression in a cohort of 

patients the Spearman test was used. GraphPad Prism 4.0 was used to carry out 

the statistical analysis. All of the data obtained from the gene array study were 

analysed using Genespring 7.0 analysis software (Agilent Technologies, UK 

Ltd).

2.3.10 Patient samples and ethical approval

Primary CLL cells were collected from CLL patients from the University 

Hospital of Wales Cardiff and Birmingham Heartlands hospital. The patients' 

informed consent was obtained in accordance with the ethical approval granted 

by the South East Wales Research Ethics Committee in accordance with the 

Declaration of Helsinki. Patients presented with Binet stage A-C disease and 

were selected for use according to surface CD38 expression.
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Chapter 3. Genetic modification of primary CLL 
Cells

3.1 Introduction

The objective in this chapter was to develop a method of gene delivery to 

increase the expression of the CD38 glycoprotein on the surface of CD38 

negative primary CLL cells. This would allow the characterisation of the 

effects of CD38 on a homogeneous genetic background. It has been postulated 

that in certain cases, CLL cells are able to rapidly divide in so called 

proliferation centres in the lymph nodes of the host (Schmid and Isaacson, 

1994, Lampert et al., 1999). Even though this may be the case, the majority of 

the tumour cells in the peripheral blood remain in a quiescent state in G0/G1 

of the cell cycle and appear resistant to apoptosis. In vitro these cells are 

notoriously difficult to genetically modify with the use of retroviral vectors, 

which have become an established means of gene transduction in dividing 

cells (Muhlebach et al., 2005, Wolfrum et al., 2007). In this chapter, three 

different methods of gene transfection were evaluated in an attempt to 

increase the expression of CD38 on the surface of primary CLL cells; 

nucleofection, electroporation of in vitro transcribed messenger RNA and a 

lentiviral vector system.

3.2 Nucleofection of plasmid vectors

The nucleofection method involves pulsing an electric current through the 

CLL cell sample in the presence of a plasmid vector. Pores are created in the 

cell membrane enabling the plasmid to enter the cell and express the gene of 

interest. The nucleofection procedure can cause substantial cell death of CLL 

cells (Van Bockstaele et al., 2008) and the introduction of circular plasmid 

DNA (rather than linear DNA) into the cell has been shown to induce cell 

death in various cell types including B-cells, dendritic cells and macrophage 

(Seiffert et al., 2007, Shimokawa et al., 2000). This phenomenon is thought to 

occur due to the induction of an intrinsic defence mechanism against invading 

bacterial pathogens which causes apoptosis (Weinrauch and Zychlinsky, 

1999). Furthermore lipopolysaccharide (LPS), carried over from plasmid
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preparations, is a potent mediator of cell death (Boyle et al., 1998, Gordillo et 

al., 1999). Due to the anticipated cell death associated with nucleofection, 

large numbers of CLL cells (2.5x107) were used in each experiment and 

following nucleofection, a CD40 ligand bearing 3T3 cell co-culture was 

employed to prolong the survival of the CLL cells in vitro. The pEGFP-1 

plasmid used in these experiments (Figure 2.3) expressed a CD38-GFP fusion 

gene. Following nucleofection (of a CD38 negative sample) the successfully 

transfected cells expressed the CD38-GFP fusion protein that was readily 

detected using flow cytometry. GFP was detected in 34.5% of the CLL 

sample nucleofected using the CD38-GFP plasmid (Figure 3.1.a). A control 

GFP expressing plasmid (Amaxa) was run in parallel and following 

nucleofection, 27% of the cells expressed the fluorescent product (Figure 

3.1.b). Control samples were run which excluded the nucleofection process 

(Figure 3.1.c) and omitted the plasmid from the nucleofected CLL sample 

(Figure 3.1.d). From these latter samples the threshold was set for GFP 

detection.

The post nucleofection sample consisted of a mixed population of 

genetically modified and non-genetically modified CLL cells. To analyse the 

role of CD38 a pure CD38 positive population was required and therefore the 

cells were sorted using a MoFlo high-speed cell sorter. The cells were sorted 

into GFP positive and GFP negative fractions and rapidly returned to co

culture to minimise cellular stress and subsequent cell death. Figure 3.2.a 

illustrates the gating strategy used to separate the cells on the cell sorter. A 

total of 2xl06 GFP negative cells and 4xl05 GFP positive cells were isolated 

following nucleofection of an initial 2.5x10 CD38 negative CLL cells.

To assess whether the CD38 fusion protein was being expressed on the 

cell surface, a sample of both the GFP positive and GFP negative fractions 

was stained with anti-CD38 (R-phycoerythrin) and run on the flow cytometer. 

Figure 3.2.b illustrates that the GFP positive fraction also expressed the CD38 

fragment on the surface. As expected, the GFP negative CLL cells did not 

express the CD38 antigen. To enable the differential analysis of gene 

expression between the genetically modified and unmodified cells both the 

untransfected and GFP-expressing samples were pelleted and re-suspended in
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Fig 3.1 G F P  w as expressed in C L L  cells follow ing 
nucleofection o f G FP-C D 38 and  contro l G F P  plasm ids.

5xl06 CLL cells were placed into the nucleofection chamber. The 
first sample was nucleofected in the absence of plasmid (a) the 
second control sample was mixed with 5pg of the GFP-CD38 
plasmid in the chamber, without the nucleofection process taking 
place (b) the GFP expression within the CLL cells was measured by 
flow cytometry following nucleofection in the presence of 5pg of 
(c) GFP-CD38 plasmid and (d) 2pg of the GFP plasmid in the 
control sample .
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Figure 3.2 Isolation o f G F P  positive cells using the M oflo 
cell so rter.

The gating strategy employed on the cell sorter separated the GFP 
positive from the GFP negative cells (a) following cell sorting the 
samples were placed into cell culture media at 37°C for 24 hours after 
which a sample of each fraction was run on the flow cytometer to 
observe GFP and CD38 expression. The overlays illustrate (b) GFP 
and (c) CD38 expression in the isolated CLL cell populations.
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Trizol reagent (containing guanidinium thiocyanate) for subsequent RNA 

isolation.

3.3 Electroporation of in vitro transcribed messenger RNA (IVTmRNA)

An alternative means of transfecting cells, similar to the nucleofection 

technique, is to generate a pulse of electricity in the presence of mRNA 

encoding the gene of interest. The pulse renders the cells porous for a suitable 

amount of time for the small mRNA molecules to enter the cell. Unlike the 

nucleofection procedure, the absence of the circular bacterial plasmid in this 

method should eliminate cell death due to DNA cytotoxicity and 

contaminating bacterial LPS. This technique has recently been successful in 

the transfection of CLL cells with a GFP-ZAP-70 fusion gene, with very little 

cell death reported during the electroporation procedure (Van Bockstaele et 

al., 2008). Drawbacks of the technique include the lengthy preparation of 

IVTmRNA, which takes three days to obtain a relatively small amount of 

template (around 60pg). Furthermore, this technique requires electroporation 

which is known to cause increased cell death (Seiffert et al., 2007).

Following transcription of mRNA encoding GFP in the laboratory, the 

CLL cells were electroporated and flow cytometry was utilised to detect the 

GFP protein. Increasing amounts of IVTmRNA, ranging from 0 to 40pg, were 

placed into solution with CLL cells and electroporated at 500 Volts, 150p 

Farads (As optimised in the procedure by Van Bockstaele et al, 2008). Figure 

3.3.C and 3.3.d illustrate that following electroporation, there was no increase 

in the expression of the GFP protein in the CLL cells regardless of the amount 

of mRNA added. The figure is representative of experiments carried out on 

three separate CLL samples. Due to the lack of gene expression, this approach 

was not pursued further.
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Figure 3.3 No G F P  expression w as observed following 
electroporation  o f IV Tm R N A .

5xl06 CLL cells were resuspended in the electroporation buffer (a) 
the first sample was electroporated at 500V 150F with no in vitro 
transcribed messenger RNA (IVT mRNA). In the second sample (b) 
20pg of IVT mRNA encoding GFP was added prior to electroporation, 
(c) 20pg IVT mRNA was added to the third sample and (d) 40pg to 
the final CLL sample before electroporation.
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3.4 Lentiviral gene transduction

3.4.1 Introduction

In nature the virus gains entry into the cell through specific surface 

interactions and utilises the genetic machinery of the cell to incorporate its 

own genetic material into the host genome within the nucleus (Kay et al., 

2001). Unaware of the presence of the foreign gene the cell unwittingly 

transcribes the hybrid genome and generates the proteins required for viral 

replication. This mechanism has been exploited by scientists who have 

genetically modified the viral genes to introduce a gene of interest into the 

host cell.

Stable transduction o f human cells through viral gene delivery

The first type of viral gene transfer was carried out using murine derived 

oncogenic retroviruses (Miller, 1992). These structures contain the basic 

genetic elements required for viral entry into dividing human cells, integration 

of the viral cDNA into the host genome and the expression of regulatory 

proteins, enzymes and the viral envelope glycoprotein which encapsulates the 

replicated virus as it leaves the host cell.

Retroviruses

The retroviral genome consists of two identical copies of a single 

stranded nucleic acid RNA molecule bound by hydrogen bonds to form a 

dimer (Coffin et a l , 1997). The genome, along with virus replication 

enzymes, are housed within the protein core of the virus which is in-tum 

encapsulated in a glycoprotein containing phospholipid envelope. It is the 

outer glycoprotein envelope which interacts with specific host cell membrane 

receptors to allow entry of the viral core into the cell cytoplasm through direct 

fusion or endocytosis (Coffin et al., 1997). In the cytoplasm reverse 

transcription enzymes, transferred in the viral core particle, produce a cDNA 

fragment from the viral RNA. Following entry into the nucleus the viral 

genome is permanently integrated into the host DNA where it is referred to as 

the provirus (Buchschacher and Wong-Staal, 2000). During host cell 

replication the proviral DNA is transcribed into mRNA and the genes required
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for construction of the virus are translated into functional precursor structural 

proteins, replication enzymes and envelope glycoproteins (Buchschacher and 

Wong-Staal, 2000).

Genetics and post-translational modifications

The retroviral genome encodes three genes essential for replication. The 

first two genes are gag and pol which are transcribed into a single mRNA 

precursor coding for the viral core proteins and the viral replication enzymes 

respectively (Buchschacher and Wong-Staal, 2000). The translated chimeric 

protein is self-cleaved through its own protease activity which subsequently 

causes degradation of the pol product into separate enzymes with protease, 

reverse transcriptase and integrase activity (Fields et al., 1996). Matrix, capsid 

and nucleo-capsid proteins are core molecules that are all formed through 

additional protease cleavage of the Gag protein (Fields et a l , 1996). The third 

gene (env) codes for the proteins contained within the envelope structure. 

Cellular proteases are responsible for the cleavage of the envelope 

glycoprotein into the external envelope glycoprotein and the transmembrane 

protein, two molecules which instigate cell membrane interactions as a 

prelude to viral infection (Buchschacher and Wong-Staal, 2000).

Reduction o f viral pathogenesis through genetic modification

Through in vitro manipulation, the retrovirus can be utilised as an 

effective means of gene transfer. The use of such a system, where a virus is 

introduced into host cells, raises serious issues with regard to safety, 

especially in cases where the virus has the potential to operate as a vector for a 

therapeutic gene in the treatment of human disease (Kay et a l , 2001). With 

this in mind, together with the safety issues involved in working with such 

molecules, various molecular modifications have been made to viral vectors to 

increase their safety and reduce their potential to replicate (Delenda, 2004). 

Primarily the vector is stripped of its viral genes from the genome and left 

with the minimum structural protein and enzyme coding regions necessary for 

viral production and infection. The virus is also rendered replication defective 

meaning that following infection of the target cell, the virus is no longer able 

to replicate and cause further infection (Delenda, 2004). This is achieved by
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removing cis-acting sequences from the genes encoding the viral proteins 

required for replication. These sequences allow propagation of a number of 

replication events including reverse transcription of viral RNA (pbs), 

continued DNA synthesis (ppt), incorporation (att) and transcription of the 

provirus and packaging of the viral genome (Delenda, 2004). A promoter 

gene inserted up-stream of the gene of interest allows this fragment to be the 

only one transcribed following infection into the host genome.

Additional measures, taken to reduce the pathogenic potential of the 

virus, include the integration of the required genes into target or packaging 

cells in trans. The gene of interest together with its promoter is incorporated 

into an initial plasmid vector. The viral genes gag and pol are cloned into a 

second plasmid and the env gene, coding the envelope protein, is cloned into a 

tertiary plasmid vector. Only following transfection of the packaging cell line 

are these plasmid vectors expressed together to allow production of the virus 

(Buchschacher and Wong-Staal, 2000) (Figure 3.4). With each of these 

modifications in place the potential of the viral system to cause pathogenesis 

through genetic recombination is low (Buchschacher and Wong-Staal, 2000).

Lentiviral Vectors

The application of lentiviruses in gene delivery has been widely studied, 

predominantly using the Human immunodeficiency virus-1 (HIV1) (Naldini 

et al., 1996). Replication of these types of virus requires additional genes 

which have to be present in the lentiviral vector system if successful gene 

transfer is to be carried out in vitro. The nine genes which encode the genome 

of the HIV virus are the structural genes gag, pol and env which have already 

been discussed, two additional genes tat and rev, which are essential for 

replication and regulate the levels of HIV gene expression at transcriptional 

and post transcriptional levels respectively and four accessory genes v if vpr, 

vpu and nef which are involved during in vivo replication and pathogenesis 

(Buchschacher and Wong-Staal, 2000). Elimination of the accessory genes in 

the lentiviral vector allows transfection and viral production whilst 

eliminating much of the pathogenic potential of the virus.

The Tat protein is involved in enhancing the transcriptional activity of the 

long terminal repeat (LTR) promoter, dramatically increasing transcription of
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Figure 3.4 G enera tion  o f len tiv irus (Adapted from 
Buchschacher and Wong-Staal, 2000).

The plasmid vector construct incorporating the gene of interest within 
the LTR regions of the lentivirus back bone are introduced to the 
packaging cell along with the helper plasmids encoding gag and pol 
and the envelope gene (env). Translation of all three genes results in 
the accumulation of viral proteins and the RNA transcript of the gene 
of interest. Due to the lack of cis acting sequences the gag, pol and env 
genes are not packaged within the newly generated lentivirus. Further 
propagation of the virus is therefore not permitted. The virus is 
released from the packaging cell and infected target cells express the 
gene of interest.
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the rev gene. Rev promotes the accumulation of viral transcripts in the 

cytoplasm through its interaction with the rev-responsive element (rre) on the 

viral genome (Malim et al., 1990). This mechanism allows the production of 

late viral proteins. Up-regulation of rev can be achieved in the lentiviral vector 

by introducing a constitutively active promoter gene into the LTR region, 

negating the requirement for the tat gene (Kim et a l , 1998). The elimination 

of tat leaves only the gag, pol and rev genes from the original HIV genome, 

increasing the biosafety of the vector system even further.

The retrovirus is only effective in transducing dividing cells (Lewis and 

Emerman, 1994). During cell division the nuclear envelope breaks down 

allowing the virus to access the genomic DNA. In non-dividing cells the 

retrovirus is unable to transit the nuclear envelope and therefore there is no 

formation of the provirus. In contrast lentiviral vectors produce integrase and 

matrix proteins which enhance nuclear localisation (Gallay et al., 1995). The 

accessory protein Vpr binds directly to the nuclear pore complex allowing 

entry of the virus into the nucleus. The exact mechanism of this process is 

poorly understood and investigations have shown that formation of the 

provirus can occur in the absence of the vpr gene (Yamashita and Emerman, 

2005). To increase biosafety vpr is left out of the lentiviral construct used to 

infect target cells in vitro.

In summary, genetic engineering of lentiviruses has allowed the 

generation of a safe and effective means of genetically modifying primary 

quiescent cells in the laboratory. Lentiviruses have been successfully 

employed in the genetic modification of a number of different cell types and 

there are many factors integral to the success of the lentiviral system. Such 

factors include the promoter used and the type of envelope which coats the 

virus. The pHR' SINcPPT SFFV-WPRE, third generation lentivirus developed 

in this project integrated the Spleen focus forming virus promoter up-stream 

of the gene of interest. The CD4 T-cell targeting envelope construction 

protein in HIV-1 is encoded by the HIV-1 env gene which was removed from 

the attenuated lentiviral backbone. In the generation of the lentivirus used in 

this work, the VSVG encoding envelope gene was utilised in trans (within the 

MD2G helper plasmid) to allow viral entry into a range of cells via binding to 

surface phospholipid.
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3.4.2 GFP lentivirus on Jurkat cells

Jurkat cells were infected with a GFP expressing lentivirus. Details of the 

generation of plasmids and the lentivirus can be found in the materials and 

methods section (2.3.3 - 2.3.5). The addition of increasing amounts of virus (0 

to 32pi) resulted in a dose dependent increase in the expression of GFP in 

Jurkat cells (Figure 3.5.a).

CLL cells are notoriously difficult to transduce with lentivirus. The virus 

was therefore concentrated by ultracentrifugation prior to infection of CLL 

cells and re-suspended in DMEM media without supplements. Initially the 

concentrated virus was compared to the crude viral supernatant by infecting 

Jurkat cells. This allowed the assessment of whether a significant amount of 

viral particles were lost during the ultracentrifugation step. The concentrated 

GFP virus was diluted 1 in 46 with DMEM (as 34.5ml of supernatant was 

ultracentrifuged and resuspended in 750pl DMEM (see materials and methods

2.3.5.2)) and increasing volumes were added to Jurkat cells. The transduction 

of the Jurkat cells was compared using the same volumes of crude supernatant 

added to CLL cells. Figures 3.5.b and 3.5.C illustrate the transduction 

efficiency of crude viral supernatant and diluted viral concentrate respectively. 

The transduction of Jurkat cells using increased volumes of both crude 

supernatant and concentrated GFP virus resulted in a linear increase in GFP 

expression. An increased amount of transduction was seen using lower 

volumes of crude supernatant suggesting that there were approximately twice 

as many viral particles present in the crude supernatant compared to the 

diluted concentrated virus. This experiment was designed to assess the loss of 

viral particles when concentrating the crude supernatant. When the amount of 

particles in the concentrated preparation was calculated, allowing for the 

dilution factor, there was a 20 fold increase in the viral yield when 

concentrating the virus by ultracentrifugation. This meant that it was worth 

while carrying out the concentration procedure to obtain more virus/ml.
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Figure 3.5 G F P  w as expressed in J u r k a t  cells trea ted  
w ith increasing  am oun ts o f len tiv irus.

lx l0 6 Jurkat cells were treated with increasing amounts of 
concentrated GFP lentivirus and incubated at 37°C for 48 hours. 
Figures a (i-iv) illustrate the GFP expression in samples treated with 
0, 2, 8 and 32pl of lentivirus respectively. The increase in GFP 
expression is illustrated following the use of viral supernatant (b) and 
concentrated lentivirus (diluted 1/40) (c).
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3.4.3 Treating Primary CLL cells with GFP virus

Adding increasing amounts of GFP virus to the CLL cells saw a dose- 

dependent increase in the amount of GFP expressed (Figure 3.6.a). In the 

titration experiment a maximum of 35% of the CLL cells were transduced by 

adding 64pl of the GFP virus (Figure 3.6.a). Addition of more virus did not 

result in an increase in GFP expression in this sample. An estimation of the 

number of infectious viral particles present in 1 pi of virus was then made and 

the multiplicity of infection (MOI), which is a measure of the number of viral 

particles required to infect one cell, was determined and applied to all 

subsequent experiments (using this particular batch of virus). The maximum 

amount of transduction was 35% GFP expression using 64pl of concentrated 

virus, lx l0 6 CLL cells were used in the experiment which meant that 350,000 

cells were GFP positive following the addition of 64pl of virus. Taking this 

number (which was the maximum amount of cells transduced) as 100% 

transduction, a figure was generated illustrating the expression of GFP as a 

percentage of the maximum expression (Figure 3.6.b). Using values of the 

number of cells transduced as a percentage of the maximum, the MOI was 

calculated for the GFP virus (Figure 3.6.c). Table 3.1 shows the number of 

CLL cells transduced using increasing amounts of GFP lentivirus. Assuming 

that one viral particle infects one cell, and taking a mean of the three values 

obtained from the linear range (illustrating a linear increase on the graph in 

Figure 3.6.a), the number of particles per microlitre was estimated to be 

82,341 (Table 3.1). From figure 3.6.a it can be seen that 64pl of virus was 

required to transduce the maximum number of CLL cells.

From the equation:

Number of Viral particles/ul x Volume of Virus (ul) = 82341 x 64 = 5.3 

Number of cells being transduced 1000000

an MOI of 5.3 was required to transduce the maximum number of CLL cells.
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Figure  3.6 M ultip licity  o f infection (M O I) calculated 
from  G F P  v iru s  trea ted  C L L  cells.

Increasing amounts of GFP lentivirus were added to lx l0 6CLL cells. 
Following 48 hours incubation GFP expression was determined by 
flow cytometry. The increase in GFP expression in was calculated as 
the percentage GFP expression (a), the percentage of the maximum 
expression (b) and subsequently the multiplicity of infection (c).
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Microlitres of 
virus

% GFP 
expressing cells

Number of cells 
transduced

Infectious 
particles per 

microlitre
2 20.7 207261 103,631
4 35.2 352118 88,030
8 44.3 442889 55,361

Mean 82,341
St Dev 24,633

T able 3.1 T itra tio n  o f G F P  len tiv iru s on C L L  cells.

There was a mean of 82,341 infectious virus particles per 
microlitre of concentrated GFP virus.

Microlitres of 
virus

% CD38 
expressing cells

Number of cells 
transduced

Infectious 
particles per 

microlitre
2 23.0 230321 115,161
4 22.9 228802 57,201
8 47.0 470007 58,751

Mean 77,037
St Dev 33,025

Table 3.2 T itra tio n  o f CD 38 len tiv irus on C L L  cells.

There was a mean of 77,037 infectious virus particles per 
microlitre of concentrated CD38 virus.
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3.4.4 CD38 virus on CLL cells

Following expression of GFP in Jurkat and primary CLL cells, a plasmid 

containing the same HIV 1-derived backbone was generated containing the 

gene encoding CD38. The same helper plasmids were utilised, (namely A8.91 

and MD2G) and the lentivirus was again generated using the 293T packaging 

cell line, under the same conditions as used for the GFP virus including 

concentration using ultracentrifugation.

Primary CLL cells were treated with the concentrated CD38 virus. A dose 

dependent increase in CD38 expression was seen in the CLL cells following 

infection with the CD38 virus with a maximum transduction of 93% in the 

titration experiments (Figure 3.7.a). The optimum amount of CD38 virus 

required to infect the largest percentage of the CLL cells without using excess 

virus was estimated at 40pl of concentrated virus for lx l 06 CLL cells (Figure 

3.7.a). Again the amount of virus present was estimated using the linear slope 

of the graph and a mean of 77,037 infectious particles per microlitre was 

calculated for the CD38 virus (Table 3.2). From the equation (above) 40pl of 

CD38 lentivirus corresponded to an MOI of 3.2. Figure 3.8 illustrates the 

CD38 expression in a single CLL sample before (Figure 3.8.a) and following 

the addition of CD38 virus (MOI 3.2) (Figure 3.8.b). CD38 was not expressed 

at high levels in cells from the same patient treated with GFP virus at an MOI 

of 3.2 (Figure 3.8.c). A CD38 positive patient was run in parallel as a positive 

control for the experiment (Figure 3.8.d). Figure 3.8.e illustrates the increase 

in CD38 expression using an overlay of the histograms for untreated and 

CD38 virus treated samples.

3.4.5 Summary of MOI

Titrating the virus on CLL cells illustrated that the number of infectious 

viral particles contained within lp l of both the GFP and the CD38 virus was 

comparable (82,341 and 77,037 infectious particles per microlitre for the GFP 

virus and CD38 virus respectively). Thus, using an equal volume of GFP virus 

(compared to CD38 virus) in subsequent experiments constituted an 

appropriate control which would distinguish the effects of CD38 expression 

from the effects of generic viral infection.
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F igure  3.7 High levels o f CD38 expression w ere observed 
following the add ition  o f increasing  am ounts o f 
len tiv irus.

lxlO6 CLL cells from a CD38 negative patient were treated with 
increasing amounts of CD38 virus and the expression of CD38 on the 
surface was measured by the percentage of cells expressing the antigen 
(a) and by the MFI (b). Following calculation of the number of viral 
particles per microlitre, the multiplicity of infection was determined 
for each amount of virus added. This is illustrated in (c) where an MOI 
of 3.2 is sufficient to transduce more than 80% of the CLL cells.
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Figure 3.8 An M O I o f 3.2 tran sd u ced  over 90%  o f C L L  
cells in a single p a tien t sam ple.

Primary CLL cells were isolated from a fresh patient sample and lx l0 6 
cells were treated with lentivirus. In the untreated control sample 5% 
of the CLL cells expressed CD38 on the surface (a). Following the 
addition of 128pl of CD38 virus 94% of the cells expressed the CD38 
antigen (b). Addition of GFP virus induced an increase in CD38 
expression in a small percentage of the cells (10%) (c). Figure 3.8d 
illustrates the native CD38 expression of a CD38 positive patient. The 
increase in CD38 expression in the CD38 virus treated CLL sample 
compared to the negative control is illustrated in (e).
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3.4.6 Quantification of lentivirus using the Retro-tek p24 ELISA

Calculating the number of viral particles by titrating the CD38 and GFP 

virus to CLL cells illustrated that similar amounts of virus were being 

generated within the individual preparations. To support these findings the 

virus was quantified using a p24 ELISA. Figure 3.9 illustrates that a 

comparable amount of the p24 gag gene product was present in both CD38 

and GFP virus preparations with values of 77,790,698 particles/pi 

(±16,190,667±SD) and 78,468,992 particles/pl (±14,430,044±SD) 

respectively.

3.4.7 CD38 expression in CLL cells treated with CD38 and GFP 

virus

CD38 is a marker of activation in many different cell types. The infection 

of CLL cells with concentrated lentivirus may have the potential to activate 

the cells and induce the expression of CD38 on the surface. It was therefore 

important to determine the expression of CD38 on CLL cells following 

treatment with the control GFP virus. CLL cells were treated with equal 

amounts of both GFP and CD38 virus. Figure 3.10.a illustrates the CD38 

expression in cells infected by each virus. There was no dose related increase 

in the number of cells expressing CD38 or in the MFI (Figure 3.10.b) for cells 

treated with the GFP virus. This clearly demonstrates that the increase in 

CD38 expression in the CD38 negative primary CLL cells is due to the 

specific expression of the CD38 gene integrated into the genome (the 

provirus) following the addition of CD38 virus.
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F igure  3.9 C o m p arab le  am oun ts o f len tiv irus w ere 
p resen t in both  CD38 and  G F P  p rep a ra tio n s .

1/500,1/1000, 1/2500 and 1/5000 dilutions of the CD38 and GFP virus 
were prepared and placed into the wells of the The Retro-tek p24 
ELISA plate. The fluorescence of the tertiary streptavidin-peroxidase 
substrate was quantified at 450nm and the amount of p24 antigen was 
calculated as a mean of the two dilutions.
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F igure  3.10 CD38 w as no t expressed following the use of 
the  contro l G F P  len tiv irus.

lxlO6 CLL cells were treated with increasing amounts of CD38 and 
GFP virus and incubated at 37°C for 48 hours. The cells treated with 
the CD38 lentivirus express the antigen at high levels, where as the 
GFP virus treated cells do not express CD38. This is illustrated when 
plotting the percentage of cells expressing CD38 (a) and the MFI of 
the sample (b).
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3.4.8 CD38 gene expression in CLL cells by quantitative reverse 

transcription PCR (QRT-PCR)

Flow cytometry demonstrated that following transduction CD38 negative 

CLL cells expressed the CD38 antigen. To confirm these results QRT-PCR 

experiments were carried out to quantify the relative change in CD38 mRNA 

in transduced and untransduced samples. Figure 3.11 illustrates the QRT-PCR 

plot of a single sample following transduction. Using ABL expression as a 

house-keeping control gene, a 17,800 fold increase in the expression of 

mRNA encoding the CD38 gene was detected by QRT-PCR following the 

addition of CD38 lentivirus (Mean of 6 patient samples (SD±12,173)). A 7- 

fold increase in the gene expression of CD38 was detected in the GFP virus 

treated samples compared to the untreated control samples (Mean of 6 patient 

samples (SD±14)) (see Chapter 5.2).

3.4.9 Treating multiple patient samples with CD38 virus and control GFP 

virus

With many of the conditions required for maximum transduction 

optimised, further CD38 negative patient samples were infected to determine 

whether the high levels of CD38 transduction could be achieved in all of the 

samples tested. In total, 17 CD38 negative CLL samples (mean 3% SD±2%) 

were treated with the CD38 virus and the mean CD38 expression was 87% 

(SD±8.5%) (Figure 3.12). Seven patient samples from this cohort were also 

treated with GFP lentivirus to observe the effects of lentivirus on CLL cells. A 

mean of 8% (SD±6%) CD38 expression was observed in this cohort. P values 

were calculated from paired samples.

3.4.10 Stable CD38 expression in CLL cells

Following 48 hours incubation with lentivirus CD38 was expressed at 

high levels on the surface of CD38 negative CLL cells. To establish whether 

the expression of the antigen was stable over a longer period, the CLL cells 

were transduced and monitored for the expression of CD38 on the surface 

over a period of five days. Figure 3.13.a illustrates the stable expression of 

high levels of CD38 over the period of five days, compared to untreated 

controls, in a single patient sample (measured as the percentage of cells
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Figure 3.11 CD38 w as highly expressed a t the level o f 
tran sc rip tio n  in C L L  cells illu stra ted  by qu an tita tiv e  
reverse tra n sc rip tio n  PC R .

Total RNA was extracted from virally treated CLL samples (MOI
3.2) and QRT-PCR was carried out to observe CD38 gene expression. 
The expression of mRNA encoding CD38 was determined relative to 
the ABL house keeping gene. A mean of 20,000 fold increase in the 
expression of CD38 was calculated in a single sample following the 
addition of CD38 lentivirus (compared to the untreated sample).
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Figure 3.12 CD38 w as expressed in m ultip le sam ples 
follow ing the add ition  o f CD38 len tiv irus.

17 CD38 negative patient CLL samples were treated with CD38 
lentivirus at an MOI of 3.2. There was a significant increase in the 
expression of CD38 on the surface of these samples compared to 
untreated and GFP virus treated samples (p<.0.001). The mean 
expression in the untreated sample was 3% (SD = 1.8)(n=17), the 
CD38 virus treated sample 87% (SD = 8.5)(n=17) and the GFP virus 
treated sample 8% (SD = 5.8)(n=7). There was no significant increase 
in the expression of CD38 in GFP treated samples compared to the 
untreated cells (p=0.2). (The student Mest was applied to paired 
samples).
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Figure 3.13 CD38 was expressed in CLL cells for up to 5 
days.

CLL cells were treated with CD38 lentivirus at an MOI of 3.2 and 
incubated at 37°C. A sample of the cells was phenotyped each day for 
5 days to observe CD38 expression. The number of cells transduced 
is determined from the percentage of cells expressing CD38 (a) and 
from the MFI (b).
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expressing CD38). Figure 3.13.b illustrates the MFI of the sample over the 

same period.

3.5 Discussion

The majority of the CLL cells in the peripheral circulation are in a non

dividing state. In vitro, these cells are resistant to genetic modification through 

transfection of double or single stranded coding molecules or transduction of 

retroviral vectors. Various groups have evaluated such techniques and have 

reported contrasting results for the manipulation of gene expression in CLL 

cells. In 2007 Seiffert et al. reported a high level of transduction with the use 

of nucleofection of a plasmid vector encoding GFP, while in 2008 Van 

Bockstaele et al. succeeded in transfecting CLL cells using electroporation of 

in vitro transcribed mRNA (Seiffert et al., 2007, Van Bockstaele et al., 2008). 

Both groups reported high levels of cell viability as well as the inefficiency of 

other gene transfer techniques assessed. With this contrasting evidence in 

mind, all three methods of genetically modifying CLL cells were evaluated in 

this chapter.

Nucleofection of a plasmid vector incorporating a GFP-CD38 fusion gene 

resulted in transfection of 34.5% of the CLL sample. However, this was 

associated with a large amount of cell death and in order to recover a pure 

population of genetically modified cells they had to be physically sorted. This 

in turn, induced further cell death. Given that the aim of this project was to 

carry out functional studies on genetically modified cells, the requirement of 

large numbers of patient cells for nucleofection meant that patient samples 

were limited to those with high lymphocyte counts (Above 3x10 cells/ml). 

Also sorting the cells following nucleofection was time consuming and 

yielded a small number of genetically modified cells from which to extract 

genetic material for QRT-PCR and microarray investigations.

The second transfection method evaluated was electroporation of in vitro 

transcribed mRNA coding for GFP. Twenty four hours post electroporation 

the CLL cells were assessed for the expression of GFP using flow cytometry. 

No increase in fluorescence was observed in the sample following 

electroporation with increasing concentrations of IVTmRNA. Again a 

considerable amount of cell death occurred. In complete contrast to the results
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obtained by Van Bockstaele et al. in 2008, this method of gene transfer was 

unsuccessful in multiple experiments. Due to the success of the other 

techniques evaluated at the same time, further optimisation of this 

methodology was not carried out.

The use of a VSVG pseudotyped lentivirus in genetically modifying CLL 

cells has been attempted with varying success (Bovia et a l , 2003, Janssens et 

al., 2003, Serafim et al., 2004, Levy et al., Hazan-Halevy et al.). However, as 

an alternative to the transfection techniques, I decided to evaluate the 

lentiviral transduction method in our laboratory. Infection of Jurkat cells with 

a lentivirus housing the gene encoding GFP resulted in a dose-dependent 

increase in GFP expression in 100% of the cells treated. Levels of expression 

in CLL cells treated with GFP virus reached a maximum of 60% (Appendix 3) 

which is higher than previously reported (Van Bockstaele et a l , 2008, Frecha 

et a l , 2009). Following infection with lentivirus expressing CD38, up to 95% 

of the CLL cells treated were shown to express de novo CD38 with a mean 

transduction efficiency of 87% in 17 patient samples (Figure 3.12). The 

reason for such success using the pHR' SINcPPT SFFV-WPRE lentivirus is 

not clear. In a recent publication by Frecha et al. they compared the measles 

virus envelope glycoprotein to the VSVG envelope in the transduction of CLL 

cells (Frecha et a l , 2009). They suggested that both the viral envelope and the 

promoter used to drive the expression of the gene of interest were integral to 

the success of their lentiviral transduction system. In our experience 

pseudotyping the viral core with the VSVG envelope, which resulted in little 

transduction in their system, was highly successful. However, the SFFV 

promoter used in our lentiviral construct differed from the CMV promoter 

which they utilised. It seems likely that the combination of promoter and viral 

envelope used in our system facilitates the transduction process at multiple 

levels.

Generation of a lentivirus with the same viral back bone, but expressing a 

non-human reporter gene, was essential for two reasons: Firstly to ensure that 

the expression of CD38 was derived from the provirus incorporated into the 

host genome and not endogenous CD38 expression due to viral activation; and 

secondly as a control in subsequent experiments to distinguish the generic 

effects of the virus from the specific increase in CD38 expression on the CLL

96



Chapter 3 Genetic modification o f primary CLL cells

cell surface. The reporter gene utilised was derived from the Jelly fish 

(Aequorea Victoria) and expressed the green fluorescent protein which, 

following expression, can be observed in the transduced cells using a 

fluorescence microscope or within the FL1 channel of the flow cytometer 

(488nm laser line) (Xu et al., 1998). In order to constitute an accurate control, 

the GFP virus was added to the CLL cells in equal amounts to the CD38 virus. 

Both viruses were titrated on CLL cells to determine the number of viral 

particles present in one microlitre of each of the concentrated viral 

preparations. The results illustrated that there were comparative amounts of 

CD38 and GFP virus in each concentrate and therefore equal volumes of GFP 

virus could be used to infect CLL cell samples and provide an appropriate 

control in each of the experiments. This was confirmed by the use of an 

ELISA technique to detect soluble p24 protein, a product of the gag gene 

derived from the lentivirus. Comparative amounts of the p24 protein were 

detected in both viral preparations (Figure 3.9). The multiplicity of infection, 

which is the number of viral particles required to infect one cell, was also 

determined and employed when comparing individual virus preparations and 

scaling up the experiments to use large cell numbers. Following transduction 

of the CLL cells with the CD38 virus, flow cytometry was utilised to quantify 

the levels of CD38 expression over five days. Figure 3.13 illustrates that the 

expression of CD38 on CLL cells was stable over five days, determined by 

both the percentage of CLL cells expressing the antigen (Figure 3.13.a) and 

the mean fluorescence intensity (Figure 3.13.b).

Of the three methods of gene delivery evaluated the lentiviral 

transduction of CLL cells proved the most successful in generating large 

numbers of viable CD38 positive cells from a CD38 negative sample. This 

method caused substantially less cell death than the transfection techniques 

(discussed in chapter four) and eliminated the requirement for cell sorting or 

selection. A consistently high level of transduction was achieved in 17 patient 

samples treated (mean 87% SD±8.5%) providing a homogeneous background 

with which to perform further investigations.
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Chapter 4. CD38 ligation enhances the viability 

and proliferation of primary CLL cells

4.1 Introduction

The presence of CD38 on the surface of CLL cells confers a poor 

prognosis (Damle et al., 1999) but the biological rationale for this remains 

uncertain. Chapter three describes the development of a lentiviral vector 

system for inducing CD38 on the surface of CLL cells. This technology was 

utilised to investigate the role of CD38 in regulating the survival and 

proliferation of primary human CLL cells.

It is now presumed that due to the absence of specific signals from the 

tissue microenvironment, CLL cells do not survive for prolonged periods ex 

vivo (Bomstein et al., 2003). As they progress through the stages of apoptosis, 

CLL cells shrink and therefore increase in granularity prior to cellular 

fragmentation. With the use of flow cytometry, a population of apoptotic cells 

may be identified by observing changes in forward and side light scatter 

(Figure 4.1.a). An alternative, and more direct, means of assessing apoptosis 

involves the labelling of phosphatidylserine on the surface of the cells via 

binding of its ligand annexin V.

Annexin Vstaining

The cellular cytoplasmic membrane is made up of asymmetrically 

distributed phospholipids (Alberts et al 1994). Phosphatidylserine is normally 

located on the inner leaflet of the bilayer. However, during apoptosis a 

reduction in intra-cellular ATP results in the inability of a cell to retain 

phosphatidylserine on the inner membrane. Subsequently the molecule “flips” 

and is presented on the outside of the cell (Seigneuret and Devaux, 1984). 

Annexin V may be labelled with a fluorescent molecule which, when bound to 

phosphatidylserine on the outer membrane, can be detected using flow 

cytometry. The addition of propidium iodide to the cells within this assay 

identifies dead cells as well as those in a progressive apoptotic state 

(Steinkamp et al., 1999).
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Figure 4.1 C L L  cell su rv ival w as increased  following the 
add ition  o f len tiv irus.

(a) lx l 06 CLL cells were placed into liquid culture and incubated for 
48 hours with or without lentivirus. The CLL cell viability was 
assessed in untreated, CD38 virus treated and GFP treated samples, (b) 
Increasing amounts of CD38 virus were added to lx l0 6 CLL cells and 
CD38 expression was assessed by flow cytometry following 48 hours 
incubation, (c) Using forward and side scatter profiles the viability of 
the samples was assessed after 48 hours.
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4.2 CLL cell survival was enhanced over 48 hours following the addition 

of lentivirus

To investigate the effects of CD38 on the survival of CLL cells in vitro, 

CD38 negative CLL cells were transduced using CD38 virus and incubated in 

liquid culture for 48 hours to allow expression of the CD38 antigen. Cell 

viability was then assessed using forward and side scatter profiles obtained by 

flow cytometry. Viable cells were identified by the R1 gate (Figure 4.1.a). In 

the early stages of apoptosis the cells shrink. They show a reduction in 

forward light scatter, an increase in side light scatter and hence appear in the 

R2 gate. As the cell membrane disrupts in the latter stages of apoptosis the 

membrane blebs and finally fragments. The resultant cell debris is observed in 

the R3 gate (Figure 4.1 .a). Using this method the number of viable cells was 

calculated in untreated (Figure 4.1.a.i), CD38 virus (4.1.a.ii) and GFP virus 

(4.1 .a.iii) treated CLL samples by using the formula:

Viable cells = Rl/(R1+R2)xl00.

The percentage of viable cells was 66%, 78% and 76% in untreated, 

CD38 virus and GFP virus treated samples respectively (Figure 4.l.a). 

Increasing amounts of lentivirus were added to CLL cells from a single 

patient and CD38 expression was measured by flow cytometry (Figure 4.1.b). 

Subsequently cell viability was assessed by using the forward and side light 

scatter profiles. There was an increase in the number of viable cells following 

the addition of CD3 8-expressing lentivirus although this did not appear to be 

in a dose-dependent manner (Figure 4.1.c). A GFP-expressing lentivirus was 

also used to treat cells in multiple samples and an MOI of 3.2 was used for 

both the CD38 and the GFP virus. Figure 4.2 illustrates the viability of CLL 

cells from 21 untreated samples, 21 CD38 virus treated samples and 14 GFP 

virus treated samples. A mean of 63% ±15.6 (±SD) viable CLL cells were 

present following 48 hours incubation in the untreated sample. A mean of 

74% ±16.7 (±SD) viability was observed in the CD38 virus treated samples 

and 71% ±20.8 (±SD) in the GFP virus treated samples. The viability was 

significantly increased in the CD38 lentivirus treated samples
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Figure  4.2 C L L  cell v iability  w as increased in m ultiple 
v iru s trea ted  sam ples follow ing 48 hours in cu ltu re.

Multiple patient samples were isolated in liquid culture for 48 hours. 
The viability of the cells was assessed in untreated, CD38 virus treated 
and GFP virus treated samples using forward and side scatter. The 
student t-test was used to compare the viability between paired 
samples.
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Figure 4.3 C L L  cell v iab ility  w as increased  in v irus 
trea ted  sam ples assessed over 5 days in liquid  cu ltu re.

lxlO6 CLL cells from three patients were untreated, CD38 virus 
treated or GFP virus treated and incubated in liquid culture for 5 days. 
The viability of the cells was assessed using forward and side scatter at 
day 0, 1, 2, 3 and 5.
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compared to the untreated samples (P=0.01. (calculated from 21 paired 

samples)). There was no significant difference in the viability between 

untreated samples and cells treated with GFP virus (P=0.41. (14 paired 

samples)) or between CD38 treated and GFP treated samples (P=0.92. (14 

paired samples)). Therefore the addition of lentivirus seemed to have an effect 

on the survival of the CLL cells in liquid culture. The effect of CD38 

signalling may have been masked by such an effect.

4.3 CLL cell survival was enhanced over three days following the 

addition of lentivirus

The generic effects of the lentivirus on CLL cell viability over 48 hours 

made analyzing the role of CD38 in the modulation of cellular survival 

challenging. However, it did not negate the hypothesis that CD38 could 

increase CLL cell viability. To determine whether longer time points would 

establish if CD38 expression regulated viability, cells were incubated for up to 

five days and the viability was assessed. CLL cells were treated with CD38 

and GFP lentivirus (MOI 3.2) and incubated in liquid media. Using forward 

and side scatter, the viability of three patient samples was evaluated. Figure

4.3 shows a survival advantage for CLL cells treated with lentivirus over the 

first three days, though the difference in CLL cell viability was not significant 

(P=0.21 in untreated compared to GFP virus treated and P=0.2 in untreated 

compared to CD38 virus treated samples). Also the viability of the untreated 

and virus treated samples was not significantly different following five days in 

liquid culture (P=0.48 in untreated compared to GFP virus treated and P=0.42 

in untreated compared to CD38 virus treated samples).

4.4 Addition of lentivirus caused enhanced expression of 

phosphatidylserine on the CLL cell surface

Forward and side scatter profiles identify dying cells that decrease in size 

as they progress through programmed cell death. Annexin V staining can be 

used to detect phosphatidylserine on the surface of the cell providing an 

alternative means of assessing apoptosis. The annexin V investigation was 

carried out to further investigate the effects of CD38 on CLL viability. The 

vital dye propidium iodide was used in tandem with annexin V to discriminate
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between early and late stage apoptotic cells. Figure 4.4.a illustrates that 32% 

of the CLL cells were annexin V and PI positive in the untreated sample 

following 48 hours incubation. In virally treated samples however, it appears 

that a much larger portion of the CLL cells were annexin V positive with 93% 

of the cells treated with CD38 virus and 81% of the cells treated with GFP 

virus showing evidence of phosphatidylserine on their surface (Figure 4.4.a). 

The CLL cells were left in culture for five days and apoptosis/cell death was 

again assessed by annexin V/PI staining. In the untreated sample 61% of the 

cells were viable after 5 days (Figure 4.4.b). In contrast, the virally treated 

CLL cells were almost all annexin V/PI positive (97% and 96% in CD38 virus 

and GFP virus treated samples respectively) (Figure 4.4.b).

Forward and side scatter plots denote a large population of viable cells in 

lentivirally treated samples following 48 hours in liquid media. Conversely, 

annexin V/PI staining identified the presence of large numbers of apoptotic 

cells. Due to the conflicting evidence regarding the viability of the CLL cells 

further investigations were carried out to observe at which point, following 

the addition of lentivirus, the cells began to express phosphatidylserine on the 

surface. In a series of time course experiments the CLL cells were treated with 

CD38 and GFP virus and annexin V staining was assessed using flow 

cytometry. After one hour, the CLL cells were stained with annexin V/PI to 

detect the expression of phosphatidylserine on the surface. As expected, the 

untreated sample showed very little staining and only 6% of the freshly 

isolated CLL cells maintained in liquid media were annexin V/PI positive 

(Figure 4.5.a). After the same time period, 34% of the CLL cells treated with 

CD38 virus and 43% of those treated with the GFP control virus were annexin 

V/PI positive (Figure 4.5.a). Annexin V staining following two hours 

incubation identified an increase in the number of apoptotic cells in the 

untreated sample (a total of 13%) with much larger increases observed for the 

virus treated samples (49% in both CD38 and GFP virus treated samples) 

(Figure 4.5.b). CLL cells were incubated for an additional four and six hours 

following infection with lentivirus and subsequently analysed for annexin V 

and PI staining. Figure 4.6 summarises the proportion of the sample that was 

annexin V/PI positive at each of the time points in untreated and virus treated 

samples. The detection of phosphatidylserine on the cell surface occurred
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Figure  4.4 A large  popu lation  of the C L L  cells w ere 
annexin  V /PI positive a f te r  2 and  5 days incubation  with 
len tiv irus.

(a) lxlO6 CLL cells were treated with lentivirus and placed into liquid 
media for 48 hours. Viability was assessed in untreated, CD38 virus 
treated and GFP virus treated samples using annexin V/PI staining, (b) 
lxlO6 CLL cells were treated with lentivirus and placed into liquid 
media for 5 days. Viability was assessed in untreated, CD38 virus 
treated and GFP virus treated samples using annexin V/PI staining.
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Figure 4.5 A nnexin V positive C L L  cells w ere observed 
a fte r  1 and  2 ho u rs  incuba tion  w ith len tiv irus.

(a) lxlO6 CLL cells were incubated for 1 hour with lentivirus and 
CLL cell viability was assessed by annexin V/PI staining. The 
number of annexin V/PI positive cells was determined in untreated, 
CD38 virus and GFP virus treated samples, (b) lxlO6 CLL cells were 
incubated for 2 hours with lentivirus and CLL cell viability was 
assessed by annexin V/PI staining. The number of annexin V/PI 
positive cells was determined in untreated, CD38 virus and GFP virus 
treated samples.
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Figure  4.6 A nnexin V /PI sta in ing  identified a large 
n u m b er o f a p p a ren tly  apop to tic  cells 1 h o u r a fte r  the 
add ition  o f len tiv irus.

lxlO6 CLL cells were incubated for 6 hours with and without 
lentivirus. Samples from untreated, CD38 virus treated and GFP virus 
treated CLL preparations were stained for annexin V/PI at 0, 1, 2, 4 
and 6 hours.
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rapidly following the addition of lentivirus (within one hour). Given that this 

effect was observed with both the GFP-expressing virus and the CD38- 

expressing virus, it seems likely that it is a generic artefact induced by 

exposure to the virus and may be due to the interactions with the cell 

membrane rather than apoptosis induction at such early time points. There is 

no evidence suggesting that the VSVG pseudotyped virus has the ability to 

disrupt the cell membrane though a report by Benjouad et al illustrated the 

ability of the Tat protein to modify the permeability of the cell membrane and 

induce cell death in lymphocytes (Benjouad et al., 1993).

4.5 CLL cell morphology identified viable CLL cells following the 

addition of lentivirus

The evidence from the annexin V/PI investigation indicates that the virus 

treated cells were undergoing apoptosis. In contrast the forward and side 

scatter profiles, obtained from the same flow cytometry assays, identified a 

large viable population of cells 48 hours after treatment with lentivirus. To 

determine whether the CLL cells were undergoing apoptosis, untreated and 

virus treated CLL samples were cultured for 48 hours and then spread onto 

glass slides. They were then stained using the Giemsa dye and scrutinised 

under the microscope for evidence of apoptotic cell death. In the early stages 

of apoptosis the cell begins to shrink due to cleavage of lamins and actin 

filaments in the cytoskeleton (Fluckiger et a l , 1994). Chromatin in the 

nucleus is broken down and forms a tightly packed horse-shoe like structure. 

Blebbing of the cell membrane then occurs and small fragments of the cell 

break off to be engulfed and processed by macrophages (Fluckiger et al., 

1994). Figure 4.7.i and iv illustrate untreated CLL cells from a Giemsa stained 

CLL lymphocyte preparation. There was no evidence of cell shrinkage or of 

the latter stages of apoptosis. Figure 4.7.ii, iii, v and vi show CLL cells 

incubated with CD38 and GFP lentivirus. Again there was no evidence of cell 

shrinking or condensation of the chromatin. Figure 4.7.b.i illustrates a freshly 

stained blood smear from a patient with CLL and Figure 4.7.b.ii shows CLL 

cells undergoing apoptosis. In the latter there was an obvious reduction in the
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a i Untreated CD38 virus

f t

in

Zeiss Axio microscope (x100)

Untreated CD38 virus
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*

GFP Virus
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Nikon DXM1200F Digital microscope (x100)

b.i and ii adapted from Fluckiger et a/., 1994

Figure 4.7 M orpho logy  o f u n trea ted  and  v irus trea ted  
C L L  cells follow ing 48 hou rs incubation .

(a) lxlO6 untreated (i and iv) CD38 virus treated (ii and v) and GFP 
virus treated CLL cells (iii and vi) were stained with Giemsa dye and 
analysed using a using a Zeiss Axio microscope (i-iii) or a Nikon 
DXM1200F Digital microscope (iv-vi). All images are at xlOO. (b) (i) 
Viable lymphocytes (ii) highlights the features of apoptotic 
lymphocytes. Both are adapted from: Fluckiger et al. (1994). (V, viable 
cells, A, cells undergoing apoptosis, showing chromatin condensation 
and nuclear fragmentation indicate apoptosis, G, ghost cells).
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size of the cells with darkly stained chromatin clumps within the degrading 

nucleus. Therefore, morphological analysis of the CLL cells under the 

microscope clearly illustrates that the CLL cells are not undergoing apoptosis 

following 48 hours incubation with lentivirus. This work contradicts the 

annexin V/PI assay data and adds weight to the assertion that 

phosphatidylserine is aberrantly exposed on the surface of CLL cells 

following exposure to lentivirus and is not associated with the induction of 

apoptosis.

4.6 CD38 was lost from the surface of lentivirus treated CLL samples 

following incubation in co-culture

Due to the effects of the lentivirus on the CLL cell the annexin V/PI 

staining method was deemed not suitable for assessing CLL cell viability in 

treated samples. Forward and side scatter data illustrated that there was no 

significant difference in the viability of the CLL cells following the addition 

of CD38 or GFP virus at an MOI of 3.2 (Figure 4.2). These cell populations 

were incubated in liquid media for 48 hours before assessing viability. Within 

the in vivo CLL cell microenvironment various cell stimuli exist which are 

known to enhance the survival of the CLL cells (Caligaris-Cappio, 2003). 

CD31 is a molecule which is present on many cell types including endothelial 

cells and has been described as the only known ligand for CD38 (Deaglio et 

al., 1996). It is possible that ligation of CD38 on the surface of the CLL cell 

may be required to induce CD38-mediated cell survival mechanisms. To 

further assess the role of CD38 in CLL cell survival, lentivirally transduced 

CLL cells were placed into co-culture with adherent fibroblasts expressing 

CD31. After 48 hours the CLL cells were removed from the co-culture and 

the percentage of apoptotic cells was determined using forward and side 

scatter. Sixty eight percent of the untransduced cells placed in liquid media 

were still viable after 48 hours (Figure 4.8.i). A sample of the same cells, 

which had been transduced using the CD38 virus, showed 87% viability over 

the same time period (Figure 4.8.ii). When co-cultured on control fibroblasts 

(NTL), CLL viability was enhanced in both the untransduced (93%) and 

CD38-transduced (92%) CLL samples (Figures 4.8.iii and iv respectively). 

Incubation with CD31-expressing fibroblasts further enhanced the CLL cell
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Figure  4.8 C o-cu ltu re  enhanced  the surv ival o f un trea ted  
and  CD38 tran sd u ced  C L L  cells.

lxlO6 CLL cells were placed into liquid media for 48 hours and the 
viability was assessed using forward and side scatter (i). Additional 
samples were placed into co-culture with (iii) NTL and (v) CD31- 
expressing co-cultures, lx l0 6 cells from the same patient were 
transduced using the CD38 virus and viability was assessed following 
48 hours incubation in (ii) liquid media (iv) NTL and (vi) CD31- 
expressing co-culture.
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viability. Untreated CLL cells showed 95% viability (Figure 4.8.v) and CD38- 

transduced cells 96% viability (Figure 4.8.vi).

Forward and side scatter profiles illustrated that an increased number of 

cells were viable following incubation with both NTL and CD31-expressing 

fibroblasts. The stable expression of CD38 on the surface following 

transduction is shown in Figure 3.12. These samples were maintained in 

liquid media for up to five days. To ensure that there was no loss of CD38 

expression following incubation of the transduced cells in co-culture the CLL 

cells were stained for surface CD38. Figure 4.9.i illustrates CD38 transduced 

CLL cells incubated in liquid media. Sixty seven percent of the transduced 

cells expressed the CD38 antigen. Following incubation in NTL (Figure 

4.9.iii) and CD31-expressing co-cultures (Figure 4.9.v) there was almost a 

complete loss of CD38 expression on the cell surface of the CLL cells. As a 

control, CLL cells from a CD38 positive patient were incubated for 48 hours 

in liquid media and under co-culture conditions. There was no loss of CD38 

expression from the CD38 positive cells following incubation in liquid culture 

(90% CD38 expression) (Figure 4.9.ii), NTL co-culture (92% CD38 

expression) (Figure 4.9.iv) or CD31-expressing co-culture (90% CD38) 

(Figure 4.9.vi). These data provide further evidence that the lentivirus had an 

effect on the CLL cell membrane which resulted in the shedding of CD38 

from the surface when the cells were physically removed from the co-culture. 

Alternatively, it may be that virus-induced ectopic expression of CD38 results 

in the aberrant insertion of CD38 in the membranes of CLL cells which 

destabilises the protein and facilities its loss from the cell surface following 

cell-cell contact.

4.7 Incubating untransduced CLL cells with CD31-expressing co-culture 

enhanced survival

Figure 4.9 illustrates the loss of the CD38 antigen from the surface of the 

transduced CLL cells following incubation with co-culture. It is possible that 

the concentrated virus disrupts the CLL cell membrane resulting in the loss of 

CD38 following co-culture. Addition of lentivirus also promoted changes in 

the cell membrane that made the assessment of cell viability impossible using 

the annexin V/PI assay. Therefore, to assess the effect of CD38 on CLL cell
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Figure 4.9 CD38 expression  w as lost from  transduced  
C L L  cells follow ing incubation  in co-culture.

lxlO6 CLL cells were transduced with CD38 virus and incubated in 
liquid media or co-culture for 48 hours. The cells were then removed 
and flow cytometry was used to assess CD38 expression on the surface 
of CLL cells incubated in (i) liquid media, (iii) NTL co-culture and (v) 
CD31-expressing co-culture. lxlO6 CLL cells from a CD38 positive 
sample were incubated under the same conditions. CD38 expression 
was determined in cells incubated in (ii) liquid media, (iv) NTL co
culture and (vi) CD31 -expressing co-culture.
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survival, fresh patient samples expressing varying amounts of CD38 were 

incubated using co-culture conditions and annexin V/PI staining was carried 

out. Figure 4.10 illustrates the percentage of annexin V/PI positive CLL cells 

in a single sample following 48 hours in liquid media (Figure 4.10.i), NTL co

culture (Figure 4.10.ii) and CD31-expressing co-culture (Figure 4.10.iii). The 

percentage of annexin V/PI positive cells was 63.0%, 11.2% and 10.5% 

respectively. A total of fifteen patient samples were incubated for 48 hours 

under liquid and co-culture conditions and viability was assessed. An increase 

in CLL cell viability was observed following incubation with the CD31- 

expressing fibroblasts compared to liquid media (P<0.001) and compared to 

NTL co-culture (P=0.008) (Figure 4.11).

4.8 CD38 expression did not correlate with CLL cell survival following 

incubation in co-culture

Incubation with CD31 -expressing co-culture enhanced the viability of the 

CLL cells. To determine whether CD38 played a role in this the constitutive 

CD38 expression was compared to the number of viable cells within the 

sample. For each patient the number of CD38 positive cells (percent) upon 

presentation was plotted against the number of annexin V/PI negative CLL 

cells (percent) incubated for 48 hours in CD31-expressing co-culture. Figure 

4.12 Illustrates that there was no correlation between the percentage of CD38 

expression and the viability of the sample (P=0.357). The data was analysed 

further and the difference between the viability of CLL samples incubated in 

CD31 -expressing co-culture and the viability of CLL cells incubated in NTL 

co-culture was plotted against their initial CD38 expression. Figure 4.13 

illustrates that there was a trend towards increased survival with increasing 

CD38 expression but the correlation was not significant from a total of fifteen 

patient samples investigated (P=0.2). There was also no significant correlation 

when the difference between the viability of CLL samples incubated in CD31- 

expressing co-culture and the viability of CLL cells incubated in liquid media 

was compared to initial CD38 expression (P=0.59).
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Figure  4.10 A nnexin  V /PI stain ing  illu stra ted  increased 
C L L  cell v iab ility  follow ing co-culture.

lxlO6 CLL cells were placed into culture and cell viability was 
assessed after 48 hours. Annexin V/PI staining was carried out on 
CLL cells incubated in (i) liquid media (ii) NTL co-culture and (iii) 
CD31-expressing co-culture.
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Figure 4.11 CLL cell viability was increased following 
incubation with CD31-expressing co-culture.

lxlO6 CLL cells were incubated in liquid media, NTL co-culture or 
CD31-expressing co-culture. Annexin V/PI staining was used to 
determine viability following 48 hours incubation. A total of 15 patient 
samples were assessed. A paired t-test was used to compare the 
viability between untreated and virus treated samples.
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Figure  4.12 T here  w as no co rre la tion  betw een C L L  cell 
v iab ility  and  CD38 expression .

The viability of each sample following 48 hours co-culture with 
CD31 expressing fibroblasts was compared to the native CD38 
expression (Percent) at day 0. The Spearman test was used to 
correlate the viability of the sample with CD38 expression.
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Figure  4.13 T h ere  w as a tren d  tow ards increased  C L L  
cell v iab ility  in sam ples expressing CD38 following 
incubation  w ith  C D 31-expressing  co-culture.

The difference between the viability of CLL samples incubated in 
CD31-expressing co-culture and the viability of CLL cells incubated 
in NTL co-culture was plotted against day 0 CD38 expression. The 
Spearman test was used to correlate the viability of the sample with 
CD38 expression.
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4.9 The proliferation of CLL cells was enhanced following incubation 

with CD31-expressing co-culture

Increased expression of CD38 occurs within the pseudofollicles of the 

lymph nodes. Within these sites there is an abundance of CD31 on the 

endothelial cells and increased levels of cytokines that promote cell survival 

and proliferation (Patten et al, 2008). These proliferation centres are thought 

to be the predominant location of CLL cell division (Herishanu et al., 2011). 

Whether CD38 signalling directly enhances the proliferation of the CLL cells 

within these regions is unknown. Bromodeoxyuridine (BrdU) added to 

proliferating cells is able to replace thymine during the process of DNA 

synthesis. Fluorescent antibodies against BrdU have been generated which 

can bind to the BrdU molecule incorporated within the newly synthesised 

DNA and can be detected by flow cytometry. When combined with PI 

staining for total DNA, a detailed representation of the cells’ position within 

the cell cycle can be obtained. CLL samples were placed into co-culture for 

32 hours. BrdU was then added and the sample was incubated in co-culture 

for a further 16 hours. The cells were fixed, permeabilised and incubated with 

anti-BrdU-FITC antibody. Propidium iodide was added before the cells were 

run on the flow cytometer. Figure 4.14 illustrates a 3-fold increase in BrdU/PI 

positive CLL cells following incubation with co-culture expressing CD31 

compared to cells incubated with the NTL co-culture in a single sample 

investigated. A sample of Jurkat cells was stained with BrdU and PI as a 

positive control.

An alternative means of identifying proliferating cells is to stain for the 

intracellular Ki-67 antigen. Ki-67 is a nuclear protein that is expressed in the 

cell during the cell cycle but is not present when the cell is in GO (Ross and 

Hall, 1995). CLL samples from twenty patients were incubated for up to five 

days in fibroblast co-culture expressing CD31 and the cells were stained for 

intracellular Ki-67. CLL cells co-cultured with NTL fibroblasts were used as a 

control. To further mimic the lymph node microenvironment, IL-2 was added 

to the co-culture media at a concentration of lOOIU/ml. This cytokine has 

been shown to result in inhibition of apoptosis in CLL cells and is secreted in 

the CLL microenvironment by T-cells (Decker et al., 2010). CD5/CD19 

positive CLL cells were fixed, permeabilised and stained using an anti-Ki-67-
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F igure  4.14 C L L  cells incubated  in CD31 co-culture 
show ed increased  B rdU  in co rp o ra tio n .

lxlO6 CLL cells were incubated in NTL or CD31-expressing co
culture for 32 hours. lOpM BrdU was added and the sample was 
incubated for a further for 16 hours. The sample was then fixed and 
permeabilised before the addition of BrdU FITC antibody. Flow 
cytometry was used to determine the number of BrdU positive CLL 
cells following incubation with NTL and CD31-expressing co-culture. 
Jurkat cells were incubated in liquid culture for 5 hours with BrdU as a 
positive control.
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FITC antibody. Figure 4.15.i illustrates Ki-67 expression in the sample 

incubated for two days with NTL co-culture. There were a very small number 

of cells expressing Ki-67 (0.6%). Following incubation with CD31-expressing 

fibroblasts, more than five percent of the CLL cells were expressing Ki-67 

(Figure 4.15.ii). Figures 4.16.a, b and c illustrate the Ki-67 expression in 

twenty CLL patient samples following two and five days in co-culture. After 

two days the CLL sample incubated with the CD31-expressing co-culture 

showed a significant increase in the number of cells expressing Ki-67 

compared to the sample incubated with the NTL control fibroblasts 

(p=<0.001) (Figure 4.16.a. and b). However, there was no significant 

difference in the expression of Ki-67 between the CLL cells incubated for five 

days on CD31-expressing and NTL co-culture (p=0.097). This was probably 

due to the increase in Ki-67 expression in CLL cells incubated within the NTL 

co-culture at this time point (Figure 4.16.a and c).

4.10 Ki-67 expression correlated with increased expression of CD38

Increased Ki-67 expression was observed within 48 hours when co- 

culturing with CD31-expressing fibroblasts. The MFI values for Ki-67 

expression in CD31 co-culture were then correlated with constitutive CD38 

expression on day 0. Figure 4.17 illustrates that the increase in Ki-67 

following co-culture significantly correlated with the basal expression of 

CD38 on the surface of the CLL cells (R2=0.389, p<0.001). Ki-67 expression 

was then plotted for CD38 positive and negative CLL samples (cut-off 20%). 

There was a significant increase in Ki-67 observed in CD38 positive patient 

samples (P=0.003) (Figure 4.18).
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F igure  4.15 K i-67 expression w as increased in a C L L  
sam ple  follow ing 2 days incubation  w ith CD31- 
expressing  fib ro b la s t co-culture .

lxlO6 CLL cells were incubated with i) NTL and ii) CD31-expressing 
co-culture for 2 days. Flow cytometry was used to determine the Ki-67 
expression (Ki-67 FITC).
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Figure 4.16 Ki-67 expression was increased in CLL 
samples following 2 days incubation with CD31- 
expressing fibroblast co-culture.

lx l0 6 CLL cells were incubated with NTL and CD31-expressing co
culture for 2 and 5 days. Flow cytometry was used to determine the 
Ki-67 expression in 20 CLL samples. A paired Mest was used to 
compare Ki-67 expression in the samples tested, (b) and (c) illustrate 
the Ki-67 expression at day 2 and 5 respectively. The paired samples 
within NTL and CD31-expressing co-culture are highlighted.
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Figure  4.17 A sign ifican t co rre la tion  w as observed 
betw een native CD 38 expression and  Ki-67 expression 
follow ing incubation  w ith  C D 31-expressing co-culture.

Ki-67 expression (MFI at 48 hours) was plotted against CD38 
expression (percent at day 0) for 20 patient samples. The Spearman 
test was used to correlate Ki-67 expression with CD38 expression.
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Figure  4.18 K i-67 expression w as significantly  increased 
in CD38 positive p a tien ts .

Ki-67 expression (MFI) was observed in CD38 negative (CD38 <20%) 
and CD38 positive (CD38>20%) patient samples. An unpaired /-test 
was used to compare Ki-67 expression in CD38 positive and negative 
samples.
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4.11 Discussion

CD38 is involved in cell signalling and has been shown to interact with 

the B-cell receptor and CD 19 in the induction of proliferation in CLL cells 

(Deaglio et al., 2003). Work by the same group illustrated a role for CD38 in 

the induction of the chemotactic regulator CXCR4 via signalling through the 

CD38/Zap-70 axis (Deaglio. et al., 2008). Following up this work, Vaisitti et 

al. described how CD38 signalling was able to enhance CLL cell homing to 

the lymph nodes through modulation of CXCR4 and CXCL12 (Vaisitti et al., 

2010a, Vaisitti et al., 2010b). In association with the integrin CD49d, CD38 

was also shown to induce the expression of other chemokines involved in cell 

migration including CCL3 and CCL4 (Zucchetto et al., 2009). Work by our 

own group has highlighted differences in gene expression between CD38 

positive and negative cells from the same patient and proposed a role for 

CD38 in angiogenesis through the induction of VEGF (Pepper et al., 2007). 

Investigations carried out by Damle et a l at around the same time illustrated 

that the CD38 positive sub-set expressed markers of proliferation (Ki-67) and 

survival (Bcl-2) (Damle et al., 2007). Even though a wealth of information 

highlighting the actions of CD38 in CLL has been presented over the past 

decade, a complete account of its role in the induction of survival and 

proliferation remains to be described. Following the successful transduction of 

CLL cells using the CD3 8-expressing lentivirus the effects of CD38 

expression on cell survival and proliferation were investigated.

Treating CLL samples with CD38 lentivirus increased the viability of the 

cells. However, this effect was also observed in samples treated with GFP 

lentivirus suggesting that the induction of survival was a generic consequence 

of the addition of concentrated lentivirus. Furthermore, the dose-dependent 

increase in the expression of CD38 observed following the addition of 

increasing amounts of CD38 virus did not correspond to an increase in CLL 

cell viability (Figure 4.1.c). The increased survival observed may have been 

due to an anti-apoptotic response from the cell. Following insult, the induction 

of protein stabilising chaperones (such as heat shock proteins) may occur to 

protect the cell from immediate death (Sedger and Ruby, 1994, Jaattela et al.,

1998). HSP-70 is highly up-regulated in lymphocytes following infection by 

the HIV-1 lentivirus (Iordanskiy et al., 2004) and HSP-90 has previously
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been shown to bind and stabilise Bcl-2 to enhance survival in primary cells 

and leukaemic cell lines (Dias et al., 2002). The innate immune response to 

viral infection is mediated through toll-like receptors on the cell surface 

(Xagorari and Chlichlia, 2008). Treatment of the cells with the lentivirus is 

likely to have induced activation and cell survival through toll-like receptor 

signalling (Gelman et al., 2004). Any subtle effects of CD38 on the viability 

of the cell might be masked by such processes.

Forward and side scatter from flow cytometric plots was used to 

determine apoptosis in the CLL samples. In addition CLL cells from untreated 

and virus treated preparations were stained with annexin V to observe the 

expression of surface phosphatidylserine and the PI dye was added to identify 

dead cells. These experiments suggested that a large proportion of the CLL 

cells were undergoing apoptosis following one hour incubation with 

lentivirus. However, forward and side scatter profiles did not suggest that this 

was the case. The HIV-1 derived lentiviral vector used in the transduction 

experiments was pseudotyped with the VSVG envelope which allows non

specific binding of the virus to the cell membrane and entry into an extensive 

range of cell types (Farley et al., 2007). It seems possible that the interaction 

of concentrated virus with the fragile CLL cell membrane may have caused 

disruption to the lipid bilayer allowing the expression of phosphatidylserine 

on the cell surface. Even with an abundance of intracellular ATP 

(characteristic of a viable cell) such an effect would give the false impression 

that the cell was entering the early stages of programmed cell death.

To further assess the effects of the lentivirus, untreated and virus treated 

CLL cells were stained using the Giemsa dye and observed under the 

microscope at xlOO. Figure 4.7 illustrates that there were very few differences 

in CLL cells treated with either CD38 or GFP lentivirus compared to the 

untreated control. The absence of apoptotic features (which are highlighted in 

Figure 4.7.b.ii) suggests that the treated cells were viable and that the annexin 

V binding was not due to the induction of apoptosis, but to changes in the 

CLL cell following the addition of concentrated lentivirus.

Expressing CD38 on the surface did not have an effect on the viability of 

the CLL cell. To investigate whether ligating the CD38 antigen would result 

in increased cell survival, transduced samples were placed into CD31-
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expressing co-cultures. Removal of the cells from co-culture caused a 

substantial loss of the CD38 antigen from the surface of the CLL cells. This 

was seen to occur in transduced cells incubated with both the NTL and the 

CD31 -expressing fibroblasts suggesting that it was not being caused by direct 

interaction between virus-induced CD38 and its cognate ligand CD31 (Figures 

4.9.iii and v). A CD38 positive patient sample was run in parallel to observe 

the effects of co-culture on native CD38 expression and there was no loss of 

the antigen following 48 hours incubation (Figure 4.9 ii, iv and vi). The ability 

of the lentivirus to induce changes in the CLL cell membrane was evidenced 

by the marked increase in annexin V staining. Such changes may also 

destabilise the ectopic insertion of CD38 into the CLL membranes and result 

in the loss of the CD38 antigen from the surface of the CLL cells following 

co-culture. The loss of CD38 on the surface of the CLL cells under these 

conditions made it impossible to assess the effect of CD38 on cell viability.

Investigating CLL cell viability following the induction of CD38 on the 

surface of the cell was challenging due to the effect of the lentivirus on the 

cell. Therefore, to determine whether CD38 has any effect on CLL cell 

viability, annexin V/PI staining was carried out on untransduced CLL samples 

with varying degrees of endogenous CD38 expression. There was a significant 

increase in cell survival following incubation with CD31-expressing co

culture compared to NTL co-culture (P=0.008). These results suggest that 

stimulation of CD38 via its ligand CD31 enhances survival within the in vitro 

co-culture environment. The increased viability was then correlated with the 

basal CD38 expression (percent at day zero). There was no significant 

correlation between the cell viability and the CD38 expression in the 15 

samples investigated (P=0.357). This result does not rule out the possibility 

that CD38 is involved in inducing CLL survival. The CD31 expression on the 

surface of the co-culture may have exceeded that observed in vivo resulting in 

a marked increase in CD38 stimulation. It is possible that the threshold for 

CD38 signalling was reached in all samples regardless of the CD38 surface 

expression.

Until recently CLL was thought to be a disease of failed apoptosis; a 

slowly progressive disease, characterised by the accumulation of clonal 13- 

cells over a number of years (Caligaris-Cappio and Hamblin, 1999, Pepper et
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al., 1999). This was shown not to be the case by in vivo heavy water 

experiments carried out by Messmer et al. who estimated that the turnover of 

the CLL cells was as high as 1% of the clone per day (Messmer et al., 2005). 

In this investigation the authors observed no correlation between the rate of 

proliferation and IGHV mutation status, CD38 or ZAP-70, though only 

nineteen patients were included in the study. In a subsequent study Callisano 

et al. described a link between proliferation and CD38 expression, 

highlighting an association between increased levels of the chemokine 

receptor CXCR4, lymphoid infiltration and CD38 positivity in a poor risk 

cohort (Calissano et al., 2009). To further examine whether CD38 has a role 

in the proliferation of CLL cells, CD31-expressing co-culture systems were 

set up to mimic the microenvironment and stimulate CD38 on the CLL cell 

surface. Incorporation of BrdU into dividing cells is an established method of 

assessing proliferation. Figure 4.14 illustrates an increase in BrdU 

incorporation into CLL cells incubated with CD31-expressing fibroblasts 

compared to the NTL control. A similar increase was observed when staining 

for the proliferation marker Ki-67 and a significant increase was observed in a 

cohort of twenty patient samples following stimulation of the CLL cells with 

CD31-expressing co-culture over a period of two days (P<0.001) (Figure 

4.16.a and b). Both the BrdU and Ki-67 staining methods illustrate an increase 

in the proliferation of CLL cells within CD31-expressing co-culture. This 

suggests that CD38 ligation results in downstream signals that induce 

proliferation in the CLL cells. Prior to incubation with co-culture each of the 

CLL samples was phenotyped for CD38 expression. The percentage CD38 

values were then plotted against Ki-67 MFI from samples incubated with 

CD31-expressing co-culture. Figure 4.17 illustrates that there was a 

significant correlation between the expression of CD38 and Ki-67 (R =0.389; 

P<0.001). Subsequent analysis identified a significant increase in Ki-67 

expression in CD38 positive patients compared to CD38 negative patients 

(Figure 4.18) (P=0.003). A recent publication by Khoudoleever et al. reported 

significantly higher Ki-67 expression in tissues from the lymph node and 

spleen compared to peripheral blood and bone marrow. They also describe a 

significant correlation between the expression of CD38 and Ki-67 in the bone 

marrow compartment (Khoudoleeva et al., 2011). Together these data provide
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convincing evidence that CD38 plays a role in the induction of proliferation in 

CLL cells following stimulation with CD31.

Incubation with CD31-expressing co-culture was shown to enhance CLL 

cell survival and proliferation. It must be noted that the CD31 ligand also has 

the ability to bind CD31 present on the lymphocyte surface in a homotypic 

interaction causing downstream signalling and changes in cell adhesion (Sun 

et al., 1996, Fawcett et al., 1995, Brown et al., 2002). In a recent publication, 

Poggi et al described how ligation of CD31 on the CLL cell surface resulted 

in cell activation through PI3K/Akt mediated NF-kB induction. The cells also 

exhibited increased survival following stimulation of CD31 with a CD31- 

agonist (Poggi et al., 2010). Of the twenty CLL samples phenotyped in this 

present study, seven were stained for surface CD31. No significant correlation 

was observed between CD31 expression (MFI) and Ki-67 expression (MFI) 

(R2=0.59, P=0.12) (Appendix 4.a).

The aim of this chapter was to investigate whether the expression of 

CD38 on the CLL cell surface had an effect on survival and proliferation. 

Interpreting the results from viability studies was challenging due to the 

effects of the lentivirus on the CLL cells. Such effects also confounded 

experiments carried out to stimulate CD38 with the use of CD31-expressing 

co-culture. Untreated CLL cells incubated in CD31-expressing co-cultures 

illustrated increased survival and proliferation compared to cells incubated in 

non-transduced co-culture. Within these samples the increased proliferation 

significantly correlated with CD38 expression. The underlying mechanisms 

by which CD38 signalling has an effect on CLL cell survival and proliferation 

is unknown. Further investigations are required to determine whether the 

induction of CD38 induces changes in gene expression that favour such 

events.
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Chapter 5. The genetic modification of CLL cells 
causes changes in gene expression

5.1 Introduction

Gene expression within CLL cells has been widely studied over the past 

decade. Early investigations illustrated that the gene expression profile of the 

CLL cell resembles that of a memory B-cell (Klein et al., 2001). Larger studies 

identified genes differentially expressed within good and poor prognostic groups 

(Rosenwald et al., 2001, Jelinek et al., 2003, Fait et al., 2005). In 2001, a study 

by Stratowa et al. was one of the first to show the differential expression of 

functional genes in CLL cells. The group illustrated an increase in the expression 

of genes coding for mediators of lymphocyte trafficking in patients with poor 

disease outcome. These included the cell adhesion molecules L-selectin and 

integrin-p2 and the cytokines IL-lp and IL-8 (Stratowa et al., 2001). A 

subsequent study illustrated an increased expression of genes involved in 

angiogenesis (angiopoietin 2) and oncogenesis (PIM2) in CD38+/Zap-70+ 

patients (Huttmann et al., 2006). In 2007, Pepper et a l illustrated that CD38 

positive and CD38 negative cells derived from the same (bi-modal) patient 

illustrated differences in gene expression (Pepper et al., 2007). The CD38 

positive cell subset showed increased expression of the potent angiogenic 

mediator VEGF. Increased expression of IL-ip and Mcl-1 was also observed in 

these cells presenting a biological rationale for the poor prognosis seen in CD38 

positive CLL. More recently a publication by Stamatopoulos et al illustrated a 

difference between the gene expression profiles of ZAP-70 positive and negative 

cells, the former expressing genes that enhanced the trans-endothelial migration 

of CLL cells (Stamatopoulos et al., 2009). In summary, gene expression 

profiling has proved a useful tool in identifying genes that are differentially 

expressed in good and poor prognostic groups of CLL patients. Genes with the 

potential to induce cell survival or disease progression have been identified 

which can be studied in more depth and exploited as targets for therapy.

In chapter three, a HIV-1 derived lentivirus was developed to induce the 

expression of CD38 in primary CD38 negative CLL cells. CD38 has been
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described as a signalling molecule in CLL (Deaglio et al., 2003, Morabito et al.,

2006), so the aim of this chapter was to determine whether there were any 

changes in gene expression following the induction of CD38 on the cell surface. 

QRT-PCR and microarray techniques were used to observe gene expression in 

untreated samples and CLL samples transduced using CD38 and GFP lentivirus.

5.2 CD38 mRNA was highly expressed in multiple CD38 virus treated 

samples

Flow cytometry illustrated that CD38 was highly expressed on the surface 

of CLL cells following the addition of CD38 lentivirus (Figure 3.12). Following 

treatment of six samples with CD38 or GFP virus QRT-PCR was carried out to 

quantify the expression of CD38. Figure 5.l.a illustrates the high expression of 

CD38 in six CD38 virus treated samples (Mean=17,800 relative fold increase, 

±12,173 (±SD)). In contrast, a relatively small increase in CD38 transcription 

was observed following the addition of GFP virus (Mean=7, ±14 (±SD)) (Figure 

5.l.b). The increase illustrated corresponds to the fold increase of CD38 mRNA 

compared to the expression of CD38 in the untreated sample and relative to the 

expression of the Abelson housekeeping gene (ABL). It should be noted that the 

large fold-change increase in CD38 expression was in part a product of the very 

low basal level of transcription of this gene in the CD38 negative samples 

chosen for genetic modification. This also explains why there was a 7-fold 

increase in CD38 transcription in the GFP virus treated cells.

For all QRT-PCR experiments the relative fold increase (RFI) was 

determined using the formula:

_  [-(Gene of interest ct -  ABL ct X) -  (Gene of interest ct -  ABL ct Y)] 
RFI — 2

Where ct = Crossing point of linear amplification 

X = Virus treated test sample 

Y = Untreated sample
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Figure  5.1 CD38 w as highly expressed in C L L  sam ples 
trea ted  w ith  (a) CD 38 v iru s  b u t not (b) G F P  virus.

(a) Six patient samples were treated with CD38 lentivirus at an MOI of
3.2 and left for 48 hours in liquid media. RNA was extracted from 
lxlO6 CLL cells and QRT-PCR was carried out to determine CD38 
expression, (b) Samples from the same six patients were treated with 
an equal amount of GFP virus and CD38 expression was determined.
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5.3 VEGF expression was increased following the addition of lentivirus

There are six VEGF isoforms which bind to at least two VEGF receptors to 

induce angiogenesis in local microvessels (Judith Harmey, 2004). The first 

described and the most potent isoform is VEGF-A (referred to as VEGF). VEGF 

has been shown to be up-regulated in CLL cells expressing the CD38 antigen 

(Pepper et al., 2007). To observe whether over-expression of CD38 would 

induce VEGF expression in CLL cells, CD38 negative patient samples were 

transduced and QRT-PCR was utilised to observe CD38 and VEGF gene 

expression. An MOI of 3.2 was used for both the CD38 and control GFP virus. 

Untreated, CD38 virus and GFP control virus treated samples were incubated for 

a period of two days to allow protein expression. Figure 5.2 illustrates VEGF 

gene expression in six virally treated samples relative to the expression in the 

untreated control (normalised to 1). VEGF expression was significantly 

increased in all of the CLL cells treated with the CD3 8-expressing virus. 

However, this was also the case in CLL cells treated with GFP virus. Three out 

of six of the samples tested showed a relative increase in VEGF transcription 

when transduced with the CD3 8-expressing lentivirus. However, the rate of 

transcription was variable and overall there was no significant difference in 

VEGF expression between CD38 virus and GFP virus treated samples (P =0.43).

5.4 Analysis of CLL cell supernatant using ELISA identified an increase in 

VEGF following transduction with lentivirus

VEGF is a soluble molecule which binds to at least two VEGF receptors on 

the cell surface. It is readily released from the cell and its actions can be 

autocrine or paracrine (Farahani et al., 2005, Till et al., 2005). VEGF gene 

expression was shown to be increased in both the CD38 and GFP lentivirally 

transduced samples. To observe whether VEGF protein was increased in the 

sample supernatant a VEGF-specific ELISA was carried out on six 

untransduced, CD38 virus treated and GFP virus treated samples. Figure 5.3 

illustrates the increase in VEGF protein in the supernatant of lentivirus treated 

samples. There was higher expression in the supernatant of CLL cells treated 

with CD38 virus compared to GFP virus, although this difference was not 

significant (P=0.645).
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Figure  5.2 V E G F  w as heterogeneously  over-expressed in 
CD38 and  G F P  len tiv iru s trea ted  sam ples.

RNA was extracted from lxlO6 CLL cells and QRT-PCR was carried 
out to determine VEGF expression in six virus treated patient 
samples.

132



Chapter 5__________ The genetic modification o f  CLL cells causes changes in gene expression

Untreated CD38 Virus GFP Virus

F igure  5.3 V E G F  pro tein  w as over-expressed in 
len tiv iru s trea te d  sam ples.

The supernatant from six untreated and lentivirus treated CLL 
samples was investigated for VEGF protein expression using an 
ELISA. A paired /-test was used to observe whether there was a 
significant difference in VEGF protein expression.
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5.5 VEGF gene expression increased in a dose dependent manner following 

the addition of increasing amounts of CD38 virus

In the above experiments an MOI of 3.2 was used to transduce over 80% of 

the CLL sample. The expression of VEGF was increased in the samples 

expressing CD38 but was also expressed in GFP treated samples (with the 

exception of sample six (Figure 5.2)). Addition of the lentivirus therefore 

seemed to have an effect on the induction of VEGF within the CLL sample. To 

further investigate whether the expression of CD38 had any effect on the 

induction of VEGF, increasing amounts of CD38 lentivirus were added to a 

CD38 negative CLL sample and VEGF and CD38 were measured by QRT-PCR. 

Equal amounts of GFP lentivirus were added to the CLL sample as a control. 

The addition of increasing amounts of CD38 lentivirus resulted in a dose- 

dependent increase in the expression of VEGF (Figure 5.4). Even though the 

induction of VEGF was also observed using increasing amounts of GFP virus, 

the levels of VEGF expression in the CD38 virus treated samples were much 

higher when an MOI of above 20 was used. This would suggest that the 

expression of CD38 on the surface of the CLL cells was associated with the 

induction of VEGF. Figure 5.5 plots the relative gene expression of VEGF and 

CD38. There was a significant correlation between the expression of VEGF and 

CD38 in the samples treated with increasing amounts of CD38 virus (R2=0.964) 

(PO.OOl).

5.6 IL-lfi and MCL1 expression were increased in CLL samples following 

transduction with lentivirus

IL-lp is a cytokine which is able to induce survival and proliferation in 

lymphocytes. This molecule was shown to be up-regulated in CD38 positive 

CLL cells compared to their CD38 negative counterparts (Pepper et al., 2007). 

IL-ip was measured in six untreated and virus treated samples using QRT-PCR. 

Figure 5.6 illustrates that IL-lp expression was increased in CLL samples 

treated with either CD38 or control GFP lentivirus compared to the untreated 

sample. The expression of IL-ip was heterogeneous following lentiviral 

transduction and there was no significant difference in IL-ip expression between 

samples treated with CD38 virus and those treated with GFP virus (P=0.76).

134



Chapter 5 The genetic modification o f CLL cells causes changes in gene expression

0(/)
CD

oc
p
£
0
>

0a:

CD
LU
>

250 CD38 Virus

GFP Virus200

150

100

50

0
0 5 10 15 20 25 30

MOI

Figure  5.4 V E G F  w as induced following the  addition  of 
increasing  am o u n ts  o f CD38 v irus.

Increasing amounts of CD38 or GFP lentivirus were added to CLL 
cells from a single patient and VEGF expression was determined by 
QRT-PCR.
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Figure  5.5 V E G F  expression co rre la ted  w ith CD38 
expression  in CD 38 v iru s  trea ted  sam ples.

Following the addition of increasing amounts of CD38 lentivirus 
VEGF expression was measured by QRT-PCR and plotted against 
CD38 expression. The Spearman test was used to determine any 
correlation between VEGF and CD38 expression.
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Figure  5.6 IL - ip  w as heterogeneously  over-expressed in 
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RNA was extracted from lxlO6 CLL cells and QRT-PCR was carried 
out to determine IL-ip expression in six virus treated patient samples.
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The anti-apoptotic BCL-2 family member Mcl-1 is over-expressed in CLL 

and is associated with resistance to therapy and a poor outcome (Hussain et al., 

2007). It has also been associated with other markers of aggressive disease 

including unmutated IGHV  genes, ZAP-70 and CD38 (Pepper et al., 2008). To 

assess whether the induction of CD38 resulted in up-regulation of MCL-1, six 

CLL samples were treated with CD38 and GFP virus and the gene expression of 

MCL-1 was determined by QRT-PCR. Figure 5.7 illustrates that the addition of 

either lentivirus induced an increase in MCL-1 expression in the six samples 

tested. This increase varied in each patient sample and only 1/6 samples tested 

showed increased MCL-1 transcription in cells treated with CD3 8-expressing 

lentivirus. Consequently, there was no significant difference in MCL1 

expression between samples treated with CD38 virus and those treated with GFP 

virus (P=0.42).

5.7 Microarray analysis revealed up-regulation of CD38 in CLL samples 

transduced with CD38 lentivirus

CLL cells expressing the CD38 antigen were shown to have a unique gene 

expression profile compared to their CD38 negative counterparts in bi-modal 

patients (Pepper et al., 2007). This profile favours angiogenesis and CLL cell 

survival and provides a rationale for the more aggressive nature of CD38 

positive CLL. Whether CD38 signalling is responsible for these changes in the 

gene expression profile is unknown. In an attempt to answer this question three 

untreated and virus treated samples were run on Affymetrix U133A GeneChips 

containing 23,500 gene sequences derived from the Genebank database. All of 

the data obtained from this gene array study were analysed using Genespring 

7.0. Figure 5.8 illustrates that CD38 was highly expressed in each of the samples 

treated with CD38 virus but not in untreated or GFP virus treated samples. Table

5.1 highlights the mean expression of CD38 in untreated and virus treated 

patient samples. The mean relative expression from three CD38 transduced 

samples was 8490 ±3606.9 (±SD) compared to 7.7 ±0.6 (±SD) and 8.5 ±6.8 

(±SD) in untreated and GFP virus treated samples respectively.
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Figure  5.7 M CL-1 w as heterogeneously  over-expressed 
in six CD 38 an d  G F P  len tiv iru s  trea ted  sam ples.

RNA was extracted from lx l0 6 CLL cells and QRT-PCR was carried 
out to determine MCL-1 expression in six virus treated patient 
samples.
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CD38 

REN 

DND1 

SLC6A2

U ntrea ted  G F P  V irus  C D 38 Virus _

F igure  5.8 M ic ro a rra y  analysis illu stra ted  th a t CD38 
expression  w as increased  follow ing tran sduction  w ith 
CD38 len tiv irus.

5xl06 CLL cells were untreated or transduced using CD38 or GFP 
lentivirus and left for 48 hours at 37C. RNA was extracted and run on 
the Asymetrix U133A gene chip.

CD38 Untreated CD38 Virus GFP Virus

Relative
Increase

7.7 
±0.6 (SD) 

(n=3)

8490.1 
±3606.9 (SD) 

(n=3)

8.5 
±6.8 (SD) 

(n=3)

Table 5.1 CD 38 w as over-expressed  in sam ples expressing 
C D 38 b u t no t in con tro l sam ples.

The mean CD38 expression was calculated for the three untreated 
CD38 virus treated and GFP virus treated patient samples.
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5.8 Fifty five genes were up-regulated and seven down-regulated following 

the induction of CD38

QRT-PCR analysis revealed differential regulation of key genes implicated 

in the pathogenesis of CLL. Microarray data revealed 55 up-regulated genes and 

7 down-regulated genes when CD38 transduced samples were compared with 

untransduced and GFP treated samples. Figure 5.9 illustrates the differentially 

expressed genes within the CD38 virus treated samples.

5.9 Microarray analysis identified down-regulation of the gene encoding the 

DNA mismatch repair protein Msh6 in CLL cells following expression of 

CD38

The process of somatic hypermutation takes place in response to antigenic 

challenge and introduces point mutations into the V-region exons of 

immunoglobulin heavy chain genes. This process occurs within the germinal 

centres of the lymph nodes and culminates in the selection of B-cells that 

generate high affinity BCRs. Those cells with BCR displaying lower affinity to 

the antigen undergo clonal deletion (Li et al., 2004). SHM is initiated by the 

activation induced cytidine deaminase (AID) molecule and occurs in several 

kilobases of DNA around rearranged IGHV genes. AID deaminates cytosine to 

uracil which generates mutations of C and G nucleotides. In a secondary process 

the low fidelity DNA pol rj and the mismatch repair proteins Msh2 and Msh6 are 

involved in the generation of A and T mutations. Through investigations 

involving Msh3 and Msh6 knockout mice Martomo et a l showed that Msh6 (but 

not Msh3) was required for the process of somatic hypermutation to occur 

effectively (Martomo et al., 2004). The microarray identified a reduction in the 

expression of MSH6 in all three patient samples following the expression of 

CD38 (Figure 5.10). The mean values of MSH6 expression are illustrated in 

Table 5.2. A significant decrease in MSH6 was observed in CD38 transduced 

cells compared to GFP treated cells when the results from each of the gene 

probes were considered for all three patients (P=0.03). To investigate the 

expression of MSH6 further, QRT-PCR was carried out on two untreated and 

virus treated patient samples. Figure 5.11 illustrates that there was no difference 

in the expression of MSH6 in untreated and virus treated samples following the 

induction of CD38 on the CLL cell surface.
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0. 1 1 0 . 1 1 0 . 0 . ( 1  

U ntreated  G F P  Virus C D 3 8  Virus

F igure  5.10 M SH 6 w as dow n regulated  in CD38 
expressing  C L L  cells.

5xl06 CLL cells from three patients were untreated, treated with GFP 
virus or treated with CD38 virus. RNA was extracted from the 
samples after 48 hours incubation and run on the Affymetrix 
platform.

Untreated CD38 Virus GFP Virus

F igu re  5.11 Q R T -PC R  analysis illu stra ted  no difference 
in the  expression  o f M SH 6 following trea tm e n t w ith 
CD 38 o r  G F P  len tiv iru s .

5xl06 CLL cells from two patients were untreated, treated with GFP 
virus or treated with CD38 virus. RNA was extracted from the samples 
after 48 hours incubation and QRT-PCR was used to observe MSH6 
gene expression.
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PI P2 P3 PI P2 P3 PI P2 P3 Mean

Gene Probe ID Nig Ntg Nig
CD38
Virus

CD38
Virus

0038
Virus

GFP
Virus

GFP
Virus

GFP
Virus Nig

CD38
Virus

GFP
Virus P value

MSH6 211450 $j i 46.1 78.9 85.6 55.9193 70.1007 38.5074 97.7605 53.7089 89.4886 70.20 54.84 80.32 0.35
202911_«t 224.50 241.60 207,10 191.67 134.99 143.06 248.22 213.05 205.65 224.40 156.58 222.31 0,01

( 211449jt 5.10 1.30 6.90 8.62 4.38 7.48 6.90 0.45 7.16 4.10 6.83 4.84 0.20
Pvilut. All erobis 0.03

Table 5.2 The expression of MSH6 was decreased in three CD38 transduced patient samples.

Three CLL samples were untreated, treated with CD38 virus or GFP virus. RNA was extracted and run on the 
Affymetrix gene chip.
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5.10 Discussion

Gene expression studies in CLL have identified gene profile signatures of 

poor risk disease and implicated mechanisms such as adhesion and migration in 

the pathogenesis of this disease (Stratowa et al., 2001, Deaglio and Malavasi, 

2009). Recent work from our group identified over-expression of molecules 

involved in angiogenesis and apoptosis in CD38 positive cells (Pepper et al.,

2007). Until now, such investigations have highlighted differences between 

CD38 positive and CD38 negative cells and, with the exception of the bi-modal 

study, were carried out on a heterogeneous genetic background (i.e. inter-patient 

analysis). The aim of this chapter was to observe whether ectopic expression of 

the CD38 molecule directly contributes to changes in genotype in the absence of 

any other changes within the cell. To achieve this, a method was developed 

using a lentiviral vector to induce CD38 expression on the surface of CD38 

negative cells. Following transduction, RNA was extracted and QRT-PCR and 

microarray analysis were carried out to determine the expression of key 

molecules which may play a role in the pathogenesis of CLL.

Gene expression analysis revealed that CD38 was markedly induced in all 

of the samples treated with the CD38 expressing lentivirus (Figure 5.1.a). 

Although the addition of the GFP virus induced a small increase in CD38 

expression (seven fold) in the sample, it was apparent that the virus had a 

profound effect on the expression of other genes. VEGF, IL-lp and MCL1 were 

all up-regulated in the six patient samples investigated by QRT-PCR. However, 

in these experiments there was little difference between the increase in gene 

expression observed following the addition of CD38 or GFP virus. Microarray 

analysis also revealed substantial alterations in gene expression in all three 

samples investigated following the addition of the GFP lentivirus. In chapter 

four the viability of the CLL sample increases in response to the addition of 

CD38 or GFP virus. The results from microarray analysis suggest that the effect 

of the virus on the cells is promoted, at least in part, at the level of transcription. 

Whether these changes are caused by aberrant signalling from the disruption of 

signalling molecules in the cell, or due to genetic changes following integration 

of the provirus is unknown. In 2002 Schroder et a l showed that the HIV-1 

provirus integrates into transcriptionally active sites following infection 

(Schroder et al., 2002). More recently Ciuffi et a l illustrated that HIV-1
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preferentially targets DNA transcription units in non-dividing cells (Ciuffi et al., 

2006). This work suggests that integration of the provirus may indeed disrupt the 

gene expression within the infected cell. The concentrated lentivirus used in 

these experiments may have integrated into many different regions of the host 

DNA causing an array of changes in gene expression.

Both QRT-PCR and microarray investigations illustrated a large amount of 

heterogeneity between the patient samples tested. Figure 5.1.a shows that the 

expression of CD38 following the addition of equal amounts of CD38 lentivirus 

varied greatly between the six samples. This variation was also observed when 

determining the expression of VEGF, IL-lp and MCL1. Individual patients are 

known to have different responses to in vivo and in vitro stimuli (Alvarez-Mon 

et al., 1993, Cutrona et al., 2008). Such heterogeneity in response to the addition 

of lentivirus is therefore not unexpected. The microarray analysis of three patient 

samples also generated a large amount o f discordant data due to heterogeneity 

within the gene expression. In this context, attempts to determine patterns of 

gene expression using small numbers of patient samples were very challenging 

in CLL. The over (or under) expression of genes involved in the pathogenesis of 

the disease may not occur in all patients and studying large cohorts may be 

required to uncover such aberrant gene expression.

The global expression of 23,500 genes was analysed following transduction 

and those up-regulated or down-regulated in the CD38 transduced samples, 

compared to the untreated and GFP virus treated controls, are highlighted in 

Figure 5.9. This analysis revealed the down-regulation of MSH6 in CD38 virus 

treated samples. The Msh6 protein is involved in the generation of somatic 

hypermutation following antigen stimulation of B-cells. The mutation status of 

the CLL clone is highly significant in CLL as unmutated cases have a 

particularly poor prognosis. CD38 positivity correlates with the presence of 

unmutated IGHV genes in CLL although a link between the two has never been 

established. The DNA mismatch repair protein Msh6 has been shown to be 

deregulated in other cancers including hereditary non-polyposis colorectal 

cancer and endometrial and colonic cancers (Wagner et al., 2001, Wijnen et al.,

1999). The results obtained from the microarray analysis carried out in this 

chapter suggest a link between the expression of CD38 and down-regulation of 

MSH6. If CD38 signalling influences the mutation status of the clone then this
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pathway would be an important therapeutic target in CLL. This phenomenon 

would also provide insight into the origin of the CLL cell and add to the debate 

over whether CLL is a single disease or one of either pre or post-germinal centre 

origin (Hamblin et al., 1999, Damle et al., 1999, Hamblin, 2002). Conversely 

the AID molecule has been shown to be associated with unmutated IGHV genes 

and is up-regulated in poor prognosis CLL particularly within the lymph node 

proliferation centres (McCarthy et al., 2003, Hancer et al., 2011). AID has the 

capacity to induce class switch recombination (Muramatsu et al., 2000) and 

unpublished work by Professor Chiorazzi’s group suggests that this molecule 

may maintain mistargeted mutational activity and induce intraclonal diversity 

and CLL progression in the CD38 positive CLL cell fraction (Calissano et al., 

2009). The microarray data illustrate a significant decrease in MSH6 in all three 

patient samples following transduction with the CD38 virus (P=0.03). However, 

subsequent analysis utilising QRT-PCR on two CD38 transduced samples failed 

to show a similar pattern of expression. The low number of samples investigated 

together with the heterogeneity of the disease may have caused the discrepancy 

observed. The literature suggests that the ABL gene may be over-expressed in 

CLL. (Lin et al., 2006, Allen et al., 2011) Therefore, its use as a house-keeping 

gene in these experiments may have confounded attempts to show differences in 

the expression of the genes under investigation. Finally a lack of probe 

specificity for various isoforms of the gene or a variation in hybridisation 

conditions may have yielded erroneous results from the microarray 

investigations carried out (Kothapalli et al., 2002).

An MOI of 3.2 was used to transduce each of the samples. Further 

investigations looked at how the expression of CD38 related to that of VEGF in 

a single sample. Following the addition of increasing amounts of CD38 

lentivirus VEGF expression was increased in a dose-dependent manner. No such 

increase was observed using the GFP lentivirus. Within this experiment the 

amount of lentivirus used to treat the samples was increased to a maximum MOI 

of 28. The evidence suggests that there may be a threshold of CD38 signalling 

required for the induction of VEGF in these cells. A highly significant 

correlation was observed when comparing VEGF expression to CD38 

expression (rather than the viral MOI) (P<0.001) (Figure 5.5). These results

146



Chapter 5 The genetic modification o f CLL cells causes changes in gene expression

indicate a potential role for CD38 signalling in the induction of VEGF although 

high levels of CD38 were required to observe any correlation.

Although the system utilised was able to induce large amounts of CD38 on 

the surface, the antigen lacked any form of exogenous stimulation. It is quite 

feasible that CD38 signalling requires more than just the mere presence of CD38 

on the surface of the cell and that in the initial experiments carried out the 

threshold for the effects of CD38 signalling to occur were not reached. By 

increasing the expression of CD38 by manipulating the MOI of the virus VEGF 

was induced; an effect that was not due solely to the addition of lentivirus since 

the GFP virus failed to recapitulate these effects.

Investigating gene expression in CLL samples following the induction of 

CD38 on the cell surface supported data already published and gave insight into 

the aberrant expression of novel genes with biological relevance. Heterogeneity 

was observed following the investigation of multiple patient samples and there 

was some discordance between results obtained using QRT-PCR and 

microarray. The novel part of this work was to induce changes in gene 

expression following the expression of CD38 on the surface of CLL cells which 

were originally CD38 negative. Therefore unlike any other study before it, this 

work identifies the changes in gene expression which occurred specifically in 

response to CD38 expression.
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Chapter 6. Incubation with CD31-expressing co

culture causes phenotypic changes in CLL cells

6.1 Introduction

The aim of this chapter was to design a set of experiments, using multi

colour flow cytometry, to investigate the effects of CD38 ligation on the 

phenotype of the CLL cell. The expression of CD5, CD 19, CD38, CD49d, 

C D llc, CD103 and CD138 were analysed on the cell surface and Zap-70 and 

Ki-67 within the cells using three antibody panels (Table 6.1). Stimulation of 

CD38 was achieved with the use of a CD31-expressing fibroblast co-culture 

system and CLL cells were incubated in NTL co-culture as a control. To further 

simulate the CLL microenvironment and enhance cell survival over a period of 

five days in co-culture, IL-2 was added at a concentration of lOOIU/ml. CLL 

cells were sampled from the co-culture at day two and day five and multi-colour 

flow cytometry was carried out using a Beckman Coulter Cyan cytometer. The 

analysis of key surface and intracellular molecules was carried out on CD5+ and 

CD 19+ cells present within the lymphocyte gate (Figure 6.1). The MFI values of 

paired samples were compared for twenty patient samples displaying a range of 

constitutive CD38 expression on their cell surface.

6.2 CD5 was down-regulated on the CLL cell surface following co-culture

CD5 was one of the first markers described on the surface of the CLL B-cell 

(Matutes et al., 1994). This molecule is expressed on B la lymphocytes in the 

peripheral blood of normal individuals. These cells are thought to be derived 

from B-cell precursors which have been exposed to self-antigen. The B1 

repertoire therefore tends to be autoreactive and it is believed that CD5 

suppresses BCR signalling in these cells to limit autoreactivity but allow them to 

react to potent BCR stimuli such as mucosal pathogens (Berland and Wortis, 

2002). In keeping with this notion, CLL cells are generally anergic with 

defective BCR signalling (Muzio et a l, 2008). The presence of CD5 on the 

surface of the cell may contribute to this unresponsiveness and suggests that the 

CLL B-cell may be generated in response to auto-antigen. The initial expression

148



Chapter 6_ Incubation with CD31 -expressing co-culture causes phenotypic changes in CLL cells

Panel 1 Fluorochrome Emission

CD5 ECD 613

CD19 AF750 750

CD38 PE-Cy7 785

CD49d FITC 520

Panel 2 Fluorochrome Emission

CD5 ECD 613

CD19 PB 452

Zap-70 AF647 647

Ki-67 FITC 520

Panel 3 Fluorochrome Emission

CD5 ECD 613

CD19 AF750 750

CD11c PE-Cy7 785

CD103 FITC 520

CD138 PB 452

Table 6.1 F lu o rescen t an tib o d y  panels used to 
c h a ra c te rise  C L L  cells.

Three different combinations of fluorescent antibodies were designed 
to stain surface and intra-cellular antigens in CLL cells.
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of CD 5 following collection (day zero) was compared to samples incubated in 

NTL and CD31 expressing co-culture for two and five days. Figure 6.2 

illustrates that CD5 was down regulated on the surface of CLL cells incubated 

within both NTL and CD31-expressing co-culture after five days compared to 

day zero (P=0.01 and P=0.02 respectively). There was no significant difference 

in CD5 expression between CLL cells incubated in NTL and CD31-expressing 

fibroblasts after two or five days (P=0.15 and P=0.22 respectively).

6.3 CD19 expression was increased in CLL cells following two and five days 

incubation with CD31-expressing co-culture

CD 19 is present on the surface of B-cells from an early stage in their 

development and is only lost following differentiation of the cell into an 

antibody secreting plasma cell (de Rie et al., 1989). The trans-membrane 

molecule is essential for efficient BCR signalling and forms lipid raft complexes 

with other surface molecules such as CD81 and CD21 (Sato et al., 1997). 

Following BCR cross linking the CD 19/BCR complex is internalized resulting 

in down-stream signalling and cell activation (Pesando et al., 1989, Buhl and 

Cambier, 1999). CD 19 is generally expressed on the surface of CLL cells in 

lower quantities than that expressed on the surface of normal B-cells (Ginaldi et 

al., 1998). Although BCR signalling is perturbed in CLL, an increase in the 

levels of CD 19 may allow signalling to occur and promote survival or 

proliferation of the clone. CD 19 expression was assessed in twenty patient 

samples at day zero and following two and five days incubation with NTL or 

CD31 -expressing co-culture. There was no significant difference in the 

expression of CD 19 on the surface of CLL cells incubated for two or five days in 

NTL co-culture (Figure 6.3). In contrast, there was a significant increase in 

CD 19 expression on the surface of CLL cells incubated for two and five days in 

CD31-expressing co-culture (P=0.0003 and P=0.0004 respectively). 

Subsequently the expression of CD 19 was compared between samples incubated 

in NTL and CD31-expressing co-cultures. There was a significant increase in the 

expression of CD 19 in CLL samples following two days incubation with CD31- 

expressing co-culture when compared to cells incubated with NTL co-culture 

(P=0.01) (Figure 6.3); this was even more pronounced after five days 

(P=0.0002).
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Figure 6.2 CD5 expression was decreased following five 
days in co-culture.

lx l0 6 CLL cells were placed into co-culture with NTL or CD31- 
expressing fibroblasts. Surface CD5 was measured by flow cytometry 
on day 0, 2 and day 5 (CD5-ECD) and the MFI value was plotted for 
each CLL sample. CD 19 positive CLL lymphocytes were identified by 
surface staining and forward and side scatter. A paired f-test was used 
to compare CD5 expression.
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Figure 6.3 An increase in CD19 expression was observed 
following incubation with CD31 expressing co-culture.

lxlO6 CLL cells were placed into co-culture with NTL or CD31- 
expressing fibroblasts. Surface CD 19 was measured by flow 
cytometry on day 0, 2 and day 5 (CD 19- Alexafluor 750) and the MFI 
value was plotted for each CLL sample (a) CD5 positive CLL 
lymphocytes were identified by surface staining and forward and side 
scatter. A paired /-test was used to compare CD 19 expression, (b) and 
(c) illustrate the CD 19 expression at day 2 and 5 respectively. The 
paired samples within NTL and CD31-expressing co-culture are 
highlighted.
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6.4 CD38 expression was increased in CLL cells following five days 

incubation with CD31-expressing co-culture

Studies of serial patient samples suggest that the CD38 glycoprotein is 

stably expressed on the surface of peripheral blood CLL B-cells (D'Arena et al., 

2002). Its expression within the lymph node or bone marrow has been more 

difficult to assess due to the challenge of obtaining such tissues. However, in 

2004, Jasic et al. showed increased expression of CD38 on the surface of CLL 

cells within the lymph nodes compared to peripheral blood and bone marrow 

(Jaksic et al., 2004). Subsequently Lin et al. illustrated increased levels of CD38 

on the CLL cell surface in the bone marrow compartment compared to 

peripheral blood (Lin et al., 2008). Evidence by Pepper et al suggests that the 

expression of CD38 is transient (Pepper et al., 2007), a theory that was 

supported by Calissano et al. (2009). Microenvironmental niches within 

lymphoid tissues may provide the sites for rapid CD38 up-regulation and 

shedding following cell activation. Higher expression of CD38 on the CLL cell 

surface may promote down-stream effects such as survival and proliferation 

(Patten et a l, 2008). To investigate whether CD38 was up-regulated following 

stimulation in co-culture the CLL cells were incubated within NTL and CD31- 

expressing fibroblasts. A significant increase in CD38 expression was observed 

following two days in NTL or CD31-expressing co-culture (P=0.01 and P=0.01 

respectively) (Figure 6.4). There was also an increase in CD38 expression 

following five days in CD31 -expressing co-culture (P=0.01). Following five 

days incubation there was a significant increase in CD38 expression on the 

surface of CLL cells incubated with CD31-expressing co-culture compared to 

cells incubated with NTL co-culture (P=0.01).

6.5 CD49d expression was increased in CLL cells following co-culture

CD49d is the a4 subunit of the a4plintegrin and is expressed on the surface 

of CLL B-cells. Increased expression of this antigen has been associated with a 

poorer prognosis in CLL (Eksioglu-Demiralp et al., 1996, Gattei et al., 2008). 

Molecules involved in cell migration have been widely studied in CLL due to 

enhanced lymph node and bone marrow infiltration (Burger et al., 1999, Ocana 

et al., 2007). These sites are thought to act as centres of enhanced activation and
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Figure 6.4 An increase in CD38 expression was observed 
following incubation in CD31 expressing co-culture.

lxlO6 CLL cells were placed into co-culture with NTL or CD31 
expressing fibroblasts. Surface CD38 was measured by flow cytometry 
on day 0, 2 and day 5 (CD38-PC-7) and the MFI value was plotted for 
each CLL sample (a) CD5+/CD19+ CLL lymphocytes were identified 
by surface staining and forward and side scatter. A paired /-test was 
used to compare CD38 expression, (b) illustrates the CD38 expression 
at day 5. The paired samples within NTL and CD31-expressing co
culture are highlighted.
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proliferation in CLL (Jaksic et al., 2010). Increased expression of CD49d has 

been associated with up-regulation of CD38 and other chemokines such as 

CCL3 and CCL4 (Pittner et al., 2005, Zucchetto et al., 2009). Whether 

stimulation of CD38 results in increased expression of CD49d is unknown. CLL 

cells from twenty patients were stained for surface CD49d at day zero and 

following two and five days in co-culture. CD49d was up-regulated on the CLL 

cell surface following two days in NTL and CD31 -expressing co-culture 

(P=0.0001 and 0.0003 respectively) (Figure 6.5). The levels of CD49d were also 

significantly increased following five days in NTL and CD31-expressing co

culture (P=0.0001 and 0.0001 respectively). However there was no significant 

difference in CD49d expression on the surface of CLL cells following two or 

five days co-culture with CD31-expressing fibroblasts compared to cells 

incubated with NTL co-culture (P=0.88 and P=0.1 respectively).

6.6 Zap-70 expression was increased in CLL cells following two days in 

CD31-expressing co-culture

Expression of Zap-70 is associated with a poor prognosis in CLL (Wiestner 

et al., 2003). The molecule has been shown to be closely associated with BCR 

signalling (Chen et al., 2008) and correlates with other poor prognostic markers 

such as CD38 and unmutated IGHV in CLL. (Hamblin et al., 2002, Cruse et al., 

2007, Rassenti et al., 2008, Crespo et al., 2003, Rassenti et al., 2004, Wiestner et 

al., 2003). Zap-70 was also reported to play a role in the up-regulation of the 

chemokine receptor CXCR4 on the surface of CLL cells (Ticchioni et al., 2002) 

and CD38 and Zap-70 positive cells illustrate enhanced migration when 

investigated in vitro (Deaglio et a l, 2007). To determine whether stimulation of 

CD38 had an effect on Zap-70 expression, intracellular Zap-70 was assessed in 

CLL cells at day zero and following two and five days co-culture with NTL and 

CD31-expressing fibroblasts. The CLL cells were stained for CD5 and CD 19 

before being fixed and permeabilised and then stained for Zap-70. There was a 

significant increase in Zap-70 expression after two days in NTL and CD31- 

expressing co-culture (P=0.003 and 0.0003 respectively) (Figure 6.6). Zap-70 

was also significantly increased following five days co-culture in NTL and 

CD31-expressing co-culture (P0.0001 and 0.0001 respectively). A significant
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Figure 6.5 An increase in CD49d expression was observed 
following co-culture.

lxlO6 CLL cells were placed into co-culture with NTL or CD31- 
expressing fibroblasts. Surface CD5 was measured by flow cytometry on 
day 0, 2 and day 5 (CD49d-FITC) and the MFI value was plotted for each 
CLL sample. CD5 +/CD19 + CLL lymphocytes were identified by surface 
staining and forward and side scatter. A paired /-test was used to compare 
CD49d expression.
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Figure 6.6 An increase in Zap-70 expression was 
observed following incubation with CD31-expressing co
culture.

lxlO6 CLL cells were placed into co-culture with NTL or CD31- 
expressing fibroblasts. Surface CD5 was measured by flow cytometry 
on day 0, 2 and day 5 (Zap-70- Alexafluor-687) and the MFI value was 
plotted for each CLL sample (a) CD5+/CD19+ CLL lymphocytes were 
identified by surface staining and forward and side scatter. A paired t- 
test was used to compare Zap-70 expression, (b) illustrates the Zap-70 
expression at day 2. The paired samples within NTL and CD31- 
expressing co-culture are highlighted.
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increase in the expression of Zap-70 was observed in the CLL cells following 

two days co-culture with CD31 -expressing fibroblasts compared to 

cells incubated with NTL fibroblasts (PO.OOOl) (Figure 6.6). Following five 

days in co-culture there was no significant difference in the expression of Zap- 

70 between the CLL cells incubated in CD31 -expressing and NTL co-culture 

(P=0.08).

6.7 The increase in intracellular Zap-70 expression following incubation 

with CD31-expressing co-culture significantly correlated with constitutive 

CD38 expression

Incubation of CLL cells for two days in CD31-expressing co-culture 

resulted in up-regulation of intracellular Zap-70 when compared to cells 

incubated in NTL co-culture for the same period. To investigate whether there 

was a relationship between Zap-70 and CD38, Zap-70 expression (MFI) at day 

two was plotted against the expression of surface CD38 (percentage of positive 

cells) at day zero. There was a significant correlation between Zap-70 MFI and 

CD38 expression as illustrated in Figure 6.7 (^=0.54, PO.OOOl). Subsequently 

the Zap-70 MFI values for CD38 negative and CD38 positive patient samples 

were compared (<20% versus >20%). There was a significantly higher 

expression of Zap-70 in CD38 positive samples following two days in CD31- 

expressing co-culture (Figure 6.8) (P=0.03).

6.8 There was no change in C D llc  expression on the surface of CLL cells 

following co-culture

In normal B-cells, exposure to antigen results in the selection of a highly 

specific cell which proliferates and differentiates into a memory B-cell or plasma 

cell population (Carter, 2006). In order to determine whether the co-culturing of 

CLL cells caused such changes, the sample was investigated for markers of 

differentiation. C D llc  is an integrin expressed at low levels on the surface of 

CLL cells. It is found in much higher levels on the surface of the malignant cells 

in Hairy cell leukaemia, B-PLL and less so in NHL (Marotta et al., 2000). 

Increased expression of CD1 lc following co-culture would indicate that the cell 

was undergoing phenotypic changes consistent with differentiation. C D llc  was 

therefore measured following co-culture of the CLL cells to observe whether
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Figure  6.8 C D 38 positive pa tien ts  expressed h igher 
levels o f Z ap-70  th a n  CD 38 negative patien ts.

Patients were separated into CD38 negative and CD38 positive 
groups (cut off 20%) and the mean Zap-70 expression was 
determined. An unpaired r-test was used to determine whether there 
was a significant difference in Zap-70 expression between the two 
groups.
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such changes were occurring. Figure 6.9 Illustrates that there was no significant 

difference in the expression of C D llc  following two or five days in NTL 

(P=0.27 and P=0.36 respectively) or CD31-expressing co-culture (P=0.18 and 

P=0.36 respectively). There was also no significant difference in the expression 

of C D llc  when CLL cells incubated with NTL co-culture were compared to 

those with CD31-expressing co-culture at day 2 and day 5 (P=0.8 and P=0.95 

respectively).

6.9 An increase in CD 103 expression was observed on the surface of CLL 

cells following five days in co-culture

CD 103 (Integrin a  E) is a member of the integrin family and is usually 

present on the surface of CD8 positive T-cells as a receptor for the epithelial 

cell-specific ligand E-cadherin (Hadley et al., 1997). The integrin is expressed at 

high levels in Hairy cell leukaemia but not in CLL (Del Giudice et al., 2004). 

The expression of this surface molecule was determined in six CLL samples at 

day two and day five. A significant increase in CD 103 expression was observed 

following five days in NTL and CD31 -expressing co-culture (P=0.005 and 0.004 

respectively) (Figure 6.10). No significant difference was observed in the 

expression of CD 103 between CLL cells incubated with NTL and CD31- 

expressing co-culture following two or five days incubation (P=0.64 and P=0.7 

respectively).

6.10 There was no change in CD 138 expression on the surface of CLL cells 

following co-culture
CD 138 (Syndecan 1) is a transmembrane heperan sulphate proteoglycan 

which mediates cell-cell and cell-matrix adhesion (Mali et al., 1990). Protolytic 

cleavage of the molecule following translation generates a soluble form which 

has been shown to induce tissue invasion in breast cancer cells (Nikolova et a l, 

2009). Within the haematopoietic system CD 138 is expressed at high levels on 

plasma cells and is a marker of B-cell differentialtion (Chilosi et al., 1999). To 

determine whether the CLL cells in culture were differentiating in to plasma 

cells samples were stained for CD138. Figure 6.11 illustrates that there was no 

significant difference in the expression of CD138 following two or five days in 

NTL (P=0.45 and P=0.15 respectively) or CD31-expressing co-culture (P=0.12
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Figure 6.9 There was no change in C D llc expression 
following co-culture.

lxlO6 CLL cells were placed into co-culture with NTL or CD31- 
expressing fibroblasts. Surface C D llc  was measured by flow 
cytometry on day 0, 2 and day 5 (CDllc-PC-7) and the MFI value 
was plotted for each CLL sample (n=6). CD5+/CD19+ CLL 
lymphocytes were identified by surface staining and forward and side 
scatter. A paired t-test was used to compare C D llc expression.
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Figure 6.10 An increase in the expression of CD103 was 
observed following co-culture.

lxlO6 CLL cells were placed into co-culture with NTL or CD31- 
expressing fibroblasts. Surface CD 103 was measured by flow 
cytometry on day 0 2 and day 5 (CD103-FITC) and the MFI value 
was plotted for each CLL sample (n=6). CD5+/CD19+ CLL 
lymphocytes were identified by surface staining and forward and side 
scatter. A paired /-test was used to compare CD 103 expression.
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Figure 6.11 There was no change in CD138 expression 
following co-culture.

lx l0 6 CLL cells were placed into co-culture with NTL or CD31- 
expressing fibroblasts. Surface CD 138 was measured by flow 
cytometry on day 0, 2 and day 5 (CD138-PB) and the MFI value was 
plotted for each CLL sample (n=21). CD5+/CD19+ CLL
lymphocytes were identified by surface staining and forward and side 
scatter. A paired t-test was used to compare CD138 expression.
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and P—0.64 respectively). There was also no significant difference in the 

expression of CD138 when CLL cells incubated with NTL 

co-culture were compared to those with CD31-expressing co-culture at day 2 

and day 5 (P=0.62 and P=0.34 respectively).

6.11 Discussion

The aim of this chapter was to investigate the expression of key molecules 

on the CLL cell surface following ligation of CD38 with its in vivo ligand CD31, 

expressed on fibroblast co-culture. Multi-colour flow cytometry was employed 

and the phenotype of twenty patient samples was determined at day zero and 

following two and five days in co-culture.

Four important observations were made from these experiments. The first 

was that there were significant changes in CLL cell immunophenotype following 

incubation with co-culture. CLL cells up-regulated CD 19, CD38, CD49d, Zap- 

70, and CD 103 and down-regulated CD5 following two or five days in either 

NTL or CD31-expressing co-culture compared to day zero expression. In 

contrast, there was no significant change in C D llc  or CD 138 expression when 

the CLL cells were placed into the same co-culture conditions. These results 

highlight the effect of the co-culture system on the CLL cells. The co-culture 

fibroblasts are likely to express molecules on their surface and release cytokines 

which induce changes within the CLL cells. Such experiments highlight the 

requirement for the control NTL co-culture in these experiments.

The second observation was the change in the expression of proteins 

following incubation with CD31-expressing co-culture compared to those 

incubated with the control NTL co-culture. There was no significant difference 

in CD5 or CD49d expression between CLL cells incubated with NTL and 

CD31-expressing co-culture (Figure 6.2). However, CD 19 and Zap-70 were 

significantly up-regulated after two days and CD 19 and CD38 after five days co

culture with CD31-expressing fibroblasts (Table 6.2). All three molecules have 

been shown to be involved in BCR signalling (Lund et al., 1996, Cherukuri et 

al., 2001, Gobessi et al., 2007). Such signalling is known to induce proliferation 

in CLL cells and is therefore likely to be mechanistically linked to the clonal 

expansion of this disease (Herishanu et al., 2011). The recent report by 

Herishanu et a l identified the lymph node as a site of CLL cell activation.
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Day 2 Day 5

Marker Dav 0 NTL CD31 P value NTL CD31 P value

No difference CDS 314 (±204) 301 (±170) 280(±148) 0.15 213 (±135) 227 (±137) 0.22

CD49<1 19 (±15) 26 (±15) 26 (±15) 0.88 32 (±14) 29 (±15) 0.11

Increased CD19 239 (±72) 288 (±108) 334(±118) 0.01 275 (±119) 355 (±154) 0.0002

expression CD38 38 (±22) 62 (±53) 76 (±74) 0.08 60 (±77) 83 (±85) 0.01

Zap-70 5<=l. 8 (±3) 10 (±5) <0.0001 11 (±6) 12 (±7) 0.08

Differentiation C D llc 8 (±3) 10 (±4) 10 (±4) 0.81 7 (±2) 7 (±2) 0.95

marker CD103 4(±1) 7 (±3) 7 (±2) 0.66 11 (±3) 11 (±3) 0.71

CD138 19 (±5) 20 (±4) 20 (44) 0.62 20 (±4) 19 (±4) 0.34

Table 6.2 C L L  cell expression of key surface and in trace llu lar molecules.

Flow cytometry was utilised to observe the expression of key molecules on the surface and within the CLL cells of twenty 
patients. The mean MFI values (± the standard deviation) were calculated at day zero and following 2 or 5 days co-culture 
with NTL or CD31-expressing fibroblasts. The P values were calculated from the difference in protein expression (MFI) in 
CLL cells incubated with NTL co-culture compared to that of CLL cells incubated with CD31-expressing co-culture.
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In their experiments they used gene expression profiling to illustrate the over

expression of genes involved in BCR signalling and NF-kB activation in CLL 

cells taken from the lymph node. Additionally, they highlighted the up- 

regulation of E2F and c-MYC target genes that induce proliferation in the cell. 

Supporting evidence for this enhanced proliferation was illustrated in the form of 

an increase in the expression of the cell cycle protein Ki-67 (Herishanu et al., 

2011). The phenotyping data from this chapter illustrate that molecules involved 

in BCR signalling are also induced following stimulation of CD38 on the surface 

of the CLL cell. This data is in keeping with that published by Herishanu et al. 

(2011) and suggests that our CD31 co-culture model, to some extent, simulates 

the in vivo environment when stimulating CLL cells and that CD38 is involved 

in the induction of molecules involved in BCR signalling and proliferation in 

CLL cells.

The third observation was made when comparing protein expression with 

the constitutive CD38 expression. The expression of Zap-70, within CLL cells 

incubated with CD31-expressing co-culture, significantly correlated with the 

initial CD38 expression of the sample at day zero (Figure 6.7). Zap-70 

expression was also significantly higher in CD38 positive patient samples 

compared to CD38 negative patient samples (Figure 6.8). The presence of both 

CD38 and Zap-70 confer a poor prognosis in CLL and recent studies have 

illustrated that there is around 70% concordance in the expression of these 

molecules (Schroers et al., 2005, D'Arena et al., 2007, Gachard et al., 2008). In 

2007 Deaglio et a l showed that these two molecules are functionally linked and 

that Zap-70 is required for CD38 signalling to occur (Deaglio et al., 2007). With 

this in mind it is reasonable to surmise that CD38 plays a role in the up- 

regulation of Zap-70 in an attempt to increase the effects of CD38 or BCR 

signalling and induce CLL cell activation.

The final observation was made when the CLL cells were stained for CD1 lc 

CD 103 and CD 138 which are markers of differentiated B-cells. Following two 

days in co-culture there were no significant increases in CD llc, CD 103 or 

CD138 (Figures 6.9 and 6.10). However, co-culture for five days resulted in a 

significant increase in the expression of CD 103 on the surface of CLL cells 

incubated within both CD31-expressing and NTL co-culture (Figure 6.10). Any 

differences in protein expression observed following this period should be
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considered carefully as the CLL cells appeared to have undergone changes 

consistent with differentiation. However, there was no significant difference in 

the expression of C D llc, CD 103 or CD 138 between CLL cells incubated with 

NTL or CD31 -expressing fibroblasts suggesting that the increase in CD 103 was 

not specifically induced by the CD31-CD38 cognate interaction (Table 6.2). The 

lack of increased expression of CDllc  and CD 138 coupled with the low MFI 

values for all three molecules raise doubts about the biological significance of 

the increased expression of CD 103 in these co-cultures. This supports the view 

that these co-culture conditions are not inducing plasmacytoid differentiation in 

the CLL cells.

It has become apparent that, to understand the mechanisms behind the 

development of CLL, the cells need to be studied under the conditions provided 

by the in vivo microenvironment. In the absence of primary tissue, this niche has 

been simulated in vitro by the use of ligand expressing adherent co-cultures. In 

two previous studies, primary tissue has been available which has allowed the 

identification of a highly active proliferation centre, rich in immunomodulatory 

cells (such as T-cells and dendritic cells) and cytokines (such as IL-2 and IL-4) 

involved in B-cell activation (Patten et al., 2008, Herishanu et al., 2011). In this 

section CD31 -expressing fibroblasts were used to mimic the microenvironment 

and specifically induce CD38 stimulation on the surface of the CLL cell. 

Phenotypic changes were observed which favoured BCR signalling and 

proliferation. The results provide rationale for subsequent investigations which 

inhibit the actions of CD38 in this stimulatory environment. Similar 

investigations, where CLL cells have been targeted with a specific drug in the 

presence of co-culture, have yielded important findings. In a study by Vogler et 

al potent inhibitors of Bcl-2 and Bcl-xL were shown to selectively kill CLL cells 

in liquid media. When placed into CD40L-bearing co-culture however, the 

effectiveness of the drug decreased by 1000 fold and it failed to induce apoptosis 

(Vogler et al., 2009). In summary the use of co-cultures to mimic the CLL 

microenvironment has proved to be an important part of uncovering the true 

nature of the disease. It has enabled us to observe the actions of individual 

stimuli and given insight into the effect of therapeutic agents within the in vivo 

environment. Developments within this area will surely unveil more important 

mechanisms of cell survival and proliferation within the CLL cell.

168



Chapter 7 Final Discussion

Chapter 7. Final Discussion

7.1 Discussion

In this study, I applied a range of techniques to enhance our knowledge of 

the role that CD38 plays in the pathogenesis of CLL. Induction of CD38 on the 

CLL cell surface using lentiviral gene transduction identified changes in gene 

expression which may contribute to and enhance disease progression. This work 

also highlighted the challenges involved in using a lentiviral knock-in system 

and led to the design of experiments utilising CD31-expressing co-cultures to 

stimulate CD38 on the CLL cell surface. Importantly, the CD31-expressing co

culture system induced survival, proliferation and changes in the phenotype of 

the CLL cells which favour enhanced B-cell receptor signalling. The novel 

findings within this project have provided direction for future work and 

highlighted the potential of CD38 as a therapeutic target in CLL.

The forced expression of CD38 in CLL cells utilising a lentivirus was 

achieved with great success. All of the CLL samples treated showed a large 

increase in CD38 expression and changes in gene expression were observed. The 

pro-angiogenic VEGF molecule has been implicated in the pathogenesis of 

many malignancies and it has been shown to be over-expressed in CLL (Chen et 

al., 2000, Kay et al., 2002, Pepper et al., 2007). In this study the induction of 

high levels of CD38 on the CLL cell surface resulted in increased expression of 

VEGF. This suggests that VEGF may be transcriptionally regulated by CD38 

signalling; a novel and potentially important finding.

The DNA mismatch repair molecule Msh6 has never been implicated in the 

pathogenesis of CLL, but was found to be down regulated following induction of 

CD38. This is especially interesting considering the importance of the IGHV 

mutation status of the CLL clone and the recent focus on the AID molecule 

(Palacios et al., 2010, Hancer et al., 2011), which is closely linked to the Msh 

family in the generation of somatic hypermutation. Further investigations are 

required to determine whether CD38 plays a direct or indirect role in regulating 

the expression of Msh6.

As previously discussed, genetically modifying leukocytes using lentiviral 

vectors can alter cells independently of transgene expression (Chapters 4 and 5).
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Three major challenges were highlighted from these investigations. The first was 

the effect of adding concentrated lentivirus to the CLL cells. Molecular analysis 

revealed that the addition of both CD38 and GFP vims caused considerable 

changes in gene expression within CLL cells. This made analysing the effects of 

the ‘ectopic’ introduction of CD38 difficult. Following lentiviral infection, the 

induction of toll-like receptor signalling and integration of the provirus into 

transcriptionally active sites may alter gene expression within transduced cells 

(Schroder et al., 2002, Gelman et al., 2004, Ciuffi et al., 2006). Given that the 

GFP-expressing vims also had an effect on the expression of molecules on the 

CLL cell surface, it seems plausible that the viral envelope may trigger the 

activation of the toll-like receptor pathway. It is clear that the vims induces 

major changes in the cytoplasmic membrane of CLL cells and at least transiently 

induced the exposure of phosphatidylserine. However, these changes in 

membrane asymmetry were not associated with apoptosis induction. Further 

studies are required to determine whether the effect is specific to CLL cells or is 

a general consequence of exposure to this particular lentivims. A further 

conundrum following successful introduction of the CD3 8-expressing lentivims 

was the apparent stripping of the CD38 molecule from the surface of CLL cells 

following co-culture. It seems possible that the vims-induced perturbations in 

the CLL cytoplasmic membranes is responsible for this effect since it was not 

observed in native CD38 positive cells cultured under identical conditions.

Gene expression analysis revealed a great deal of heterogeneity between the 

patient samples tested. CLL is renowned for its heterogeneity between patients 

and the investigation of large patient cohorts are often required to identify 

pathogenic mediators of this disease (Rodriguez et al., 2007). Also the simple 

expression of CD38 was not enough to induce its signalling cascade and there 

was a requirement for CD38 stimulation to drive this process. Previous studies 

illustrating signalling through CD38 have utilised various stimuli (including 

agonistic antibodies, CD31 and anti-IgM) to induce the down-stream effects of 

CD38 signalling (Lund et al., 1996, Deaglio et al., 2005, Vaisitti et a l , 2010). 

Such observations led to the decision to use CD31-expressing co-cultures to 

ligate CD38 on the CLL cell surface.

In the absence of a single genetic transformation event or the identification 

of a single antigen or molecule responsible for driving proliferation, CLL is

170



Chapter 7 Final Discussion

thought to be a disease whose maintenance and progression are controlled by a 

multitude of factors (Caligaris-Cappio, 2003). External stimuli which result in 

cellular activation and proliferation of the CLL clone are thought to reside in 

microenvironmental niches within the lymph nodes and bone marrow of the 

patient (Caligaris-Cappio, 2003, Friedberg, 2011). It has become apparent that if 

the underlying mechanisms of this disease are to be deciphered, and novel 

therapies devised, then in vitro systems must be developed which mimic the 

CLL cell microenvironment. In this study, CD38 was stimulated by incubating 

the CLL cells with CD31 -expressing co-culture. Comparing these CLL samples 

to matched samples in liquid media or control co-culture (mouse fibroblasts not 

expressing human CD31) illustrated changes in cell survival, proliferation and 

the phenotype of the cells that was specifically induced by CD38. Three 

prominent studies used similar in vitro co-culture models to illustrate that CD38 

signalling results in increased homing to lymph nodes, BCR signalling, survival 

and proliferation in CLL cells (Lund et al., 1996, Deaglio et al., 2005, Poggi et 

al., 2010). Similar investigations have utilised CD40 ligand-expressing co

cultures to induce significant changes in gene and protein expression in CLL 

cells (Schattner, 2000, Willimott et al., 2007, Gricks et al., 2004). It is now clear 

that a large number of different microenvironmental stimuli enhance the survival 

and proliferation of the CLL clone in vivo (Calissano et al., 2009). Investigating 

the molecules which stimulate the CLL cells within this niche, so that this 

environment may be closely simulated in vitro, will be integral in determining 

the pathogenesis of CLL and in devising more successful therapeutic strategies.

An important aspect from the work carried out in this thesis (and by others) 

is the ability of the CLL cell to react to in vitro stimuli. Substantial modifications 

in gene expression were observed within the CLL cells following treatment with 

lentivirus. Also the phenotype of the CLL cells changed following two days 

incubation in co-culture with CD31-expressing or NTL fibroblasts. If the cells 

behave in such a manner in vivo within the microenvironmental niches, then the 

CLL cell should be perceived not as an anergic cell, reluctant to undergo 

apoptosis, but as an active cell which responds rapidly and effectively to external 

stimuli.
Chapter four highlights the induction of proliferation in CLL cells incubated 

with CD31-expressing co-culture. More specifically, expression of the cell cycle
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antigen Ki-67 was induced and correlated with increased CD38 expression. In 

vivo heavy water experiments by Messmer et al. in 2005 clearly illustrated that 

the CLL clone was proliferating at a much higher rate than previously thought 

(Messmer et a l, 2005). This work was complemented by Calissano et al who 

used the same technique to illustrate increased proliferation in the CD38 positive 

cellular sub-set (Calissano et al., 2009). Following this work many groups have 

tried to uncover the mechanisms behind the induction of proliferation. In 2007 

Damle et al. identified CD38 positive CLL cells as an actively proliferating sub

set (Damle et al., 2007). They illustrated increased Ki-67, Zap-70 and human 

telomerase reverse transcriptase within CD38 positive clones. In 2010 Deaglio et 

al reported the induction of proliferation following ligation of CD38 on the 

surface of the CLL cell. In their experiments they identified CD31 as an integral 

part of the signalling axis and suggested that it plays a key role in stimulating the 

proliferation of CLL cells within the lymph node microenvironment (Deaglio et 

al., 2010). Taken together these data strongly suggest that CD38 signalling plays 

a role in the induction of CLL cell proliferation. The evidence presented in 

chapter four shows that CD38 ligation induces Ki-67 expression. Extending this 

study using a molecule to block the CD38-CD31 interaction would confirm 

whether CD38 signalling was directly responsible for the induction of Ki-67.

CLL cells incubated with CD31-expressing co-cultures illustrated a 

significant increase in cell survival. This is in keeping with previously published 

data by Zuchetto et a l who observed that CD38+/CD49d+ CLL cells showed 

increased survival compared to their CD38-/CD49d- counterparts, following 

stimulation with VCAM-1 (Zucchetto et al., 2009). Furthermore, in 2010 

Buggins et al. illustrated the up-regulation of pro-survival molecules, including 

Bcl-2 and Mcl-1, following incubation with endothelial co-cultures (Buggins et 

al., 2010). In their experiments the up-regulation of these molecules was shown 

to be preceded by DNA binding of the NF-kB sub-unit Rel A. These 

investigations also highlighted the induction of molecules involved in 

lymphocyte migration including CCL3, CCL4 and CD49d. Both the lymph node 

and bone marrow environments harbour pro-survival stimuli for lymphocytes 

and CLL cells expressing pro-migratory molecules are more likely to enter these 

sites. In 2010 Poggi et a l  illustrated increased survival in CLL cells placed into 

CD31-expressing co-culture through the induction of Bcl-2 and Bcl-xL (Poggi et
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al., 2010). The CLL cell survival described in chapter four was in keeping with 

the data reported by Poggi et a l though neither study was able to demonstrate a 

correlation between CD38 expression and CLL cell survival. Immunohisto- 

chemistry has illustrated that CD31 is expressed on the surface of immune cells 

including T-cells and dendritic cells within the lymph node microenvironment 

(Patten et al., 2008). Additionally CD31/CD38 interactions and their role in the 

pathogenesis of other malignancies have been described in the bone marrow 

compartment (Gallay et al., 2007). Enhanced CD38 signalling within these 

regions may therefore promote the survival of the CLL cell.

CD31 has the ability to ligate other CD31 molecules in a homotypic fashion 

on the cell surface. CD31 is present on the surface of CLL cells and contrasting 

evidence exists as to whether this molecule plays a role in the pathogenesis of 

CLL (Ibrahim et a l, 2003, Mainou-Fowler et a l, 2008, Poggi et al., 2010). In 

this project the increased expression of surface and intracellular molecules did 

not correlate with constitutive CD31 expression on the CLL cells (Appendix 4.a- 

e). Furthermore, previous studies have illustrated similar findings following the 

use of agonistic antibodies specific for CD38 and CD31-expressing co-cultures 

(Deaglio et al., 2003, Deaglio et a l,  2010). Both the induction of the signalling 

molecule Zap-70 and the cell cycle marker Ki-67 correlated with constitutive 

CD38 expression suggesting that the effects were indeed due to CD38 

signalling. Further experiments using a CD38 blocking antibody could be carried 

out to confirm these findings.

In this study, CD 19, CD38 and Zap-70 were up-regulated following 

stimulation of CD38 using the CD31-expressing co-culture system. CD 19 and 

CD38 associate with co-accessory molecules such as CD81, CD21 and the B- 

cell receptor on the cell surface to mediate B-cell signalling (Fujimoto et al., 

1998, Deaglio et al., 2003). The formation of such raft complexes results in the 

activation of Akt and Erk pathways and in a tertiary pathway calcium is released 

from intracellular stores and NF-kB is translocated to the nucleus (Guo et al., 

2000). In 2007, investigations by Deaglio et al illustrated the induction of 

calcium release and increased survival in CLL cells following stimulation of 

CD38 with an agonistic antibody (Deaglio et al., 2007). In their report they 

highlighted the requirement of accessory molecules, such as CD 19, for effective 

CD38 signalling. In chapter six, both CD38 and CD 19 were up regulated on the
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CLL cell surface following co-culture with CD31-expressing fibroblasts. 

According to the literature this would promote signalling via CD38 and the BCR 

and induce CLL cell activation. NF-kB is over-expressed in CLL (Cuni et al., 

2004) and induces the expression of anti-apoptotic mediators such as Mcl-1 and 

Bcl-2 (Zaninoni et al., 2003, Petlickovski et al., 2005). In 2008, Hewamana et 

al. showed that CD38 expression did not correlate with NF-kB DNA binding in 

CLL (Hewamana et al., 2008). The cells analysed in this study had not 

undergone any stimulation and it would be interesting to extend these 

investigations by stimulating CD38 on the surface using the CD31-expressing 

co-culture. Zap-70 was induced in CLL cells following two days in CD31- 

expressing co-culture. Additionally, its expression significantly correlated with 

the native expression of CD38 at day zero (PO.OOOl). The association between 

CD38 and Zap-70 has been previously documented in the pathogenesis of CLL 

(Deaglio et al, 2008), but this is the first time that CD38 signalling has been 

shown to up-regulate this tyrosine kinase. The induction of Zap-70 is also likely 

to enhance BCR mediated CLL cell activation and promote the survival and 

proliferation of the clone.

The results from this study support the use of molecules which inhibit CD38 

in the treatment of CLL. Daratumumab is such a molecule under investigation in 

the laboratory to treat a number of haematological malignancies including CLL 

and Multiple Myeloma. A report by de Weers et al. described effective antibody 

and complement-mediated killing even in the presence of bone marrow stromal 

cells (de Weers et al., 2011). They illustrated the potent effect of the antibody in 

vivo where low doses inhibited tumour growth in their xenograft mouse model. 

In a parallel study, the same group have shown enhanced antibody mediated 

cytotoxicity when daratumumab was used in combination with lenolidamide 

(van der Veer et al., 2011). The side effects of using anti-CD38 monoclonal 

antibodies in vivo have not been extensively investigated and initial concerns are 

centred around the fact that CD38 is expressed on a wide range of cell types 

including lymphoid, myeloid epithelial, eye and brain cells (Tai and Anderson, 

2011, Mizuguchi et al., 1995, Horenstein et al., 2009). A series of reports in the 

1990s discussed the potential effects of CD38 chimeric molecules for the 

treatment of Multiple Myeloma (Stevenson et al., 1991, Goldmacher et al., 

1994, Vooijs et al., 1995). Antibody mediated tumour toxicity was reported with
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little side effects (Stevenson et al., 1991). Concerns were raised regarding the 

induction of anaphylactic shock following the use of an immunotoxic anti-CD38 

antibody conjugated to blocked ricin, though the response by Goldmacher 

mentions that seven patients receiving the treatment showed no haematologic or 

organ toxicity (Vooijs et al., 1995). Additionally, in 2002 Marchetti et al 

reported the impairment of pancreatic cell function following treatment with 

CD38 monoclonal antibodies (Marchetti et al., 2002). Whether CD38 can be 

safely targeted in the treatment of haematological malignancies requires further 

investigation and the design of molecules which inhibit specific regions of the 

molecule may prove advantageous and limit systemic side effects.

7.2 Summary and conclusions

The experiments carried out were aimed at determining the role of CD38 

following the genetic modification of CD38 negative CLL cells and through 

stimulation of surface CD38 with the use of co-cultures. The overall hypothesis 

was that CD38 was able to signal in CLL and cause changes in gene expression 

which favoured CLL cell survival and proliferation. Using the two models 

described the hypothesis was broken down into three parts to investigate CLL 

cell survival and proliferation, gene expression and changes in phenotype. The 

profound effect of adding concentrated lentivims to the cells was apparent as 

was the heterogeneity in the response of individual patient samples to viral 

treatment and other external stimuli (e.g. CD31 -expressing co-culture). 

However, with the use of appropriate controls, differences were observed 

between transduced and untransduced CLL cells and between those stimulated 

with CD31 and unstimulated samples. The increased expression of key 

molecules was illustrated by microarray studies and the co-culture experiments 

denoted increased survival and proliferation and changes in cell surface and 

intracellular markers. This work extends our knowledge of CD38 signalling 

events in CLL and provides direction for future investigations.
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7.3 Future investigations

Recent findings in CLL have highlighted the role that the microenvironment 

plays in promoting the survival and proliferation of CLL cells (Vogler et al., 

2009, Poggi et al., 2010, Herishanu et al., 2011). Incubating CLL cells in vitro, 

without stimuli, results in rapid cell death, a feature contrary to the nature of the 

CLL cell in vivo. The experiments carried out in this project using co-culture 

highlight the importance of simulating the CLL microenvironment by providing 

stimulation via molecules which are present within the malignant proliferation 

centres. Hence, an important objective of the Cardiff CLL research group has 

been to develop in vitro co-culture systems which will mimic the CLL 

microenvironment. With the use of such systems the biology of the CLL cell 

may be observed whilst in its most active state. Additional experiments are 

already underway looking at phosphorylation events in CLL cells following co

culture with CD31-expressing fibroblasts. Any such events will further elucidate 

the effects of CD38 signalling in CLL and give valuable insight into the 

pathways initiated following stimulation of this molecule.

176



References

References
Aarhus, R., Graeff, R. M., Dickey, D. M., Walseth, T. F. & Lee, H. C. (1995) ADP- 

ribosyl cyclase and CD38 catalyze the synthesis of a calcium-mobilizing metabolite 
from NADP. J Biol Chem, 270, 30327-33.

Abrams, S. T., Lakum, T., Lin, K., Jones, G. M., Treweeke, A. T., Farahani, M., Hughes, 
M., Zuzel, M. & Slupsky, J. R. (2007) B-cell receptor signaling in chronic 
lymphocytic leukemia cells is regulated by overexpressed active protein kinase 
Cbetall. Blood, 109, 1193-201.

Adachi, T., Wakabayashi, C., Nakayama, T., Yakura, H. & Tsubata, T. (2000) CD72 
negatively regulates signaling through the antigen receptor of B cells. J Immunol, 
164,1223-9.

Agenes, F., Rosado, M. M. & Freitas, A. A. (2000) Peripheral B cell survival. Cell Mol 
Life Sci, 57, 1220-8.

Allen, J. C., Talab, F., Zuzel, M., Lin, K. & Slupsky, J. R. (2011) c-Abl regulates Mcl-1 
gene expression in chronic lymphocytic leukemia cells. Blood, 117, 2414-22.

Alvarez-Mon, M., Garcia-Suarez, J., Prieto, A., Manzano, L., Reyes, E., Lorences, C., 
Peraile, G., Jorda, J. & Durantez, A. (1993) Heterogeneous proliferative effect of 
tumor necrosis factor-alpha and lymphotoxin on mitogen-activated B cells from B- 
chronic lymphocytic leukemia. Am J Hematol, 43, 81-5.

Amiel, A., Arbov, L., Manor, Y., Fejgin, M., Elis, A., Gaber, E. & Lishner, M. (1997) 
Monoallelic p53 deletion in chronic lymphocytic leukemia detected by interphase 
cytogenetics. Cancer Genet Cytogenet, 97, 97-100.

Athanasiadou, A., Stamatopoulos, K., Tsompanakou, A., Gaitatzi, M., Kalogiannidis, P., 
Anagnostopoulos, A., Fassas, A. & Tsezou, A. (2006) Clinical, immunophenotypic, 
and molecular profiling of trisomy 12 in chronic lymphocytic leukemia and 
comparison with other karyotypic subgroups defined by cytogenetic analysis. 
Cancer Genet Cytogenet, 168, 109-19.

Ausiello, C. M., Urbani, F., Lande, R., La Sala, A., Di Carlo, B., Baj, G., Surico, N., 
Hilgers, J., Deaglio, S., Funaro, A. & Malavasi, F. (2000) Functional topography of 
discrete domains of human CD38. Tissue Antigens, 56, 539-47.

Aydin, S., Rossi, D., Bergui, L., D'arena, G., Ferrero, E., Bonello, L., Omede, P., Novero, 
D., Morabito, F., Carbone, A., Gaidano, G., Malavasi, F. & Deaglio, S. (2008) 
CD38 gene polymorphism and chronic lymphocytic leukemia: a role in 
transformation to Richter syndrome. Blood, 111, 5646-53.

177



References

Barragan, M., Campas, C., Bellosillo, B. & Gil, J. (2003) Protein kinases in the regulation 
of apoptosis in B-cell chronic lymphocytic leukemia. Leuk Lymphoma, 44, 1865- 
70.

Barragan, M., De Frias, M., Iglesias-Serret, D., Campas, C., Castano, E., Santidrian, A.
F., Coll-Mulet, L., Cosialls, A. M., Domingo, A., Pons, G. & Gil, J. (2006) 
Regulation of Akt/PKB by phosphatidylinositol 3-kinase-dependent and - 
independent pathways in B-cell chronic lymphocytic leukemia cells: role of protein 
kinase C{beta}. J Leukoc Biol, 80, 1473-9.

Benjouad, A., Mabrouk, K., Moulard, M., Gluckman, J. C., Rochat, H., Van Rietschoten, 
J. & Sabatier, J. M. (1993) Cytotoxic effect on lymphocytes of Tat from human 
immunodeficiency virus (HIV-1). FEBS Lett, 319, 119-24.

Bennett, J. M., Catovsky, D., Daniel, M. T., Flandrin, G., Galton, D. A., Gralnick, H. R. 
& Sultan, C. (1989) Proposals for the classification of chronic (mature) B and T 
lymphoid leukaemias. French-American-British (FAB) Cooperative Group. J Clin 
Pathol, 42, 567-84.

Berland, R. & Wortis, H. H. (2002) Origins and functions of B-l cells with notes on the 
role of CD5. Annu Rev Immunol, 20, 253-300.

Bikah, G., Carey, J., Ciallella, J. R., Tarakhovsky, A. & Bondada, S. (1996) CD5- 
mediated negative regulation of antigen receptor-induced growth signals in B-l B 
cells. Science, 274, 1906-9.

Binet, J. L., Auquier, A., Dighiero, G., Chastang, C., Piguet, H., Goasguen, J., Vaugier,
G., Potron, G., Colona, P., Oberling, F., Thomas, M., Tchemia, G., Jacquillat, C., 
Boivin, P., Lesty, C., Duault, M. T., Monconduit, M., Belabbes, S. & Gremy, F. 
(1981) A new prognostic classification of chronic lymphocytic leukemia derived 
from a multivariate survival analysis. Cancer, 48, 198-206.

Binet, J. L., Lepoprier, M., Dighiero, G., Charron, D., D'athis, P., Vaugier, G., Beral, H. 
M., Natali, J. C., Raphael, M., Nizet, B. & Follezou, J. Y. (1977) A clinical staging 
system for chronic lymphocytic leukemia: prognostic significance. Cancer, 40, 855- 
64.

Blattner, W. A., Dean, J. H. & Fraumeni, J. F., Jr. (1979) Familial lymphoproliferative 
malignancy: clinical and laboratory follow-up. Ann Intern Med, 90, 943-4.

Boggs, D. R., Sofferman, S. A., Wintrobe, M. M. & Cartwright, G. E. (1966) Factors 
influencing the duration of survival of patients with chronic lymphocytic leukemia. 
Am J Med, 40, 243-54.

178



References

Bologna, L., Gotti, E., Manganini, M., Rambaldi, A., Intermesoli, T., Introna, M. & 
Golay, J. (2011) Mechanism of Action of Type II, Glycoengineered, Anti-CD20 
Monoclonal Antibody GA101 in B-Chronic Lymphocytic Leukemia Whole Blood 
Assays in Comparison with Rituximab and Alemtuzumab. J Immunol, 186, 3762-9.

Bomben, R., Dal-Bo, M., Benedetti, D., Capello, D., Forconi, F., Marconi, D., Bertoni, 
F., Maffei, R., Laurenti, L., Rossi, D., Del Principe, M. I., Luciano, F., Sozzi, E., 
Cattarossi, I., Zucchetto, A., Rossi, F. M., Bulian, P., Zucca, E., Nicoloso, M. S., 
Degan, M., Marasca, R., Efremov, D. G., Del Poeta, G., Gaidano, G. & Gattei, V. 
(2010) Expression of mutated IGHV3-23 genes in chronic lymphocytic leukemia 
identifies a disease subset with peculiar clinical and biological features. Clin Cancer 
Res, 16, 620-8.

Bomstein, Y., Yuklea, M., Radnay, J., Shapiro, H., Afanasyev, F., Yarkoni, S. & Lishner, 
M. (2003) The antiapoptotic effects o f blood constituents in patients with chronic 
lymphocytic leukemia. Eur J Haematol, 70, 290-5.

Bovia, F., Salmon, P., Matthes, T., Kvell, K., Nguyen, T. H., Wemer-Favre, C., Barnet, 
M., Nagy, M., Leuba, F., Arrighi, J. F., Piguet, V., Trono, D. & Zubler, R. H. 
(2003) Efficient transduction of primary human B lymphocytes and nondividing 
myeloma B cells with HIV-1-derived lentiviral vectors. Blood, 101, 1727-33.

Boyle, J. S., Brady, J. L., Koniaras, C. & Lew, A. M. (1998) Inhibitory effect of 
lipopolysaccharide on immune response after DNA immunization is route 
dependent. DNA Cell Biol, 17, 343-8.

Brok-Simoni, F., Rechavi, G., Katzir, N. & Ben-Bassat, I. (1987) Chronic lymphocytic 
leukaemia in twin sisters: monozygous but not identical. Lancet, 1, 329-30.

Brown, S., Heinisch, I., Ross, E., Shaw, K., Buckley, C. D. & Savill, J. (2002) Apoptosis 
disables CD31 -mediated cell detachment from phagocytes promoting binding and 
engulfment. Nature, 418, 200-3.

Buchschacher, G. L., Jr. & Wong-Staal, F. (2000) Development of lentiviral vectors for 
gene therapy for human diseases. Blood, 95, 2499-504.

Buggins, A. G., Pepper, C., Patten, P. E., Hewamana, S., Gohil, S., Moorhead, J., Folarin, 
N., Yallop, D., Thomas, N. S., Mufti, G. J., Fegan, C. & Devereux, S. (2010) 
Interaction with vascular endothelium enhances survival in primary chronic 
lymphocytic leukemia cells via NF-kappaB activation and de novo gene 
transcription. Cancer Res, 70, 7523-33.

Buhl, A. M. & Cambier, J. C. (1999) Phosphorylation of CD19 Y484 and Y515, and 
linked activation of phosphatidylinositol 3-kinase, are required for B cell antigen 
receptor-mediated activation of Bruton's tyrosine kinase. J Immunol, 162, 4438-46.

179



References

Bullrich, F., Rasio, D., Kitada, S., Starostik, P., Kipps, T., Keating, M., Albitar, M., Reed, 
J. C. & Croce, C. M. (1999) ATM mutations in B-cell chronic lymphocytic 
leukemia. Cancer Res, 59, 24-7.

Burger, J. A., Burger, M. & Kipps, T. J. (1999) Chronic lymphocytic leukemia B cells 
express functional CXCR4 chemokine receptors that mediate spontaneous 
migration beneath bone marrow stromal cells. Blood, 94, 3658-67.

Burger, J. A., Tsukada, N., Burger, M., Zvaifler, N. J., Dell'aquila, M. & Kipps, T. J. 
(2000) Blood-derived nurse-like cells protect chronic lymphocytic leukemia B cells 
from spontaneous apoptosis through stromal cell-derived factor-1. Blood, 96, 2655- 
63.

Byrd, J. C., Kipps, T. J., Flinn, I. W., Castro, J., Lin, T. S., Wierda, W., Heerema, N., 
Woodworth, J., Hughes, S., Tangri, S., Harris, S., Wynne, D., Molina, A., Leigh, B. 
& O'brien, S. (2010) Phase 1/2 study of lumiliximab combined with fludarabine, 
cyclophosphamide, and rituximab in patients with relapsed or refractory chronic 
lymphocytic leukemia. Blood, 115, 489-95.

Cai, J., Humphries, C., Richardson, A. & Tucker, P. W. (1992) Extensive and selective 
mutation of a rearranged VH5 gene in human B cell chronic lymphocytic leukemia. 
J Exp Med, 176, 1073-81.

Caligaris-Cappio, F. (1996) B-chronic lymphocytic leukemia: a malignancy of anti-self B 
cells. Blood, 87, 2615-20.

Caligaris-Cappio, F. (2003) Role of the microenvironment in chronic lymphocytic 
leukaemia. Br J Haematol, 123, 380-8.

Caligaris-Cappio, F. (2009) Chronic lymphocytic leukemia: "Cinderella" is becoming a 
star. Mol Med, 15, 67-9.

Caligaris-Cappio, F. & Ghia, P. (2004) The nature and origin of the B-chronic 
lymphocytic leukemia cell: a tentative model. Hematol Oncol Clin North Am, 18, 
849-62, viii.

Caligaris-Cappio, F., Gottardi, D., Alfarano, A., Stacchini, A., Gregoretti, M. G., Ghia, 
P., Bertero, M. T., Novarino, A. & Bergui, L. (1993) The nature of the B 
lymphocyte in B-chronic lymphocytic leukemia. Blood Cells, 19, 601-13.

Caligaris-Cappio, F. & Hamblin, T. J. (1999) B-cell chronic lymphocytic leukemia: a bird 
of a different feather. J Clin Oncol, 17, 399-408.

Calissano, C., Damle, R. N., Hayes, G., Murphy, E. J., Hellerstein, M. K., Moreno, C., 
Sison, C., Kaufman, M. S., Kolitz, J. E., Allen, S. L., Rai, K. R. & Chiorazzi, N. 
(2009) In vivo intraclonal and interclonal kinetic heterogeneity in B-cell chronic 
lymphocytic leukemia. Blood, 114, 4832-42.

180



References

Campana, D., Suzuki, T., Todisco, E. & Kitanaka, A. (2000) CD38 in hematopoiesis. 
Chem Immunol, 75, 169-88.

Capalbo, S., Trerotoli, P., Ciancio, A., Battista, C., Serio, G. & Liso, V. (2000) Increased 
risk of lymphoproliferative disorders in relatives of patients with B-cell chronic 
lymphocytic leukemia: relevance of the degree of familial linkage. Eur J Haematol, 
65, 114-7.

Carter, R. H. (2006) B cells in health and disease. Mayo Clin Proc, 81, 377-84.

Catera, R., Silverman, G. J., Hatzi, K., Seiler, T., Didier, S., Zhang, L., Herve, M., 
Mefffe, E., Oscier, D. G., Vlassara, H., Scofield, R. H., Chen, Y., Allen, S. L., 
Kolitz, J., Rai, K. R., Chu, C. C. & Chiorazzi, N. (2008) Chronic lymphocytic 
leukemia cells recognize conserved epitopes associated with apoptosis and 
oxidation. Mol Med, 14, 665-74.

Chang, F., Steelman, L. S., Lee, J. T., Shelton, J. G., Navolanic, P. M., Blalock, W. L., 
Franklin, R. A. & Mccubrey, J. A. (2003) Signal transduction mediated by the 
Ras/Raf/MEK/ERK pathway from cytokine receptors to transcription factors: 
potential targeting for therapeutic intervention. Leukemia, 17, 1263-93.

Chaudhuri, J. & Alt, F. W. (2004) Class-switch recombination: interplay of transcription, 
DNA deamination and DNA repair. Nat Rev Immunol, 4, 541-52.

Chen, H., Treweeke, A. T., West, D. C., Till, K. J., Cawley, J. C., Zuzel, M. & Toh, C. H.
(2000) In vitro and in vivo production of vascular endothelial growth factor by 
chronic lymphocytic leukemia cells. Blood, 96, 3181-7.

Chen, L., Apgar, J., Huynh, L., Dicker, F., Giago-Mcgahan, T., Rassenti, L., Weiss, A. & 
Kipps, T. J. (2005) ZAP-70 directly enhances IgM signaling in chronic lymphocytic 
leukemia. Blood, 105, 2036-41.

Chen, L., Huynh, L., Apgar, J., Tang, L., Rassenti, L., Weiss, A. & Kipps, T. J. (2008) 
ZAP-70 enhances IgM signaling independent of its kinase activity in chronic 
lymphocytic leukemia. Blood, 111, 2685-92.

Chen, L., Widhopf, G., Huynh, L., Rassenti, L., Rai, K. R., Weiss, A. & Kipps, T. J.
(2002) Expression of ZAP-70 is associated with increased B-cell receptor signaling 
in chronic lymphocytic leukemia. Blood, 100, 4609-14.

Cherukuri, A., Cheng, P. C., Sohn, H. W. & Pierce, S. K. (2001) The CD19/CD21 
complex functions to prolong B cell antigen receptor signaling from lipid rafts. 
Immunity, 14, 169-79.

Cheson, B. D. (2010) Ofatumumab, a novel anti-CD20 monoclonal antibody for the 
treatment of B-cell malignancies. J Clin Oncol, 28, 3525-30.

181



References

Cheson, B. D., Bennett, J. M., Grever, M., Kay, N., Keating, M. J., O'brien, S. & Rai, K. 
R. (1996) National Cancer Institute-sponsored Working Group guidelines for 
chronic lymphocytic leukemia: revised guidelines for diagnosis and treatment. 
Blood, 87, 4990-7.

Chilosi, M., Adami, F., Lestani, M., Montagna, L., Cimarosto, L., Semenzato, G., 
Pizzolo, G. & Menestrina, F. (1999) CD138/syndecan-l: a useful
immunohistochemical marker of normal and neoplastic plasma cells on routine 
trephine bone marrow biopsies. Mod Pathol, 12,1101-6.

Chini, E. N., Beers, K. W. & Dousa, T. P. (1995) Nicotinate adenine dinucleotide 
phosphate (NAADP) triggers a specific calcium release system in sea urchin eggs. J 
Biol Chem, 270, 3216-23.

Cho, Y. S., Han, M. K., Choi, Y. B., Yun, Y., Shin, J. & Kim, U. H. (2000) Direct 
interaction of the CD38 cytoplasmic tail and the Lck SH2 domain. Cd38 transduces 
T cell activation signals through associated Lck. J Biol Chem, 275, 1685-90.

Ciuffi, A., Mitchell, R. S., Hoffmann, C., Leipzig, J., Shinn, P., Ecker, J. R. & Bushman,
F. D. (2006) Integration site selection by HIV-based vectors in dividing and 
growth-arrested IMR-90 lung fibroblasts. Mol Ther, 13, 366-73.

Cochran, D. A., Evans, C. A., Blinco, D., Burthem, J., Stevenson, F. K., Gaskell, S. J. & 
Whetton, A. D. (2003) Proteomic analysis of chronic lymphocytic leukemia 
subtypes with mutated or unmutated Ig V(H) genes. Mol Cell Proteomics, 2, 1331 - 
41.

Coffin, J., M., Hughes, S., H. & Varmus, H., E (1997) Retroviruses, Cold Sprimg 
Harbour.

Collins, R. J., Verschuer, L. A., Harmon, B. V., Prentice, R. L., Pope, J. H. & Kerr, J. F. 
(1989) Spontaneous programmed death (apoptosis) of B-chronic lymphocytic 
leukaemia cells following their culture in vitro. Br J Haematol, 71, 343-50.

Crespo, M., Bosch, F., Villamor, N., Bellosillo, B., Colomer, D., Rozman, M., Marce, S., 
Lopez-Guillermo, A., Campo, E. & Montserrat, E. (2003) ZAP-70 expression as a 
surrogate for immunoglobulin-variable-region mutations in chronic lymphocytic 
leukemia. N Engl J Med, 348, 1764-75.

Criel, A., Michaux, L. & De Wolf-Peeters, C. (1999) The concept of typical and atypical 
chronic lymphocytic leukaemia. Leuk Lymphoma, 33, 33-45.

182



References

Crowther-Swanepoel, D., Broderick, P., Di Bernardo, M. C., Dobbins, S. E., Torres, M., 
Mansouri, M., Ruiz-Ponte, C., Enjuanes, A., Rosenquist, R., Carracedo, A., 
Jurlander, J., Campo, E., Juliusson, G., Montserrat, E., Smedby, K. E., Dyer, M. J., 
Matutes, E., Dearden, C., Sunter, N. J., Hall, A. G., Mainou-Fowler, T., Jackson, G. 
H., Summerfield, G., Harris, R. J., Pettitt, A. R., Allsup, D. J., Bailey, J. R., Pratt,
G., Pepper, C., Fegan, C., Parker, A., Oscier, D., Allan, J. M., Catovsky, D. & 
Houlston, R. S. (2010) Common variants at 2q37.3, 8q24.21, 15q21.3 and 16q24.1 
influence chronic lymphocytic leukemia risk. Nat Genet, 42, 132-6.

Cruse, J. M., Lewis, R. E., Webb, R. N., Sanders, C. M. & Suggs, J. L. (2007) Zap-70 
and CD38 as predictors of IgVH mutation in CLL. Exp Mol Pathol, 83, 459-61.

Cuni, S., Perez-Aciego, P., Perez-Chacon, G., Vargas, J. A., Sanchez, A., Martin- 
Saavedra, F. M., Ballester, S., Garcia-Marco, J., Jorda, J. & Durantez, A. (2004) A 
sustained activation of PI3K/NF-kappaB pathway is critical for the survival of 
chronic lymphocytic leukemia B cells. Leukemia, 18, 1391-400.

Cutrona, G., Colombo, M., Matis, S., Fabbi, M., Spriano, M., Callea, V., Vigna, E., 
Gentile, M., Zupo, S., Chiorazzi, N., Morabito, F. & Ferrarini, M. (2008) Clonal 
heterogeneity in chronic lymphocytic leukemia cells: superior response to surface 
IgM cross-linking in CD38, ZAP-70-positive cells. Haematologica, 93, 413-22.

Cuttner, J. (1992) Increased incidence of hematologic malignancies in first-degree 
relatives of patients with chronic lymphocytic leukemia. Cancer Invest, 10, 103-9.

D'arena, G., Nunziata, G., Coppola, G., Vigliotti, M. L., Tartarone, A., Carpinelli, N., 
Matera, R., Bisogno, R. C., Pistolese, G. & Di Renzo, N. (2002) CD38 expression 
does not change in B-cell chronic lymphocytic leukemia. Blood, 100, 3052-3.

D'arena, G., Tamani, M., Rumi, C., Vaisitti, T., Aydin, S., De Filippi, R., Perrone, F., 
Pinto, A., Chiusolo, P., Deaglio, S., Malavasi, F. & Laurenti, L. (2007) Prognostic 
significance of combined analysis of ZAP-70 and CD38 in chronic lymphocytic 
leukemia. Am J Hematol, 82, 787-91.

Damle, R. N., Ghiotto, F., Valetto, A., Albesiano, E., Fais, F., Yan, X. J., Sison, C. P., 
Allen, S. L., Kolitz, J., Schulman, P., Vinciguerra, V. P., Budde, P., Frey, J., Rai, K. 
R., Ferrarini, M. & Chiorazzi, N. (2002) B-cell chronic lymphocytic leukemia cells 
express a surface membrane phenotype of activated, antigen-experienced B 
lymphocytes. Blood, 99, 4087-93.

Damle, R. N., Tembumi, S., Calissano, C., Yancopoulos, S., Banapour, T., Sison, C., 
Allen, S. L., Rai, K. R. & Chiorazzi, N. (2007) CD38 expression labels an activated 
subset within chronic lymphocytic leukemia clones enriched in proliferating B 
cells. Blood, 110, 3352-9.

183



References

Damle, R. N., Wasil, T., Fais, F., Ghiotto, F., Valetto, A., Allen, S. L., Buchbinder, A., 
Budman, D., Dittmar, K., Kolitz, J., Lichtman, S. M., Schulman, P., Vinciguerra, V. 
P., Rai, K. R., Ferrarini, M. & Chiorazzi, N. (1999) Ig V gene mutation status and 
CD38 expression as novel prognostic indicators in chronic lymphocytic leukemia. 
Blood, 94, 1840-7.

De Frias, M., Iglesias-Serret, D., Cosialls, A. M., Coll-Mulet, L., Santidrian, A. F., 
Gonzalez-Girones, D. M., De La Banda, E., Pons, G. & Gil, J. (2009) Akt inhibitors 
induce apoptosis in chronic lymphocytic leukemia cells. Haematologica, 94, 1698- 
707.

De Rie, M. A., Schumacher, T. N., Van Schijndel, G. M., Van Lier, R. A. & Miedema, F.
(1989) Regulatory role of CD 19 molecules in B-cell activation and differentiation. 
Cell Immunol, 118, 368-81.

De Weers, M., Tai, Y. T., Van Der Veer, M. S., Bakker, J. M., Vink, T., Jacobs, D. C., 
Oomen, L. A., Peipp, M., Valerius, T., Slootstra, J. W., Mutis, T., Bleeker, W. K., 
Anderson, K. C., Lokhorst, H. M., Van De Winkel, J. G. & Parren, P. W. (2011) 
Daratumumab, a novel therapeutic human CD38 monoclonal antibody, induces 
killing of multiple myeloma and other hematological tumors. J Immunol, 186, 
1840-8.

Deaglio, S., Aydin, S., Grand, M. M., Vaisitti, T., Bergui, L., D'arena, G., Chiorino, G. & 
Malavasi, F. (2010) CD38/CD31 interactions activate genetic pathways leading to 
proliferation and migration in chronic lymphocytic leukemia cells. Mol Med, 16, 
87-91.

Deaglio, S., Capobianco, A., Bergui, L., Durig, J., Morabito, F., Duhrsen, U. & Malavasi,
F. (2003) CD38 is a signaling molecule in B-cell chronic lymphocytic leukemia 
cells. Blood, 102, 2146-55.

Deaglio, S., Dianzani, U., Horenstein, A. L., Fernandez, J. E., Van Kooten, C., Bragardo, 
M., Funaro, A., Garbarino, G., Di Virgilio, F., Banchereau, J. & Malavasi, F. 
(1996) Human CD38 ligand. A 120-KDA protein predominantly expressed on 
endothelial cells. J Immunol, 156, 727-34.

Deaglio, S. & Malavasi, F. (2006) The CD38/CD 157 mammalian gene family: An 
evolutionary paradigm for other leukocyte surface enzymes. Purinergic Signal, 2, 
431-41.

Deaglio, S. & Malavasi, F. (2009) Chronic lymphocytic leukemia microenvironment: 
shifting the balance from apoptosis to proliferation. Haematologica, 94, 752-6.

Deaglio, S., Morra, M., Mallone, R., Ausiello, C. M., Prager, E., Garbarino, G., Dianzani, 
U., Stockinger, H. & Malavasi, F. (1998) Human CD38 (ADP-ribosyl cyclase) is a 
counter-receptor of CD31, an Ig superfamily member. J Immunol, 160, 395-402.

184



References

Deaglio, S., Vaisitti, T., Aydin, S., Bergui, L., D'arena, G., Bonello, L., Omede, P., 
Scatolini, M., Jaksic, O., Chiorino, G., Efremov, D. & Malavasi, F. (2007a) CD38 
and ZAP-70 are functionally linked and mark CLL cells with high migratory 
potential. Blood, 110, 4012-21.

Deaglio, S., Vaisitti, T., Aydin, S., Ferrero, E. & Malavasi, F. (2006) In-tandem insight 
from basic science combined with clinical research: CD38 as both marker and key 
component of the pathogenetic network underlying chronic lymphocytic leukemia. 
Blood, 108, 1135-44.

Deaglio, S., Vaisitti, T., Bergui, L., Bonello, L., Horenstein, A. L., Tamagnone, L., 
Boumsell, L. & Malavasi, F. (2005) CD38 and CD 100 lead a network of surface 
receptors relaying positive signals for B-CLL growth and survival. Blood, 105, 
3042-50.

Deaglio, S., Vaisitti, T., Billington, R., Bergui, L., Omede, P., Genazzani, A. A. & 
Malavasi, F. (2007b) CD38/CD19: a lipid raft-dependent signaling complex in 
human B cells. Blood, 109, 5390-8.

Deaglio., S., Vaisitti., T., Aydin., S., Bergui., L., D'arena., G., Bonello., L., Omede., P. & 
Malavasi, F. (2008) CD38 and Zap-70 regulate cCXCL12-mediated chemotaxis of 
chronic lymphocytic leukemia (CLL) cells FASEB, 22:666.9-666.

Decker, T., Bogner, C., Oelsner, M., Peschel, C. & Ringshausen, I. (2010) Antiapoptotic 
effect of interleukin-2 (IL-2) in B-CLL cells with low and high affinity IL-2 
receptors. Ann Hematol, 89, 1125-32.

Del Giudice, I., Matutes, E., Morilla, R., Morilla, A., Owusu-Ankomah, K., Rafiq, F., 
A'hem, R., Delgado, J., Bazerbashi, M. B. & Catovsky, D. (2004) The diagnostic 
value of CD 123 in B-cell disorders with hairy or villous lymphocytes. 
Haematologica, 89, 303-8.

Del Principe, M. I., Del Poeta, G., Buccisano, F., Maurillo, L., Venditti, A., Zucchetto, 
A., Marini, R., Niscola, P., Consalvo, M. A., Mazzone, C., Ottaviani, L., Panetta, 
P., Bruno, A., Bomben, R., Suppo, G., Degan, M., Gattei, V., De Fabritiis, P., 
Cantonetti, M., Lo Coco, F., Del Principe, D. & Amadori, S. (2006) Clinical 
significance of ZAP-70 protein expression in B-cell chronic lymphocytic leukemia. 
Blood, 108, 853-61.

Delenda, C. (2004) Lentiviral vectors: optimization of packaging, transduction and gene 
expression. J Gene Med, 6 Suppl 1, S125-38.

Deterre, P., Berthelier, V., Bauvois, B., Dalloul, A., Schuber, F. & Lund, F. (2000) CD38 
in T- and B-cell functions. Chem Immunol, 75, 146-68.

185



References

Di Bernardo, M. C., Crowther-Swanepoel, D., Broderick, P., Webb, E., Sellick, G., Wild, 
R., Sullivan, K., Vijayakrishnan, J., Wang, Y., Pittman, A. M., Sunter, N. J., Hall, 
A. G., Dyer, M. J., Matutes, E., Dearden, C., Mainou-Fowler, T., Jackson, G. H., 
Summerfield, G., Harris, R. J., Pettitt, A. R., Hillmen, P., Allsup, D. J., Bailey, J. 
R., Pratt, G., Pepper, C., Fegan, C., Allan, J. M., Catovsky, D. & Houlston, R. S.
(2008) A genome-wide association study identifies six susceptibility loci for 
chronic lymphocytic leukemia. Nat Genet, 40,1204-10.

Dias, S., Shmelkov, S. V., Lam, G. & Rafii, S. (2002) VEGF(165) promotes survival of 
leukemic cells by Hsp90-mediated induction of Bcl-2 expression and apoptosis 
inhibition. Blood, 99, 2532-40.

Dighiero, G. (1988) An attempt to explain disordered immunity and 
hypogammaglobulinemia in B-CLL. Nouv Rev Fr Hematol, 30, 283-8.

Dighiero, G. (2002) Is chronic lymphocytic leukemia one disease? Haematologica, 87, 
1233-5.

Dillman, R. O. (2008) Immunophenotyping of chronic lymphoid leukemias. J Clin Oncol, 
26, 1193-4.

Dillman, R. O., Beauregard, J. C., Lea, J. W., Green, M. R., Sobol, R. E. & Royston, I. 
(1983) Chronic lymphocytic leukemia and other chronic lymphoid proliferations: 
surface marker phenotypes and clinical correlations. J Clin Oncol, 1, 190-7.

Dohner, H., Stilgenbauer, S., James, M. R., Benner, A., Weilguni, T., Bentz, M., Fischer, 
K., Hunstein, W. & Lichter, P. (1997) 1 lq deletions identify a new subset of B-cell 
chronic lymphocytic leukemia characterized by extensive nodal involvement and 
inferior prognosis. Blood, 89, 2516-22.

Dungarwalla, M., Evans, S. O., Riley, U., Catovsky, D., Dearden, C. E. & Matutes, E.
(2008) High dose methylprednisolone and rituximab is an effective therapy in 
advanced refractory chronic lymphocytic leukemia resistant to fludarabine therapy. 
Haematologica, 93, 475-6.

Durig, J., Naschar, M., Schmucker, U., Renzing-Kohler, K., Holter, T., Huttmann, A. & 
Duhrsen, U. (2002) CD38 expression is an important prognostic marker in chronic 
lymphocytic leukaemia. Leukemia, 16, 30-5.

Durig, J., Nuckel, H., Cremer, M., Fuhrer, A., Halfmeyer, K., Fandrey, J., Moroy, T., 
Klein-Hitpass, L. & Duhrsen, U. (2003) ZAP-70 expression is a prognostic factor in 
chronic lymphocytic leukemia. Leukemia, 17, 2426-34.

Ehrlich, P. (1887) 'Ober die Bedeutung der neutrophilen Kotnung,'. Chariti-Annln, 12, 
288-295.

186



References

Eichhorst, B., Hallek, M. & Dreyling, M. (2009) Chronic lymphocytic leukemia: ESMO 
minimum clinical recommendations for diagnosis, treatment and follow-up. Ann 
Oncol, 20 Suppl 4, 102-4.

Eichhorst, B. F., Busch, R., Hopfinger, G., Pasold, R., Hensel, M., Steinbrecher, C., 
Siehl, S., Jager, U., Bergmann, M., Stilgenbauer, S., Schweighofer, C., Wendtner,
C. M., Dohner, H., Brittinger, G., Emmerich, B. & Hallek, M. (2006) Fludarabine 
plus cyclophosphamide versus fludarabine alone in first-line therapy of younger 
patients with chronic lymphocytic leukemia. Blood, 107, 885-91.

Eksioglu-Demiralp, E., Alpdogan, O., Aktan, M., Firatli, T., Ozturk, A., Budak, T., 
Bayik, M. & Akoglu, T. (1996) Variable expression of CD49d antigen in B cell 
chronic lymphocytic leukemia is related to disease stages. Leukemia, 10, 1331-9.

Fais, F., Ghiotto, F., Hashimoto, S., Sellars, B., Valetto, A., Allen, S. L., Schulman, P., 
Vinciguerra, V. P., Rai, K., Rassenti, L. Z., Kipps, T. J., Dighiero, G., Schroeder, 
H. W., Jr., Ferrarini, M. & Chiorazzi, N. (1998) Chronic lymphocytic leukemia B 
cells express restricted sets of mutated and unmutated antigen receptors. J Clin 
Invest, 102, 1515-25.

Fait, S., Merup, M., Gahrton, G., Lambert, B. & Wennborg, A. (2005) Identification of 
progression markers in B-CLL by gene expression profiling. Exp Hematol, 33, 883-
93.

Farahani, M., Treweeke, A. T., Toh, C. H., Till, K. J., Harris, R. J., Cawley, J. C., Zuzel, 
M. & Chen, H. (2005) Autocrine VEGF mediates the antiapoptotic effect of CD 154 
on CLL cells. Leukemia, 19, 524-30.

Farley, D. C., Iqball, S., Smith, J. C., Miskin, J. E., Kingsman, S. M. & Mitrophanous, K.
A. (2007) Factors that influence VSV-G pseudotyping and transduction efficiency 
of lentiviral vectors-in vitro and in vivo implications. J Gene Med, 9, 345-56.

Fawcett, J., Buckley, C., Holness, C. L., Bird, I. N., Spragg, J. H., Saunders, J., Harris, A. 
& Simmons, D. L. (1995) Mapping the homotypic binding sites in CD31 and the 
role of CD31 adhesion in the formation of interendothelial cell contacts. J Cell Biol, 
128, 1229-41.

Fegan, C. (2002) Chronic lymphocytic leukaemia: one cell, two diseases? Lancet, 360, 
184-6.

Ferrero, E. & Malavasi, F. (1997) Human CD38, a leukocyte receptor and ectoenzyme, is 
a member of a novel eukaryotic gene family of nicotinamide adenine 
dinucleotide+-converting enzymes: extensive structural homology with the genes 
for murine bone marrow stromal cell antigen 1 and aplysian ADP-ribosyl cyclase. J 
Immunol, 159, 3858-65.

187



References

Ferrero, E., Saccucci, F. & Malavasi, F. (1999) The human CD38 gene: polymorphism, 
CpG island, and linkage to the CD 157 (BST-1) gene. Immunogenetics, 49, 597- 
604.

Fields, B., Knipe, D. & Howley, P. (1996) Fundamental Virology Illrd Ed.

Finak, G., Bashashati, A., Brinkman, R. & Gottardo, R. (2009) Merging mixture 
components for cell population identification in flow cytometry. Adv 
Bioinformatics, 247646.

Finch, S. C. & Linet, M. S. (1992) Chronic leukaemias. Baillieres Clin Haematol, 5, 27- 
56.

Fluckiger, A. C., Durand, I. & Banchereau, J. (1994) Interleukin 10 induces apoptotic cell 
death of B-chronic lymphocytic leukemia cells. J Exp Med, 179, 91-9.

Foon, K. A., Rai, K. R. & Gale, R. P. (1990) Chronic lymphocytic leukemia: new insights 
into biology and therapy. Ann Intern Med, 113, 525-39.

Forconi, F., Potter, K. N., Wheatley, I., Darzentas, N., Sozzi, E., Stamatopoulos, K., 
Mockridge, C. I., Packham, G. & Stevenson, F. K. (2009) The normal IGHV1-69- 
derived B-cell repertoire contains stereotypic patterns characteristic of unmutated 
CLL. Blood, 115,71-7.

Fournier, S., Delespesse, G., Rubio, M., Biron, G. & Sarfati, M. (1992) CD23 antigen 
regulation and signaling in chronic lymphocytic leukemia. J Clin Invest, 89, 1312- 
21.

Frater, J. L., Mccarron, K. F., Hammel, J. P., Shapiro, J. L., Miller, M. L., Tubbs, R. R., 
Pettay, J. & Hsi, E. D. (2001) Typical and atypical chronic lymphocytic leukemia 
differ clinically and immunophenotypically. Am J Clin Pathol, 116, 655-64.

Frecha, C., Costa, C., Levy, C., Negre, D., Russell, S. J., Maisner, A., Salles, G., Peng, K. 
W., Cosset, F. L. & Verhoeyen, E. (2009) Efficient and stable transduction of 
resting B lymphocytes and primary chronic lymphocyte leukemia cells using 
measles virus gp displaying lentiviral vectors. Blood, 114, 3173-80.

Friedberg, J. W. (2011) CLL microenvironment: macro important. Blood, 117(2):377-8.

Fujimoto, M., Poe, J. C., Inaoki, M. & Tedder, T. F. (1998) CD19 regulates B 
lymphocyte responses to transmembrane signals. Semin Immunol, 10, 267-77.

Funaro, A., Horenstein, A. L., Calosso, L., Morra, M., Tarocco, R. P., Franco, L., De 
Flora, A. & Malavasi, F. (1996) Identification and characterization of an active 
soluble form of human CD38 in normal and pathological fluids. Int Immunol, 8, 
1643-50.

188



References

Gachard, N., Salviat, A., Boutet, C., Amoulet, C., Durrieu, F., Lenormand, B., Lepretre,
S., Olschwang, S., Jardin, F., Lafage-Pochitaloff, M., Penther, D., Sainty, D., 
Reminieras, L., Feuillard, J. & Bene, M. C. (2008) Multicenter study of ZAP-70 
expression in patients with B-cell chronic lymphocytic leukemia using an optimized 
flow cytometry method. Haematologica, 93, 215-23.

Gaidano, G., Ballerini, P., Gong, J. Z., Inghirami, G., Neri, A., Newcomb, E. W., 
Magrath, I. T., Knowles, D. M. & Dalla-Favera, R. (1991) p53 mutations in human 
lymphoid malignancies: association with Burkitt lymphoma and chronic
lymphocytic leukemia. Proc Natl Acad Sci U S A ,  88, 5413-7.

Gale, R., Rai, Kr (1987) A critical analysis of staging in CLL. In: Chronic Lymphocytic 
Leukemia: Recent Progress and future Direction. . UCLA Symposia on Molecular 
and Cellular Biology, New Series, New York, 59, p.253.

Gallay, N., Anani, L., Lopez, A., Colombat, P., Binet, C., Domenech, J., Weksler, B. B., 
Malavasi, F. & Herault, O. (2007) The role of platelet/endothelial cell adhesion 
molecule 1 (CD31) and CD38 antigens in marrow microenvironmental retention of 
acute myelogenous leukemia cells. Cancer Res, 67, 8624-32.

Gallay, P., Swingler, S., Song, J., Bushman, F. & Trono, D. (1995) HIV nuclear import is 
governed by the phosphotyrosine-mediated binding of matrix to the core domain of 
integrase. Cell, 83, 569-76.

Galton, D. A. (1966) The pathogenesis of chronic lymphocytic leukemia. Can Med Assoc 
J, 94, 1005-10.

Garcia-Marco, J. A., Price, C. M. & Catovsky, D. (1997) Interphase cytogenetics in 
chronic lymphocytic leukemia. Cancer Genet Cytogenet, 94, 52-8.

Gattei, V., Bulian, P., Del Principe, M. I., Zucchetto, A., Maurillo, L., Buccisano, F., 
Bomben, R., Dal-Bo, M., Luciano, F., Rossi, F. M., Degan, M., Amadori, S. & Del 
Poeta, G. (2008) Relevance of CD49d protein expression as overall survival and 
progressive disease prognosticator in chronic lymphocytic leukemia. Blood, 111, 
865-73.

Geisler, C. H., Hou-Jensen, K., Jensen, O. M., Tinggaard-Pedersen, N., Hansen, M. M., 
Hansen, N. E., Holm, M., Christensen, B. E., Drivsholm, A., Nielsen, J. B., 
Thorling, K., Andersen, E., Larsen, J. K. & Anderson, P. K. (1996) The bone- 
marrow infiltration pattern in B-cell chronic lymphocytic leukemia is not an 
important prognostic factor. Danish CLL Study Group. Eur J Haematol, 57, 292- 
300.

Gelman, A. E., Zhang, J., Choi, Y. & Turka, L. A. (2004) Toll-like receptor ligands 
directly promote activated CD4+ T cell survival. J Immunol, 172, 6065-73.

189



References

Gerard Tobin, O. S., Ulf Thunberg, Richard Rosenquist (2004) VH3-21 Gene Usage in 
Chronic Lymphocytic Leukemia - Characterization of a New Subgroup with 
Distinct Molecular Features and Poor Survival Leukemia and Lymphoma. Volume 
45, pages 221 - 228.

Ghia, P. & Caligaris-Cappio, F. (2006) The origin of B-cell chronic lymphocytic 
leukemia. Semin Oncol, 33, 150-6.

Ghia, P., Chiorazzi, N. & Stamatopoulos, K. (2008) Microenvironmental influences in 
chronic lymphocytic leukaemia: the role of antigen stimulation. J Intern Med, 264, 
549-62.

Ghia, P., Guida, G., Stella, S., Gottardi, D., Geuna, M., Strola, G., Scielzo, C. & 
Caligaris-Cappio, F. (2003) The pattern of CD38 expression defines a distinct 
subset of chronic lymphocytic leukemia (CLL) patients at risk of disease 
progression. Blood, 101, 1262-9.

Ghia, P., Scielzo, C., Frenquelli, M., Muzio, M. & Caligaris-Cappio, F. (2007) From 
normal to clonal B cells: Chronic lymphocytic leukemia (CLL) at the crossroad 
between neoplasia and autoimmunity. Autoimmun Rev, 7, 127-31.

Ginaldi, L., De Martinis, M., Matutes, E., Farahat, N., Morilla, R. & Catovsky, D. (1998) 
Levels of expression of CD 19 and CD20 in chronic B cell leukaemias. J Clin 
Pathol, 51, 364-9.

Gobessi, S., Laurenti, L., Longo, P. G., Carsetti, L., Bemo, V., Sica, S., Leone, G. & 
Efremov, D. G. (2009) Inhibition of constitutive and BCR-induced Syk activation 
downregulates Mcl-1 and induces apoptosis in chronic lymphocytic leukemia B 
cells. Leukemia, 23, 686-97.

Gobessi, S., Laurenti, L., Longo, P. G., Sica, S., Leone, G. & Efremov, D. G. (2007) 
ZAP-70 enhances B-cell-receptor signaling despite absent or inefficient tyrosine 
kinase activation in chronic lymphocytic leukemia and lymphoma B cells. Blood, 
109, 2032-9.

Goldmacher, V. S., Bourret, L. A., Levine, B. A., Rasmussen, R. A., Pourshadi, M., 
Lambert, J. M. & Anderson, K. C. (1994) Anti-CD38-blocked ricin: an 
immunotoxin for the treatment of multiple myeloma. Blood, 84, 3017-25.

Gordillo, G. M., Xia, D., Mullins, A. N., Bergese, S. D. & Orosz, C. G. (1999) Gene 
therapy in transplantation: pathological consequences of unavoidable plasmid 
contamination with lipopolysaccharide. Transpl Immunol, 7, 83-94.

Graeff, R., Munshi, C., Aarhus, R., Johns, M. & Lee, H. C. (2001) A single residue at the 
active site of CD38 determines its NAD cyclizing and hydrolyzing activities. J Biol 
Chem, 276, 12169-73.

190



References

Granziero, L., Circosta, P., Scielzo, C., Frisaldi, E., Stella, S., Geuna, M., Giordano, S., 
Ghia, P. & Caligaris-Cappio, F. (2003) CDIOO/Plexin-Bl interactions sustain 
proliferation and survival of normal and leukemic CD5+ B lymphocytes. Blood, 
101, 1962-9.

Gribben, J. G. (2008) Role of allogeneic hematopoietic stem-cell transplantation in 
chronic lymphocytic leukemia. J Clin Oncol, 26, 4864-5.

Gricks, C. S., Zahneh, D., Zauls, A. J., Gorgun, G., Drandi, D., Mauerer, K., Neuberg, D. 
& Gribben, J. G. (2004) Differential regulation of gene expression following CD40 
activation of leukemic compared to healthy B cells. Blood, 104, 4002-9.

Guo, B., Kato, R. M., Garcia-Lloret, M., Wahl, M. I. & Rawlings, D. J. (2000) 
Engagement of the human pre-B cell receptor generates a lipid raft-dependent 
calcium signaling complex. Immunity, 13, 243-53.

Guse, A. H., Da Silva, C. P., Berg, I., Skapenko, A. L., Weber, K., Heyer, P., 
Hohenegger, M., Ashamu, G. A., Schulze-Koops, H., Potter, B. V. & Mayr, G. W.
(1999) Regulation of calcium signalling in T lymphocytes by the second messenger 
cyclic ADP-ribose. Nature, 398, 70-3.

Hadley, G. A., Bartlett, S. T., Via, C. S., Rostapshova, E. A. & Moainie, S. (1997) The 
epithelial cell-specific integrin, CD 103 (alpha E integrin), defines a novel subset of 
alloreactive CD8+ CTL. J Immunol, 159, 3748-56.

Hadzidimitriou, A., Darzentas, N., Murray, F., Smilevska, T., Arvaniti, E., Tresoldi, C., 
Tsaftaris, A., Laoutaris, N., Anagnostopoulos, A., Davi, F., Ghia, P., Rosenquist, 
R., Stamatopoulos, K. & Belessi, C. (2009) Evidence for the significant role of 
immunoglobulin light chains in antigen recognition and selection in chronic 
lymphocytic leukemia. Blood, 113, 403-11.

Hakim, I., Amariglio, N., Brok-Simoni, F., Berkowitz, M., Rosner, E., Kneller, A., Hulu, 
N., Ramot, B., Ben-Bassat, I., Silverman, G. J. & Et Al. (1995) Preferred usage of 
specific immunoglobulin gene segments in chronic lymphocytic leukaemia cells of 
three HLA-identical sisters. Br J Haematol, 91, 915-7.

Hallek, M., Cheson, B. D., Catovsky, D., Caligaris-Cappio, F., Dighiero, G., Dohner, H., 
Hillmen, P., Keating, M. J., Montserrat, E., Rai, K. R. & Kipps, T. J. (2008) 
Guidelines for the diagnosis and treatment of chronic lymphocytic leukemia: a 
report from the International Workshop on Chronic Lymphocytic Leukemia 
updating the National Cancer Institute-Working Group 1996 guidelines. Blood, 
111,5446-56.

Hallek, M., Fischer, K., Fingerle-Rowson, G., Fink, A. M., Busch, R., Mayer, J., Hensel, 
M., Hopfinger, G., Hess, G., Von Grunhagen, U., Bergmann, M., Catalano, J., 
Zinzani, P. L., Caligaris-Cappio, F., Seymour, J. F., Berrebi, A., Jager, U., Cazin,
B., Tmeny, M., Westermann, A., Wendtner, C. M., Eichhorst, B. F., Staib, P.,

191



References

Buhler, A., Winkler, D., Zenz, T., Bottcher, S., Ritgen, M., Mendila, M., Kneba, 
M., Dohner, H. & Stilgenbauer, S. Addition of rituximab to fludarabine and 
cyclophosphamide in patients with chronic lymphocytic leukaemia: a randomised, 
open-label, phase 3 trial. Lancet, 376, 1164-74.

Hamblin, T. (2002) Chronic lymphocytic leukaemia: one disease or two? Ann Hematol, 
81,299-303.

Hamblin, T. (2009) CLL Differential diagnosis. Mutations of Morality.

Hamblin, T. J., Davis, Z., Gardiner, A., Oscier, D. G. & Stevenson, F. K. (1999) 
Unmutated Ig V(H) genes are associated with a more aggressive form of chronic 
lymphocytic leukemia. Blood, 94, 1848-54.

Hamblin, T. J., Orchard, J. A., Ibbotson, R. E., Davis, Z., Thomas, P. W., Stevenson, F. 
K. & Oscier, D. G. (2002) CD38 expression and immunoglobulin variable region 
mutations are independent prognostic variables in chronic lymphocytic leukemia, 
but CD38 expression may vary during the course of the disease. Blood, 99, 1023-9.

Hamblin, T. J., Oscier, D. G. & Young, B. J. (1986) Autoimmunity in chronic 
lymphocytic leukaemia. J Clin Pathol, 39, 713-6.

Hancer, V. S., Kose, M., Diz-Kucukkaya, R., Yavuz, A. S. & Aktan, M. (2011) 
Activation-induced cytidine deaminase mRNA levels in chronic lymphocytic 
leukemia. Leuk Lymphoma, 52, 79-84.

Hansen, M. M. (1973) Chronic lymphocytic leukaemia. Clinical studies based on 189 
cases followed for a long time. Scand J Haematol Suppl, 18, 3-286.

Hanson, C. A., Kurtin, P. J. & Dogan, A. (2009) The proposed diagnostic criteria change 
for chronic lymphocytic leukemia: unintended consequences? Blood, 113, 6495-6.

Harmey.J.H (2004) VEGF and Cancer.

Hashimoto, S., Dono, M., Wakai, M., Allen, S. L., Lichtman, S. M., Schulman, P., 
Vinciguerra, V. P., Ferrarini, M., Silver, J. & Chiorazzi, N. (1995) Somatic 
diversification and selection of immunoglobulin heavy and light chain variable 
region genes in IgG+ CD5+ chronic lymphocytic leukemia B cells. J Exp Med, 
181, 1507-17.

Hazan-Halevy, I., Harris, D., Liu, Z., Liu, J., Li, P., Chen, X., Shanker, S., Ferrajoli, A., 
Keating, M. J. & Estrov, Z. (2002) STAT3 is constitutively phosphorylated on 
serine 727 residues, binds DNA, and activates transcription in CLL cells. Blood, 
115,2852-63.

192



References

Herishanu, Y., Perez-Galan, P., Liu, D., Biancotto, A., Pittaluga, S., Vire, B., Gibellini,
F., Njuguna, N., Lee, E., Stennett, L., Raghavachari, N., Liu, P., Mccoy, J. P., 
Raffeld, M., Stetler-Stevenson, M., Yuan, C., Sherry, R., Arthur, D. C., Marie, I., 
White, T., Marti, G. E., Munson, P., Wilson, W. H. & Wiestner, A. (2011) The 
lymph node microenvironment promotes B-cell receptor signaling, NF-kappaB 
activation, and tumor proliferation in chronic lymphocytic leukemia. Blood, 117, 
563-74.

Herve, M., Xu, K., Ng, Y. S., Wardemann, H., Albesiano, E., Messmer, B. T., Chiorazzi, 
N. & Meffre, E. (2005) Unmutated and mutated chronic lymphocytic leukemias 
derive from self-reactive B cell precursors despite expressing different antibody 
reactivity. J Clin Invest, 115, 1636-43.

Hewamana, S., Alghazal, S., Lin, T. T., Clement, M., Jenkins, C., Guzman, M. L., 
Jordan, C. T., Neelakantan, S., Crooks, P. A., Burnett, A. K., Pratt, G., Fegan, C., 
Rowntree, C., Brennan, P. & Pepper, C. (2008) The NF-kappaB subunit Rel A is 
associated with in vitro survival and clinical disease progression in chronic 
lymphocytic leukemia and represents a promising therapeutic target. Blood, 111, 
4681-9.

Hillmen, P., Skotnicki, A. B., Robak, T., Jaksic, B., Dmoszynska, A., Wu, J., Sirard, C. & 
Mayer, J. (2007) Alemtuzumab compared with chlorambucil as first-line therapy 
for chronic lymphocytic leukemia. J Clin Oncol, 25, 5616-23.

Hoffbrand Av, P. J. A. M. P. (2001) Essential Haematology. 4th Edition.

Horenstein, A. L., Sizzano, F., Lusso, R., Besso, F. G., Ferrero, E., Deaglio, S., Como, F. 
& Malavasi, F. (2009) CD38 and CD 157 ectoenzymes mark cell subsets in the 
human comeal limbus. Mol Med, 15, 76-84.

Howard, M., Grimaldi, J. C., Bazan, J. F., Lund, F. E., Santos-Argumedo, L., Parkhouse, 
R. M., Walseth, T. F. & Lee, H. C. (1993) Formation and hydrolysis of cyclic ADP- 
ribose catalyzed by lymphocyte antigen CD38. Science, 262, 1056-9.

Hussain, S. R., Cheney, C. M., Johnson, A. J., Lin, T. S., Grever, M. R., Caligiuri, M. A., 
Lucas, D. M. & Byrd, J. C. (2007) Mcl-1 is a relevant therapeutic target in acute 
and chronic lymphoid malignancies: down-regulation enhances rituximab-mediated 
apoptosis and complement-dependent cytotoxicity. Clin Cancer Res, 13, 2144-50.

Huttmann, A., Klein-Hitpass, L., Thomale, J., Deenen, R., Carpinteiro, A., Nuckel, H., 
Ebeling, P., Fuhrer, A., Edelmann, J., Sellmann, L., Duhrsen, U. & Durig, J. (2006) 
Gene expression signatures separate B-cell chronic lymphocytic leukaemia 
prognostic subgroups defined by ZAP-70 and CD38 expression status. Leukemia, 
20, 1774-82.

193



References

Ibrahim, S., Jilani, I., O'brien, S., Rogers, A., Manshouri, T., Giles, F., Faderl, S., 
Thomas, D., Kantarjian, H., Keating, M. & Albitar, M. (2003) Clinical relevance of 
the expression of the CD31 ligand for CD38 in patients with B-cell chronic 
lymphocytic leukemia. Cancer, 97, 1914-9.

Iordanskiy, S., Zhao, Y., Dubrovsky, L., Iordanskaya, T., Chen, M., Liang, D. & 
Bukrinsky, M. (2004) Heat shock protein 70 protects cells from cell cycle arrest 
and apoptosis induced by human immunodeficiency virus type 1 viral protein R. J 
Virol, 78, 9697-704.

Jaattela, M., Wissing, D., Kokholm, K., Kallunki, T. & Egeblad, M. (1998) Hsp70 exerts 
its anti-apoptotic function downstream of caspase-3-like proteases. EMBO J, 17, 
6124-34.

Jacks, T. & Weinberg, R. A. (1996) Cell-cycle control and its watchman. Nature, 381, 
643-4.

Jackson, D. G. & Bell, J. I. (1990) Isolation of a cDNA encoding the human CD38 (T10) 
molecule, a cell surface glycoprotein with an unusual discontinuous pattern of 
expression during lymphocyte differentiation. J Immunol, 144, 2811-5.

Jaksic, O., Kardum-Skelin, I. & Jaksic, B. (2010) Chronic lymphocytic leukemia: insights 
from lymph nodes & bone marrow and clinical perspectives. Coll Antropol, 34, 
309-13.

Jaksic, O., Paro, M. M., Kardum Skelin, I., Kusec, R., Pejsa, V. & Jaksic, B. (2004) 
CD38 on B-cell chronic lymphocytic leukemia cells has higher expression in lymph 
nodes than in peripheral blood or bone marrow. Blood, 103, 1968-9.

Jamroziak, K., Szemraj, Z., Grzybowska-Izydorczyk, O., Szemraj, J., Bieniasz, M., 
Cebula, B., Giannopoulos, K., Balcerczak, E., Jesionek-Kupnicka, D., Kowal, M., 
Kostyra, A., Calbecka, M., Wawrzyniak, E., Mirowski, M., Kordek, R. & Robak, T.
(2009) CD38 gene polymorphisms contribute to genetic susceptibility to B-cell 
chronic lymphocytic leukemia: evidence from two case-control studies in Polish 
Caucasians. Cancer Epidemiol Biomarkers Prev, 18, 945-53.

Janssens, W., Chuah, M. K., Naldini, L., Follenzi, A., Collen, D., Saint-Remy, J. M. & 
Vandendriessche, T. (2003) Efficiency of onco-retroviral and lentiviral gene 
transfer into primary mouse and human B-lymphocytes is pseudotype dependent. 
Hum Gene Ther, 14, 263-76.

Jelinek, D. F., Tschumper, R. C., Stolovitzky, G. A., Iturria, S. J., Tu, Y., Lepre, J., Shah, 
N. & Kay, N. E. (2003) Identification of a global gene expression signature of B- 
chronic lymphocytic leukemia. Mol Cancer Res, 1, 346-61.

194



References

Juliusson, G., Oscier, D. G., Fitchett, M., Ross, F. M., Stockdill, G., Mackie, M. J., 
Parker, A. C., Castoldi, G. L., Guneo, A., Knuutila, S. & Et Al. (1990) Prognostic 
subgroups in B-cell chronic lymphocytic leukemia defined by specific 
chromosomal abnormalities. N Engl J Med, 323, 720-4.

Kay, M. A., Glorioso, J. C. & Naldini, L. (2001) Viral vectors for gene therapy: the art of 
turning infectious agents into vehicles of therapeutics. Nat Med, 7, 33-40.

Kay, N. (2006a) Treatment and evaluation of CLL: a complicated affair Blood, 107, 848.

Kay, N. E. (2006b) Purine analogue-based chemotherapy regimens for patients with 
previously untreated B-chronic lymphocytic leukemia. Semin Hematol, 43, S50-4.

Kay, N. E., Bone, N. D., Tschumper, R. C., Howell, K. H., Geyer, S. M., Dewald, G. W., 
Hanson, C. A. & Jelinek, D. F. (2002) B-CLL cells are capable of synthesis and 
secretion of both pro- and anti-angiogenic molecules. Leukemia, 16, 911-9.

Khoudoleeva., O., Gretsov., E., Barteneva., N. & Vorobjev, I. (2011) Proliferative index 
and expression of CD38, Zap-70, and CD25 in different lymphoid compartments of 
chronic lymphocytic leukemia patients. Pathology and Laboratory Medicine 
International, Volume 2011:3 Pages 7 -1 6  DOI 10.2147/PLMI.S 14752

Kim, V. N., Mitrophanous, K., Kingsman, S. M. & Kingsman, A. J. (1998) Minimal 
requirement for a lentivirus vector based on human immunodeficiency virus type 1. 
J Virol, 72,811-6.

Kipps, T. J. & Carson, D. A. (1993) Autoantibodies in chronic lymphocytic leukemia and 
related systemic autoimmune diseases. Blood, 81, 2475-87.

Kishimoto, H., Hoshino, S., Ohori, M., Kontani, K., Nishina, H., Suzawa, M., Kato, S. & 
Katada, T. (1998) Molecular mechanism of human CD38 gene expression by 
retinoic acid. Identification of retinoic acid response element in the first intron. J 
Biol Chem, 273, 15429-34.

Kitanaka, A., Ito, C., Coustan-Smith, E. & Campana, D. (1997) CD38 ligation in human 
B cell progenitors triggers tyrosine phosphorylation of CD 19 and association of 
CD 19 with lyn and phosphatidylinositol 3-kinase. J Immunol, 159, 184-92.

Kitanaka, A., Ito, C., Nishigaki, H. & Campana, D. (1996) CD38-mediated growth 
suppression of B-cell progenitors requires activation of phosphatidylinositol 3- 
kinase and involves its association with the protein product of the c-cbl proto
oncogene. Blood, 88, 590-8.

Klein, U., Lia, M., Crespo, M., Siegel, R., Shen, Q., Mo, T., Ambesi-Impiombato, A., 
Califano, A., Migliazza, A., Bhagat, G. & Dalla-Favera, R. (2010) The 
DLEU2/miR- 15a/16-1 cluster controls B cell proliferation and its deletion leads to 
chronic lymphocytic leukemia. Cancer Cell, 17, 28-40.

195



References

Klein, U., Tu, Y., Stolovitzky, G. A., Mattioli, M., Cattoretti, G., Husson, H., Freedman, 
A., Inghirarni, G., Cro, L., Baldini, L., Neri, A., Califano, A. & Dalla-Favera, R.
(2001) Gene expression profiling of B cell chronic lymphocytic leukemia reveals a 
homogeneous phenotype related to memory B cells. J Exp Med, 194, 1625-38.

Knauf, W. U., Lissichkov, T., Aldaoud, A., Liberati, A., Loscertales, J., Herbrecht, R., 
Juliusson, G., Postner, G., Gercheva, L., Goranov, S., Becker, M., Fricke, H. J., 
Huguet, F., Del Giudice, I., Klein, P., Tremmel, L., Merkle, K. & Montillo, M.
(2009) Phase III randomized study of bendamustine compared with chlorambucil in 
previously untreated patients with chronic lymphocytic leukemia. J Clin Oncol, 27, 
4378-84.

Koncz, G., Gergely, J. & Sarmay, G. (1998) Fc gammaRIIb inhibits both B cell receptor- 
and CD19-induced Ca2+ mobilization in Fc gammaR-transfected human B cells. 
Int Immunol, 10, 141-6.

Kostareli, E., Sutton, L. A., Hadzidimitriou, A., Darzentas, N., Kouvatsi, A., Tsaftaris, 
A., Anagnostopoulos, A., Rosenquist, R. & Stamatopoulos, K. (2010) Intraclonal 
diversification of immunoglobulin light chains in a subset of chronic lymphocytic 
leukemia alludes to antigen-driven clonal evolution. Leukemia, 24, 1317-24.

Kothapalli, R., Yoder, S. J., Mane, S. & Loughran, T. P., Jr. (2002) Microarray results: 
how accurate are they? BMC Bioinformatics, 3, 22.

Kuby.J (1997) Immunology. 3rd Edition. Published by Freeman..

Kumagai, M., Coustan-Smith, E., Murray, D. J., Silvennoinen, O., Murti, K. G., Evans, 
W. E., Malavasi, F. & Campana, D. (1995) Ligation of CD38 suppresses human B 
lymphopoiesis. J Exp Med, 181, 1101-10.

Kurz, E. U. & Lees-Miller, S. P. (2004) DNA damage-induced activation of ATM and 
ATM-dependent signaling pathways. DNA Repair (Amst), 3, 889-900.

Kuse, R., Schuster, S., Schubbe, H., Dix, S. & Hausmann, K. (1985) Blood lymphocyte 
volumes and diameters in patients with chronic lymphocytic leukemia and normal 
controls. Blut, 50, 243-8.

Lampert, I. A., Wotherspoon, A., Van Noorden, S. & Hasserjian, R. P. (1999) High 
expression of CD23 in the proliferation centers of chronic lymphocytic leukemia in 
lymph nodes and spleen. Hum Pathol, 30, 648-54.

Lanemo Myhrinder, A., Hellqvist, E., Sidorova, E., Soderberg, A., Baxendale, H., Dahle,
C., Willander, K., Tobin, G., Backman, E., Soderberg, O., Rosenquist, R., Horkko, 
S. & Rosen, A. (2008) A new perspective: molecular motifs on oxidized LDL, 
apoptotic cells, and bacteria are targets for chronic lymphocytic leukemia 
antibodies. Blood, 111, 3838-48.

196



References

Lanham, S., Hamblin, T., Oscier, D., Ibbotson, R., Stevenson, F. & Packham, G. (2003) 
Differential signaling via surface IgM is associated with VH gene mutational status 
and CD38 expression in chronic lymphocytic leukemia. Blood, 101,1087-93.

Lapalombella, R., Andritsos, L., Liu, Q., May, S. E., Browning, R., Pham, L. V., Blum, 
K. A., Blum, W., Ramanunni, A., Raymond, C. A., Smith, L. L., Lehman, A., Mo, 
X., Jarjoura, D., Chen, C. S., Ford, R., Jr., Rader, C., Muthusamy, N., Johnson, A. 
J. & Byrd, J. C. (2009) Lenalidomide treatment promotes CD 154 expression on 
CLL cells and enhances production of antibodies by normal B cells through a PI3- 
kinase-dependent pathway. Blood, 115, 2619-29.

Lee, H. C. (2001) Physiological functions of cyclic ADP-ribose and NAADP as calcium 
messengers. Annu Rev Pharmacol Toxicol, 41, 317-45.

Lee, H. C., Aarhus, R. & Graeff, R. M. (1995) Sensitization of calcium-induced calcium 
release by cyclic ADP-ribose and calmodulin. J Biol Chem, 270, 9060-6.

Letestu, R., Levy, V., Eclache, V., Baran-Marszak, F., Vaur, D., Naguib, D., 
Schischmanoff, O., Katsahian, S., Nguyen-Khac, F., Davi, F., Merle-Beral, H., 
Troussard, X. & Ajchenbaum-Cymbalista, F. (2010) Prognosis of Binet stage A 
chronic lymphocytic leukemia patients: the strength of routine parameters. Blood, 
116,4588-90.

Levy, C., Frecha, C., Costa, C., Rachinel, N., Salles, G., Cosset, F. L. & Verhoeyen, E.
(2010) Lentiviral vectors and transduction of human cancer B cells. Blood, 116, 
498-500; author reply 500.

Lewis, P. F. & Emerman, M. (1994) Passage through mitosis is required for 
oncoretroviruses but not for the human immunodeficiency virus. J Virol, 68, 510-6.

Li, Z., Woo, C. J., Iglesias-Ussel, M. D., Ronai, D. & Scharff, M. D. (2004) The 
generation of antibody diversity through somatic hypermutation and class switch 
recombination. Genes Dev, 18, 1-11.

Lin, K., Glenn, M. A., Harris, R. J., Duckworth, A. D., Dennett, S., Cawley, J. C., Zuzel, 
M. & Slupsky, J. R. (2006) c-Abl expression in chronic lymphocytic leukemia 
cells: clinical and therapeutic implications. Cancer Res, 66, 7801-9.

Lin, T. T., Hewamana, S., Ward, R., Taylor, H., Payne, T., Pratt, G., Baird, D., Fegan, C. 
& Pepper, C. (2008) Highly purified CD38 sub-populations show no evidence of 
preferential clonal evolution despite having increased proliferative activity when 
compared with CD38 sub-populations derived from the same chronic lymphocytic 
leukaemia patient. Br J Haematol, 142, 595-605.

Linet, M. D., Ss. Morgan, Gj (2006) The leukemias. Cancer Epidemiology and 
Prevention (3rd ed). Schottenfeld D, Fraumeni JF Jr, eds. New York: Oxford 
University Press, 841 -871.

197



References

Liu, Q., Kriksunov, I. A., Graeff, R., Munshi, C., Lee, H. C. & Hao, Q. (2005) Crystal 
structure of human CD38 extracellular domain. Structure, 13, 1331-9.

Lozanski, G., Heerema, N. A., Flinn, I. W., Smith, L., Harbison, J., Webb, J., Moran, M., 
Lucas, M., Lin, T., Hackbarth, M. L., Proffitt, J. H., Lucas, D., Grever, M. R. & 
Byrd, J. C. (2004) Alemtuzumab is an effective therapy for chronic lymphocytic 
leukemia with p53 mutations and deletions. Blood, 103, 3278-81.

Lund, F. E., Yu, N., Kim, K. M., Reth, M. & Howard, M. C. (1996) Signaling through 
CD38 augments B cell antigen receptor (BCR) responses and is dependent on BCR 
expression. J Immunol, 157, 1455-67.

Mainou-Fowler, T., Porteous, A., Nicolle, A., Proctor, S. J., Anderson, J. J. & 
Summerfield, G. (2008) CD31 density is a novel risk factor for patients with B-cell 
chronic lymphocytic leukaemia. Int J Oncol, 33, 169-74.

Majid, A., Lin, T. T., Best, G., Fishlock, K., Hewamana, S., Pratt, G., Yallop, D., 
Buggins, A. G., Wagner, S., Kennedy, B. J., Miall, F., Hills, R., Devereux, S., 
Oscier, D. G., Dyer, M. J., Fegan, C. & Pepper, C. (2010) CD49d is an independent 
prognostic marker that is associated with CXCR4 expression in CLL. Leuk Res.

Majolini, M. B., D’elios, M. M., Galieni, P., Boncristiano, M., Lauria, F., Del Prete, G., 
Telford, J. L. & Baldari, C. T. (1998) Expression of the T-cell-specific tyrosine 
kinase Lck in normal B-l cells and in chronic lymphocytic leukemia B cells. Blood, 
91,3390-6.

Malavasi, F., Deaglio, S., Ferrero, E., Funaro, A., Sancho, J., Ausiello, C. M., Ortolan, E., 
Vaisitti, T., Zubiaur, M., Fedele, G., Aydin, S., Tibaldi, E. V., Durelli, I., Lusso, R., 
Cozno, F. & Horenstein, A. L. (2006) CD38 and CD 157 as receptors of the immune 
system: a bridge between innate and adaptive immunity. Mol Med, 12, 334-41.

Malavasi, F., Deaglio, S., Funaro, A., Ferrero, E., Horenstein, A. L., Ortolan, E., Vaisitti, 
T. & Aydin, S. (2008) Evolution and function of the ADP ribosyl cyclase/CD38 
gene family in physiology and pathology. Physiol Rev, 88, 841-86.

Mali, M., Jaakkola, P., Arvilommi, A. M. & Jalkanen, M. (1990) Sequence of human 
syndecan indicates a novel gene family of integral membrane proteoglycans. J Biol 
Chem, 265, 6884-9.

Malim, M. H., Tiley, L. S., Mccam, D. F., Rusche, J. R., Hauber, J. & Cullen, B. R.
(1990) HIV-1 structural gene expression requires binding of the Rev trans-activator 
to its RNA target sequence. Cell, 60, 675-83.

Marchetti, P., Antonelli, A., Lupi, R., Marselli, L., Fallahi, P., Nesti, C., Baj, G. & 
Ferrannini, E. (2002) Prolonged in vitro exposure to autoantibodies against CD38 
impairs the function and survival of human pancreatic islets. Diabetes, 51 Suppl 3, 
S474-7.

198



References

Marotta, G., Raspadori, D., Sestigiani, C., Scalia, G., Bigazzi, C. & Lauria, F. (2000) 
Expression of the CDl lc  antigen in B-cell chronic lymphoproliferative disorders. 
Leuk Lymphoma, 37, 145-9.

Martomo, S. A., Yang, W. W. & Gearhart, P. J. (2004) A role for Msh6 but not Msh3 in 
somatic hypermutation and class switch recombination. J Exp Med, 200, 61-8.

Matutes, E., Oscier, D., Garcia-Marco, J., Ellis, J., Copplestone, A., Gillingham, R., 
Hamblin, T., Lens, D., Swansbury, G. J. & Catovsky, D. (1996) Trisomy 12 defines 
a group of CLL with atypical morphology: correlation between cytogenetic, clinical 
and laboratory features in 544 patients. Br J Haematol, 92, 382-8.

Matutes, E., Owusu-Ankomah, K., Morilla, R., Garcia Marco, J., Houlihan, A., Que, T.
H. & Catovsky, D. (1994) The immunological profile of B-cell disorders and 
proposal of a scoring system for the diagnosis of CLL. Leukemia, 8, 1640-5.

Matutes, E. & Polliack, A. (2000) Morphological and immunophenotypic features of 
chronic lymphocytic leukemia. Rev Clin Exp Hematol, 4,22-47.

Mauro, F. R., De Rossi, G., Burgio, V. L., Caruso, R., Giannarelli, D., Monarca, B., 
Romani, C., Baroni, C. D. & Mandelli, F. (1994) Prognostic value of bone marrow 
histology in chronic lymphocytic leukemia. A study of 335 untreated cases from a 
single institution. Haematologica, 79, 334-41.

Mayr, C., Speicher, M. R., Kofler, D. M., Buhmann, R., Strehl, J., Busch, R., Hallek, M. 
& Wendtner, C. M. (2006) Chromosomal translocations are associated with poor 
prognosis in chronic lymphocytic leukemia. Blood, 107, 742-51.

McCarthy, H., Wierda, W. G., Barron, L. L., Cromwell, C. C., Wang, J., Coombes, K. R., 
Rangel, R., Elenitoba-Johnson, K. S., Keating, M. J. & Abruzzo, L. V. (2003) High 
expression of activation-induced cytidine deaminase (AID) and splice variants is a 
distinctive feature of poor-prognosis chronic lymphocytic leukemia. Blood, 101, 
4903-8.

Meinhardt, G., Wendtner, C. M. & Hallek, M. (1999) Molecular pathogenesis of chronic 
lymphocytic leukemia: factors and signaling pathways regulating cell growth and 
survival. J Mol Med, 77, 282-93.

Mertens, D., Philippen, A., Ruppel, M., Allegra, D., Bhattacharya, N., Tschuch, C., Wolf,
S., Idler, I., Zenz, T. & Stilgenbauer, S. (2009) Chronic lymphocytic leukemia and 
13ql4: miRs and more. Leuk Lymphoma, 50, 502-5.

Messmer, B. T., Albesiano, E., Efremov, D. G., Ghiotto, F., Allen, S. L., Kolitz, J., Foa, 
R., Damle, R. N., Fais, F., Messmer, D., Rai, K. R., Ferrarini, M. & Chiorazzi, N. 
(2004) Multiple distinct sets of stereotyped antigen receptors indicate a role for 
antigen in promoting chronic lymphocytic leukemia. J Exp Med, 200, 519-25.

199



References

Messmer, B. T., Messmer, D., Allen, S. L., Kolitz, J. E., Kudalkar, P., Cesar, D., Murphy, 
E. J., Koduru, P., Ferrarini, M., Zupo, S., Cutrona, G., Damle, R. N., Wasil, T., Rai, 
K. R., Hellerstein, M. K. & Chiorazzi, N. (2005) In vivo measurements document 
the dynamic cellular kinetics of chronic lymphocytic leukemia B cells. J Clin 
Invest, 115, 755-64.

Michallet, M., Archimbaud, E., Bandini, G., Rowlings, P. A., Deeg, H. J., Gahrton, G., 
Montserrat, E., Rozman, C., Gratwohl, A. & Gale, R. P. (1996) HLA-identical 
sibling bone marrow transplantation in younger patients with chronic lymphocytic 
leukemia. European Group for Blood and Marrow Transplantation and the 
International Bone Marrow Transplant Registry. Ann Intern Med, 124, 311-5.

Miller, A. D. (1992) Human gene therapy comes of age. Nature, 357, 455-60.

Mizuguchi, M., Otsuka, N., Sato, M., Ishii, Y., Kon, S., Yamada, M., Nishina, H., 
Katada, T. & Ikeda, K. (1995) Neuronal localization of CD38 antigen in the human 
brain. Brain Res, 697, 235-40.

Molica, S. & Alberti, A. (1987) Prognostic value of the lymphocyte doubling time in 
chronic lymphocytic leukemia. Cancer, 60, 2712-6.

Montserrat, E. & Rozman, C. (1995) Chronic lymphocytic leukemia: present status. Ann 
Oncol, 6, 219-35.

Montserrat, E., Sanchez-Bisono, J., Vinolas, N. & Rozman, C. (1986) Lymphocyte 
doubling time in chronic lymphocytic leukaemia: analysis of its prognostic 
significance. Br J Haematol, 62, 567-75.

Morabito, F., Damle, R. N., Deaglio, S., Keating, M., Ferrarini, M. & Chiorazzi, N.
(2006) The CD38 ectoenzyme family: advances in basic science and clinical 
practice. Mol Med, 12, 342-4.

Moreno-Garcia, M. E., Lopez-Bojorques, L. N., Zentella, A., Humphries, L. A., 
Rawlings, D. J. & Santos-Argumedo, L. (2005) CD38 signaling regulates B 
lymphocyte activation via a phospholipase C (PLC)-gamma 2-independent, protein 
kinase C, phosphatidylcholine-PLC, and phospholipase D-dependent signaling 
cascade. J Immunol, 174, 2687-95.

Mossafa H, H. J. (1997) Chronic lymphocytic leukaemia Atlas of Genetics, Cytogenetics 
and Oncology.

Muhlebach, M. D., Wolffum, N., Schule, S., Tschulena, U., Sanzenbacher, R., Flory, E., 
Cichutek, K. & Schweizer, M. (2005) Stable transduction of primary human 
monocytes by simian lentiviral vector PBj. Mol Ther, 12, 1206-16.

Munk Pedersen, I. & Reed, J. (2004) Microenvironmental interactions and survival of 
CLL B-cells. Leuk Lymphoma, 45, 2365-72.

200



References

Munoz, P., Navarro, M. D., Pavon, E. J., Salmeron, J., Malavasi, F., Sancho, J. & 
Zubiaur, M. (2003) CD38 signaling in T cells is initiated within a subset of 
membrane rafts containing Lck and the CD3-zeta subunit of the T cell antigen 
receptor. J Biol Chem, 278, 50791-802.

Muramatsu, M., Kinoshita, K., Fagarasan, S., Yamada, S., Shinkai, Y. & Honjo, T. 
(2000) Class switch recombination and hypermutation require activation-induced 
cytidine deaminase (AID), a potential RNA editing enzyme. Cell, 102, 553-63.

Murray, F., Darzentas, N., Hadzidimitriou, A., Tobin, G., Boudjogra, M., Scielzo, C., 
Laoutaris, N., Karlsson, K., Baran-Marzsak, F., Tsaftaris, A., Moreno, C., 
Anagnostopoulos, A., Caligaris-Cappio, F., Vaur, D., Ouzounis, C., Belessi, C., 
Ghia, P., Davi, F., Rosenquist, R. & Stamatopoulos, K. (2008) Stereotyped patterns 
of somatic hypermutation in subsets of patients with chronic lymphocytic leukemia: 
implications for the role of antigen selection in leukemogenesis. Blood, 111, 1524- 
33.

Muzio, M., Apollonio, B., Scielzo, C., Frenquelli, M., Vandoni, I., Boussiotis, V., 
Caligaris-Cappio, F. & Ghia, P. (2008) Constitutive activation of distinct BCR- 
signaling pathways in a subset of CLL patients: a molecular signature of anergy. 
Blood, 112, 188-95.

Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F. H., Verma, I. M. & 
Trono, D. (1996) In vivo gene delivery and stable transduction of nondividing cells 
by a lentiviral vector. Science, 272, 263-7.

Neuland, C. Y., Blattner, W. A., Mann, D. L., Fraser, M. C., Tsai, S. & Strong, D. M. 
(1983) Familial chronic lymphocytic leukemia. J Natl Cancer Inst, 71, 1143-50.

Nikolova, V., Koo, C. Y., Ibrahim, S. A., Wang, Z., Spillmann, D., Dreier, R., Kelsch, R., 
Fischgrabe, J., Smollich, M., Rossi, L. H., Sibrowski, W., Wulfing, P., Kiesel, L., 
Yip, G. W. & Gotte, M. (2009) Differential roles for membrane-bound and soluble 
syndecan-1 (CD 138) in breast cancer progression. Carcinogenesis, 30, 397-407.

Nowakowski, G. S., Hoyer, J. D., Shanafelt, T. D., Zent, C. S., Call, T. G., Bone, N. D., 
Laplant, B., Dewald, G. W., Tschumper, R. C., Jelinek, D. F., Witzig, T. E. & Kay, 
N. E. (2009) Percentage of smudge cells on routine blood smear predicts survival in 
chronic lymphocytic leukemia. J Clin Oncol, 27, 1844-9.

Ocana, E., Delgado-Perez, L., Campos-Caro, A., Munoz, J., Paz, A., Franco, R. & Brieva, 
J. A. (2007) The prognostic role of CXCR3 expression by chronic lymphocytic 
leukemia B cells. Haematologica, 92, 349-56.

Oscier, D. G., Thompsett, A., Zhu, D. & Stevenson, F. K. (1997) Differential rates of 
somatic hypermutation in V(H) genes among subsets of chronic lymphocytic 
leukemia defined by chromosomal abnormalities. Blood, 89, 4153-60.

201



References

Packham G and Stevenson FK. (2005) Bodyguards and assassins: Bcl-2 family proteins 
and apoptosis control in chronic lymphocytic leukaemia. Immunology 2005.
114:441-9.

Palacios, F., Moreno, P., Morande, P., Abreu, C., Correa, A., Porro, V., Landoni, A. I., 
Gabus, R., Giordano, M., Dighiero, G., Pritsch, O. & Oppezzo, P. (2010) High 
expression of AID and active class switch recombination might account for a more 
aggressive disease in unmutated CLL patients: link with an activated 
microenvironment in CLL disease. Blood, 115, 4488-96.

Pan, J. W., Cook, L. S., Schwartz, S. M. & Weis, N. S. (2002) Incidence of leukemia in 
Asian migrants to the United States and their descendants. Cancer Causes Control, 
13, 791-5.

Patten, P. E., Buggins, A. G., Richards, J., Wotherspoon, A., Salisbury, J., Mufti, G. J., 
Hamblin, T. J. & Devereux, S. (2008) CD38 expression in chronic lymphocytic 
leukemia is regulated by the tumor microenvironment. Blood, 111, 5173-81.

Payelle-Brogard, B., Dumas, G., Magnac, C., Lalanne, A. I., Dighiero, G. & Vuillier, F.
(2006) Abnormal levels of the alpha chain of the CD22 adhesion molecule may 
account for low CD22 surface expression in chronic lymphocytic leukemia. 
Leukemia, 20, 877-8.

Peleg, A. Y., Husain, S., Kwak, E. J., Silveira, F. P., Ndirangu, M., Tran, J., Shutt, K. A., 
Shapiro, R., Thai, N., Abu-Elmagd, K., Mccurry, K. R., Marcos, A. & Paterson, D. 
L. (2007) Opportunistic infections in 547 organ transplant recipients receiving 
alemtuzumab, a humanized monoclonal CD-52 antibody. Clin Infect Dis, 44, 204- 
12.

Pepper, C., Lin, T. T., Pratt, G., Hewamana, S., Brennan, P., Hiller, L., Hills, R., Ward, 
R., Starczynski, J., Austen, B., Hooper, L., Stankovic, T. & Fegan, C. (2008) Mcl-1 
expression has in vitro and in vivo significance in chronic lymphocytic leukemia 
and is associated with other poor prognostic markers. Blood, 112, 3807-17.

Pepper, C., Thomas, A., Hoy, T., Cotter, F. & Bentley, P. (1999) Antisense-mediated 
suppression of Bcl-2 highlights its pivotal role in failed apoptosis in B-cell chronic 
lymphocytic leukaemia. Br J Haematol, 107, 611-5.

Pepper, C., Ward, R., Lin, T. T., Brennan, P., Starczynski, J., Musson, M., Rowntree, C., 
Bentley, P., Mills, K., Pratt, G. & Fegan, C. (2007) Highly purified CD38+ and 
CD38- sub-clones derived from the same chronic lymphocytic leukemia patient 
have distinct gene expression signatures despite their monoclonal origin. Leukemia, 
21,687-96.

Pesando, J. M., Bouchard, L. S. & Mcmaster, B. E. (1989) CD19 is functionally and 
physically associated with surface immunoglobulin. J Exp Med, 170, 2159-64.

202



References

Petlickovski, A., Laurenti, L., Li, X., Marietti, S., Chiusolo, P., Sica, S., Leone, G. & 
Efremov, D. G. (2005) Sustained signaling through the B-cell receptor induces 
Mcl-1 and promotes survival of chronic lymphocytic leukemia B cells. Blood, 105, 
4820-7.

Pettitt, A. R., Matutes, E. & Oscier, D. (2006) Alemtuzumab in combination with high- 
dose methylprednisolone is a logical, feasible and highly active therapeutic regimen 
in chronic lymphocytic leukaemia patients with p53 defects. Leukemia, 20, 1441-5.

Pittner, B. T., Shanafelt, T. D., Kay, N. E. & Jelinek, D. F. (2005) CD38 expression 
levels in chronic lymphocytic leukemia B cells are associated with activation 
marker expression and differential responses to interferon stimulation. Leukemia, 
19, 2264-72.

Poggi, A., Prevosto, C., Catellani, S., Rocco, I., Garuti, A. & Zocchi, M. R. (2010) 
Engagement of CD31 delivers an activating signal that contributes to the survival of 
chronic lymphocytic leukaemia cells. Br J Haematol, 1365-2141.

Potter, K. N., Orchard, J., Critchley, E., Mockridge, C. I., Jose, A. & Stevenson, F. K. 
(2003) Features of the overexpressed V I-69 genes in the unmutated subset of 
chronic lymphocytic leukemia are distinct from those in the healthy elderly 
repertoire. Blood, 101, 3082-4.

Prosser, B. L., Ward, C. W. & Lederer, W. J. (2010) Subcellular Ca2+ signaling in the 
heart: the role of ryanodine receptor sensitivity. J Gen Physiol, 136,135-42.

Pukkala, E., Martinsen, J. I., Lynge, E., Gunnarsdottir, H. K., Sparen, P., Tryggvadottir, 
L., Weiderpass, E. & Kjaerheim, K. (2009) Occupation and cancer - follow-up of 
15 million people in five Nordic countries. Acta Oncol, 48, 646-790.

Quiroga, M. P., Balakrishnan, K., Kurtova, A. V., Sivina, M., Keating, M. J., Wierda, W.
G., Gandhi, V. & Burger, J. A. (2009) B-cell antigen receptor signaling enhances 
chronic lymphocytic leukemia cell migration and survival: specific targeting with a 
novel spleen tyrosine kinase inhibitor, R406. Blood, 114, 1029-37.

Rai (2003) Cancer Medicine: Immunobiology and Immunophenotype of CLL cells. Rai 
KR, Keating MJ. 6th Edition.

Rai, K. R., Sawitsky, A., Cronkite, E. P., Chanana, A. D., Levy, R. N. & Pasternack, B. 
S. (1975) Clinical staging of chronic lymphocytic leukemia. Blood, 46, 219-34.

Rassenti, L. Z., Huynh, L., Toy, T. L., Chen, L., Keating, M. J., Gribben, J. G., Neuberg,
D. S., Flinn, I. W., Rai, K. R., Byrd, J. C., Kay, N. E., Greaves, A., Weiss, A. & 
Kipps, T. J. (2004) ZAP-70 compared with immunoglobulin heavy-chain gene 
mutation status as a predictor of disease progression in chronic lymphocytic 
leukemia. N Engl J Med, 351, 893-901.

203



References

Rassenti, L. Z., Jain, S., Keating, M. J., Wierda, W. G., Grever, M. R., Byrd, J. C., Kay, 
N. E., Brown, J. R., Gribben, J. G., Neuberg, D. S., He, F., Greaves, A. W., Rai, K. 
R. & Kipps, T. J. (2008) Relative value of ZAP-70, CD38, and immunoglobulin 
mutation status in predicting aggressive disease in chronic lymphocytic leukemia. 
Blood, 112, 1923-30.

Redondo-Munoz, J., Escobar-Diaz, E., Samaniego, R., Terol, M. J., Garcia-Marco, J. A. 
& Garcia-Pardo, A. (2006) MMP-9 in B-cell chronic lymphocytic leukemia is up- 
regulated by alpha4betal integrin or CXCR4 engagement via distinct signaling 
pathways, localizes to podosomes, and is involved in cell invasion and migration. 
Blood, 108,3143-51.

Reedy (2005) Chronic lymphocytic leukaemia. Atlas Genetics, Cytogenetics, Oncology 
and Haematology.

Reinherz, E. L., Hussey, R. E. & Schlossman, S. F. (1980) A monoclonal antibody 
blocking human T cell function. Eur J Immunol, 10, 758-62.

Richards, J. D., Dave, S. H., Chou, C. H., Mamchak, A. A. & Defranco, A. L. (2001) 
Inhibition of the MEK/ERK signaling pathway blocks a subset of B cell responses 
to antigen. J Immunol, 166, 3855-64.

Rodriguez, A., Villuendas, R., Yanez, L., Gomez, M. E., Diaz, R., Pollan, M., Hernandez, 
N., De La Cueva, P., Marin, M. C., Swat, A., Ruiz, E., Cuadrado, M. A., Conde, E., 
Lombardia, L., Cifuentes, F., Gonzalez, M., Garcia-Marco, J. A. & Piris, M. A.
(2007) Molecular heterogeneity in chronic lymphocytic leukemia is dependent on 
BCR signaling: clinical correlation. Leukemia, 21, 1984-91.

Rose, D. M., Han, J. & Ginsberg, M. H. (2002) Alpha4 integrins and the immune 
response. Immunol Rev, 186, 118-24.

Rosenwald, A., Alizadeh, A. A., Widhopf, G., Simon, R., Davis, R. E., Yu, X., Yang, L., 
Pickeral, O. K., Rassenti, L. Z., Powell, J., Botstein, D., Byrd, J. C., Grever, M. R., 
Cheson, B. D., Chiorazzi, N., Wilson, W. H., Kipps, T. J., Brown, P. O. & Staudt, 
L. M. (2001) Relation of gene expression phenotype to immunoglobulin mutation 
genotype in B cell chronic lymphocytic leukemia. J Exp Med, 194, 1639-47.

Ross, W. & Hall, P. A. (1995) Ki67: from antibody to molecule to understanding? Clin 
Mol Pathol, 48, Ml 13-7.

Rossi, D., Cerri, M., Capello, D., Deambrogi, C., Rossi, F. M., Zucchetto, A., De Paoli, 
L., Cresta, S., Rasi, S., Spina, V., Franceschetti, S., Lunghi, M., Vendramin, C., 
Bomben, R., Ramponi, A., Monga, G., Conconi, A., Magnani, C., Gattei, V. & 
Gaidano, G. (2008) Biological and clinical risk factors of chronic lymphocytic 
leukaemia transformation to Richter syndrome. Br J Haematol, 142, 202-15.

204



References

Rossi, D. & Gaidano, G. (2009) Richter syndrome: molecular insights and clinical 
perspectives. Hematol Oncol, 27, 1-10.

Rozman, C., Montserrat, E., Rodriguez-Femandez, J. M., Ayats, R., Vallespi, T., Parody, 
R., Rios, A., Prados, D., Morey, & M., Gomis. (1984) Bone marrow histologic 
pattem--the best single prognostic parameter in chronic lymphocytic leukemia: a 
multivariate survival analysis of 329 cases. Blood, 64, 642-8.

Sainz-Perez, A., Gary-Gouy, H., Portier, A., Davi, F., Merle-Beral, H., Galanaud, P. & 
Dalloul, A. (2006) High Mda-7 expression promotes malignant cell survival and 
p38 MAP kinase activation in chronic lymphocytic leukemia. Leukemia, 20, 498- 
504.

Sato, S., Miller, A. S., Howard, M. C. & Tedder, T. F. (1997) Regulation of B 
lymphocyte development and activation by the CD19/CD21/CD81/Leu 13 complex 
requires the cytoplasmic domain of CD19. J Immunol, 159, 3278-87.

Sawitsky, A., Rai, K. R., Glidewell, O. & Silver, R. T. (1977) Comparison of daily versus 
intermittent chlorambucil and prednisone therapy in the treatment of patients with 
chronic lymphocytic leukemia. Blood, 50, 1049-59.

Schattner, E. J. (2000) CD40 ligand in CLL pathogenesis and therapy. Leuk Lymphoma, 
37, 461-72.

Schimmer, A. D., Munk-Pedersen, I., Minden, M. D. & Reed, J. C. (2003) Bcl-2 and 
apoptosis in chronic lymphocytic leukemia. Curr Treat Options Oncol, 4, 211-8.

Schmid, C. & Isaacson, P. G. (1994) Proliferation centres in B-cell malignant lymphoma, 
lymphocytic (B-CLL): an immunophenotypic study. Histopathology, 24, 445-51.

Schnatter, A. R., Rosamilia, K. & Wojcik, N. C. (2005) Review of the literature on 
benzene exposure and leukemia subtypes. Chem Biol Interact, 153-154, 9-21.

Schroder, A. R., Shinn, P., Chen, H., Berry, C., Ecker, J. R. & Bushman, F. (2002) HIV-1 
integration in the human genome favors active genes and local hotspots. Cell, 110, 
521-9.

Schroers, R., Griesinger, F., Trumper, L., Haase, D., Kulle, B., Klein-Hitpass, L., 
Sellmann, L., Duhrsen, U. & Durig, J. (2005) Combined analysis of ZAP-70 and 
CD38 expression as a predictor of disease progression in B-cell chronic 
lymphocytic leukemia. Leukemia, 19, 750-8.

Schweighoffer, E., Vanes, L., Mathiot, A., Nakamura, T. & Tybulewicz, V. L. (2003) 
Unexpected requirement for ZAP-70 in pre-B cell development and allelic 
exclusion. Immunity, 18, 523-33.

Sedger, L. & Ruby, J. (1994) Heat shock response to vaccinia virus infection. J Virol, 68, 
4685-9.

205



References

Seiffert, M., Stilgenbauer, S., Dohner, H. & Lichter, P. (2007) Efficient nucleofection of 
primary human B cells and B-CLL cells induces apoptosis, which depends on the 
microenvironment and on the structure of transfected nucleic acids. Leukemia, 21, 
1977-83.

Seigneuret, M. & Devaux, P. F. (1984) ATP-dependent asymmetric distribution of spin- 
labeled phospholipids in the erythrocyte membrane: relation to shape changes. Proc 
Natl Acad Sci U S A ,  81, 3751-5.

Serafini, M., Naldini, L. & Introna, M. (2004) Molecular evidence of inefficient 
transduction of proliferating human B lymphocytes by VSV-pseudotyped HIV-1- 
derived lentivectors. Virology, 325, 413-24.

Seufert, W. & Seufert, W. D. (1982) The recognition of leukemia as a systemic disease. J 
Hist Med Allied Sci, 37, 34-50.

Shimokawa, T., Okumura, K. & Ra, C. (2000) DNA induces apoptosis in electroporated 
human promonocytic cell line U937. Biochem Biophys Res Commun, 270, 94-9.

Simmonds, M. A., Sobczak, G. & Hauptman, S. P. (1981) Chronic lymphocytic leukemia 
cells lack the 185,000-dalton macromolecular insoluble cold globulin present on 
normal B lymphocytes. J Clin Invest, 67, 624-31.

Smal, C., Lisart, S., Maerevoet, M., Ferrant, A., Bontemps, F. & Van Den Neste, E.
(2007) Pharmacological inhibition of the MAPK/ERK pathway increases sensitivity 
to 2-chloro-2'-deoxyadenosine (CdA) in the B-cell leukemia cell line EHEB. 
Biochem Pharmacol, 73, 351-8.

Soma, L. A., Craig, F. E. & Swerdlow, S. H. (2006) The proliferation center 
microenvironment and prognostic markers in chronic lymphocytic leukemia/small 
lymphocytic lymphoma. Hum Pathol, 37, 152-9.

Stamatopoulos, B., Haibe-Kains, B., Equeter, C., Meuleman, N., Soree, A., De Bruyn, C., 
Hanosset, D., Bron, D., Martiat, P. & Lagneaux, L. (2009) Gene expression 
profiling reveals differences in microenvironment interaction between patients with 
chronic lymphocytic leukemia expressing high versus low ZAP70 mRNA. 
Haematologica, 94, 790-9.

Stamatopoulos, K., Belessi, C., Moreno, C., Boudjograh, M., Guida, G., Smilevska, T., 
Belhoul, L., Stella, S., Stavroyianni, N., Crespo, M., Hadzidimitriou, A., Sutton, L., 
Bosch, F., Laoutaris, N., Anagnostopoulos, A., Montserrat, E., Fassas, A., Dighiero,
G., Caligaris-Cappio, F., Merle-Beral, H., Ghia, P. & Davi, F. (2007) Over 20% of 
patients with chronic lymphocytic leukemia carry stereotyped receptors: 
Pathogenetic implications and clinical correlations. Blood, 109, 259-70.

206



References

Steinkamp, J. A., Lehnert, B. E. & Lehnert, N. M. (1999) Discrimination of 
damaged/dead cells by propidium iodide uptake in immunofluorescently labeled 
populations analyzed by phase-sensitive flow cytometry. J Immunol Methods, 226, 
59-70.

Stevenson, F. K., Bell, A. J., Cusack, R., Hamblin, T. J., Slade, C. J., Spellerberg, M. B. 
& Stevenson, G. T. (1991) Preliminary studies for an immunotherapeutic approach 
to the treatment of human myeloma using chimeric anti-CD38 antibody. Blood, 77, 
1071-9.

Stevenson, F. K. & Caligaris-Cappio, F. (2004) Chronic lymphocytic leukemia: 
revelations from the B-cell receptor. Blood, 103, 4389-95.

Stilgenbauer, S., Nickolenko, J., Wilhelm, J., Wolf, S., Weitz, S., Dohner, K., Boehm, T., 
Dohner, H. & Lichter, P. (1998) Expressed sequences as candidates for a novel 
tumor suppressor gene at band 13ql4 in B-cell chronic lymphocytic leukemia and 
mantle cell lymphoma. Oncogene, 16, 1891-7.

Stratowa, C., Loffler, G., Lichter, P., Stilgenbauer, S., Haberl, P., Schweifer, N., Dohner,
H. & Wilgenbus, K. K. (2001) CDNA microarray gene expression analysis of B- 
cell chronic lymphocytic leukemia proposes potential new prognostic markers 
involved in lymphocyte trafficking. Int J Cancer, 91, 474-80.

Sun, Q. H., Delisser, H. M., Zukowski, M. M., Paddock, C., Albelda, S. M. & Newman, 
P. J. (1996) Individually distinct Ig homology domains in PECAM-1 regulate 
homophilic binding and modulate receptor affinity. J Biol Chem, 271,11090-8.

Tai, Y. & Anderson, K. (2011) Antibody-Based Therapies in Multiple Myeloma. Bone 
Marrow Research, Vol 2011.

Takemura, S., Braun, A., Crowson, C., Kurtin, P. J., Cofield, R. H., O'fallon, W. M., 
Goronzy, J. J. & Weyand, C. M. (2001) Lymphoid neogenesis in rheumatoid 
synovitis. J Immunol, 167, 1072-80.

Tam, C. S., O’brien, S., Wierda, W., Kantarjian, H., Wen, S., Do, K. A., Thomas, D. A., 
Cortes, J., Lemer, S. & Keating, M. J. (2008) Long-term results o f the fludarabine, 
cyclophosphamide, and rituximab regimen as initial therapy of chronic lymphocytic 
leukemia. Blood, 112, 975-80.

Thorselius, M., Krober, A., Murray, F., Thunberg, U., Tobin, G., Buhler, A., Kienle, D., 
Albesiano, E., Maffei, R., Dao-Ung, L. P., Wiley, J., Vilpo, J., Laurell, A., Memp, 
M., Roos, G., Karlsson, K., Chiorazzi, N., Marasca, R., Dohner, H., Stilgenbauer, 
S. & Rosenquist, R. (2006) Strikingly homologous immunoglobulin gene 
rearrangements and poor outcome in VH3-21-using chronic lymphocytic leukemia 
patients independent of geographic origin and mutational status. Blood, 107, 2889-
94.

207



References

Ticchioni, M., Charvet, C., Noraz, N., Lamy, L., Steinberg, M., Bernard, A. & Deckert, 
M. (2002) Signaling through ZAP-70 is required for CXCL12-mediated T-cell 
transendothelial migration. Blood, 99, 3111-8.

Till, K. J., Spiller, D. G., Harris, R. J., Chen, H., Zuzel, M. & Cawley, J. C. (2005) CLL, 
but not normal, B cells are dependent on autocrine VEGF and alpha4betal integrin 
for chemokine-induced motility on and through endothelium. Blood, 105, 4813-9.

Tirumurugaan, K. G., Kang, B. N., Panettieri, R. A., Foster, D. N., Walseth, T. F. & 
Kannan, M. S. (2008) Regulation of the cd38 promoter in human airway smooth 
muscle cells by TNF-alpha and dexamethasone. Respir Res, 9, 26.

Tobin, G., Thunberg, U., Johnson, A., Eriksson, I., Soderberg, O., Karlsson, K., Merup, 
M., Juliusson, G., Vilpo, J., Enblad, G., Sundstrom, C., Roos, G. & Rosenquist, R.
(2003) Chronic lymphocytic leukemias utilizing the VH3-21 gene display highly 
restricted Vlambda2-14 gene use and homologous CDR3s: implicating recognition 
of a common antigen epitope. Blood, 101, 4952-7.

Tobin, G., Thunberg, U., Johnson, A., Thom, I., Soderberg, O., Hultdin, M., Botling, J., 
Enblad, G., Sallstrom, J., Sundstrom, C., Roos, G. & Rosenquist, R. (2002) 
Somatically mutated Ig V(H)3-21 genes characterize a new subset of chronic 
lymphocytic leukemia. Blood, 99, 2262-4.

Tsimberidou, A. M. & Keating, M. J. (2005) Richter syndrome: biology, incidence, and 
therapeutic strategies. Cancer, 103, 216-28.

Vaisitti, T., Aydin, S., Rossi, D., Cottino, F., Bergui, L., D’arena, G., Bonello, L., 
Horenstein, A. L., Brennan, P., Pepper, C., Gaidano, G., Malavasi, F. & Deaglio, S. 
(2010a) CD38 increases CXCL12-mediated signals and homing of chronic 
lymphocytic leukemia cells. Leukemia, 24, 958-69.

Vaisitti., T., Aydin., S., Rossi., D., Cottino., F., Audrito., V., Serra., S., D'arena., G., 
Brennan., P., Pepper., C., Gaidano., G., Malavasi., F. & Deaglio, S. (2010b) CD38 
modulates CXCR4-mediated signals and homing of chronic lymphocytic leukemia 
(CLL) cells. The Journal of Immunology, 184, 133.5.

Van Bockstaele, F., Pede, V., Naessens, E., Van Coppemolle, S., Van Tendeloo, V., 
Verhasselt, B. & Philippe, J. (2008) Efficient gene transfer in CLL by mRNA 
electroporation. Leukemia, 22, 323-9.

Van Der Veer, M. S., De Weers, M., Van Kessel, B., Bakker, J. M., Wittebol, S., Parren, 
P. W., Lokhorst, H. M. & Mutis, T. (2011) Towards effective immunotherapy of 
myeloma: enhanced elimination of myeloma cells by combination of lenalidomide 
with the human CD38 monoclonal antibody daratumumab. Haematologica, 96, 
284-90.

208



References

Veronese, L., Toumilhac, O., Verrelle, P., Davi, F., Dighiero, G., Chautard, E., Veyrat- 
Masson, R., Kwiatkowski, F., Goumy, C., Gouas, L., Bay, J. O., Vago, P. & 
Tchirkov, A. (2009) Strong correlation between VEGF and MCL-1 mRNA 
expression levels in B-cell chronic lymphocytic leukemia. Leuk Res, 33, 1623-6.

Vinolas, N., Reverter, J. C., Urbano-Ispizua, A., Montserrat, E. & Rozman, C. (1987) 
Lymphocyte doubling time in chronic lymphocytic leukemia: an update of its 
prognostic significance. Blood Cells, 12, 457-70.

Vogler, M., Butterworth, M., Majid, A., Walewska, R. J., Sun, X. M., Dyer, M. J. & 
Cohen, G. M. (2009) Concurrent up-regulation of BCL-XL and BCL2A1 induces 
approximately 1000-fold resistance to ABT-737 in chronic lymphocytic leukemia. 
Blood, 113,4403-13.

Vooijs, W. C., Schuurman, H. J., Bast, E. J. & De Gast, G. C. (1995) Evaluation of CD38 
as target for immunotherapy in multiple myeloma. Blood, 85, 2282-4.

Wagner, A., Hendriks, Y., Meijers-Heijboer, E. J., De Leeuw, W. J., Morreau, H., 
Hofstra, R., Tops, C., Bik, E., Brocker-Vriends, A. H., Van Der Meer, C., Lindhout,
D., Vasen, H. F., Breuning, M. H., Comelisse, C. J., Van Krimpen, C., Niermeijer, 
M. F., Zwinderman, A. H., Wijnen, J. & Fodde, R. (2001) Atypical HNPCC owing 
to MSH6 germline mutations: analysis of a large Dutch pedigree. J Med Genet, 38, 
318-22.

Walker, J. A. & Smith, K. G. (2008) CD22: an inhibitory enigma. Immunology, 123, 
314-25.

Wang, M., Tan, L. P., Dijkstra, M. K., Van Lorn, K., Robertus, J. L., Harms, G., Blokzijl, 
T., Kooistra, K., Van T'veer M, B., Rosati, S., Visser, L., Jongen-Lavrencic, M., 
Kluin, P. M. & Van Den Berg, A. (2008) miRNA analysis in B-cell chronic 
lymphocytic leukaemia: proliferation centres characterized by low miR-150 and 
high BIC/miR-155 expression. J Pathol, 215, 13-20.

Wattel, E., Preudhomme, C., Hecquet, B., Vanrumbeke, M., Quesnel, B., Dervite, I., 
Morel, P. & Fenaux, P. (1994) p53 mutations are associated with resistance to 
chemotherapy and short survival in hematologic malignancies. Blood, 84, 3148-57.

Weinrauch, Y. & Zychlinsky, A. (1999) The induction of apoptosis by bacterial 
pathogens. Annu Rev Microbiol, 53, 155-87.

Weintraub, B. C., Jun, J. E., Bishop, A. C., Shokat, K. M., Thomas, M. L. & Goodnow,
C. C. (2000) Entry of B cell receptor into signaling domains is inhibited in tolerant 
B cells. J Exp Med, 191, 1443-8.

209



References

Weston, V. J., Oldreive, C. E., Skowronska, A., Oscier, D. G., Pratt, G., Dyer, M. J., 
Smith, G., Powell, J. E., Rudzki, Z., Kearns, P., Moss, P. A., Taylor, A. M. & 
Stankovic, T. (2010) The PARP inhibitor olaparib induces significant killing of 
ATM-deficient lymphoid tumor cells in vitro and in vivo. Blood, 116, 4578-87.

Wiestner, A., Rosenwald, A., Barry, T. S., Wright, G., Davis, R. E., Henrickson, S. E., 
Zhao, H., Ibbotson, R. E., Orchard, J. A., Davis, Z., Stetler-Stevenson, M., Raffeld, 
M., Arthur, D. C., Marti, G. E., Wilson, W. H., Hamblin, T. J., Oscier, D. G. & 
Staudt, L. M. (2003) ZAP-70 expression identifies a chronic lymphocytic leukemia 
subtype with unmutated immunoglobulin genes, inferior clinical outcome, and 
distinct gene expression profile. Blood, 101,4944-51.

Wijnen, J., De Leeuw, W., Vasen, H., Van Der Klift, H., Moller, P., Stormorken, A., 
Meijers-Heijboer, H., Lindhout, D., Menko, F., Vossen, S., Moslein, G., Tops, C., 
Brocker-Vriends, A., Wu, Y., Hofstra, R., Sijmons, R., Comelisse, C., Morreau, H. 
& Fodde, R. (1999) Familial endometrial cancer in female carriers of MSH6 
germline mutations. Nat Genet, 23, 142-4.

Willimott, S., Baou, M., Huf, S., Deaglio, S. & Wagner, S. D. (2007) Regulation of CD38 
in proliferating chronic lymphocytic leukemia cells stimulated with CD 154 and 
interleukin-4. Haematologica, 92, 1359-66.

Wolfrum, N., Muhlebach, M. D., Schule, S., Kaiser, J. K., Kloke, B. P., Cichutek, K. & 
Schweizer, M. (2007) Impact of viral accessory proteins of SIVsmmPBj on early 
steps of infection of quiescent cells. Virology, 364, 330-41.

Xagorari, A. & Chlichlia, K. (2008) Toll-like receptors and viruses: induction of innate 
antiviral immune responses. Open Microbiol J, 2, 49-59.

Xu, X., Gerard, A. L., Huang, B. C., Anderson, D. C., Payan, D. G. & Luo, Y. (1998) 
Detection of programmed cell death using fluorescence energy transfer. Nucleic 
Acids Res, 26, 2034-5.

Yamashita, M. & Emerman, M. (2005) The cell cycle independence of HIV infections is 
not determined by known karyophilic viral elements. PLoS Pathog, 1, e l8.

Yuille, M. R., Matutes, E., Marossy, A., Hilditch, B., Catovsky, D. & Houlston, R. S.
(2000) Familial chronic lymphocytic leukaemia: a survey and review of published 
studies. Br J Haematol, 109, 794-9.

Zaninoni, A., Imperiali, F. G., Pasquini, C., Zanella, A. & Barcellini, W. (2003) Cytokine 
modulation of nuclear factor-kappaB activity in B-chronic lymphocytic leukemia. 
Exp Hematol, 31, 185-90.

Zenz, T., Mohr, J., Edelmann, J., Samo, A., Hoth, P., Heuberger, M., Helfrich, H., 
Mertens, D., Dohner, H. & Stilgenbauer, S. (2009) Treatment resistance in chronic 
lymphocytic leukemia: the role of the p53 pathway. Leuk Lymphoma, 50, 510-3.

210



References

Zipfel, P. A., Grove, M., Blackburn, K., Fujimoto, M., Tedder, T. F. & Pendergast, A. M. 
(2000) The c-Abl tyrosine kinase is regulated downstream of the B cell antigen 
receptor and interacts with CD 19. J Immunol, 165, 6872-9.

Zubiaur, M., Fernandez, O., Ferrero, E., Salmeron, J., Malissen, B., Malavasi, F. & 
Sancho, J. (2002) CD38 is associated with lipid rafts and upon receptor stimulation 
leads to Akt/protein kinase B and Erk activation in the absence of the CD3-zeta 
immune receptor tyrosine-based activation motifs. J Biol Chem, 277, 13-22.

Zubiaur, M., Guirado, M., Terhorst, C., Malavasi, F. & Sancho, J. (1999) The CD3- 
gamma delta epsilon transducing module mediates CD38-induced protein-tyrosine 
kinase and mitogen-activated protein kinase activation in Jurkat T cells. J Biol 
Chem, 274, 20633-42.

Zubiaur, M., Izquierdo, M., Terhorst, C., Malavasi, F. & Sancho, J. (1997) CD38 ligation 
results in activation of the Raf-1 /mitogen-activated protein kinase and the CD3- 
zeta/zeta-associated protein-70 signaling pathways in Jurkat T lymphocytes. J 
Immunol, 159, 193-205.

Zucchetto, A., Benedetti, D., Tripodo, C., Bomben, R., Dal Bo, M., Marconi, D., Bossi, 
F., Lorenzon, D., Degan, M., Rossi, F. M., Rossi, D., Bulian, P., Franco, V., Del 
Poeta, G., Deaglio, S., Gaidano, G., Tedesco, F., Malavasi, F. & Gattei, V. (2009) 
CD38/CD31, the CCL3 and CCL4 chemokines, and CD49d/vascular cell adhesion 
molecule-1 are interchained by sequential events sustaining chronic lymphocytic 
leukemia cell survival. Cancer Res, 69, 4001-9.

211



Appendix

Appendix

Appendix 1

2.1 List of Materials and laboratory equipment
2.1.1 General reagents

2.1.2 Cell culture

2.1.2.1 Eukaryotic cell culture

2.1.2.2 Prokaryotic cell culture

2.1.3 Co-culture and cell lines

2.1.4 Molecular biology reagents

2.1.5 Plasmids

2.1.6 Antibodies

2.1.7 Primers

2.1.8 Molecular biology kits

2.1.9 Cell biology and biochemistry

2.1.10 Instruments

2.1.10.1 General

2.1.10.2 Cytometers and analysis software

2.1.11 Additional software tools

212



Appendix

2.1 List of Materials and laboratory equipment

2.1.1 General reagents

Material Source Code

Phosphate buffered saline tablets Oxoid BR0014G

1.5ml Eppendorf tubes Fisher FB74031

0.5ml tubes Starstedt 72-699

1.5ml Cryo-storage tubes Fisher 10-500-26

15ml tubes Greiner 188271

50ml tubes Coming 430291

Haz Tabs (Chlorine for 

decontamination of waste)

Guest Medical H8801

Ficoll lymphoprep Axis-Shield Lys-3773

T175 Large tissue culture flasks Nunc. Thermo Sci 178883

T75 Small tissue culture flasks Greiner 658175

6-well plates Nunc. Thermo Sci 140675

12-well plates Greiner 665180

48-well plates Nunc. Thermo Sci 150687

5ml Pipettes Coming 4487

10ml Pipettes Coming 4101

25ml Pipettes Coming 4251

Test tubes (Flow cytometry) BD Falcon 352054
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2.1.2 Cell culture

2.1.2.1 Eukaryotic cell culture

Material Source Code

Dulbecco’s modified Eagle’s 

Media (DMEM)

Gibco (Invitrogen) 41965

Roswell Park Memorial 

Institute Media 1640(RPMI)

Gibco(Invitrogen) 31870

Foetal Calf Serum (FCS) Gibco(Invitrogen) 12319018

Penicillin (5,000 

U/ml)/Streptomycin 

(5,000ug/ml)

Gibco(Invitrogen) 15140148

Sodium Pyruvate Gibco(Invitrogen) 11360070

0.5% Trypsin EDTA Gibco(Invitrogen) 25300

L-glutamine X I00 (200uM) Gibco(Invitrogen) 25030

Interleukin 2 Tecin RO-23-6019

2.1.2.2 Prokaryotic cell culture

Material Source Code

Bacto-Tryptone Fisher Scientific DF0123173

Bacto-Yeast extract Oxoid X589B

Sodium Chloride 0.17M Sigma S9888

Agar Fisher Scientific S70213A

Ampicillin lOOmg/ml Sigma A5354

Glycerol Sigma T1503

Competent E-coli DH5a Invitrogen 18258-012
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2.1.3 Co-culture and cell lines

Cell line Application Source (Kindly donated by)

Jurkat Transduction/Controls Professor Martin Rowe

CD31/NTL Co-culture Professor Silvia Deaglio

CD40L Co-culture Dr Aneela Majid

293T Virus packaging Professor Gavin Wilkinson

2.1.4 Molecular Biology reagents

Material Source Code

Trizol Reagent Invitrogen 15596-026

RNase A Sigma R6513

Chloroform Fisher C2984

Ethanol Fisher NC9602322

Agarose Fisher BP1356500

Ethidium Bromide Invitrogen 15585011

NEB Buffer 1 New England Biolabs B7001S

2 B7002S

3 B7003S

4 B7004L

Xhol (25,000U) NEB R0146L

Kpnl(25,000U) NEB R0142L

Notl(25,000U) NEB R0189L

BSA NEB B9001S

Shrimp alkaline Fermentas EF0511

phosphatase

215



Appendix

2.1.5 Plasmids

Plasmid Gene encoded Application Source

HR' SINcPPT 

SFFV-X-WPRE 

(SXW)

(HIV LTR incorporated 

backbone construct)

Lentivirus 1

Lenti-SEW Green fluorescent protein Lentivirus 2

Lenti-S38W Human CD38 Lentivirus Generated in 

house

pA8.91* HIV gag, pol & rev Lentivirus *

pMD2G* VSV-G envelope protein Lentivirus *

pEGFP-Cl GFP-CD38 fusion Nucleofection 3

pEGFP-1 GFP Nucleofection 4

pGEM4Z-

EGFPA64bis

GFP Electroporation 5

* Accessory plasmid

1 - Dr.R.J.Matthews. Department of Infection, Immunity and Biochemistry, University 

of Wales, Cardiff.

2 - Dr. W.Qasim and Professor A.J.Thrasher Institute of Child Health, London. High- 

Level Transduction and Gene Expression in Hematopoietic Repopulating Cells Using a 

Human Imunodeficiency Virus Type 1-Based Lentiviral Vector Containing an Internal 

Spleen Focus Forming Virus Promoter. Christophe Demaison, Kathryn Parsley, Gaby 

Brouns, Michaela Scherr, Karin Battmer, Christine Kinnon, Manuel Grez, Adrian J. 

Thrasher. Human Gene Therapy. May 2002, 13(7): 803-813.

3 - Dr.S.Deaglio. Laboratory of Immunogenetics, Department of Genetics, Biology, and 

Biochemistry and Centro di Ricerca in Medicina Sperimentale, University of Torino 

Medical School, Torino, Italy.

4 - AMAXA Biosystems, MD, USA,

5 - F.Van Bockstaele. Department of Clinical Chemistry, Microbiology and 

Immunology, Ghent University, Ghent, Belgium. Efficient gene transfer in CLL by 

mRNA electroporation. Leukaemia, 2008 Feb;22(2):323-9.
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2.1.6 Antibodies

Antibody Species Fluorochrome Company Code

CD19 M~H RPE-Cy5 Dako C7066

CD19 M~H APC Invitrogen MHCD1905

CD19 M~H Alexafluor750 Beckman Coulter A78838

CD19 M~H Pacific Blue Dako PB985

CD38 M~H RPE Invitrogen MHCD3804

CD38 M~H PC7 Beckman Coulter A54189

Zap-70 M~H Alexafluor 488 Caltag MHZap-7020

Zap-70 M~H Alexafluor 647 Beckman Coulter A24071

CD5 M~H ECD Beckman Coulter A33096

C D llc M~H PC7 Beckman Coulter A80249

CD 103 M~H FITC Beckman Coulter IM1856U

CD138 M~H PE Beckman Coulter A54190

CD138 M~H Per-CP-Cy5 Beckton Dickinson BD341087

VEGF M~H 1° Santa Cruz SC7269

Akt 1 M~H PE Santa Cruz SC5298

IL-1B R~H 1° Santa Cruz SC7884

VEGFR2 M~H APC R&D FAB357A

Flk-1 M~H 1° Santa Cruz SC6251

Mcl-1 M~H 1° Santa Cruz SC12756

CD31 G~M 2° (PE) Southern Biotech 1070-1 IS

Ki-67 FITC Dako F7268

CD40 R~M 2° (FITC) Dako F0313

CD49d M~H FITC Serotec MCA2503F

M = Mouse, R = Rabbit, G = Goat, H = Human, ~ = Anti. 1°= 

Primary antibody, 2°= Secondary antibody
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2.1.7 Primers (Primers were purchased from Eurogentec)

Primer Sequence (‘5 -  ‘3)

ABL F CGGCTCTCGGAGGAGACGTAGA

R CCCAACCTTTTCGTTGCACTGT

CD38 F ATGCTTTCAAGGGTGCATTT

R TTTTACTGCGGGATCCATTG

ZAP-70 F AAGAACTTTGTGCACCGTGA

R TTCATCTTCTTGTAGGGCTTCTG

MCL1 F AAAAGCAAGTGGCAAGAGGA

R TTAATGAATTCGGCGGGTAA

VEGFA F TCAGGACATTGCTGTGCTTT

R TGGTTTCAATGGTGTGAGGA

Ki-67 F CAAAAGGATTCCCTCAGCAA

R TTTGTGCCTTCACTTCCACA

CD31 F TATTTTCCAAGCCCGAACTG

R TGGGCATCATAAGAAATCCTG

CD49d F AGATGCAGGATCGGAAAGAA

R GCCCCCATCACAATTAAATC

IL-lp F TGGCAGAAAGGGAACAGAAA

R ACTTCTTGCCCCCTTTGAAT

MSH6 F ATTGCATTTGGCCGTTATTC
R CAATGGCGATCATCTGAAAA

218



Appendix

2.1.8 Molecular Biology Kits

Kit Application Source Code

QIAGEN DNA 

Maxi

DNA isolation QIAGEN 13362

QIAGEN QIAquick PCR

purification

QIAGEN 28104

QIAGEN gel 

Extraction

Agarose gel 

extraction

QIAGEN 28704

Calcium Phosphate Transfection Sigma MB-315

Sybr Green QPCR Roche 03 515 869 001

Big Dye 3.1 Sequencing ABI 4337455

Human B-cell 

Nucleofection kit

Nucleofection AMAXA VP A 1001

T7 Message machine Electroporation Ambion AM 1340

RT-Kit (200 

reactions)

Reverse

transcription

Applied Biosystems 4374966

2.1.9 Cell biology and biochemistry

Kit Application Source Code

VEGF ELISA Protein

quantification

Bender Medsystems BMS277

P24 ELISA Quantification 

of lentivirus

Retro-tek 8001111

Annexin V Apoptosis assay Bender Med systems BMS500FI/300ce

Fix & perm kit Fix and perm Caltag GAS-002-1

219



Appendix

2.1.10 Instruments

2.1.10.1 General

Material Source Model

Orbital shaker Sanyo Orbisafe

NanoDrop-1000

(Spectrophotometer)

Thermo Scientific V 3.7

Ultracentrifuge Beckman Coulter Optima L-100XP

Nucleofector AMAXA AAD-1001

Electroporator BioRad 165-2100

Thermal cycler GeneAmp 9600

Irradiator Nordion Int Gammacell 1000 Elite

Laser microscope Leica DM1L

Sorval centrifuge Sorval Evolution RC

Large Centrifuge Heraeus Megafuge 1.0

Mini centrifuge Heraeus Biofuse fresco

Light cycler Roche 2.0

Cytospin Thermo Shandon Cyto 4

2.1.10.2 Cytometers and analysis software

The Beckman Coulter Calibur, Beckman Coulter Cyan, and Accuri 

C6 cytometers were used in flow cytometry experiments. Cellquest Pro 

software was utilised to acquire data on the FacsCalibur cytometer and 

Summit 4.0 software was employed to acquire data on the Cyan and 

analyse the data from both Beckman Coulter cytometers. The CFlow plus 

software package was used for acquiring and analysing the data from the 

Accuri C6 cytometer.
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2.1.11 Additional software tools

Software Application Source

Vector NTI Plasmid design Invitrogen

Prism 4 Graphs and statistical analysis Graphpad

OligoPerfect Primer design Invitrogen
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A ppend ix  2

Accessory plasmids for the generation of lentivirus

hCMV

gpt ______

gag

Sv40

ORI

Amp

p8 91 Thesis
12150 bp

a) pA8.91 encoding gag and pol

AmpR promoter

Ampicillin CMV immearly promotei 

CMV promoter

pBR322 origin
pMD2.G Thesis

vsv-G

b) pMD2G encoding the VSVG envelope protein 
A ppend ix  3
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GFP expression in CLL cells
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A ppendix  4

CLL cell expression of key molecules following 2 or 5 days incubation 

with CD31 expressing co-culture. Correlation with constitutive CD31 

expression at day zero.
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0

0 1000 2000 3000 4000 5000

CD31 (MFI)

Figure 4.a No significant correlation was observed between CD31 

and day 2 Ki-67 expression (n=7). The Spearman test was used to 

assess the correlation (P=0.11).
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Figure 4.b No significant correlation was observed between CD31 

and day 2 Zap-70 expression (n=7). The Spearman test was used to 

assess the correlation (P=0.5).
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Figure 4.c No significant correlation was observed between CD31 and 

day 5 CD38 expression (n=7). The Spearman test was used to assess 

the correlation (P=0.6).
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Figure 4.d No significant correlation was observed between CD31 

and day 2 CD19 expression (n=7)(P=0.12). The Spearman test was 

used to assess the correlation (P=0.7).
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Figure 4.e No significant correlation was observed between CD31 and 

day 5 CD19 expression (n=7). The Spearman test was used to assess 

the correlation (P=0.6).
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ABSTRACT

Studies of the role of individual genes in chronic lymphocytic 
leukemia (CLL) have been hampered by the inability to consis- 
tendy transfect primary tumor cells. Here, w e describe a high
ly efficient method of genetically modifying primary CLL cells 
using a VSVG pseudotyped lentiviral vector. We transduced 
CD38 negative CLL cells with a lentiviral vector encoding 
CD38 which caused increased surface CD38 expression in all 
the samples tested (n=17) with no evidence of plasmacytoid 
differentiation. The mean percentage of positive cells express
ing CD38 was 87%±8.5% and the mean cell viability 
74%±17%. This high level of transduction of all the CLL cell 
samples tested demonstrates the utility of this technique which 
should prove applicable for the introduction and analysis of

other genes in these non-dividing cells.

Key words: chronic lymphocytic leukemia, primary tumor 
cells, CD38 negative.
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Introduction

Chronic lymphocytic leukemia (CLL) is a heterogeneous 
disease ranging from a stable condition requiring no therapy 
to a progressive disease refractory to treatment. One impor
tant molecule associated with this disease is CD38: the 
expression of the CD38 antigen on the surface of clonal B cells 
is associated with a poor prognosis and reduced overall sur
vival in patients with CLL.1'6 The expression of CD38 defines 
an altered pattern of gene expression including increased lev
els of anti-apoptotic, pro-inflammatory, signaling and pro- 
angiogenic molecules.7,8 However, these experiments were 
performed by comparing cells from different patients, w ith  
heterogeneous genetic backgrounds, and other studies depend 
on correlations in expression. These comparative experiments 
demonstrated a technical limitation of our ability to genetical
ly modify CLL cells to alter CD38 expression.

To date, CLL cells have been difficult to genetically modify. 
The cells do not grow in liquid culture and most methods of 
manipulation result in the modification of a subset of cells and 
often cause substantial cell death. To address this problem, w e  
developed a method of genetically modifying CLL cells using 
lentiviruses. This allowed us to increase CD38 expression in all 
the patient samples tested (n=17) with high transduction effi

ciency and viability. Using this approach, we now have the 
opportunity to determine whether CD38 can directly alter gene 
expression in primary CLL cells and influence cell survival, 
migration and proliferation.

Design and Methods

Lymphocyte separation
Following informed consent, peripheral blood samples from CLL 

patients with low expression of CD38 were separated using Ficoll- 
Hypaque (Sigma, Poole, UK), washed in PBS and counted. Patients were 
diagnosed using morphological and immunophenotyping criteria and 
were treatment free for at least three months prior to their analysis.

Generation of lentivirus
A cDNA corresponding to CD38 (Accession NM_001775) or the first 

233 amino acids of rat CD29 was cloned into the pHR' SINcPPT SFFV- 
WPRE vector. Transgene expression was under the control of the SFFV 
promoter.10 The GFP virus, driven by the same promoter, has been pre
viously described.10 The vector plasmids (pLentiSEW, pLentiSCD38W 
or pLentiSrCD2AW), together with the gag-pol plasmid (pA8.91) and 
the VSVG envelope encoding plasmid (pMD2-G), were amplified in 
bacteria and purified with the Endofree Maxiprep Kit (Qiagen). The 
transfer vector (13pg), pA8.91 (lOpg) and pMD2-G (6 pg) was mixed
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Lentivirus infection of CLL cells

with 1.5 mL of CaCl (0.25M) (Sigma Poole, UK). This was added to 
1.5 mL of 2X HEPES (Sigma Poole, UK) while bubbling. The solution 
was left for 20 min to allow a precipitate to form. This was then 
added to a large flask (175 cm2) of 293T cells (approximately 60% 
confluent) containing 20 mL of Dulbecco’s Modified Essential Media 
(DMEM) with 10% fetal calf serum, 100 units/mL penicillin, 100 
|xg/mL streptomycin and 2 mM glutamine.11 After 48h, at 37°C, in 
5% CO2, the supernatant was removed and centrifuged at 1,700 g 
for 10 min to pellet any cell debris, followed by ultracentrifugation 
at 121,603 g for two hours to concentrate the virus. The pellet, con
taining concentrated virus, was re-suspended in DMEM, (Invitrogen, 
Paisley, UK) without supplements and stored at -80°C.

Lentiviral infection of chronic lymphocytic leukemia cells
Primary CLL cells were added to DMEM cell culture media with 

supplements (10% FCS, 100 units/mL penicillin, 100 pg/mL strepto
mycin, 2 mM glutamine). Concentrated viral supernatant was added 
to the culture media. The cells were then incubated at 37°C, in 5% 
CO2. Expression of CD38 and other molecules were typically mon
itored after 48 h. No feeder cells or cytokines were added to the cul
tures.

Titration of lentivirus
The lentivirus was titrated using CLL cells. Five hundred thousand 

CLL cells were placed in 1 mL of DMEM cell culture media with 
10% FCS, 100 units/mL penicillin, 100 pg/mL streptomycin, 2mM 
glutamine. Volumes of viral supernatant, ranging from lpL to 128 
pL, were added. After 48 h, gene expression was monitored and the 
number of infectious virus particles per microliter was estimated by 
determining the percentage of cells infected in the linear portion of 
the curve. In some cases, the amount of the lentiviral protein, p24, 
was determined by ELISA (Helvetica Health Care Sari, Switzerland).

Flow cytometry
The following antibodies were used for immunophenotypic 

analysis: anti-CD19PE-Cy5 from DACO (C7066), anti-CD38RPE 
from Caltag (MHCD 3804-4) and anti-CD2FITC from Santa Cruz 
Biotechnology (sc-53036). Expression was measured using a Becton 
Dickinson FACSCalibur.12

Results and Discussion

Lentiviral technology represents a powerful method of 
genetically modifying quiescent cells.13 Three decisions 
underpinned the development of this protocol. Firsdy, we 
chose to use a viral backbone where transgene expression 
was driven by the spleen focus forming virus promoter. The 
CMV promoter has been shown to be ineffective in some 
quiescent lymphocytes.14 Secondly, w e focused on CD38 as 
a candidate molecule that is important for CLL prognosis.15 
Finally, CD38 is a cell surface marker, detected using flow  
cytometry, so the effectiveness of the genetic modification 
could be easily monitored. The virus generated to express 
CD38 was compared to two other viruses: a virus contain
ing the genetic material for GFP and a vims containing the 
genetic material for truncated rat CD2.

All three viruses were capable of expressing their trans
gene in primary human CLL cells following lentiviral infec
tion (Figure 1 A). The highest level of expression was detect
ed for CD38. We investigated CD38 expression in the CD19 
positive population infected with both the CD38 vims and 
the GFP vims. A dramatic increase in CD38 was observed 
following infection with the CD38 vims (Figure IB). This 
contrasted with a small increase in CD38 expression follow
ing infection with the GFP-expressing vims (Figure IB).

Figure 2A and B show  CD38 expression following 
increasing multiplicity of infections (MOI) of both the CD38 
and the GFP lentivimses. A dose response was observed 
depending on the amount of CD38 vims used. This dose 
response was apparent for both the percentage of cells that 
were CD38 positive (Figure 2A) and the mean fluorescent 
intensity for CD38 expression (Figure 2B). It was, therefore, 
possible to select a dose of lentivirus which would allow the 
expression of physiological levels of CD38 on the surface of 
the CLL cells. Importandy, the expression from the CD38 
vims at an MOI of one, was higher than the expression of 
CD38 seen following infection with the GFP vims, even 
with an MOI above ten. The number of viral particles, 
determined by BLISA, in both preparations was compara-
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Figure 1. Su ccessfu l 
transduction of CLL cells  
with lentivirus. (A) 
Treatment of CLL cells  
with lentivirus containing 
th e gen etic  co d es  for 
CD38 (I), GFP (II), and a 
truncated rat CD2 (iii) 
resulted in high levels of 
transduction (87%, 70%  
and 43%, respectively). 
(B) CLL cells from a CD38 
negative patient (i) were 
infected with a CD38 
lentivirus and 94% trans
duction was achieved (ii). 
Infection with a GFP con
trol lentivirus saw  a 9.7%  
increase in CD38 expres
sion (iii).
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ble. CD38 mRNA expression, measured by quantitative 
PCR, was higher in CD38 virus treated samples than in 
untreated or GFP virus treated samples (Online Suppl
ementary Figure S1). The expression of CD38 was sustained 
over five days (Figure 2C and D).

Given the heterogeneity of CLL, w e investigated the 
changes in CD38 expression following viral infection in 
multiple patient samples. A high percentage of cells 
expressing CD38 was observed in all patient samples treat

ed with the CD38 lentivirus (Figure 3A; n=17, mean per
centage of positive cells (±SD) was 87% ±8.5%). To inves
tigate the effect of lentivirus on cell differentiation, we ana
lyzed the cells following treatment with lentivirus and 
observed no major changes in CLL cell morphology (Figure 
3B), and only observed a small increase in the expression of 
CD138, which is highly expressed in antibody-secreting 
plasmacytoid cells (data not shown). Thus, w e demonstrated 
reproducible transduction of primary CLL cells to manipu-
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Figure 2. Expression of CD38 on virally Infected CLL cells. A dose  
dependent increase In CD38 expression w as observed in both the  
number of cells expressing CD38 (A) and in the MFI (B) of sam 
ples following treatm ent with CD38 virus (diamonds). No such 
increase is observed following the addition of a com parable 
amount of GFP virus (squares). Following transduction a high level 
of CD38 expression was observed on th e surface of CLL cells fol
lowing 2 4  h incubation. This level w as sustained over a period of 
five days as measured by the percentage of cells expressing the  
CD38 antigen (C) and by the MFI (D) of the sam ple.

Figure 3. Expression of CD38 in multiple patient sam ples. (A) The 
m ean expression of CD38 in the untreated sam ples was 3±1.8%  
(n -1 7 ). Following treatment with CD38 virus a m ean of 87±8.5%  
(n -1 7 )  of CLL cells expressed the CD38 antigen. A mean of 8±5.8%  
CD38 expression (n -7 ) was observed in sam ples treated with con
trol GFP virus. (B) Morphology of untreated and lentivirus treated  
CLL cells following 4 8  h Incubation. Pictures were taken using a 
Zeiss Axio microscope equipped with a digital camera following 
Giemsa staining (xlOO magnification).

516 haematologica J 2010; 95(3)



Lentivirus infection o f CLL ce lls

late the expression of CD38 without causing cell differenti
ation. Here, w e describe a lentiviral technique which is able 
to transduce CLL cells to a level greater than previously 
described. In tw o studies, no GFP was detected when driv
en by a CMV promoter16,17 using VSVG coated lentivirus, 
which suggests that our use of the SFFV promoter allows 
higher levels of expression in CLL cells. Given the impor
tance of promoters, using B-cell specific18 or other gene 
expression units19 may be useful. A report, published since 
submission, has demonstrated gene expression in CLL cells 
using lentivirus incorporating measles virus glycoproteins, 
H and F, on their surface.16 This allowed genetic modifica
tion of a subset of cells (20-45% of cells). In contrast, our 
data shows a change in the whole population of CLL cells 
rather than a subset and a technique for CD38 which  
allows genetic modification of an average of 87% of cells. 
This high level of expression means there is no need for cell 
sorting for further studies. Our data also shows that CD38 
can be detected at a higher level than GFP (despite the 
amount of virus used, MFI of GFP infected cells is shown in 
the Online Supplementary Figure 2) or CD2, which may be 
due to the human origin of CD38.

The next step in our study is to characterize the function
al effects o f CD38 in CLL cells. Our initial experiments indi
cate that CD38 has a subde effect on the survival of CD38

negative cells when expressed alone from the lentivirus. 
Our analysis of gene expression shows that CD38 is highly 
up-regulated at the mRNA level (data not shown) but analysis 
of expression patterns is confounded by the heterogeneous 
nature of CLL patient samples. Our immunophenotypic 
analysis shows that CD 19 expression is not altered and the 
levels of CD 138 (data not shown) do not indicate differentia
tion of the CLL cells. However, an analysis of other cell sur
face markers and of the effects of ligating CD38 are current
ly underway.

In conclusion, this report describes the successful genetic 
modification of primary CLL cells to generate a CD38 posi
tive population from a CD38 negative population. This 
method has been successful on all the samples w e have test
ed to date and does not require any other treatment of the 
cells.
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