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Summary

Chronic Lymphocytic Leukaemia (CLL) is characterized by the accumulation of
CD5/19+ B cells in the blood, bone marrow and lymph nodes. The tumour
microenvironment of the bone marrow and secondary lymphoid organs promotes cell
proliferation, survival and protection from drug induced apoptosis. Selectins, integrins
and chemokines mediate the trafficking of CLL cells to these protective niches. An
important adhesion molecule in this process is L-selectin (CD62L) which is involved in
initial tethering and rolling of CLL cells in the high endothelial venules (HEV), allowing
migration between the blood and the secondary lymphoid organs. Within the tumour
microenvironment, the B-cell receptor (BCR) signalling pathway is the most important
pathway involved in microenvironmental crosstalk and CLL cell survival, and has
recently been shown to interact with the Signal Transducer and Activator of
Transcription 3 (STAT3) signalling pathway. STAT3 is a transcription factor that
regulates a number of genes involved in cell survival, proliferation and migration.
Elucidating how CLL cells traffic to, and their interactions within, the tumour
microenvironment may provide new avenues for therapeutic intervention in CLL. In this
thesis, the role of STAT3 in the trafficking and microenvironmental interactions of CLL
cells, and its potential as a therapeutic target, was investigated.

The role of STAT3 in CLL pathogenesis is unclear; however, it is constitutively
phosphorylated on serine residue 727 (serine pSTAT3) in CLL cells. Phosphorylation
on tyrosine residue 705 (tyrosine pSTAT3) was seen in 6 out of 28 CLL samples
isolated from the peripheral blood of patients, and correlated with poor prognostic
indicators (unmutated immunoglobulin heavy chain variable (IGVH) genes and
NOTCH1 mutated patient samples). STAT3 targeting agents, Cucurbitacin and S3I-
201, had a divergent effect on CLL cell survival, being pro-apoptotic in some and pro-
survival in others. Cucurbitacin induced apoptosis was concurrent with a
downregulation in serine pSTAT3. The upstream JAK inhibitor Ruxolitinib had no effect
on serine pSTAT3 and apoptosis of CLL cells.

We investigated the role of STAT3 in the regulation of a panel of adhesion molecules
involved in the migration of lymphocytes. Pharmacologically targeting STAT3, using
Cucurbitacin (p<0.0001, n=29) and S3I (p<0.0001, n=21), and siRNA mediated STAT3
knockdown, resulted in a significant decrease in the cell surface expression of CD62L
in CLL cells. The effect of Cucurbitacin on CD62L downregulation was greater in

patient samples positive for the expression of the poor prognostic marker CD38.



We investigated the adhesion of CLL cells to human umbilical vein endothelial cells
(HUVEC) under fluid shear flow conditions to model the interactions of CLL cells with
endothelial cells in the HEV. We found that that blocking CD62L, using and anti-CD62L
antibody, and treatment with Cucurbitacin resulted in a decrease in the adhesion of
CLL cells to HUVECs under fluid shear flow (p<0.001, n=5). In addition to inhibition of
CLL cell adhesion, pharmacological targeting of STAT3 using Cucurbitacin and S3l
resulted in a significant decrease in CLL cell migration in response to the chemokine
CXCL12 (p<0.001, n=8).

We investigated the effect of microenvironmental stimuli on the activation of STAT3
and the regulation of CD62L in CLL cells. Hs5 bone marrow stromal cell (BMSC) co-
cultures resulted in an increase in tyrosine pSTAT3 and a significant increase in CD62L
positive CLL cells (p<0.01, n=7). However; this did not overcome Cucurbitacin and S3|
downregulation of CD62L.

The BCR is the most prominently activated pathway in CLL cells from the lymph node
compartment. Stimulation of the BCR induced significantly increased tyrosine and
serine phosphorylation of STAT3 in CLL cells with unmutated immunoglobulin (IGVH)
genes compared to cells with mutated IGVH genes (p<0.05, n=26) . We show that BCR
stimulation-mediated STAT3 phosphorylation is prolonged and suggest that it is a key
target of the BCR signalling pathway. Stimulation of BCR also resulted in a significant
increase in CD62L expression in patient samples, with increased upregulation seen in
samples with UM-IGVH compared to M-IGVH (p< 0.05, n=23). Gene expression
studies showed BCR stimulation also resulted in an upregulation of CD62L gene
expression in CLL cells with unmutated IGVH genes. BCR stimulation-induced tyrosine
pSTAT3 and upregulation of CD62L was abrogated by pre-treatment with the Janus
kinase (JAK)/STAT3 inhibitor Ruxolitinib and the BCR inhibitor Ibrutinib (p<0.05, n=5).

In conclusion, this thesis shows a role for STAT3 in the pathogenesis of CLL. We have
shown that STAT3 is an important regulator of the key adhesion molecule CD62L and
is an important downstream mediator of the BCR signalling pathway. The down-
regulation of CD62L expression, through BCR signalling pathway inhibition using
Ibrutinib, and inhibition of STAT3 activation using Ruxolitinib, may have implications
for the trafficking of CLL cells and present new potential therapeutic avenues for

targeting CLL.
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Chapter 1

Introduction



1.1 Haematological malignancies and Chronic Lymphocytic

Leukaemia

Haematological malignancies (HM) comprise a group of heterogeneous diseases with
varied epidemiology and prognosis. Accounting for 9% of all cancers, HMs are the
fourth most common diagnosed cancer in developed countries according to Globocan
2012 Cancer Incidence, Mortality and Prevalence Report (Ferlay et al., 2010). The
estimated prevalence of haematological malignancies in Ireland is in concordance with
this, accounting for 8% of all cancers (Ferlay et al.,, 2010). The World Health
Organisation (WHO) classifies haematological malignancies into two main groups,
myeloid and lymphoid neoplasms shown in Figures 1.1 and 1.2. Myeloid neoplasms,
derived from cells of the myeloid lineage, include acute myeloid leukaemia,
myeloproliferative neoplasms (MPNs) and chronic myeloid leukaemia and
myelodysplastic syndromes (MDS) (Arber et al., 2016). MPNs are a subgroup of
diseases that are characterised by hyper proliferation of myeloid derived cells while
MDS are a group of diseases affecting immature ‘blasts’ or stem cells leading to
ineffective haematopoiesis. These disorders can progress to acute myeloid leukaemia
(Huang et al., 2008, Lichtman, 2008). Lymphoid neoplasms, derived from cells of the
lymphoid lineage, comprise mature B cell neoplasms, mature T and NK cell
neoplasms, Hodgkin's lymphoma and multiple myeloma (Swerdlow et al., 2016).
Mature B cell neoplasms include chronic lymphocytic leukaemia (CLL), one of four
main leukaemia types. Other leukaemias include acute lymphocytic leukaemia (ALL),
acute myeloid leukaemia (AML) and chronic myeloid leukaemia (CML). Acute
leukaemias consist of non-functioning immature blasts that increase rapidly and are
aggressive while chronic leukaemias are more mature cells that can retain some
function and develop more slowly. A table of incidence and survival rates for each
leukaemia type are shown in Table 1.1. Chronic lymphocytic leukaemia, a biologically
complex haematological malignancy, is the most common leukaemia in the western
world, accounting for ~40% of all adult leukaemia’s (Howlader, 2013) and is the focus
of this thesis. The incidence of CLL is higher in older people with 54% of CLL
diagnoses in those 70 and older and occurring twice as much in men as in women
(Nabhan et al., 2014, Pulte et al., 2015). These haematological malignancies occur

when cells of haematopoietic origin undergo malignant transformation.

! Source: National Cancer Registry Report Dec 2010, http://www.ncri.ie/sites/ncri/files/pubs/CancerTrendsNo.6-Leukaemia.pdf.
Accessed: 20/09/2017
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Table 1. 1 Incidence and survival rates for leukaemia subtypes in the UK and Ireland

Leukaemia Incidence (per 100,000)* 5 year survival rate?
Acute lymphocytic leukaemia 1.38 66%
Acute myeloid Leukaemia 3.24 15%
Chronic myeloid leukaemia 0.85 51%
Chronic lymphocytic leukaemia 70%

1(Sant et al., 2010) ; 2 (De Angelis et al., 2015)




1.1.1 Haematopoiesis and the development of B cell malignancies

Haematopoiesis is the process through which a multipotent haematopoietic stem cell
(HSC) commits to a particular lineage of cell through a number of differentiation steps
(Figure 1.3). All cellular components of the blood are derived from HSCs in the bone
marrow. These cells give rise to two types of progenitor cells; the myeloid progenitor
which is the precursor cell of mast cells, eosinophils, basophils, neutrophils and
macrophages, and the lymphoid progenitor; the precursor cell to natural killer cells and
lymphocytes. The two main types of lymphocyte are T cells and B cells. These
lymphocytes are part of the adaptive immune system that mounts specific responses to

various antigens.
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B and T cells both originate in the bone marrow; T cells mature in the thymus, while B
cells initially remain in the bone marrow and complete their maturation in the spleen
and lymph nodes in order to become mature cells expressing immunoglobulins that
recognise non-self antigens (Shortman, 1984, Campana et al., 1985, Osmond, 1990).
The maturation process facilitates the development of a large number of different
immunoglobulins allowing recognition of discrete epitopes. The initial steps of B cell
development occur in the bone marrow independent of antigen where the pro-B cell
undergoes heavy chain immunoglobulin gene rearrangement. The immunoglobulins
consist of two heavy chains and two light chains that have constant regions and
variable regions held together by disulphide bonds as shown in figure 1.4. The Variable
(V) Diversity (D) and Joining (J) (VDJ) immunoglobulin gene segments code for the
variable region of the immunoglobulin, which will engage with antigen. Rearrangement
of the VDJ immunoglobulin gene segments enables the generation of highly variable
antigen receptors, pre-B cell receptors (BCR), that are capable of recognising
numerous different antigens. Enzymes called RAG1 and RAG2 initiate this process by
introducing double strand breaks in the DNA which is then repaired by non-
homologous end joining (Oettinger et al., 1990). Large pre-B cells downregulate the
expression of the pre-BCR in order to progress to a resting small pre-B cell. Light chain
rearrangement occurs and expression of a functional BCR with both a heavy and light
chain, known as an immature B cell exits the bone marrow to the peripheral blood and
secondary organs. There are two classes of light chain that can be selected by the B
cell; kappa (k) or lambda class (A). Mature, naive B cells circulate until they are
exposed to antigen within the microenvironments of the lymph nodes and spleen which
trigger their maturation into B cell subsets including germinal centre, follicular and

marginal zone B cells (Figure 1.5).



Fc binding

Figure 1. 4 The structure of an immunoglobulin molecule. The immunoglobulin is composed of two
light (orange) and two heavy (blue chain) chains. These chains combine to create a Fab region linked to a
constant Fc region by disulphide bonds. The light and heavy chain have constant (Cyand C.) and variable
(Vw and V) regions. The complementarity-determining regions (CDRs) of the variable regions bind antigen
(adapted from (Hansel et al., 2010)).

The lymph node is composed of a cortex that contains primary follicles. When B cells
encounter antigen and begin to proliferate, these primary follicles become secondary
follicles or germinal centres. Signals received from the germinal centre B cells gives
rise to activated and differentiated memory B cells and plasma cells (Klein and Dalla-
Favera, 2008). Signal transduction through the BCR, T cell interactions and cytokines
triggers class-switch recombination. Nine functional heavy chain (CH) switch gene
regions are located downstream from the VDJ loci which encode separate domains,
termini or hinges. Different expression of these CH gene segments can result in a
switch of immunoglobulin isotype from IgM/IgD to IgG, IgE or IgA while maintaining the
specificity for antigen. The choice of isotype is dependent on the type of antigen,
signalling pathways activated by the antigen and signals from the microenvironment.
Different isotypes determine the mode of antigen capture and mechanism of
elimination, for example IgM is involved in the primary immune response to pathogen
and is secreted as a pentamer that can opsonize or coat pathogens for killing by
complement (Bjornson and Detmers, 1995). After exposure to antigen, B cells also
undergo somatic hypermutation (SHM) which involves the introduction of a large
number of point mutations in the V genes of both the heavy and light chains at a
frequency of 10 to 10™ base pairs per generation (Honjo et al., 2002). This results in B
cells with a hugely diverse immunoglobulin repertoire (Liu et al., 1989). Although rare,

it has also been reported that SHM can occur independent of T cell interaction, outside



of the germinal centres (William et al., 2002). Stimulated B cells rapidly respond to

antigen and differentiate into antibody producing plasma cells or memory B cells.

Malignant transformation can occur at different steps in this maturation process
resulting in different disease types (Fig 1.5). Genetic mutations and chromosomal
translocations in the pre-B cell can result in B-cell derived acute lymphocytic leukaemia
(ALL) (lacobucci et al., 2012). Malignant transforming events in circulating mature B
cells within the follicle that have not encountered antigen is thought to result in mantle
cell lymphoma (MCL) (Kuppers, 2005). While germinal B cells that have encountered
antigen give rise to a number of Non-Hodgkin’s lymphomas, including diffuse large B
cell lymphoma (DLBCL), Burkitt's lymphoma and follicular lymphoma, and are
characterized by mutations in the V gene segments of the immunoglobulin heavy chain
genes. Multiple myeloma is derived from antibody secreting plasma cells of the
germinal centre.

Although the cell of origin for CLL is controversial, CLL is thought to develop at two
points of B cell development resulting in two different subtypes of the disease (Ghia
and Caligaris-Cappio, 2006, Chiorazzi and Ferrarini, 2011). As discussed, B cells that
encounter antigen undergo somatic hypermutation of their immunoglobulin heavy chain
variable region (IGVH). CLL with mutated IGVH is thought to be derived from germinal
or post-germinal centre B cells that have undergone SHM (Stevenson et al., 2001)
while unmutated IGVH CLL is derived from circulating mature B cells within the follicle
that have not encountered antigen or undergone SHM.
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1.2 Chronic Lymphocytic Leukaemia

Chronic lymphocytic leukaemia (CLL) is classified clinically as a lymphoproliferative
disorder characterised by the accumulation of small, round, immunophenotypically
distinct B-lymphocytes in the peripheral blood, bone marrow, lymph nodes and spleen.
The age and sex adjusted incidence rate of CLL in Europe is 4.92 per 100,000 with
over 12,000 cases being diagnosed each year (Sant et al., 2010). CLL is diagnhosed
through blood counts, immunophenotyping and blood smears. A count of >5000/ul B
lymphocytes in the peripheral blood with specific immunophenotypic signature,
including the expression of antigens CD19, CD23 and CD20, the T cell antigen CD5
and clonal light chain restriction to kappa or lambda on B cells, are the diagnostic
criteria for CLL (Scarfo et al., 2016). CLL cells also express lower levels of B cell
receptor signalling subunit CD79b, CD20 and immunoglobulin than their normal
counterparts (Eichhorst et al., 2015, Alapat et al., 2012). Additional cell surface
markers detected by flow cytometry used in CLL prognostication include CD38 and
CD49d. CD38 is a surface glycoprotein whose expression in CLL is associated with a
poorer prognosis (Damle et al., 1999). CD49d is the a4 subunit of the a4f31 integrin, a
molecule involved in adhesion and its expression is associated with unfavourable
prognosis in CLL (Gattei et al., 2008). A cut-off of 30% is applied to both CD38 and
CD49d expression in CLL (Zucchetto et al.,, 2012, Bulian et al., 2014, Gattei et al.,
2008, Matrai, 2005).

Lymphocytes in the blood smear appear small and mature with very little cytoplasm,
compacted nuclei, aggregated chromatin and no discernible nucleoli. Larger
prolymphocytes are also present with the presence of >10% associated with a more
aggressive disease (Hallek et al., 2008, Melo et al., 1986, Eichhorst et al., 2015).
Monoclonal B lymphocytosis is a precursor condition of CLL that progresses to CLL at
a rate of 1-2% per year (Rawstron et al., 2008). MBL can be defined as ‘high count
MBL’ or ‘low count MBL’ depending on lymphocyte count in the peripheral blood in the
absence of lymphadenopathy, organomegaly or cytopenias from bone marrow
infiltration by the 2016 WHO Classification guide (Marti et al., 2005, Swerdlow et al.,
2016). High count MBL requires routine follow up and is similar to very early stage CLL

in phenotype and genetic profile.

Clinically, CLL can present as a stable, indolent form of the disease requiring no
immediate intervention to an aggressive life-threatening form requiring treatment (Zenz
et al., 2010). The Rai and Binet clinical staging systems are used to describe three

major prognostic groups with distinct clinical outcomes (Rai et al., 1975, Binet et al.,
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1977). These systems centre on two parameters, physical examination and complete
blood cell count. The Rai system classifies patients according to: low, intermediate and
high risk: low risk presenting with lymphocytosis in the peripheral blood and or bone
marrow infiltration; intermediate risk also with the presence of lymphadenopathies or
splenomegaly; and high risk with thrombocytopenia and or anaemia. The Binet staging
system introduced in 1977 determines 3 risk categories based on complete blood cell
counts and lymph node involvement by physical exam. Binet stage A includes patients
with up to 2 lymphoid sites involved but no thrombocytopenia or anaemia, stage B
greater than 2 lymphoid sites involved with no thrombocytopenia or anaemia and stage
C the presence of anaemia and or thrombocytopenia aside from the involvement of
lymphoid sites. Generally newly diagnosed asymptomatic patients (Rai 0, Binet A
stage) are monitored with no intervention until there is evidence of disease
progression. In patients that are Rai intermediate or high risk and Binet B or C
treatment is usually initiated; however, some may be monitored until their disease
progresses or they become symptomatic. 5-10% patients with CLL will progress to
Richter’s transformation, the development of aggressive lymphoma, normally diffuse
large B cell lymphoma (DLBCL), which is associated with very poor prognosis
(Jamroziak et al., 2015).

The cause/causes of CLL have not been identified however some risk factors have
been suggested. Genetic predisposition is a known risk factor with a family history of
haematological malignancies increasing relatives’ risk of developing CLL by 2-to-8 fold
(Slager et al., 2013, Slager et al., 2014). Lifestyle and occupational factors have also
been suggested to have a link to increased risk of CLL diagnosis, including exposure to
chemicals such as formaldehyde and benzene, working in the rubber manufacturing

industry (Baan et al., 2009) and farming (Slager et al., 2014).

1.3 The Biology of CLL

A major breakthrough in determining the prognosis of CLL came with the discovery of
two prognostic subgroups based on the mutational status of the immunoglobulin. The
immunoglobulin complexes noncovalently to signal transducing heterodimers CD79a
and CD79b to form the B cell receptor (Dylke et al., 2007). As described in section
1.1.1, normal, mature B cells express a BCR composed of a pair of heavy chain and
light chain immunoglobulins. The class of heavy chain (a, 9, €, y, o) determines the
isotype of the antibody (IgA, IgD, IgE, 1gG, IgM), which in the case of normal B cells is

usually 1gG or IgM expressed on the surface. The immunoglobulins express a unique
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antigen binding site as a result of somatic hypermutation and rearrangement of
immunoglobulin VID genes. Analysis of IGVH gene rearrangements in CLL show
unmutated IGVH genes (UM-IGVH) are found in 45-50% of CLL patients and are
associated with a poorer prognosis and mutated IGVH genes (M-IGVH) being
associated with indolent disease which normally requires less treatment and is less
aggressive (Hamblin et al., 1999, Oscier et al., 2002, Hamblin et al., 2000, Damle et al.,
1999). >98% sequence homology with the germline is used to distinguish between M-
IGVH CLL and UM-IGVH CLL. The exact mechanism by which the BCR is stimulated
in CLL and the type of antigen that activates it is not known but a number of antigens
have been suggested. UM-IGVH have been shown to have polyreactive BCRs that can
recognise and bind multiple motifs on apoptotic cells and bacteria (Herve et al., 2005,
Catera et al., 2008, Lanemo Myhrinder et al.,, 2008), while M-IGVH have more
restricted reactivity and recognise motifs from yeast and fungi (Hoogeboom et al.,
2013).

The importance of the BCR and a role for antigen recognition in CLL pathogenesis is
suggested by the fact that 1% of CLL have identical immunoglobulins and ~30% of CLL
carry stereotyped BCRs, whereby BCRs from completely unrelated patients have
similar gene segment usage in their antigen receptors (Agathangelidis et al., 2012,
Messmer et al.,, 2004). Furthermore, certain subsets of stereotyped BCR respond to
specific antigen, such as subset 6 which responds to myosin heavy chain Il expressed
in apoptotic cells (Chu et al.,, 2010), and certain viral antigens are associated with
specific subsets, such as hepatitis C with subset 13 (Kostareli et al., 2012) and
Epstein-Barr with subset 4 (Kostareli et al., 2009) These subsets can further inform on
prognosis, for example M-IGVH that are subset 2 carrying IGHV3-21, show an
aggressive clinical course similar to UM-IGVH CLL (Baliakas et al., 2015a).

Tonic signalling also contributes to CLL pathogenesis as several kinases remain
activated in the absence of antigen stimulation; it been suggested that stimulation
occurs autonomously by recognition of an epitope within the BCR itself (Binder et al.,
2013) (Duhren-von Minden et al., 2012). The role of this autonomous signalling is not
clear and does not reconcile with the differences in clinical outcome between M-IGVH
and UM-IGVH CLL; however, autonomous signalling may work in combination with
signalling by non-self antigens.

In normal B-cells, the BCR is utilized to promote proliferation, differentiation and the
production of antibodies (Tsubata and Wienands, 2001). In comparison to normal B
cells, BCR expression in CLL is considerably lower (Vuillier et al., 2005). In addition to
this, the several subunits that comprise the BCR complex undergo dysfunctional folding

and assembly in CLL cells compared to normal B cells (Payelle-Brogard et al., 2002). A
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cascade of signalling events are triggered through activation of the BCR, discussed
further in section 1.7.2, initiating a number of pro-survival pathways that result in cell
proliferation, survival, migration and inhibition of apoptosis (Herishanu et al., 2011).
Studies have shown that the ability of CLL subsets to signal through the BCR is
different from normal B cells. M-IGVH CLL have a decreased signalling capacity and
typically BCR signalling results in anergy (Packham et al., 2014). UM-IGVH retain
capability to signal through the BCR and engagement of the BCR by antigen enables

strong signalling that can result in anergy or proliferation.

1.4 The genetic landscape in CLL

In addition to IGVH mutational status, a plethora of prognostic markers can inform on
prognosis, including cytogenetic abnormalities and genetic mutations. Fluorescence in
situ hybridization (FISH) studies have revealed cytogenetic abnormalities in ~80% of
CLL cases (Dohner et al., 2000). The most common cytogenetic abnormality is deletion
1314 (del(13q)), occurring in in 50% of CLL cases resulting in loss of MIR15A and
MIR16A, which function in the regulation of expression of apoptotic and cell cycle
genes BCL2, cyclinD1 and cyclinD3 (Cimmino et al., 2005). Del (13q) alone is normally
characterized by a benign course of the disease and favourable prognosis. Deletions in
the long arm of chromosome 11, 11923 (del (11q)) occur in 10-20% of patients,
depending on disease stage, and are a negative prognostic marker in CLL. This
aberration results in deletion of the DNA damage response kinase and tumour
suppressor encoding ATM gene (Dohner et al., 1997, Stankovic et al., 1999). Larger
deletions of 11g can also cover areas encoding for the negative regulator of NFkB,
BIRC3, located near the ATM gene at 11g22. Loss of BIRC3 is associated with a loss
of sensitivity to chemotherapy and poor prognosis (Rossi et al., 2012). Trisomy 12 is
the third most frequent chromosomal abnormality, detected in 5-20% of CLL. Initial
studies associated trisomy 12 with an aggressive clinical course (Matutes et al., 1996,
Oscier et al., 1990); however, further studies have classified it as a marker of
intermediate and even low risk disease (Dohner et al., 2000, Rossi et al., 2013c,
Gunnarsson et al., 2011). Trisomy 12 occurs early in CLL evolution and is thought to
be a driver mutation facilitating secondary mutations in genes such as TP53 (Landau et
al., 2013, Falisi et al., 2014). Although the functional effects of Trisomy 12 are not fully
known, it is thought to effect the expression of cell cycle regulators p27, and CDK4 and
the negative regulator of p53, MDM2 (Winkler et al., 2005). Deletions in 17p13

(del(17p)) are found in 5-8% of treatment-naive patients, increasing to 30% in
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refractory CLL and results in deletion of the TP53 tumour suppressor gene. Del(17p) is
the poorest prognostic marker for CLL (Dohner et al., 2000). Del(17p) is one of the
most commonly acquired abnormality after treatment and patients who acquire the
deletion have a worse survival outcome compared to those with the de novo deletion
(Tam et al., 2009). Patients with del(17p), in most cases, do not respond to DNA
damaging chemotherapy agents, such as fludarabine and cyclophosphamide (Dohner
et al., 1995), and also have shorter responses to monoclonal antibody treatments
(Hallek et al., 2010) and kinase inhibitors (Farooqui et al., 2015, Byrd et al., 2013). The
only current potentially curative option for patients with high-risk del(17p) that do not
respond to therapy is haematopoietic stem cell transplantation (HSCT) (Dreger et al.,
2007). Due to the discovery of a number of these biological and genetic variables that
can add prognostic information, recently a new prognostic index, CLL international
prognostic index (CLL-IPI) has been developed. CLL-IPI defines four groups, low,
intermediate, high and very high risk groups based on five independent factors: clinical
stage, using Rai and Binet classification; age; B2 microglobulin concentration; IGVH
mutational status and TP53 status (Hallek, 2017).

Whole genome/exome sequencing has recently revealed additional mutations leading
to a larger genetic signature for CLL. These include mutations in TP53, NOTCH1,
SF3B1, MYD88 and BIRC3 (Puente et al., 2011). Although the poor prognosis
associated with del(17p), mentioned above is well known, it has also emerged that
mutations in TP53 are equally as unfavourable as deletions in CLL (Rossi et al., 2009).
Mutations in the TP53 gene have been found in 4-35% of CLL cases (Zenz et al.,
2008) and are an independent predictor of chemorefactoriness, rapid disease
progression and poor survival. (Rossi et al., 2009). Although the other mutations have
been used to predict prognosis, their role in predicting response to therapy is still being

investigated

NOTCH1 mutation distribution varies across the clinical phases of CLL, increasing with
disease aggressiveness, being found in 12% of patients with newly diagnosed CLL
patients, increasing to 20% of patients with relapsed and progressive CLL, and further
to 30%-40% in CLL patients progressing to Richter's syndrome. NOTCH1 mutations
are indicative of a poor prognosis with shorter time to treatment and overall survival
(Puente et al 2011, Oscier et al 2013, Rossi et al 2013, Fabbri et al 2011). NOTCH1 is
a member of a family of typel transmembrane receptors that are activated by Delta
and Serrate/Jagged (DSL) ligands, cleaved by ADAM and y-secretase proteases and,

upon translocation of the intracellular portion to the nucleus, alter target gene
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expression, including transcription factors, c-myc and NFkB (Vilimas,T. et al. 2007) and
cell cycle genes p21 and Cyclin D1 (Ronchini,C. etal. 2001). 80% of NOTCH1
mutations in CLL are represented by a two base pair frameshift deletion (c.7544-754
5delCT). This two base pair deletion results in a NOTCH1 protein lacking a C-terminal
PEST domain, a region involved in the proteasomal degradation and signal
suppression of the protein, thought to result in a stable active isoform of NOTCH1
(Puente et al 2011, Di lanni et al 2009, Sportoletti et al 2010, Willander et al 2013).
Mutations in non-coding regions of NOTCH1 occur in 2% of untreated patients
(Larrayoz et al., 2017). A number of studies show NOTCH1 mutations correlate with
high CD38 expression, trisomy 12 and UM-IGHV genes (Balatti et al 2011, Oscier et al
2013, Jeromin et al 2014). Studies have reported different results on the occurrence of
NOTCHL1 in combination with other mutations. The association of NOTCH1 and TP53
is controversial. Jeromin et al (2014) and Weissmann et al (2013) reported a significant
association between NOTCH1 and TP53 mutations. However, Rossi et al (2012)
reported that NOTCH1 mutations tend not to occur in those patients with TP53
mutations. This difference may be due to different patient cohorts or different methods
for detecting NOTCH1 and TP53 mutations. Rossi et al (2012) showed the effect of
NOTCH1 mutations on overall survival was similar to patients carrying a mutation or
deletion in TP53.

The occurrence of Splicing Factor 3b subunit 1 (SF3B1) mutations ranges across
studies with incidence of 3%-10% in newly diagnosed, untreated CLL patients and is
associated with poor prognosis in CLL (Jeromin et al., 2014, Quesada et al., 2012).
SF3B1 mutations effect subunits of the spliceosome which removes intron sequences
from pre-mRNA transcripts to produce mature mRNA resulting in abnormal splicing in
CLL (van der Feltz et al 2012). (Schwaederlé et al 2013, Quesada et al 2012, Oscier
et al 2013). SF3B1 mutations are associated with the 11g chromosomal deletion
(Quesada et al 2012, Jeromin et al 2014), correlate with unmutated immunoglobulin
status and are mutually exclusive to TP53 mutations (Schwaederlé et al, Rossi et al
2011(Jeromin et al., 2014).

Mutations in Baculoviral IAP repeat-containing protein 3 (BIRC3) are relatively rare in
CLL occurring in 2-4% newly-diagnosed CLL cases (Rossi et al., 2013b) increasing to
25% of cases in fludarabine chemorefractory CLL. BIRC3 disruption is associated with
unfavourable prognosis in CLL (Rossi et al., 2012). BIRC3 regulates the NFkB pathway
through negative regulation of MAP3K14, an activator of non-canonical NFkB pathway.

Inactivation of BIRC3 results in proliferation and resistance to apoptosis (Zarnegar et
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al., 2008, Conze et al.,, 2010). BIRC3 mutations are associated with del(11q) and
trisomy 12 and occur mutually exclusively to del(17p) and TP53 mutations (Cortese et
al., 2014, Baliakas et al., 2015b).

MYD88 mutations are found in 3-5% of CLL (Puente et al., 2011), and are associated
with a favourable outcome (Martinez-Trillos et al.,, 2014, Landau and Wu, 2013).
MYD88 is an adaptor protein for the IL1 receptor, IL1R. Signalling through the IL1-
R/TLR signalling pathway results in the phosphorylation of MYD88 and ultimately the
activation of NFkB. Mutations in MYD88 are associated with M-IGVH and low CD38

expression.

These mutations (table 1.2) do not occur in isolation and patients carrying multiple
mutations have a poorer prognosis (Guieze et al., 2015). CLL cells can undergo clonal
evolution, developing additional mutations leading to heterogeneous populations of
genotypically distinct CLL cells after drug treatment. These additional mutations can
lead to relapse and give rise to subclones that can be more aggressive and treatment
resistant. Clonal evolution has been investigated in CLL and two common types of
clonal evolution have been described, one in which a single subclone acquires
additional driver mutations over time and secondly branched clonal evolution where
two or more genetic subclones co-exist. In branched clonal evolution, some of the
subclones that develop have been shown not to be present at diagnosis (Schuh et al.,
2012, Ojha et al., 2015, Ouillette et al., 2013, Landau et al., 2013).
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Table 1. 2 Cytogenetic abnormalities and mutations in Chronic Lymphocytic Leukaemia.

Cytogenetic Occurrence Prognosis References
abnormality/ in CLL at
Mutation diagnosis
Favourable if sole
Del(13q) 50% cytogenetic (Dohner et al., 2000)
aberration detected
Del(11q) 10-20% Poor (Dohner et al., 1997)
Controversial, poor, | (Matutes et al., 1996, Oscier et al.,
Trisomy 12 5-20% intermediate and | 2002, Rossi et al, 2013a,
low risk Gunnarsson et al., 2011)
Del(17p) 5-8% Poor (Dohner et al., 2000)
TP53 mutation 4% Poor (Rossi et al., 2009)
NOTCH1 mutation 12% Poor (Puente et al., 2011, Oscier et al.,
2013)
SF3B1 mutation 3-10% Poor (Quesada et al.,, 2012, Jeromin et
al., 2014)
MYD88 mutation 3-5% Favourable (Landau and Wu, 2013, Martinez-
Trillos et al.,, 2014, Rossi et al.,
2012)
BIRC3 mutation 2-4% Poor (Rossi et al., 2012)
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1.5 B-cell homing and migration

B-cell trafficking to and from the blood vessels into the secondary lymphoid organs is a
multistep process which involves a network of molecules, chemokines, integrins and
selectins. This recirculation process is crucial to maintaining effective immune
surveillance as it facilitates the search for, and presentation of, foreign antigens.
(Gowans and Knight, 1964) and (Marchesi and Gowans, 1964) first showed evidence
of this recirculation by transfusing radioactively labelled lymphocytes into rats and
tracking their migration to the lymph nodes across the high endothelial venues (HEVS).
Dendritic cells and naive T and B cells enter via the HEVs, specialised blood vessels
containing a thick basal lumina, prominent perivenular channel and a plump and tall
endothelial cell layer (von Andrian, 1996). These morphological features along with the
expression of a distinct set of genes distinguish these vessels from normal venules and
allow for the trafficking of lymphocytes to the secondary lymphoid organs. HEVs are
normally only found in lymphoid organs (excluding the spleen) but malignancy can
cause their development in non-lymphoid tissues, resulting in the infiltration of high
numbers of lymphocytes to these tissues (Martinet et al., 2011). After exposure to
antigen, activated dendritic cells enter through the HEVs in response to chemokines,
especially CCL21 where they reside in the paracortex, close to the HEVSs. It is thought
that here they present antigen to naive T and B cells coming through the HEVs
(Wendland et al., 2011, Moussion and Girard, 2011). Lymphocyte trafficking to the
secondary lymphoid organs through the HEVs occurs broadly in three steps, entry to
the HEVs, migration to T- and B-cell zones and exit from the lymphatic system. A
number of protein families, in particular selectins and integrins expressed on the
homing Ilymphocytes, and sialylated carbohydrates, integrin ligands and
chemoattractants expressed in the HEVs are crucial to the migration process. Initial
adhesion and migration to the HEVs occurs as a multistep adhesion cascade (Figure
1.6). Carbohydrate and mucin-like molecules line the HEVs and are recognized by
selectin molecules expressed on homing lymphocytes. Mucins are heavily O-
glycosylated serine- and threonine-rich proteins that are sulphated, fucosylated and
sialyated then expressed in the HEVs. These include glycosylation-dependent cell
adhesion molecule 1 (GLYCAM1), CD34, nepmucin, podocalyxin and endomucin
(Rosen, 2004, Umemoto et al., 2006). The initial interactions between lymphocytes and
HEVs occur through the binding of CD62L to its recognised ligands CD34, GlyCAML1 or
nepmucin and in particular to the carbohydrate moiety 6-sulpho siayl Lewis X. This
interaction allows the slowing and rolling of lymphocytes along the endothelial layer

and is the start of a multistep migration cascade. Chemokines within the HEV activate

19



integrins which mediate the sticking of lymphocytes to HEV endothelial cells. Follicular
dendritic cells (FDC) and fibroblastic reticular cells (FRC) express CXCL12 and
CXCL13 which form a chemokine gradient to attract lymphocytes towards the lymph
nodes. Naive B cells express both CXCR4 and CXCRYS5, the receptors for CXCL12 and
CXCL13 (Miyasaka and Tanaka, 2004). Engagement with these chemoattractants
results in the activation of integrins, such as lymphocyte function-associated antigen- 1
(LFA-1 or CD11a/CD18), which causes lymphocyte arrest by binding to intracellular
adhesion molecule- 1 and 2 (ICAM-1 and ICAM-2) expressed on endothelial cells
(Lawrence and Springer, 1991). After initial adhesion, additional integrins that
strengthen the adhesion of lymphocytes to the endothelial cells include integrins
CD11b/18, CD11c¢/18 and CD49d. Lymphocytes then transmigrate between endothelial
cells in a process called diapedesis using later adhesion molecules including CD38 and
CD31 (Kinashi, 2005). T cells migrate to the paracortex, directed by CCL21 and CCL19
expressed by T cell zone FRC, allowing T cell accumulation. B cells also interact with
FCR of T cell zone and migrate towards CXCL13 produced by FDC before entering B
cell follicles (Bajenoff et al., 2006). Follicular B cells roll along FDCs in the centre of
the follicle, which present antigens to the B cells, or travel along the marginal reticular
stromal cells, spending approximately 24 hours in the lymph node in mouse models
(Mueller and Germain, 2009, Roozendaal et al., 2009). Immature lymphocytes that
have not experienced their specific antigen leave the lymph node through the efferent
lymphatic system and return to the circulation. The trafficking of CLL cells between the
peripheral blood and secondary lymphoid organs is important in the pathogenesis of
CLL. CLL cells are found to migrate to structures similar to secondary follicles (where
normal B cells differentiate and proliferate), but these structures are called
pseudofollicles or proliferation centres (PC) and they differ morphologically to their
normal counterpart (Ratech et al.,, 1988). Although the mechanism of CLL cells
recirculation between these microenvironments is not as clearly defined as normal B
cell migration, a number of studies have emerged, modelling CLL migration. These
studies suggest there are phenotypically distinct subpopulations of CLL cells primed to
home to lymph node microenvironment. Calissano et al. showed, using in-vivo
deuterium labelling of CLL cells, that subclones of CLL cells exist, a proliferative
compartment that are CXCR4“™ CD5" that have just emigrated from the lymph node
and a resting compartment that are CXCR4"9" CD5%™, |n addition to this, a shear force
model of CLL cells interaction with endothelial cells and showed subpopulations of CLL
cells with a propensity to migrate below the endothelial cell layer had higher levels of
CD38 and CD69 (Walsby et al., 2014). They also showed that expression of CD49d

correlated with CLL cells propensity to migrate and a better ability to activate T cells.
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They suggest these cells are a subpopulation of CLL cells, similar to cells taken directly
from the lymph nodes, that are primed to migrate (Pasikowska et al., 2016). As
discussed below, the molecules mentioned here that are key to normal B cell migration
are also thought to control CLL cell migration to the pseudofollicules within the lymph

nodes.
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Figure 1. 6. Multistep process of lymphocyte adhesion and migration. Lymphocytes under shear flow
initially begin to roll and tether using selectin molecules such as the selectin, CD62L. After adhering to the
endothelial cell layer chemokines (CXCL12) activate integrins and integrins (CD49d) and further adhesion

molecules (CD31) enable the adhesion and transmigration of lymphocytes (Kinashi, 2005).

1.5.1 Important Molecules in CLL cell homing and migration

1.5.1.1 Chemokines

Chemokines and their respective receptors are key factors in the organization, homing
and communication between CLL and accessory cells. Chemokines have two
important roles in creating the tumour microenvironment. Firstly, chemokines secreted
by CLL cells, in response to external signals, such as CCL3, CCL4, CCL22 and IL8 can
recruit accessory cells, such as T-cells and other immune cells, which support the
proliferation and survival of CLL cells. Secondly, chemokines are secreted by stromal
cells which play an important role in the chemotaxis and organization of CLL cells in
the microenvironment. Important chemokines in the homing of CLL cells include
CCL19, CCL21, CXCL9, CXCL10, CXCL12 and CXCL13. (Burger et al., 2009) (Davids
and Burger, 2012). A characteristic chemokine receptor profile is seen on CLL cells
and two of the most characterised of these are CXCR4 and CXCR5 and their
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respective ligands CXCL12 and CXCL13. CXCL13 is a ligand known to act through the
CXCR5 receptor (Widney et al.,, 2010). CLL cells express high levels of CXCR5 on
their surface. Stromal cells in the lymph node secrete CXCL13, recruiting CLL and
normal lymphocytes to the lymph node (Allen et al.,, 2004). CXCR5 and CXCL13,
along with CCL19/CCR7 have been shown to play a role in the inhibition of apoptosis
of B-CLL cells (Chunsong et al., 2006) through the inhibition of ERK1/2 and AKT/GSK3
pathways (Ticchioni et al., 2007). The engagement of CXCR5 activates downstream
pathways involving PI3Kinase and MAP kinases which, results in actin polymerization

and activation of integrins allowing chemotaxis to occur (Burkle et al., 2007).

CXCL12 is a ligand that elicits its effect via the CXCR4 receptor. CXCR4 is a G-
coupled protein receptor involved in the normal processes of haematopoiesis,
development and organisation of the immune system. CXCR4 is expressed on a
number of cells, haematopoietic and non-haematopoietic (Murphy et al., 2000). CLL
cells in the peripheral blood express CXCR4 at high levels on the cell surface and have
been shown to migrate underneath CXCL12 secreting stromal cells in coculture.
CXCR4 expression in CLL cells is lower in the lymph nodes and bone marrow because
CXCL12 stimulation mediates CXCR4 endocytosis (Ghobrial et al., 2004). Bone
marrow stromal cells secrete CXCL12 to form a gradient and activate CXCR4 on CLL
cells. Activation of CXCR4 initiates downstream pathways involved in cell growth, such
as MAP kinase-(ERK1/2), PI3K and STATS3 to increase the survival of CLL cells in
addition to actin polymerization and migration across vascular endothelium (Burger et
al., 1999, Bleul et al., 1996). CXCL12 functions in controlling the trafficking of mature B
lymphocytes through the HEV to the lymph nodes and positions them within germinal
centres (Allen et al., 2004), and also in directly inducing a prosurvival effect in CLL cells
(Burger et al., 2000). Due to its role in CLL cell protection and chemotaxis, CXCR4 has
been considered as a therapeutic target (Burger et al., 2005). CXCR4 antagonists such
as Plerixafor (AMD3100) and T140 analogs, can mobilize leukaemia cells from their

protective microenvironment by disrupting this pathway (Burger et al., 2009).

1.5.1.2 Selectins

Selectins are crucial molecules in the initiation of the multistep adhesion cascade that
enables the migration of lymphocytes through the HEVs to the lymph nodes. The
selectin family are single chain glycoproteins composed of an N-terminal C-type lectin
domain, an epidermal growth factor-like domain, a transmembrane domain, a series of

tandem repeats and a cytoplasmic tail (Kansas, 1992). The selectin family consists of
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CD62P (P-selectin), CD62E (E- selectin), and CD62L (L-selectin). CD62P is expressed
on activated platelets, both CD62P and CD62E are expressed on endothelial cells, and
CD62L is expressed by all leukocytes. The three selectins bind to siayl Lewis X
moieties on their respective ligands. CD62P and CD62L are very efficient at tethering
cells under high fluid velocities while CD62E mainly supports rolling at very low flow
rates (Kunkel and Ley, 1996).

The most important selectin in initiating the adhesion and migration of lymphocytes is
CD62L. CD62L mediates cell-cell interactions through shear and catch bonds with its
ligands GIlyCAM-1, Spg200, CD34, MADCAM-1, ESL1 and PSGL1 expressed on
endothelial cells (Mebius et al.,, 1993, Baumheter et al., 1993, Berg et al., 1993,
Nicholson et al., 1998). CD62L can be soluble or membrane bound and contains a
unigue cleavage site that is cleaved by ADAMS17/TACE (Tu et al., 2002, Zhao et al.,
2001). CD62L also functions as a signal-transducing molecule, mediating the activation
of integrins that increase adhesion to the endothelium further (Steeber et al., 1997).
There is variable expression of CD62L on CLL cells and it has been shown to be
aberrantly glycosylated (Long et al., 2010, Prystas et al., 1993). In CLL, a critical role
for CD62L in the adhesion of CLL cells to the walls of the HEV and migration to the
lymph nodes has been demonstrated in vivo (Lafouresse et al., 2015). CD62L has also
been shown to have a potential prosurvival role in CLL as CD62L blocking antibodies
resulted in the induction of apoptosis in CLL cells (Burgess et al., 2017). It appears
CD62L has a key role in CLL cell migration to the lymph nodes and interfering with
CD62L-mediated CLL trafficking could therefore represent a novel therapeutic strategy
in CLL.

1.5.1.3 Integrins

Integrins are a family of glycoproteins composed of a and [ subunits that are
expressed on CLL cell surface and are activated after chemokine and stromal cell
contact, mediating CLL cell migration (Maffei et al., 2012). Key integrins in CLL cell
migration include VLA4 and the CD11/CD18 family of integrins. VLA4, a heterodimer of
a4 (CD49d) and B1(CD29) adheres to VCAM-1 on endothelial cells and fibronectin, a
component of the extracellular matrix (ECM) (Elices et al., 1990) (Guan and Hynes,
1990) (Yago et al., 1997). CLL cells express variable but reduced VLA4 expression
compared to normal B cells (Hartmann et al., 2009) but, despite its lower expression,
VLAA4 is functional in CLL. VLA4 plays a key role in mediating the adhesion of CLL cells
to other accessory cells such as bone marrow stromal cells and the ECM resulting in
their retention in the microenvironment (Burger et al., 2001). This VLA-4 dependent

migration has been shown to be driven by autocrine VEGF production, a critical
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requirement for CLL but not normal chemokine-mediated B cell migration (Till et al.,
2005). Engagement of VLA4 by its ligands activates CLL cell signalling pathways cells
resulting in the expression of transcription factors which promote cell-cycle
progression, cell survival and reorganization of the cytoskeleton (Kumar, 1998).

Integrin alpha subunits (CD11a, CD11lb and CD11c) dimerizes with the 32 subunit
(CD18) to form molecules that bind fibrinogen (Postigo et al., 1991), ICAM-1
(Blackford et al., 1996) and ICAM-4 (lhanus et al., 2007) which are expressed on
endothelial cells (Berlin-Rufenach et al., 1999). CLL cells express this family of proteins
and high expression of CD11c has been seen in CLL patients with splenomegaly
suggesting it may have a role in migration of CLL cells to or retention within the spleen
(Hanson et al., 1990).

24



1.6 The microenvironment in CLL

The protective tumour microenvironment encompasses the bone marrow and
secondary lymphatic tissues, including the lymph nodes and spleen. Most of the cells
located in the peripheral blood are arrested in GO/G1 stages of the cell cycle and
proliferation occurs in pseudofollicles in the microenvironments of the lymph nodes or
bone marrow. The importance of the microenvironment is shown by the fact once
removed from the body, CLL cells undergo rapid apoptosis in vitro (Collins et al., 1989);
however, this spontaneous apoptosis can be inhibited by a variety of coculture models
such as stromal cells or fibroblasts (Shanafelt et al., 2008, Lagneaux et al., 1998).
Clinically, it is often observed that, in response to chemotherapy, CLL cells in the lymph
nodes and bone marrow are protected and persist (Burger et al., 2009, Burger and
Gribben, 2014). It is thought that the subset of malignant cells that persist, protected in
the microenvironment, are subjected to the stress and selective pressure of therapies,
resulting in the recurrence of more complex, resistant and aggressive disease (Meads
et al.,, 2009, Shain et al., 2015). CLL cells within the lymph nodes and bone marrow
interact with the stromal cells, T-cells and the extracellular matrix (ECM) in a number of
complex interactions whereby CLL cells influence and shape their microenvironment
(Figure 1.7). These protective niches provide pro-survival signals, enable the cells to
survive, proliferate and replenish while also conferring drug resistance, (Burger et al.,
2009) making targeting microenvironmental interactions a promising therapeutic target
in CLL.
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Figure 1. 7 The microenvironment in CLL. The microenvironment is composed of bone marrow stromal
cells (BMSC), monocyte-derived nurse like cells (NLC), T cells, Follicular Dendritic Cells (FDC) and
endothelial cells. Complex bi-directional crosstalk between CLL cells and cells of the microenvironment
occurs through chemokine networks (CXCL12/CXCR4) and adhesion molecules (CD49d/VCAM) and other
signalling molecules such as the B Cell Receptor (BCR) (Fabbri et al, 2016).

1.6.1 Cellular components of the CLL microenvironment

The main cellular players of the CLL microenvironment include bone marrow stromal
cells (BMSC), monocyte-derived nurse like cells (NLC), T cells (Burger, 2011) and NK
cells. Mesenchymal stromal cells (MSC), such as bone marrow stromal cells (BMSC),
were the first stromal cell type found to contribute to CLL cell survival and proliferation
(Panayiotidis et al., 1996). In CLL, BMSC provide growth factors and attachment sites
to hematopoietic precursor cells to create this protective environment for the CLL cells.
CLL cells have a high affinity for BMSC and contact with BMSC has been shown to
protect CLL cells from both spontaneous and drug-induced apoptosis (Lagneaux et al.,
1998). Pseudoemperipolesis, the rapid adhesion and migration of CLL cells beneath
BMSC, is seen with the co-culture of CLL cells and BMSC (Burger et al., 1999). CLL
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cell cross-talk with BMSC is bi-directional and contact with CLL cells (Ding et al., 2010)
(Lutzny et al., 2013) results in the activation of NFkB and PKCf, signalling molecules
critical to BMSC function of supporting CLL cell survival. CLL secreted exosomes
containing protein and mRNA can also activate BMSC, resulting in an increase
proliferation and cytokine production (Paggetti et al., 2015). MSC are also present
outside of the bone marrow in other lymphoid organs (Ruan et al., 2006) and provide
protective, pro-survival signals that prevent apoptosis of CLL cells (Kurtova et al.,
2009) through the upregulation of the BCL2 family proteins. MSC also upregulate
surface receptors such as CD38 involved in cell migration and adhesion. Similar to
BMSC, MSC crosstalk with CLL cells is bidirectional as CLL cells causes an increase in
the production of vascular endothelial growth factor (VEGF) and platelet-derived growth
factor (PDGF) while decreasing thrombospondin-1 in MSC, which is indicative of an
angiogenic switch (Ding et al., 2009, Baeriswyl and Christofori, 2009). MSCs have also
been shown to have a possible immunosuppressive role in their ability to suppress
non-malignant T-cell proliferative responses, potentially contributing to the immune

dysfunction seen in patients with CLL (Pontikoglou et al., 2013).

Nurse like cells (NLC) were found, initially, to function in thymocyte maturation and
differentiation in the thymus (Wekerle and Ketelsen, 1980). In vitro, monocytes
differentiate into nurse-like cells when co-cultured with CLL cells (Burger et al., 2000)
and their importance has been shown in CLL animal models (Reinart et al., 2013).
These NLC are round, large, fibroblast-like cells which CLL cells adhere to. They are
found in the lymphoid tissues and spleen in patients with CLL (Tsukada et al., 2002).
CLL cells attach to NLC and are protected from spontaneous and drug-induced
apoptosis through expression of survival and proliferation regulating proteins, APRIL
and BAFF, CD31 (Cols et al., 2012) and CD14 (Seiffert et al., 2010). NLC also induce
expression of genes associated with BCR and NFkB signalling pathways in CLL
(Burger et al., 2009). Cross talk is bidirectional and CLL cells secrete CCL3 and CCL4
to recruit NLC precursors, which in turn mature and produce CXCL12 and CXCL13 to
attract more CLL cells to the protective niche of the lymph node and bone marrow
(Burger et al., 2009).

The role of T lymphocytes in CLL is controversial. T cells have been proposed to have
a range of different roles in the progression of CLL; they can either stimulate or
suppress the CLL clone expansion. Certain T cell subsets (T-regulatory and yd-Tcells)
may overcome the anti-tumour effect of other subsets, to aid progression of the
disease (Beyer et al., 2005). The absolute number of T cells (CD4 and CDS8) is
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increased in patients with CLL and higher numbers are associated with poor prognosis
(Gonzalez-Rodriguez et al., 2010). Although higher in number, T cells from CLL
patients have defects in their normal immune function resulting in a lack of cytotoxicity.
T cells show chronic activation (upregulation of CD69, HLA-DR and CD57) and
exhaustion markers (CD244, CD160 and PD1). CLL cells recruit T cells to the lymph
node through the secretion of CCL2, 3 and 4 (Audrito et al., 2013). CLL cells can then
influence T cells through immune checkpoint molecules, CTLA-4 and PDL1,
(McClanahan et al., 2015) to change gene expression profiles inducing defective actin
polymerization and reduced migratory capacity. CLL cell contact with T cells also
results in an impaired formation of the immunologic synapse and this dysfunction can
be repaired upon treatment with the immunomodulatory agent Lenalidomide (Ramsay
et al., 2008, Serrano et al., 1997). Bagnara et al. (2011) have shown, in a murine CLL-
transfer model, that CD4 T-cells adoptively transferred into the bone marrow and lymph
nodes support CLL cell proliferation by releasing IL2, IL4, IFN-a and —y and interacting
with CD40 to inhibit the apoptosis of CLL cells (Buske et al., 1997, Fluckiger et al.,
1992). T cells also produce IL2 and TNFa providing additional prosurvival signals to
CLL cells (Riches et al., 2013, Plander et al., 2009), The reprogramming of autologous
T cells to target tumour antigens, such as CD19, is currently under investigation in CLL
and yielding promising results (Turtle et al., 2017)

CLL cells associate with Follicular Dendritic Cells (FDC) and Natural Killer (NK) cells in
the bone marrow and lymph nodes. FDC interact with CD44 on the surface of CLL cells
resulting in upregulation of anti-apoptotic MCL1 and protection from spontaneous
apoptosis(Pedersen et al.,, 2002). NK cells within the CLL microenvironment have a
lack of cytoplasmic granules and are defective in their ability to lyse CLL cells, in
addition to cytoskeletal dysfunction and an inability to form immune synapses (Kay and
Zarling, 1987). They express low levels of the activating receptor NKp30 and do not
respond to the activation BAG6 ligand from CLL cells (Reiners et al., 2013). CLL cells
exert similar effects on T cells and NK cells, inhibiting their cytotoxic functions and are
thought to reshape their environment in order to evade immune detection and killing
(Maki et al., 2008).
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1.7 Microenvironmental mediated signalling pathways in CLL

The interaction of CLL cells with cells of the microenvironment activates a number of
downstream signalling pathways critical to the survival of CLL cells and progression of
the disease.

1.7.1 T cell signalling pathway

T cells within the germinal centres provide important prosurvival signals to CLL cells.
CD40 is a member of the TNF superfamily of receptors and it is expressed on CLL
cells, while its ligand CD40L is expressed on T cells in the germinal centres in CLL
patients (Pizzolo et al., 1983) (Walker et al., 2000, Burger et al., 2009). Activation
through CD40 results in the activation of PI3K and NFkB pathway, an increase in
surface molecules CD95 and CD80 expression and an upregulation of antiapoptotic
genes MCL-1 and BCL-2 (Scielzo et al., 2011, Cuni et al., 2004), inducing CLL cell
proliferation and protection from apoptosis (Buske et al., 1997, Granziero et al., 2001,
Douglas et al., 1997). It has also been shown that there is responsive heterogeneity to
CD40L engagement and not all clones respond in vitro (Scielzo et al., 2011). In
addition to the CD40/CD40L interaction, IL4 is a prosurvival signal provided by T cells.
CLL cells express higher levels of IL4 receptor than non-malignant B cells (Mainou-
Fowler et al., 2001). Binding of IL4 to its receptor is known to activate JAK1/3 which
phosphorylates STAT6. This further activates downstream mediators resulting in the
expression of a number of apoptotic proteins including Bcl-XL and MCL1 (Steele et al.,
2010). Higher levels of T cells expressing IL4 is associated with aggressive disease
(Rossmann et al., 2002). IL4 administration has been shown to result in an increase in
lymphocyte blood count indicating that IL-4 may have a stimulatory or an antiapoptotic
effect on CLL cells in the peripheral blood (Lundin et al., 2001). These signals are of
particular importance as CLL cells are primarily in contact with T cells expressing
CD40L and IL4 in the protective niche of proliferation centres (Walker et al., 2000,
Burger et al., 2009)

1.7.2 B-cell Receptor signalling pathway

The importance of the BCR in CLL pathogenesis, discussed in section 1.3, is
demonstrated by the very different clinical course of the disease depending on the
mutational status of the BCR. Functionally, cross-talk between CLL cells and the
microenvironment occurs through downstream signalling pathways. The BCR signalling

pathway, shown in figure 1.8, has been determined as the most prominently activated
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pathway in CLL cells isolated from lymphatic tissue (Herishanu et al., 2011) and has
been shown to be integral in CLL cell survival and proliferation. The lymphatic tissue in
particular the lymph nodes, are the suggested primary site for BCR activation for both
normal B cells and CLL cells; however, pseudofollicles in CLL differ from the germinal
centres of normal lymph nodes. BCR expression is lower in CLL cells and assembly of
the BCR differs in CLL cells compared to normal B cells. In addition to dysfunction in
the assembly of the BCR in CLL, dysregulation is also seen in signalling pathways

downstream of the BCR (Figure 1.8).
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Figure 1. 8 The B cell receptor (BCR) Signalling Pathway. The BCR is stimulated resulting in the

phosphorylation of the ITAM domain of the BCR by Lyn and Lck. This activation recruits Syk which in turn
activates the formation of the signalosome. The signalosome is a multi-protein complex composed of
PI3K, Btk PLCy2 in addition to a number of other proteins. Downstream signalling results in the activation
of a number of pathways including the MEK/ERK and NFkB pathways. Btk also activates Wiskott - Aldrich
syndrome Protein (WASP) protein which alters the cytoskeleton. PI3K activates the Akt signalling pathway
resulting in calcium mobilization. A number of pathways culminate in the activation of transcription factors
such as forkhead box O (FOXO), Nuclear receptor of activated T Cells (NFAT) and MYC which effect the

expression of genes involved in cell survival, proliferation and migration (Hendriks et al., 2014).
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As discussed in section 1.1.1, the BCR is composed of the membrane immunoglobulin
which binds antigen, and the signalling subunit of disulphide linked CD79a and CD79b.
Antigen binding to the BCR results in BCR aggregation and initially activates upstream
kinases Lyn or Lck which phosphorylate the cytoplasmic immunoreceptor tyrosine-
based activation motif (ITAM) domains of CD79a and CD79b (lacovelli et al., 2015,
Burger and Chiorazzi, 2013, Bernal et al., 2001, Kurosaki, 1999). This provides a
docking site for recruitment of further signalling proteins such as Syk (Liu et al., 2010,
Rowley et al., 1995). BCR associated CD19 enhances the activation of ITAMs by
enhancing the recruitment of Lyn and Syk (Fujimoto et al., 2000). Lyn and Syk are
tyrosine kinases that have both been shown to be up-regulated in CLL cells and their
activity amplified to the level of being constitutively activated in the case of Lyn
(Buchner et al., 2010a). Inhibition of these kinases with known inhibitors has been
shown to induce apoptosis, indicating their pro-survival role in CLL (Baudot et al.,
2009). After phosphorylation of the ITAM motifs and recruitment of Syk the first step in
BCR signalling is formation of the signalosome. Downstream of Syk and Lyn
cytoskeletal protein HS1 is activated and F-actin polymerises. Syk activation is a critical
step leading to the formation of the plasma membrane associated signalosome,
assembling phospholipase-Cy2, PI3K, Bruton tyrosine Kinase (Btk), BLNK, VAV and
RAC. PI3K recruitment to the plasma membrane leads to the production of
phosphatidylinositol 3,4,5-triphosphate (PIP3), resulting in the activation of Btk and
subsequent activation of Akt (Stevenson et al., 2011) The deregulation of the PI3K/Akt
pathway also contributes to CLL cell survival.

PI3K family of proteins are divided into three classes and further into different isoforms.
Class | has four isoforms, PI3K a, 3, y and &. The y and & isoforms are expressed in
haematopoietic cells with the & isoform having an important role in B-cell function (Jou
et al., 2002). PI3K, and resulting downstream Akt activation, can occur constitutively in
CLL cells. In addition to this, many signals from the microenvironment, such as CXCR4
activation and adhesion to mesenchymal stromal cells cause PI3K activation. This
results in the expression of antiapoptotic BCL2 family members such as MCL1, and the
anti-apoptotic protein XIAP, all of which contribute to the survival of the CLL cell
(Burger et al., 1999, Ringshausen et al., 2002, Edelmann et al., 2008). In addition
toPI3K activation the Akt signalling pathway results in calcium mobilisation required for
the phosphorylation of further protein kinases.

Btk is mainly expressed in haematopoietic cells, primarily in B-cells, not T cells or
plasma cells (Genevier et al., 1994). In normal cells, Btk plays a role in the PI3K/Akt
pathway and has also been shown to activate IkB, leading to the phosphorylation and

translocation of NFkB to the nucleus (Petro et al., 2000). Btk also activates Wiskott -
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Aldrich syndrome protein (WASP) which affects the cytoskeleton (Hendriks et al., 2014,
Sharma et al., 2009). Btk interacts with CXCR4 and CXCR5 chemokine receptor
signalling pathways and integrin activation, which function in cell migration and
adhesion (de Gorter et al., 2007, Spaargaren et al., 2003). PLCy-2 activates IP3 and
DAG which also lead to calcium mobilisation and activation of PKCB (Saijo et al.,
2002). Following the activation of PI3K, Btk and PKCp the signal is propagated through
distal molecules such as MAPKs and NFkB. The activation of MAPK leads to the
subsequent regulation of a variety of transcription factors, including c-Jun and ATF2
through p38 MAPK, and c-myc through Erk (Johnson and Lapadat, 2002). In normal B
cells, activation of MAPK pathways leads to the phosphorylation of I-kB. |-kB is a
kinase complex that attaches to NFkB in the cytoplasm, keeping NFkB in its inactive
form. Upon its phosphorylation, |I-kB is broken down leading to the translocation of
NFkB to the nucleus where it exerts its effect on gene transcription. Both the MAPK
and NFkB pathways are deregulated in CLL. Components of the MAPK pathway, Erkl
and Erk2, are upregulated in CLL, affecting CLL cell proliferation and survival (Krysov
et al., 2012) .The dysfunction in NFkB leads to an upregulation of antiapoptotic genes
resulting in increased survival of CLL cells (Furman et al., 2000). Signalling through
these pathways culminates in calcium signalling and the activation of transcription
factors NFkB, forkhead box O (FOXO) (Szydlowski et al., 2014), nuclear receptor of
activated T cells (NFAT) (Antony et al., 2003) and MYC that control cell activation,
proliferation, survival and migration. Regulation of BCR signalling intensity and duration
involves tight control of signalosome activation by transmembrane receptors such as
CD5, CD22, CD72 and FcyRIIB. These receptors, when activated by Lyn, control BCR
signalling by recruiting phosphatases, such as SHPs, through their immunoreceptor
tyrosine-based inhibition motif (ITIMs) to halt BCR signalling (Billadeau and Leibson,
2002).

BCR signalling is extremely complex due to these downstream pathways being in
constant crosstalk with one another and the existence of multiple mechanisms for
activation and repression of the multiple downstream targets. These pathways are
tightly controlled in non-malignant cells by a number of regulatory cascades; however,
as described, they are deregulated and amplified in CLL (Woyach et al. 2012) making
them ideal therapeutic targets. Newer agents in use for the treatment of CLL that

interfere with the BCR signalling pathway are discussed in section 1.9.
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1.8 JAK-STAT Signalling Pathway

In addition to the signalling pathways discussed above, the JAK/STAT3 pathway has
been shown to be activated by BCR stimulation (Rozovski et al., 2014). Signal
transducer and activator of transcription (STAT) proteins are a seven member family
(STAT 1, 2, 3, 4, 5a, 5b and 6) of proteins that function in a variety of cellular
processes. STAT proteins have different functions but, broadly, STAT 2, 4 and 6 are
mainly involved in interferon signalling and the development of T cells while STAT 1, 3
and 5 are involved in embryogenesis. In normal cells, latent cytoplasmic STATs are
activated in response to cytokines and growth factors through tyrosine phosphorylation.
STATs are phosphorylated on a single tyrosine residue towards the proteins’ carboxyl
terminus. Tyrosine phosphorylation of STATs leads to their dimerization, forming
hetero- or homo-dimers, and translocation to the nucleus. In the nucleus, STATs bind
DNA through specific DNA binding sites, resulting in increased transcription of target
genes that regulate a number of cellular processes, including control of cell cycle
progression, proliferation and apoptosis (Bromberg and Darnell, 2000). STAT activation
normally occurs through receptor tyrosine kinases (cytokine receptor associated
kinases e.g. JAKs) or growth factor tyrosine kinases and non-receptor tyrosine kinases
e.g. abl. Each member of the STAT family responds to a specific set of cytokines and,
in turn, regulates a group of defined genes. STATSs often function in a feed forward loop
whereby their downstream target genes encode cytokines and growth factors which
then signal back through the same STATs enabling autocrine and paracrine STAT
activation.

Some STATs also have a second phosphorylation site, on a serine residue in their
carboxyl-termini. This serine phosphorylation is normally seen in addition to tyrosine
phosphorylation. The biologic role of serine phosphorylation is not clear but has been
shown to modulate STAT function. Studies have reported that phosphorylation on both
tyrosine and serine residues can enhance transcription and is sometimes required for
maximal activity (Chung et al., 1997, Wen et al., 1995) while others demonstrate that
serine phosphorylation induces inhibitory activity (Lim et al., 1999). A number of
kinases and signal transducers have been seen to play a role in serine
phosphorylation, including MEK1/2, ERK1/2, p38 MAPK, PI3Kinase and JNK pathways
(Decker and Kovarik, 2000).
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1.8.1 STAT3

STAT3 is the only STAT family member required for embryonic survival (Takeda et al.,
1997). Initially, it was discovered as an acute phase response protein activated in
response to the IL-6 cytokine family (Zhong et al., 1994, Akira et al., 1994, Raz et al.,
1994). STAT3 is involved in a number of physiological processes, including immune
suppression, glycolysis and inflammation (Levy and Lee, 2002). STAT3 has the typical
structure of a STAT family protein with an N-terminal coiled-coiled domain, involved in
protein-protein interactions; a Src homology-2 (SH-2) domain, involved in stabilising
STAT dimer interactions; a DNA-binding domain and a c-terminal transactivation
domain. The transactivation domain contains the two phosphorylation sites; tyrosine
residue 705 and serine residue 727. The STAT3 gene is located in chromosome 17
and has four known isoforms, STAT3a, STAT3[B, STAT3y and STAT30. STAT3a is the
most predominant isoform while STAT3p is alternatively spliced to yield a protein with
no C-terminal domain, lacking amino acids 723-770 (Maritano et al., 2004, Yoo et al.,
2002, Zammarchi et al., 2011). While STAT3a is the main isoform involved in tumour
development, the inactivated B form also translocates to the nucleus at high levels and
remains phosphorylated for longer periods than the more transient STAT3a. However,
the two isoforms regulate different sets of genes. STAT3B can also cross-regulate
STAT3aq, prolonging its phosphorylation and retention in the nucleus (Ng et al., 2012,
Ng et al., 2014). The STAT3 isoform a has no serine phosphorylation site at residue
727 due to its truncated carboxyl-terminus (Schuringa et al., 2001, Huang et al., 2007).
Few studies have investigated STAT3y and STAT3d but it is known that both STAT3y
and STAT3 d are truncated isoforms of STAT3a and STAT3y has been shown to play
a role in neutrophil activation (Chakraborty and Tweardy, 1998), while STAT38 has
been shown to have a role in pancreatic cancer (Dettlaff-Pokora, 2010). STAT3
expression levels and activation vary from cell type to tissue type. The neutrophils of
the bone marrow, leukocytes of the peripheral blood and the digestive tract have high
basal STAT3 levels. In normal cells, ligand binding to a cytokine or growth factor
receptor initiates the activation of glycoprotein130 or Src which dimerizes with the a
subunit of the specific receptor. This complex can recruit and activate JAK2 which then
phosphorylates tyrosine residue of the receptor, allowing the docking of STAT3 through
its SH2 domain. STAT3 can also be activated directly by non-receptor tyrosine kinases,
including Src and abl (Figure 1.9). Normally, within 30-60 minutes of exposure to
stimuli tyrosine phosphorylation of STAT3 reaches its peak and STAT3 activation
begins to decline, even when being continually exposed to the stimulus. In addition to
phosphorylation, STAT3 can be acetylated, methylated and ubiquitinated at a number
of sites. (Yuan et al., 2005). STAT3 is the only STAT family member that can also
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translocate to the nucleus in its inactivated form, using nucleoporin transmembrane
proteins (Herrmann et al., 2007). STAT activation is terminated by a number of
mechanisms, including regulatory proteins such as the SOCS family of proteins and the
protein tyrosine phosphatases (PTPs) (Croker et al., 2008). SOCS3 is an inhibitor of
STATS3 that is controlled transcriptionally by STAT3, providing a negative feedback
mechanism. The Src-homology domain-containing phosphatases (SHPs), protein
inhibitor of activated STAT (PIAS) and protein tyrosine phosphatase receptor T
(PTPRT) families also regulate STAT3 activation (Xu and Qu, 2008, Chung et al.,
1997). This negative regulation of STAT3 is extremely important is preventing

neoplastic transformation as continuous activation is characteristic of malignant cells.
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1.8.2 Therole of STAT3 in cancer

STAT3 has been has been shown to be overexpressed or constitutively active in a
number of human cancers including lung (Jiang et al., 2011), prostate (Lou et al.,
2000), breast (Garcia et al., 1997), ovarian (Wen et al.,, 2014), head and neck
(Cattaneo et al.,, 1998), melanoma (Pansky et al.,, 2000) and lymphomas and
leukaemias (Frank et al., 1997, Gouilleux-Gruart et al., 1996, Koskela et al., 2012,
Mangolini et al., 2013, Zhang et al., 1996). This persistent activation has a number of
effects in cancer cells, including an increase in proliferation, survival, angiogenesis and
metastasis, while exerting an inhibitory effect on anti-tumour immunity (Frank, 2007,
Bromberg and Darnell, 2000). Persistent activation can be maintained by positive
feedback loops, disruption in negative feedback loops or genetic mutations. The
upstream factors that are involved in positive feedback and contribute to the
constitutive activation of STAT3 include the epidermal growth factor receptor, the IL-6
type cytokine receptor family that form complexes with JAKs and a number of G-
coupled protein receptors (GCPRs). The deregulation of tyrosine phosphorylation in
cancer has been well investigated. Signalling components that promote tyrosine
STAT3 phosphorylation have been seen to be elevated or constitutively active in a
number of tumour types and are usually associated with poor prognosis (Silva, 2004).
Common deregulations of the negative mechanisms that regulate the STAT3 response
in tumour cells include a decrease in the negative regulator SOCS protein (Chim et al.,
2004). Lastly mutations in STAT3 that lead to its persistent activation have been found
in chronic lymphoproliferative disorders of natural killer cells (CLPD-NKs), T-cell large
granular lymphocytic leukaemias (T-LGLs) (Koskela et al., 2012) and diffuse large B-
cell lymphoma (DLBCL) (Lohr et al., 2012, Hu et al., 2013).

The target genes of STAT3 are signature genes which contribute to the attributes of a
tumour cell and are implicated in a number of events contributing to neoplastic cell
development, including proliferation, survival, self-renewal angiogenesis and invasion
(Hanahan and Weinberg, 2011). STAT3 targets Jun B, Egr-1 and cyclin D1 function in
cell cycle entry and allow continued progression of the cell cycle. STAT3 allows cancer
cells to survive and avoid apoptosis by upregulating the anti-apoptotic genes MCL1,
BCL2, BCL-xI (Nielsen et al., 1999). STAT3 target genes play a role in invasion and
metastasis of tumours with the potent pro-angiogenic vascular endothelial growth factor
(VEGF) being regulated by STAT3. STAT3 also regulates the matrix metallo-
proteinases which play a role in tumour invasion (Teng et al., 2014). The transcription
of these genes can also be affected by other transcription factors, not just STATS.
Additional studies have suggested STAT3 may have a tumour suppressive function in

some tumour types. In mouse models of colorectal cancer, STAT3 inactivation results
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in later tumour progression and this tumour suppressor role has also been shown in
colorectal cancer cell lines (Musteanu et al., 2010, Couto et al., 2012). The oncogenic
or tumour suppressive role of STAT3 is hypothesised to be due to different STAT3
isoforms, different post translational modifications and certain biochemical and genetic
attributes of the cell. This has been shown in liver cancer, glioblastoma and
oesophageal squamous cell carcinoma. Constitutively active STAT3 has a tumour
suppressive role in ras-transformed hepatocytes lacking p19 but constitutively active
STAT3 acts as an oncogene in liver tumours with pl9 expression, while
unphosphorylated STAT3 is oncogenic in the p19 knockout but tumour suppressive in
the presence of pl19 (Schneller D1, 2011). Similarly in glioblastoma, in tumours
expressing the epidermal growth factor receptor (EGFR) but with low expression or a
loss of PTEN, STAT3 has a tumour suppressive role while in the presence of both
EGFR and PTEN, STAT3 drives tumour progression (de la Iglesia et al., 2008).
STAT3pB expression level is hypothesised to dictate the role of STAT3 as a driver or
suppressor of tumour progression in oesophageal squamous cell carcinoma

independently and through its interactions with STAT3a (Zhang et al., 2016).

1.8.3 Therole of STAT3in CLL

STAT3 pathway is involved in leukaemogenesis and its deregulation has been seen in
a variety of haematological malignancies. Dysregulation is seen in both lymphoid and
myeloid leukaemia including acute lymphoblastic leukaemia (ALL), multiple myeloma,
acute myeloid leukaemia (AML) and CLL (Benekli et al 2003, 2009). STAT3 has been
shown to be constitutively activated in ALL, as a downstream result of the TEL-AML1
signalling pathway, and cells with this translocation are sensitive to STAT3 inhibition
(Mangolini et al 2013). Patients with constitutively activated STAT3 in AML also exhibit
shorter disease-free progression than those without (Benekli et al., 2002). STAT3 has
also been shown to be constitutively active in multiple myeloma cells (Catlett-Falcone
et al 1999) and its down regulation disrupts the tumour microenvironment, causing a
decrease in cell adhesion to bone marrow stromal cells, cytokine secretion and cell
survival (Bharti et al 2004). Constitutive activation of STAT3 has been seen in AML
(30%-100% of patients) and is associated with poor prognosis and short disease free
survival (Benekli et al 2002).

Constitutive phosphorylation of tyrosine residue 705 has been commonly seen in a

variety of haematological malignancies and solid tumours. However, Frank et al (1997)

and Hazan- Halevy et al (2010) have shown STAT3 to be constitutively phosphorylated
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on serine residue 727 in the absence of tyrosine phosphorylation in CLL. While the
biologic role of this constitutive serine phosphorylation of STAT3 (pSTAT3) remains to
be elucidated, CK2-BLNK-CD5 complex has recently been implicated in the induction
of this serine phosphorylation of STAT3 in CLL (Rozovski et al., 2017a). Studies so far
have indicated different roles for serine pSTAT3, some suggesting that the serine
phosphorylation enhances transcriptional activity while others report contradictory
results: that serine phosphorylation acts in an inhibitory fashion (Chung et al., 1997).
The overall effect of serine pSTATS3 is probably dependant on cell type, extracellular
stimulus and activation status of the cell. While constitutive serine pSTAT3 has been
shown in CLL, transient tyrosine phosphorylation can be induced when cells are
exposed to endogenous factors such as IL-6 and CXCR4 (Burger et al.,, 2005).
Tyrosine phosphorylation is not required for serine pSTAT3 to bind DNA and serine
pSTAT3 has been shown to translocate to the nucleus and bind to STAT3 specific DNA
binding sites. Downstream, serine pSTAT3 was found to affect the transcription of
STAT3 regulated genes such as BCL2, Pim-1, BCL-X, and c-myc (Hazan-Halevy et al.,
2010). It is most likely that serine pSTAT3 has an important role in the pathogenesis of
CLL, enhancing survival of these cells through its activation of proliferation and survival
genes (Frank et al., 1997). Roles for serine pSTAT3 have been demonstrated in CLL in
the induction of VEGF (Badoux et al., 2011, Lee et al., 2005) and the regulation of the
expression of a number of microRNAs (Rozovski et al., 2013) in CLL. It has also been
shown to have a possible role in the regulation of MCL1 in CLL cells (Allen et al.,
2011). NF-kB is constitutively activated in CLL cells and unphosphorylated STAT3
binds to and forms a DNA-binding complex with NF-kB, activating NF-kB regulated
genes (Liu et al., 2011). Pharmacological inhibition and knockdown of STAT3 has been
shown to result in the apoptosis of cancer cells including multiple myeloma and ALL
cells (Redell et al., 2011, Bar-Natan et al., 2012) (Zhao et al., 2011, Han et al., 2014,
Konnikova et al., 2003). In CLL, both shRNA targeting STAT3 (Hazan-Halevy et al.,
2010) and pharmacological targeting, using JSI-124 (Cucurbitacin 1), induced apoptosis
in CLL cells and also to sensitized the cells to treatment with fludarabine (Ishdorj et al.,
2011, Ishdorj et al., 2010).
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1.9 Treatment of CLL

The treatment choice for CLL depends on a number of factors including the fitness and
age of the patient and the progression and genetic profile of the disease. The front-line
treatment for CLL in younger, fit patients with progressive disease is combination
chemoimmunotherapy of purine analogue fludarabine, alkylating agent
cyclophosphamide and anti-CD20 antibody rituximab (FCR) which was shown to have
higher overall response rates than fludarabine and cyclophosphamide (FC) alone
(Hallek et al., 2010). Unfit patients are given monotherapy, typically single cytostatic
agents such as cyclophosphamide or chlorumbacil (Hallek et al., 2010, 1999, Fischer
et al., 2016) or these agents with or without anti-CD20 antibodies Obinutuzumab or
Ofatumumab (Frustaci et al., 2016, Hillmen et al., 2015, Goede et al., 2014) (Figure
1.10). Both FCR and single agents can have low response rates in patients with high
risk del (17p) and/or mutated TP53. In addition to this, some patients do not respond to
the therapy at all and others relapse quickly after treatment (Riches et al., 2011). Given
the lack of response in these patient groups more targeted therapies have been
investigated. Due to their restricted expression to B cells and key role in BCR signalling
in CLL, Bruton tyrosine kinase (Btk) and PI3K have been targeted in CLL.

Patient with CLL and no prior therapy
Meets IWCLL criteria for treatment

‘Age’, ‘Functional status’, Comorbidities, FISH status

l_Clinical Trial is the Preferred First Choice for all Patients J

L L

Intensive CIT Intensive CIT Any Patients with Frail Patients —
Eligible Ineligible Deletion 17p Not Eligible for
‘ ‘ ‘ Chemotherapy
1. FCR 1. Chlorambucil plus 1. Ibrutinib l’
2. BR (preferred first Obinutuzumab 2. Alemtuzumab (D20
line for patients 265 yrs) | | 2. Chlorambucil plus monoclonal
Ofatumumab antibody

Figure 1. 10 Algorithm for the treatment of first-line CLL patients. CIT=Chemoimmunotherapy; FISH=

Fluorescence in situ hybridisation (Jain et al, 2015).
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Ibrutinib (PCI-32765) is a small molecule that inhibits Btk by irreversibly binding to
cysteine-481 in the ATP-binding domain (Dubovsky et al., 2013). Ibrutinib is FDA
approved for use in untreated and relapsed patients with CLL (Byrd et al., 2013, Burger
et al., 2015). In vitro, Ibrutinib induces apoptosis in CLL cells alone and in culture with
stromal cells and pro-survival soluble factors IL-4 and CD40L (Herman et al., 2011).
Ibrutinib has also been shown to inhibit CLL cell migration towards CXCL12 and
CXCL13 and prevent the release of CCL3 and CCL4 by CLL cells inhibiting the
recruitment of T cells and monocytes to support the CLL cell (Ponader et al., 2012).
Ibrutinib related toxicities include bleeding, diarrhoea, fatigue and infections (Byrd et
al., 2013). Bleeding complications have been shown to be due the inhibition of platelet
aggregation and other toxicities have been postulated to be due to off target effects on
other kinases (Kamel et al., 2015) (Levade et al., 2014, Berglof et al., 2015, Gao et al.,
2014).

Idelalisib (5-fluoro-3-phenyl-2-[(S)-1-(9H-purin-6-ylamino)-propyl]-3H-quinazolin-4-one)
is a reversible inhibitor of the p110d isoform of PI3K that has been FDA approved for
the treatment of CLL (Coutre et al, 2014). In vitro, Idelalisib blocks survival signals
through the B-cell receptor and induces caspase-dependent apoptosis in CLL cells
alone and in culture with stromal cells and pro-survival factor CD40L (Herman et al.,
2011), in addition to inhibiting migration towards CXCL12 and CXCL13 (Hoellenriegel
et al., 2011). The most common toxicities seen with Idelalisib include pyrexia,
neutropenia, pneumonia, diarrhoea and colitis (Furman et al., 2014). Clinically, both
Ibrutinib and Idelalisib can cause a decrease in lymph node and spleen size and
lymphocytosis, indicating a role for BCR signalling in CLL cell homing and migration
(Woyach et al., 2012, Herman and Johnson, 2012, de Rooij et al., 2012, Ponader et al.,
2012).

Resistance to Ibrutinib, in the form of C481S mutations in the binding site, have been
described and mutations downstream of Btk leading to gain-of function been reported
(Woyach et al., 2014b). Combination strategies may offer more options for durable
responses and prevent the emergence of resistance and relapse, and a number of
options are being investigated. In addition to this Ibrutinib carries a very high economic
burden that is not sustainable as it is not a cure with the estimated per-patient lifetime
cost of CLL treatment in the USA is predicted to increase 310% increase as targeted
therapies such as Ibrutinib and Idelalisib become the first-line treatment (Chen et al,
2017). For these reasons, combinations of BCR inhibitors with other, considerably

cheaper agents are being investigated. Ibrutinib and Idelalisib are undergoing
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combination studies with chemotherapeutic agents and monoclonal antibodies
(Chanan-Khan et al., 2016). Trials with Ibrutinib and CD20 targeting Rituximab in
patients with del(17p) or TP53 mutation resulted in a 95% response rate. Combinations
of Idelalisib with rituximab have proved effective in relapsed and older CLL patients
(Furman et al., 2014, O'Brien et al., 2015). In addition, lymphocytosis as a result of
treatment resolved quicker with two agents than with Ibrutinib alone (Burger et al.,
2014). Novel, experimental agents are also being explored to prevent resistance,
including second and third generation Btk inhibitors, for example ONO-4059 and
Acalabrutinib (ACP-196) are more potent and selective Btk inhibitors than Ibrutinib that
have shown durable responses in high-risk relapsed CLL (Walter et al., 2016) (Wu et
al., 2016, Byrd et al., 2016). The second generation PI3K inhibitor Duvelisib (IPI-145)
which targets the y and & isoforms is in Phase Il clinical trials in relapsed/refractory
CLL (O'Brien, 2014).

Other signalling molecules within the BCR pathway have also been targeted. The SYK
inhibitor Fostamatinib had promising effects in a Phase Il trial in relapsed/refractory
CLL and a number of patients exhibited similar treatment induced lymphocytosis as
seen with Ibrutinib and Idelalisib (Herman et al., 2013). A Lyn inhibitor Dasatinib has
also undergone a small phase Il trial for CLL in which 20% of patients responded
(Amrein et al., 2011).

Novel agents, aside from targeting the BCR pathway, include BCL2 targeting agents
such as Venetoclax (ABT-199), the first BCL2 inhibitor in routine clinical practice, which
was FDA approved for use in previously treated patients with del(17p) after Phase I
trials (Roberts et al., 2016, Roberts et al., 2017). Studies are ongoing on the first-line
use of Venetoclax in unfit or elderly patients, as well as Venetoclax in combination
therapy, particularly their possible use in combination with lbrutinib and ldelalisib
(Seymour et al., 2017, Flinn IW, 2015) (Deng et al., 2017). The development of these
novel agents with emerging knowledge on the genetic landscape and prognostic
indicators of CLL aim to find least-toxic, optimal combination of therapy. Given that
TP53 deletion/mutation is currently the only response predictor clinically used, the
identification of specific molecular and genetic features and will hopefully identify CLL
subsets that will benefit from tailored treatment interventions and improved methods to

target residual and subclonal disease.
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1.10 Targeting STAT3 as a therapeutic strategy in CLL

This biologically significant role played by STAT3 presents it as a potential therapeutic
target in the treatment of cancer. A key issue when considering a therapeutic target is
the ability to use the target to treat malignant cells only, leaving normal cells unharmed.
STAT3 is dispensable for normal cells and tissues, due to redundancies in signalling
cascades. A loss of STAT3 in normal cells confers a decreased susceptibility to
neoplastic transformation in a number of different types of cells (K. Schlessinger,
2005). Neoplastic cells are often characterized by constitutive STAT3 activation or
require it continually and are said to have ‘oncogene addiction’, potentially making
STAT3 an ideal therapeutic target (Demaria et al., 2010). While STAT3 is crucial for
embryonic development, studies in mice have found it to be more dispensable to the
function of normal, terminally differentiated cells (Takeda and Akira, 2001, K.
Schlessinger, 2005). Inhibition of STAT3 in mice and humans results in moderate side
effects in non-cancerous differentiated tissues (Park et al., 2014, Sen et al., 2012).
STAT3 inhibition has also been shown to sensitize some cancer cells to
chemotherapeutic agents, suggesting a role for STAT3 inhibitors in combination
therapy (Alas and Bonavida, 2003, Spitzner et al., 2014). It is known that the inhibition
of STAT3 is detrimental to tumours; however, attempts to develop a direct STAT3
inhibitor for clinical use has proved challenging. These agents mainly target the SH2
domain, N-terminal coiled-coil domain to disrupt STAT dimerization, or the DNA-
binding domain. Problems arise with targeting these sites as they are large planar sites
that are difficult for small molecules to bind to. Most small molecule inhibitors that are
FDA approved bind the ATP binding cleft which STAT3 lacks (Fontaine et al., 2015).
STAT family proteins are also highly homologous making targeting STAT3 specifically
very difficult. A number of techniques have been implemented to identify direct STAT3
targeting agents, including compound library screens, virtual computer-based
screening using STAT3 crystal structure, fragment-based drug design and alteration of
natural STAT3 inhibiting compounds (Schust and Berg, 2004, Siddiquee et al., 2007, Li
et al., 2011). These have resulted in the development of different types of STAT3
inhibitors  including peptides and peptidomimetics, small molecules and

oligonucleotides.

Despite a number of agents in preclinical studies showing efficacy across different
cancer types few direct STAT inhibitors are in clinical trials and none are FDA
approved for clinical use. A recently described STAT3 decoy oligonucleotide NSC-

741763, has been shown to improve the survival of head and neck squamous cell
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carcinoma in phase O clinical trials and a number of agents are undergoing clinical
trials including OPB-31121, a novel STAT3 inhibitor (NCT00955812, NCT00511082,
NCT1406574) (Oh et al., 2015, Hong et al., 2015).

Given the difficulty in the development of a direct STAT3 inhibitor, upstream targets of
STAT3 have been investigated as an alternative to direct STAT3 inhibition. There are
many protein tyrosine kinases that can phosphorylate STAT3 but a large area research
has focused on JAK inhibitors. Clinical trials for JAK inhibitors have resulted in the
FDA approval Ruxolitinib, a JAK1/2 inhibitor for myelofibrosis (Mascarenhas and
Hoffman, 2012), and Tofacitinib, a JAK 1/2/3 inhibitor for rheumatoid arthritis and
psoriasis (Hodge et al., 2016). Limitations to the use of JAK1/2 inhibitors include
associated toxicities including anaemia and thrombocytopenia (Tefferi and Pardanani,
2011).
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1.11 Aims and objectives

A number of signalling pathways, in particular the BCR signalling pathway, have been
well studied in CLL; however, the role of the STAT3 pathway has been less
investigated. Although new therapies have been developed there is a need for new
therapeutic options for this disease (Roberts et al., 2017, Woyach et al., 2014b). Here,
we seek to investigate the role of STAT3 in CLL pathogenesis and its potential as a
therapeutic target in CLL. Initially, we will assess the phosphorylation status of STAT3
in CLL cells and the effect of pharmacological agents on this phosphorylation of STAT3
and CLL cell survival. Given the importance of cell trafficking and the tumour
microenvironment in CLL, we particularly wish to investigate the role of STAT3 on the
migration process, by assessing its effects on a panel of adhesion markers, in addition
to chemotaxis and adhesion under the fluid shear flow conditions found in the high
endothelial venules. Given the importance of crosstalk within the tumour
microenvironment in CLL we will assess the role of STAT3 in this crosstalk with
emphasis on the key BCR signalling pathway. Using a well characterized patient cohort
the aim of the project is to better understand the role of STAT3 in the context of CLL
heterogeneity. The specific aims of this study are to investigate:

Chapter 3: the role of STAT3 and the effect pharmacological inhibition of STAT3 on
CLL cell survival.

Chapter 4: The role of STAT3 in the regulation of CLL cell adhesion; in particular, its
role in regulating expression of the selectin CD62L, and the role of STAT3 in the
chemotaxis of CLL cells and their adhesion under shear flow.

Chapter 5: The role of STAT3 in microenvironmental cross talk, in particular its function

as a key downstream effector of BCR signalling.
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Chapter 2

Materials and Methods
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2.1 Materials and Patient Characteristics

2.1.1 Laboratory Reagents and Cell culture materials

All reagents were of analytical standard and were obtained from Sigma-Aldrich (St
Gallen, Switzerland) or Thermo Fisher Scientific (Darmstadt Germany) and stored as
per the manufacturer’s instructions unless otherwise stated. All plastics were
purchased from Thermo Fisher Scientific (Darmstadt Germany), unless otherwise
stated. The EBV-transformed CLL cell lines 183 and HG3 were obtained from Prof.
Anders Rosén (Linkdping University, Linkoping, Sweden) (Lanemo Myhrinder et al.,
2008). Hs5 bone marrow stromal cells (BMSC) were obtained from American Type
Culture Collection (ATCC®) (Manassas, VA, USA). Human Umbilical Vein Endothelial
Cells (HUVECs) and Endothelial Cell Media were obtained from PromoCell
(Heidelberg, Germany). Roswell Park Memorial Institute-1640 (RPMI) medium,
Dulbecco's Modified Eagle's medium (DMEM), Trypsin (0.025% trypsin and 0.01%
EDTA in Phosphate Buffered Saline (PBS)), Fetal Bovine Serum (FBS) Penicillin-
Streptomycin (10,000 units/mL penicillin, 10,000 pg/mL of streptomycin) and
phosphate buffered saline (PBS) were obtained from Gibco, Life Technologies

(Darmstadt, Germany).

2.1.2 Reagents for Western blotting, immunofluorescent

microscopy and flow cytometry
Rabbit polyclonal STAT3, pSTAT3 (Ser727), pSTAT3 (Tyr705) were obtained from Cell
Signalling Technology (Leiden, Netherlands) and secondary goat anti-mouse used for
western blotting were obtained from Santa Cruz Biotechnology (Heidelberg, Germany).
Secondary HRP-linked anti-rabbit was from Sigma Aldrich (St Gallen, Switzerland).
Hoechst 33342, Rhodamine Phalloidin and secondary Alexa Fluor 488 and Alexa Fluor
647 used for confocal microscopy were from Thermo Fisher Scientific (Darmstadt,
Germany). Flow Cytometry antibodies were obtained from BD Biosciences (Nyon,
Switzerland) (Section 2.2.6.1, Table 2.7). Annexin V-FITC was obtained from IQ
Products (Groningen, Netherlands), Annexin V-PE was obtained from Immunotools
(Friesoythe, Germany) and Propidium lodide (PIl) was obtained from Sigma-Aldrich.

25mg of Pl was reconstituted in 25ml of sterile H,0 to give a stock solution of 1mg/ml.

2.1.3 Inhibitors and Proteins

Cucurbitacin | (Cucurbitacin) was obtained from Tocris Bioscience (Bristol, UK). 1mg of
Cucurbitacin was dissolved in 193.3ul of DMSO to make a 10mM stock. S3I-201 (S3l),

Ruxolitinib, lbrutinib, and Idelalisib were obtained from Selleck Chemicals (Munich,
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Germany). They were supplied as a 10mM solution in 1ml DMSO that was aliquoted
and stored at -80°C. F(ab), anti-human IgM fragments from MPbio (Alsace, France)
were reconstituted in sterile H,O up to a concentration of 3.5mg/ml. Recombinant
human rh-CXCL12, rh-Fibronectin, rh-TNFa, rh-IL-4 and rh-IL-6 were obtained from
R&D systems (Oxfordshire, UK). 10pug of CXCL12 and IL-4 were reconstituted in 100pl
PBS containing 0.1% BSA to give stock concentrations of 100ug/ml. 50ug of
Fibronectin was reconstituted in 50ul of sterile H,O to give a stock concentration of
Img/ml. TNFa and IL-6 were reconstituted in 100ul PBS containing 0.1% BSA to a
stock concentration of 100ug/ml. CD40L was obtained from PeproTech (London, UK).
50ug was reconstituted in 100yl Sodium Phosphate Buffer (pH 7.4). This 0.5mg/ml
stock was diluted 1:5 in PBS + 0.1% BSA to give a stock concentration of 0.1 mg/ml.
Anti-CD62L antibody and isotype control were obtained from BD Biosciences (Nyon,

Switzerland)).

2.1.4 SIiRNA

ON-TARGET plus non-targeting control siRNA and SMARTPOOL STAT3 siRNA were
obtained from GE Dharmacon (Cambridge, UK). 5nmol of siRNA was reconstituted in
250ul of 1X siRNA buffer as per manufacturer’s instructions to make a 20uM stock
that was stored at -80°C.

2.1.5 PCR Primers

Primers for mycoplasma detection, forward primer (5"
TGCACCATCTGTCACTCTGTTAACCTC-3) and reverse primer (5"
GGGAGCAAACAGGATTAGATACCCT-3') were obtained from Sigma-Aldrich (MO,
USA). Primers for wild-type consensus NOTCH1 (5 GTG ACC GCA GCC CAG TT -
3"), forward primer for mutant NOTCH1 (5 TCC TCA CCC CGT CCC GA - 3) with
reverse primers for NOTCH1 (5 AAG GCT TGG GAA AGG AAG -3’) were obtained
from Eurofins Genomics (Bavaria, Germany). TagMan Gene Expression Assays

(Section 2.2.14, Table 2.12) were obtained from Applied Biosystems (Netherlands).

49



2.1.6 Patient Sample Characteristics

CLL cells were isolated from patients following informed consent and their use for this
project was approved by the St James’s Hospital and Adelaide and Meath
incorporating the National Children’s Hospital Joint Ethics Committee. For patients
presenting with elevated blood cell counts, lymphocytosis or symptoms such as fever,
night sweats or weight loss, a peripheral blood sample was sent for
immunophenotyping to the Immunophenotyping Laboratory, Department of
Haematology in St. James’s Hospital. Diagnosis of CLL requires monoclonal B cells
with a characteristic immunophenotype based on guidelines by the European Society
of Medical Oncology, National Comprehensive Cancer Network and International
Workshop on Chronic Lymphocytic Leukaemia (Eichhorst et al., 2015, Hallek et al.,
2008). In the Immunophenotyping Laboratory, samples are processed and stained by
whole-blood staining and the following characteristics of the B cell population are
indicative of CLL: CD200 positive, IgM weak to negative expression, FMC7 negative,
CD20 weak, CD10 negative, CD22 weak, CD23 positive and CD79b negative
expression.

The clinical characteristics, IGVH mutational status, CD38 and CD49d expression,
NOTCH1 mutational status cytogenetics (dell3q, trisomy 12, delllq, and dell7p),
Binet stage, bulky disease and treatment for the patient cohort used in this study are
shown in table 2.1. PCR was performed as per section 2.2.2.3 for the detection of
NOTCH1 mutations. Detection of IGVH mutational status was performed in
collaboration with Dr. Fiona Quinn and the Cancer Molecular Diagnostics, St. James'’s
Hospital as described in section 2.2.2.1 according to Ghia et al. (2007). Whole Blood
staining of fresh CLL samples for flow cytometry was performed by Mr. David O’Brien,
Immunophenotyping Laboratory, Department of Haematology, St. James’s Hospital as
described in section 2.2.2.2. Clinical information was supplied by Prof. Elisabeth

Vandenberghe.
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2.2 Methods
2.2.1 CLL patient samples
2.2.2 CLL cell characterisation

2.2.2.1 Detection of IGVH Somatic Hypermutation

Detection of IGVH somatic hypermutation was performed by Cancer Molecular
Diagnostics, St. James’s Hospital. Gene rearrangements of the antigen receptor occur
during B cell development and are unique in sequence and length for each cell. PCR
can be used to detect these individual V-J arrangements within the antigen receptor
loci by using multiple consensus DNA primers that target conserved genetic regions
within the immunoglobulin heavy chain gene. IGVH mutational status was assessed by
PCR amplification of the V-J region followed by bidirectional sequencing and
interrogation of the international ImMMunoGeneTics (IGMT) database. The presence of
IGVH somatic mutation is defined as greater than or equal to 2% difference from the
germline variable gene sequence of the immunoglobulin heavy chain. Unmutated
samples have > 98% similarity to the germline sequence.

PCR

A PCR Mastermix was prepared by combining 22.875ul of AmpliTaqg Gold PCR
Mastermix and 0.8ul MgCI2 Solution, 3ul 25mM dNTP Mix and 1.125ul of AmpliTaq
Gold per sample in an Eppendorf. 50ng in 2ul of patient DNA or controls were added to
the relevant tubes. Each run contained a 20% positive control, a 100% polyclonal
control and a negative control. Tubes were run in an AB2720 thermocycler (MJ
Research). After amplification, PCR reactions were stored at -20°C until
electrophoresis was ready to be performed.

Samples were prepared to be analysed by an ABI 3130xI Genetic Analyser. A
mastermix was prepared by adding 10ul HiDi formamide and 0.5ul of GS400HD size
standard per sample and vortexing. 10ul of prepared mastermix was added to each
well of a 96 well plate followed by 1.2ul of PCR sample. Samples were denatured by
heating to 95°C for 3 minutes on a thermocycler (MJ Research). The plate was
assembled in the ABI 3130xI Genetic Analyser plate holder and the ABI 3130xI was run
and GeneMapper software was used to view unanalysed sample files. Positive,
polyclonal and negative controls were checked. Using the controls, each patient was
determined as clonal, biallelic/biclonal or polyclonal. A clonal peak was determined as
one that appears within the expected size range at amplitude well above the polyclonal

distribution. A biallelic/biclonal sample was determined as one in which two peaks
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occur within the expected size range. A polyclonal distribution is characterized as a
variety of peaks usually at low amplitudes within the expected size range.
Biclonal/Biallelic samples, where more than one clone is evident, are then further
analysed by performing IGVH somatic hypermutation analysis in cDNA that is
generated from RNA from the sample. cDNA is prepared by creating a mastermix by
combining 5pl of 5X Superscript first strand buffer, 1pl of 25mM dNTPs, 1.5ul H20,
2.5ul of 100mM DTT, 1pl of Random primers in addition to 12ul of RNA per sample in a
0.2ml PCR tube. Tubes were heated to 96°C for 2 minutes and chilled on ice for 5
minutes. 1yl of RNase Out and 1ul of Superscript 1l was added to each sample and
samples were mixed. Samples were placed at 42°C for 90minutes, heated to 96°C and
chilled on ice for 5 minutes. 1ul of cDNA and 1pl of H,0 were used to carry out PCR as
described previously.

For samples showing a monoclonal peak post PCR, PCR products are cleaned up
using the QIAquick PCR purification Kit (Qiagen, Netherlands) according to
manufacturer’s instructions

Sequencing of cDNA with Big Dye Terminators v3.1

In each sequencing run, a positive sequencing control which is a PCR product already
identified as having a defined V region, a positive PCR control and an NTC control was
run alongside the samples. Sequencing reactions were prepared by combining 4ul of
Ready reaction mix (2.5X), 2ul Big Dye sequencing buffer (5X), 1.6pl primer (2pmol/pul),
5ul of purified PCR product and 7.4pl of sterile dH20 and ran in the ABI2720
Thermocycler.

Sequencing products were cleaned using Dyex spin columns (Qiagen, Netherlands) as
per manufacturer’s instructions and were used immediately or stored at -20.

Drying sequencing products

Sequencing products were placed in a heated vacuum centrifuge at 30°C for 20
minutes or until dry. When dry, 10yl of HiDi formamide was added to each dried
reaction and left at RT for 5 minutes.

Electrophoresis of sequencing reactions

10pl of each sequencing reaction was added to wells of a 96 well plate and the rubber
septa plate cover was placed on the plate. The plate was placed on the PCR
thermocycler (MJ Research) and set to a 95°C soak program for 3 min without heated
lid. The plate was placed on ice for 5 minutes and the white plastic plate cover was
placed over the plate and the plate was run on the ABI3130xl. Results were analysed
using LaserGene CoreSuite- Segman Pro software and V Quest search engine in the
IMGT database.
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2.2.2.2 Whole Blood Flow Cytometry Diagnostic Panel

Whole Blood Flow cytometry was performed by the Immunophenotyping Laboratory,
St. James’s Hospital. This method allows the staining of leukocytes from fresh, whole
blood. 5 15ml Falcon tubes were labelled and antibody mixes were prepared as per
table 2.2. The peripheral blood was diluted to 2x10° cells/ml in CelWASH (BD,
Switzerland) and 100ul of whole blood was added to each tube. Tubes were placed in
a BD FACS Sample Prep Assistant Ill and cells were washed by adding 2ml of
CelWASH was added to tubes 1 and 2 from table 2.2 (IgM, kappa/lambda) and
vortexed and centrifuged. The supernatant was removed and this was repeated twice
more. The appropriate monoclonal antibodies (Table 2.2) were added to each
individual tube and cells were vortexed and incubated at room temperature in the dark
for 5 minutes. Tubes were then placed in the BD FACS Lyse Wash Assistant and 2ml
of Pharm Lyse (10X buffered ammonium chloride diluted 1:10 with distilled water) (BD,
Switzerland) was added to each tube, vortexed and incubated, in the dark at room
temperature for 15 min. 1ml of Cell WASH was added to the tubes and they were
vortexed and centrifuged to remove lysed antibody and unbound Fluorochrome. The
supernatant was removed and cells were resuspended in 0.5ml CellWASH before

running on the BD FACS Canto Il flow cytometer (BD, Switzerland).
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Table 2. 2 Chronic B Lymphoproliferative flow cytometry Panel

Tube Antibody Fluorochrome Volume (pl)
1 CD5 FITC FITC 20
CD3 PE PE 20
CD19 PerCP-Cy5.5 PerCP-Cy5.5 20
CD45 APC-H7 APC-H7 5
2 Kappa /Lambda FITC/PE 20
CD19 PerCP-Cy5.5 20
CD38 APC 5
3 CD43 FITC 20
CD200 PE 20
CD19 PerCP-Cy5.5 20
IgM APC 20
4 FMC7 FITC 20
CD20 PE 20
CD19 PerCP-Cy5.5 20
CD10 APC 5
5 CD22 FITC 20
CD23 PE 20
CD19 PerCP-Cy5.5 20
CD79b APC 20

2.2.2.3 NOTCH1 mutational Status

Activating NOTCH1 mutations are found in 10% of CLL at diagnosis with higher
frequencies in chemorefractory and advanced CLL. 80% of NOTCH1 mutations are
represented by a two basepair frameshift deletion (c.7544-754 5delCT). This deletion
results in a premature stop codon and the production of a shorter protein lacking an
ubiquitination site, thought to allow the protein to remain transcriptionally active for
longer. We used a PCR assay with primers designed to amplify the wild type and this
mutant allele of NOTCH1. Two mastermixes containing either forward primers for
consensus NOTCH1 (8 GTG ACC GCA GCC CAG TT — 3’) or forward primer for
mutant NOTCH1 (5 TCC TCA CCC CGT CCC GA - 3) with reverse primers for
NOTCH1 (5 AAG GCT TGG GAA AGG AAG -3’) (Eurofins Genomics (Bavaria,
Germany)) were prepared by combining the reagents in table 2.3. dNTPS were diluted
from a stock of 25mM to 1mM by performing a 1:25 dilution in nuclease free H,0.
Primers were diluted from a stock of 100pM to 10pM by performing a 1:10 dilution in

nuclease free H,0 prior to adding to the mastermix.
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Table 2. 3 Reagents and volumes required for NOTCH1 PCR Mastermix

Reagent

Volume for 1X reaction

AmpliTaq Gold 10X PCR Buffer (Applied
Biosystems)

2l

MgCl, Solution 25mM

Biosystems)

(Applied

0.8ul (ImM final conc)

dNTP Mix

3ul (150pM final conc)

Forward Primer

1pl (10 pmol/ul final conc)

Reverse Primer

1pl (10 pmol/pl final conc)

AmpliTag Gold 5U/ul DNA Polymerase 0.3ul
(Applied Biosystems)

Nuclease Free H,0 9.9ul
Total 18ul

18ul of mastermix was added to a separate 0.2ml PCR tube for each patient. 2yl
containing 100ng of patient DNA was added to each tube. The tubes were vortexed
and centrifuged briefly before amplifying in an ABI 2720 Thermocycler under the

conditions in table 2.4.

Table 2. 4 PCR conditions for amplification of NOTCH1

Cycles Temperature (°C) Time
1 95 3 minutes
34 95 30 seconds
34 58 30 seconds
34 72 30 seconds
1 72 5 minutes
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After amplification, a 2% agarose gel was prepared by adding 2g of agarose (Panreac
Applichem, Germany) to 100ml of 1X TAE buffer (10X Tris Acetate-EDTA buffer
diluted 1L in 10L H,0)(Sigma Aldrich, Switzerland). The gel was heated in a microwave
for approximately 2 minutes or until clear and 5ul of SYBER Safe DNA gel Stain
(Invitrogen, UK) was added per 50ml of gel. 100ml was poured into a tray containing a
15 well comb and bubbles were removed. The gel was allowed to set for 20 minutes.
After PCR amplification, samples were centrifuged and 3.3ul of 6X Loading dye was
added to each sample. 22ul of each sample was loaded per well as well as a 100bp
ladder at each end of the gel in a Bio-Rad Wide Mini Sub Cell GT Gel Dock (Basel,
Switzerland). A negative polyclonal control with wild type NOTCH1, a positive control
with a known NOTCH1 mutation and a no template control was ran with each PCR.
The gel was run at 100V, 500mA for 45 minutes using a Hybiad PS250 power pack. A

Syngene ingenius 3 UV Gel Dock was used to take an image of the gel under UV light.

2.2.3 CLL patient sample processing and treatment

CLL cells were isolated from patients following informed consent and their use for this
project was approved by the St James’s Hospital and Adelaide and Meath
incorporating the National Children’s Hospital Joint Ethics Committee.

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from CLL patients by
density gradient centrifugation using Lymphoprep® (Axis-Shield, UK). The blood
samples were diluted by adding an equal volume of RPMI and layered on top of 15ml
of Lymphoprep. The tubes were capped and centrifuged at 800xg with no brake for 30
minutes at room temperature. After centrifugation, the cells were removed from the
sample/medium interface using a Pasteur pipette. The harvested cells were diluted 1:1
with RPMI, centrifuged at 250xg for 10 minutes at RT and resuspended in RPMI media
containing 10% FBS or cryopreserved at a cell density of ~1x10’/mL in FBS containing
10% dimethyl sulfoxide (DMSO) (Sigma Aldrich, Switzerland). Cryopreserved samples
were rapidly thawed at 37°C , resuspended in RPMI media containing 10% FBS and

incubated at ~ 1x10 cells/ml for at least 1 hour, to allow cells to recover prior to use.

CLL cell selection was performed on bone marrow samples and peripheral blood
samples that were <90% CD19 positive as identified by immunophenotyping (Table
2.1). Selection was performed using EasySep™ Human B Cell Enrichment Kit without
CD43 Depletion (Stemcell Technologies). After isolation of PBMCs, cells were counted
and resuspended in the recommended buffer (PBS, 1mM EDTA, 2% FBS) at a

concentration of 5x10" cells/ml. 50ul of selection cocktail was added per ml of sample
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and incubated at room temperature for 10 minutes. 50ul of magnetic particles was
added per ml of sample and incubated at room temperature for ten minutes. The
required volume of buffer was added to a final volume of 2.5ml and the tube was
incubated in the EasySep Magnet (Stemcell Technologies) for 5 minutes. The enriched
cells were poured into a new tube by inverting the magnet and 2.5ml of buffer was
added to the tube. The remaining cells were added to the new tube. Cells were stained
with CD19 antibodies and purity was confirmed using flow cytometry on an aliquot of

enriched cells.

2.2.3.1 Cell count and viability using Acridine Orange and Ethidium

Bromide

Cell count and viability were assessed by staining with acridine orange and ethidium
bromide and using a haemocytometer. 10mg/ml Ethidium Bromide and 100ug/ml
Acridine Orange were diluted 1:100 in PBS to make the staining solution. Prior to use,
an aliquot of cell suspension was diluted 1:20 or 1:50 with PBS and stained with
acridine orange/ethidium bromide. 10ul of cell suspension was loaded onto a
haemocytometer and placed under the blue light of a fluorescent microscope. Cell
count and viability were noted in 4 squares with live cells appearing green and dead

cells appearing orange under the fluorescent microscope.

2.2.3.2 Culture and Treatment of CLL cells

CLL cells were cultured in RPMI medium supplemented with 10% (v/v) Fetal Bovine
Serum, 100units/ml Penicillin and 0.1mg/ml Streptomycin at a density of 3-5x10°
cells/200ul in a 96 well plate for all flow cytometry experiments and 3x10°
cells/chamber slide for confocal microscopy unless otherwise stated. Cells were
cultured at 4-5x10° cells/500ul RPMI in 24 well plates for protein and RNA extraction
experiments. Stimulation of the BCR was performed by incubating CLL cells with
10pg/ml F (ab) , anti-human IgM fragments. IgM immobilization was performed by
diluting F (ab) , anti-human IgM fragments to 10ug/ml in PBS and placing 150pl per
well of a flat-bottomed 96 well plate overnight at 4°C. Remaining liquid was removed
and the plate was blocked using 0.5% BSA in PBS for one hour. Stimulations using IL-
4, IL-6, CXCL12 and CD40L were performed after serum starving cells for one hour in
unsupplemented RPMI followed by incubating CLL cells with 10ng/ml IL-4, 50ng/ml IL-
6, 1ug/ml CD40L or 100ng/ml CXCL12. Experiments using drug treatments were
performed by incubating CLL cells with Cucurbitacin, S3I, Ruxolitinib, Ibrutinib or

Idelalisib for the times and concentrations specified in the figure legends.
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2.2.3.3 Bone marrow stromal cells and conditioned media

Patient derived BMSC were expanded from the mononuclear cell fraction of bone
marrow aspirates following density gradient centrifugation as described in section
2.2.3. 1 x10° mononuclear cells were incubated in in DMEM supplemented with 10%
(v/v) FBS and 100units/ml Penicillin and 0.1mg/ml Streptomycin and the BMSC were
allowed to adhere to the culture vessel surface overnight. Non-adherent cells were
washed off and the BMSC were allowed to expand until confluent and harvested by
removing the media and washing gently with PBS before trypsin was added to the flask
and left in the incubator for 5 minutes or until cells had lifted. Cells were then
cryopreserved as described above. Hs5 BMSC cells were grown in DMEM
supplemented with 10% (v/iv) FBS and 2100units/ml Penicillin and 0.1mg/ml
Streptomycin. HUVEC were maintained in Endothelial Cell Media with added
supplement. The cells were maintained in a humidified atmosphere containing 5% CO,
at 37 C. The cells were split when the monolayer was 70-80% confluent. Cells were
split by removing the media and cells were washed gently with PBS to remove any
floating cells, debris and excess media. Trypsin was added to the flask and left at 37°C
for 5 minutes or until cells had lifted.10ml of media was added to the flask to inhibit the
enzymatic activity of the trypsin and the cells were centrifuged. The cells were split 1:3
and added to a new cell culture flask.

For coculture experiments, Hs5 BMSC, patient derived BMSC and HUVECs were
seeded at 2.5 x10” cells per well in 96-well plate and incubated overnight to reach a
confluent monolayer and washed 3 times with RPMI before the addition of CLL cells.
For conditioned media, fresh DMEM was placed in 70% confluent flask of Hs5 cells
was incubated overnight. The DMEM was removed and centrifuged at 400g for 3

minutes to remove debris before incubation with CLL cells.

2.2.4 CLL Cell Line Culture

The human 183 cells are characterized by CD19", CD5" and IgMd with mutated IGVH
genes. The HG3 cells are characterized by CD19*, CD5" and IgMd with unmutated
IGVH genes. The cells were grown in RPMI medium supplemented with 10% (v/v) Fetal
Bovine Serum, 100units/ml Penicillin and 0.1mg/ml Streptomycin. Both cell lines were
split 1 in 3, three times a week to maintain a sub-confluent cell suspension. Cells were
harvested for use in the log phase of growth. Both cell lines were cultured at 3-4x10°

cells/500ul in 24 well plate.

59



2.2.5 Mycoplasma Testing

Mycoplasma are a simple genus of bacteria that are distinguishable by their lack of cell
wall. Mycoplasma commonly infects cell cultures and can alter cells behaviour leading
to unreliable results (Miller et al., 2003). Mycoplasma testing of HG3, 183 and Hs5 cells
was performed by PCR according to (Young et al., 2010). 1ml of supernatant was
taken from a confluent T75 flask and debris was pelleted by centrifuging at 200xg for 1

minute. A PCR mix was set up by adding the reagents in table 2.5 to 0.2ml PCR tubes.

Table 2. 5 Reagents and volumes required for mycoplasma PCR mastermix

Reagent Volume for 1X reaction
Green GoTaq Mastermix 25ul
Forward Primer (20uM) 1l
Reverse Primer (20uM) 1l
Nuclease Free H,0 22l

The forward primer (5-TGCACCATCTGTCACTCTGTTAACCTC-3') and reverse primer
(5'- GGGAGCAAACAGGATTAGATACCCT-3') were obtained from Sigma-Aldrich
(St.Gallen, Switzerland). 1pul of cell culture supernatant was added to each PCR tube
and a positive control with known mycoplasma and a negative control with water.
Tubes were vortexed and centrifuged briefly before being ran under the conditions in
table 2.6 on a PTC-100 thermocycler (MJ Research).

Table 2. 6 PCR conditions for mycoplasma amplification

Cycles Temperature Time
1 95°C 5 minutes
40 94°C 30 seconds
55°C 30 seconds
72°C 1 minute
1 72°C 10 minutes

A 2% gel was prepared by adding 1g of agarose to 50ml 1X TBE buffer and
microwaving for 2 minutes. 5ul of SyberSafe Dye was added per 50 ml gel before
pouring. Gel was left to set for 20 minutes. 20ul of sample was added per well and 20ul
of a 100 base pair ladder was added to the first and last well of the gel. The gel was
run at 100V for 30 minutes and imaged using a Fusion FX Gel Dock (Vilber, France).

Cells tested negative for mycoplasma as shown in appendix 1.
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2.2.6 Flow Cytometry

Flow Cytometry was used to analyse surface molecule expression, intracellular protein
expression, cell cycle and cell viability.

Gating Strategy

For all surface molecule flow cytometry experiments cells were gated on single, live
(using live/dead stain propidium iodide), CD19 positive cells live/dead stain propidium
iodide was used to gate on live cells as shown in figure 2.1 plots (i)-(iv). For apoptosis,
and intracellular staining cells were gated on single, CD19+ cells as shown below in
figure 2.1 plots (i)- (iv). Fluorescence minus one (FMOs) were used for positioning
gates for surface antigen expression.

(i) (i) (iii) (iv)

60K = 60K | 60K =
Single Cells

. Lymphocytes

R 97.9%

40K =
CD19 +ve Cells

SSLin: S5

FSLin: FS
SSLin:: S8
Comp-FL 4 Log:: PI

T T T T T T T T T
0 20K 0K 60K 200 300 400 500 0 1 2 3 ]

FSLin:Fs Pulse Width :: Pulse Wicth FL9Log:: CD19 APCCy7 FSLin: FS

Figure 2. 1 Gating strategy for flow cytometric analysis of surface adhesion molecules (i) SS Lin vs FS Lin
plot is used to gate on the lymphocyte population. (i) FS Lin vs Pulse Width is used to gate on
single cells and remove doublets from analysis (iii) SS Lin vs CD19 which is identified using FL9 is
used to gate on CLL B cells. (iv) Pl identified by FL4 vs FS Lin is used to gate on viable cells. Gates

for CD19 and PI are set using an unstained sample.

Compensation and controls

Compensation matrices were created using compensation beads (BD Biosciences).
100ul of flow cytometry staining buffer (PBS, 1mM EDTA, 2% FBS, 0.09% Sodium
Azide) was added 5ml flow tubes. Negative and positive beads were vortexed and one
drop (60ul) was added to the tube. 1ul of flurochrome-conjugated antibody was added
to the tube and incubated in the dark at 4C for 20 minutes. 1ml of staining buffer was
added to the tube and centrifuged at 400g for 5 minutes. Beads were resuspended in

600ul staining buffer for acquisition on the Cyan ADP.
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An aliquot of cells (3x105) was used as compensation controls for dyes Annexin V (AV)

and Propidium lodide (PI). For Annexin V, cells were washed with 1ml of AV binding
buffer (0.1M HEPES, 1.4M NacCl, 25mM CaCl2, and pH7.4). Cells were resuspended in
95yl of binding buffer and 5ul of Annexin V was added and incubated in the dark at 4C

for 20minutes. For Pl controls, Cells were washed and resuspended in 200ul of

staining buffer. Just prior to acquisition on the flow cytometer, 200l of staining buffer

containing PI (0.25ug/ml) was added to the tube.

Flow Cytometry Antibodies

Table 2.7 lists the antibodies/dyes and flurochromes used in flow cytometry

experiments.

Table 2. 7 Flow Cytometry antibodies

Antibody Clone Fluorochrome Volume (i) | Supplier
CD19 SJ25C1 APCCy7 5 BD
CD19 HIB19 AF488 5 Biolegend

CD62L DREG-56 BV510 5 BD
CD38 HIT2 FITC 20 BD
CD29 MAR-4 APC 20 BD

CD1l1c B-ly6 BVv421 15 BD
CD31 WM59 PECy7 5 BD

CD49d 9F10 PE 20 BD

STAT3 M59-50 APC 20 BD

pSTAT3 (S727) 49/pSTAT3 AF647 20 BD
pSTAT3 (S727) 49/pSTAT3 AF488 20 BD
pSTAT3 (S727) 49/pSTAT3 BVv421 20 BD
pSTAT3 (Y705) 4/p-STAT3 PE 20 BD
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The lasers and detector configuration settings for the Cyan ADP are shown in table 2.8.




Table 2. 8 Laser and Detector Configuration for the Cyan ADP

Detector Name Parameter Detected Range
FSC Forward scatter
SSC Side scatter
FL1/FITC FITC, GFP, AF488 510-550
FL2/PE PE 562.5-587.5
FL3/PE-Texas Red PI 603-623
FL4/PE-Cy5 PE-Cy5.5 665-695
FL5/PE-Cy7 PE-Cy7 750LP
FL6/Violet 1 Bv421 425-475
FL7/Violet 2 BV510 510-550
FL8/APC APC, AF647 655-675
FL9/APC-Cy7 APC-Cy7 750LP
Blue Laser 488nm Excitation
Violet Laser 405nm Excitation
Red Laser 635nm Excitation

2.2.6.1 Surface molecule expression

Surface molecule expression was assessed by multicolour flow cytometry. Cells were
treated as per section 2.2.3.2. Cells were transferred to 5ml flow cytometry tubes and
washed twice by adding 500ul staining buffer (PBS, 1mM EDTA, 2% FBS, 0.09%
Sodium Azide) and centrifuging at 300xg for 3 minutes. Cells were kept on ice from this
point to prevent receptor internalisation and preserve fluorophores. Cells were
incubated with 100ul panels of flow antibodies (Table 2.7) for 20 minutes at 4°C. Cells
were washed by adding 500yl staining buffer (PBS, 1mM EDTA, 2% FBS, 0.09%
Sodium Azide) and centrifuging at 300xg for 3 minutes and resuspended in 200l
staining buffer for analysis on a CyAn ADP flow cytometer (Beckman Coulter CA,
USA). 200yl of staining buffer containing Propidium lodide (PI) (0.25ug/ml) was added
to each tube prior to flow cytometry analysis. Data was analysed using FlowJo (V10)
Software (FlowJo (OR, USA)). Cells were gated on single, CD19 positive cells, live (PI

negative) populations as shown in figure 2.1.

2.2.6.2 Intracellular phosphorylated STAT3 (pSTAT3) expression

Intracellular serine and tyrosine pSTAT3 expression was assessed by flow cytometry.

After treatment, cells were transferred to 5ml flow cytometry tubes and washed twice
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by adding 500yl staining buffer (PBS, 1mM EDTA, 2% FBS and 0.09% Sodium Azide)
and centrifuging at 300xg for 3 minutes. Cells were stained with CD19 by adding anti-
CD19 antibody and incubating for ten minutes at 4°C. Cells were fixed by adding 250l
of Cytofix Buffer (BD Biosciences, Switzerland) dropwise while gently vortexing and
incubated for 15 minutes at 4°C. Cells were washed by adding 500ul staining buffer
and centrifuging at 300xg for 3minutes and permeabilised using 1ml ice-cold
PermBuffer Il (BD Biosciences, Switzerland) for 30 minutes on ice. Cells were washed
by adding 500ul staining buffer and centrifuging at 300xg for 3minutes and extra care
was taken to remove all supernatant. Cells were stained for 30 minutes at room
temperature by resuspending in 100ul staining solution containing 1:20 dilution of PE-
tyrosine pSTAT3 and/or APC-serine pSTAT3 or APC-total STAT3 PhosFlow antibodies
(BD Biosciences, Switzerland) (Table 2.8). Cells were washed by adding 500pl staining
buffer and centrifuging at 300xg for 3 minutes. Cells were resuspended in 400ul
staining buffer. All samples were analysed on a CyAn ADP flow cytometer. Positive
populations were gated on based on unstained and Fluorescence minus one (FMO)
samples. Compensation was performed using BD compensation beads. Data was
analysed using FlowJo (V10) Software.

2.2.6.3 Cell cycle Analysis

Cell cycle was assessed using propidium iodide (PIl) staining by flow cytometry.
Propidium iodide intercalates between nucleic acid bases and the amount of
fluorescence is proportional to the amount of DNA present. As a cell progresses
through different stages of the cell cycle, different amounts of DNA are present, cells in
the S phase will have more DNA than those in the GO/G1 phase and cells in G2 should
be twice as bright as those in GO/G1. Cell cycle progression was assessed by fixing
cells with 70% ethanol, added dropwise while vortexing, for 30 minutes at 4°C before
incubation with RNase and Pl (50ug/ml) for 10min. Cells were washed and
resuspended in 500ul buffer (PBS, 1ImM EDTA, 2% FBS, 0.09% Sodium Azide) before
samples were analysed on cyan ADP. Data was analysed using FlowJo (V10)

Software.

2.2.6.4 Apoptosis by AV/PI staining

Apoptosis was assessed by flow cytometry. Phosphatidylserine is located on the
cytosolic side of the plasma membrane in healthy cells but translocates to the
extracellular side when cells begin to undergo apoptosis. Fluorescently tagged Annexin

V binds to this exposed phosphatidylserine on the cell surface, in a calcium dependent
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manner, indicating cells undergoing apoptosis. As mentioned above propidium iodide
(PI) is a fluorescent dye that binds to DNA by intercalating between the bases. Pl is
excluded by viable cells with an intact membrane. Late-stage apoptosis results in the
loss of membrane integrity allowing Annexin V to bind cytosolic phosphatidylserine and
allowing PI to enter the cell and bind DNA. As shown in figure 2.2, the lower left
quadrant (Q1), shows cells negative for both stains are the non-apoptotic cells. The
lower right quadrant (Q2), shows early apoptotic cells stained for AV only. Cells in the
upper right quadrant (Q3) are late apoptotic or necrotic cells positive for both AV and
Pl. The upper left quadrant (Q4) shows necrotic cells positive for Pl only. Cells were
treated, transferred to 5ml flow cytometry tubes and washed by adding 500ul Annexin
V (AV) binding buffer (0.1M HEPES, 1.4M NaCl, 25mM CacCl,, and pH7.4) and
centrifuging at 300g for 3 minutes. Cells were then incubated with Annexin V-FITC (IQ
Products) or Annexin V-PE (ImmunoTools, Friesoythe, Germany) (100ul AV binding
buffer and 2ul-3ul of Annexin V stain per sample) and CD19, for 20 minutes at 4°C.
Cells from this point were kept on ice and in the dark to preserve the FITC/PE
fluorochromes. Cells were washed (300xg, 3minutes) and resuspended in 200ul AV
binding buffer. 200ul of staining buffer containing Propidium lodide (PI) (1mg/ml diluted
1:2000 to a final concentration of 0.25ug/ml) was added to each tube prior to running.
Cells were gated on single, CD19 + population. Cells were run on a CyAn ADP flow

cytometer and data was analysed using FlowJo (V10) Software.

34 Q3

Comp-FL 3Log :: PI

Comp-FL 1 Log :: Annexin V-FITC

Figure 2. 2 Example of an AV/PI dotplot. Annexin V-FITC was identified by the FL1 channel and is
shown on the X axis Pl was identified by the FL3 channel and is shown on the Y axis. Quadrant 1
represents AV/PI negative, viable cells. Quadrant 2 represents AV positive, Pl negative early apoptotic
cells, Quadrant 3 represents AV/PI positive, late apoptotic cells and quadrant 4 represents Pl positive,
Annexin V negative, necrotic cells. Quadrants were gated using an unstained and single stain (AV only

and PI only) samples.
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2.2.7 MTT assay

The MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) colorimetric
assay (Roche Applied Science, Switzerland) was used to assess cell viability of CLL
cell lines. The MTT tetrazolium salt is cleaved by mitochondrial oxidoreductase
enzymes in metabolically active cells in a reduction reaction involving NADH and
NADPH. The resulting formazan crystals are solubilised by the solubilising solution to
give a coloured solution that can be quantified by a spectrophotometer at a wavelength
of 560nm.

3x10*183 or 2x10* HG3 cells were plated in a total of 100ul of RPMI media in a 96-well
plate treated in triplicate with various concentrations of inhibitor and were incubated at
37°C in a 5% CO, environment. After 24 or 48 hours 10yl of MTT tetrazolium salt
labelling reagent was added to each well and incubated at 37°C in a 5% CO,
environment for 4 hours. 100pl solubilisation solution (10% SDS, 0.01M HCI) was
added to each well and the plate was incubated at 37°C overnight. The absorbance
was then read at 560nm using a Perkin Elmer Victor 2 Instrument or an Epoch
Microplate Spectrophotometer (BioTek, USA). MTT Assay is used to determine an
ECs, value for a drug. An ECg value is the concentration of agent required to cause a
response halfway between the baseline and maximum response. A dose-response
curve, describing the relationship between drug concentration and effect on the cell
viability, was plotted in order to ascertain an ECsy value for each agent. In order to
calculate an ECs, value, a baseline and maximum response i.e. a plateau on each end
of the graph, is required. In some cases, a maximum response was not reached at the
highest concentration (100uM), so an estimated ECs, value was calculated by

constraining the baseline to 0 and extrapolating an ECsx, value.

2.2.8 Chemotaxis assay

CLL cell chemotaxis was assessed using Neuroprobe 96-well ChemoTx Plates (5um
pores, 3.2mm diameter) (Neuroprobe, USA). 10% BSA was prepared by dissolving 1g
BSA in 10ml PBS and filter sterilising using a 0.22um filter. 250ul of 10% BSA was
added to 5ml unsupplemented RPMI to give 0.5% BSA. 29ul of RPMI with 0.5% BSA
containing CXCL12 (100ng/ml unless otherwise stated) was added to the wells below
the filter. CLL cells were centrifuged at 300xg for 3 minutes, resuspended in RPMI with
0.5% BSA and incubated with/without inhibitors for 1 hour at 37°C. The cell suspension
is required to cover the exposed filter area. Optimised coverage is based on cell size,

and pore density. The plates used were 8mm? with 5um pores at a pore density of
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4000/mm?. The average diameter for a CLL B lymphocyte is 6-7um (Kuse et al., 1985).
From the graph in figure 2.3 supplied by Neuroprobe, 7um cells require ~27,000
cells/mm? or approximately 2.5x10° cells per well. 2.5 x10° CLL cells in 25ul were
added to the top of the filter and cells were incubated for 3 hours at 37°C and 5% CO..
After 3 hours cells remaining on top of the filter were gently removed and the cells
which had migrated through the filter were transferred to a 96-well plate, fixed with 4%
formaldehyde and stained with Hoechst (10mg/ml stock diluted 1:2000 to give 5ng/ml)
nuclear staining dye overnight in the dark at room temperature. Migrated cells were
imaged by capturing 20 fields per well using an Incell Analyzer 1000 or Cytell cell
imaging system (GE Healthcare Life Sciences,USA) and quantified by Incell Analyzer
1000 Software (GE Healthcare Life Sciences,USA) setting cell diameter size as 10um

and adjusting sensitivity in order to count only defined CLL cells.

Cell-size/Cell-density Graph

10 \-\-\

‘Hﬂl—‘__

Average cell diameter in [Lm
>

— |

0 5 10 15 20 25 30 35 40 45 50
Cells per mm2 in monolayer (thousands)

Figure 2. 3 Cell size graph supplied by Neuroprobe used to determine cell number for plating for
chemotaxis. CLL cells have an average diameter of 6-7um and the plate used had 4000 pores/mm2 and
was 8mm?* Graph was used to determine the optimal cell number to be placed on the Neuroprobe ChTx

filter for maximal chemotaxis.

2.2.9 Adhesion under shear flow

To investigate the adhesion of CLL cells under shear flow a microfluidics system
utilizing a neMESYS Low Pressure syringe pump system (Cetoni GmbH,Germany) with
neMESYS User Interface Software was used to introduce CLL cells into channels of
Vena8Endothelial+biochips (Cellix, Ireland) under controlled shear flow rates as shown

in figure 2.4. The microfluidic channel was coated with Fibronectin (100ug/ml)
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overnight at 4°C. HUVEC cells were treated with TNF-a (10ng/ml) overnight to activate
the HUVEC cells , washed twice with PBS and 3ml of Accutase (accutase solution in
PBS containing 0.5mM EDTA) (PromocCell, Germany) was used to remove HUVECs
from the flask without disrupting cell surface adhesion molecules. 5x10* HUVECs were
seeded per microfluidic channel and the chip was incubated for 2 hours at 37°C,
allowing the cells to adhere and form a confluent monolayer. RPMI was flowed through
the channels at a flow rate of 1 dyne for 2 minutes to remove any unadhered HUVECs.
4x10° CLL cells were treated with Cucurbitacin or an anti-CD62L antibody for 4 or 24
hours as indicated. CLL cells were then introduced into the channel at a constant shear
flow of 0.5 dynes (0.1ul/second). After 5 minutes, 2 images 30 seconds apart were
captured at 3 points along the channel using a QICAM Fast 1394 Digital camera
(Qlmaging, Canada) and Qcapture Pro Software. Total number of cells adhered was
counted by stacking the two consecutive images using ImageJ (US National Institutes
of Health.MA, USA; https://imagej.nih.gov/ij/) and counting cells that appeared adhered

in both images.
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Figure 2. 4 Schematic diagram of the Shear Flow System. The Biochip (b) was coated

overnight with TNFa stimulated HUVECs. The monolayer was washed to remove any loose cells

and CLL cells were introduced to the channel using the NeMESYS pump system (c) and

software.
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2.2.10 STAT3 siRNA Knockdown

CLL cells were transfected as per Amaxa® Human B-Cell Nucleofector® Kit protocol
obtained from Lonza (Basel, Switzerland). 5-6x10° CLL cells in RPMI containing 20%
FBS were centrifuged at 300xg for 3 minutes and resuspended in 100ul of
Nucleofector® solution. 500nM siRNA for STAT3 (SMARTpool®), scrambled control
siRNA or pmaxGFP vector (all from Dharmacon, UK) was added to the cells and
transferred to 2mm gap cuvettes. Cells were electroporated using the U-015
Nucleofector Program® as per the manufacturer's instructions. Following
electroporation, the cells were removed from the cuvette using a Pasteur pipette and
incubated in 2ml RPMI + 20% FBS to allow cells to recover at 37°C in a 5% CO,
environment for 72 hours before analysis to assess knockdown, transfection efficiency
and surface molecule expression by flow cytometry. Knockdown was assessed at a
protein level by staining for total STAT3 by flow cytometry as per section 2.2.6.2.
Transfection efficiency was assessed by the percentage of GFP positive cells by flow
cytometry.

2.2.11 Protein Extraction and Western Blot

2.2.11.1 Protein Extraction and Quantification

All steps were performed on ice to prevent denaturing of proteins. After treatment, cells
were washed with 500ul ice-cold PBS, and centrifuged at 4°C at 300xg for 3 minutes.
The supernatant was removed and cell pellet resuspended in 500ul ice-cold PBS and
transferred to 2.5 ml Eppendorf tubes. Cells were centrifuged at 400g at 4°C for 5
minutes. The supernatant was removed, leaving no excess liquid and cells were
resuspended in ice-cold radioimmunoprecipitation assay (RIPA, 25 mM Tris, 150 mM
Sodium Chloride, 1% NP-40, 1% Sodium Deoxycholate, 0.1% SDS, pH 7.6) buffer
containing 1mM sodium orthovanadate, 2mM phenylmethylsulfonyl fluoride and
protease inhibitors (Santa Cruz Biotechnology, Germany). The cell pellets were
vortexed and incubated on ice for 15 minutes followed by centrifugation at 13400xg at
4°C for 20minutes. Supernatants were harvested and protein concentration was
determined by Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific, Germany).
The BCA Assay is a colorimetric assay that uses the reduction of Cu? to Cu™ by
protein in an alkaline medium to quantify the concentration of protein in a solution. BSA
standards are prepared by 8 dilutions of a 2mg/ml stock of BSA to give 9
concentrations in the range of 0-2000ug/ml. The working reagent is prepared by mixing
50 parts BCA Reagent A with 1 part BCA Reagent B. 10yl of each standard in
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triplicate and 10pl of each unknown sample was added to a 96-well plate and 200yl of
working reagent added per well. The plate was covered and incubated at 37°C for 30
minutes. The plate was allowed to cool and was read at 560nm on an Epoch
Microplate Spectrophotometer (BioTek, VT, USA). The absorbance of the blank was
subtracted from all values and a standard curve (absorbance at 560nm vs
Concentration (ug/ml)) was plotted. The unknown sample values were determined from

the standard curve using Prism 7 Software (Graphpad, CA, USA).

2.2.11.2 Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and Protein Transfer

After quantification, cell lysates were boiled (95°C) with equal volumes Laemmli sample
buffer (final concentration: Tris-HCI 62.5 mM (pH 6.7), Glycerol 10% (v/v), sodium
dodecyl sulfate 2% (w/v), bromophenol blue 0.002% (w/v) containing (-
mercaptoethanol 143 mM) for 5 minutes. Lamelli buffer contains a bromophenol blue
tracking dye to assess the separation. An equal amount of each lysate (15-20ug) was
resolved by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
in a Mini-PROTEAN Electrophoresis System (BioRad, UK). The 12% Resolving gel
was prepared by combining the reagents in table 2.9. The mixture was mixed gently
and sonicated to remove dissolved air. 20% Ammonium Persulfate (APS) (Thermo
Fisher Scientific, Germany) was prepared fresh in H,0 and 50ul was added to the
mixture with 5ul of Tetramethylethylenediamine (TEMED) (Sigma Aldrich, Switzerland).
The gel solution was gently mixed and poured in between two glass plates. 100ul of
cold H,0 was gently pipetted on top of the gel and the gel was allowed to set for 45
minutes. The 4% Stacking gel was prepared by combining the reagents in table 2.10.
25ul of APS and 5ul of TEMED were added and the solution was gently mixed. The
H,0 was carefully removed from the resolving gel and the stacking gel was evenly
poured on top. The comb was placed in the stacking gel and the gel allowed to set for

45 minutes.

Table 2. 9 Volumes of reagents required for a 12% Resolving gel.

12 % Resolving Gel

Reagents Volume
dH20 1.7ml
30% Bis-Acrylamide 2mi
1.5M Tris-HCI pH 8.8 1.25ml
10% SDS 50ul
20% APS 25ul
TEMED 5ul
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Table 2. 10 Volumes of reagents required for a 4% Stacking gel.

4% Stacking Gel

Reagents Volume
dH20 1.525ml
30% Bis-Acrylamide 332.5ul
0.5M Tris-HCI pH 6.8 625l
10% SDS 25l
20% APS 12.5ul
TEMED 2.5pl

The comb was removed and 20yl of sample was loaded per lane. 5ul of EZ-Run Pre-
Stained Protein Ladder (Thermo Fisher Scientific, Germany) was added to one lane
and used as a marker to determine molecular weight of resolved proteins. 10X Running
buffer was prepared by combining 30.3g Tris Base, 144g Glycine and 10g SDS with
800ml deionised H,0)and diluted to 1X by taking 100ml of 10X running buffer and
adding 900ml H,0 to run the gel. The gel was run at 200V for 1 hour using a Consort
Powerpack or until the dye front had almost reached the end of the gel. Transfer buffer
was prepared fresh by combining 3.03g Tris Base, 14.4g Glycine, 800ml H,0 and
200ml Methanol (all Fisher Scientific, Germany). The gel, filter paper and fibre pads
were left in transfer buffer for 15 minutes to equilibrate. The Polyvinylidene fluoride
(PVDF) membrane was activated by immersing it in 100% Methanol for 10 seconds
and washing in H,0 for 5 minutes before adding to transfer buffer to equilibrate. The
fibre pads, 4 sheets of filter paper, PVDF membrane and gel were arranged in a
sandwich in a Trans-Blot Cell (BioRad, UK) and ran at 100V for 1 hour. 10X Tris
buffered saline (TBS) was prepared by combining 24g Tris HCI, 5.6g Tris Base, 88g
NaCl and 900ml H,0. The pH of the buffer was adjusted to 7.6 and made up to 1L with
H,0. 1X TBS-Tween (TBST) was prepared by adding 100ml 10X TBS to 900ml H,0
and adding 1ml Tween. The membrane was removed from the rig and washed in TBST
for 5 minutes. 5% milk powder (Marvel) or 5% BSA were prepared by adding 0.5g to
10ml of TBST. The membrane was blocked in 5% milk powder at room temperature for
1 hour on a roller to prevent nonspecific binding of the primary and secondary
antibodies to the membrane. The membrane was washed 3 times for 5 minutes in
TBST and incubated with primary antibody overnight at 4°C on a roller. The following
dilutions of primary antibodies were used: 1:1000 for pY705 STAT3, pS727 STAT3 and
Total STAT3 and 1:5000 Actin. All primary antibodies were prepared in 5% BSA. The
membrane was washed 3 times in TBST for 5 minutes. The membrane was incubated

in secondary antibody for one hour at room temperature. The following dilutions of
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secondary antibodies were used: 1:5000 anti-rabbit and 1:5000 anti-mouse. All

secondary antibodies were freshly prepared in 5% milk powder each time.

Table 2. 11 Antibodies used for Western Blotting

Antibody Dilution Supplier
Anti-STAT3 1:1000 Cell Signalling Technologies
Anti-STAT3 (pS727) 1:1000 Cell Signalling Technologies
Anti-STAT3 (Y705) 1:1000 Cell Signalling Technologies
Anti-Actin 1:5000 BD Biosciences
Mouse Anti-Rabbit 1IgG 1:5000 Santa Cruz Biotechnology
Goat Anti-Mouse IgG 1:5000 Santa Cruz Biotechnology
2.2.11.3 Immunodetection

The secondary antibodies used were conjugated to horseradish peroxidase (HRP)
allowing detection of the protein of interest by chemiluminesence. After blocking, the
membrane was washed 3 times in TBST for 5 minutes. Excess liquid was removed and
the membrane was covered with 3ml of Pierce ECL Substrate for 5 minutes. The
substrate was removed and the membrane placed in clear plastic. In a dark room, the
immunoblot was exposed to RX NIF Sheet X-Ray Film (Fuijifiim Corporation, Germany)

and developed using an AGFA Curix CP-1000 Film Processor.

2.2.12 Proteome Profiler Array

2.5x10" cells were incubated with/without Ruxolitinib (1uM) for 1 hour and then
stimulated with F(ab), anti-human IgM fragments or left untreated for 4 hours. The
Human Phospho-Kinase Array (R&D Systems, UK) was used to assess the
phosphorylation of 43 kinase phosphorylation sites of 38 different kinases. The protocol
was carried out as per the manufacturer’s instructions. Briefly, 2.5x10" per sample cells
were washed in PBS and lysed in 335ul Lysis Buffer 6 and rocked gently at 4°C for 30
minutes. The lysates were centrifuged at 14000xg for 5 minutes and protein was
quantified by BCA Assay. Two membranes, (Membranes A and B which contain
different sets of proteins) were blocked for 1 hour at room temperature on a shaker
using 1ml of Array Buffer 1 per membrane. The lysate was made up to 2 ml in Array
Buffer 1. Array Buffer 1 was removed from the membranes and 1 ml of this solution
was added to each membrane for each sample. The membranes were incubated
overnight on a shaker at 4°C. The membranes were removed and washed in 20ml 1X

Wash Buffer three times for 10 minutes each time. 20ul of Detection Antibodies were
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reconstituted to 1ml using 1X Array Buffer for each membrane and the membrane was
incubated in the 1ml for 2 hours at room temperature on a rocker.-The membranes
were removed and washed in 20ml 1X Wash Buffer three times for 10 minutes each
time. The membranes were removed and excess wash buffer was removed. Each
membrane was placed in the plastic sheet protector and incubated with 1ml of Chemi
Reagent Mix for 1 minute. The chemo reagent mix was blotted off and the membranes
were exposed to X-Ray film in a dark room for 1, 5 and 10 minutes. Analysis was
performed using Image J (V.1.5) with protein profiler add on software. The pixel density
of each spot was calculated and background was subtracted. The relative change in

signal between the different samples was calculated.

2.2.13 Gene expression analysis

2.2.13.1 RNA Extraction and quantification

CLL cells were treated and RNA was extracted using RNeasy Mini Kit obtained from
Qiagen (Hilden, Germany) as per the manufacturer’s instructions. Before first use,
260ml of ethanol was added to 65ml Buffer RPE. Prior to each extraction, 10pul of 3-
mercaptoethanol was added per 1 ml of RLT Lysis Buffer. In addition to the
guanidinium isothiocyanate (GITC) in the RLT Buffer, the B-mercaptoethanol denatures
RNases released after cell lysis preventing RNA degradation. CLL cells were removed
from the plate and washed twice by adding 1ml ice-cold PBS and centrifuging at 400xg
for 3 minutes. Cells were pelleted and supernatant was removed. The tube was flicked
to loosen the cell pellet and 350ul of RLT buffer was used to lyse the cells by pipetting.
The lysate was added to a QIAshredder column and centrifuged at the maximum
speed for 2 minutes in order to homogenise the lysate. 350ul of 70% Ethanol was
added to the flow through, to promote binding, mixed by pipetting and transferred to an
RNeasy spin column. The column was centrifuged at 8200xg for 15 seconds and flow
through was discarded. Nucleic acids were retained on the column. The column was
washed by adding 350pl of Buffer RW1 and centrifuging at 8200xg for 15 seconds. An
on-column DNA digestion was performed using RNase-Free DNase Kit (Qiagen,
Germany). The DNase | stock solution was prepared by injecting 550ul RNase-free
water and inverting gently. Lyophilised DNase | was aliquoted and stored at -20°C. 10yl
of DNase | stock solution was added to 70ul of Buffer RDD and mixed gently by
inverting the tube. 40ul of the DNase | incubation mix was placed directly on the
RNeasy column and left at room temperature for 15 minutes. The column was washed

by adding 350ul Buffer RW1 and centrifuging at 8200xg for 15 seconds. The column
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was washed twice with 500ul of Buffer RPE to elute contaminants. The RNeasy
column was transferred to a new collection tube and centrifuged at maximum speed for
1 minute to dry the membrane. 30pl of RNase free water was added to the column and
centrifuged at 8200xg for 1minute to elute the RNA. RNA quality (A260/280 >1.9, <2.1)
and quantity (A230, ng/ul) was assessed by Nanodrop ND 1000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific (MA, USA).

2.2.13.2 cDNA preparation

500ng-1500ng of RNA was converted to cDNA. The required amount of RNA was
made up to 12ul or 24ul using sterile RNase/DNase free H,0. A Mastermix of the
components in table 2.11 was made and 11pl or 22pl was aliquoted, per tube. 12/24pl
of the diluted RNA was added. Samples were heated to 96°C for 2 minutes and chilled
on ice for 5 minutes. Tubes were gently centrifuged and 1pl of RNase OUT (Invitrogen,
UK) and 1l of Superscript Il Reverse Transcriptase (Invitrogen, UK) was added to
each sample. Tubes were placed at 42°C for 90 minutes. Samples were centrifuged
and stored at -20°C. Prior to use, samples were heated to 96°C and chilled on ice for 5

minutes to eliminate any secondary structures that had formed.

Table 2. 12 Reagents and volumes required for cDNA mastermix

Supplier Volume per sample (1X 25pl
reaction)
5X Superscript Invitrogen 5
First Strand Buffer
25mM dNTPs Invitrogen 1
H,0 Sigma Aldrich 1.5
100mM DTT Invitrogen 25
3pg/pl Random Promega 1
Hexamers
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2.2.13.3 Quantitative reverse transcription PCR (RT-qPCR)

Gene expression was assessed using single-tube TagMan Gene Expression Assays
(Applied Bioystems, Netherlands) (Table 2.12). The assays consist of dual-labelled
probes specific for the sequence of interest. The probes contain a FAM reporter dye at
the 5" end and a non-fluorescent quencher with a minor groove binding moiety at the 3
end of the probe. The fluorescence emitted by the intact probe is reduced due to the
close proximity of the quencher and the fluorescent probe. The probe anneals between
primer sites of the target sequence and is cleaved by the 5" nuclease activity of the
DNA polymerase. This cleavage separates the dye from the quencher, leading to
increased fluorescence and also releases the probe from the target strand to allow the
PCR process to continue. This occurs with each cycle resulting in fluorescence
intensity proportional to the amount of amplicon produced. The higher the initial copy

number of the target the sooner a significant increase in fluorescence is seen.

Table 2. 13 TagMan assays used for RT-gPCR

Gene Type Assay Number
CD62L Target Hs01046459 _m1
MCL1 Target Hs01050896_m1
BCL2 Target Hs00608023_m1
Cyclin D1 Target Hs00765553 _m1
STAT3 Target Hs01047580_m1
B2M Reference Hs00187842_m1l
HPRT1 Reference Hs02800695_m1

PCR preparation was carried out in a designated hood. The hood and all reagents
were cleaned with 70% Ethanol, RNase Zap and treated with UV light for 20 minutes
prior to use. PCR Mastermix was prepared by adding 1ul of TagMan gene expression
assay to 10ul TagMan Universal PCR Mastermix per sample. 11ul was added per well
of the MicroAmp Optical 96 well Reaction plate (Qiagen, Netherlands). cDNA tubes
were thawed on ice, vortexed and centrifuged prior to use. cDNA was diluted to 20-
50ng/9ul in NF H,0. 9ul was added to each well of the 96 well plate in duplicate. A
MicroAmp Optical Adhesive Film was used to cover the plate and seal each individual
well. The plate was gently vortexed and centrifuged at 100xg for 30 seconds.
Amplification was run on an ABI 7500 Real Time PCR System (Applied Biosystems,
Netherlands).
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2.2.14 TagMan Array

The TagMan Human Extracellular Matrix and Adhesion Molecules 96 well Array
(Applied Biosytems, Netherlands) was used to assess changes in gene expression of
86 genes involved in adhesion and migration. The plate contains 86 predefined assays
and 10 endogenous controls dried-down in each well. Amplification was run on an ABI
7500 Real Time PCR System (Applied Biosystems Netherlands) under the conditions
in table 2.13.

Table 2. 14 Conditions for TagMan array amplification

PCR (40 cycles)
Stage Hold Hold Denature Anneal/Extend
Temperature (°C) 50 95 95 60
Time (minutes) 02:00 10:00 00:15 01:00

Data analysis was carried out by SDS Software. An amplification plot was produced
plotting AR, vs cycle number. R, is defined as the ratio of fluorescence emission
intensity of the reporter dye to the passive reference dye. The baseline and threshold
settings were determined by the SDS Software. The baseline was set in the initial
cycles where no change in fluorescence intensity is seen and is set as background
fluorescence. This baseline value is subtracted from the fluorescence emission (R,) to
give the AR,. The threshold was set to be above the baseline and within the
exponential growth region of the amplification curve. The Ct is the cycle at which the
signal of the reporter dye crosses this threshold line.

The Comparative Ct (2% relative quantitation method was used to quantify changes
in gene expression in one sample relative to another sample (Livak and Schmittgen,
2001). The comparative Ct equation is defined as:

22C= [Ct gene of interest- Average Ct endogenous controls] Sample 1 - [Ct gene of
interest- Average Ct endogenous controls] Sample 2. Two endogenous controls were
used, B-2 microglobulin (B2M) and Hypoxanthine Phosphoribosyltransferase 1
(HPRT1) as these are suitable controls for CLL (Valceckiene et al., 2010).

2.2.15 Immunofluorescent Microscopy

STAT3 localisation in CLL cells was determined by immunofluorescent microscopy.
Chamber slides were coated in 300ul Poly-L-Lysine and incubated at 37°C for 20min.
Excess Poly-L-Lysine was removed and 100pl of cells were transferred to the chamber
slide and 100ul of RPMI was added to ensure the bottom of the slide was covered.
After treatment cells were added to the chamber slide and left to bed down for 1 hour at
37°C and 5% CO,. The RPMI was removed and cells were then fixed in 250ul of 4%
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formaldehyde for 20 minutes at room temperature. Formaldehyde was removed and
cells were washed twice by adding 300ul of PBS for 5 minutes. Cells were then either
stored in PBS for future staining or stained immediately. Cells were permeabilised by
adding 300ul of 100%, ice-cold methanol and incubated at -20°C for 10 minutes. Cells
were washed with 300yl PBS for 5 minutes. Blocking buffer was prepared by
combining 1X PBS, 5% normal goat serum and 0.3% Triton X-100 and was added for
60 minutes at room temperature. Staining buffer was prepared by combining 1X PBS,
1%BSA and 0.3% Triton X-100 and was used to dilute AF-488 STAT3 Antibody
(1:400), Hoechst (10ng/ml, 1:2000 of 10mg/ml) and Rhodium Phalloidin (1:60). 250ul of
staining solution was added to each sample and incubated overnight, in the dark at
4°C. The slide was washed with PBS for 5 minutes and incubated with secondary
AF488 or AF647 antibodies for 2 hours at room temperature. Slides stained with the
secondary antibody only were used to control for non-specific staining. Cells were
washed 3X with PBS for 5 minutes. The top section of the chamber slide was removed
and 30upl of mounting media was gently placed on each sample. A rectangular
coverslip was slowly placed over the samples, at an angle, avoiding the introduction of
air bubbles. Nitrocellulose was placed at the corners and along the edges of the
coverslip to create a seal. The slide was covered with tinfoil and allowed to dry at room
temperature for at least 1 hour. Slides were stored in the dark at 4°C until imaged. Cells

were imaged using Leica SP8 Scanning Confocal (Leica Microsystems, Germany).

2.2.16 Statistical analysis

Graphs were prepared and data analysed using Prism 7 from Graphpad (CA, USA).
Significance was measured using Student’s t-test and all p-values were noted. Groups
were first tested for normality using the D’Agostino-Pearson omnibus test for sample
sizes of 8 or more. For sample sizes below 8, the Shapiro Wilk normality test was used.
In cases where data was paired (i.e. before and after treatments in the same samples),
a paired t-test was used for groups passing the normality tests or the Wilcoxon
matched pairs test for non-normal data. In other cases (i.e. UM-IGVH vs M-IGVH) an
unpaired t-test or Mann Whitney test was used. Error bars on graphs represent the
mean + standard error of the mean (s.e.m). The s.e.m is defined as o/\n where o= the
standard deviation of the original sample and n= the sample size. i.e. the deviation of
the sample mean from the population mean. Linear regression was performed to
determine if there were correlations between two variables. Variable X was plotted
against Variable Y and a best fit linear regression line was fitted to the data. The

regression model views the data as the sum of two components: the systematic
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component i.e. the variation of the line that is predictable and the chance variation. The
coefficient of determination of R? value is the proportion of total variation that is
associated with the regression line as opposed to chance variation of points around the
line. The closer the R*value is to 1 the better the model fits the data.
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Chapter 3

The role of STAT3 in CLL cell survival
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3.1 Introduction

STAT3 is a transcription factor that has a role in a number of normal cellular processes
including proliferation and survival. STAT3 is constitutively active in different cancers
and this activation can directly contribute to tumorigenesis. After stimulation STAT3 is
phosphorylated by JAK2, dimerizes and translocates to the nucleus where it regulates
the expression of a number of target genes, including anti-apoptotic genes, MCL1,
BCL2 and Bcl-x. (lwamaru et al.,, 2007, Nielsen et al., 1999, Epling-Burnette et al.,
2001, Alas and Bonavida, 2003), and cell cycle genes c-jun, c-fos and cyclin D1
(Carpenter and Lo, 2014). STAT3 has two phosphorylation sites, a tyrosine residue at
position 705 and a serine residue at position 727, both located in the transactivation
domain. The Janus Kinase (JAK) family of proteins are the main activators of STAT
proteins through phosphorylation of tyrosine residues. Tyrosine phosphorylation of
STAT3 occurs mainly through JAK1 and JAK2 activation. Tyrosine phosphorylation of
STATs can also occur through non-JAK mediated activation such as by GPCR or non-
receptor tyrosine kinases. While tyrosine phosphorylation is regarded as essential for
STATS3 activation, the role of serine phosphorylation is controversial, having both up
and down-regulatory effects on STAT3 activity in different cell types and under different
conditions (Qin et al., 2008, Shi et al., 2006). In contrast to the constitutive activation on
tyrosine seen in a number of cancers, STAT3 is constitutively activated on serine in the
absence of tyrosine phosphorylation in CLL cells. It has been shown in CLL that this
serine phosphorylation is mediated by the CK2-BLNK-CD5 complex (Rozovski et al.,
2017). Serine phosphorylated STAT3 in CLL cells translocates to the nucleus and
activates the transcription of STAT3-regulated genes; however, the biological

significance of this in CLL is not fully elucidated (Hazan-Halevy et al., 2010).

Generally in cancer cells, STAT3 activation has been thought to be oncogenic:
inhibiting apoptosis and promoting proliferation and oncogenic transformation.
Knockdown of STAT3 has been shown to induce apoptosis and inhibit growth of
ovarian cancer cells (Zhao et al., 2011) glioblastoma cells (Konnikova et al., 2003)
prostate cancer cells (Han et al., 2014) and chronic myeloid leukaemia cells (Ma et al.,
2010). However in contrast to this, it has also emerged that STAT3 activation has
tumour suppressor functions; inducing apoptosis and slowing tumour growth in other
cancers. Knockdown of STAT3 in thyroid cancer cells (Couto et al., 2012) and lung

cancer cells resulted in increased tumour growth (Grabner et al., 2015)
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STAT3 can also have tumour suppressive or oncogenic function in the same cell type
depending on other coexisting biochemical or genetic factors. STAT3 has been shown
to have oncogenic and tumour suppressive roles in glioblastoma depending on the
levels of PTEN expression (de la Iglesia et al.,, 2008) and STAT3 oncogenic and
tumour suppressive roles were described in colorectal cancer models depending on the
stage of the cancer (Musteanu et al., 2010). In addition, constitutive STAT3 expression
was shown to result in less tumour formation or higher tumour formation in liver

carcinogenesis depending on the carcinogenic agent (Wang et al., 2011).

A dual role for STAT3 in CLL cell survival has been suggested. It has been shown that
serine pSTAT3 regulates the expression of apoptotic and cell cycle genes in CLL and
inhibition of STAT3 using STAT3 shRNA resulted in an increase in apoptosis,
suggesting a pro-survival role for STAT3 in CLL (Hazan-Halevy et al., 2010). Liu et al.
(2016) also suggested a prosurvival role for STAT3 in CLL, showing the level of
spontaneous apoptosis of CLL cells is inversely correlated with constitutive serine
phosphorylation of STAT3. However, the role of STAT3 in CLL survival is complex and
contrary to these pro-survival roles, Rozovski et al. (2016) recently showed that high-
levels of constitutively activated serine pSTAT3 correlated with high levels of
background apoptosis and high lymphocyte counts, and suggested the mechanism
behind the induction of apoptosis is the binding of pSTAT3 to the caspase-3 promoter.
These studies suggest both pro-survival and pro-apoptotic functions for STAT3 in CLL

cells.

As it appears STAT3 has role in CLL cell survival, we want to investigate the activation
status of STAT3 in CLL cells and the effect of a number of putative STAT3 interacting
agents, in order to better understand the role of STAT3 in CLL. Three agents, small
molecule S3I-201 (S3l), naturally derived product Cucurbitacin and upstream
JAK2/STAT3 inhibitor Ruxolitinib were used as tools to investigate the role of the
STAT3 pathway in CLL (Figure 3.1). As discussed in the introduction, inhibitors to
directly target STAT3 have been difficult to develop. High-throughput screening
identified some of the first STAT3 non-peptide small molecule inhibitors that inhibited
STATS3 selectively over STAT1 (Schust et al., 2006). A National Cancer Institute (NCI)
chemical library screen using a computer model of the STAT3 SH2 domain bound to its
phosphorylated tyrosine peptide yielded S31-201, a chemical probe inhibitor of STAT3.
It was shown to inhibit STAT3-STAT3 complex formation and transcriptional activity,
repressing the expression of STAT3 regulated genes BCL-x,, cyclin D1 and survivin. It

has been shown to induce apoptosis in breast cancer cell lines at 30-100uM and inhibit
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the growth of breast and lung tumour xenografts in mouse models (Chen et al., 2012,
Siddiquee et al., 2007). S3I has recently been shown to act as an alkylating agent,
alkylating STAT3 on 5 cysteine residues and globally alkylating a range of other
intracellular proteins (Ball et al., 2016). Although not available commercially, a number
of derivatives of S3I have now been developed with increased specificity and improved
potencies, the most promising being S31-201.1066 and BP-1-102 (Zhang et al., 2013,
Zhang et al., 2012).

A number of lead compounds have been developed from natural STAT3 inhibitors.
Molecules derived from plants, for example caeffic acid, cucurmin from turmeric,
capsaicin from hot pepper and resveratrol from berries have been shown to have anti-
cancer activities through various mechanisms, including the inhibition of STAT3
activation (Nardini et al., 1998, Aggarwal and Shishodia, 2006). A number of Chinese
medicine plants including buetin from stem bark, celastrol from Tripterygium wilfordii,
honokiol from Magnolia officinalis and cucurbitacins have also been shown to have
anti-cancer effects in part through the inhibition of STAT3 (Rajendran et al., 2011,
Rajendran et al., 2012b, Rajendran et al., 2012a, Chan et al., 2010, Arora et al., 2012).
Cucurbitacins are a class of tetracyclic triterpenoids isolated from a number of plant
families, the most common being Cucurbitaceae. There are twelve sub-families A-T, all
with a tetracyclic cucurbitane skeleton with varying degrees of oxygen substitution
(Chen et al.,, 2005). In plants, cucurbitacins act to protect from external biological
insults. Cucurbitacin | (Cucurbitacin) was discovered from a high throughput screen of
the NCI Diversity Set. Cucurbitacin has been shown reduce pSTAT3 activation and
induce apoptosis in colon, breast, lung and prostate cancer (Ayyad et al., 2012,
Jayaprakasam et al.,, 2003, Blaskovich et al., 2003). Cucurbitacin also induced
apoptosis in CLL cells and sensitizes the cells to treatment with cytotoxic agent
Fludarabine (Ishdorj et al., 2010). Ishdorj et al. (2011) also showed that Cucurbitacin
activated JNK/c-jun leading to increased VEGF expression in CLL cells, indicating the
induction of a stress response; however, this was independent of its effect on STAT3
and apoptosis.

As STAT3 has proved challenging to inhibit directly, a number of upstream molecules
have been targeted as an alternative mechanism for inhibiting STAT3. Ruxolitinib is a
potent, selective inhibitor of JAK2 and can also inhibit JAK1 (Zhou et al., 2014). It was
FDA approved for use in for high-risk myelofibrosis following the results of the
COMFORT-I and —lI trials (Verstovsek et al., 2012, Harrison et al., 2012, Harrison et
al., 2016) and has also been approved for the treatment of Polycythaemia Vera

(Vannucchi, 2015). 50% of patients with myelofibrosis and 95% of patients with
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polycythaemia Vera carry mutations in JAK2 (Cross, 2011). Ruxolitinib is currently
undergoing clinical trials for other haematological malignancies including CLL (Spaner
et al., 2016). We used these three agents to interrogate the role of STAT3 in the

survival of CLL cells.

\
o}
HO a \ A ()
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N N
Cucurbitacin | S31-201 Ruxolitinib

Figure 3. 1 The chemical structures of Cucurbitacin I, S31-201 and Ruxolitinib.
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3.2 Aims

The role of STAT3 in CLL pathobiology is not fully understood. The overall aim of this
chapter was to investigate the role of STAT3 pathway in the survival of CLL cells using
CLL cell lines and CLL patient samples which have been well characterised and
annotated both clinically and molecularly. We also sought to investigate the effects of
pharmacological targeting of the STAT3 pathway on STAT3 phosphorylation and
localisation.

This aim will be achieved by
o Assessing the phosphorylation status of STAT3 in CLL cell lines and patient
samples
e Investigate the relationship between STAT3 phosphorylation and CLL cell
survival
¢ Investigating the effects of Cucurbitacin, S3I and Ruxolitinib on:
o STAT3 activation and survival and
o STAT3 localisation in CLL cells.
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3.3 Results

3.3.1 CLL cells are constitutively phosphorylated on serine pSTAT3

and some on tyrosine pSTATS3

Frank et al. (1997) were the first to show that CLL cells were constitutively
phosphorylated on serine but not tyrosine STAT3. Hazan-Halevy et al. (2010)
confirmed this and showed that serine pSTATS3 is transcriptionally active in CLL cells,
resulting in an upregulation of STAT3 regulated genes. Additional studies have found
constitutive tyrosine phosphorylation in CLL cells isolated from some CLL patients
(Steele et al., 2010).

We showed by flow cytometry that both cell lines, 183 and HG3 cells, were
constitutively phosphorylated on serine residue 727 (Figure 3.2 (a)). We showed that
constitutive phosphorylation of serine pSTAT3 is seen only in CLL cells and not normal
B cells (Figure 3.2 (b i)) and all patient samples tested were constitutively
phosphorylated on serine (n=28). Typically samples had >70% cells positive for serine
pSTAT3 (Figure 3.2 b (ii)). In addition to this, 6 out of 28 patient samples in our cohort
showed detectable tyrosine phosphorylation in addition to serine phosphorylation
(Figure 3.2 b (ii)). In contrast to the high constitutive serine phosphorylation, the
percentage of cells positive for tyrosine phosphorylation was variable, ranging from 7%
to 60%. As shown in table 3.1 all patient samples with constitutive tyrosine
phosphorylation had poor prognostic markers. All 6 patient samples had UM-IGVH and
5 out of 6 harboured a NOTCH1 mutation. In 5 of these samples CD38 expression was
determined and 3 were CD38 positive, and CD49d expression was assessed in 3 of

these samples and all were CD49d positive.
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Figure 3. 2 CLL cells exhibit constitutive serine pSTAT3 and a small number exhibit both
constitutive serine and tyrosine pSTAT3. (a) 183 and HG3 CLL cell lines exhibiting constitutive serine
(ser) pSTAT3 (98% and 98.4% respectively) and lack of tyrosine (tyr) pSTAT3 (both <3%). (b i) CLL
Patient samples (CLL 50, 37 and 44) show constitutive serine pSTAT3 compared to no constitutive serine
pSTAT3 in normal B cells. (+ =positive control, CLL cells treated with IL-6 for 30 minutes). No constitutive
tyrosine pSTAT3 was detected. Actin was used as a loading control. (ii) Patient samples (CLL4 and
CLL29) exhibiting constitutive serine pSTAT3 (94.1% and 92.5% respectively and lack of tyrosine pSTAT3
(both <1%). (ii) Patient samples (CLL24 and CLL31) exhibiting constitutive serine pSTAT3 (91% and 95%
respectively) and tyrosine phosphorylation (60% and 8% respectively). For STAT3 intracellular staining
cells were gated on CD19 positive cells. Gating was determined using fluorescence minus one (FMO) and
unstained controls. The percentage of serine pSTAT3 and serine + tyrosine pSTAT3 cells indicated in all
dotplots.
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Table 3. 1 Clinical characteristics of patient samples with constitutive tyrosine pSTAT3

CLL % tyr pSTAT3 IGVH NOTCH Flow cytometry Markers
M/UM M/UM CD38 CD49d

13 16 Um M P ND
23 9 Um M ND ND
24 8 UM M N

31 60 um M P

35 16 um um N ND
50 7 Um M P P

UM=unmutated; M= mutated; ND= Not defined; P= positive, defined as >30% expression for CD38 and CD49d; N= negative
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3.3.2 IL-6 induces tyrosine pSTAT3 that can be abrogated by

Ruxolitinib

We have shown that some patient samples have a proportion of cells which exhibit
constitutive tyrosine phosphorylation; however, in CLL cells, microenvironmental stimuli
can induce tyrosine pSTATS3, the most characterized of these stimuli being activation of
the JAK/STAT3 signalling pathway with Interleukin 6 (IL-6) (Hazan-Halevy et al., 2010).
IL-6 is a prosurvival factor that can activate a number of signalling pathways via the IL-
6 surface receptor (Hibi et al., 1990), resulting in recruitment and activation of JAK
molecules, followed by JAK activation of downstream MAPK/ERK pathway and of
STAT1 or STAT3 hetero or homodimers. We showed that significant tyrosine
phosphorylation of STAT3 can be induced using IL-6 in CLL (p=0.0082; Figure 3.3 (i)).
The mean induction of tyrosine pSTAT3 in CLL patient samples was only 19% + 5%
compared to constitutive serine pSTAT3 which was typically >70%. The induction of
tyrosine pSTAT3 was greater in CLL cell lines. Pretreatment with the JAK inhibitor
Ruxolitinib at concentrations below cytotoxicity can abrogate tyrosine induced
phosphorylation in both patient samples and CLL cell line (Figure 3.3 (ii & iii)).
However, Cucurbitacin and S3I had no effect on IL-6 induced tyrosine pSTAT3 (Figure
3.3 (ii & iii)).
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Figure 3. 3 IL-6 results in an increase in tyrosine pSTAT3 that can be abrogated by treatment with
Ruxolitinib (i) Significant induction of tyrosine pSTAT3 (tyr pSTAT3) expression in CLL cells after 30
minutes treatment with IL-6 (50ng/ml). Bars represent mean (+ s.e.m) of tyrosine STAT3 positive cells (**
p=0.0082, n=4; No treatment (NT) vs IL-6). Dotplots displaying the percentage of serine pSTAT3 and
serine and tyrosine pSTAT3 positive cells in (ii) patient derived CLL cells or (iii) HG3 cell line after
treatment IL-6 for 30 minutes or pretreatment with 1uM Cucurbitacin (Cuc), 100uM S3I or 1uM Ruxolitinib

(Rux) for one hour followed by IL-6 treatment for 30 minutes. Dotplots representative of n=3.
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3.3.3 The cytotoxic effect of Cucurbitacin, S3I and Ruxolitinib on
CLL cells

Having established the STAT3 phosphorylation status and showing that STAT3 is
constitutively phosphorylated on serine 727 in CLL cells, we wanted to investigate the
effects of three STAT3 targeting agents with distinct mechanisms of action,
Cucurbitacin, S3I and Ruxolitinib. We used three methods to assess the cytotoxic
effect of Cucurbitacin, S3I and Ruxaolitinib in two CLL cell lines, 183 with M-IGVH and
HG3 with UM-IGVH. We also assessed the cytotoxicity of two BCR pathway inhibitors,
Bruton tyrosine Kinase inhibitor Ibrutinib and PI3Kd inhibitor Idelalisib. The MTT assay
assesses cell viability by measuring metabolic activity of cells which can decrease due
to agents having a cytotoxic effect or having an effect on cell proliferation. S3I and
Idelalisib had minimal effect on cell viability after 24 and 48 hours in both cell lines.
Reduction in cell viability after 24 and 48 hours was observed with Cucurbitacin,
Ibrutinib and Ruxoalitinib.

In the HG3 cell lines, Cucurbitacin had an ECs, of 1.7uM (95% C.I. 1.4uM -2.1uM) and
3.6uM (95% C.I. 2.3uM- 6.0uM) after 24 hours and 48 hours respectively. While in 183
cells, Cucurbiticin had an EC50 of 1.3uM (95% C.I. 0.96uM-1.7uM) after 24 hours and
1uM (95% C.I. 0.75uM-1.3uM) after 48 hours (Figure 3.4 (i)). In HG3 cells Ibrutinib had
an EC50 value of 27.5uM (95% C.I 20.8uM-36.6uM) after 24 hours and 32.1uM (95%
C.l. 23.1uyM-45.3uM) after 48 hours and in 183 an EC50 of 20uM (95% C.1.14.0uM-
28.6uM) after 24 hours and 27.6uM (95% C.I, 20.1uM-38.1uM) after 48 hours (Figure
3.4 (iv)). Ruxolitinib reduced cell viability in both cell lines at concentrations greater
than 10uM; however, as a maximal response plateau was not reached at 100uM, and
an EC50 value was not calculated.

Reduction in cell viability seen with the MTT assay can be due to cytotoxic effects or
effects on cell proliferation so, in order to investigate this further, we performed cell
cycle analysis. We used Propidium lodide, a DNA stain to assess the amount of DNA
in cells as they progress through the cell cycle. We performed cell cycle analysis by
flow cytometry in the 183 cell line as we saw the greatest effects with Cucurbitacin and
S3lin these cells by MTT. As shown in figure 3.5, we found that Cucurbitacin induced a
G2/M cell cycle arrest after 24 hours. Ruxolitinib had no effect on cell cycle progression
in 183 cells. Cucurbitacin and S3I treatment induced an increase in the subGl
population which may be indicative of programmed cell death. BCR inhibitors, Ibrutinib
and ldelalisib, resulted in a small increase in cells in GO/G1 phase of the cell cycle.

To further investigate the mechanism of action of these agents, we performed an

annexin V/propidium iodine (AV/PI) assay by flow cytometry to assess if cytotoxicity
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was due to cells undergoing apoptosis. AV/PI identifies early and late apoptotic cells as
Annexin V binds to phosphatidylserine expressed on the surface of apoptotic cells and
Pl is only taken up by non-viable cells. Treatment with 1uyM Cucurbitacin resulted in a
significant increase in early and late apoptosis in both cell lines after 24 hours (183
p=0.0335; HG3 p=0.0459) and 48 hours (183 p=0.0133, HG3 p=0.0374). Although S3lI
exhibited minimal cytotoxicity by MTT assay, we did observe that 100uM S31 resulted
in a significant increase in both early and late apoptosis in HG3 cells after 24
(p=0.0335) and 48 hours (p=0.0374). Treatment with 10uM BCR inhibitor Ibrutinib
resulted in a significant increase in apoptosis in both cell lines after 24 hours (183
p=0.0424, HG3 p=0.0454) and 48 hours (183 p=0.0172, HG3 p=0.0424). 183 cells were
treated with the cytotoxic agent and a current front-line therapy for CLL, Fludarabine,
as a comparison and both concentrations resulted in significant increases in apoptosis
up to 40% after 24 hours and 60% after 48 hours (Figure 3.6).
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Figure 3. 4 Dose Response examining the effect of STAT3 targeting agents and BCR inhibitors on

HG3 and 183 CLL cell lines The dose response effect on cell viability in 183 and HG3 cell lines after

treatment with increasing (0.03-100uM) doses of the specified agent (i)-(v). Concentrations are

represented using a semi -logarithmic plot and dose response curves are generated following non-linear

regression. ECsg values and 95% confidence intervals (C.l.) were determined and are displayed for

treatment with Cucurbitacin and Ibrutinib. Bars are representative of mean absorbance (+ s.d) of triplicate

measurements. Graphs are representative of 3 independent experiments.
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Figure 3. 5 Cucurbitacin results in cell cycle arrest in 183 cell line. (i) Percentage of cells in each stage
of the cell cycle (<G1, GO/G1, S and G2/M) in 183 cells after treatment with 1uM Cucurbitacin, 100uM S3l,
1uM Ruxolitinib, 10uM Ibrutinib or 10uM Idelalisib for 24 hours. Bars represent mean (+ s.e.m) of 3
independent experiments (ii) Representative histogram displaying the percentage of 183 cells in each

stage of the cell cycle after treatment with Cucurbitacin (Cuc) for 24 hours.
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Figure 3. 6 Apoptosis in response to STAT3 targeting agents and BCR inhibitors after 24 and 48
hours in 183 and HG3 CLL cell lines. (i) Representative dotplots displaying the percentage of AV/PI
positive cells after 24 hours cultured with 1uyM Cucurbitacin (Cuc), 100uM S3I, 1uM Ruxolitinib (Rux),
10uM lIdelalisib (Idela) and 10uM lbrutinib (IBT). The percentage of the total early (lower right hand
quadrant) and late apoptosis (upper right hand quadrant) as determined by AV/PI assay and flow
cytometry in (ii) 183 and (iii) HG3 cells cultured with Cucurbitacin , S3I, Ruxolitinib , Idelalisib , Ibrutinib or
Fludarabine (Flud) for 24 and 48 hours 1pM Cucurbitacin resulted in a significant increase in apoptosis in
both cell lines after 24 hours (183 * p=0.0335; HG3 *p=0.0459) and 48 hours (183 *p=0.0133; HG3
*p=0.0374). 100uM S3I resulted in a significant increase in apoptosis in the HG3 cell line after 24
(*p=0.0335) and 48 hours (*p=0.0374). 10uM lbrutinib resulted in a significant increase in apoptosis in both
cell lines after 24 (183 *p=0.0424; HG3 *p=0.0454) and 48 hours (183 *p=0.0172; HG3 *p=0.0424). p
values determined by t-test vs no treatment (NT). Bars represent mean apoptosis + s.e.m of 3 independent

experiments.
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3.3.4 Serine pSTAT3 is downregulated in CLL cells where
Cucurbitacin and S3I are cytotoxic but not where they are

protective

Having assessed the effect Cucurbitacin, S3I and Ruxolitinib on cell survival in in two
CLL cell lines, we wanted to determine the effect on patient derived CLL cells. Unlike
cell lines, patient derived CLL cells can undergo spontaneous apoptosis when cultured
ex vivo (Oliveira et al., 2001) and we saw different rates of this spontaneous apoptosis
in our patient samples. Ruxolitinib had no effect on the spontaneous apoptosis of CLL
cells. However, interestingly, we showed that treatment with Cucurbitacin and S3I have
a variable effect on patient derived CLL cells: these agents induced apoptosis in some
patient samples, and were protective and reduced the amount of spontaneous
apoptosis in others (Figure 3.7 (a i)). We also show that the toxic and protective effect
of Cucurbitacin is dose-responsive (Figure 3.7 (a iii)). Investigating the variable effect of
Cucurbitacin further, we showed a significantly lower level of spontaneous apoptosis in
cells where Cucurbitacin is toxic compared to cells where Cucurbitacin is protective
(p=0.0400; Figure 3.7 (b)). We then categorized patient samples based on prognostic
indicators: IGVH mutational status, NOTCH1 mutational status, CD38 and CD49d
expression. We found a significant difference in the induction of apoptosis by
Cucurbitacin between CD38 positive and CD38 negative patient samples (p= 0.0435;
Figure 3.7 (c)) with a lower induction of apoptosis/protective effect in CD38 negative
samples. There was no significant difference between NOTCH1 mutated and
unmutated patient samples. Cucurbitacin showed a trend to being protective in CD49d
negative patient samples although this was not significant (p=0.1294; Figure 3.7 (c)).
While there was no significant difference between M-IGVH and UM-IGVH there was
more variability in the effect of Cucurbitacin on cell survival in patient samples with UM-
IGVH compared to M-IGVH.

We next investigated the role of phosphorylation of STAT3 on the variability of
cytotoxic response to Cucurbitacin and S3I in CLL cells, as the levels of STAT3
phosphorylation have been implicated in CLL cell survival (Rozovski et al., 2016). In
the HG3 and 183 cell lines, we show, in addition to a cytotoxic effect (Figure 3.7),
treatment with Cucurbitacin and S3I also results in a decrease in serine pSTAT3 in
HG3 cells, while in the 183 cells treatment with Cucurbitacin results in a decrease in
serine pSTAT3 (Figure 3.8 (a)). In CLL patient samples, in addition to the variable

effect of Cucurbitacin and S3I on cell survival, the agents also had a variable effect on
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serine pSTAT3. In CLL cells where the agents resulted in cytotoxicity, Cucurbitacin
(p=0.0068) and S3I (p=0.0233) treatment resulted in significant decreases in the serine
pSTAT3; however, in CLL cells where Cucurbitacin and S3I treatment resulted in a
decrease in spontaneous apoptosis, the agents had no significant effect on the levels
of serine pSTAT3 (Figure 3.8 (b i)). Ruxolitinib, which had no effect on CLL cell survival
also, had no effect on serine pSTATS3.
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Figure 3. 7 STAT3 inhibitors have a variable effect on apoptosis in ex vivo CLL cells.

(a i) Patient derived CLL cells were treated with 1yM Cucurbitacin (Cuc) (n=27), 100uM S31 (n=20) or 1uM
Ruxolitinib (Rux) (n=11) for 24 hours and apoptosis was quantified by AV/PI staining in CD19+ cells. Each dot
represents a patient sample and bars show mean (+ s.e.m). (ii) Representative dotplots displaying the
percentage of apoptotic CLL cells after treatment with Cucurbitacin, S3I or Ruxolitinib for 24 hours. The top row
shows a patient sample (CLL13) where Cucurbitacin and S3I induced an increase in apoptosis and the bottom
row shows a patient sample (CLL6) where the agents were protective (i.e. reduced spontaneous apoptosis).
(iii) Dose response effect of Cucurbitacin on the viability of CLL cells from patients (CLL 31 and CLL47) after 24
hours. Flow cytometry was used to quantify non-viable cells by Pl uptake. (b) Cuc is protective in CLL cells
exhibiting higher spontaneous apoptosis. ‘Protective’ are patient samples (n=5) where apoptosis decreases and
‘toxic’ are samples (n=4) where apoptosis increases after treatment with Cucurbitacin for 24 hours (* p=0.0400).
Bars represent mean (+_s.e.m). (c) The percentage increase in apoptotic CLL cells after treatment with
Cucurbitacin for 24 hours in patient samples categorized by IGVH mutational status unmutated (UM, n=15) and
mutated (M, n=7), NOTCH1 unmutated (UM, n=12) and mutated, CD38 positive (POS, n=7) and negative
(NEG, n=17)(* p= 0.0435) and CD49d positive (POS, n=8) and negative (NEG, n=8).
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Figure 3. 8 Cucurbitacin and S3I-201 result in the downregulation of serine pSTAT3 in cells where they are
toxic but not protective. (a) Serine (ser) and Tyrosine (tyr) phosphorylation of STAT3 (pSTAT3) in HG3 and 183 cells
after treatment with 1uM Cucurbitacin (Cuc) or 100uM S3I for 24 hours. The percentages of serine pSTAT3 positive
and negative cells are shown. Dotplots representative of 3 independent experiments (No treatment- NT) (b i)
percentage of serine pSTAT3 in CLL cells where Cucurbitacin (Cuc) and S3I was toxic and protective after treatment
with Cucurbitacin (** p=0.0068, n=4), S3I (* p= 0.0233, n=3) or Ruxolitinib (n=4) for 24 hours. Bars represent mean
percentage (+ s.e.m) (Not significant- ns). Representative histograms displaying percentage of serine pSTAT3 in CLL
cells after treatment with (ii) Cucurbitacin or S3I or (iii) Ruxolitinib (CLL13) for 24 hours. The top panel shows a
patient sample where Cucurbitacin was toxic and resulted in a decrease in serine pSTAT3 (CLL 31) and the bottom

shows a patient sample where Cucurbitacin and S3I were protective and had no effect on serine pSTAT3 (CLL 6).



3.3.5 Treatment with Cucurbitacin results in the aggregation of

STAT3 and F-actin in CLL patient samples

STAT3 can be regulated by other mechanisms, in addition to phosphorylation, such as
being sequestered in the cytoskeleton (Verma et al., 2009, Ng et al., 2006). The
mechanism of action of Cucurbitacin is not known so we wanted to investigate whether
it had an effect on non-phosphorylation mechanisms of STAT3 regulation. We
specifically wanted to investigate whether Cucurbitacin mediated cytoskeletal changes
that could affect STAT3 cellular distribution and regulation. STAT3 in untreated CLL
cells and cells treated with Ruxolitinib and S3I was mostly uniformly distributed
between the cytoplasm and nucleus. Treatment with Cucurbitacin resulted in the polar

localisation of F-actin and STATS3 in the cell cytoplasm (Figure 3.9).
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Figure 3. 9 Cucurbitacin | but not S3I or Ruxolitinib results in the aggregation of F-actin and STAT3
in CLL cells. Confocal images showing the staining of the nucleus, total STAT3 and F-actin in CLL cells
treated with 1uM Cucurbitacin, 100pM S3I and 1M Ruxolitinib for 4 hours. CLL samples used were >90%
CD19/CD5+. Treatment with Cucurbitacin resulted in polarisation of STAT3 and F-action in the cytoplasm

(indicated by the arrows). Images are representative of 4 independent experiments.
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3.4 Discussion

STAT3 is a transcription factor that is known to have both oncogenic and tumour
suppressor functions. Normally it is phosphorylated on tyrosine residue 705; however,
it has an additional serine phosphorylation site at 727 which has been suggested to be
required for maximal transcriptional activity (Wen et al., 1995). It has been shown that
CLL cells are constitutively phosphorylated on serine STAT3 (Hazan-Halevy et al.,
2010) however some studies have also shown constitutive tyrosine pSTAT3 (Steele et
al.,, 2010). Six samples from our patient cohort showed detectable tyrosine
phosphorylation in addition to constitutive serine phosphorylation and tyrosine
phosphorylation was associated with poor prognostic markers. All 6 had UM-IGVH and
5 out of 6 had mutated NOTCHL1. No association has previously been made in CLL
between patient samples exhibiting tyrosine pSTAT3 and poor prognostic markers.
However, further work is needed in a larger cohort of patients to investigate this

association and whether tyrosine pSTAT3 may be a poor prognostic marker in CLL.

We assessed the effects of STAT3 targeting agents, Cucurbitacin, S3I and Ruxolitinib
on the phosphorylation of STAT3 and investigated whether STAT3 had a role in CLL
cell survival. Cucurbitacin and S3l resulted in a decrease in serine pSTAT3 and
induced apoptosis in the HG3 cell line with UM-IGVH, a poor prognostic marker for
CLL. Cucurbitacin resulted in a decrease in serine pSTAT3 and induced apoptosis in
the 183 cell line with M-IGVH, a good prognostic marker for CLL. Ruxolitinib had no
effect on pSTAT3 and cell death in either cell line. There are a number of mechanisms
for targeting STAT3 including direct and indirect targeting. Ruxolitinib is an indirect
inhibitor of STATS3, inhibiting JAK2, upstream of STAT3. The JAK/STAT3 pathway may
not be activated as we see no tyrosine phosphorylation in unstimulated HG3 or 183
cells (Figure 3.2 (a)) therefore Ruxolitinib has no effect on STAT3 phosphorylation. The
two cell lines, 183 and HG3 differ in their IGVH mutational status and may also differ in
other biochemical and genetic factors as they are derived from separate CLL patients.
The mechanism of activation of STAT3 in the HG3 and 183 cell lines is not elucidated
and different mechanisms of the activation of STAT3 may explain why S3I has an
effect on STAT3 phosphorylation in the HG3 cell line but not the 183 cell line. The BCR
inhibitors Ibrutinib and Idelalisib were less toxic to the cell lines than Cucurbitacin. The
BCR is not stimulated in the CLL cell lines and this may contribute to the lack of
efficacy of the BCR inhibitors. Primary CLL cells are resistant to transformation by
Epstein Barr Virus (EBV) (Walls et al., 1989) and a number of cell lines where EBV

transformation is successful in CLL is normally due to successful transformation of the

101



normal B cell compartment from CLL patients resulting in a lack of immortalised CLL
cell lines that accurately reflect the disease. In addition EBV has been shown to effect
BCR activation and cross-linking (Miller et al., 1994, Miller et al., 1993). The BCR is
important in the pathogenesis of CLL and ability to study its activation is key to further
understanding the disease. The BCR pathway can be stimulated in patient samples,
highlighting the importance of the difference between cell line models and patient
samples. This difference was further highlighted by the fact that while we saw
apoptosis and a decrease in pSTAT3 in our cell lines, we show variable toxicity of our
STAT3 inhibitors in our patient cohort, with Cucurbitacin and S3l resulting in an
increase in apoptosis in some samples and protection from spontaneous apoptosis in

others.

In addition, our cohort was well-characterized clinically, allowing us to investigate the
variability of Cucurbitacin on CLL cell survival. We stratified patient samples by
background serine pSTAT3, levels of spontaneous apoptosis and clinical parameters.
Liu et al. (2016) have shown that high levels of spontaneous apoptosis correlated with
low levels of serine pSTAT3 however no study has investigated the variable
susceptibility of CLL patient samples to STAT3 targeting agents. We showed that
samples with higher serine pSTAT3 and lower background apoptosis were more
susceptible to toxicity with STAT3 targeting agents Cucurbitacin and S3l. We also
showed that patient samples positive for the poor prognostic marker CD38 were more
susceptible to Cucurbitacin induced toxicity. Although the direct activation of STAT3 by
CD38 has not been studied, CD38 engagement has been shown to indirectly activate
the STAT3 pathway through the production of the JAK/STAT3 activator IL-6 in
myeloma (Fedele et al., 2013). CD38 engagement in CLL has been shown to activate a
number of signal transduction pathways including the Syk pathway (Benkisser-
Petersen et al., 2016) and its engagement could potentially activate STAT3 and a link
between CD38 and STAT3 may in-part explain the mechanism behind CD38 positive
patient samples showing more susceptibility to toxicity using STAT3 targeting agents.

Further investigations in a larger cohort to confirm this association are needed.

The variable results of STAT3 targeting agents Cucurbitacin and S3I on CLL cell death
suggest a complex role for STAT3 in CLL cell survival. The oncogenic role for STAT3
in CLL has been demonstrated (Hazan-Halevy et al., 2010) but Rozovski et al. (2016)
have also shown a tumour suppressor role, showing that at high levels serine pSTAT3
can induce apoptosis in CLL cells. Our data supports the idea of STAT3 having both

pro-survival and toxic roles in CLL as we show a variable effect of STAT3 targeting
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agents Cucurbitacin and S3l, being prosurvival in some patients and toxic in others.
We also show that toxicity is associated with a concomitant downregulation in the
serine phosphorylation of STAT3, suggesting a mechanism for the toxicity induced by
Cucurbitacin and S3I. Ruxolitinib had no effect on STAT3 phosphorylation or CLL cell
survival, suggesting the JAK activation of STAT3 is not contributing to cell survival in
unstimulated CLL cells.

Ishdorj et al. (2010) also investigated the effect of Cucurbitacin on CLL patient samples
and they found that Cucurbitacin resulted in a decrease in serine pSTAT3 and induced
apoptosis. However, they only examined the effects of Cucurbitacin in 6 patients after
72 hours and found an increase in apoptosis in all patients but found this toxicity varied
from 20% to 80%. We found the effect of Cucurbitacin after 24 hours which was
sustained up to 72 hours. CLL cells undergo spontaneous apoptosis and the selection
of a single timepoint at 72 hour hours may lead to in vitro artefacts predominating. In
addition, we showed the protective and toxic effects of Cucurbitacin were dose
responsive while Ishdorj et al (2010) only performed studies at one concentration
(1pM) of Cucurbitacin. Ishdorj et al (2010) did not indicate the characteristics of the
patient samples they tested while as discussed, we also found the effect of
Cucurbitacin was associated with high CD38 expression.

We also assessed the localisation of STAT3 in response to Cucurbitacin, S3I and
Ruxolitinib. We found that Cucurbitacin resulted in polarisation of F-actin and STAT3 in
the cytoplasm. Cucurbitacins can affect microtubule networks and actin reorganization
(Duncan et al., 1996, Graness et al., 2006, Yin et al., 2008) (Sari-Hassoun et al., 2016).
We found this effect of Cucurbitacin on actin aggregation in patient samples where
Cucurbitacin was both toxic and protective so this did not contribute to the variability
seen in toxicity. This does, however; suggest a mechanism of the effect of Cucurbitacin
on STAT3 in CLL cells by indirect sequestering of STAT3 which warrants further

investigation.

We have shown that Cucurbitacin and S3I show variable toxicity to CLL cells and our
results suggest a complex role for STAT3 in CLL survival, however; we have shown
that CD38 positive CLL patient samples may be more susceptible to toxicity by STAT3
targeting agents. Therapeutically, in addition to cell survival, cell trafficking and
microenvironmental interactions have emerged as important potential therapeutic
targets for CLL. This is demonstrated by the effects of BCR inhibitors Ibrutinib and
Idelalisib which are not highly toxic to CLL cells but in addition to targeting the BCR

pathway, have effects on microenvironmental interactions of CLL cells (Chang et al.,
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2013, Chen et al., 2016). In chapters 4 and 5 we investigate whether STAT3 is involved
in cell trafficking and microenvironmental interactions and whether targeting STAT3

may be therapeutically beneficial from this angle aside from its role in cell survival in
CLL.
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Chapter 4

The role of STAT3 in the regulation of
CD62L and the migration and
adhesion of CLL cells
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4.1 Introduction

The ability of normal B cells to recirculate between the blood and secondary lymphoid
organs is critical to their development and to maintaining immune function. In order to
achieve this, B cells must be able to adhere to endothelial layers, roll over the surface
of these cells and transmigrate through cellular junctions. Interactions of B cells with
endothelial cells and extracellular matrix components are transient and flexible. The
same processes are crucial in CLL pathobiology, allowing infiltration of CLL cells to
proliferation centres (PCs) in the secondary lymphoid organs, and resulting in
splenomegaly and lymphadenopathy which are associated with poor prognosis (Binet
et al., 1981, Schmid and Isaacson, 1994). Having investigated the role for STAT3 in
CLL cell survival in chapter 3, we next wanted to investigate if STAT3 has a role in CLL
cell homing and migration to PCs, and protective niches in the lymph nodes and bone
marrow, as this could provide additional therapeutic potential to targeting STAT3 in
CLL.

The process of migration of B cells from the high endothelial venules (HEVS) to the
protective microenvironment of the lymph node is mediated by a number of sequential
interactions between adhesion molecules expressed on cells and molecules on
endothelial cells that line the HEVs. The initial steps of the adhesion cascade require B
cells to be tethered from circulation in the blood in order to roll along the endothelium.
Studies with CD62L deficient mice have identified a key role for CD62L in the tethering
and rolling of B cells to the endothelial cells of the HEVs (Rosen et al., 1997) (Grailer
et al., 2009, Arbones et al., 1994). Selectins are type | membrane proteins that have an
extracellular domain, consisting of a calcium dependent lectin domain, an epidermal
growth factor (EGF) domain, short tandem repeats and a cytoplasmic tail (Drickamer,
1988). CD62L initiates the tethering of cells by forming protein-carbohydrate bonds with
glycosylated ligands such as GlyCAM-1, CD34, MadCAM and PSGL1 expressed on
endothelial cells lining the HEVs (Rosen, 1993). CD62L dependent adhesion requires
cells to be under minimal fluid shear conditions to stabilize the catch bonds formed
between CD62L and its ligands (Lawrence et al., 1997, Dwir et al., 2003). The
activation of the CD62L results in the initiation of the next step in the cascade; the
activation of integrins and an increase in adhesion to endothelial cells (Giblin et al.,
1997, Steeber et al., 1997). Integrins are adhesion molecules composed of a and
subunits that can be transiently activated to mediate the adhesion of cells to endothelial
cells and the extracellular matrix (Hemler, 1990). Integrin aX (CD11c) forms a dimer

with the B2 subunit (CD18) to form a molecule that binds fibrinogen (Postigo et al.,
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1991), ICAM-1 (Blackford et al., 1996) and ICAM-4 (lhanus et al., 2007) which are
expressed on endothelial cells. Other members of this integrin family, CD11a/CD18
and CD11c/CD18, also play a key role in the migration to the lymph nodes (Berlin-
Rufenach et al., 1999). High expression of CD11c has been reported in CLL patients
with splenomegaly, suggesting it may have a role in migration of CLL cells to the
spleen (Hanson et al., 1990). Integrin VLA4, a heterodimer of a4 (CD49d) and
B1(CD29) subunits, is activated and mediates cell-cell and cell-ECM interactions
through adhesion to ligand VCAM-1 expressed on endothelial cells (Elices et al., 1990)
and fibronectin, a component of the ECM (Guan and Hynes, 1990) (Yago et al., 1997).
CLL cells have been shown to express variable VLA4 expression that is reduced
compared to normal B cells (Hartmann et al., 2009). Despite its lower expression,
VLA4 on CLL cells is functional and increased expression on CLL cells is associated
with enhanced migration and adhesion to endothelial cells (Brachtl et al., 2011, Till et
al., 2002). VLA4 can form a complex with CD38 in CLL cells (Zucchetto et al., 2012).
CD38 is a surface glycoprotein that mediates cell-cell interactions important in the
transmigration of cells by engaging with CD31 (platelet endothelial cell adhesion
molecule-1 (PECAM-1)) on endothelial cells (Deaglio et al., 1998). High expression of
CD38 in CLL has been shown to enhance homing (Vaisitti et al., 2010). As discussed
earlier, both CD49d (Bulian et al., 2014, Shanafelt et al., 2008, Zucchetto et al., 2006)
and CD38 (Damle et al., 1999) are independent prognostic markers associated with a
poor prognosis in CLL. Following adhesion to the endothelial cells, through interactions
with integrins and chemokines, CLL cells must then undergo transmigration through
cellular junctions, mediated by late adhesion molecules, such as CD31 (Dasgupta B1,
2009). CD31 expression is variable on CLL cells; however, low expression of both
CD38 and CD31 was associated with longer survival in CLL patients (Ibrahim et al.,
2003).

Parallel to this integrin activation and engagement, chemokine networks, including
CXCL13 (Burkle et al., 2007), CCL19, CCL21 (Till et al., 2002) and, in particular, the
CXCL12/CXCR4 axis also contribute to the activation and expression of integrins on
CLL cells (Montresor et al., 2015). CXCL12 is constitutively produced by stromal cells
in the bone marrow and lymph node microenvironments producing a gradient to home
and position CLL cells. CXCL12 signals through its receptor, CXCR4, a G protein
coupled receptor which is overexpressed on the surface of CLL cells (Mohle et al.,
1999, Burger et al., 1999); resulting in the activation of Akt and ERK1/2 signalling, and

integrin dependent arrest under shear flow conditions (Nishio et al., 2005).
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In addition to impaired chemokine signalling, it is known that CLL cells have impaired
transmigrational capacity compared to healthy B cells (Chen et al., 1999, Bazerbashi et
al., 1978); however, the capacity of CLL cells to transmigrate varies between patients,
with increased capacity to transmigrate seen in cells from patients with advanced
disease and lymph node involvement (Till et al., 2002). CD62L is a key factor in
controlling B cell rolling to endothelial cells in the HEVs (Arbones et al., 1994). Reports
on the expression of CD62L in CLL cells, compared to non-malignant cells, have been
contradictory. Spertini et al. (1991) showed that the expression of CD62L is similar,
while Gu et al. (2001) found CLL cells expressed significantly less CD62L and showed
impaired trans endothelial migration compared to non-malignant B cells. The
expression of CD62L between patient samples is highly variable but it has been shown
that CD62L expression correlates with functional capacity of the CLL cells to bind
HEVs (Csanaky et al., 1994). Importantly, it has been shown that CD62L controls the
trafficking of CLL cells in the HEVs of the lymph nodes in in vivo mouse models
(Lafouresse et al., 2015), and may have a prosurvival role in CLL (Burgess et al.,
2013).

Here, we examine the effect of pharmacologically targeting the BCR and STAT3
signalling pathways on a panel of CLL cell surface molecules key to separate steps of
the multistep cell trafficking cascade: the selectin, CD62L; integrins CD49d, CD29 and
CD11c; and adhesion molecules CD38 and CD31. In addition to their important role in
the recirculation of CLL cells, the expression of adhesion molecules alone can inform
on disease progression in CLL (Byrd et al., 2013, Woyach et al., 2014a). Huang et al.
(2013) distinguished stable, stable-progressive and progressive CLL by differences in
the expression of 27 cell surface antigens, suggesting that these molecules have a role

in disease pathogenesis.

A number of downstream signalling pathways are activated after engagement of
adhesion molecules (Buchner et al., 2010b, Aoudjit and Vuori, 2012). Few studies have
investigated the role of STAT3 in CLL cell migration and recirculation. JAK2, the
upstream activator of STAT3 has been shown to mediate CXCL12 induced expression
of integrins LFA-1 and CD49d (Montresor et al., 2015). Burger et al (2005) showed that
CXCL12 signalling results in an increase in serine pSTAT3 and this can be inhibited by
pretreatment with peptide inhibitors of CXCR4, which also interrupt the homing of CLL
cells to protective microenvironments. STAT3 has, however, been implicated in the
migration of other cell types and dissemination of other cancer types. STAT3 was first

implicated in the regulation of cell migration in wound healing studies, where inhibition

108



of STAT3 in keratinocytes resulted in disrupted migration, leading to impaired wound
healing in response to external cytokines (Sano et al., 1999). In solid tumours, invasion
and metastasis are complex multistep processes requiring cancer cells to detach, enter
surrounding tissue and basement membrane and extravaste through the blood vessels
to distant organs. Results from a humber of studies have shown a role for STAT3 in
this process in a number of different cancers by regulating genes that are involved in
adhesion and migration. STAT3 has been shown to upregulate different matrix
metalloproteinases (MMP) which can degrade the basement membrane; MMP1 in
colorectal adenocarcinoma (Zugowski et al., 2011); MMP2 in melanoma cells (Xie et
al., 2004) and MMP9 in breast cancer cells (Song et al., 2008) and integrins including
integrin B6 promoting invasion in prostate cancer cells and integrin 4 in mammary
tumorigenesis resulting in enhanced migration (Guo et al., 2006, Azare et al., 2007). In
breast cancer cell lines, activation of STAT3 upregulates fascin and vimentin, proteins
involved in cytoskeletal rearrangement, allowing migration to occur (Snyder et al.,
2011, Wu et al., 2016). STAT3 also affects cell migration through non-transcriptional
regulation of molecules involved in adhesion and migration; non-phosphorylated
cytoplasmic STAT3 has been shown to interact with stathmin to regulate microtubule
dynamics by inhibiting microtubule destabilization in T cells (Verma et al., 2009, Ng et
al., 2006).

In addition to investigating a panel of molecules involved in the migration of CLL cells,
we also wanted to investigate the effect of Cucurbitacin on the adhesion of CLL cells
under shear flow. A number of studies in CLL examine adhesion under static conditions
in vitro; however, given the importance of fluid shear flow in the tethering, rolling and
subsequent adhesion, we established a model in which we expose CLL cells to
controlled physiologic shear forces, by flowing CLL cells through endothelial cell coated
channels in biochips to mimic the conditions CLL cells undergo in the HEVs.
Elucidating further the mechanisms of CLL cell trafficking may provide new targets to
interfere with the trafficking of CLL cells, preventing dissemination to the lymph node

compartments and increasing efficacy of existing therapeutics (Hayden et al., 2012).
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4.2 Aims

The overall aims of this chapter were to investigate the role of the STAT3 pathway in
regulating the expression of adhesion molecules, and the chemotaxis and migration of
CLL cells. This was achieved by:

e Examining the effect of pharmacologically targeting the BCR and STAT3
signalling pathways on a panel of key adhesion molecules, previously shown to
have keys roles in CLL cell interaction with endothelial cells in HEV

e Investigating a role of for STAT3 in mediating CD62L expression in CLL cells

¢ Examining the effect of Cucurbitacin and S3I on the chemotaxis of CLL cells

e Determining the effect of Cucurbitacin on CLL cell adhesion to HUVECs under
physiologically relevant fluid shear flow
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4.3 Results

4.3.1 Treatment with Cucurbitacin and S3l results in the

downregulation of CD62L

We investigated the effect of pharmacologically targeting the BCR and STAT3
signalling pathways on a panel of surface molecules involved in cell adhesion and
migration. These molecules were chosen as they play key roles in the transmigration of
CLL cells across the endothelia in HEVs, as well as, in the case of CD38 and CD49d,
being unfavourable prognostic indicators. We first investigated the baseline expression
of these inhibitors at time 0. We saw variable expression in CD38 (0.13%-96.3%)
CD49d (0.77%-92.8%) and CD62L (14.4%-85.7%) and similar expression in CD11c,
CD31 and CD29 between patient samples(Figure 4.1 (a)). Using a cut-off of 30%, five
patient samples were positive for CD38 expression and four out of five of these were
also positive for CD49d. CD62L expression was not associated with CD49d or CD38
expression in our cohort. There was no association between CD49d, CD38 or CD62L
expression with IGVH mutational status. There was no association between CD62L,
CD49d or CD38 expression and NOTCH1 mutational status. Treatment for 24 hours
with the upstream JAK inhibitor Ruxolitinib and BCR inhibitors, Ibrutinib and Idelalisib
had no effect on the expression of any molecules within the panel. Treatment with
Cucurbitacin and S3I resulted in a significant downregulation of CD62L positive cells
(p=0.0442, p=0.0242 respectively) and the MFI of the positive CD62L population. In
addition to CD62L, we saw small shift in CD31 expression and no changes in the
expression of the other adhesion molecules assessed with Cucurbitacin or S3I (Figure
4.1 (bi&ii))
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Figure 4. 1 Treatment with Cucurbitacin and S3I results in the downregulation of CD62L.

(a i) Variable expression of six adhesion markers in 10 CLL patient samples. Bars represent mean
percentage of positive cells (+ s.e.m). (ii) Representative dot plots depicting positive gates displaying
percentage of positive cells in each population for each adhesion molecule. Cells were gated on single,
live (Pl negative), CD19 positive populations. Gating was performed using an unstained control and
fluorescence minus one (FMO) where required Compensation was performed using compensation beads
for each fluorophore. (b i) Expression of six adhesion markers in CLL cells incubated with 10uM Ibrutinib
(IBT), 10uM Idelalisib (Idela), 1uM Cucurbitacin (Cuc), 100uM S3I and 1uM Ruxolitinib (Rux) for 24 hours.
Significant downregulation of CD62L compared to no treatment (NT) was seen following treatment with
Cucurbitacin and S31 (* p=0.0442, p=0.0242 respectively, n=3). The bars represent mean (+ s.e.m) from 3
patient samples (b ii) Histograms depicting expression of each adhesion molecule after treatment with

inhibitors in a representative patient sample (CLL27).
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4.3.2 Treatment with Cucurbitacin and S3I results in a significant

decrease in CD62L expression

We showed selective downregulation of CD62L expression after treatment with
Cucurbitacin and S3I (Figure 4.1 (b)) and further investigated this in samples from an
extended patient cohort. CLL cells were treated with 1uM Cucurbitacin, 100uM S3I or
1uM Ruxolitinib for 24 hours and CD62L expression was assessed by flow cytometry.
Cucurbitacin resulted in a mean decrease of 17.1% + 3.1% of CD62L positive cells
(p<0.0001; Figure 4.2 (a i)) and S3I resulted in a mean decrease of 22.2% + 2.5%
CD62L positive cells (p<0.0001). Ruxolitinib had no significant effect on the expression
of CD62L (ns, p=0.6129; Figure 4.2 (a i)). As we saw the greatest effect with
Cucurbitacin, we also investigated whether there was an effect at the mRNA level. The
downregulation of CD62L by Cucurbitacin occurred at both the protein and mRNA level
(Figure 4.2 (b i & ii)). We also investigated the variability in the decrease in CD62L
expression after Cucurbitacin by stratifying patient samples by clinical characteristics,
IGVH mutational status, NOTCH1 mutational status, CD38 and CD49d positivity. We
found a difference in the effect of Cucurbitacin on CD62L expression between CD38
positive and negative patient samples (p=0.0060), with CD38 positive patient samples
exhibiting a greater decrease in CD62L expression following Cucurbitacin treatment
(Figure 4.2 (c)). Similar to the effect of Cucurbitacin on cell viability (Figure 3.7), the
effect of Cucurbitacin on the expression of CD62L showed patient variability; however,
this reduction of expression of CD62L did not correlate with cell death induced by
Cucurbitacin (R?=0.06; Figure 4.3). Cucurbitacin resulted in a decrease in CD62L
expression in CLL cells in a dose-responsive and time dependent manner (Figure 4.4
(). Cucurbitacin induced CD62L downregulation was seen as early as 4 hours and
was sustained up to 72 hours. Interestingly, with increasing time in culture, we
observed an increase in CD62L expression in untreated CLL cells (Figure 4.4 (ii)).

It has been reported that cryopreservation and thawing of lymphocytes causes a
significant decrease of CD62L expression (Costantini et al., 2003). We use Ficoll
density gradient isolated CLL cells which had been cryopreserved before resuscitation
and we wanted to compare expression of CD62L after 24 hours in these samples
compared to the expression obtained on the same samples following whole blood
staining. There was no correlation between the CD62L expression in fresh whole blood
samples compared to cryopreserved samples (R?*=0.2; Figure 4.5 (a)). In order to

determine if the Cucurbitacin induced reduction in expression CD62L was due
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cryopreservation and thawing, we assessed CD62L expression in CLL cells treated
with Cucurbitacin pre- and post-cryopreservation. While the expression levels of
CD62L varied between pre- and post-cryopreservation samples, Cucurbitacin resulted
in a similar downregulation in CLL cells in both (Figure 4.5 (b i)).
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Figure 4. 2 Treatment with Cucurbitacin and S3I results in a significant decrease in the expression
of CD62L while the JAK2/STAT3 inhibitor Ruxolitinib has no effect. (a i) CLL patient samples were
treated with 1uM Cucurbitacin (n=29), 100uM S3I (n=21) or 1uM Ruxolitinib (n=11) for 24 hours and
CD62L expression was assessed by flow cytometry. (*** p<0.001, no treatment (NT) vs treatment; ns — not
significant) (ii) Representative dotplots depicting CD62L expression in CD19 positive cells after 24 hours
culture with Cucurbitacin, S3I or Ruxolitinib with the percentage CD62L positive cells displayed. (b) CLL
cells were treated with Cucurbitacin as indicated for 24 hours and CD62L cell surface protein expression
was analysed by flow cytometry (i) and CD62L gene expression was analysed by RT-qPCR (ii). Bars
represent mean expression/fold change (+ s.e.m) (n=4). (c) Changes in the percentage of CD62L positive
CLL cells after treatment with Cucurbitacin for 24 hours in patient samples categorized by unmutated (UM,
n=15) and mutated (M, n=8) IGVH genes. NOTCH1 unmutated (UM, n=14) and mutated (M, n=12), CD38
positive (POS, n=7) and negative (NEG, n= 19) and CD49d positive (POS, n=9) and negative (NEG, n=9)
(** p= 0.0060).
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Figure 4. 3 Loss of CD62L does not correlate with cell death induced by Cucurbitacin

Correlation between cell death assesed by PI staining and CD62L expression by flow cytometry in CLL
patient samples cultured with 1uM Cucurbitacin for 24 hours (R*=0.06, n=25).
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Figure 4. 4 Treatment with Cucurbitacin results in a decrease in CD62L expression in a dose-
responsive manner and the effect is maintained up to 72 hours. (i) CD62L expression in CLL cells
after 24 hours treatment with increasing concentrations of Cucurbitacin as indicated. Bars represent mean
(+ s.e.m) of CD62L positive cells (* p=0.0294, n=3; No treatment (NT) vs 10uM Cucurbitacin (Cuc)) (ii)
Representative dotplots displaying the percentage of CD62L positive cells in CLL cells after treatment with
Cucurbitacin for 4, 8, and 24 hours in CLL5 and 24, 48 and 72 hours in CLL 33.
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Figure 4.5 CD62L expression and the effect of Cucurbitacin on CLL cells pre- and post-
cryopreservation (a) Correlation between CD62L expression by flow cytometry in fresh whole blood vs
cryopreserved CLL patient samples after 24 hours (R2:O.2, not significant (ns) n=12). (b i) CLL cells
isolated from the same patient were treated with 1uM Cucurbitacin (Cuc) for 24 hours pre- and post-
cryopreservation and thaw (Frozen). CD62L expression was assessed by flow cytometry. Bars represent
mean expression (+ s.e.m)(ns-not significant p=0.7758, n=3) (ii) Representative dotplots displaying the
percentage of CD62L positive CLL cells in pre- and post- cryopreservation and thaw after culture with

Cucurbitacin for 24 hours.
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4.3.3 siRNA mediated STAT3 knockdown results in a decrease in

CD62L expression

STAT3 has proved to be a difficult pharmacological target and off-target effects may be
significant. While Cucurbitacin and S3I have been shown to inhibit STAT3 activation
and function (Ishdorj et al., 2010, Siddiquee et al., 2007), these agents also have
cellular targets independent of STAT3 (Ball et al.,, 2016, Sari-Hassoun et al., 2016).
Therefore, to confirm the role of STAT3 in the regulation of CD62L, we utilised siRNA
knockdown of STAT3. STAT3 knockdown in CLL cells was performed using the
Amaxa Nucleofector Kit and STAT3 expression was measure by flow cytometry. This
method has been used previously to knockdown gene expression in CLL cells (Seiffert
et al., 2007). GFP pMAX Vector was used to measure transfection efficiency. Although
the use of GFP pMAX Vector may not directly quantify transfection efficiency of sSiRNA
(as plasmids need to reach the nucleus to be expressed, whereas siRNA only needs to
reach the cytosol, we saw similar efficiencies when optimising using increasing
concentrations of fluorescent siRNA (100, 300 and 500nM) (Appendix 2). siRNA
transfection of CLL cells is difficult to achieve as they are sensitive to apoptosis and are
not transfected easily (Seiffert et al., 2007). Although we performed the knockdown in
10 patient samples, 8 samples either underwent significant apoptosis or showed no
transfection efficiency at 72 hours post electroporation. show examples of two patient
samples where transfection and partial knockdown was achieved. Transfection of
pPMAX GFP vector showed a transfection efficiency of 16.2% (CLL30) and 24.8% (CLL
4) (Figure 4.6 (a i) & (b i)). There was a decrease in MFI of STAT3 from 16.2 to 9.2
(CLL30) and 27.4 to 18.8 (CLL4) between cells treated with scrambled siRNA and
those treated with STAT3 targeting siRNA, confirming the partial knockdown of STAT3
in both patient samples (Figure 4.6 (a ii) & (b ii)). There was a decrease of 12.4% to
8.05% (CLL30) and 47.8% to 28.9% (CLL4) CD62L positive cells in cells treated with
STATS3 siRNA versus scrambled siRNA (4.6 (a iii) & (b iii)).

118



CLL 30

B GFP-FITC 1)
I 80K = I I P
(a ) 152% ( ) | STAT3 MF1 9.2
80 [ scrambled MF1 16.2
40
P
2]
0 T T T T
10° ' w0 0’ o'
GFP STAT3
(iii) Scrambled siRNA STAT3 siRNA
4 4t
40% 124% 40% 8.05%
‘03 3 |03 -
g g
© | '+ © |12
o E Q" j
(@] @]
' 10' =
0% 87.6% 0% 91.9%
|Dn WD -
rey e ; e ol
10 10! 10* 10° 10’ 10 10° 10*

119



i GFP-FITC i)'
(b I) 00K = 24.8% (i) STAT3 MFI 18.8
1 [] scrambled MFI 27.4
w -
40K -
0
Q -
20 -
0
ey ey S
10° 0! 10° 10’ 13‘
STAT3
Scrambled siRNA STAT3 siRNA
(i) 4 sl
" Jow 478% J0% 289%
w’ w"j
-
—
8 2 % 10
8 " a E
1 (@)
n' '°I}
. <78 : 0% 71.1%
I <A 52.2% P g .
ey u L .l 0 ! )

Figure 4. 6 Knockdown of STAT3 results in a decrease in the expression of CD62L. CLL cells were
transfected with 2ug pMAXGFP vector, 500nM STAT3 siRNA or 500nM scrambled siRNA using the
Amaxa Nucleofector protocol. Cells were incubated after transfection for 72 hours before staining for
STAT3 and CD62L expression by flow cytometry. Two patient samples (a) CLL30 and (b) CLL4 are
shown. Transfection efficiency was measured using pMAX GFP vector (i) Dotplots displaying the
percentage of GFP positive cells. (ii) Histogram displaying the reduction of MFI of STAT3 in CLL cells after
transfection with STAT3 siRNA. (iii) Dotplots displaying the decrease in the percentage of CD62L positive
cells in CLL cells after transfection with STAT3 siRNA
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4.3.4 Culture of CLL cells results in an induction of CD62L

expression

As shown in Figure 4.4 (ii), the expression of CD62L in CLL cells increases over time in
vitro. We confirmed this finding in a cohort of 13 patient samples incubated for 24 hours
(p=0.0002; Figure 4.7(i)). This in vitro induction of CD62L expression was seen as
early as 4 hours and was sustained up to 72 hours (Figure 4.7 (ii)). CD62L expression
after 24 hours inversely correlated with the percentage of background apoptosis
(R?=0.43; Figure 4.7 (iii)) indicating it may have a pro-survival role in CLL. CD62L has
previously been implicated in the survival of CLL cells and blockade of CD62L, using
anti-CD62L antibodies in long-term culture, has been shown to induce CLL cell death
(Burgess et al.,, 2013). To minimise spontaneous apoptosis, we incubated CLL at a
high cell concentration (2 x10” cells/mL) with anti-CD62L antibodies for 7 days. In 3
out of 5 patient samples, we showed blocking CD62L resulted in an increase in
apoptosis (Figure 4.8). Table 4.1 shows the clinical characteristics of patient samples
treated with the anti-CD62L antibody.
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Figure 4. 7 Culture of CLL cells results in an upregulation of CD62L expression

(i) CD62L expression was determined in CLL cells before and after 24 hours culture. (0 hour v 24 hours;
*** n=0.0002, n=13) (ii) CLL cells were cultured for 0, 4, 8, 24, 48 and 72 hours and CD62L expression
was determined . Bars represent mean expression (+_s.e.m) (n=3). Representative dotplots displaying the
percentage of CD62L positive CLL cells after culture for 4, 8 and 24 hours. (iii) The correlation between
CD62L expression and background apoptosis assesed by AV/PI positive cells by flow cytometry in CLL
cells cultured for 24 hours (R2:0.43, n=29)

122



0)

100+
80+
172
»
,g- 60+
=3
< 401
=
20
—e
0
NT Anti-CD62L
(i) CLL 13
NT isotype Anti-CD62L AB

Control
o 63%

e 7%

PI

Annexin V

Figure 4. 8 Blockade of CD62L results in the induction of apoptosis in some patient samples (i)
Induction of apoptosis, as assessed by AV/PI staining, in CLL cells cultured at 2x10” cells/ml with
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4.3.5 IL-6 induced activation of the JAK/STAT3 pathway results in

an increase in CD62L expression

STAT3 is constitutively phosphorylated on serine 727 in CLL cells; however,
phosphorylation of tyrosine 705 is believed to be the main mechanism of STAT3
activation. Interleukin 6 (IL-6) is a prosurvival factor that activates the JAK2/STAT3
pathway inducing tyrosine phosphorylation of STAT3 in CLL cells (Hazan-Halevy et al.,
2010). We also showed IL-6 can induce tyrosine pSTAT3 in CLL cells (Figure 3.3). As
we showed that Cucurbitacin, S3I and siRNA knockdown of STAT3 result in a
decrease in CD62L (Figures 4.2 and 4.6), we wanted to investigate if IL-6 induced
activation of the STAT3 pathway had an effect on CD62L expression. Treatment with
IL-6 for 24 hours results in a significant increase in CD62L expression in CLL patient
samples (p=0.0139). Pre-treatment with the JAK2 inhibitor Ruxolitinib completely
abrogates this CD62L up regulation (Figure 4.9 (i)). IL-6 does not prevent Cucurbitacin
induced down regulation of CD62L. (Figure 4.9 (ii))
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Figure 4. 9 Stimulation of the JAK/STAT3 pathway using IL-6 results in an increase in CD62L
expression (i) Primary CLL cells were treated with for with IL-6 (50ng/ml) alone or in combination with
1uM Ruxolitinib (Rux). The percentage of CD62L positive CLL cells after 24 hours is shown. Bars
represent mean CD62L expression (+ s.e.m) (No treatment (NT) vs IL-6; * p= 0.0139, n=5)(IL-6 vs
IL6+Ruxolitinib ; * p=0.0300, n=5) (ii) Representative result displaying the percentage CD62L positive CLL
cells after preatreatment with IL-6 alone for 24 hours or in combination with 1yM Cucurbitacin (Cuc).

Representative of n=3.
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4.3.6 Cucurbitacin had no significant effect on the expression of

CD62L in non-malignant B cells

We wanted to determine if the pro-survival increase in CD62L expression was selective
to CLL cells and if Cucurbitacin had a similar effect in non-malignant B cells. B cells
from normal healthy donors were cultured for up to 48 hours but, unlike CLL cells,
normal B cells did not upregulate CD62L when cultured in vitro (Figure 4.10 (a)).
Cucurbitacin had no effect on the expression of CD62L (ns p=0.5254; Figure 4.10 (b))

in normal B cells.
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Figure 4. 10 Cucurbitacin has no effect on CD62L expression in normal B cells (a i) Dotplots
displaying the percentage of CD62L positive B cells after culture for 24 and 48 hours. Representative of
n=3. (b i) B cells were isolated from normal donor blood and treated with Cucurbitacin (Cuc) for 24 hrs
before CD62L expression was determined by flow cytometry. Bars represent mean expression (+ s.e.m)
for 3 normal controls (No treatment (NT) vs Cucurbitacin (Cuc); not significant (ns) p=0.5254) (ii)
Representative dotplots displaying the percentage of CD62L positive B cells after culture with 1uM

Cucurbitacin for 24 hours.
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4.3.7 Treatment with Cucurbitacin and S3I but not Ruxolitinib
results in a downregulation in the chemotaxis of CLL cells
towards CXCL12

Having shown that Cucurbitacin and S3I effect the expression of adhesion molecules in
CLL cells, we next wanted to assess whether Cucurbitacin and S3| had an effect on the
migration of CLL cells. We utilised a chemotaxis assay using Neuroprobe 96-well
plates. Initially, to determine the optimal chemokine concentration for maximal
migration, we investigated the chemotaxis of the CLL cell line 183 towards two
chemokines, CXCL13 and CXCL12. We found that 183 cells showed no migration
towards CXCL13 but significant migration was seen towards CXCL12 at concentrations
of 100ng/ml (p=0.0283) and 1000ng/ml CXCL12 (p= 0.0004; Figure 4.11 (a)).
Pretreatment with 1uM Cucurbitacin significantly blocked 183 cells migration towards
100ng/ml CXCL12 (p=0.0334; Figure 4.11 (b)).

Burger et al. (1999) reported that patient derived CLL cells migrate towards CXCL12 in
a biphasic fashion due to receptor endocytosis with maximum migration occurring at
100ng/ml. We found chemotaxis of CLL cells increased towards 1000ng/ml CXCL12,
with a maximum at 1000 ng/ml in 2 out of 4 patient samples tested and in one patient
sample we found a biphasic response with a maximum migration towards 100ng/ml
(Figure 4.12 (a i)). In subsequent experiments we used a concentration of 100ng/ml as
biphasic responses occurred in some patient samples. 100ng/ml CXCL12 resulted in a
transient increase in serine pSTAT3, reaching a maximum after 15-30 minutes and
slowly resolving up to 60 minutes in CLL cells (Figure 4.12 (a ii)). No changes were
seen in tyrosine pSTAT3. Pretreatment with Cucurbitacin resulted in a dose response
decrease in the migration of CLL cells towards CXCL12 with 1uM Cucurbitacin
significantly inhibiting CLL chemotaxis (p=0.0020). S3I also caused a significant
decrease in the migration towards CXCL12 (p=0.0284); however, Ruxolitinib did not
significantly affect migration towards CXCL12 (p=0.1205; Figure 4.12 (b)).
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Figure 4. 11 CLL cell line 183 migrates towards CXCL12 but not CXCL13 in a dose responsive
manner and this migration can be inhibited by pretreatment with Cucurbitacin (a) 183 cells migration
towards increasing concentrations of CXCL13 and CXCL12 after 3 hours was assessed using Neuroprobe
96 well plate assays (n=3). Chemotaxis was assessed by staining migrated cells with nuclear Hoechst dye
and counting by high content imaging (* p=0.0283, *** p= 0.0004, Not-significant —ns) (b) 183 cells
migration in response to 100ng/ml CXCL12 was assessed after 3 hours following pretreatment with
Cucurbitacin (Cuc) for 1 hour (No treatment (nt) vs 1uM Cucurbitacin (Cuc); * p=0.0334, n=3). Bars

represent mean migration (+ s.e.m) of 3 independent experiments.
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Figure 4. 12 Cucurbitacin and S3I result in a decrease in the chemotaxis of patient derived CLL
cells towards CXCL12. (a i) CLL cell migration towards increasing concentrations of CXCL12 (0, 10,
100, 1000ng/ml) after 3 hours was assessed using Neuroprobe 96 well plates assays. CLL samples used
were > 90% CD19/CD5+. Chemotaxis was assessed by staining migrated cells with nuclear Hoechst dye
and counting by high content imaging. Each line represents an individual patient sample. (ii) CLL cells
treated with CXCL12 for 0, 5, 15, 30 and 60 minutes in RPMI +0.5% BSA. CLL cells were lysed after each
timepoint and serine pSTAT3 and total STAT3 were assessed by western blotting. (b) CLL cells were
pretreated with 1uM Cucurbitacin (Cuc), 100uM S3I or 1uM Ruxolitinib (Rux) for 1 hour and CLL cell
migration towards CXCL12 (100ng/ml) was assessed as above. Bars represent mean percentage
migration (+ s.e.m) (**p=0.0020, *p=0.0284, ns p=0.1205, n=5).
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4.3.8 Cucurbitacin results in adecrease in the adhesion of CLL cells
to HUVEC under shear flow

Adhesion of CLL cells to endothelial cells in the HEV in vivo occurs under conditions of
fluid shear flow. The stabilisation of catch bonds formed between CD62L and its
ligands requires fluid shear flow. We have shown that CD62L expression in CLL cells is
regulated by treatment with Cucurbitacin and wanted to assess its effect on CLL cell
adhesion to endothelial cells under fluid shear flow conditions. We also wanted to
assess the effect of blocking CD62L on primary CLL cell adhesion.

We developed an in vitro assay utilising Cellix Vena8 endothelial biochips coated with a
monolayer of HUVEC cells using a shear flow rate of 0.5 dynes/cm?. We found that
incubation with a CD62L blocking antibody resulted in a significant decrease in
adhesion under shear flow (p=0.0085; Figure 4.13 (a)). We found that treatment with
Cucurbitacin after 4 hours resulted in a non-significant decrease (ns p=0.1106) in cell
adhesion, but treatment for 24 hours resulted in a significant decrease in the adhesion
of CLL cells (p=0.0005; Figure 4.13 (a ii)). All 5 patient samples showed a decrease in
CD62L expression (Figure 4.13 (a iii)) and no significant increase in apoptosis after 24
hours treatment with Cucurbitacin (Figure 4.13 (a iv)).
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Figure 4. 13 Anti-CD62L blocking antibody and Cucurbitacin resulted in a decrease in the adhesion
of CLL cells to HUVEC under fluid shear flow. A microfluidic system was used to assess adhesion
of CLL cells to endothelial cells under shear flow. CLL samples used were >990% CD19/CD5+. Cells
were introduced to the Cellix microfluidic chamber coated with HUVECs under a shear flow of 0.5
dynes/cmz. After 5 minutes adhered cells were counted at 3 positions along the channel. (a) CLL cells
were (i) treated with anti-CD62L (0.1ug/ml) antibody or pretreated for 4 hours with 1uM Cucurbitacin (Cuc).
Bars represent mean number of cells adhered (+ s.e.m) for 3 patient samples (** p=0.0085, n=3; not
significant (ns)) (ii) pretreated for 24 hours with 1uyM Cucurbitacin (Cuc) (*** p=0.0005, n=5). Bars
represent mean number of cells adhered (+ s.e.m) (iii) The percentage of CD62L positive CLL cells and
(iv) the percentage apoptosis assessed by AV/PI flow cytometry after 24 hours treatment with 1uM
Cucurbitacin. Each bar represents an individual patient sample (b i) An image depicting the HUVEC
monolayer prior to the addition of CLL cells and (ii) after the addition of CLL cells to the chamber. Adhered

CLL to HUVEC monolayer is indicted with arrows.
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4.4 Discussion

CLL cells interaction with the lymph node and bone marrow microenvironments
promotes their survival and protects from drug induced apoptosis. It is, therefore, of
interest to understand the steps that mediate the mechanism of how circulating CLL
cells enter these secondary lymphoid organs. The multi-step adhesion cascade that
normal B lymphocytes undergo through the HEV to the lymph node has been well
characterized and, while CLL cells are thought to use the same processes, this has not
been fully elucidated. Initially, we chose 6 molecules known to be involved in
lymphocyte migration to the lymph nodes: the selectin CD62L; integrins CD49d, CD29
and CD11c; and surface adhesion molecules CD38 and CD31. We saw variability in
the expression of CD38, CD49d and CD62L. In our cohort 5/10 (50%) patient samples
were >30% CD49d positive which is associated with unfavourable progression in CLL,
This is in general agreement with other studies (Bulian et al., 2014). We found 5/10
(50%) of patient samples in our cohort were CD38 positive, which is also comparable
to other studies (Damle et al., 1999, Ibrahim et al., 2001) with 4 of these patient
samples being both CD38 and CD49d positive.

We examined the effect of treatment with STAT3 targeting agents, Cucurbitacin, S3l,
the JAK inhibitor Ruxolitinib; and BCR inhibitors Ibrutinib and Idelalisib, on 6 adhesion
molecules. Treatment with Cucurbitacin and S3I resulted in a decrease in the
expression of CD62L in CLL cells. Cucurbitacin and S3I are two unrelated compounds
which have been shown to inhibit STAT3 activity and the selective action of these
agents suggests a role for the STAT3 pathway in the regulation of CD62L.
Furthermore, we show that the JAK/STAT pathway activator IL-6 increases CD62L
expression which is inhibited by Ruxolitinib (Figure 4.9). However, both Cucurbitacin
and S3l have been shown to have effects independent of their effect on STAT3. S3I
has recently been shown to act as an alkylating agent, alkylating STAT3 on 5 cysteine
residues and globally alkylating a range of other intracellular proteins (Ball et al., 2016).
Cucurbitacin has been shown to activate JNK/c-jun in CLL (Ishdorj et al., 2011) and we
have shown that Cucurbitacin affects the actin cytoskeleton in CLL cells (Figure 3.9).

In order to confirm a role for the STAT3 pathway in the regulation of CD62L, we
performed STAT3 knockdown using siRNA. CLL cells are known to be resistant to
most gene transfer techniques (Seiffert et al., 2007) and, in addition to this, undergo
spontaneous apoptosis after prolonged in vitro culture required for siRNA knockdown.
(Seiffert et al., 2007) performed tests on transfection of CLL cells with different nucleic

acid structures in different conditions to promote cell survival after electroporation.
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They determined that plasmid DNA induced rapid apoptosis and mRNA and siRNA
were preferential. They developed a protocol with Hs5 stromal cell coculture and
conditioned media in order to increase cell survival and transfection efficiency. We also
tested different concentrations of fluorescent siRNA (100nM-1000nM) to see if this had
an impact on transfection efficiency; however, we found very little difference between
concentrations (Appendix 2). We did not use Hs5 coculture or conditioned media, as
we show that Hs5 cells and soluble factors such as IL-6 can affect the expression of
CD62L (Figure 5.3) in CLL cells and did not want to introduce confounding
experimental factors.

Here, we show STAT3 knockdown in CLL cells results in a decrease in STAT3 and
CD62L expression, further implicating STAT3 in CD62L regulation. A role for STAT3 in
the regulation of CD62L has been suggested previously in other cell types but has not
previously been reported for CLL. Both (Cui et al., 2011) and (Pallandre et al., 2007)
showed that CD62L was significantly downregulated in T cells from STAT3 knockout
mice. The mechanism of this downregulation of CD62L in CLL cells isn’t clear;
however, we did see a non-significant downregulation in CD62L gene expression
following treatment with Cucurbitacin. Additional mechanisms of regulation of CD62L
expression may be the shedding of CD62L and a role for STAT3 in TACE/ADAM17
activity and expression should be investigated.

As mentioned previously, Lafouresse et al. (2015) have shown CD62L to be a critical
determinant in controlling initial tethering interactions of CLL cells with endothelium of
the HEV in vivo. Given this role of CD62L in facilitating CLL cell recirculation, blocking
CD62L mediated adhesion may be a potential therapeutic target in CLL, preventing the
dissemination of CLL cells to the protective microenvironments of the lymph node and
bone marrow. We developed an assay to study the interactions of CLL cells with
endothelial cells under physiologically relevant fluid shear flow to investigate a
functional effect to blocking or downregulating CD62L in CLL cells. In contrast to in vivo
models, which can be costly and difficult to perform, we developed a relatively simple
model to study the interactions of CLL cells with endothelial cells under fluid shear flow.
Although more difficult than static adhesion assays, it has been shown that shear
forces alone can increase the expression of CD62L. In addition, while CD62L binds
some glycoproteins without siayl Lewis® modifications in the absence of shear flow
(Celie et al., 2009), CD62L interactions with its main siayl Lewis* type ligands are
considered ‘shear dependent’ given the nature of the slip and catch bonds formed
between the two under shear flow conditions (McEver and Zhu, 2010), indicating the

importance of studying this molecule under fluid shear flow (Walsby et al., 2014). Shear
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stress levels differ in different vessel types, shear stress in large arteries has been
determined to be 10 to 70 dynes/cm? while veins 1 to 6 dynes/cm? (Papaioannou and
Stefanadis, 2005). Lymphatic flow is lower again at, ~0.1-0.5 dynes/cm?® Optimal shear
stresses of 0.3-1.0 dynes/cm® prolong adhesion molecule bonds in particular, the
stabilization of CD62L interactions with its ligands which requires minimal shear force
>0.3 dynes/cm? (Yago et al., 2004, Lawrence et al., 1997). Our model allowed the
precise control of fluid shear flow forces using NeMESYS software and pump.

Using this model we found that blocking CD62L resulted in a significant decrease in the
number of CLL cells adhered to endothelial cells. We also showed that Cucurbitacin
results in a non-significant decrease in the adhesion of CLL cells to endothelial cells
after 4 hours pretreatment, but a significant decrease adhesion of CLL cells to
endothelial cells after 24 hours pretreatment. While we saw a reduction in CD62L
expression following Cucurbitacin pretreatment we saw in chapter 1 that Cucurbitacin
results in the aggregation of actin in CLL cells so non-STAT3 effects of Cucurbitacin
may be contributing to this reduction in adhesion and requires further investigation. In
summary, we have developed a model that is useful for looking at the key process of
migration in CLL biology. Our model confirms a role for CD62L in adhesion to HUVECs
under fluid shear flow conditions.

Stromal cells secrete chemokines which are additional important molecules in the
migration of CLL cells to the lymph nodes. We assessed migration towards CXCL12 a
chemokine that is secreted by stromal and nurse-like cells of the tumour
microenvironment. We showed an increase in serine pSTAT3 in response to CXCL12
in agreement with previous reports (Burger et al., 2005) and we found treatment with
Cucurbitacin and S3lI inhibited the migration of CLL cells towards CXCL12. Disrupting
CXCL12 signalling may interrupt the migration of CLL cells to the lymph node and bone
marrow microenvironment. Treatment with Ibrutinib results in a downregulation in the
membrane expression of CXCR4 and this is suggested to contribute to the
redistribution of CLL cells after treatment with lbrutinib in vivo showing the importance

of this molecule in CLL cell recirculation (Chen et al., 2016).

Burgess et al. (2013) showed that CD62L has a prosurvival role in CLL cells; and we
showed that blockade of CD62L using anti-CD62L antibody, resulted in an increase in
apoptosis in a subset of our CLL samples examined. (Burgess et al., 2017) have
recently shown that cells derived from patients with progressive disease requiring
treatment were resistant to cell death induced by anti-CD62L antibodies while those

with stable disease underwent apoptosis in response to treatment with anti-CD62L
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antibodies. We showed a correlation between the expression of CD62L and the
amount of background apoptosis which has not been previously reported, further
suggesting a prosurvival role for CD62L in CLL (Figure 4.7 (a iii)). Importantly, we saw
upregulation in the expression of CD62L in CLL cells but not in normal B cells when
cultured in vitro, suggesting a cancer specific role for CD62L

Overall this chapter suggests that disrupting the STAT3 signalling pathway may
interfere with the expression of the prosurvival and adhesion molecule CD62L in CLL.
Therapeutics targeting selectins have been investigated; however, difficulties in
developing targeted molecules and the non-selectivity of inhibitors a large number of
compounds do not make it to clinical trials. Given the importance of CD62L in the initial
steps of the migration of CLL cells from the HEV to the protective microenvironment of
the lymph node (Lafouresse et al., 2015), our results present additional mechanisms
for potentially targeting this molecule. CLL cells undergo key interactions within the
lymph node microenvironment and the BCR signalling pathway has emerged a key
pathway in this crosstalk and a key pathway in understanding the biology of CLL
(Herishanu et al.,, 2011). In the next chapter, we investigate the effects of BCR
stimulation on STAT3 and CD62L expression in CLL in order to elucidate further the
potential of CD62L and STATS3 as therapeutic targets for the treatment of CLL.
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Chapter 5

Microenvironmental mediated
regulation of STAT3 and CD62L in
CLL cells
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5.1 Introduction

The pathogenesis of CLL relies heavily on the interaction of the cells with their
microenvironment. CLL cells recirculate between the peripheral blood, bone marrow,
spleen and lymph node compartments. Key interactions occur, primarily in the bone
marrow and secondary lymphoid organs, between CLL cells and surrounding cells that
promote CLL cell survival. CLL cell proliferation occurs in pseudo follicular proliferation
centres (PC) in the lymph nodes and bone marrow and gives rise to a daily turnover of
1% of the entire CLL clone (Messmer et al., 2005). Further analysis of the role of the
microenvironment and its interactions with CLL cells are important to improve
therapeutic options. Having investigated the role STAT3 plays in the trafficking of CLL
cells to and from these microenvironments in the previous chapter, we wanted to
further investigate the importance of STAT3 in the interactions of CLL cells with key
components of the CLL microenvironment.

The bone marrow and lymphoid organs have distinct microenvironments as they
support different haematopoietic processes. The generation of B cells from
haematopoietic stem cells (HSC) occurs in the bone marrow, where bone marrow
stromal cells (BMSC) act as important attachment sites and also provide soluble and
surface-bound growth factors to generate B cells with functioning B cell receptors
(BCRs). CLL cells have a high affinity for BMSC undergoing pseudoemperipolesis after
a short time in culture (Burger et al., 1999). Panayiotidis et al (1996) first showed that
contact with stromal cells in vitro protects CLL cells from spontaneous apoptosis. It was
shown in further studies that BMSC also protect from drug-induced apoptosis and
secretion of chemokines promote the trafficking and homing of CLL cells (Kurtova et
al., 2009, Lagneaux et al.,, 1998). The mechanism of BMSC mediated survival and
drug induced resistance of the CLL cells is cell-cell contact-dependent (Buchner et al.,
2010a, Ding et al., 2009), occurring through integrins f1 and p2, and binding of CD49d
to VCAM-1 or fibronectin (Maffei et al., 2012). The cross-talk between CLL cells and
BMSC is bidirectional with CLL cells secreting factors such as PDGF to enhance
proliferation of BMSC and their production of VEGF which in turn promotes the survival
of CLL cells (Ghosh et al., 2010, Gehrke et al., 2011). Some studies have shown an
effect of BMSC on STAT3; VEGF produced by stromal cells has been shown to
activate STAT3 in CLL (Gehrke et al.,, 2011). Mature B cells then migrate from the
bone marrow to the lymph node where they come into contact with CD4+ T cells and
follicular dendritic cells (FDC) within germinal centres. Activated CD4+ T cells
transiently express CD40L which can ligate CD40 on germinal centre B cells resulting

in proliferation, expression of activation markers and differentiation with isotype
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switching (Lederman et al. 1994, Saeland et al. 1993). T cells in the lymph nodes of
CLL patients express CD40L (Pizzolo et al., 1983) and can induce CLL growth and
survival through engagement of CD40 on the CLL cell surface by membrane bound
and soluble CD40L (Bagnara et al., 2011, Granziero et al., 2001). These two cellular
components, BMSC and T cells are important in supporting CLL cell growth and
survival within the bone marrow and lymph nodes (Patten et al, 2008., Schmid and

Isaacson, 1994).

One of the most prominent and activated signalling pathways in the cross talk between
CLL cells and their microenvironment is the B-cell receptor signalling pathway
(Herishanu et al., 2011). The consequences of this activation are complex and, despite
being well studied, remain ill- defined. The importance of the BCR in the pathogenesis
of the disease is shown by the fact that the strongest predictor of disease outcome is
the mutational status of the BCR, with patients with UM-IGVH having a poor prognosis
(Hamblin et al., 1999, Damle et al., 1999). Herishanu et al (2011) showed the BCR
pathway to be the most activated in cells isolated form the lymph nodes of CLL
patients. Studies of BCR stimulation in CLL have been conflicting, some studies have
shown that there is a patient-dependent heterogeneous response that correlates with
progressive disease (Deglesne et al., 2006, Guarini et al., 2008, Quiroga et al., 2009),
while others showed a more homogenous response with no difference between
prognostic subgroups (Pede et al., 2013, Petlickovski et al., 2005). The consensus is
that CLL cells with UM-IGVH have greater poly- or self-reactivity and respond better to
BCR stimulation while M-IGVH are monoreactive and less responsive to BCR
stimulation (Ten Hacken et al., 2015,. The outcome of BCR stimulation is also thought
to differ between the two groups, leading to responsiveness and proliferation in cells
with UM-IGVH and failure to respond and anergy in CLL cells with M-IGVH (Muzio et
al, 2008., Packham et al., 2014)

In the work presented in this thesis, various models have been used to mimic the effect
of these microenvironmental components on CLL cells. The premise being investigated
in this chapter is that these in vitro models can allow the study of microenvironmental
mediated activation of STAT3 in CLL. In the previous chapter, we showed a role for the
STAT3 pathway in the regulation of the adhesion molecule CD62L, so next we
investigated how these microenvironmental stimuli impact on STAT3 activation and
regulation of the expression of CD62L. BMSC coculture models have been shown in
both human and murine cell lines to protect CLL cells and promote drug resistance

(Trimarco et al., 2015, Kurtova et al., 2009). In this chapter, we use the Hs5 Bone
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Marrow Stromal cell line which has been shown to support the proliferation of
haematopoietic progenitor cells in the absence of exogenous factors (Roecklein and
Torok-Storb, 1995).

Various in vitro models have utilised CD40L/IL4 signalling to mimic T cell activation of
B cells, including the use of CD40L expressing fibroblasts, or soluble CD40L alone and
in combination with soluble IL4 (Schattner et al., 1998, Bhattacharya et al., 2015,
Scielzo et al., 2011, Buske et al., 1997). Here, we use soluble CD40L in combination
with IL4 to investigate the effect of T cell signals on STAT3 activation in CLL cells,
mimicking CLL cells interactions with T cells within the lymph node microenvironment
(Hamilton et al., 2012). As discussed above, the BCR signalling pathway is crucial in
the pathobiology of CLL. However, there is no standardized method for BCR
stimulation and many studies have shown conflicting results depending on the method
and duration of stimulation. We used soluble and immobilised forms of goat F(ab), anti-
human IgM fragments to stimulate the BCR in order to comprehensively study this
pathway and its role on STAT3 activation and CD62L expression in CLL. In addition to
this we use BCR inhibitors to see how they may modulate these effects. For this
chapter we used the FDA-approved JAK/STAT3 inhibitor Ruxolitinib in combination
with these inhibitors.
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5.2 Aims and Objectives

The aims of this chapter were to investigate the effect of microenvironmental stimuli on
the activation of STAT3 and the expression of CD62L and other adhesion molecules in
CLL cells. This was achieved by:

e Co-culturing CLL cells on Hs5 BMSC;

¢ Investigating the effect of CD40L/IL4 stimulation;

e Stimulating the BCR with F(ab”), anti-lgM fragments;

e Investigating the response to BCR stimulation in CLL cells isolated from the
peripheral blood and lymph node compartments in the same patient;

e Investigating the effect of BCR and JAK/STAT pathway inhibitors
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5.3 Results

5.3.1 Hs5 BMSC coculture is prosurvival and results in an increase
in pSTAT3 and CD62L in CLL cells

A heterogeneous cell population comprises the bone marrow stroma, including
mesenchymal stem cells (MSC) which are stem-like and can differentiate into cartilage,
bone, adipocytes and haematopoietic supporting tissues (Krebsbach et al., 1999,
Whitfield et al., 2013). CLL cells interact with this network of different stromal cells
within the tumour microenvironment and rely on paracrine signals and cell-cell contact
with these stromal cells to enhance survival and promote drug-resistance. It has been
shown that CLL cells cocultured with BMSC results in a decrease in spontaneous
apoptosis in vitro (Kurtova et al., 2009, Panayiotidis et al., 1996, Lagneaux et al.,
1998). It has also previously been shown that prosurvival microenvironmental signals
such as IL-4 and interferons can enhance CD62L expression in CLL (Jewell and Yong,
1997, Purroy et al., 2015). In the previous chapter, we showed Cucurbitacin and S3l
could downregulate CD62L in CLL cells (Figure 4.2). Here, we investigated whether
coculture with stromal cells could upregulate CD62L expression and protect CLL cells

from Cucurbitacin and S3I induced downregulation of CD62L.

We initially investigated whether coculture with the BMSC line, Hs5, had an effect on
the CLL cell survival in samples from our patient cohort. We observed a wide variability
in spontaneous apoptosis after 24 hours in CLL cells between patient samples (10%-
86%, n=8) and, in agreement with previous studies (Kurtova et al., 2009) (Trimarco et
al., 2015), coculture with Hs5 cells resulted in a significant decrease in spontaneous
apoptosis (p=0.0032; Figure 5.1 (a i)). As shown in figure 5.1 (a ii) this protection from
apoptosis in CLL cells is contact mediated as Hs5 conditioned media had no effect on
spontaneous apoptosis. The JAK/STAT3 inhibitor, Ruxolitinib, and the BCR signalling
pathway inhibitor, Ibrutinib, partially abrogated this prosurvival effect (Figure 5.1 (b)).

We next quantified serine and tyrosine pSTAT3 in CLL cells after 4 hours in Hs5
coculture. As shown in figure 5.2 (a i & ii), Hs5 coculture resulted in an increase in
tyrosine pSTAT3 (p=0.0094). STAT3 in CLL cells is constitutively phosphorylated on
serine 727 (ser pSTATS3); however, we did observe an increase in serine pSTAT3 in
CLL cells in co-culture with Hs5 cells (Figure 5.2 (a iii)). Pre-treatment with Ruxolitinib
reduced Hs5 induced tyrosine pSTAT3, while Ibrutinib had no effect (Figure 5.2 (b)).
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In addition to an increase in pSTATS3, Hs5 coculture resulted in an increase in CD62L
expression in CLL cells (p=0.0001; Figure 5.3 (a i)), which was dependent on CLL-
stromal cell contact (Figure 5.3 (a ii)). Hs5 Co-culture had no effect on the other
adhesion molecules shown in figure 5.3 (a iii) expressed on CLL cells. Cucurbitacin
and S3I significantly downregulated CD62L expression in CLL cells in coculture with
Hs5 stromal cells (p=0.0401and p=0.0198 respectively; Figure 5.3 (b i)). HS5 coculture
did not protect CLL cells from Cucurbitacin induced CD62L downregulation (ns,
p=0.0500; Figure 5.3(b i)). Treatment with both Ruxolitinib and Ibrutinib partially
downregulated Hs5 induced CD62L expression in CLL cells (Figure 5.3 (b ii)). Co-
culture with patient derived bone marrow stromal cells (PD-BMSC) and HUVEC also
significantly upregulated CD62L expression (Figure 5.3 (c i)).Cucurbitacin also results
in a downregulation of CD62L expression in CLL cells in coculture with PD-BMSC and
HUVEC coculture (Figure 5.3 (c ii)).
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Figure 5. 1 Hs5 Coculture protects against spontaneous apoptosis of CLL cells (a i) Spontaneous
apoptosis in CLL cells alone (NT) and cultured on Hs5 cells for 24 hours was assessed by AV/PI flow
cytometry (** p=0.0032, n=8). (a ii) Dotplots displaying the percentage of AV/PI positive CLL cells after 24
hours cultured with Hs5 cells or in Hs5 conditioned media. Representative of n=3 (b) Dotplots displaying

the percentage of AV/PI positive CLL cells after 24 hours cultured with Hs5 cells and 10uM Ibrutinib (IBT)

or 1uM Ruxolitinib (Rux). Representative of n=3.
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Figure 5. 3 Hs5 Coculture results in an increase in the expression of CD62L in CLL cells in a
contact-dependant manner that can be decreased by pre-treatment with BCR and STAT3 targeting
agents. (a i) CLL cells were cultured alone (NT) or in co-culture with Hs5 cells for 24 hrs. Percentage of
CD62L positive CLL cells was assessed by flow cytometry. (*** p=0.0001, n=16). (ii) Dotplots of a CD62L
sample (CLL29) and a CD62L" sample (CLL35) displaying the percentage CD62L positive CLL cells

+

cultured for 24 hours with Hs5 cells or Hs5 conditioned media. Representative of n=3. (iii) Histograms
showing the expression of 5 adhesion markers in CLL cells after 24 hours culture with Hs5 cells.
Representative of n=3. (b i) CLL were treated as shown and CD62L expression was assessed by flow
cytometry after 1 hour pretreatment with 1uM Cucurbitacin (Hs5 coculture vs Hs5+Cucurbitacin (Cuc);
*p=0.0401, n=6) or 100uM S3I (Hs5 coculture vs Hs5+S3l; *p=0.0198) (ii) Dotplots displaying the
percentage of CD62L positive CLL cells cultured with Hs5 cells for 24 hours after pretreatment for 1 hour
with 10uM Ibrutinib (IBT) or 1uM Ruxolitinib (Rux). Representative of n=3. (c) 24 hour culture with Human
Umbilical vein endothelial cells (HUVEC) or patient derived bone marrow stromal cells (PDBMSC). Bars
represent mean expression (+ s.e.m) (No treatment (NT) vs Hs5 Coculture; **p= 0.024, n=4) ( NT vs
HUVEC coculture; * p=0.0202, n=4) (NT vs PDBMSC coculture; * p=0.0142, n=4) (ii) Representative
dotplots displaying the percentage of CD62L positive CLL cells after 24 hour cocultures with or without

Cucurbitacin.
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5.3.2 BCR stimulation has a prosurvival effect in CLL cells and pre-
treatment with Ibrutinib or Ruxolitinib abrogates this

prosurvival signal

The importance of BCR stimulation in CLL is underlined by the clinical efficacy of BCR
pathway inhibitors, Ibrutinib and Idelalisib (Byrd et al., 2014, Brown et al., 2014) and
the prognostic significance of the mutational status of the immunoglobulin genes
(Hamblin et al., 1999) . Simulation of the BCR by cross linking using anti-lgM results in
prosurvival signalling that can prevent CLL cells undergoing spontaneous apoptosis
(Quiroga et al., 2009). We used F(ab"), anti-lgM fragments to stimulate the BCR and
investigate its effect of the survival of CLL cells using Annexin V (AV)/ Propidium lodide
(PI) staining by flow cytometry. BCR stimulation had a patient variable effect on
survival but, overall, significantly reduced spontaneous apoptosis after 24 hours by
11% (p<0.001, Figure 5.4 (ai)). Greater than a 5% reduction in spontaneous apoptosis
was seen in in 18/23 patient samples. Patient samples were then grouped by
mutational status of their IGVH genes (13 UM-IGVH, 7 M-IGVH). Although a greater
decrease in apoptosis was seen in samples with UM-IGVH genes, there was no
significant difference between the prosurvival effect of BCR stimulation in samples with
UM- or M-IGVH genes (p=0.6010; Figure 5.4 (a ii)). The BCR pathway inhibitor,
Ibrutinib, (p=0.0341) and the JAK/STAT3 pathway inhibitor, Ruxolitinib (p=0.0102) both

abrogated the pro-survival effect of BCR stimulation in CLL cells (Figure 5.4 b).

147



(ai) (i) ns

100 ThAk » 40+
.g .
2 80 <
] = 30+
o 2z
¥ 60 <e
: R
=% =
g- 40 4 %E L - |
< g £ 104 cee®
X 20 8 -~ [
o —.
0 e 0 [ ]
NT IgM Y M
(D7) g * (i) go- *
2 2
8 60+ 3 60+
(]
2 L
S 40 S 40
2 =S
2 g
<n 20 < 90
& ES
0 0
NT IgM IgM+IBT NT IgM lgM+Rux
(iii) IBT

Pl

Figure 5. 4 Stimulation of the BCR using F(ab”), anti-IgM fragments has a prosurvival effect in CLL
cells with both UM- and M- IGVH genes. BCR stimulation was performed by incubating CLL cells with
10pg/ml F(ab), anti-IgM fragments (a i) Following BCR stimulation for 18 hours percentage of apoptosis
was assessed by AV/Pl assay and flow cytometry (No treatment (NT) v IgM stimulation,**** p<0.0001,
n=23) (ii) The percentage decrease in apoptosis in CLL cells with UM-IGVH and M-IGVH after 18 hours
BCR stimulation. Bars represent the mean decrease (+ s.e.m) for 13 UM-IGVH and 7 M-IGVH patient
samples (ns, p=0.6010). (b) CLL cells were pre-treated with either (i) 10uM Ibrutinib (IBT) (IgM v IgM+IBT,
*p=0.0341, n=3) or (ii) 1M Ruxolitinib (Rux) (IgM v IgM+Rux, *p=0.0102 n=3) for 1 hour before BCR
stimulation as above for 18 hours (iii) Representative dotplots (CLL8) displaying the percentage of AV/PI
positive CLL cells pre-treated with either Ibrutinib or Ruxolitinib for 1 hour before BCR stimulation (IgM) for
18 hours.
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5.3.3 BCR stimulation results in an increased phosphorylation of
STAT3 in CLL cells with UM-IGVH genes

In the previous section, we have shown that the JAK2 inhibitor, Ruxolitinib, abrogates
the BCR stimulation induced prosurvival effect in CLL (Figure 5.4 (b i)). BCR
stimulation has been shown to activate the STAT3 pathway through phosphorylation of
tyrosine in CLL via the activation of JAK2 (Rozovski et al., 2014). We confirmed that
BCR stimulation resulted in phosphorylation of STAT3 in CLL cells (Figure 5.5 (a i)
after 4 hrs and this was sustained up to 18hrs (Figure 5.5 (a ii). In addition, we found
that BCR stimulation resulted in a significant increase in tyrosine pSTAT3 (p=0.0080,
16 UM-IGVH, 10M-IGVH; Figure 5.5 (a iii)) and, also, serine pSTAT3 (p=0.0199, 16
UM-IGVH, 10 M-IGVH) in CLL cells with UM-IGVH compared to M-IGVH. The induction
of tyrosine pSTAT3 was variable with an average induction of 17.9% + 3.1% for UM-
IGVH and 6.4% + 1.2% for M-IGVH. The increase in serine pSTAT3 was 8% + 2.5%
for UM-IGVH and 0% + 1.2% for M-IGVH.

We saw variable responses in tyrosine STAT3 phosphorylation in patent samples with
UM-IGVH after BCR stimulation so we investigated if NOTCH1, CD38 expression or
CD49d expression had any impact on the level of activation. NOTCH1 activity has
been shown in normal B cells to synergize with BCR signalling to enhance activation of
the MAPK pathway (Thomas et al., 2007) and stimulation of NOTCH1 synergised with
BCR signalling resulting in enhanced proliferation in B cell ymphoma (He et al., 2009).
Of the 24 UM-IGVH patient samples investigated here, 15 were positive for NOTCH1
mutation; however, we saw no difference in amount of tyrosine pSTATS3 induction after
BCR stimulation between UM-IGVH patient samples with mutated and unmutated
NOTCH1 (Fig 5.5 (a v)). As shown in figure 5.5 (a v) there was no difference in the
amount of tyrosine pSTAT3 induction after BCR stimulation between UM-IGVH patient
samples with , positive or negative CD38 or CD49d. We also saw variable increases in
serine pSTAT3 in UM-IGVH patient samples (Figure 5.5 (b i) with significantly
increased serine pSTAT3 seen in patient samples with <80% baseline serine pSTAT3
compared to those with >80% positive serine pSTAT3 (p=0.0003; Figure 5.5 (b iii).

In order to assess the phosphorylation of STAT3 relative to other downstream targets
of BCR signalling, we utilised the Proteome Profiler Phospho-Kinase Array to assess
changes in phosphorylation status of 43 different kinases (full list in appendix 3). CLL
cells from a patient sample with UM-IGVH (CLL30) incubated with F(ab’), anti-IlgM
fragments for 15 minutes and 4 hours. As shown in figure 5.6 (a i), after 15 mins

stimulation we found greater than a two-fold increase in phosphorylation of
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downstream effectors of BCR signalling, AKT 1/2/3 (4.2 fold) and ERK1/2 (3.6 fold), as
well as p70 S6 Kinase (2.4 fold). Smaller changes less than two fold in the
phosphorylation are shown on the blot and listed in Appendix 3. After 4 hours
stimulation, these increases had resolved but we saw large fold increases in tyrosine
pSTAT3 (15.3 fold) and serine pSTAT3 (27 fold), as well as greater than 2 fold
increase in phosphorylation of p53 (2.4 fold) and p70 S6 kinase (3.3 fold). Smaller
increases of less than 2 fold in phosphorylation after 4 hours are listed in Appendix 3.
Treatment with Ruxolitinib prior to BCR stimulation for 4 hours completely abrogated
both tyrosine pSTAT3 and serine pSTAT3 (Appendix 3). .

Given that BCR stimulation occurs mainly in the bone marrow and lymph node
microenvironments, the response of cells from these compartments to BCR stimulation
may be more relevant. Here, we utilised two matched samples, one with M-IGVH and
one with UM-IGVH, with CLL cells isolated from the bone marrow and the peripheral
blood. As shown in figure 5.7 there was no difference in tyrosine pSTAT3 induction
between cells from the peripheral blood and cells from the bone marrow in the sample
with M-IGVH. Interestingly, in the patient sample with UM-IGVH, there was less
tyrosine pSTATS3 activation in cells from the bone marrow compared to peripheral blood
(18% vs 11% respectively).
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Figure 5. 5 BCR stimulation results in STAT3 activation in CLL cells with UM-IGVH. BCR stimulation
was performed by incubating CLL cells with 10ug/ml F(ab), anti-IgM fragments (a i) CLL cells were
stimulated as above for 4 hours. The percentage of serine (ser) and tyrosine (tyr) positive pSTAT3 CLL
cells in unstimulated (NT) and BCR stimulated (IgM) CLL cells. Bars represent mean increase (+ s.e.m)
(**** p<0.0001, n=28) (ii) Dotplots displaying the percentage of serine and tyrosine pSTAT3 positive CLL
cells after 4, 8 and 18 hours BCR stimulation in a UM-IGVH patient sample. Representative of n=3. CLL
cells were stimulated as above for 4 hours. (iii) The percentage increase in serine and tyrosine pSTAT3
positive CLL cells with UM-IGVH and M-IGVH. Bars represent mean increase (+ s.e.m) for 16 UM-IGVH
and 10 M-IGVH patient samples (** p=0.0080) (iv) Representative dotplots displaying the percentage of
serine and tyrosine pSTAT3 positive CLL cells after 4 hours BCR stimulation in one UM-IGVH (CLL17)
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and one M-IGVH (CLL21) patient sample. (v) The percentage increase in tyrosine pSTAT3 in NOTCHL1
mutated (M, n=10) and unmutated (UM, n=6), CD38 positive (POS, n=6) and negative (NEG, n=10) and
CD49d positive (POS, n=8) and negative (NEG, n=5) IGVH-UM CLL patient samples after 4 hours BCR
stimulation. Bars represent mean increase (+ s.e.m). (b i) Graph showing the percentage increase in
serine pSTAT3 positive CLL cells with UM-IGVH and M-IGVH after 4 hours BCR stimulation. Bars
represent mean increase (+ s.e.m) for 16 UM-IGVH and 10 M-IGVH patient samples (* p=0.0199). (ii)
Representative histogram displaying the percentage of serine pSTAT3 positive CLL cells after 4 hours
BCR stimulation (iii) Graph showing the percentage increase in serine pSTAT3 positive CLL cells with
>80% and <80% baseline serine pSTAT3 positive CLL cells after 4 hours BCR stimulation. Bars represent

mean increase (+ s.e.m) (*** p=0.0003, n=16).
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Figure 5. 6 Protein kinase phosphorylation following BCR stimulation. BCR stimulation was
performed by incubating CLL cells (CLL30, >90% CD19/CD5+) with 10ug/ml F(ab), IgM fragments and
protein was extracted. Lysates were immunoblotted according to the Proteome Profiler Phospho-kinase
Array protocol. Dot intensities were quantified using Image J with Protein Profiler add-on software (i)
Graph showing >2 Fold change in the phosphorylation of proteins in CLL cells after 15 minutes and 4
hours of BCR stimulation (ii) Immunoblots showing the kinases with an increase in phosphorylation of
>5000 mean intensity units in CLL cells after 15 minutes (1=Akt 1/2/3, 2=ERK, 3=Hsp60, 4=FAK, 5=GSK3,
6=WNK1.) or (iii) 4 hours (1= tyr STAT3, 2=ser STAT3, 3= AMPK1, 4=CREB, 5=p53, 6=p70 S6 Kinase)
BCR stimulation.
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Figure 5. 7 The activation of STAT3 is similar CLL cells from the PB or BM compartments
after BCR stimulation. CLL cells isolated from different tissue compartments from the same

patient

were incubated with 10ug/ml F(ab), anti-IgM fragments to stimulate the BCR. Dotplots

display the percentage of tyrosine and serine pSTAT3 positive CLL cells after 4 hours BCR

stimulation in 1 M-IGVH (CLL 45) and one UM-IGVH (CLL 24).
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5.3.4 CD40L and IL4 stimulation downregulates BCR induced STAT3

activation in CLL cells

In addition to stromal cells, T cells provide important prosurvival signals to CLL cells.
The T cell population is abnormal in CLL but a significant number of T cells in the
lymph nodes of CLL patients express CD40L (Pizzolo et al., 1983), which signals
through CD40 on the CLL cell surface (Bagnara et al., 2011, Granziero et al., 2001).
Interleukin 4 (IL4) is another important prosurvival signal T cells provide CLL cells in
the lymph node microenvironment. CLL cells express higher levels of IL4 receptor than
non-malignant B cells (Douglas et al., 1997) and higher levels of T cells expressing IL4
is associated with aggressive disease (Rossmann et al., 2002). IL4 enhances the
proliferation and survival of CLL cells in vitro (Steele et al., 2010, Fluckiger et al.,
1992).CD40L and IL4 have been shown to influence BCR signalling: IL4 has been
shown to repair and reprogramme sIgM expression to enhance B cell activation
(Aguilar-Hernandez et al., 2016); and CD40 enhances ERK activation induced by IgM
engagement (Mizuno and Rothstein, 2005).

We found that IL4 alone (p=0.0329) and in combination with CD40L (* p=0.0491) was
pro-survival, resulting in a significant decrease in apoptosis (Figure 5.8 (i)). BCR
stimulation protected CLL cells from spontaneous apoptosis; however, BCR stimulation
had no effect on the prosurvival effect of treatment with CD40L and IL4 (Figure 5.8
(i)). Interestingly, CD40L and IL4 treatment significantly decreased BCR stimulation-
induced phosphorylation of STAT3 (p= 0.0447; Figure 5.8 (ii)). CD40L and IL4 alone or
in combination had no effect on the phosphorylation of STAT3 (Figure 5.4 (ii)).
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Figure 5. 8 Treatment with IL4 and CD40L results in a decrease in BCR stimulation- induced
tyrosine pSTAT3. BCR stimulation was performed by incubating CLL cells with 10ug/ml F(ab), anti-lgM
fragments alone or in combination with 10ng/ml IL4 and 1pg/ml CD40L. (i) CLL cells were treated as
shown and apoptosis was assessed by AV/PI assay. Bar chart displays the mean increase (+ s.e.m) in
non- apoptotic CLL cells compared to control (NT) after 4 hours (IL-4 vs NT, p=0.0329; CD40L+IL4 vs NT,
p= 0.0323; BCR stimulation (IgM) vs NT, p= 0.0491; IgM+CD40+IL4 vs NT, p=00194, n=4) (ii) Bar chart
displays the mean increase (+ s.e.m) in serine and tyrosine pSTAT3 double positive cells in CLL cells after
incubation for 4 hours with CD40L, IL4 and IgM (BCR stimulation) alone and in combination (* p=0.0447,
n=5). (iii) Representative dotplots displaying the percentage of tyrosine positive cells in CLL cells after

incubation for 4 hours with CD40L, IL4 and IgM alone and in combination in one patient sample.
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5.3.5 BCR stimulation results in an increase in CD62L expression in
CLL cells with UM-IGVH genes

In the previous chapter, we demonstrated a role for STAT3 in the regulation of CD62L
expression and, given that have now demonstrated that BCR stimulation activates
STATS3, we also investigated the effect of BCR stimulation on CD62L.

We found that BCR stimulation had no effect on CD62L after 4 or 8 hours but
significantly up regulated CD62L expression in CLL patient samples after 18 hours
(Figure 5.9 (a & b i)). BCR stimulation resulted in an increase in CD62L expression
after 18 hours in CLL cells with UM-IGVH compared to M-IGVH (p=0.0313, 15 UM-
IGVH, 8 M-IGVH). The increase in CD62L was variable with an average induction of
12.8% + 2.5% for UM-IGVH and 4.1% + 1.8% for M-IGVH. We saw no difference in the
induction of CD62L expression after BCR stimulation in UM-IGVH patient samples
between NOTCH1 mutated or unmutated, CD38 or CD49d positive or negative (Figure
5.9 (c)). BCR stimulation had no effect on the expression of other adhesion markers
shown in figure 5.9 (d).
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Figure 5. 9 BCR stimulation results in an increase in CD62L expression in CLL cells with UM-IGVH.
BCR stimulation was performed by incubating CLL cells with 10pg/ml F(ab), anti-IgM fragments and
CD62L expressed was quantitated by flow cytometry (a) BCR stimulation was performed as described and
untreated (NT) and stimulated CLL cells were stained for CD62L after 4, 8 and 18 hours. Representative of
n=3. (b i) The percentage increase in CD62L positive in untreated (NT) CLL cells or after 18 hours BCR
stimulation (*** p=0.0002, n=23). (b ii) The percentage increase in CD62L positive CLL cells after 18 hours
BCR stimulation. Bars represent mean increase (+ s.e.m) in 15 UM-IGVH (UM) and 8 M-IGVH (M) patient
samples (* p=0.0313). (iii) Representative dotplots displaying the percentage CD62L positive CLL cells
after 18 hours BCR stimulation (IgM) in one UM-IGVH (unmutated) (CLL40) and one M-IGVH (mutated)
(CLL 21) patient sample. NT- no stimulation (¢) The percentage increase in CD62L expression in NOTCH1
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mutated (n=8) and unmutated (n=5), CD38 positive (n=5) and negative (n=7) and CD49d positive (n=5)
and negative (n=4) IGVH-UM CLL patient samples after 4 hours BCR stimulation. Bars represent mean
increase (+ s.e.m). (d) Histograms showing the expression of 6 adhesion markers in CLL cells after 18

hours BCR stimulation (IgM stimulation). Representative of n=3.
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5.3.6 BCR stimulation results in an increase in the expression of
CD62L gene expression in CLL cells with UM-IGVH

STAT3 is a transcription factor that regulates the expression of genes that are involved
in a number of different processes including survival and proliferation. When
phosphorylated STAT3 dimerizes and translocates to the nucleus to control the
expression of these genes. We have shown that BCR stimulation results in the
activation of STAT3 and wanted to investigate its effect on the STAT3 regulated genes,
MCL1, BCL2, CCND1 (Cyclin D1) and STATS3 itself. We also investigated whether the
expression of CD62L was regulated at the mRNA level. We used two validated
housekeeping genes B2M and HPRT1 for normalisation (Valceckiene et al., 2010). In
CLL cells with UM-IGVH, CD62L had > 2 fold increase in gene expression. STATS3,
MCL1 and BCL2, while upregulated in patient samples with UM-IGVH, did not increase
>2 fold and were not considered statistically significant (Figure 5.10). No significant

increases in gene expression were seen in CLL cells with M-IGVH genes.
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Figure 5. 10 BCR stimulation results in an increase in the expression of CD62L gene expression in
CLL cells with UM-IGVH genes. BCR stimulation was performed by incubating CLL cells with F(ab),
IgM fragments (10pg/ml) and RT-qPCR was performed using TagMan Assays. Graph shows the fold
change in STAT3, MCL1, BCL2, CD62L and CCND1 gene expression in CLL cells after for 8 hours BCR

stimulation. Bars represent mean change (+ s.e.m) in 3 UM-IGVH and 3 M-IGVH patient samples.
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5.3.7 BCR stimulation modulates the expression of genes involved

in the adhesion and migration of CLL cells

Having seen an effect of BCR stimulation on the gene and protein expression of
CD62L, we next wanted to investigate other genes that may be involved in the
adhesion and migration of CLL cells. BCR signalling has been shown to enhance CLL
cell migration (Quiroga et al., 2009), and we showed a trend towards increased
chemotaxis after IgM stimulation (Figure 5.11 (a)). Stimulation of the BCR is thought to
help retain CLL cells within their protective microenvironments and we wanted to
investigate which adhesion molecules may be important in this process and if any are
regulated through JAK2/STATS3 signalling.

We initially used the TagMan Extracellular Matrix and Adhesion Molecule Array to
assess gene expression following BCR stimulation for 4 hours in one patient sample
with UM-IGVH (CLL30), with and without pre-treatment with Ruxolitinib for one hour.
BCR induced STAT3 phosphorylation after 4 hours is shown in (Figure 5.11 (b)).
Results of the TagMan Array gene changes are detailed in Appendix 4. Genes that
underwent >2 Fold change in expression are shown in Table 5.1.

We chose three genes with the highest fold changes and < 30 CT: Collagen type IV
alpha 2 chain (COL4A2) (1 4.03), Thrombospondinl (THBS1), (| 4.09) and Versican
(VCAN) (| 31.7). CT values above 30 imply low target values that are sensitive to large
changes (Bustin et al., 2009). We assessed the expression of these genes using
individual Tagman assays in a further 10 patients, 8 UM-IGVH and 2 M-IGVH and
found variable responses that were independent of mutational status. COL4A2
increased greater than 2 fold in 7/10 patients. THBS1 decreased greater than 2 fold in
4/10 patients and VCAN decreased by greater than 2 fold in 7/10 patients (Figure 5.11
(c)). Pre-treatment with Ruxolitinib reduced COL4A2 expression in 2/4 patients,
reduced the downregulation of THBS1 in 2/4 patients and reduced the downregulation
of VCAN in 2/4 patients (Figure 5.11 (d)).
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Table 5. 1 Genes with >2 fold change after BCR stimulation or pretreatment with Ruxolitinib
followed by BCR stimulation

Fold Change after Fold Change after
Gene CT BCR stimulation (vs NT) | BCR stimulation+ Rux (vs NT)
1 Upregulated
CTNNAL 24 2.09 2.09
SPP1 24 2.06 1.00
COL4A2 29 4.03 1.50
ICAM1 30 3.95 4.02
ITGA3 30 2.02 2.00
COL7A1 34 2.02 4.00
ITGAL 35 2.02 2.00
TNC 40 7.22 7.70
| Downregulated
THBS1 23 4.09 2.10
TGFBI 25 4.09 2.00
VCAN 27 317 31.00
MMP11 31 3.99 3.97
ECM1 34 2.03 1.00
ITGAS 34 2.04 2.01
FN1 35 2.16 2.08
MMP2 36 6.56 6.50
ITGB5 37 3.99 7.87
KAL1 37 6.94 1.00
MMP1 37 6.23 1.00
COL5A1 37 7.28 1.00

CT= cycle threshold, the cycle at which the signal of the reporter dye crosses this threshold line. It is a relative
measurement of the concentration of target in the reaction. NT- No treatment.
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Figure 5. 11 BCR stimulation results in changes in the expression of genes involved in migration
and adhesion, COL4A2, THBS1 and VCAN. (a) BCR stimulation was performed by incubating CLL cells
with 10pg/ml F(ab), IgM fragments or CLL cells were incubated with 1uM Ruxolitinib for 1 hour before
stimulation for 3 hours and migration towards CXCL12 was assessed. There was trend towards an
increase in chemotaxis after BCR stimulation (p=0.341, n=3) and Ruxolitinib resulted in a non-significant
downregulated the effect of BCR stimulation chemotaxis of CLL cells (p=0.225, n=3). (b) BCR stimulation
was performed as described and CLL cells were stained for tyrosine (tyr) STAT3 by flow cytometry. BCR
stimulation was performed as described for 4 hours and RT-gPCR was performed using TagMan assays.
Graphs show the fold change in (i) COL4A2 (ii) THBS1 and (iii) VCAM in CLL cells after (c) 4 hour BCR
stimulation in 9 UM-IGVH and 2 M-IGVH patient samples and (d) pretreatment with 1uM Ruxolitinib (Rux)
for 1 hour followed by BCR stimulation in 4 UM-IGVH patient samples.
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5.3.8 Soluble and immobilised IgM result in the phosphorylation of
STAT3 and upregulation of CD62L expression

A number of in vitro studies on the effect of BCR stimulation in CLL cells have had
contradicting results, in particular regarding the responses seen with M-IGVH
compared to UM-IGVH (Deglesne et al., 2006) (Guarini et al., 2008). This is thought to
be due to a lack of a standardised protocol and the use of soluble or immobilised IgM
to stimulate the BCR. Studies have examined the effects of immobilised versus soluble
IgM from different suppliers on the outcome of various parameters after stimulation of
the BCR (Rombout et al., 2016). Although we achieved robust BCR signalling pathway
activation (Figure 5.6) and an increase in CLL cell survival (Figure 5.4 (a)) using
soluble goat F(ab"), anti-IgM fragments, we wanted to investigate if immobilised IgM
resulted in the same effect on the phosphorylation of STAT3 and the expression of
CD62L. STATS3 activation by BCR signalling has been shown using the same soluble
goat F(ab"), anti-IlgM (Rozovski et al., 2013) and the effect of immobilised IgM has not
been reported. We found that both immobilised and soluble IgM had a prosurvival
effect with no significant difference between soluble and immobilized forms of IgM (ns,
p=0.8380; Fig 5.12 (i)). We saw no significant difference in the activation of STAT3
between soluble and immobilised IgM (ns, p=0.5811; Figure 5.13 (ii)), and we found
IgM resulted in an increase in the expression of CD62L, with no difference between
soluble or immobilised IgM (ns, p=0.5766; Fig 5.13 (iii)).
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Figure 5. 12 Soluble and immobilised IgM result in STAT3 activation and CD62L upregulation in
CLL cells. BCR stimulation was performed by incubating CLL cells with 10ug/ml F(ab). IgM fragments or
cultured in a plate that had been coated with 10ug/ml F(ab), anti- IgM. Graphs showing (i) the percentage
of apoptotic cells after 24 hrs (ns, p=0.8380, n=4); (ii) the percentage of serine and tyrosine pSTAT3
positive cells after 4 hours BCR stimulation (ns, p=0.5811, n=4) and (iii) the percentage of CD62L positive
cells after 18 hours BCR stimulation (ns, p=0.5766, n=4) with soluble or immobilised IgM. Bars represent

mean changes (+ s.e.m).
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5.3.9 Ruxolitinib and Ibrutinib inhibit BCR-induced expression of
pPpSTAT3 and CD62L in CLL cells

We found that CLL cells upregulated tyrosine pSTAT3 and CD62L in response to BCR
stimulation in patients with UM-IGVH (Figures 5.5 and 5.9). To determine whether this
upregulation can be modulated using therapeutically relevant BCR signalling and
JAK/STAT pathway inhibitors, we treated CLL cells with UM-IGVH with either Ibrutinib
or Ruxolitinib for 1 hour prior to BCR stimulation. The upregulation of pSTAT3 can be
completely abrogated by pre-treatment with Ruxolitinib (p=0.0386; Figure 5.13 (a)) and
to a lesser but significant extent by lbrutinib (p=0.0251; Figure 5.13 (b)). Increase in
CD62L expression was also abrogated by pre-treatment with Ruxolitinib (p=0.0031;
Figure 5.14 (a)) and lbrutinib (p=0.0141; Figure 5.14 (b)).
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Figure 5. 13 Pre-treatment with Ruxolitinib and Ibrutinib downregulates BCR induced pSTAT3
expression. BCR stimulation was performed by incubating CLL cells with 10ug/ml F(ab), anti-IgM
fragments for 4 hours. (a i) the percentage of tyrosine (tyr) pSTAT3 positive CLL cells following BCR
stimulation (IgM) and BCR stimulation following pre-treatment with 1uM Ruxolitinib (IgM +Rux) for 1 hours
(IgM vs IgM+Rux, (* p=0.0386, n=4). (ii) Representative dotplots displaying the percentage of tyr pSTAT3
positive CLL cells following BCR stimulation (IgM) and BCR stimulation following pre-treatment with 1uM
Ruxolitinib for 1 hour (b i) the percentage of tyrosine (tyr) pSTAT3 positive CLL cells following BCR
stimulation (IgM) and BCR stimulation following pre-treatment with 10uM Ibrutinib (IgM +IBT) for 1 hours
(IgM vs IgM+IBT; * p=0.0251, n=6) (ii) Representative dotplots displaying the percentage of tyr pSTAT3
positive CLL cells following BCR stimulation (IgM) and BCR stimulation following pre-treatment with 1uM
Ibrutinib for 1 hour

167



(@i (i) CLLS

100 - NT lgM IgM+Rux
*% =

44% 59% | 31%

' ’ g o
A0 E o ) E o
W » . . W W
1:‘1 W' w wt ' ' W w ot w ' [

20 ~

60 -

o
o
1
cDé2L

%CD62L +ve cells

CD19

NT IgM IgM+Rux
CLL4

(b i) (i i) NT Igm IgM+IBT
1007 72% | ° sa% | 72%

80+ "1 &

CcD62L

60+

o] »/\

204

ey Y ey

%CDG62L +ve cells

CcD19

NT IgM IgM+IBT

Figure 5. 14 Pre-treatment with Ruxolitinib and Ibrutinib downregulates BCR induced CD62L
expression. BCR stimulation was performed by incubating CLL cells with 10ug/ml F(ab), anti-IgM
fragments for 18 hours. (a i) the percentage of CD62L positive CLL cells following BCR stimulation (IgM)
and BCR stimulation following pre-treatment with 1uM Ruxolitinib (IgM+Rux) (IgM vs IgM+Rux, **
p=0.0031, n=6). (ii) Representative dotplots displaying the percentage of CD62L positive CLL cells
following BCR stimulation (IgM) and BCR stimulation following pre-treatment with 1uM Ruxolitinib for 1
hour (b i) the percentage of CD62L positive CLL cells following BCR stimulation (IgM) and BCR
stimulation following pre-treatment with 10uM Ibrutinib (IgM + IBT) (IgM vs IgM+IBT, (* p=0.0141; n=5)
(ii) Representative dotplots displaying the percentage of CD62L positive cells CLL cells following pre-
treatment with 10uM Ibrutinib for 1 hour
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5.4 Discussion

It is clear the interactions of the CLL cell with the tumour microenvironment are key for
CLL cell survival and proliferation, in particular within pseudo follicular proliferation
centres in the lymph nodes and bone marrow. Understanding the signals involved in
this microenvironmental cross talk will add to our knowledge of the pathogenesis and
pathology of CLL. The aim of this chapter is to investigate the microenvironmental
regulation of STAT3 activation and subsequent adhesion marker expression, in
particular CD62L expression, in CLL.

Firstly, we studied the effect of two important interactions that occur in the protective
microenvironments; contact of CLL cells with BMSC and signals received from
accessory T cells. We found, that coculture on Hs5 BMSC resulted in induced tyrosine
pSTAT3 and a contact-dependent, prosurvival effect in CLL cells. These observations
are in agreement with previous studies (Lagneaux et al., 1998, Kurtova et al., 2009,
Panayiotidis et al., 1996, Lu et al., 2015). We found that Ruxolitinib decreases both the
prosurvival effect and tyrosine induced pSTATS3, suggesting that the activation of
STAT3 is occurring through JAK. Ibrutinib, while inhibiting the prosurvival effect of Hs5
coculture, had no effect on pSTAT3, suggesting additional prosurvival pathways
independent of STAT3 are activated by Hs5 BMSC. We found that HsS5 coculture
resulted in an increase in CD62L. CD62L increase has been shown in cocultures with
Hs5 BMSC, CD40L and CpG oligodeoxynucleotides (Purroy et al., 2015) but not Hs5
cells alone as we have shown. In chapter 4, we showed that STAT3 has a role in
regulating CD62L and that CD62L may have a prosurvival role in CLL; therefore, these
results may patrtially explain the prosurvival effect of HS5 coculture on CLL cells. We
used CD40L and IL4 to mimic T cell signals in the lymph node microenvironment. We
found both CD40L and IL4 were prosurvival which is in agreement with other studies
(Bhattacharya et al., 2015, Grdisa, 2003). CD40L and IL-4 have been shown to induce
proliferation in CLL cells (Plander et al., 2009)and IL4 is known to signal through JAK3-
STATG6 (Steele et al., 2010, Bhattacharya et al., 2015), However, we found that CD40L
and IL4 alone and in combination had no effect on the phosphorylation of STAT3
(Figure 5.8). Ahearne et al. (2013) showed tyrosine pSTATS3 induction after CD40L or
IL4 with the addition of IL21 had a strong effect on STAT3 activation. They found that
CD40L and IL4 primed CLL cells for IL21 induced proliferation and this was driven
through STAT3. Interestingly, we found that CD40L and IL-4 reduced BCR stimulation-
induced phosphorylation of STAT3 (Fig 5.8) which has not been shown previously,

suggesting a complex interplay of prosurvival signalling pathways in CLL.
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Herishanu et al. (2011) performed gene expression studies on CLL cells isolated from
the lymph nodes and found the most upregulated genes in comparison to peripheral
blood were gene signatures of the BCR signalling pathway. They also found BCR
target gene expression was greater in CLL cells with UM-IGVH indicating the
importance the BCR signalling pathway plays in microenvironmental cross-talk and
disease progression. We found that BCR stimulation had a prosurvival effect that was
independent of IGVH mutational status (Figure 5.4). In agreement with our results,
Hoellenriegel et al (2011) and Bernal et al. (2001) show BCR stimulation results in a
decrease in apoptosis but do not stratify patients based on IGVH mutational status. In
contrast, Guarini et al (2008) found BCR stimulation resulted in protection from
apoptosis in UM-IGVH patients and induction of apoptosis in M-IGVH patients, and
Petlickovski et al (2005) found BCR stimulation induced apoptosis in both UM-IGVH
and M-IGVH patients. Deglesne et al (2006) found that the type of IgM used dictated
the response with soluble IgM resulting in an increase in apoptosis and immobilised
IgM resulting in protection from spontaneous apoptosis. Discrepancies between studies
have been postulated to be due to the type and source of IgM used and the time points
chosen (Quiroga and Burger, 2010, Rombout et al., 2016). We showed that both
soluble and immobilised IgM result in protection from spontaneous apoptosis in both
UM- and M-IGVH subsets suggesting our model is not sensitive to the type of IgM
used. We also show that the protection from apoptosis can be abrogated by
pretreatment with both Ruxolitinib and Ibrutinib, suggesting multiple signalling
pathways downstream of the BCR contribute to the prosurvival effect of BCR signalling.
Our findings support the role of BCR stimulation in CLL cells as an important mediator

of prosurvival signalling.

In this chapter, we demonstrated that BCR stimulation resulted in significantly
increased activation of STAT3 through both serine and tyrosine phosphorylation in CLL
cells with UM-IGVH compared to cells with M-IGVH. We also observed a non-
significant upregulation of STAT3 regulated genes STAT3, BCL2 and MCL1 in CLL
cells with UM-IGVH.

Our results indicate that pSTAT3 activation may play an important role in downstream
effects of BCR stimulation as we showed BCR stimulation results in sustained
activation of STAT3 for up to 18 hours. In a recent report, Rozovski et al. (2017b) have
suggested this delayed and sustained activation of STAT3 is due to the requirement of
NFkB to be transcriptionally activated. BCR stimulation activates NFkB, which
upregulates the expression of IL6 and subsequent activation of the JAK2/STAT3

pathway.
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We investigated the phosphorylation status of 43 kinases using the Proteome Profiler
Phospho-Kinase Array (Figure 5.6) in a UM-IGVH CLL sample and saw greater than 2
fold increase in phosphorylation in known downstream effectors ERK and AKT after 15
minutes BCR stimulation. However, after 4 hours BCR stimulation, the most
pronounced phosphorylation events were 15 fold and 27 fold increases in both serine
and tyrosine pSTATS3 respectively, when the activation of ERK and AKT had returned
to pre-stimulation levels. Interestingly, the phosphorylation of other STAT family
proteins (STAT2, STAT5a/b and STAT6) was not upregulated after BCR stimulation.
Rozovski et al (2013) have shown, using IgM washout experiments, that BCR
stimulation induced tyrosine pSTAT3 resolves after 2 hours. They suggest this may
explain why little tyrosine pSTAT3 is observed in circulating CLL cells from the
peripheral blood, as these cells have been exposed to BCR stimulation in the lymph
nodes and have recirculated to the peripheral blood where stimulation is no longer
occurring. And, indeed, we showed in Chapter 3 (Figure 3.2) that only 6 out of 28 CLL
patient samples exhibit detectable tyrosine phosphorylation of STAT3. Our results
highlight the activation of STAT3, a known oncogene, as an important mediator of
prolonged BCR activation in CLL. Interestingly, no mutations have been found in
STAT3 in CLL (Couronne et al., 2013, Ohgami et al., 2014), which may be explained
by lack of evolutionary pressure because of the prolonged activation of STAT3 by BCR

stimulation in proliferation centres.

While BCR stimulation was shown by Rozovski et al (2014) to be mediated through
JAK2, they did not investigate the IGVH mutational status of the CLL cells, nor did they
investigate in detail the phosphorylation of serine pSTAT3. Here, we have shown that
serine pSTATS3 is induced by BCR stimulation in patient samples with background
serine pSTAT3 positive cells of <80%. Importantly, we show a much stronger induction
of both tyrosine pSTAT3 and serine pSTAT3 in patients with UM-IGVH. We have also
shown that JAK2 inhibitor, Ruxolitinib, completely abrogates BCR stimulation induced
tyrosine pSTAT3 and that the BCR signalling pathway inhibitor, Ibrutinib, partially
downregulates this BCR induced tyrosine pSTATS3.

Our findings agree with, and add to, multiple studies showing greater activation of the
BCR signalling pathway following BCR stimulation in patient samples with UM-IGVH.
Lanham et al. (2003) found that 80% of UM-IGVH CLL showed global increased
tyrosine phosphorylation after BCR stimulation while only 20% of M-IGVH CLL
responded. Herishanu et al (2011) showed a stronger upregulation of BCR target
genes in UM-IGVH CLL compared to M-IGVH CLL. It has been shown that BCR

stimulation induced gene expression changes in UM-IGVH CLL only (Guarini et al.,
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2008) and Deglesne et al. (2006) showed that the survival response to BCR stimulation
occurred in UM-IGVH ZAP 70 + cells.

However, some studies have reported little difference between BCR stimulation in
patient samples with M-IGVH compared to those with UM-IGVH (Pede et al., 2013,
Petlickovski et al., 2005). These contradicting results have been suggested to be due,
in part, to differences in using soluble and immobilised forms of IgM. Immobilised IgM
is thought to provide a sustained signal compared to the use of soluble IgM which can
be internalised by the cells being stimulated (Rombout et al., 2016). Previous studies
showing greater responses with immobilised IgM include Petlickovski et al (2005), who
found that soluble IgM resulted in incomplete responses compared to immobilised IgM
in both M-IGVH and UM-IGVH CLL. Rombout et al (2016) found no difference in the
responsiveness of M-IGVH compared to U-IGVH CLL using either form of IgM;
however, they found that immobilised IgM resulted in more robust, clearer changes in
gene and protein expression compared to soluble anti-lgM. However, a number of
studies, including some mentioned above, have shown strong induction of BCR
stimulation using soluble IgM (Herishanu et al., 2011, Bernal et al., 2001, Quiroga et
al., 2009). Because of these discrepancies in the literature, we compared BCR
stimulation with immobilised and soluble IgM in our patient samples. We showed no
significant difference in the effect of both types of IgM on cell survival, STAT3 activation
or expression of CD62L. The response to BCR stimulation is not dependent on the type
of IgM used, suggesting that our experimental model reflects physiologically relevant

downstream BCR signalling events.

BCR stimulation resulted in variable induction of STAT3 activation within our cohort
with UM-IGVH. It has been shown that CLL cell surface IgM (slgM) expression and
function is heterogeneous between patient samples and this can effect BCR
stimulation. slgM expression and function is higher in UM-IGVH CLL compared to M-
IGVH CLL but has also been shown to be associated with NOTCH1 mutations in CLL
(Mockridge et al., 2007). Two previous studies, one in normal B cells (Thomas et al.,
2007) and one in Raji cells, a B cell ymphoma cell line (He et al., 2009), showed that
NOTCH1 can synergistically enhance BCR signalling. We investigated whether
NOTCH1 mutational status may further stratify UM-IGVH CLL; however, we saw no
difference in BCR stimulation induced activation of STAT3 between NOTCH1 mutated
and NOTCH1 wild type patient samples with UM-IGVH. Although CLL cells in the
peripheral blood and tissue compartments receive different microenvironmental cues,

we found no difference in STAT3 activation after BCR stimulation in matched samples
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from the peripheral blood and bone marrow of the same patient. However, we found
that BCR stimulation induced STAT3 phosphorylation was modulated by treatment with
IL4 and CD40L, mimicking T cell signalling. It has been shown that IL4 can restore the
expression of IgM on the CLL cell surface (Guo et al., 2016) so this finding is worth

further investigation.

Our data and others suggest CD62L expression is dynamic and is influenced by
microenvironmental signals and this may have implications in the trafficking of CLL
cells. We showed that BMSC coculture can increase CD62L expression and it has
been shown that fluid shear force (Walsby et al., 2014) and cytokine treatment (IL-4,
IFN-a and IFN-y) can increase the expression of CD62L (Jewell and Yong, 1997).
Here, we showed that BCR stimulation increases CD62L expression in CLL cells which
is in agreement with (Quiroga et al., 2009). In addition, we found a significantly greater
increase in CD62L expression occurred in patient samples with UM-IGVH compared to
M-IGVH. In contrast, it has also been reported that CD62L is down-regulated by B-cell
receptor stimulation and that this downregulation is associated with progressive
disease (Vlad et al., 2009). Their results showed concomitant down regulation of
CXCR4, and a reduction in the CLL cell migration to CXCL12 and adhesion to
endothelial cells. However, another study by Quiroga et al (2009) showed BCR
stimulation resulted in an increased adhesive phenotype and migration towards CXL12
(Quiroga et al., 2009, Quiroga and Burger, 2010). Differing protocols including length of
stimulation (48 hours) and type of IgM (Immobilised) was postulated to partially account
for the differing results (Quiroga and Burger, 2010). While Vlad et al. showed that
soluble IgM had no effect on CXCR4; they showed no data for the effect of soluble IgM
on CD62L expression. We investigated both soluble and immobilised IgM to investigate
if this contributed to the discrepancies in results and found both types increased CD62L
expression. In addition, we found that BCR stimulation increased phosphorylation of
STAT3 and subsequent upregulation of CD62L expression and these effects were
significantly greater in patient samples with UM-IGVH compared to samples with M-
IGVH. In chapter 4 we demonstrated a mechanism for the regulation of CD62L
expression through STAT3, and here, for the first time, we suggest a mechanism for
BCR stimulation-mediated upregulation of CD62L via phosphorylation and activation of
STATS3. Burgess et al (2013) found a significantly higher level of CD62L expression on
CD20 positive cells in both the lymph node and bone marrow niches from CLL patients.
They also compared CD62L expression on cells from the peripheral blood and bone
marrow and found cells from the bone marrow expressed higher levels of CD62L

(Burgess et al.,, 2013). Purroy et al. (2015) showed an upregulation in CD62L
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expression on proliferating CLL cells in a system mimicking the proliferative centres of
the microenvironment using BMSC, CD40 ligand and CpG oligodeoxynucleotides. In
addition to this Lafouresse et al showed that cells from patients with bulky lymph nodes
had a higher expression of CD62L (Lafouresse et al., 2015). Given the high expression
of CD62L in the lymph node and bone marrow of CLL patients compared to samples
with no lymph node involvement (Burgess et al., 2013), this suggests CD62L may have
an important role in these niches and interfering with its expression may be beneficial
therapeutically. Our results show that treatment with Ruxolitinib and Ibrutinib
downregulate BCR stimulation induced CD62L expression and this may contribute, in
part, to the mechanism of lymphocytosis seen in patients treated with these inhibitors.
Further investigation in a larger patient cohort is required to determine whether
interfering with this STAT3 mediated upregulation of CD62L may be more beneficial in
patients with UM-IGVH.

We performed a preliminary study to investigate BCR stimulation on 92 genes involved
in adhesion and migration using a TagMan Extracellular matrix and adhesion molecule
array in CLL cells from one patient with UM-IGVH. We then pre-treated with Ruxolitinib
to determine if any on these induced changes occurred through the JAK2/STAT3
pathway. The array revealed >2 fold up or downregulation in 19 genes after BCR
stimulation, 3 of which we investigated further in a cohort of 10 patient samples:
COL4A2, THBS1 and VCAN. We found variable responses; however, COL4A2
increased greater than 2 fold in 7/10 patients. THBS1 decreased greater than 2 fold in
4/10 patients and VCAN decreased by greater than 2 fold in 7/10 patients. COL4A2
encodes the a2 subunit of type IV collagen and forms part of the basement membrane.
COL4A2 downregulation has been shown to be associated with disease progression in
CLL (Fernandez et al., 2008).

Downregulation of COL4A2 in breast cancer cells promoted the invasion and migration
of MCF7 cells (Wang et al., 2012). THBSL1 is an adhesive glycoprotein that facilitates
cell-cell and cell-matrix interactions (Liao et al., 2015). Its expression is upregulated in
CLL compared to normal B cells and contact of CLL cells with stromal cells resulted in
an upregulation of THBS1 in CLL cells (Maffei et al., 2012). THBS1 expression
promoted the migration and invasion of oral squamous cell carcinoma cells (Pal et al.,
2016). Versican is able to regulate apoptosis, adhesion, migration and invasion via the
highly negatively-charged chondroitin/dermatan sulfate side chains and by interactions
of the G1 and G3 domains with other proteins. Overexpression of VCAN in CLL has
been associated with good prognosis (Shukla A, 2013). Overexpression of VCAN in

lymphoid cell lines was shown to increase their capacity to migrate and also increased
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their sensitivity to treatment with gemcitabine and doxorubicin (Fujii et al., 2015) .
Further investigations are required to assess the expression of these genes at a protein
level and the role they have in BCR stimulation in CLL. As BCR stimulation activates a
number of transcription factors, we used pretreatment with Ruxolitinib to determine if
any changes in gene expression may be regulated through the JAK2/STAT3 pathway.
Ruxolitinib pretreatment reduced these BCR induced changes in THBS1 and VCAN,
suggesting a role for JAK2/STAT3 pathway in their regulation; however, this requires

further investigation.

In conclusion, our results indicate that STAT3 phosphorylation on both serine and
tyrosine residues is an important mediator of BCR stimulation in CLL cells. We found
increased phosphorylation of STAT3 in poor prognostic UM-IGVH when compared to
M-IGVH CLL cells. In addition to this BCR stimulation resulted in an upregulation of
CD62L gene and protein expression in CLL cells. Our results from chapter 4 suggested
a role for STAT3 in the regulation of CD62L and, here, we suggest a mechanism of
CD62L upregulation following an increase in STAT3 phosphorylation after BCR
stimulation, particularly so in CLL cells with UM-IGVH. Pretreatment with Ruxolitinib
and to some extent Ibrutinib abrogates both BCR induced pSTAT3 and CD62L
expression in CLL cells, suggesting novel therapeutic options to target the tumour

microenvironment in CLL.
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Chapter 6

General Discussion
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The treatment options for chronic lymphocytic leukaemia patients with relapsed or
unfavourable prognostic markers have greatly improved over the past few years. The
introduction of two novel targeted therapeutics, the kinase inhibitors, Ibrutinib and
Idelalisib, targeting the BCR signalling pathway has transformed treatment of patients
with relapsed CLL. Prior to the development of these targeted agents, patients with
relapsed disease, following chemoimmunotherapy or single agent immunotherapy, had
a very poor prognosis and outcome. Despite the efficacy of these novel therapies,
some patients fail to respond and others have inferior responses due to aggressive
disease as a result of presence of poor prognostic indicators such as TP53
abnormalities (Farooqui et al. (2015), and others do not tolerate these treatments. In
addition, resistance to lbrutinib is already emerging leading to relapse (Woyach et al.,
2017, Ahn et al., 2017). Resistance to Idelalisib in CLL has not yet been described in
patients, although resistance in B-cell lymphoma cell lines has been shown (lyengar et
al., 2013, Yahiaoui et al., 2017). These inhibitors also carry a high economic burden in
cost alone and amplified by the fact they are not a cure and most patients require the
inhibitors over long periods. Therefore it is important to find alternative therapies for
poor prognostic patient groups and non-responders that in addition may reduce the

economic burden associated with these treatments.

This thesis aimed to investigate the role of STAT3 in the pathobiology of CLL and
determine potential new therapeutic avenues for investigation in CLL. STAT3 is a
transcription factor that is activated in response to cytokines, forms hetero and homo-
dimers and regulates the transcription of genes involved in cell cycle, apoptosis,
migration and angiogenesis. STAT3 expression levels and activation varies in non-
malignant cell and tissue types, but is constitutively activated in a number of cancers
and contributes to oncogenesis (Alas and Bonavida, 2003, Garcia et al., 1997). In
addition, STAT3 can also have tumour suppressor effects depending on cell type and
conditions (Couto et al., 2012). Interestingly, we found treatments with two unrelated
STATS3 targeting agents, Cucurbitacin and S3I, have a divergent effect on CLL cells,
with a toxic effect in some patient samples and a protective effect is others. A dual role
for STAT3 as an oncogene and tumour suppressor has been suggested in CLL
(Rozovski et al., 2016) and our results support STAT3 having both pro-survival and
tumour suppressor roles in CLL. It has also been postulated by Sellier et al. (2013) that
different post-translational modifications of STAT3 may alter its oncogenic or tumour
suppressor functions. We found that in CLL cells where Cucurbitacin and S3I treatment

resulted in toxicity, we also saw a decrease in serine pSTAT3. We also found
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Cucurbitacin was more toxic in CD38 positive patient samples, a poor prognostic factor
for CLL. Although Cucurbitacin and S3I have been shown to inhibit STAT3 activity,
their mechanisms of action are not clear and they may have off-target effects. Indeed,
we have shown that treatment with Cucurbitacin results in aggregation of STAT3 and
actin in CLL cells. However, given the divergent effects of these agents in CLL patient
samples, the potential of STAT3 as a target to induce cytotoxicity in CLL cells is

unclear.

The microenvironment has emerged as a therapeutic target in CLL. In this thesis, we
identified STAT3 as a mediator of a number of important microenvironmental signals in
CLL cells, such as interaction with BMSCs and BCR stimulation. CD62L has been
shown to be a key molecule in the initial step of the migration of CLL cells to the lymph
nodes via the HEVs (Lafouresse et al., 2015). Here, for the first time, we describe
STAT3 mediated regulation of CD62L expression in CLL cells. We showed that
targeting STAT3 pharmacologically and by siRNA knockdown results in downregulation
of CD62L.

We showed that targeting CD62L with a blocking antibody and treatment with
Cucurbitacin resulted in a decrease in the adhesion of CLL cells to endothelial cells
under fluid shear flow conditions. Blocking these interactions between CD62L and its
ligands may represent a therapeutic strategy for the redistribution of CLL cells from the
protective environment of the lymph nodes to the peripheral blood. Lafouresse et al
(2015) showed a CD62L blocking antibody stopped the dissemination of human CLL
cells in mice through reduced the rolling and adhesion in the HEVSs.

In the lymph node and bone marrow microenvironments, the BCR signalling pathway is
one of the most prominently activated pathways in CLL cross talk with their
microenvironment (Herishanu et al.,, 2011). We found that STAT3 appears to be an
important downstream mediator of BCR signalling in CLL cells, particularly in UM-IGVH
CLL patient samples. Activating STAT3 mutations occur at a low frequency, if at all, in
CLL; however we show STAT3 activation is prolonged and sustained by BCR
signalling. Our data suggests CD62L is regulated through STAT3 and in addition, BCR
stimulation results in both the activation of STAT3 and the upregulation of CD62L cell
surface expression. We also found that BCR stimulation resulted in the upregulation of
CD62L gene expression in CLL cells with UM-IGVH. There are 5 putative STAT3
binding sites in the CD62L promoter and this suggests a mechanism of STAT3 in

regulating CD62L expression may be transcriptional. Genes that we saw upregulated

178



after BCR signalling such as Mcl-1 and Bcl-2 are also potential NFkB targets so, further
ChiPSeq experiments are needed to determine if STAT3 is binding directly to the
CD62L promoter. In addition to the upregulation of CD62L gene expression, we also
identified changes in a number of other genes, 8 genes were significantly upregulated
and 11 genes significantly downregulated after BCR stimulation. These genes are
involved in adhesion and migration of cells and present opportunities for further

investigation of the trafficking of CLL cells.

The role of STAT3 in regulation CD62L expression suggests therapeutic potential for
CLL. In vivo inhibition of STAT3 in mice and humans results in moderate side effects in
non-malignant differentiated tissues, suggesting potential of this approach (Park et al.,
2014, Sen et al.,, 2012). However, the development of inhibitors to directly target
STAT3 has proved challenging. In addition, STAT3 is involved in important regular
processes, such as prevention of obesity (Ma et al., 2014, Buettner et al., 2006) and
protecting against cardiac (Jacoby et al., 2003) and liver damage (Taub, 2003). An
alternative method for targeting STAT3 is inhibition of upstream JAK2 using the
inhibitor Ruxolitinib. We showed that Ruxolitinib has no effect on the viability of CLL
cells, unlike Cucurbitacin and S3I which had either cytotoxic or pro-survival activity.
However, we show Ruxolitinib potently inhibits microenvironmental mediated STAT3
activation. In addition, we showed that the BCR signalling inhibitor

Ibrutinib targeted BCR induced activation of STAT3 and found that both Ruxolitinib and
Ibrutinib could decrease BCR induced CD62L expression. Lafouresse et al (2015)
found that CLL cells from patients treated with the BCR inhibitor, Idelalisib had a
reduction in the expression of CD62L. Ruxolitinib has been shown to control CLL
symptoms, reducing fatigue and other disease-related symptoms (Jain et al., 2017).
This study also reported an increase, followed by a decrease below the baseline in
WBC numbers, suggesting a decrease in tumour burden. Ruxolitinib has been recently
investigated in a clinical trial for CLL (Spaner et al., 2016). Interestingly, a profound and
prolonged lymphocytosis was seen with decreased lymphadenopathy in patients, as
well a decrease in the expression of tyrosine pSTAT3 and pSTATS. Although, CD62L
was not examined, it supports our findings of a key role for STAT3 activation regulating

trafficking of CLL cells following BCR stimulation.

Our study suggests CD62L may be a potential therapeutic target for CLL due to its
roles in CLL cell survival and trafficking. Therapeutics targeting the selectin family,
including CD62L have been investigated in a number of immune disorders including
psoriasis (Bock et al., 2006, Friedrich et al., 2006), asthma (Romano, 2005), and
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arthritis (Sfikakis and Mavrikakis, 1999). Although selectins are involved in the
trafficking of normal immune cells , pan-selectin and targeted L-, P- and E- selectin
inhibitors have all shown to be well tolerated in clinical trials (Schmitt et al., 2015)
(Telen et al., 2015). A monoclonal anti-L-selectin antibody, aselizumab has been used
in humans and showed no cytotoxicity (Seekamp et al., 2004).

We found BCR stimulation resulted in a robust statistically significant increase in
pSTAT3 and CD62L We also found that inhibiting STAT3 had a functional effect on
chemotaxis and adhesion under shear flow. For these functional assays however a
smaller sample size was a limitation for the conclusions that can be drawn from this
data. Additional experiments to increase sample size would allow us to elucidate

clearly, the effect of STAT3 inhibition on these processes.

Our results may have implications in extending the reach of BCR signalling inhibitors
using Ruxolitinib, monoclonal antibodies targeting CD62L or pan selectin inhibitors, and
an area of future study is to identify potential synergies between BCR inhibitors and
these agents. Due to the emergence of clonal evolution and resistance, new avenues
for further treatment options are needed and a number of combination studies using
BCR inhibitors, Ibrutinib and Idelalisib, in combinations with BCL-2 inhibitor Venetoclax
(Aw and Brown, 2017), and immunomodulatory drug Lenalidomide (Pollyea, 2014) and
Rituximab (Burger et al., 2014) (Furman et al., 2014) are currently ongoing in an
attempt to prevent resistance emerging and target poor prognostic subsets, such as
patients harbouring TP53 deletion/mutations. Further investigation is required to
assess if Ruxolitinib may be useful in poorer prognostic patients to combat resistance
and prevent relapse. A clinical trial with Ruxolitinib in combination with Ibrutinib is
currently ongoing and results are due in 2018 (NCT02912754). Future studies to
investigate a pan-selectin inhibitor in combination with BCR inhibitors would also be of

interest in CLL.

This work highlights the importance of a well annotated bioresource of patient samples.
We collaborated with St James’s Hospital clinical services to detail a range of
prognostic markers in the patient cohort. The identification of markers to stratify
patients who may have a greater response to certain treatments, and treatments to
improve outcomes of poorer prognostic patients are required. In particular, in this thesis
we assessed NOTCH1 mutations in the patient sample cohort. This further
characterises our patient samples and makes them valuable for future translational

studies.
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In conclusion this thesis suggests a novel mechanism for the regulation of key
adhesion molecule CD62L in CLL cells (Figure 6.1). Pharmacological targeting of
STAT3 and siRNA knockdown downregulated CD62L expression. CD62L is critical for
CLL cell migration to the lymph node and blocking CD62L decreased the adhesion of
CLL cells to HUVECs under shear flow. We propose a mechanism for the upregulation
of CD62L in response to BCR signalling through the phosphorylation and activation of
STATS3. This may represent a prosurvival mechanism in CLL cells as well as facilitating
continuing CLL cell trafficking. BCR inhibitor Ibrutinib and JAK2/STAT3 inhibitor
Ruxolitinib abrogated the upregulation of CD62L expression and these results open
future avenues for therapeutic intervention in CLL using combinations of BCR

inhibitors, Ibrutinib and Idelalisib in combination with Ruxolitinib or selectin inhibitors.
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Appendix 1: Mycoplasma testing of Hs5, HG3 and 183 cell lines

Lane

Agarose gel electrophoresis of PCR amplified products generated
from Hs5, HG3 and 183 cell line supernatents. Equal volumes of PCR
reactions containing Green GoTaqg were loaded on a 2 % agarose gel and
imaged under UV light. Lane 1, 2 and 3 show Hs5 BMSC, HG3 and 183 cell
lines negative for mycoplasma. Lane 4 is the negative control, negative for
mycoplasma and Lane 5 is the positive control showing a positive
mycoplasma band at 270bp. Lane 6 contains the 100bp ladder.
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Appendix 2: Effect of increasing concentrations of siRNA on transfection

efficiency in CLL cells

No siRNA

60K

4ok siRNA GAPDH-PE
012%

SSLin:SS

Comp-FL 2 Log :: SiRMA GAPDH-PE

SSLin: SS

100nM siRNA

00K =

iRNA GAPDH-PE
40K 6.85%

Comp-FL 2 Log :: SiRNA GAPDH-PE

SSLin: SS

300nM siRNA

80K =
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1.3%

Comp-FL 2 Log - SiRNA GAPDH-PE

Dotplots showing the transfection efficiency in CLL cells using 100nM, 300nM and 500nM of

fluorescent siRNA. Transfection efficiency was measured by the percentage of fluorescent siRNA

positive cells indicated on the dotplots.
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Appendix 3: Protein list and fold changes of phosphorylation for Proteome Profiler

Phospho-Kinase Array

Fold changes in phosphorylation of proteins listed after 15 minutes BCR stimulation (IgM)
compared to Untreated CLL cells

Mean Intensity Units (average of duplicates)| Fold Change
Protein (Phos Site) Untreated IgM 15 minutes 22 21.5<2
p38 (T180,Y182) 4692 6748.5
ERK1/2 (T202/Y204) 5393 18374 3.4
JNK1/2/3 (T183/Y185) 7634.5 10069.5
GSK-3 (S21/S9) 24980.5 38263 1.5
EGFR (Y1086) 3627.5 4663
MSK1/2 (S376/S360) 28042 31716
AMPK1 (T183) 14123.5 17446.5
Akt1/2/3 S473 3347 14296.5 4.3
TOR (S2488) 4193.5 3372
CREB (S133) 43022 44403.5
HSP27 (S78/S82) 7925.5 9571.5
AMPK?2 (T172) 13518 14297.5
B-Catenin 3478.5 4214
Src (Y419) 13231.5 11695
Lyn (Y397) 10248.5 10852
Lck(Y394) 3210.5 3366.5
STAT2 (Y689) 22768 23824.5
STAT5a(Y694) 9759 9311
Fyn (Y420) 5704.5 4941.5
Yes (Y426) 9189 9531
Fgr(Y412) 3205 3913
STAT6 (Y641) 16013 17061
STAT5b (Y699) 12635 13307.5
Hck (Y411) 8336.5 5779.5
Chk-2 (T68) 9651 11348.5
FAK (Y397) 18955.5 29214 1.5
PDGF R (Y751) 5350.5 5700.5
STATS a/b (Y694/Y699) 12595.5 13736
PRAS40 (T246) 21736.5 26074.5
p53 (5392) 2700 2802
Akt1/2/3 (T308) 9669.5 10988.5
p53 (S46) 12628.5 11869.5
p70 S6 Kinase (T389) 3561.5 8559.5 2.4
p53 (S15) 1968 2992
c-Jun (S63) 10023 13114
p70 S6 Kinase (T421/S424) 12821 12806.5
RSK1/2/3 (S380/S386/S377) 3683.5 4337.5
eNOS (S1177) 2526.5 2933
STAT3 (Y705) 3114.5 4658
p27 (T198) 38050.5 39587
PLC-y1 (Y783) 1132 2618.5
STAT3 (S727) 1296.5 2634 2
WNK1 (T60) 24222 36568.5 15
PYK2 (Y402) 3524.5 5299
HSP60 18557 34786 1.9

BCR stimulation was performed by incubating 2.5x10" CLL cells with 10ug/ml F(ab), IgM fragments for 15

minutes Protein was extracted and 400ug was loaded onto the membranes. Membranes were treated as

per manufacturer’s instructions. Blot intensities were calculated using Image J (V.1.5) with Protein Profiler

add-on software.



Fold changes in phosphorylation of proteins listed after 4 hours BCR stimulation (IgM)
compared to Untreated CLL cells

Mean Intensity Units (average of duplicates)] Fold Change
Protein (Phos Site) Untreated IgM 4 hours 22 21.5<2
p38 (T180,Y182) 30180 39856
ERK1/2 (T202/Y204) 38512 37256
INK1/2/3 (T183/Y185) 21874 30679
GSK-3(S21/S9) 74292 79081
EGFR (Y1086) 53059 62078
MSK1/2 (S376/S360) 35195 43941
AMPK1 (T183) 100695 61927 -1.6
Akt1/2/3 S473 6984 8084
TOR (S2488) 13710 13446
CREB (S133) 30829 7266 4.2
HSP27 (S78/S82) 29163 39131
AMPK?2 (T172) 60456 56863
B-Catenin 2767 3747
Src (Y419) 14529 20714
Lyn (Y397) 97417 93624
Lck(Y394) 5922 8451
STAT2 (Y689) 76892 84671
STAT5a(Y694) 45663 53695
Fyn (Y420) 12447 22437
Yes (Y426) 18975 27569
Fgr(Y412) 3750 5155
STAT6 (Y641) 54268 49833
STATSb (Y699) 48263 47150
Hck (Y411) 13047 18618
Chk-2 (T68) 36319 33968
FAK (Y397) 7618 7174
PDGF R (Y751) 13803 12484
STATS a/b (Y694/Y699) 16904 19919
PRAS40 (T246) 19866 18960
p53 (S392) 2989 8169 2.7
Akt1/2/3 (T308) 10725 21099 1.9
p53 (S46) 41176 55333
p70 S6 Kinase (T389) 1555 5231 3.3
p53 (S15) 3104 5181 1.7
c-Jun (S63) 12738 18870
p70 S6 Kinase (T421/S424) 93751 111720
RSK1/2/3 (S380/S386/S377) 5956 10042
eNOS (S1177) -301 71.5
STAT3 (Y705) 8563 130914 15.2
p27 (T198) 133576 150152
PLC-y1 (Y783) 2096 3132
STAT3 (S727) 5031 135810 27
WNK1 (T60) 153427 146722
PYK2 (Y402) 4506 6740
HSP60 14903 8397 1.8

BCR stimulation was performed by incubating 2.5x10" CLL cells with 10ug/ml F(ab), IgM fragments for 4
hours. Protein was extracted and 400ug was loaded onto the membranes. Membranes were treated as per
manufacturer’s instructions. Blot intensities were calculated using Image J (V.1.5) with Protein Profiler add-
on software.
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Fold changes in phosphorylation of proteins listed after 4 hours BCR stimulation (IgM) with
Ruxolitinib pretreatment compared to BCR stimulated CLL cells

Mean Intensity Units (average of duplicates)] Fold Change
Protein (Phos Site) IgM 4 hours IgM+Rux 4 hours 22 21.5<2
p38 (T180,Y182) 39856 41547.5
ERK1/2 (T202/Y204) 37256 17598 2.1
JINK1/2/3 (T183/Y185) 30679 30731.5
GSK-3(S21/S9) 79081 79770.5
EGFR (Y1086) 62078 61723.5
MSK1/2 (S376/S360) 43941 42725.5
AMPK1 (T183) 61927 101039.5 1.6
Akt1/2/3 S473 8084 6887
TOR (S2488) 13446 18266.5
CREB (S133) 7266 15236.5 2
HSP27 (S78/S82) 39131 26476.5
AMPK?2 (T172) 56863 66941.5
B-Catenin 3747 2410
Src (Y419) 20714 17368.5
Lyn (Y397) 93624 89228.5
Lck(Y394) 8451 8877.5
STAT2 (Y689) 84671 79424
STAT5a(Y694) 53695 56652.5
Fyn (Y420) 22437 21985.5
Yes (Y426) 27569 18144.5
Fgr(Y412) 5155 4162
STAT6 (Y641) 49833 45474
STATSb (Y699) 47150 47752.5
Hck (Y411) 18618 17430
Chk-2 (T68) 33968 38178
FAK (Y397) 7174 6625.5
PDGF R (Y751) 12484 11651.5
STATS a/b (Y694/Y699) 19919 16179.5
PRASA40 (T246) 18960 21311.5
p53 (S392) 8169 10366.5
Akt1/2/3 (T308) 21099 31654
p53 (S46) 55333 84436.5 1.5
p70 S6 Kinase (T389) 5231 6574
p53 (S15) 5181 6842.5
c-Jun (S63) 18870 19046
p70 S6 Kinase (T421/S424) 111720 116184.5
RSK1/2/3 (S380/S386/S377) 10042 13449
eNOS (S1177) 71.5 -320
STAT3 (Y705) 130914 21145 -6
p27 (T198) 150152 142917
PLC-y1 (Y783) 3132 3615.5
STAT3 (S727) 135810 8178 -16
WNK1 (T60) 146722 99962.5
PYK2 (Y402) 6740 6449
HSP60 8397 8957.5

BCR stimulation was performed by incubating 2.5x10° CLL cells with 10pg/ml F(ab), IgM fragments or
CLL cells were incubated with 1uM Ruxolitinib for 1 hour before stimulation. Protein was extracted and
400ug was loaded onto the membranes. Membranes were treated as per manufacturer’s instructions. Blot

intensities were calculated using Image J (V.1.5) with Protein Profiler add-on software.
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4 hour stimulation
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STAT3 (Y705)
STAT3 (S727)
AMPK1 (T183)
CREB (5133)
53 (S46)

BCR stimulation was performed by incubating 2.5x10" CLL cells with 10ug/ml F(ab), IgM fragments or CLL cells were
incubated with 1uM Ruxolitinib for 1 hour before stimulation. Protein was extracted and 400ug was loaded onto the
membranes. Membranes were treated as per manufacturer’s instructions. Blot intensities were calculated using Image J

(V.1.5) with Protein Profiler add-on software.
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Appendix 4: List of genes and expression changes for the Tagman Extracellular

Matrix and Adhesion Molecule Array

Fold changes in gene expression after 4 hours BCR stimulation (IgM) with Ruxolitinib
pretreatment and BCR stimulated CLL cells compared to untreated

Fold Change after Fold Change after
Gene IgM stimulation (vs NT) IgM+Ruxolitinib (vs NT)

COL4A2 4.0321 1.5049
COL7A1 2.0249 4.0432
CTNNA1 2.089 2.0887
ICAM1 3.9494 4.028
ITGA1 2.0173 2.0037
ITGA3 2.0151 1.99
SPP1 2.0633 1.0201
TNC 7.2177 7.739
COL5A1 -7.278 1.054
ECM1 -2.0308 1.0107
FN1 -2.16122 -2.0816
ITGAS -2.0379 -2.008
ITGB5 -3.9872 -7.86782
KAL1 -6.93962 1.1081
MMP1 -6.2266 1.2026
MMP11 -3.9872 -3.96983
MMP2 -6.5616 -6.5018
TGFBI -4.0883 -2.1023
THBS1 -4.086636 -2.0271
VCAN -31.746031 -31.5457
18S 1.0152 0.9986
ACTB 0.9849 1.9751
ADAMTS1 0.9695 1.0189
ADAMTS13 1.0046 1.007
ADAMTS8 1.0033 1.0032
B2M 1.0009 1.0101
CDh44 1 1.0019
CDH1 0.9875 0.994
CLEC3B 0.9928 1.003
CNTN1 1.0033 7.0982
COL11A1 1.0033 1.0032
COL12A1 0.5019 1.0026
COL14A1 1.0033 1.0032
COL15A1 1.011 1.0019
COL16A1 1.0033 1.0032
COL1A1 1.0292 1.0359
COL6AL 1.0259 1.0404
COL6A2 1.0098 0.9977
COL8AL 1.0033 1.0032
CTGF 1.0033 6.6155
CTNNB1 1.0008 2.0316
CTNND1 0.9964 2.0005
CTNND2 1.0033 1.0032
GAPDH 0.9932 0.993
GUSB 1.0195 1.0092
HAS1 1.8365 3.675
HMBS 1.0071 1.003

BCR stimulation was performed by incubating 2x10" CLL cells with 10ug/ml F(ab), IgM
fragments or CLL cells were incubated with 1uM Ruxolitinib for 1 hour before stimulation.
RNA was extracted and converted to cDNA 50g was loaded per well of the Tagman Array
96 well plate and was analysed on an ABI7500. Fold changes were calculated by the

AACt

Comparative Ct (2°°7) relative quantitation method.



Fold changes in gene expression after 4 hours BCR stimulation (IgM) with Ruxolitinib
pretreatment and BCR stimulated CLL cells compared to untreated

HPRT1 1.0039 1.0049
ITGA2 1.0027 1.0169
ITGA4 1.0066 2.0421
ITGAG 1.9942 1.0084
ITGA7 1.004 2.0245
ITGA8 1.0033 1.0032
ITGAL 1.0186 1.0226
ITGAM 0.9933 0.9929
ITGAV 1.0113 1.0013
ITGB1 1.0165 1.0234
ITGB2 1.0173 1.0181
ITGB3 1.007 1.0099
ITGB4 1.0826 1.1013
LAMAL 1.0033 1.0032
LAMA2 0.9786 -1.9725
LAMA3 1.3207 1.2751
LAMB1 1.0033 1.0032
LAMB3 1.0031 1.0044
LAMC1 0.9967 0.9964
MMP10 1.1824 1.3426
MMP12 1.0033 1.0032
MMP13 1.1748 1.1341
MMP14 1.0265 1.0154
MMP15 0.9922 0.999

MMP16 1.0033 1.0032
MMP3 1.0033 1.0032
MMP7 0.9917 0.9952
MMP8 1.0033 1.0032
MMP9 0.5016 0.5028
NCAM1 1 1.0006
PECAM1 1.002 1.0186
PGK1 0.9917 0.9948
PPIA 0.9939 0.9893
RPLPO 0.9904 0.9925
SELE 1.0033 1.0032
SELL 1.9459 -2.0049
SELP 1.0109 1.0204
SGCE 1.0324 1.0297
SPARC 0.4991 0.9934
SPG7 1.0063 1.0087
TBP 0.5033 0.5624
THBS2 1.0296 -6.8918
THBS3 0.9987 0.987

TIMP1 0.506 0.5069
TIMP2 0.5961 0.5635
TIMP3 0.9552 0.9576
UBC 2.0776 1.0048
VCAM1 0.9975 1.0057
VTN 0.9831 0.9813

BCR stimulation was performed by incubating 2x10" CLL cells with 10ug/ml F(ab), IgM
fragments or CLL cells were incubated with 1uM Ruxolitinib for 1 hour before stimulation.
RNA was extracted and converted to cDNA 50g was loaded per well of the Tagman Array 96

well plate and was analysed on an ABI7500. Fold changes were calculated by the

-AACt

Comparative Ct (27 relative quantitation method.
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