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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, CD19, 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 1 Introduction

Chapter 1.0 Introduction

1.1 A brief history

With the development of novel cell staining techniques in the late 19"
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 20" 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 CDS5 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 fhat 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 ef al., 1983, Yuille
et al., 2000, Capalbo et al., 2000), although studies involvihg twins have
pfovided 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 er 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

3
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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 al. 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
Interinediate
1 Lyniphocytosis + lymphadenopathy
I Lymphocytosis + splenomegaly with/without
Iymphadenopathy or hepatomegaly

High
III Lymphocyvtosis — anaemia, with or without organomegaly
v Lymphocytosis + anaemia + thrombocytopenia, with or

without 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 ef 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 5x10%/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
5x10°/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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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 ef al., 1981) (Figure 1.1). In 2009 a report
by Nowakowski ef 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
iriterstitial) and diffuse. The most commonly observed is the mixed type with the
diffuse pattem 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 CD19+, 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 (x) or lambda (1) light
chains and surface immunoglobulin (sIg) 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 CD10, CD11c, cyclin
D1 and CD103 (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
cither 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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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 11q 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 17p13 deletion is thought to be due to the loss of genetic
material encoding the p53 gene. The pS5S3 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 G1/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 al., 1991). Such mutations may occur in the

10
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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 13q14.3 deletion

Deletion of a region within 13q14.3 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/16-1 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 er 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 11q22-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. 11q22-23 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 11q22-23 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

(8924), 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 ef 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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Log-rank. Risk of
Biological Events | mortality within § Cox
Variable _(n) years (%) P HR 95%C1 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 13q14 3/95 3.8 0.004 0.009
No Del 13q14 13/78 25.4 5.27 1.5-18.5
CD38 <30% 4/123 4.7 <0.001 0.002
CD38 >30% 11/60 354 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; CI, 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)

Log-rank. Risk of
Events | mortality within Cox
Clinical Variable (n) 5 years (%) P HR 95%ClI P
Lymph node <3cm 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 6/17 423 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 8/46 229 3.1 1.16-8.27

HR, hazard ratio; CI, 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 500x10°/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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Chapter 1 Introduction

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 CD154 antigen on the cell surface (Lapalombella et al., 2009).
In the same report Lapalombella et al. 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 ef 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 /GHV genes have profiles very similar to that of antigen experienced
memory B-cells (Klein er 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
IGHYV 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 /GHV segments in CLL and
correlated specific rearrangements (including /GHV 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 /GHV 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, f2-microglobulin,
vascular endothelial growth factor (VEGF) and the Bcl-2 family proteins
(Fournier et al., 1992, Schimmer et al., 2003, Veronese ef 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 (¥), 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 JGHYV 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 ef 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
IGHYV 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 ¥H3-21 recombinations were reported to
have a shorter survival in CLL patients with mutated /GHV 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 /GHV gene cohort (Gerard Tobin, 2004, Bomben et al.,
2010). Additional studies have illustrated that the VH1-69 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 IGHYV 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 (Mdmz2) 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 /GHV 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-B
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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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 al. 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-B (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 ef 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 ef al., 2007). A third
group of intracellular signalling molecules may be activated following
stimulation of the BCR. The pathway is initiated by PKC-B that regulates the
activity of I-xB a potent inhibitor of NF-kB. Over expression of the PKC-BII
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 /GHV 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 IgB. 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 e 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 /JGHV 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-1a) (Burger et al., 2000). The CXCR4 receptor that
binds the SDF-1a chemokine can be detected on the surface of CLL cells. In
vitro expeﬁments 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 ef al., 2002) and Deaglio ef al. showed that
CD38 and Zap-70 expressing CLL cells illustrate enhanced migration in
response to SDF-1a (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 al. 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

a4B1 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 ef 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
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ADP-Ribosyl cyclase (ADPRc), a homologue of CD38, was present in primitive

organisms over 700 million years ago (Malavasi ef 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 CD157 evolved in parallel with CD38 as
a glycosylphosphatidylinositol (GPI) membrane-anchored protein with similar

calcium mobilising properties.

1.4.2 Genetics

The CD38 and CD157 genes are found on the short arm of chromosome 4
and are arranged in a head-to-tail manner (telomere —CD157 —CD38
—centromere) implying that CD38 and CD157 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-xB, 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 I 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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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 CD157 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 ef 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 ef 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).
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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- y1), ¢c-Cbl, Zap-70 and Shc
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-1/MAPK and CD3-{/Zap-70/PLC-y1 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-¢ 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-¢ 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 CD19 as a mediator of CD38
signalling. In normal B-cell progenitors, CD19 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 signallihg 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 progneosis 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 e 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 ef 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 B2-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 CD18, CD49d and CD20 in

CD?38 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 al. 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 al. 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 al. 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 ef 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
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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 e al. described how CD19 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 ef 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 CD19, the interaction
between CD31 and CD38 was shown to illicit up-regulation of CD100 in CLL
cells (Deaglio et al., 2005). CD100 is a survival receptor that binds to plexin-B1.
Plexin-B1 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 CD19,
together with co-receptor signalling via CD100/plexin-B1 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 al. 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-xB sub units p65 and p52. (Poggi ef al., 2010).
Conversely Mainou-Fowler et al. showed that low levels of CD31 on the cell

surface correlated with aggressive disease in CLL (Mainou-Fowler et al., 2008).

38



Chapter 1 Introduction

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)
1X 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/ins? 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 10g of tryptone (1%), 5g
of yeast extract (0.5%) and 10g 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, 200ul 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), Sml L-glutamine (1X) and 5ml Sodium Pyruvate (1X). 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 1g 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 H,O 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, 50ul of each sample was added to 450ul 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

10ul of the cells in suspension were mixed with 10ul of trypan blue
exclusion dye (to stain dead cells) and 40pul of PBS to give a 1 in 6 dilution. 10ul
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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2.3.2 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% CO.,.

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% CO,. 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% CO,. 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

8x10° Cells were re-suspended in 4ml of storage media and 500ul 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 CD154 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).

2.3.2.5.1 Irradiation

5x10° 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.

2.3.2.5.2 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% CO; over night to
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Chapter 2 Materials and Methods

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 750ul of Buffer PE and the sample was again
spun for 1 minute at 16,000 x g. S50ul 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
2ul 10X buffer, 1ul T4 DNA ligase, 2ul Sterile water, Sul SXW plasmid
(20ng/pl) and 10ul CD38 insert (40ng/ul) (Figure 2.5). The reaction was left over
night at 16°C and then transformed into the DHS5a E.coli bacteria.
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