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Abstract
Acute lymphoblastic leukaemia (ALL) is a clonal disorder of developing lymphocytes and is the
most common malignancy in children and adolescents. While cure rates are high, treatment
is associated with significant morbidity and relapsed ALL remains one of the leading causes of
cancer‐related deaths in children. New, less toxic therapies are clearly needed for refractory
ALL.
There are number of lines of evidence to suggest that ALL cells hijack component of Pre‐B cell
receptor signalling and that this dependency may be amenable to therapeutic exploitation.
There are a number of tyrosine kinase inhibitors (TKIs) targeting Pre‐BCR signalling that are
showing great promise in the clinic for other leukaemic subtypes which warrant preclinical
evaluation in childhood ALL. These include CAL‐101 (PI3K‐δ inhibitor), Ibrutinib (BTK inhibitor),
Fostamatinib (SYK inhibitor) and Dasatinib (BCR‐ABL/SRC inhibitor).
TKIs were evaluated in ALL cells, including cell lines and patient derived xenograft samples
(PDX) from 15 predominantly high risk/relapse primary ALLs. ALL cell lines were generally
resistant to all drugs but modest sensitivity was seen to the active form of fostamatinib, R406
and dasatinib in Pre‐BCR+ cells. CAL‐101 and dasatinib were shown to be cytostatic, while
ibrutinib and R406 were associated with cell cycle arrest and induction of apoptosis.
Pharmacodynamic assessments using phospho‐flow cytometry and western blotting showed
inhibition of the relevant targets at the GI50 concentrations. PDX ALL cells were generally more
sensitive than the cell lines; CAL‐101 (2 from 14 PDXs); ibrutinib (3 from 14 PDXs); R406 (6
from 15 PDXs) and dasatinib (4 from 15 PDXs). Pre‐BCR+ ALL cells were more likely to be
sensitive to dasatinib and fostamatinib. Some Pre‐BCR‐ ALL were also sensitive to some TKIs,
although predictive biomarkers remain to be established.
Significant synergism was seen after co‐treatment of the TKIs with the glucocorticoid (GC),
dexamethasone. This was most marked for the dexamethasone and dasatinib combination
and significantly potentiated G1 arrest and apoptosis in both GC sensitive and resistant ALL
cells. Synergism was associated with a significant increase in expression of the GR target, GILZ
and enhanced induction of proapoptotic BIM. In vivo preclinical confirmation of these data
may offer new therapies for refractory ALL.
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Chapter 1: Introduction
Acute lymphoblastic leukaemia (ALL)
Leukaemia is a form of cancer derived from hematopoietic stem cells with an abnormal
proliferative mechanism. Like other kinds of cancer, blood malignancy emerges from a
genetically altered single cell that then propagates the leukaemia. Generally, leukaemia is sub
grouped into chronic or acute, occurring as either myeloid or lymphoid forms. The term
chronic is used to depict leukaemia of a slow propagation of well differentiated cells, whilst
acute refers to the fast proliferation of undifferentiated progenitor cells (Passegue et al., 2003;
Popat and Abraham, 2011; Arber et al., 2016). ALL is the most prevalent childhood Cancer and
is one of the most common causes of cancer‐related demises (Inaba et al., 2013). The
haematological malignancy of focus in this study is acute lymphoblastic leukaemia (ALL).

1.1 Biology of ALL
ALL is a malignancy of blood forming cells in the bone marrow and is characterised by
continuously dividing cells with maturation arrest, which leads to blast accumulation (Popat
and Abraham, 2011) and is often a consequence of chromosomal abnormalities (Mullighan et
al., 2007; Mårtensson et al., 2010; Harrison, 2011). The accumulation of immature
lymphoblastoid cells in the bone marrow hinders normal haematopoiesis and over population
may lead to spilling of the malignant cells into the peripheral blood and organ infiltration
(Passegue et al., 2003; Larson and Anastasi, 2008). ALL is characterized by bone marrow
overproduction of white blood cells, and depending on immunophenotypic features, it is
categorized as B‐cell precursor ALL (BCP‐ALL), the most common type, with fewer cases
presenting as mature B or T‐cell immunophenotypes (Winick et al., 2004; Pui et al., 2008).
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1.2 Incidence of ALL
ALL is the most common childhood malignancy, representing about one quarter of childhood
cancers (Ries et al., 1999; Pui et al., 2008; Ward et al., 2014). In the United States, the
incidence of this disease is 37‐49 cases in 1 million children per year, with the 2‐5 years age
group registering the greatest incidence (Howlader et al., 2013).
Over the last two decades, the incidence of ALL has gradually increased, but developments in
both diagnosis and treatment with risk‐adapted treatment regimens have raised the cure rate
to around 90% (Conter et al., 2010; Hunger et al., 2012; Howlader et al., 2013).

1.3 Causes of ALL
Although the specific causes of ALL in most patients are still not known and may be
multifactorial, exposure to certain drugs or ionizing radiation, acquired or congenital immune
deficiencies (such as ataxia‐telangiectasia) and chromosomal abnormalities are implicated
(Pui et al., 2008; Pui et al., 2012a). Interestingly, studies using Guthrie cards and monozygotic
twins have shown that the development of ALL may be caused by pre and post‐natal events
(Wiemels et al., 1999; Greaves, 2005). A variety of genetic alterations associated with
leukaemic cells were identified in blood spots taken a few days after birth (Wiemels et al.,
1999; McHale et al., 2003). Moreover, another study found that the existence of the ETV6‐
RUNX1 fusion in cord blood was 100 times greater than the incidence in children with ETV6‐
RUNX1 ALL (Mori et al., 2002), suggesting that the development of ALL required additional
postnatal events, such as wild type ETV6 deletion (Mori et al., 2002; Wiemels, 2012). Also,
twin studies demonstrated that the transfer of pre‐leukaemic clones between monozygotic
twins was occurring in utero through the placenta and hence provided evidence of prenatal
origin of ALL. However, other events are needed for the development of ALL disease (Greaves
et al., 2003; Maia et al., 2003).
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1.4 Classification of ALL
ALL is a heterogeneous blood disease but it can be classified depending on cytogenetics, sub‐
microscopic genetic lesions and immunophenotyping.

1.4.1 Cytogenetics
The hallmark of BCP‐ALL is the presence of genetic abnormalities that affect differentiation
(Mullighan et al., 2007; Pui et al., 2008; Iacobucci and Mullighan, 2017). Childhood ALL is
grouped into subtypes depending on gross cytogenetic aberrations. These genetic alterations
include numerical (ploidy) or structural changes of the chromosomes. The cytogenetic
subgroup high hyperdiploidy (>50 chromosomes) is present in 30% of BCP‐ALL cases, while
hypodiploid (<44 chromosomes) is much rarer, being found in less than 1% of BCP‐ALL patients
(Moorman, 2012; Mullighan, 2012) (Figure 1.1).

Figure 1.1: Estimated frequencies of selected chromosomal rearrangements and other
genetic lesions in childhood BCP‐ALL patients, adapted from: (Inaba et al., 2013).
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Chromosomal translocations can lead to the formation of fusion proteins and such structural
genetic alterations are considered defining features of leukaemia. In BCP‐ALL cell malignancy,
four of the most common recurrent genetic alterations include ETV6‐RUNX1, MLL
rearrangement at 11q23 linked with a variety of fusion genes, TCF3‐PBX1 and BCR‐ABL1
(Figure 1.1). While the BCR‐ABL1 fusion gene encodes a constitutively active tyrosine kinase,
oncogenic transcription factors are also encoded by ETV6‐RUNX1 and MLL‐AF4 fusion genes
(Look, 1997; Mullighan, 2012; Woo et al., 2014).
The most common translocation in childhood BCP‐ALL cell malignancy is the
t(12;21)(p13;q22), which results in the ETV6‐RUNX1 (Rubnitz et al., 2008; Mullighan, 2012)
fusion protein and is found in about 25% of children with ALL and grants an excellent
prognosis (Figure 1.1) (Moorman et al., 2010; Gandemer et al., 2012). While the ETV6 and
RUNX1 are transcription factors important for normal production of blood cells (Okuda et al.,
1996), the fusion protein (ETV6‐RUNX1) disrupts the normal expression of genes regulated by
RUNX1 by altering its function into a transcriptional repressor leading to the unlimited
proliferation of haematopoietic cells with differentiation arrest at BCP stage (Hiebert et al.,
1996; Morrow et al., 2004; Fischer et al., 2005).
TCF3‐PBX1 is a chimeric transcriptional factor resulting from the chromosomal translocation
t(1;19)(q23;p13), in which Homebox protein (PBX1) is converted into a trans‐activating factor
and the expression of TCF3 encoded proteins (E12 and E47), which are essential factors in B
lymphopoiesis, are reduced (Lu and Kamps, 1997; Aspland et al., 2001). This translocation
exists in 6% of childhood BCP‐ALL malignancy (Figure 1.1), but because of the contemporary
advanced treatment regimens, the clinical outcomes of children with this aberration have
changed from poor to intermediate prognosis (Schmiegelow et al., 2010).
The chromosomal rearrangement t(9;22)(q34;q11) is traditionally called the Philadelphia
chromosome (Ph+) and is very common in chronic myeloid leukaemia and also present in 2‐5
% of childhood ALL (Ribeiro et al., 1987; Armstrong and Look, 2005; Moorman, 2012). This
translocation encodes for the oncogenic fusion protein BCR‐ABL1 which is sufficient to
transform B‐precursors into malignant cells due to its constitutive activity (Huettner et al.,
2000) leading to hyper activation of RAS pathway, unlike normal ABL1 kinase in which kinase
activity is tightly regulated (Melo, 1996; Cilloni and Saglio, 2012). This cytogenetic group was
traditionally characterized by the worst clinical prognosis but the clinical outcome has
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improved with the introduction of tyrosine kinase inhibitors (TKIs) such as imatinib and
dasatinib (Schultz et al., 2009; Ravandi et al., 2010; Schultz et al., 2014). In addition, a
subgroup has been found recently and exists in 15‐20% of ALL patients called BCR‐ABL1‐like
(Ph‐like). This subgroup is characterised by having a genetic signature similar to that of BCR‐
ABL1, but without the Ph+ translocation (Den Boer et al., 2009; Mullighan and Downing, 2009).
Recently, it was found that patients with BCR‐ABL1‐like had higher percentage of kinase
activating lesions, and a patient with the novel fusion EBFI‐PDGFRB was sensitive to the TKI,
imatinib in vivo (Roberts et al., 2014; Ishibashi et al., 2016).
The MLL (Mixed‐lineage leukaemia) gene that locates at band 11q23 on chromosome 11 is a
promiscuous gene that can fuse with a large number of partner genes (Meyer et al., 2009;
Meyer et al., 2013). It is generally held that the leukaemogenic effect is owed to the fusion of
the MLL 5` portion to the 3` portion of chimeric partner gene on chromosome 11. MLL
rearrangements are present in 6% of children with BCP‐ALL (Figure 1.1) and 70‐80% of all
infant acute BCP‐leukaemia (Moorman, 2012). MLL‐AFF1 (formerly AF4) is the most common
MLL translocation t(4;11)(q21;q23) in infants, followed by MLL‐MLLT3 (AF9) encoded by
t(9;11)(p22;q23), MLL‐ENL encoded by t(11;19)(q23;p13.3), and MLL‐MLLT10 (AF10) encoded
by t(10;11)(p13‐14;q14‐21) (Chessells et al., 2002; Moorman et al., 2005; Winters and Bernt,
2017). Infants are categorised as high risk because they have very poor prognosis and
international trials are underway to improve their outcome (Pieters et al., 2007; Brown, 2013).
Additionally, the gain of >3 extra copies of the RUNX1‐containing region of chromosome 21,
defines a subgroup known as intrachromosomal amplification of chromosome 21 (iAMP21),
which was recently identified in 2% of patients with BCP‐ALL (Rand et al., 2011; Mullighan,
2012; Li et al., 2014; Ryan et al., 2016). Although it was associated previously with poor
outcome, recently it was shown that intensive therapy could improve the outcome of iAMP21
patients significantly (Heerema et al., 2013; Moorman et al., 2013; Harrison et al., 2014;
Harrison, 2015).

1.4.2 Sub‐microscopic genetic lesions
Recent developments in single nucleotide polymorphism (SNP) microarray have highlighted
sub microscopic copy number alterations (CNAs) in BCP‐ALL (Mullighan et al., 2007; Mullighan,
2012). Compared to chromosomal translocations, which are generally initiating
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leukaemogenesis events, these sub‐microscopic lesions are collaborating aberrations that
associate with a particular cytogenetic group (Schwab et al., 2013). In patients with ETV6‐
RUNX1 translocation, for example, there are 6‐8 cooperative mutations (Sun et al., 2017). The
majority of the involved genes play crucial roles in lymphocytic malignancy development
(IKZF1, PAX5), lymphoid signalling (NR3C1), tumor suppression and cell cycle regulation (PTEN,
CDKN2A/CDKN2B, RB1) and co‐activation and regulation of transcription (ETV6). The most
mutated genes in BCP‐ALL include IKZF1, PAX5 and CRLF2 (Moorman, 2012; Woo et al., 2014).
The transcriptional factors genes IKZF1 and PAX5 were found to be involved the development
of BCP‐ALL disease. Maturation arrest may arise after loss of function, due to deletion or
mutations in the IKZF1 gene (codes for Ikaros protein). IKZF1 mutations are found in 80% of
BCR‐ABL1 positive ALL patients and in 15% of BCP‐ALLs overall (Mullighan et al., 2007;
Mullighan et al., 2008; Mullighan, 2012). Mutations in PAX5 are present in about 32% of
childhood ALL patients (Kuiper et al., 2007; Mullighan et al., 2008).
Mutations in JAK1 in addition to JAK2 may lead to constitutive activation of the JAK‐STAT
pathway, which play an important role in the proliferation of malignant ALL cells. Such
mutations are frequent in patients with Down`s syndrome ALL (Bercovich et al., 2008;
Mullighan et al., 2009b). In addition, overexpression of CRLF2 also activated the JAK‐STAT
pathway which is found in about 15% of ALL patients (Mullighan et al., 2009a; Cario et al.,
2010; Rand et al., 2011).
In addition, mutations in genes which activate the RAS pathway (RAS/RAF/MEK/ERK) are very
commonly mutated in BCP‐ALL patients at both presentation and relapse and are associated
with high risk (Case et al., 2008; Zhang et al., 2011; Irving et al., 2014; Irving, 2016). Activation
of the RAS pathway may alter proliferation, survival and differentiation of lymphoid precursor‐
B cells.

1.4.3 Immunophenotyping
Immunophenotyping allows the detection of intracellular and cell surface antigens and thus
classifies the lineage and differentiation stage at which leukaemic cells were arrested during
leukaemogenesis. Surface antigens, called clusters of differentiation (CD), markers are often
key to ALL immunophenotyping. Classification based on this method revealed that the vast
7
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majority of childhood ALL is B‐Lineage (85%) and the remaining is T‐lineage (15%) ALL (Onciu,
2009). For BCP‐ALL leukaemia cells, CD19, CD20, CD22, CD24 and CD79a markers are used for
classification, whereas, CD1a, CD2, CD3, CD4, CD5, CD7 and CD8 markers are used in the
diagnosis and classification of T‐ALL (Onciu, 2009; Chiaretti et al., 2014). Depending on the
expression pattern of B‐lineage markers, B cell malignancy can be categorised into four stages;
early Pre‐B, Pre‐B, transitional Pre‐B and mature B cells (Chiaretti et al., 2014). Moreover, It
has been found that the Pre‐BCR is only expressed in about 15% of BCP‐ALL patients cells,
therefore, depending on the expression of Pre‐BCR components (see section 1.6 for further
details), BCP‐ALL leukaemia can be classified into two main groups; Pre‐BCR+ and Pre‐BCR‐.
Expression of the receptor was associated with TCF3‐PBX1 positive cases as Pre‐BCR gene
upregulation was mediated by TCF3‐PBX1 directly (Geng et al., 2015).

1.5 Prognosis of ALL
Prognostic factors at diagnosis include key clinical parameters as well as ALL specific features
and assist the stratification of patients for the optimal intensity of therapy. For example, low
risk patients could avoid the toxicity of unnecessary intensive therapy that needs to be given
to patients with higher risk disease. Both initial white blood cell (WBC) count and age are
relevant for outcome prediction. For patients to be classified as standard risk, the initial WBC
count should be less than 50 000 WBC/mm3 and age from 1‐9 years, however, anything above
the ranges of standard risk is indicative of high risk (Smith et al., 1996).
Favourable outcomes are associated with ETV6‐RUNX1 and high hyperdiploidy, whereas,
CRLF2 rearrangement is associated with intermediate risk group (Ensor et al., 2011).
Moreover, MLL rearrangements, hypodiploidy, BCR‐ABL1, BCR‐ABL1‐like and iAMP21 are
associated with poor outcome (Nachman et al., 2007; Arico et al., 2010; Moorman et al., 2010;
Harrison et al., 2014).
The clinical response to glucocorticoid (GC) treatment is a key prognostic factor for ALL. In
separate Berlin‐Frankfurt‐Münster trials, a good response to prednisolone monotherapy
treatment for seven days was predictive of good overall prognosis (Dordelmann et al., 1999).
In addition, several studies have highlighted minimal residual disease (MRD) levels, for
example, sub‐microscopic disease serve as a powerful prognostic marker (Coustan‐Smith et
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al., 2000; Borowitz et al., 2008). Both PCR or flow cytometry techniques can be used to detect
MRD and require a sensitivity to detect at least 1 blast cell in 10 000 normal cells (Campana,
2012; Pui et al., 2015) . It has been found in MRD positive (MRD>0.01% at the end of induction
treatment) patients, the risk of relapse is 3‐5 times higher than MRD negative patients
(MRD<0.01%), but intensification of therapy can improve the outcome for the latter group of
patients (Coustan‐Smith et al., 2000; Conter et al., 2010; Vora et al., 2014). In addition,
classification of very good risk patients as identified by MRD negativity, has led to dose de‐
escalation in these patients, without compromising overall survival rates (Vora et al., 2014;
Pui et al., 2015; Schaink A, 2016).

1.6 B cell development
B cell lymphopoiesis is a stepwise maturation process of pluripotent haematopoietic stem
cells into distinct stages (Pro‐B, Pre‐B and mature B lymphocytes), which is mediated by
sequential DNA recombination of immunoglobulin (Ig) genes, leading to the expression of a
highly diverse repertoire of antibodies (Herzog et al., 2009; Rickert, 2013).
Ig heavy chain (IgH) gene rearrangement is initiated at early Pro‐B or common lymphoid
progenitor stage, in which a diversity (DH) segment is recombined with a joining (JH) segment.
Subsequently, variable gene region (VH) is joined with the recombined (DJH), hence, a
productive gene recombination will give rise to the Ig heavy chain (Igµ or µHC) (Figures 1.2
and 1.3). Recombination is primarily mediated by recombination activating genes (RAG‐1 and
RAG‐2). µHC in association with a germline‐encoded heterodimer called surrogate light chain
(SLC), composed of VPREB and λ 5 invariant proteins, will form the Pre‐BCR that is expressed
at the precursor B cell stage (Melchers, 2005; Geier and Schlissel, 2006; Herzog et al., 2009;
Mårtensson et al., 2010). A schematic of the Pre‐BCR is shown in figure 1.2.
Early Pre‐B cells are selected when they have a successful IgH rearrangement, a productive
rearrangement allows transient expression of the Pre‐BCR. A productive Pre‐BCR mediates
survival signaling that rescues the cells which were programmed to die (Osmond, 1991). In
mice, 10 million of Pre‐B cells are produced daily in the bone marrow, however, the Pre‐BCR
checkpoint eliminates the majority of them (Sakaguchi and Melchers, 1986; Osmond, 1991).
Hence, Pre‐BCR acts as a key checkpoint regulator for monitoring VDJ recombination on one
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hand and triggering the proliferation machinery on the other hand (Hendriks and Middendorp,
2004; Melchers, 2005; Johnson et al., 2008). Pre‐BCR then activates several protein tyrosine
kinases that orchestrate the downstream signalling responsible for proliferation and
differentiation (Figure 1.4A) (Guo et al., 2000; Burrows et al., 2002; Rickert, 2013; Clark et al.,
2014). Therefore, tight regulation of the signal transduction cascade downstream of the Pre‐
BCR‐induced proliferation and differentiation is vital to prevent uncontrolled cellular
expansion which might result in neoplastic transformation and development of leukaemia
(Herzog et al., 2009; Mårtensson et al., 2010; Perez‐Vera et al., 2011; Zhou et al., 2012; Rickert,
2013).

Figure 1.2: Schematic representation of Pre‐BCR complex.
Pre‐BCR is assembled from µHC (Igµ) and SLC, the latter chain is constructed from VPREB and
λ5 invariant polypeptides. [Adapted from: (Mårtensson et al., 2010)].
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Figure 1.3: A simplified scheme of Pre‐BCR and B‐cell lymphopoiesis.
V(D)J recombination of IgH gene is initiated at the pro‐B cell or common‐lymphoid‐progenitor
stage, and productive rearrangement yields cell surface µHC chain which together with SLC
gives rise to the Pre‐BCR at the large pre B cell stage. Both clonal expansion that is followed
by cell cycle exit and IgH gene recombination are downstream events of Pre‐BCR signalling. B
cell receptor (BCR) is expressed following IgL gene rearrangement on immature B cells, and
eventually, mature long‐living B cells repertoire is selected from the immature B cell pool.
[Adapted from: (Herzog et al., 2009; Clark et al., 2014)].

1.7 Pre‐BCR checkpoint
The Pre‐BCR checkpoint is the first crucial element at which the cell navigates its maturation
processes, such as clonal selection, proliferation and subsequent development to the stage of
precursor B cell. Moreover, the cells with incompetent µHC are negatively selected and
undergo apoptosis (clonal distinction) (Hendriks and Middendorp, 2004; Rickert, 2013;
Eswaran et al., 2015).
Upon assembly of a transient Pre‐BCR, its downstream signalling cascade drives clonal
expansion of µHC+ Pre‐B cells (Clark et al., 2014). Spleen tyrosine kinase (SYK)‐induced
constitutive activation of phosphoinositide‐3 kinase‐Protein kinase B (PI3K‐AKT) pathway
leads to downstream suppression of RAG gene expression in addition to the к‐chain of the
immunoglobulin light chain (Igк) recombination. Thereby, it inhibits differentiation and
induces a short clonal expansion for four to five cycles (Okkenhaug and Vanhaesebroeck,
2003; Deane and Fruman, 2004; Geier and Schlissel, 2006; Reth and Nielsen, 2014; Eswaran
et al., 2015).
After a short burst of proliferation, the signalling of progenitor B cells stops the cell cycle to
allow re‐expression of RAG genes and rearrangement of the Ig light chains to ensure further
cellular maturation (clonal differentiation). RAG gene expression is induced by Forkhead box
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protein O1 (FOXO1), downstream of B cell linker protein (BLNK), leading to Igκ recombination
in collaboration with Interferon regulatory factor‐4 (IRF4), which is expressed downstream of
SYK‐BLNK signalling. IRF4 downregulates λ5 gene expression and eventually terminates SLC
expression (Figure 1.4 A). Taken together, the dual role of BLNK mediates the switch from
proliferation to differentiation of Pre‐BCR+ into BCR+ cells (Flemming et al., 2003; Lu et al.,
2003; Parker et al., 2005; Hendriks and Kersseboom, 2006; Johnson et al., 2008; Ochiai et al.,
2012; Eswaran et al., 2015).
In addition to this role in proliferation and differentiation in Pre‐B cell stage, the Pre‐BCR
checkpoint also eliminates progenitor B cells with non‐functional Igµ heavy chain
recombination. Robust expression of bric‐a`‐brac, tramtrack and broad complex and
cap‟n‟collar homology (BACH2) is triggered upon absence of a functional Igµ chain, leading to
activation of tumour protein P53 (TP53) and induction of apoptosis (Figure 1.4A). Therefore,
cells are negatively selected and die off (clonal extinction) (Oyake et al., 1996; Muto et al.,
1998; Herzog et al., 2009; Martensson et al., 2010). Taken together, the Pre‐BCR checkpoint
allows eligible Pre‐B cells to progress development, and if not, initiates cell death (Herzog et
al., 2009; Almqvist and Martensson, 2012; Ochiai et al., 2012; Clark et al., 2014; Eswaran et
al., 2015).

1.8 Pre‐BCR signalling
1.8.1 Normal signalling
It has been reported that Interleukin‐7 receptor (IL‐7R) signalling is important for both survival
and proliferation of early maturation stages of B cells, by activating PI3K and Janus kinase3‐
signal transducer and activator of transcription 5 (JAK3‐STAT5) pathways (Corfe and Paige,
2012; O'Shea and Plenge, 2012). But, during clonal expansion in later B cell developmental
stages, recent articles have revealed a collaborative role between IL‐7R and Pre‐BCR
dependent downstream signalling cascade (Hendriks and Middendorp, 2004; Rickert, 2013;
Clark et al., 2014). Two mechanisms have been proposed for the triggering of Pre‐BCR
signaling. A potential ligand candidate (Galectin‐1) for Pre‐BCR, was identified by an earlier
work (Gauthier et al., 2002) and is expressed on the surface of stromal cells in the bone
marrow. However, a recent study suggested activation of Pre‐BCR signaling autonomously in
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a ligand‐independent manner (Ubelhart et al., 2010). Ligand‐independent auto cross‐linkage
of surrogate light chain component (λ5) and N‐linked glycosylated molecule of the µHC on the

cell surface of Pre‐B cells induces the transphosphorylation of Immuno‐receptor tyrosine‐
based activation motifs (ITAM`s) tyrosine residues Igα (also known CD 79A) and Igβ (also
known CD 79B) by SRC‐family kinases (SFKs), which in turn become docking and activation
sites for SYK. Additionally to some extent, they recruit ζ‐chain associated protein kinase of 70
KDa (ZAP 70) (Ohnishi and Melchers, 2003; Crespo et al., 2006; Monroe, 2006; Ubelhart et al.,
2010; Eschbach et al., 2011) (Figure 1.4 A).
BLNK is the primary substrate of SYK and ZAP 70 and acts as a docking site for both Bruton`s
tyrosine kinase (BTK). BTK is a downstream kinase of both PI3K and Phospholipase C‐ɣ2 (PLC‐
ɣ2), PLC‐ɣ2 also promotes calcium ion flux (Guo et al., 2000; Kurosaki and Tsukada, 2000;
Marshall et al., 2000; Kouro et al., 2001; Kurosaki and Okada, 2001; Scharenberg et al., 2007a).
PI3K is activated and phosphorylated by active SYK either directly or indirectly via CD19 and B
cell PI3K adapter (BCAP) (Deane and Fruman, 2004; Aiba et al., 2008). Hence, PI3K
phosphorylates phosphatidylinositol‐4,5‐biphosphate (PtdIns (4,5)P2) into the second
messenger phosphatidylinositol 3,4,5‐triphosphate (PtdIns (3,4,5)P3) and attracts AKT to the
plasma membrane (Okkenhaug and Vanhaesebroeck, 2003).
Extracellular signal‐regulated kinase (ERK) is then promoted upon PLC‐ɣ2 binding to activate
active rat sarcoma kinase (RAS) pathway (Imamura et al., 2009). Though, BLNK is more likely
to play a significant role in orchestrating the cell cycle either positively via activating RAS‐RAF‐
MEK‐ERK (proliferation pathway) (Shaw et al., 1999a; Nagaoka et al., 2000; Imamura et al.,
2009) or negatively (Figure 1.4 A) (Flemming et al., 2003). In terms of its negative role, BLNK
indirectly promotes FOXO1 translocation into the nucleus (Herzog et al., 2008) and
antagonises the AKT activation through the IL‐7R/PI3K/AKT proliferation signalling cascade
(Milne and Paige, 2006; Herzog et al., 2008; Ochiai et al., 2012), consequently, FOXO1
upregulates B cell lymphoma‐6 gene (BCL‐6), RAG and BLNK. BCL‐6 suppresses cell cycle genes
[G1/S‐ specific cyclin D2 (CCND2) and MYC] in addition to TP53 (Figure 1.4 A), thereby halting
the cellular proliferation machinery and inducing a quiescence state (clonal rescue) (Tang et
al., 2002; Duy et al., 2010; Nahar et al., 2011). Additionally, it has been suggested that BLNK
may play a tumour suppressor function in association with BTK to regulate IL‐7 mediated
survival and proliferation (Kersseboom et al., 2003; Middendorp et al., 2005). Moreover, this
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is also achieved when BLNK suppresses STAT5 activation via its interaction and inhibition of
JAK3 (Figure 1.4 A) (Nakayama et al., 2009).

1.8.2 Malignant signalling
ALL cells are arrested at the Pre‐B stage and most do not express a Pre‐BCR (or BCR) and have
thus escaped clonal extinction or differentiation (Trageser et al., 2009; Geng et al., 2015). It
has been noted that BCP‐ALL children patients have a high frequency of somatic mutations
which activate certain key signalling cascades, particularly, RAS/ERK, PI3K, JAK‐STAT. These
aberrant pathways grant survival and continued proliferation of Pre‐B cells as shown in figure
1.4 B (Klein et al., 2004a; Nakayama et al., 2009; Zhang et al., 2011; Knight and Irving, 2014).
Patients with BCP‐ALL malignancy have increased autocrine and paracrine stimulation of IL‐7,
which enhances robust activation of JAK3‐STAT5 and PI3K pathways, thereby allow survival
and proliferation of leukaemic Pre‐B cells (Figure 1.4 B) (Fisher et al., 1993; Mertsching et al.,
1996; Rickert, 2013). Moreover, aberrant expression or splicing of BLNK gene was found in a
large proportion of BCP‐ALL patients. In agreement with this observation, higher expression
level of Pre‐BCR, which allow higher proliferation of BCP‐ALL cells, was associated with BLNK‐
deficiency (Flemming et al., 2003; Jumaa et al., 2003).
BLNK deficiency restores IL‐7 mediated stimulation of JAK3‐STAT5 and PI3K‐AKT pathways
leading to BCL‐6 downregulation due to prevention of FOXO1 protein translocation into the
nucleus (Figure 1.4 B). Diminished expression of BCL‐6 releases the repression of the cell cycle
progression genes (MYC and CCND2) (Flemming et al., 2003; Herzog et al., 2008; Nakayama et
al., 2009; Duy et al., 2010; Nahar et al., 2011; Geng et al., 2015).
Moreover, gain of function mutations downstream of RAS and SHP2, leading to hyper
activated RAS‐ERK pathway, have been reported in cases with high risk BCP‐ALL (Case et al.,
2008; Yasuda et al., 2008; Irving et al., 2014). Functional studies have revealed two important
transcriptional activators promoted by activated ERK (downstream of RAS), namely cyclic
AMP‐responsive element‐binding protein 1 (CREB1) and ELK1, which upregulate expression of
Monocyte enhancer factor 2c (MEF2C) and MEF2D or MYC respectively leading to proliferation
(Yasuda et al., 2008), as shown in figure 1.4 A and B. In addition, BACH2 gene, which serve as
tumor suppressor, was found to be downregulated in 30% of BCP‐ALL patients with PAX5
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lesions and low expression levels of BACH2 was associated with relapse (Mullighan et al.,
2007; An et al., 2008; Kawamata et al., 2012; Swaminathan et al., 2013b).
By using a similar evasive strategy of replacing the role of Pre‐BCR, aberrant precursor B cells
in patients with Ph+ chromosome express the BCR‐ABL1 oncoprotein (Klein et al., 2004a),
which binds to growth factor receptor bound protein 2 (GRB2) adapter to promote activation
of RAS and PI3K pathways, whereas STAT5 is activated via direct phosphorylation by BCR‐ABL1
(Figure 1.4 B) (Roberts et al., 2012; Rickert, 2013). As a result, the requirement for Pre‐BCR
expression is bypassed and cell cycle proceeds with clonal expansion (Iritani et al., 1997; Shaw
et al., 1999b).

Figure 1.4: Signalling events in normal and malignant Pre‐B cells.
A) Normal Pre‐B cell signalling cascades leading to clonal proliferation and differentiation. B)
Malignant Pre‐B cell events summarising the possible perturbed signalling pathways leading
to BCP‐ALL malignancy, adapted from (Rickert, 2013; Eswaran et al., 2015).
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1.9 Exploitation of Pre‐BCR in favour of B‐cell derived childhood leukaemia
There are several lines of evidence suggest that key genetic aberrations in BCP‐ALL, such as
chromosomal translocations and gene deletions/mutations, interfere with Pre‐BCR signaling
(Eswaran et al., 2015) to achieve the following:

1.9.1 Inhibit Pre‐BCR mediated maturation and cell cycle arrest
It is well known that Pre‐BCR mediated differentiation is arrested in BCP‐ALL cells (Klein et al.,
2004b), thus, the BCP‐derived malignancy is assumed to stem from pro‐proliferative
mechanisms of the Pre‐B cells in association with inhibited differentiation mechanisms.
However, it has been found that BCR‐ABL1 harbouring cells have a non‐functional IgH gene
rearrangement and, therefore, can escape clonal extinction by downregulating Pre‐BCR
encoded genes, including VPREB1 and IgHM (Klein et al., 2004b; Trageser et al., 2009),
thereby, they are eligible to avoid normal B cell differentiation and can survive by evading the
Pre‐BCR checkpoint (Klein et al., 2004a; Klein et al., 2004b). Interestingly, recent findings have
shown that reconstitution of normal Pre‐BCR signalling in Ph+ cells through re‐expression of
BLNK and µHC in deficient mice can exert a tumor suppressor activity and leads to cell death
(Trageser et al., 2009).
When BCP‐ALL cells escape the Pre‐BCR checkpoint, they modify the clonal extinction
mechanism, which eliminates the cells with non‐productive Ig heavy chain rearrangement, in
favour of progenitor B cell malignancy development (Swaminathan et al., 2013a). As
mentioned earlier in section 1.8, the player of clonal extinction mechanism, BACH2, is
commonly downregulated in some malignant ALL cells compared to normal Pre‐B cells,
especially in relapsed cases with PAX5 abnormalities (Swaminathan et al., 2013a).
Additionally, BLNK deletion may involve inhibition of CDK2NA/MDM2/P53 mediated
apoptosis, due to increased cytoplasmic retention of FOXO1 which leads to diminished BCL‐6
expression (Figure 1.4 B) (Jumaa et al., 2003; Ta et al., 2010).
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1.9.2 Activate Pre‐BCR mediated pro‐survival/pro‐proliferative signalling
As pointed out earlier (section 1.8.1), the triggering of Pre‐BCR signalling is initiated by auto‐
crosslinkage of SLC components, which then recruits the major player of downstream
signalling, SYK, leading to clonal expansion and differentiation in normal progenitor B cells.
SYK may act as an oncoprotein when it is constitutively expressed leading to continuous
proliferation associated with suppression of apoptosis, via constitutive activation of PI3K/AKT
and FOXO1 signalling pathways, which eventually involve inhibition of BCL‐6 (mediator of
suppression of cell cycle genes and TP53) as shown in figure 1.4 (Wossning et al., 2006; Duy et
al., 2011; Ochiai et al., 2012). BCL‐6 is a key survival factor that ensures clonal rescue for µHC+
normal Pre‐B cells (Duy et al., 2010). It has been found that SYK can drive Pre‐BCR malignancy
via MYC. Therefore, BCP‐ALL cell death could be promoted by SYK inhibition (Wossning et al.,
2006; Perova et al., 2014; Uckun and Qazi, 2014).

1.9.3 Override the Pre‐BCR checkpoint and activate pro‐survival signalling
through aberrant mechanisms
Malignant Pre‐B cells may harness pro survival pathways independently of the Pre‐BCR. For
example, aberrant expression of the Erythropoietin receptor (EPOR) in ETV6‐RUNX1 positive
ALL cells induce JAK‐STAT signalling which ensures outgrowth of malignant cells (Fine et al.,
2004; van Delft et al., 2005; Inthal et al., 2008; Roberts et al., 2012). Moreover, approximately
25% of IgH rearrangement cases involve over‐expression of CRLF2 and are associated with IL‐
7R and JAK gene family mutations (Russell et al., 2009). Consequently, JAK‐STAT signalling in
addition to PI3K/mTOR pro‐survival and pro‐proliferation pathways are activated (Tasian et
al., 2012). Additionally, mutations in IL‐7R, and (fms‐Related tyrosine kinase 3) (FLT3) can
cause activation of JAK‐STAT pathway (Roberts et al., 2012; Loh et al., 2013).
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1.10 Treatment of ALL
Contemporary advances in treatment regimens have pushed the 5 year event free survival up
to 90% due to the use of multi‐agent chemotherapy, improved supportive care and precise
risk stratification (Pui et al., 2009; Pui et al., 2012b; Pui, 2013). However, some children
ultimately relapse and survival outcomes at this stage are poor (Parker et al., 2010; Eckert et
al., 2011). Treatment still needs optimising, as both early and late therapeutic‐related adverse
events reduce the quality of life significantly. Certain aberrant cellular pathways activated by
genetic abnormalities may allow the introduction of targeted drugs that may improve
prognosis and reduce toxicity (Pui and Jeha, 2007; Szczepanski et al., 2010; Irving et al., 2014).

1.10.1 Chemotherapy
The conventional treatment of paediatric ALL used drugs that either inhibit nucleic acid
synthesis or target the DNA directly and some drugs interfere with the mitotic spindle while
others block protein synthesis (Table 1.1). As such, these non‐specific treatments
overwhelmingly contribute to adverse events in normal tissues (Pui and Jeha, 2007). Even
though treatment regimens differ across the globe, therapy stages for paediatric ALL are
separated into three major phases (Table 1.2). These are (1) remission‐induction therapy (to
eliminate about 95‐99% of the initial malignant cells burden and to re‐establish the normal
haematopoiesis) followed by (2) consolidation therapy, which eradicates the residual
leukaemic cells, and (3) prolonged continuation treatment that usually lasts for 2 years or
more (Pui and Evans, 2006; Pui et al., 2008; Inaba et al., 2013).
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Drug (approval year)

Mechanism of action

Glucocorticoids:
dexamethasone (1958)

Transrepression or transactivation of genes after binding
with glucocorticoid receptor elements (GRE) at the
promoter regions of genes.

Anthracyclines:
doxurobicin (1989)

Damages DNA after free radicals formation; Forms
complexes with topoisomerase‐IIα enzyme and DNA
leading to breakage of both DNA strands; Induces
apoptosis through caspases activation.

Vincristine (1963)

Binds to tubulin and hence inhibits formation of mitotic
spindle

Methotrexate (1953)
Cytarabine (1969)
Asparaginase (1978)
Thiopurines (1953)
Alkylators:
cyclophosphamide
(1959)

Inhibits formation of de novo purine; blocks folate
metabolism enzymes and hence inhibits DNA synthesis.
Blocks polymerisation of DNA after incorporating into it.
Catalyses asparagine depletion and hence inhibits
protein synthesis
Inhibits new purine synthesis and pathway of purine
salvage
Changes DNA function and structure through
fragmenting or crosslinking of DNA strands

Table 1.1: Standard chemotherapeutic agents with their mechanisms of action used in
childhood acute lymphoblastic leukaemia, adapted from: (Pui and Jeha, 2007)].
Treatment
phase

Remission/
Induction

Typically used Chemotherapies
* Vincristine
* Corticosteroids (e.g.
Dexamethasone)
* L‐Asparaginase
* +/‐ Anthracycline (High risk
patients)

* Vincristine
* Cytarabine (Ara‐C)
Consolidation/
* Cyclophosphamide
Intensification
* Mercaptopurine
* Methotrexate
Maintenance

* Mercaptopurine (daily)
* Methotrexate weekly

Table 1.2: General outline for chemotherapeutic regime used for BCP‐ALLs. Adapted from
(Pui et al., 2004).
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1.10.2 Targeted therapies
Researchers have proven that tyrosine kinases are impressive therapeutic targets in several
kinds of cancer (Druker et al., 2001; Pui and Jeha, 2007; Rebecca and Smalley, 2014). During
the last decade, several tyrosine kinase inhibitors (TKIs) have been introduced in haemato‐
oncology to reduce the adverse effects of cancer therapy and to enhance its effectiveness.
Tyrosine kinases are key elements in signal transduction of cellular pathways, which transmit
information from extracellular or cytoplasmic domains to the nucleus. As many malignant cells
show aberrant activity of particular tyrosine kinases, this could be exploited using TKIs in cases
where kinases are therapeutic targets (Krause and Van Etten, 2005; Rebecca and Smalley,
2014; Sun and Bernards, 2014).
TKIs were given continuously, as single agents or in combination with classical
chemotherapies, for patients as maintenance therapy (de Labarthe et al., 2007; Foa et al.,
2011; Fielding et al., 2014). For example, the combination of imatinib mesylate, a small
molecule TKI, with conventional chemotherapy has revolutionised the therapy for ALL patients
harbouring Ph chromosome, and therefore, survival has increased from 30‐70% compared to
historical controls. Importantly, there was no increase in toxicity (Schultz et al., 2009; Ravandi
et al., 2010; Schultz et al., 2014). However, if patients became resistant to imatinib, they
transitioned to dasatinib, a second generation TKI which has better CNS penetration. Dasatinib
targets the mutated form(s) of BCR‐ABL1 and SRC signalling (Talpaz et al., 2006; Brave et al.,
2008; Porkka et al., 2008).
Most recently, the treatment of B‐cell malignancies has gained exciting momentum by the use
of targeted therapies to key proximal tyrosine kinases downstream of BCR, including BTK, PI3K
and SYK. So far, the preclinical drug testing and clinical trials have shown promising results
(Choi and Kipps, 2012; Fowler and Davis, 2013; Rickert, 2013; Young and Staudt, 2013; Sun
and Bernards, 2014). Therefore, the analogy between Pre‐BCR and BCR mediated signalling
cascades (Guo et al., 2000) may represent an appealing therapeutic avenue in childhood ALL.
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1.10.2.1 PI3K‐δ inhibitor (CAL‐101)
In B lineage cells, PI3K signalling can be promoted by Pre or B cell‐dependent or independent
mode, for instance, via other cytokine receptors (Werner et al., 2010; Herman and Johnson,
2012). Perturbed PI3K signalling is recurrent in different malignancies, however, the PI3K‐δ
isoform is primarily expressed in cells of haematopoietic origin (Ramadani et al., 2010; Tasian
et al., 2012; Kandoth et al., 2013). It recruits downstream AKT enzyme during Pre‐B and BCR
signalling, which in turn activates multiple signalling effectors orchestrating proliferation and
survival (Deane and Fruman, 2004; Yuan and Cantley, 2008). Taken together, it is emerging as
a therapeutic target in multiple B cell malignancies (Vanhaesebroeck et al., 1997; Herman et
al., 2010; Lannutti et al., 2011).
CAL‐101 or GS‐1101 (also called idelalisib) is a highly selective small molecule inhibitor of PI3K‐
δ, it inhibits p110δ isoform and was developed by Gilead Sciences (Figure 5.1 A). CAL‐101 has
been found to inhibit BCR signalling and also abrogate the chemokine microenvironment
niche effect in lymph nodes (Herishanu et al., 2011; Hoellenriegel et al., 2011; Burger, 2012).
Recently, CAL‐101 was approved by FDA as a monotherapy for the treatment of follicular
lymphoma (FL) and relapsed small lymphocytic lymphoma (SLL). In addition, CAL‐101 was used
in combination with rituximab in the treatment of relapsed chronic lymphocytic leukaemia
(CLL) (Furman et al., 2014; Miller et al., 2015). Although CAL‐101 was well tolerated in patients,
there were some adverse effects such as diarrhea, hepatotoxicity and pneumonitis (Do et al.,
2016). Moreover, recent preclinical studies have suggested that relapsed BCP‐ALL patients
with TCF3‐PBX1 lesion may benefit from CAL‐101 monotherapy (Eldfors et al., 2017).
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Figure 1.5: Chemical structures of small molecule inhibitors targeting BCR signalling.
(A) CAL‐101 [PI3K‐δ inhibitor], (B) Ibrutinib [BTK inhibitor], (C) Fostamatinib [SYK inhibitor] and
(D) Dasatinib [BCR‐ABL1/SRC inhibitor]. Adapted from (Kantarjian et al., 2006; Sweeny et al.,
2010; Lannutti et al., 2011; Tucker and Rule, 2015).
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1.10.2.2 BTK inhibitor (Ibrutinib)
It is known that BTK is a cytoplasmic tyrosine kinase expressed in different haematopoietic
lineages (Brunner et al., 2005). It plays a central role in survival and proliferation in normal
and malignant blood cells (de Weers et al., 1993; Katz et al., 1994). Recently, several small‐
molecule BTK inhibitors have been introduced into clinical trials of lymphoid malignancies,
including Ibrutinib (Young and Staudt, 2013). A potent,‐irreversible inhibitor of BTK, Ibrutinib
(PCI‐32765) (Figure 5.1 B) was approved by FDA for clinical anti‐tumour activity in various B
cell malignancies, including mantle cell lymphoma (MCL), waldenstrӧm macroglobulinemia
(WM) and CLL, with no discernible side effects (Pan et al., 2007; Staudt et al., 2011; Byrd et
al., 2012; Advani et al., 2013; Hendriks et al., 2014; van der Veer et al., 2014; Raedler, 2016).
Most recently, preclinical studies in ALL proposed Ibrutinib as a potential therapy for Pre‐BCR+
and TCF3‐rearranged ALL (van der Veer et al., 2014; Geng et al., 2015; Kim et al., 2017).

1.10.2.3 SYK inhibitor (Fostamatinib R406)
As mentioned earlier, SYK triggers downstream signalling cascades important for proliferation
and survival in all B‐lineage stages (Mocsai et al., 2010; Uckun et al., 2010b). Constitutive
activity of SYK promotes survival or proliferation in multiple subtypes of BCP‐ALL and may be
associated with relapse (Ding et al., 2000; Takano et al., 2002; Uckun and Qazi, 2014),
therefore, inhibition of SYK may induce cell cycle arrest and apoptosis (Uckun et al., 2010a;
Perova et al., 2014; Geng et al., 2015). Fostamatinib R788, oral SYK inhibitor, is metabolised
in vivo from the pro‐drug form (R788) to the active form (R406) (Braselmann et al., 2006; Rolf
et al., 2015) (Figure 1.5 C). The BCR pathway was shown to be selectively inhibited by
fostamatinib (Riccaboni et al., 2010). Fostamatinib has shown efficacy in rheumatoid arthritis
and also reduced the growth of blast B cells in mouse model of CLL (Suljagic et al., 2010;
Weinblatt et al., 2014; Newland et al., 2018). Fostamatinib was tested in phase I and phase II
clinical trials in patients with B‐non Hodgkin lymphoma (B‐NHL) and CLL (Friedberg et al., 2010;
Suljagic et al., 2010). Objective response rates were obtained in 55% of CLL patients, 24% of
diffuse large B‐cell lymphoma (DLBCL) patients, 11% of MCL patients and also patients with FL
(10%) (Friedberg et al., 2010). However, fatigue, nausea and diarrhea were the most side
effects of fostamatinib upon treating DLBCL patients using high doses (200mg, twice daily)
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(Flinn et al., 2016) and its thought that these adverse effects were because of ‘off target’ effect
of fostamatinib (Rolf et al., 2015). In addition to its role in inhibiting BCR signalling pathway, it
impairs BCR‐ dependent secretion of chemokines such as CCL3 and CCL4 (Hoellenriegel et al.,
2012). In addition, tumour burden in mice transplanted with high risk and relapsed BCP‐ALL
cells was decreased after fostamatinib treatment (Perova et al., 2014).

1.10.2.4 BCR‐ABL1/SRC inhibitor (Dasatinib)
The second generation BCR‐ABL1 inhibitor, dasatinib (Figure 1.5 D), was approved in 2006 by
FDA for the treatment of adults with chronic myeloid leukaemia (CML) and Ph+ ALL who were
resistant or intolerant to imatinib (Kantarjian et al., 2006; Foa et al., 2011). Dasatinib is potent
multi‐kinase inhibitor of different kinases, including SFKs, PDGFR‐β, C‐KIT, BTK in addition to
BCR‐ABL1 (Lombardo et al., 2004; Hantschel et al., 2007; Kantarjian et al., 2010a; Amrein et
al., 2011). In B‐cell malignancies, dasatinib induced apoptosis in DLBCL cell lines (Davis et al.,
2010a), and in the clinic, there was 20% response rate when CLL patients were treated with
the drug (Amrein et al., 2011). Interestingly, both clinical and preclinical findings suggested
that dasatinib is effective in Ph‐like, TCF3‐PBX1 and Pre‐BCR+ ALL (Bicocca et al., 2012; Geng
et al., 2015; Kobayashi et al., 2015; Welsh et al., 2017).

1.10.2.5 Synthetic glucocorticoid (Dexamethasone)
The synthetic glucocorticoid, dexamethasone, has played a pivotal role in the treatment of
lymphoid malignancies since the late 1950s, because of its ability to induce programmed cell
death in lymphoid cells, but its use is associated with life‐threatening infections and
osteonecrosis (Pui and Evans, 2006; Inaba and Pui, 2010). The glucocorticoid receptor (GR),
also called NR3C1, mediates the anti‐leukaemic effect of dexamethasone (Kofler, 2000). In the
cytosol, GR heterocomplexes with several proteins when not bound with ligand (Nicolaides et
al., 2010). Dexamethasone molecules are lipophilic and relatively small in size, therefore they
passively enter the cell and bind to the GR which enables dissociation of the GR from the
cytoplasmic heterocomplexes. The ligand bound GR has dual effects. Firstly, as a monomer,
the GR‐dexamethasone complex makes protein‐protein interactions with transcription
factors, such as NFkB, leading to transrepression of genes indirectly (Kofler, 2000; Schaaf and
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Cidlowski, 2002; Inaba and Pui, 2010). Secondly, as a dimer, the GR‐dexamethasone complex
transactivates the gene expression directly, by interaction with the DNA binding sites, also
called glucocorticoid response elements (GREs) (Schaaf and Cidlowski, 2002; Oakley and
Cidlowski, 2013a). Ultimately, this transrepression and gene transactivation effect of
dexamethasone leads to the induction of apoptosis or cell cycle arrest (Inaba and Pui, 2010).

1.11 Hypothesis and objectives of the work
Given the clear necessity of ALL cells to escape from normal Pre‐BCR checks, the mechanism
they rely on may serve as an Achilles’ heel that could be exploited to offer new therapeutic
approaches. There are a number of drugs targeting Pre‐BCR signalling in the clinic that are
showing efficacy in other leukaemic subtypes and thus warrant preclinical evaluation in
childhood ALL. Therefore, in this project, the hypothesis to be tested is that malignant blasts
in B lineage ALL hijack Pre‐BCR signalling pathways and that this dependence may be
amenable to therapeutic exploitation.
The objectives are:‐
1

To preclinically evaluate small molecule inhibitors targeting Pre‐BCR pathways in ALL cell
lines and primary derived ALL cells in vitro

2

To investigate predictive biomarkers of response, including Pre‐BCR expression, function
and downstream signalling activity

3

To assess synergism of the small molecule inhibitors with pivotal ALL drugs, such as
glucocorticoids
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Chapter 2: Materials and Methods
2.1 General
2.1.1 Equipment


7500 Fast Real‐Time PCR System (Applied Biosystems, Warrington, UK)



Magnetic stirrer UC151 (Bibby Scientific Limited, Staffordshire, UK)



Heating block (Grant QBD2, Cambridge, UK)



Water Bath (Grant Instruments, Cambridge, UK)



Mini Trans‐Blot Electrophoretic Transfer Cell (BioRad, USA)



Mini‐PROTEAN 11 Electrophoresis Cell (BioRad, USA)



Gyro‐Rocker STR9 (Fisher Scientific, Loughborough, UK)



Gel Electrophoresis Tank (Pharmacia Biotech, Amersham Biosciences, UK)



FLUOStar Omega Microplate Reader (BMG Labtech, Aylesbury, UK)



FACSCalibur (Becton Dickinson, Oxford, UK)



FACSCanto II (Becton Dickinson, Oxford, UK)



BIOMAT‐2 class II microbiological safety cabinet (Medical Air Technology Ltd.,
Manchester, UK)



BioRad Power Pac 200 (Bio‐Rad Laboratories Ltd, Watford, UK)



Analogue Tube Roller SRT9 (Stuart Scientific, Staffordshire, UK)



Bead Bath (Gallenkamp/Weiss, Loughborough, UK)



WhirliMixer (Fisons Scientific Equipment, Leicestershire UK)



Thermomixer comfort (Eppendorf, Hamburg, Germany)



Humidified CO2 incubator (Panasonic healthcare, Japan)



GeneAmp PCR System 27000 (Applied Biosystems, USA)



Roller mixer (SRT9) Stuart (BIBBY scientific Ltd. Staffordshire, UK)



BioRad ChemiDocTM MP imaging system (BioRad, USA)



Julabo U3 water bath (JULABO LABORTECHNIK GMBH, West Germany)



Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, UK)



Automatic X‐ray Film Processor (JPI Healthcare Co. Ltd. Huddersfield, UK)
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2.1.2 Centrifuges


MSE Mistral 3000i Refrigerated Centrifuge (Fisher Scientific, UK)



MSE Mistral 1000 centrifuge (Fisher Scientific, UK)



SciSpin ONE centrifuge (SciQuip, Shropshire, UK)



Eppendorf 5804 centrifuge (Fisher Scientific, Hamburg, Germany)



Eppendorf refrigerated centrifuge 5417R (Fisher Scientific, Hamburg, Germany)

2.1.3 Microscopes


Olympus transmitted light microscope (Olympus, Japan)



Zeiss transmitted light microscope (Carl Zeiss Ltd., Welwyn Garden City, Herts.,
UK)



Olympus CKX53 inverted light microscope (Olympus, Tokyo, Japan)

2.1.4 General chemicals and reagents
All reagents and chemicals were obtained from Thermo Fisher (Loughborough, UK) or
Sigma Chemical Company (Dorset, UK) unless otherwise stated. Phosphate buffered saline
(PBS) was made from tablets purchased from Invitrogen (Paisley, UK) and then autoclaved
prior to use.

2.1.5 Software


Graphpad Prism software (6.0) (GraphPad Software, Inc., San Diego, CA, USA)



CalcuSyn software (2) (Cambridge, UK)



CellQuest software (5.2) (BD Biosciences, San Jose CA, USA)



FlowJo software (10.0.8) (Tree Star, Ashland, USA)



MARS Data Analysis Software (3.20 R2) (BMG Labtech, Aylesbury, UK)



Image Lab™ Software 6.0 (Bio‐Rad Laboratories, USA)



ImageJ FIJI software (National Institutes of Health, Rockville, MD, USA)
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2.2 Tissue culture
2.2.1 Materials for tissue culture
RPMI‐1640 cell culture media were obtained from Sigma Chemical Company (Dorset, UK).
All plastic ware for tissue culture was purchased from Corning (Corning, High Wycombe,
UK). Foetal bovine serum (FBS) was purchased from Gibco (Gibco by Life Technologies,
Paisley, UK).

2.2.2 Cell lines characteristics
A number of haematopoietic cell lines were used: (a) TK6; (b) PreB 697; (c) R3F9; (d) REH;
(e) Nalm‐6; (f) Daudi and (g) Ramos. Cells were obtained from the European Collection of
Cell Cultures (ECACC). ALL cell lines (PreB 697, R3F9, REH and Nalm‐6) were selected as
they were derived from patients at relapse and previously characterised for Pre‐BCR
expression (Geng et al., 2015). All cell lines were authenticated by Short tandem repeat
(STR) profiling by the company LGC Standards, UK. STR are loci at the human genome and
considered the most informative genetic markers which help ensuring integrity and
quality of human cell lines. All cells were routinely tested for mycoplasma using
MycoAlert™ PLUS Assay (Lonza, Basel, Switzerland) and were cultured in RF10 (RPMI
1640, supplemented with 10% heat‐inactivated FBS) in a 5% CO2 and humidified
atmosphere at 37˚C.
a) TK6: A lymphoblastoid cell line, was derived from WIL‐2 cells that have been
isolated from spleen cells of a 5 years old male patient with hereditary spherocytic
anaemia, but with no evidence of malignancy and have normal B cell
characteristics ((ECACC); Levy et al., 1968; Skopek et al., 1978).
b) PreB 697: Pre‐B cell line derived from the bone marrow cells of a 12 year old boy
with relapsed ALL in 1979 (Findley et al., 1982).
c) R3F9: Glucocorticoid resistant clone of PreB 697 incubated with dexamethasone
for 21 to 28 days (Schmidt et al., 2006).
d) REH: A cell line derived from a pro‐B ALL in 1974 from the peripheral blood of a 15
year old female at relapse (Han et al., 1978).
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e) Nalm‐6: Human PreB‐cell line of ALL established from the peripheral blood of a 19
year old male at relapse (Hurwitz et al., 1979).
f) Daudi: Human immature B‐lymphoblast cell line, established in 1967 from 16‐year
old male patient with Burkitt`s lymphoma (Klein et al., 1968).
g) Ramos: Human B‐lymphoblast cell line derived from a 3 year male patient with
Burkitt`s lymphoma (Klein et al., 1975).

2.2.3 Cell line growth
All cell lines listed in section 2.2.2 were grown in suspension. They were cultured in RF10.
Class II safety microbiological safety cabinets (Section 2.1.1) were used to perform tissue
culture and sterile plastic and glassware were utilised. Flasks or multi‐well plates were
used for growing cells. Cells were incubated at 37°C with 5% CO2 in a humidified tissue
culture incubator. To ensure cells are always in the logarithmic phase of growth, cell lines
were fed routinely with fresh medium every 48 to 72 hours and the final cells
concentration was adjusted to less than 5x105 cells per ml after RF10 addition.

2.2.4 Mycoplasma test
Mycoplasma is the simplest form of bacteria as they have very basic genome and lack the
cell wall. In order to meet their demands of biosynthesis and energy, they must function
as parasites by exploiting their host`s cells. Therefore, cell lines infection with mycoplasma
can affect cell metabolism, growth characteristics and the effects are not predictable and
vary between cell lines (Drexler and Uphoff, 2002). To ensure that all cell lines were
mycoplasma free, MycoAlert (Lonza, Basel, Switzerland) assays was performed
periodically by Elizabeth Matheson, a member of the Northern Institute for Cancer
Research (NICR) staff. The selective activity of mycoplasma enzymes were exploited in this
assay to detect infection. The released enzymes from any lysed viable mycoplasma react
with the MycoAlert substrate and mediate the transformation of ADP to ATP. After
quantifying ATP levels in a cell line sample before and after MycoAlert addition, the
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presence or absence of mycoplasma infection is effectively detected by calculating the
substrate ratio. All cell lines used in this project were mycoplasma free.

2.2.5 Cell harvesting
Cells were harvested for RNA and protein studies when in exponential growth phase. Cell
suspensions were centrifuged for 5 minutes at 1000 RPM at room temperature. The
supernatant was aspirated and the pelleted cells were resuspended in PBS and pelleted
again by centrifugation. Washing was repeated again and PBS was aspirated and the
pelleted cells were either resuspended again in the appropriate medium or stored at ‐
80°C until required.

2.2.6 Counting of cells and viability assessment
To calculate both the total number of cells and their viability, a small aliquot of cell
suspension was mixed with an equal volume of 0.4% w/v Trypan Blue solution. This
mixture was loaded in an improved Neubauer haemocytometer and cells counted using a
light microscope at 20x magnification. This method is based on the dye exclusion principle,
where dead cells take up Trypan blue dye and appear blue under microscopy, while viable
cells do not (Strober, 2001). Viability was expressed as a percentage of live cells within the
total population.

2.2.7 Freezing of cells
In order to make frozen stocks, cells proliferating exponentially were counted and their
viability was assessed as described above (Section 2.2.6). Cells were centrifuged at room
temperature for 5 minutes at 1000 RPM and 5x106‐1X107 cells were resuspended in 1ml
of FBS containing 10% (v/v) dimethyl sulphoxide (DMSO). One ml aliquots were added into
2ml polypropylene labelled cryovials (Thermo Fisher Scientific, Loughborough, UK) and
then kept in a polystyrene box filled with cotton wool before freezing at ‐80°C. This to
make sure that the sample cooling rate is approximately 1°C per minute. Cells were then
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moved to a‐150°C freezer or liquid nitrogen for long term storage after being temporarily
kept at ‐80°C for 2‐14 days.
In order to recover frozen cells, cryovials were warmed rapidly in a 37°C waterbath to
thaw and then diluted in 5ml of pre‐warmed RF10 medium. Cells were then pelleted by
centrifugation at 1000 RPM for 5 minutes prior to resuspending in fresh RF10 medium and
seeding in a cell culture flask.

2.3 Flow cytometry
Background
Flow cytometry is a tool which enables detection of a variety of cellular components on
the cell surface or intracellular in each individual cell within a complex population. A
standard flow cytometer machine is equipped with one to two lasers, however, modern
machines are more sophisticated with more lasers to detect large numbers of parameters
at the same time. Flow cytometry is composed of three modules; fluidics, optics and
electronics. The fluidics system produces single cell stream which passes through an
interrogation point. The scattered laser light at this point then enables detection of
various cellular parameters labelled with fluorochromes. The physical parameters of cells,
including granularity and cell size are detected by side and forward scattering respectively.
At the interrogation point, the laser beams excite fluorochromes to emit light of longer
wavelength. Various dichroic mirrors then divert the emitted light into a series of filters
before collecting by photomultiplier tubes. The analogue signals are then digitised to be
analysed by specialised software on a computer (Henel and Schmitz, 2007). In order to
analyse several cellular properties in parallel, different antibodies conjugated to different
fluorochromes can be used. Fluorochromes can be excited by similar laser but emit
different wavelengths (Henel and Schmitz, 2007).
Bandpass filters within the flow cytometer are selective for the appropriate excitation and
emission wavelengths. However, fluorescence could be detected from more than one
fluorochrome when emission spectra overlap. To overcome spill over issue, fluorescence
compensation process was employed. This process ensures that the signal collected by a
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particular photomultiplier tube is originated from the fluorochrome that is being analysed
(Roederer, 2001).

2.3.1 Measurement of calcium release from cytoplasmic stores
Background
Intracellular calcium flux is considered an important indicator of several biological
processes including B cell function. Also, large cellular modifications can occur due to
minor alterations in intracellular calcium levels (Berridge et al., 2003). Ca2+ is a
downstream signal following phosphorylation and recruitment of BLNK to PLC‐ ɣ2 upon
engagement of Pre‐BCR (Scharenberg et al., 2007a; Hogan et al., 2010). Ca2+ mobilisation
can be detected by Fluo‐4, AM imaging assay. This assay involves loading of Fluo‐4, AM
dye inside the cells and then `AM` moiety is cleaved by esterases cellular enzymes. After
removal of AM group from the dye, free Fluo‐4 is then able to bind Ca2+ and fluoresce.
Given that the dye may be actively extruded outside the cell as it`s unbound to any cellular
compartment, therefore, probenecid was added to minimise the dye efflux (Gee et al.,
2000).
Reagents


Live Cell Imaging Solution (LCIS) (Life Technologies, USA, Cat#: A14291DJ )



Fluo‐4 Calcium imaging kit (Table 2.1) (Life Technologies, USA, Cat#: F10489)



F(ab`)2 goat anti‐µHC antibody (life Technologies, USA, Cat #: A24484)



Ionomycin (Sigma‐Aldrich, USA)

Procedure
One million cells were washed by resuspending the cells in pre‐warmed LCIS Solution
followed by centrifugation for 5 minutes at 450g and then the supernatant removed.
Washing was repeated again and visible light‐excitable calcium indicator Fluo‐4 solution
was prepared freshly according to the manufacturer`s instructions (see table 2.1). A 500µl
aliquot of this solution was added to each cell suspension and incubated for 60 minutes
in the dark at room temperature. Following incubation, the samples were washed once
and resuspended in 0.5ml of LCIS and analysed on a FACSCalibur. FITC detectors can
detect the Ca2+‐bounded Fluo‐4 dye emission (excitation 494nm/emission 506 nm). Over
33

Chapter 2: Materials and Methods

the first 60 seconds, cells were acquired to indicate the baseline fluorescence signal, the
acquisition paused and a 20µg/ml F(ab`)2 goat anti‐µHC antibody was added to the
sample to stimulate the PreB/B cell receptor signalling. The event acquisition was then
restarted for an additional 4 minutes before a final pause for the addition of Ionomycin
which acted as a positive control (final concentration of 10 µg/ml) and further acquisition
for 90 seconds. Ionomycin served to enhance moderate and transient Ca2+ concentration
in the cytosol through increasing the endoplasmic reticulum store discharge of Ca2+
(Beeler et al., 1979; Kauffman et al., 1980; Feske, 2007; Dellis et al., 2009). Daudi or Ramos
B cells which express mature BCR acted as a positive control for their proven calcium flux
and, therefore, they were included in all test runs (Kuwahara et al., 1996). The data are
shown as dot plots of y‐axis (FL1‐FITC) over x‐axis (time) and analysed by FlowJo software.

Volume for
1 sample
5µl
0.5µl

0.5ml

10µl

Material

Purpose

PowerLoad™ Concentrate, Minimizes the unfavourable effect of
100X (Component B)
medium replacement
Fluo‐4, AM, 1000X in
Calcium indicator excited by visible
DMSO (Component A)
light
Vortex
Physiological buffer for cell
LCIS
maintenance
Invert the tube to mix
To decrease the baseline signal and
Probenecid, water soluble
prevent extrusion of intracellular dye
(Component D)
(Fluo‐4, AM)

Table 2.1: Fluo‐4 solution preparation from Fluo‐4 kit. Fluo‐4 solution was prepared by
mixing Fluo‐4 kit components in LCIS solution (purchased separately). The purpose of each
material is shown and the volumes depicted are per sample.

2.3.2 Annexin V staining for detecting apoptosis
Background
Annexin V is a protein dye that binds to phosphatidyl serine (PS) with high affinity in the
presence of calcium (Aubry et al., 1999). Once programed cell death is initiated, PS
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molecules are translocated from the inner to the outer face of the plasma membrane.
When PS become exposed to cell surface, it can be easily detected by staining with
fluorescent conjugated Annexin V and analysed by flow cytometry (Fadok et al., 1992;
Vermes et al., 1995).
The apoptosis assay was performed using Annexin V‐FITC Apoptosis Detection Kit (Abcam,
UK, Cat#: ab14085)
Reagents


Annexin V‐FITC



1X Binding Buffer

Procedure
After inducing apoptosis, 2.5x105 cells were collected by centrifugation at 450g for 5
minutes and the supernatant was removed. Pelleted cells were then resuspended in PBS
and centrifuged at 450g for 5 minutes at room temperature. Then, PBS was removed
completely and cells were resuspended in 250µl of 1x binding buffer. Following that, 2.5µl
of Annexin V‐FITC was added and cells were incubated in the dark for 5 minutes at room
temperature. Annexin V‐FITC binding was analysed by flow cytometry on a FACSCalibur
(Ex=488 nm; Em=530 nm) using the FITC detector (FL1). BD CellQuest software was used
to analyse the data.

2.3.3 Cell cycle analysis using propidium iodide DNA staining
Background
Analysis of cell cycle by flow cytometry is a method to discriminate cells in three major
cell cycle phases (G1, S and G2/M) in addition to the possibility of detecting dead cells by
their fractioned DNA at sub‐G1 phase (Pozarowski and Darzynkiewicz, 2004). Propidium
iodide (PI) is a fluorescent dye (Ex: 488 nm; Em: 600 nm) that intercalates into the major
grooves of DNA quantitatively. It can also bind double stranded RNA, therefore, RNAse A
is added for optimal results (Crissman and Steinkamp, 1973; Krishan, 1975).
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Reagents


Cold 70% ethanol



Propidium iodide solution (stock of 1 mg/ml); (Sigma, Dorset, UK)



RNAse A (stock of 1 mg/ml); (Sigma, Dorset, UK)

Procedure
After incubating cells for the required time point, 0.5x106 of cells were collected and
washed once in PBS (450g for 4 minutes) and the supernatant then removed. One ml of
cold 70% ethanol was added in a dropwise fashion to fix the cells whilst gently vortexing
to minimise clumping of cells. Cells were then placed on ice for half an hour before
washing once in PBS (450g for 4 minutes) and the supernatant completely removed.
Pelleted cells were then resuspended in 250µl of working PI solution (Table 2.2) and
stored at room temperature in the dark for 20 minutes before analysis by flow cytometry.

Material
RNAse A
Propidium iodide
PBS

Volume
(µl)
6
10
234

Final
concentration
24µg/ml
32µg/ml
N/A

Table 2.2: Working PI solution components per sample.

2.3.4 Surface marker detection
2.3.4.1 Determining Pre‐BCR expression
Background
To investigate Pre‐BCR expression in different cell lines and primary‐derived xenograft
(PDX) cells, Pre‐BCR components were detected by flow cytometry. VPREB (CD179a) is an
Ig V‐like protein expressed on the surface of cells at pro‐B and early pre‐B developmental
stages which can associates non‐covalently with the Ig C‐like protein, λ5 (CD179b) to form
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SLC. In turn, the membrane bound protein µHC is complexed with SLC to form the Pre‐
BCR complex (Pillai and Baltimore, 1987; Karasuyama et al., 1990).
In antibody staining experiments, it is important to rule out the background noise by using
isotype controls. An isotype control is an antibody raised against an epitope not expressed
in the cells being tested. It ensures that the measured signal is due to specific binding with
the target rather than an artefact. The optimum isotype control should match the species
of the host, the primary antibody fluorophore and concentration and Ig subclass.
Moreover, the addition of BSA to the staining buffer reduces the non‐specific binding of
antibody (Hulspas et al., 2009).
Reagents


1x Dulbecco`s PBS [prepared from diluting 10x Dulbecco`s PBS in distilled water]



Bovine serum albumin fraction V (BSA) (Sigma, Dorset, UK)



Fluorescent labelled antibodies (Table 2.3)

Protein
target

Fluoroch
rome

IgM
(µHC)

APC

VPREB

PE

λ5

PE

Isotype
control

PE

Isotype
control

Alexa
Fluor®
647

Antibody species

Mouse Anti‐
Human
Mouse Anti‐
Human
Mouse Anti‐
Human
Mouse Anti‐
Human
Mouse Anti‐
Human

Concentra
tion
(µg/ml)

Volume
per
sample
(µl)

Clone

Isotype

Supplier

Cat#

3

20

G20‐
127

BD
Biosciences

561010

400

5

HSL96

BioLegend

347404

200

5

HSL11

BioLegend

349803

200

5 or
10*

MOPC‐
21

Mouse
IgG1, κ
Mouse
IgG1, κ
Mouse
IgG1, κ
Mouse
IgG1, κ

BD
Biosciences

554680

1.5

40

MOPC‐
21

Mouse
IgG1, κ

BD
Biosciences

557783

Table 2.3: Antibodies used in Pre‐BCR expression determination by flow cytometry.
*5µl for λ5 and 10µl for VPREB isotype matched control.
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Procedure
Cell lines growing exponentially or PDX cells harvested from mouse spleen were counted
and two flow cytometry tubes (one million cells each) per each sample were prepared and
then centrifuged at 450g for 4 minutes to remove the supernatant. Pelleted cells were
then resuspended in 2ml of filtered Dulbecco`s PBSA (0.2% BSA in Dulbecco`s PBS) and
centrifuged at 450g for 4 minutes. After removing the supernatant, cells were
resuspended in 100µl of Dulbecco`s PBSA. The relevant amount of target antibody (Table
2.3) was added to one tube and a similar concentration of matched isotype control
antibody was added to the other tube. After incubation for 20 minutes at room
temperature in the dark, cells were washed twice in 3.5ml of Dulbecco`s PBSA (450g for 5
minutes) and then analysed on the FACSCalibur. FlowJo software was used to analyse the
acquired raw data of Pre‐BCR molecules expression through determining the geometric
mean fluorescent intensity (MFI) from histogram statistics.

2.3.4.2 Surface marker staining for detection of leukaemia blasts
Background
Commercial monoclonal antibodies against certain human or mouse immunophenotypes
of interest were directly bound to fluorochromes and utilised for multicolour flow
cytometry.
Reagents


1x Dulbecco`s PBS (prepared from diluting 10x Dulbecco`s PBS in distilled water)



10x red cell lysis buffer (1.55M ammonium chloride, 99.88mM potassium
bicarbonate and 10.2mM EDTA disodium). 1x buffer is obtained after diluting in
water.



Bovine serum albumin fraction V (BSA) (Sigma, Dorset, UK)



Florescent labelled antibodies (Table 2.4)
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Volume
(µl) per
Florochrome
50 µl of
blood

Target
surface
antigen

Target
species

Clone

CD38

Human

HB7

FITC

5

CD45

Human

2D1

FITC

5

CD10

Human

HI10a

PE

5

CD34

Human

8G12

PerCP

5

CD19

Human

SJ25C1

APC

2.5

Mouse
CD45

Mouse

30‐F11

PE‐Cy™7

2.5

CD58

Human

1C3

FITC

5

FITC

5

CD66c
KOR‐
(KOR‐
Human
SA3544
SAR3544)

Supplier
BD
Biosciences
BD
Biosciences
BD
Biosciences
BD
Biosciences
BD
Biosciences
BD
Biosciences
BD
Biosciences
BECKMAN
COULTER

Cat #

340909
345808
332776
345803
345791
552848
555920
IM2039U

Table 2.4: Monoclonal antibodies used for immunophenotyping by Flow cytometry.

Procedure
After blood (around 50µl) has been taken from mouse tail vein (Section 2.7.3), a cocktail
of antibodies (Table 2.4) were added to the blood sample directly and mixed by pipetting
before incubation in the dark for 15 minutes at room temperature. CD10, CD34, CD19 and
mouse CD45 were added to all samples, but FITC conjugated antibodies were patient
specific, and selected based on known expression of CD45, CD38, CD58 or CD66c (KOR‐
SAR3544). Following this, 1.2 ml of 1x red cell lysis buffer was added and mixed gently by
inversion for 5 minutes. Samples were then centrifuged for 4 minutes at 450g and the
supernatant was discarded. After pelleting the cells, samples were washed twice in 3.5ml
of filtered Dulbecco`s PBSA and centrifuged for 5 minutes at 450g prior to analysis on a
BD FACSCanto II machine. To assess human blast cell engraftment in mouse spleen,
double the amount of antibodies (Table 2.4) were utilised and no red cell lysis was needed.
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2.3.5 Intracellular phospho‐protein staining
Background
Phospho‐specific flow cytometry is a quick and effective method to quantify
phosphorylated proteins which enables the determination of signalling cascades in
samples where cell numbers are limiting, unlike lysate‐based methods (Schulz et al., 2007;
Schulz et al., 2012). Hence, identifying aberrant signaling pathways may serve as
prognostic factor in some leukaemic malignancies (Calo et al., 2003; Krutzik et al., 2004;
Brown et al., 2015). Unlike the detection of surface proteins, phospho‐specific
intracellular flow cytometry is more problematic. The antibody is inaccessible to the
intracellular target and the phosphorylation of protein is a transient mechanism and
therefore unstable (Krutzik et al., 2004). To overcome these challenges, proteins are
stabilised by fixing with paraformaldehyde. Also, alcohol or detergent is used to
permeabilize cells to allow entry of antibodies to intracellular phospho‐epitopes of target
proteins (Krutzik et al., 2004) (Figure 2.1). For all phospho targets listed in table 2.5, Ramos
cells were used as a positive control and were ran side by side with any experiment
involving intracellular phospho flow cytometry.
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Figure 2.1: Summary of phospho‐specific antibody flow cytometry technique.
Adapted from (Krutzik et al., 2004) .

Reagents


Bovine serum albumin fraction V (BSA) (Sigma Aldrich, USA)



BD Cytofix™ buffer (BD Biosciences, Belgium, Cat#:554655)



Perm III buffer (BD Biosciences, Belgium, Cat#:558050)



Fluorescent labelled antibodies (Table 2.5)
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Concentration
(µg/ml)

Volume
per sample
(µl)

Clone

Isotype

Cat#

BTK (pY223)/Itk (pY180)

PE

12.6

5

N35‐86

Mouse IgG1, κ

562753

AKT (ps473)

PE

1.5

20

M89‐61

Mouse (BALB/c)
IgG1, κ

560378

BLNK (pY84)

PE

0.75

20

J117‐1278

Mouse (BALB/c)
IgG2b, κ

558442

ZAP70 (Y319)/SYK (Y352)

PE

1.5

20

17A/P‐
ZAP70

Mouse IgG1

557881

SYK (pY348)

Alexa Fluor® 488

25

20

I120‐722

Mouse (BALB/c)
IgG1, κ

560081

ERK1/2 (pT202‐pY204)

Alexa Fluor® 647

3

20

20A

Mouse IgG1

612593

PLC‐γ2 (PY759)

Alexa Fluor® 647

3

20

K86‐689.37

Mouse IgG1, κ

558498

Isotype control

PE

100

*

MOPC‐21

Mouse IgG1, κ

554680

Isotype control

Alexa Fluor® 647

1.5

40

MOPC‐21

Mouse IgG1, κ

557783

Isotype control

Alexa Fluor® 488

25

20

MOPC‐21

Mouse IgG1, κ

557782

Table 2.5: List of antibodies and their concentrations used in phospho flow cytometry, all purchased from BD Biosciences.
* This Isotype control is diluted in PBS to match the concentrations of antibodies of interest.
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A. Procedure for measuring basal and anti‐µHC stimulated phosphorylation of cell lines
and PDX cells
This procedure involves 6 main steps.
a. Harvesting and washing: For cells being tested, 3 million cells were harvested
and divided into 3 round bottom polystyrene test tube (also called FACS tubes)
(Falcon, Mexico) equally (isotype control, baseline and stimulated). In addition,
2 FACS tubes each containing 1x106 Ramos cells (baseline, stimulated) were
used. After pelleting cells and discarding the supernatant medium, cells were
washed once in 2ml of filtered 0.2% of BSA in PBS (termed PBSA) and then cells
in all tubes were resuspended in 200µl of pre‐warmed PBSA after removing
supernatant.
b. Stimulation: Twenty µg/ml of F(ab')2‐Goat anti‐Human IgM Heavy Chain
antibody (anti‐µHC) was added only to stimulated tubes for 4 minutes at 37 °C
to activate the Pre‐BCR/BCR and downstream signalling.
c. Fixation: After stimulation, 750µl of Cytofix buffer was directly added to all the
tubes (including recently stimulated cells) on top of cells suspended in 200µl
PBSA and were directly incubated at 37 °C for 10‐15 minutes. The samples were
then centrifuged for 4 minute at 450g and the supernatant was removed.
d. Permeabilisation: To the pelleted cells in all tubes, 1ml of cold perm buffer III
was added while vortexing at mild speed and then incubated on ice for 30
minutes. Following that, cells were washed twice using 3.5ml of PBSA for 5
minutes at 450g and supernatant was decanted. Pelleted cells were then
resuspended in 100µl of PBSA.
e. Antibody staining: Cells were then stained with relevant amount of phospho
antibody or matched isotype control (Table 2.5) and left for one hour at room
temperature in the dark. Following incubation, samples were washed twice
with 2ml of PBSA for 4 minutes at 450g.
f. Acquisition on Flow cytometry: Ten thousand events were then acquired on
FACSCalibur machine and analysed using CellQuest™ or Flowjo software.
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B. Procedure for measuring the pharmacodynamic effects of drugs on cell lines and PDX
cells
This procedure is very similar to the protocol for measuring basal and anti‐µHC stimulated
phosphorylation (Section 2.3.5.A) with the exception of non‐stimulation of cells being
tested (Isotype control, control vehicle treated cells, drug(s) treated cells).

2.4 Quantitative reverse‐transcriptase polymerase chain reaction
Quantitative reverse‐transcriptase polymerase chain reaction (QRT‐PCR) is a sensitive and fast
technique to measure relative gene expression at the mRNA level. The technique involves 3
stages:
1. RNA extraction from the cells
2. Reverse transcription of the RNA to synthesise copy DNA (cDNA)
3. Polymerase chain reaction using the cDNA

2.4.1 Total RNA extraction
Background
Qiagen RNeasy Mini kit (Qiagen, Crawley, UK) was used to extract total RNA from cell pellets.
The selective binding features of a silica‐based membrane is the basis of this method. Cell
pellets were lysed and homogenised in the presence of a buffer containing guanidine‐
isothiocyanate. This buffer is highly denaturing which inactivates RNAases immediately and
ensures intact RNA purification. To provide optimum binding conditions, ethanol was added
prior to applying the cell lysate to the silica membrane. Contaminants were then removed
efficiently and RNA was eluted in RNAse free water (Tan and Yiap, 2009).
Reagents


Buffer RLT



Buffer RW1



Buffer RPE



2‐Mercaptoethanol
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70% ethanol



RNase free water

Procedure
Cell lines growing in exponential phase were harvested and then 3x106 to 10x106 cells were
exposed to single or combination of drugs. Cells were then pelleted and washed in PBS at 1000
RPM for 5 minutes. An appropriate amount of buffer RLT (containing 2‐Mercaptoethanol) was
added to lyse the cells and pipetting was applied to loosen the pellets. Cell lysates were then
homogenised by passing the samples 5‐10 times through a 20‐gauge needle fitted to a one ml
hypodermic syringe. A similar volume of 70% ethanol was added to the lysate and pipetted
vigorously prior to transfer onto the spin column. A 2ml collection tube was then fitted to the
spin column and centrifuged for 15 seconds at 10,000 RPM at room temperature and the flow‐
through was discarded. Following that, 700µl of buffer RW1 was added into RNeasy column
and centrifuged for 15 seconds at 10,000 RPM at room temperature and then flow‐through
was removed. 0.5ml of buffer RPE was added and then spin column was centrifuged at 10,000
RPM for 15 seconds at room temperature. After decanting the flow‐through, further washing
was carried out by adding 500µl of buffer RPE and then RNeasy column was centrifuged at
room temperature for 2 minutes. The flow‐through was then decanted and the column was
centrifuged at 14,000g for 1 minute to get rid of any leftover ethanol. RNeasy column was
then transferred to a new 1.5ml eppendorf tube and 30‐50µl of RNAse free water was added
before centrifugation at 10,000 RPM for 1 minute to elute RNA. The purity and concentration
of RNA was then determined spectrophotometry.

2.4.2 RNA samples quantification
The RNA concentration was assessed by measuring the absorbance of spectrophotometer
(Nano Drop 1000 spectrophotometer) at 260nm and 280nm against an RNAse free water
blank. Since nucleic acids absorb light at 260nm and proteins at 280nm, the purity was
assessed through calculating the ratio of 260:280nm readings. A ratio between 1.8 and 2.0 is
indicative of pure RNA, while lower ratios indicate contamination with protein (Tataurov et
al., 2008).

45

Chapter 2: Materials and Methods

2.4.3 Synthesis of copy DNA
Background
This method involves synthesis of complementary cDNA using random primers that hybridise
along several points along the mRNA template. This reaction is catalysed by the reverse
transcriptase enzyme. The resulting cDNA can then be used in QRT‐PCR reaction.
High‐Capacity Reverse Transcription Kit purchased from Applied Biosystems (Thermo Fisher,
UK) and the provided protocol were used for cDNA synthesis.
Reagents


10x RT Buffer



10x RT Random Primers



25x dNTP Mix (100mM)



Multiscribe™ Reverse Transcriptase (50U/µl)



RNase Inhibitor



RNase free water

Procedure
According to the manufacturer instructions, the final concentration of each RNA sample was
adjusted to 200µg/ml in RNAse free water. The reaction buffer was prepared on ice as detailed
in table 2.6.

Component
10x RT Buffer
25x dNTP Mix (100mM)
10x Random Primers
MultiScribe™ Reverse Transcriptase
RNase Inhibitor
Nuclease‐free H2O

Volume
(µl)/Reaction
2.0
0.8
2.0
1.0
1.0
3.2

Table 2.6: Components of reaction buffer utilised in the synthesis of cDNA.
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Ten microliters of RNA (at 200µg/ml) were then mixed with 10µl of reaction buffer in a PCR
reaction tube (Applied Biosystems, USA) and mixed by pipetting. A short spin was applied to
the PCR tubes to remove any bubbles formed. The tubes were then placed into a thermocycler
(Gene Amp PCR System 2700) set with temperatures outlined in table 2.7 to complete the
reaction. cDNA was then kept at 4°C for short term storage.

Step
1
2
3
4

Temperature (°C)
25
37
85
4

Time (min)
10
120
5
∞

Table 2.7: Thermal cycler program for cDNA synthesis using High‐Capacity Reverse
Transcription Kit.

2.4.4 QRT‐PCR amplification of cDNA
Background
Real Time RT‐PCR is a highly sensitive and reproducible technique which relies on
quantification of PCR product via the fluorescent signal generated after each cycle. The
number of PCR product molecules proportionate directly with fluorescent signals.
TaqMan® real‐time PCR, the commercially available method, was used in this project. In this
technique, accurate measurement of PCR product was achievable after inclusion of a
fluorogenic oligonucleotide probe to components of a standard PCR. TaqMan® probes involve
2 types of fluorophores; the reporter attached at the 5’, such as 6‐carboxyfluorescein (FAM)
and a quencher attached at the 3’ end 6‐carboxy‐tetramethyl‐rhodamine (TAMRA).
After each PCR cycle, samples are irradiated by ultra violet (UV) light and the fluorescent signal
is then determined by a charge coupled device (CCD) camera logged by a computer. As long
as the probes are intact, the fluorescent output is significantly reduced due to the close
proximity of the reporter to the quencher. However, the fluorescent emission is increased
once the probe is cleaved depending on the principle of Fluorescence Resonance Energy
Transfer (FRET) (Cardullo et al., 1988). If the target DNA sequence is present, the exonuclease
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activity of Taq polymerase in the direction of 5' to 3' degrades the probe downstream of the
target during PCR extension phase. This degradation allows continuance of primer extension
to the end of DNA template strand and also releases the reporter dye molecule from its
quencher. Thus, the intensity of the florescent signal increases with each additional PCR cycle
and is proportional to the DNA template amount formed in the PCR.
In the course of PCR amplification, the fluorescent intensity is quantified allowing formation
of an amplification plot. The amount of target DNA present in the PCR product can be
measured from this amplification plot and is proportional to the level of mRNA expression.
The initial 10‐15 cycles of amplification are linear, where the fluorescent intensity is below the
minimal detectable limit of the CCD camera, and defined as amplification plot baseline (Dorak,
2006). However, the fluorescent intensity exceeds the baseline upon increase of target DNA
template and therefore, the higher the initial copy number of the target nucleic acid, the
sooner there is detectable fluorescent intensity, above the baseline.
The threshold is the most important factor for numerical quantification which distinguishes
between background signal and relevant amplification. It is calculated by multiplying the
standard deviation of baseline fluorescence signal by ten (Arya et al., 2005). The threshold
cycle (CT) is the PCR cycle number when the fluorescent signal crosses the threshold value
(Walker, 2002). The CT value is inversely proportional with the starting copy number of nucleic
acid.
In this project, relative gene quantification method [also called comparative CT threshold
method (ΔΔCT)] was used, where changes in expression of target gene were measured in
relation to expression of a housekeeping reference gene without calculating a standard curve
(Schmittgen and Livak, 2008; Bustin et al., 2009). For this method, the following formula was
used:
ΔCT = CT Target Gene – CT Reference Gene
ΔΔCT = ΔCT Treated – ΔCT Untreated
Reagents


2x TaqMan Universal PCR Master Mix (Applied Biosystems, UK, Cat#: 4304437)



Human TBP (TATA‐box binding Protein) Endogenous Control (VIC®/TAMRA™ probe,
primer limited) (Applied Biosystems, UK, Cat#: 4310891E)
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TSC22 domain family; member 3 (TSC22D3), also known GILZ (Glucocorticoid‐
Induced Leucine Zipper) TaqMan primer (FAM‐MGB) (Applied Biosystems, UK, Cat#:
4331182)



RNase free water (Qiagen, Crawley, UK)

Procedure to measurement of glucorticoid target gene (GILZ)
Cell lines growing exponentially were harvested and treated for 24 hours with combination of
dexamethasone plus fostamatinib R406 or dexamethasone plus dasatinib to investigate
transcription of the glucocorticoid receptor (GR) target gene GILZ. After incubation, cells were
then collected for RNA extraction and cDNA synthesis (Sections 2.4.1 and 2.4.3). Human GILZ
or (TSC22D3) gene was then measured by QRT‐PCR method, with human TATA‐box binding
Protein (TBP) housekeeping gene was used as an endogenous control. TBP was broadly used
by our group as a reference gene in studies involving treatment of ALL cells with
dexamethasone as it was proven to be stable in lymphocytes (Ledderose et al., 2011).

2.5 Drug sensitivity
Background
To monitor the effect of treating cells with a drug, Alamar blue assay was used in this project.
This assay quantitatively measures cells viability/proliferation depending on the reducing
metabolic activity within living cells. Resazurin, the active compound of Alamar blue, is non‐
fluorescent and blue in colour and is metabolised by the mitochondrial enzyme (diaphorase)
into the highly fluorescent red in colour Resorufin compound (Schreer et al., 2005). The
florescent intensity is relative to the number of living cells and therefore less metabolic activity
is expected from apoptotic/necrotic cells.
Reagents


RF10 medium: RPMI 1640 containing L‐glutamine supplemented with 10% of FBS



RF15 medium: RPMI 1640 containing L‐glutamine supplemented with 15% of FBS and
0.05% v/v Penicillin‐Streptomycin with 10,000 units penicillin and 10mg streptomycin)
(Sigma, Dorset, UK)



AlamarBlue® Cell Viability reagent (Thermo Fisher, UK, Cat#: DAL1100)
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CAL‐101 (Stratech, UK, Cat#: S2226‐SEL)



Ibrutinib (PCI‐32765) (Stratech, UK, Cat#: S2680‐SEL)



Fostamatinib R406 (Selleckchem, UK, Cat#: S2194)



Dasatinib (Stratech, UK, Cat#: S1021‐SEL)



Dexamethasone (Sigma, Dorset, UK, Cat#: D‐1756)

Drug

CAL‐101

Ibrutinib

Fostamatinib R406

Dasatinib

Dexamethasone

Concentration
range
0.1‐100µM
0.1‐100µM
0.01‐25µM
0.1‐100µM
0.1‐100µM
0.001‐100µM
0.1‐25µM
0.1‐25µM
0.01‐25µM
0.1‐25µM
0.1‐25µM
0.001‐50µM
0.001‐50µM
0.001‐50µM
0.001‐25µM
0.001‐50µM
0.001‐50µM
0.001‐25µM
0.005‐20µM
0.005‐20µM
0.01‐25µM
0.005‐20µM
0.005‐20µM
0.01‐25µM
0.01‐40µM
0.01‐40µM
0.01‐25µM
0.01‐40µM
0.01‐40µM
0.01‐25µM

Cells
PreB 697
Nalm‐6
R3F9
REH
TK6
PDX
PreB 697
Nalm‐6
R3F9
REH
TK6
PDX
PreB 697
Nalm‐6
R3F9
REH
TK6
PDX
PreB 697
Nalm‐6
R3F9
REH
TK6
PDX
PreB 697
Nalm‐6
R3F9
REH
TK6
PDX

Control
vehicle (CV)
0.5% DMSO
0.5% DMSO
0.12% DMSO
0.5% DMSO
0.5% DMSO
0.5% DMSO
0.12% DMSO
0.12% DMSO
0.12% DMSO
0.12% DMSO
0.12% DMSO
0.25% DMSO
0.25% DMSO
0.25% DMSO
0.12% DMSO
0.25% DMSO
0.25% DMSO
0.12% DMSO
0.1% DMSO
0.1% DMSO
0.12% DMSO
0.1% DMSO
0.1% DMSO
0.12% DMSO
0.2% ethanol
0.2% ethanol
0.12% ethanol
0.2% ethanol
0.2% ethanol
0.12% ethanol

Table 2.8: A list of single drugs used in this study and concentration ranges for each cell line
and PDX. All drugs were prepared from stock solutions adjusted to 20mM and stored in ‐20
to ‐80 °C.
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2.5.1 Procedure for testing drug sensitivity using single agents
Cells in mid‐log phase were used to determine the growth effects of different single drugs
(Table 2.8). The optimum seeding density for each cell line was previously shown by Irving lab
members to be 3x105 cells /ml, which allows three doubling times over a 4 day period and for
PDX cells, was 4x106 cells/ml as they don’t divide in suspension culture. Wells were seeded
with 100µl of medium‐containing cells (2x104‐4x105 cells per well) in a 96‐well sterile plate. To
each well, 100µl of drug dosings or control vehicle (CV) made up in relevant medium (RF10 for
cell lines and RF15 for PDX cells) were added as outlined in table 2.8. The dilution media was
prepared in control vehicle to ensure similar amount of CV across all drug dosings. Two
hundred microliters of media were added to the surrounding empty wells to minimise the
evaporation from the central wells. Cells were then incubated for approximately 96 hours
(about 3 doublings for cell lines) before the addition of twenty microliters of Alamar blue to
all the wells. Cells were left for 4 hours (cell lines) or 6 hours (PDXs) then the fluorescent
absorbance was measured using a FLUOstar microplate reader (Section 2.1.1) and raw data
were then analysed by MARS data analyses software. The fluorescent readings were averaged
and expressed as a percentage of control vehicle treated cells. GraphPad Prism software (6.0)
was used to analyse the data. The variable slope with sigmoidal shape was fitted to all the
data, and the GI50 (the drug dose that decreases cells proliferation to 50% when compared to
the control) was calculated manually from the curve.

2.5.2 Procedure for testing synergism using combination of single TKI with
dexamethasone
To test the effect of combining TKI inhibitor with dexamethasone, the combination index (CI)
value was calculated which determine whether this combination is synergistic, additive and
antagonistic (Chou and Talalay, 1984). This assay was performed after defining the GI50s of
cells to single TKI inhibitors and dexamethasone. For each single agent, 0.25 0.5, 1, 2 and 4
times the GI50 concentrations was tested separately and then both drugs combined. The same
number of cells were seeded as in section 2.5.1. To ensure equal amount of CV across all wells
of drugs (TKI alone, dexamethasone alone and combined), the dilution media was prepared in
a universal control vehicle made up from DMSO and ethanol (Tables 2.9 and 2.10). Apart from
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control vehicle preparation and concentration ranges, the same steps outlined in section 2.5.1
were used to assess the effect of drug combination on cells viability.
After calculating the percentage of growth due to treating cells with fractions of GI50s of single
agents and combination, the fraction affected (FA) is calculated for each tested concentration
using the following formula (Bijnsdorp et al., 2011):
FA

% growth
100

1

FA values were then entered for analysis by CalcuSyn software to calculate CI values.

Combination

CAL‐101 +
Dexamethasone

Ibrutinib +
Dexamethasone

Fostamatinib
R406 +
Dexamethasone

Dasatinib +
Dexamethasone

Cells

TKI
concentrat
ion range

Dexameth
asone
concentra
tion range

PreB 697

2.5‐40µM

11‐176nM

Nalm‐6
R3F9
REH

2.5‐40µM
2.5‐40µM
2.5‐40µM

2.5‐40µM
2.5‐40µM
2.5‐40µM

PreB 697

2.5‐40µM

11‐176nM

Nalm‐6
R3F9
REH

2.5‐40µM
2.5‐40µM
2.5‐40µM

2.5‐40µM
2.5‐40µM
2.5‐40µM

PreB 697

0.75‐12µM

11‐176nM

Nalm‐6
R3F9
REH

0.75‐12µM
1.5‐24µM
1.5‐24µM

2.5‐40µM
2.5‐40µM
2.5‐40µM

PreB 697

0.75‐12µM

11‐176nM

Nalm‐6

1.25‐20µM
0.625‐
10µM
2.5‐40µM

2.5‐40µM

0.2% DMSO + 0.00088%
EtOH
0.2% DMSO + 0.2% EtOH
0.2% DMSO + 0.2% EtOH
0.2% DMSO + 0.2% EtOH
0.2% DMSO + 0.00088%
EtOH
0.2% DMSO + 0.2% EtOH
0.2% DMSO + 0.2% EtOH
0.2% DMSO + 0.2% EtOH
0.06% DMSO + 0.00088%
EtOH
0.06% DMSO + 0.2% EtOH
0.12% DMSO + 0.2% EtOH
0.12% DMSO + 0.2% EtOH
0.06% DMSO + 0.00088%
EtOH
0.1% DMSO + 0.2% EtOH

2.5‐40µM

0.05% DMSO + 0.2% EtOH

2.5‐40µM

0.2% DMSO + 0.2% EtOH

R3F9
REH

Control Vehicle (CV)

Table 2.9: A list of drug combinations used in this study and concentration ranges for each
cell line. All drugs were prepared from stock solutions adjusted to 20mM and stored in ‐20
to ‐80 °C.
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Fostamatinib R406 +
Dexamethasone

Ibrutinib +
Dexamethasone

CAL‐101 +
Dexamethasone

Combination

Cells

TKI
concentrati
on range

Dexamethas
one
concentratio
n range

L910/AZ27

2.5‐40µM

13.75‐220nM

L4951/AZ26

1‐16µM

2.5‐40µM

L920/AZ24

2.5‐40µM

9.25‐148nM

L824/AZ22

2.5‐40µM

2.5‐40µM

L707/AZ33

0.75‐12µM

25‐400nM

L919/AZ19

2.5‐40µM

2.5‐40µM

L910/AZ27

2.5‐40µM

13.75‐220nM

L4951/AZ26

1.87‐30µM

2.5‐40µM

L920/AZ24

2.5‐40µM

9.25‐148nM

L824/AZ22

1.62‐26µM

2.5‐40µM

L707/AZ33

0.75‐12µM

25‐400nM

L919/AZ19

2.5‐40µM

2.5‐40µM

L910/AZ27

0.437‐7µM

13.75‐220nM

L4951/AZ26

2.5‐40µM

2.5‐40µM

L920/AZ24

2.5‐40µM

9.25‐148nM

L824/AZ22

0.75‐12µM

2.5‐40µM

L707/AZ33

0.75‐12µM

25‐400nM

L919/AZ19

2.5‐40µM

2.5‐40µM

Dasatinib +
Dexamethasone

L910/AZ27

37.5‐600nM 13.75‐220nM

L4951/AZ26

2.5‐40nM

2.5‐40µM

L920/AZ24

2.5‐40µM

9.25‐148nM

L824/AZ22

25‐400nM

2.5‐40µM

L707/AZ33

0.75‐12µM

25‐400nM

L919/AZ19

2.5‐40µM

2.5‐40µM

Control Vehicle (CV)
0.2% DMSO + 0.001%
EtOH
0.08% DMSO + 0.2% EtOH
0.2% DMSO + 0.0007%
EtOH
0.2% DMSO + 0.2% EtOH
0.06% DMSO + 0.0002%
EtOH
0.2% DMSO + 0.2% EtOH
0.2% DMSO + 0.001%
EtOH
0.15% DMSO + 0.2% EtOH
0.2% DMSO + 0.0007%
EtOH
0.13% DMSO + 0.2% EtOH
0.06% DMSO + 0.0002%
EtOH
0.2% DMSO + 0.2% EtOH
0.037% DMSO + 0.001%
EtOH
0.2% DMSO + 0.2% EtOH
0.2% DMSO + 0.0007%
EtOH
0.06% DMSO + 0.2% EtOH
0.06% DMSO + 0.0002%
EtOH
0.2% DMSO + 0.2% EtOH
0.003% DMSO + 0.001%
EtOH
0.0002% DMSO + 0.2%
EtOH
0.2% DMSO + 0.0007%
EtOH
0.002% DMSO + 0.2%
EtOH
0.06% DMSO + 0.0002%
EtOH
0.2% DMSO + 0.2% EtOH

Table 2.10: A list of drug combinations used and concentration ranges for some PDXs used
in this study. All drugs were prepared from stock solutions adjusted to 20mM and stored in ‐
20 to ‐80 °C.
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2.6 Protein analysis
2.6.1 Western blotting
Background
This technique involves separation of proteins depending on their molecular weight using a
polyacrylamide gel, and antibodies to visualise specific target proteins. Western blotting
method involves 5 major stages:
1. Protein sample preparation
2. Protein concentration estimation
3. Gel electrophoresis
4. Electroblotting
5. Immunodetection

2.6.1.1 Protein samples preparation for Western Blotting
Background
Before proteins are separated on polyacrylamide gel, cells need to be lysed to release
proteins. Depending on the phosphorylation status of the target protein, two cell lysis buffers
were used. 1x cell lysis buffer for non‐phosphorylated protein and PhosphoSafe reagent for
cytosolic proteins in which the phosphorylation state need to be preserved. PhosphoSafe
contains four phosphatase inhibitors, sodium vanadate, sodium fluoride, sodium
pyrophosphate and β‐glycerophosphate. After lysing the cells, proteins were denatured into
their individual polypeptide units. Sodium dodecyl sulphate (SDS), an anionic detergent, was
used as a denaturing agent. Samples were heated at 100°C in the presence of SDS and thiol
reagent 2‐mercaptoethanol which cleaves the S‐S bonds to allow solubilisation and
denaturation of protein mixtures. Also, the overall charge of polypeptides becomes negative
after binding with SDS which enables separation of proteins based on their sizes after being
placed in an electric field. To monitor samples whilst running on the gel, bromophenol blue
was used as a dye front.
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Reagents


25x Cocktail of protease inhibitors: 1 tablet of cOmplete, EDTA‐ free protease inhibitor
cocktail tablet is dissolved in 2ml ddH2O (Roche, Welwyn Garden City, UK).



1x cell lysis buffer: 10% v/v of 10x Cell lysis buffer (Cell Signalling, USA); 86% v/v ddH2O;
4% v/v 25x cocktail of protease inhibitors.



PhosphoSafe™ Extraction Reagent (Merck Millipore, USA)



Laemmli Buffer: 4% SDS; 62.5mM Tris‐HCl, pH 6.8; 20% (v/v) glycerol; 5% 2‐
mercaptoethanol; 0.005% bromophenol blue

Procedure
Before adding the appropriate lysis buffer, cells were washed in PBS (Section 2.2.5). Between
25‐100 microliters of chilled 1x lysis buffer were added depending on the cell number. Cells
were then vortexed and incubated with the lysis buffer. For non‐phospho proteins, cell were
incubated with 1x lysis buffer for 20 minute on ice with intermittent vortexing. While for
phospho proteins, cells were vortexed well and then incubated with PhosphoSafe (containing
4% v/v of 25x cocktail of protease inhibitors) for 10 minutes at room temperature. After
exposing cells to the appropriate lysis buffer, samples were centrifuged at 12000 RPM for five
minutes at 4°C to pellet debris. The supernatant containing the protein extract was then
transferred into a new, chilled eppendorf tube. Bicinchoninic acid (BCA) assay was then used
to assess protein concentration of the lysate. Appropriate volumes of protein samples were
made up to 0.5‐1mg/ml using Laemmli buffer before heating at 100°C for 5 minutes to allow
protein denaturation. Samples were either loaded in the gel or stored at ‐20°C for use at a
later date.

2.6.1.2 Samples protein estimation
Background
It’s necessary to measure the protein concentration of a lysate before performing any protein
study by electrophoresis. The protein concentration of all samples studied by western blotting
was evaluated by Pierce™ BCA Protein reagents (Thermo Fisher Scientific, Cramlington, UK)
which is based on BCA. In this assay, proteins reduce Cu2+ to Cu+ in an alkaline medium (biuret
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reaction). The cuprous cation (Cu+) is then reacted with BCA to form a purple complex which
enables colorimetric evaluation of total proteins by measuring absorbance at 540‐590nm
wavelength on a FLUOStar omega microplate reader (Smith et al., 1985). A standard protein
samples were then used to quantify the protein concentration of unknown samples.
Reagents
•

BCA Reagent A (Thermo Fisher Scientific, Cramlington, UK): contains sodium
bicarbonate, sodium carbonate, bicinchoninic acid and sodium tartrate in 0.1M NaOH

•

BCA Reagent B (Thermo Fisher Scientific, Cramlington, UK): contains 4% cupric
sulphate

•

Pierce™ Bovine Serum Albumin Standard (Thermo Fisher Scientific, Cramlington, UK):
2mg/ml bovine serum albumin in 0.9% NaCl solution containing sodium azide

Procedure
The Pierce™ BCA Protein assay was performed according to the manufacturer’s instructions.
Ten microliters of diluted bovine serum albumin standards in dH2O (0.2‐1.2mg/ml) were
plated out in quadruplicates to a 96 well plate. Following that, 10µl of 1:10 diluted protein
samples were added in quadruplicate before addition of 190µl of BCA working solution (50
parts of BCA reagent A mixed with 1 part of BCA reagent B) to all wells being tested. The wells
were then sealed and incubated for 30 minutes at 37°C before measuring absorbance at
562nm using FLUOStar omega microplate reader (Section 2.1.1). The unknown protein
concentration of samples was then extrapolated from a standard curve generated by MARS
Data Analysis Software after multiplying concentrations by the dilution factor.

2.6.1.3 Polyacrylamide gel electrophoresis
Background
The scientific principle of this method is the migration of charged molecules through a matrix
after application of an electric current. Polyacrylamide is a suitable electrophoresis gel as it is
electrically neutral, chemically inert, transparent and hydrophilic. Proteins separation by this
method is size dependent, with smaller proteins migrating quicker than larger proteins.
Polyacrylamide gel is formed after acrylamide monomers are polymerised into long chains by
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N,N‐methylene‐bisacrylamide reaction. The rate of proteins transfer in polyacrylamide gel
varies depending on the pore size of the gel and therefore the protein size range of the gel is
determined according to the target protein. In this project, 4‐20% gradient polyacrylamide
gels were used to resolve small and large sized proteins on the same gel.
Reagents


Electrode Buffer – 41.2nM Tris, 192mM glycine, 0.1% (w/v) SDS



Precision Plus Protein™ Dual Color Standards (Bio‐Rad Laboratories, Perth, UK)



4–20% Mini‐PROTEAN® TGX™ Precast Protein Gels (Bio‐Rad Laboratories, Perth, UK)

Procedure
Electrophoresis was performed using mini‐gel equipment (Bio‐Rad, UK) according to
Laemmli`s method (Laemmli, 1970). Five microliters of protein marker was loaded in the first
and last wells to flank the samples wells. Also, 15µl of samples prepared in Laemmli buffer
(0.5‐1mg/ml) were then loaded into the precast gel. Constant voltage of 220V was then
applied for 25‐35 minutes to separate the proteins of interest.

2.6.1.4 Electroblotting
Background
Following gel electrophoresis, proteins were transferred from the polyacrylamide gel to a
polyvinylidine difluoride (PVDF) membrane (Bio‐Rad Laboratories, USA) which has a high
affinity to proteins to allow Immunodetection of target proteins (Burnette, 1981). This was
achieved by placing the PVDF membrane upon the gel to ensure mirror image proteins
transfer. After applying electrical field perpendicular to the gel surface, proteins were
transferred from the gel to the membrane while immersed in the electrode buffer. This
buffered solution contained methanol which increases PVDF membranes capacity for protein
binding and counteracts acrylamide gel swelling.
Reagents


Transfer Buffer – 10mM CAPS, 10% (v/v) methanol
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Procedure
Mini‐blot equipment (Bio‐Rad, UK) was used to perform electroblotting. Sponges (Bio‐Rad,
UK), pre‐soaked PVDF membrane in absolute methanol and 3mm Whatman filter card (GE
Healthcare Life Sciences, UK) were soaked in a freshly prepared transfer buffer before
sandwiching. Within electroblotting cassette, the sandwich was constructed as in the
following sequence:
1. Sponge
2. Two filter cards
3. SDS gel
4. PVDF membrane
5. Two filter cards
6. Sponge
Any air bubbles formed were removed by rolling a 5ml tip over the sandwich. One hundred
volts was then applied to the transfer tank and an icepack was added to prevent overheating.

2.6.1.5 Immunodetection
Background
After electroblotting, PVDF membranes were probed with specific antibodies (mono or
polyclonal) to detect the target protein. Before probing with antibodies, PVDF membranes
were incubated with a blocking buffer (buffer containing fat‐free milk or Superblock) (Thermo
Fisher Scientific, Cramlington, UK) to prevent non‐specific binding of antibodies. The primary
antibodies were also diluted in the same blocking buffer. Tween 20 is the detergent used to
make up all buffers involved in Immunodetection procedure due to its ability to reduce the
background formed from binding of non‐specific proteins to the PVDF membrane. Following
blocking, PVDF membranes were incubated with a primary antibody specific for the protein
of interest. Before probing with the secondary antibody, membranes were washed to get rid
of unbound antibodies. The membrane was then incubated with a secondary antibody
produced in a different animal species against primary antibody Immunoglobulins (Ig).
Secondary antibodies used in this project were linked to a horseradish peroxidase (HRP)
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reporter enzyme which catalyses cyclic diacylhydrazide (luminol) oxidation to form acrinidium
ester intermediates. High intensity chemiluminescence (430nm emission) was then produced
after reaction of intermediates with peroxide in the presence of slight alkaline conditions. This
luminescence is then detected by exposing the PVDF membrane to x‐ray film and then
developed by Automatic X‐ray Film Processor (Section 2.1).
Reagents


Tris‐Buffered Saline (TBS) supplemented with Tween‐20 (TBS‐Tween or TBST) –
0.154M NaCl, 0.05M Tris, 0.5% (v/v) Tween‐20



Blocking buffers
o 5% (w/v) dried skimmed milk powder prepared in TBST
o SuperBlock™ T20 (TBS) Blocking Buffer (Thermo Fisher Scientific, Cramlington,
UK)



Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Life
Sciences, UK)
o Solution A, Luminol enhancer
o Solution B, Peroxide solution



Primary and secondary antibodies (Table 2.11)

Procedure
After electroblotting, the PVDF membrane was immersed in a blocking buffer for 45 minutes
on a rocking platform at room temperature. The PVDF membrane was then cut and incubated
overnight with the relevant primary antibody at the appropriate dilution (Table 2.11) on a
rocking platform at 4°C. Before probing with the HRP conjugated secondary antibody, the
PVDF membrane was rinsed 3 times and then washed in TBST buffer for twelve minutes on a
rocking platform to remove any unbound primary antibody. The PVDF membranes were then
incubated for 30‐60 minutes at room temperature. Membranes were then washed for 5
minutes in TBST on a rocking platform, and same washing conditions were repeated for
further 3 times using fresh TBST. ECL reagents were then used to detect chemiluminescence
from membrane bound HRP. Based on the manufacturer instructions, one part of solution A
(Luminol enhancer) was mixed with one part of solution B (Peroxide solution) and then
pipetted onto the membrane and left for 5 minutes at room temperature. The PVDF
membranes were then drained and wrapped in SaranWrap (Thermo Fisher Scientific,
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Cramlington, UK) and then put in an autoradiography cassette (Genetic Research
Instrumentation Ltd., Dunmow, UK) for detection of chemiluminescence. Automatic X‐ray Film
Processor (JPI Healthcare, Korea) was then used in a dark room to develop the x‐ray film after
being exposed to the PVDF membrane for a definite amount of time to allow visualisation of
the protein. Chemiluminescence was also detected by BioRad imaging system (Section 2.1.1)
and images were analysed by Image Lab™ Software 6.0 with a computer connected to the
machine.

Target
protein

Molecular
wt (kDa)

Species and
clone

Dilution
used

Diluting
buffer

Dilution
of
secondary

Supplier

Catalogue
number

Ab

GR

94.91

pGRS211

95

PARP

116

pAKTs473

60

Total
AKT
Alpha
tubulin

60
45

Rabbit
monoclonal
Rabbit
monoclonal
Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
monoclonal
Rabbit
monoclonal
Mouse
monoclonal

1:3000

5% BSA

1:2000

1:2000

5% Milk

1:4000

1:2000

5% Milk

1:2500

1:2000

5% Milk

1:5000

1:2000
1:80
000
1:500
000

Super
block
Super
block

1:2000
1:2000

5% Milk

1:8000

Rabbit‐
Ig

_

Goat

_

TBST

_

Mouse‐
Ig

_

Goat

_

TBST

_

Cell
Signaling
Cell
Signaling
Cell
Signaling
Santa
Cruz
Cell
Signaling
Cell
Signaling
Sigma‐
Aldrich
Dako,
Glosturp,
Denmark
Dako,
Glosturp,
Denmark

2933
3660
4161s
sc‐7150
4060
4691
T6074
P0448

P0447

Table 2.11: List of antibodies used in western blotting with their relevant dilutions.
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Procedure for stripping proteins from PVDF membrane
In order to re‐probe a given blot with several different antibodies, Re‐blot Plus (Merck
Millipore, UK) stripping solution was used in this project. According to the manufacturer
instructions, blots were submerged in 1x antibody stripping solution (one part 10x antibody
stripping solution diluted in 9 parts distilled water) and incubated for 15 minutes with mild
mixing on a rocking platform at room temperature. PVDF membranes were then blocked in
an appropriate blocking solution for 30 minutes before washing twice in TBST buffer, for 5
minutes. Following that, the PVDF membrane was ready for re‐probing with a different
antibody.

2.6.2 Extraction of cytoplasmic and nuclear proteins
Background
In order to investigate the presence or absence of a target protein in cytosolic or nuclear
compartments of the cells, subcellular fractionation was used to extract proteins from these
two compartments. A stepwise separation of cytosolic and nuclear extract from cultured cell
lines was performed according to a protocol developed by Schreiber (Schreiber et al., 1989).
The cytoplasmic contents were released from pelleted cells after addition of buffer A which
acts by disrupting the plasma membrane. Intact nuclei were recovered by centrifugation after
removal of the cytosolic extract. Nuclear proteins were then extracted from nuclei after
addition of buffer B with vigorous rocking. Protease inhibitors were added immediately before
use to maintain function and integrity. This method used to extract proteins from the two
cellular compartments to investigate glucocorticoid receptor translocation from the
cytoplasm to the nucleus.
Reagents


25x Cocktail of protease inhibitors: 1 tablet of cOmplete, EDTA‐ free protease inhibitor
cocktail was dissolved in 2ml ddH2O (Roche, Welwyn Garden City, UK).



Buffer A: 10 mM HEPES; pH 7.5, 10mM KCl, 0.1mM EDTA, 1mM dithiothreitol (DTT),
0.5% IGEPAL CA‐630, 0.5mM PMSF and 4% v/v 25x protease inhibitor cocktail
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Buffer B: 20mM HEPES (pH 7.5), 400mM NaCl, 1mM EDTA, 1mM DTT, 1mM PMSF and
4% v/v of 25x protease inhibitor cocktail

A. Procedure for extracting cytosolic proteins using buffer A
A suspension of 10 million cells growing in exponential phase were collected and washed in
10ml of PBS (Section 2.2.5). The pelleted cells were then resuspended in 1ml of cold PBS and
transferred into 1.5ml eppendorf tube and centrifuged at 450g for 5 minutes in a cold
centrifuge at 4°C. Following that, the supernatant was removed and pelleted cells were
resuspended in 150µl of cold buffer A for 15 minutes on ice. During this incubation time, tubes
were vortexed for 10 seconds every 7 minutes to disrupt the cell membrane. Tubes were then
centrifuged at 12,000g for 10 minutes at 4°C and the supernatant was stored at ‐80°C for use
at a later time. An aliquot (10µl) of this cytoplasmic extract was diluted in 40µl of distilled
water for protein concentration quantification (Section 2.6.1.2).
B. Procedure for extracting nuclear proteins using buffer B
One ml of buffer A was then used to gently resuspend the remaining nuclei pellet and then
was centrifuged for 450g for 5 minutes at 4°C. After decanting the supernatant, the pelleted
nuclei were resuspended in 60‐75µl of buffer B and the tubes were vigorously rocked by
thermomixer (Section 2.1.1) at 1300 RPM for 30 minutes at 4°C. The eppendorf tubes were
then centrifuged at 12,000g for 15 minutes at 4°C. Ten microliters of the nuclear extract were
diluted in 40µl of distilled water for protein concentration quantification (Section 2.6.1.2) and
the remaining supernatant was stored at ‐80°C for use at a later date as nuclear extract.

2.6.3 GR transcription factor binding
This assay involves 3 stages:
1. Protein extraction from the cells
2. Quantification of protein using Bradford assay
3. Investigating GRE binding by an ELISA method
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2.6.3.1 Extraction of nuclear proteins
Reagents


Buffer A: 10mM HEPES; pH 7.5, 10mM KCl, 0.1mM EDTA, 1mM dithiothreitol (DTT),
0.5% IGEPAL CA‐630, 0.5mM PMSF and 4% v/v 25x protease inhibitor cocktail



Complete Lysis Buffer: 0.1% (v/v) of 1M DTT, 1% (v/v) protease inhibitor cocktail in 1
ml Lysis buffer AM2 (Provided with GRE ELISA kit) (Active Motif Europe, La Hulpe,
Belgium)

A. Procedure for extracting cytosolic proteins using buffer A
Please see section 2.6.2.A
B. Procedure for extracting nuclear proteins using Active Motif`s lysis buffer
One ml of buffer A was then used to gently resuspend the resulting nuclei pellet and then
centrifuged for 450g for 5 minutes at 4°C. After decanting the supernatant, the pelleted nuclei
were resuspended in 50µl of freshly prepared Complete Lysis Buffer and the tubes were
vigorously rocked by thermomixer (Section 2.1.1) at 1300 RPM for 30 minutes at 4°C. The
eppendorf tubes were then centrifuged at 14,000g for 10 minutes at 4°C. Ten microliters of
the nuclear extract were diluted in 40µl of distilled water for protein concentration
quantification and the remaining supernatant was stored at ‐80°C for use at a later date as
nuclear extract.

2.6.3.2 Quantification of protein using Bradford assay
Background
In this study, the protein was quantified using Bradford based assay. Briefly, the proteins were
measured by microplate reader at 595nm after adding an acidic dye to a protein extract
solution. In this dye‐binding assay, the change of dye colour is relative to the protein
concentration present in the solution (Bradford, 1976). Upon binding of dye‐protein, the
absorbance maximum of acidic solution of Coomassie Brilliant Blue G‐250 Dye will shift from
465 nm to 595 nm.
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Unlike BCA protein quantification method (Section 2.6.1.2), this reagent showed no
interference with Complete Lysis buffer and therefore this method was employed in the GRE
binding study.
Reagents


Bio‐Rad Protein Assay Dye Reagent Concentrate (Bio‐Rad Laboratories GmbH,
Munchen, Germany)



Pierce™ Bovine Serum Albumin Standard (Thermo Fisher Scientific, Cramlington, UK):
2mg/ml bovine serum albumin in 0.9% NaCl solution containing sodium azide

Procedure
The Bradford protein assay was performed according to the manufacturer’s instructions. Ten
microliters of diluted bovine serum albumin standards in dH2O (0.2‐1.2mg/ml) were plated
out in quadruplicates to a 96 well plate. Following that, 10µl of 1:5 diluted protein samples
were added in quadruplicate before addition of 190µl of Bradford working solution (One part
Dye Reagent Concentrate with four parts distilled water) to all wells being tested and pipette
up and down to allow thorough mixing. Following that, incubation was performed for 5
minutes at room temperature before measuring the absorbance at 595nm using FLUOStar
omega microplate reader (Section 2.1.1). The unknown protein concentration of samples was
then extrapolated from a standard curve generated by MARS Data Analysis Software after
multiplying concentrations by the dilution factor.

2.6.3.3 ELISA method for measuring GR transcriptional activity
Background
It has been established that activated GR transcription factor regulates target gene expression
level after binding to consensus sequences of the promoter region of genes. These
palindromic sequences which are located at the regulatory region of target genes are called
glucocorticoid response elements (GREs) (Oakley and Cidlowski, 2013b).
In this study, the GR activation level was detected and quantified by using the commercially
available kit purchased from Active Motif which utilises the ELISA based colorimetric method
as outlined in figure 2.2. At the bottom of each well of the ELISA plate, a consensus
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oligonucleotides sequence (GRE) has been immobilised. Hence, any GR molecule contained in
the nuclear extract will bind to the GRE oligonucleotide sequence specifically which can then
detected by primary antibody against GR. Secondary HRP labelled antibody specific to the
primary antibody is then added before developing and quantification of GRE activity by
spectrophotometer.

Figure 2.2: Flow chart of ELISA based assay for measuring GRE transcription factor activity.
Active GRE transcription factor contained in the nuclear extract binds to the consensus
sequence immobilised on the oligonucleotide coated well. The amount of GRE is then
quantified after incubation with primary and secondary antibodies. Flow chart reproduced
from www.activemotif.com/documents/59.pdf.

Reagents


TransAM™ GR Transcription Factor Assay Kit (Active Motif, Belgium; Cat# 45496)

Procedure
According to the manufacturer`s instructions, GR‐DNA binding activity was assessed. Briefly,
for each well to be used, 30µl of freshly made complete lysis buffer was added (Table 2.12).
10µl of nuclear protein extract was prepared (Section 2.6.3.1) and then quantified using the
Bradford assay (Section 2.6.3.2), and was diluted in complete lysis buffer (Table 2.12) to
0.5µg/µl. Twenty µl of each sample were then added in single replicates for 60 minutes with
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mild agitation at rocking platform. Twenty µl of complete lysis buffer was used as a blank, and
also, the same volume of nuclear protein extracted from HeLa cells treated with
dexamethasone was used as positive control. Two hundred µl of 1x washing buffer was used
to wash each well and this was repeated 3 times. 100µl of diluted GR primary antibody (diluted
to 1:1000 with Antibody Dilution Buffer) provided with the kit was then added for each well
without agitation. Following 60 minutes incubation at room temperature, wells were washed
as before and 100 microliters of secondary HRP‐conjugated antibody (diluted to 1:1000 with
Antibody Dilution Buffer) was added for each well and incubated for one hour. Wells were
then washed as mentioned above before addition of one hundred microliter of Developing
Solution for 7 minutes. 100µl of Stop Solution was then added and absorbance was measured
using a FLUOstar omega microplate reader (Section 2.1.1) at 450 nm with a reference
wavelength of 655 nm.

Reagent
Complete Lysis Buffer
Complete Binding
Buffer

Component
DTT
Protease Inhibitor Cocktail
Lysis Buffer AM2
DTT
Herring Sperm DNA
Binding Buffer AM2

Volume
(µl)/well
0.02
0.23
22.25
0.03
0.34
33.4

Table 2.12: Preparation of buffers for use in GR transcription factor activity, buffers were
provided with the kit.
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2.7 Xenotransplantation of ALL samples
Background
In order to perform various downstream assays using clinical material, such as drug sensitivity
testing of numerous drugs, a large number of cells are often required. During the last few
decades, it has become possible to xenotransplant primary haematopoietic cells into mice
with impaired immune system to serve as a preclinical bridge between human and mouse (Cox
et al., 2004; Shultz et al., 2007). These pre‐clinical models also maintain the genetic diversity
of patient samples and this may justify their usage in testing potential compounds and
studying biology of diseases (Scott et al., 2013; Wang et al., 2017). It has been found that the
genotypic and phenotypic properties and MRD markers of the original patient ALL cells are
retained in the non‐obese diabetic/severe combined immunodeficiency [(NOD/SCID), IL‐2R
common gamma chain null (NSG)] ALL mouse model (Cox et al., 2004; Woiterski et al., 2013).
Leukaemic blast engraftment can be monitored in peripheral blood by flow cytometry at
frequent intervals. Enlarged spleens taken from highly engrafted mice are made up of high
percentage of human blast cells which can be utilised in the downstream ex vivo analyses or
reinjected into new NSG mice to amplify the patient material. However, this technique is time
consuming and the time elapsed for spleen engraftment is unpredictable as is deciding on
when to harvest mouse spleen before the disease impacts on mouse health. Spleen
engraftment does not necessarily correlate with peripheral blood leukaemia monitoring.

2.7.1 Cells preparation for xenotransplantation
The primary patient samples were randomly selected from high risk and relapse patients,
however, two known Pre‐BCR+ cases, one with a t(1;19) and another with a t(17;19) were also
included. Cryopreserved primary patient ALL or PDX cells (Table 2.13) were allowed to thaw
at 37°C and then washed twice in warm RF10. Cells were then resuspended in RF10 and
adjusted to 5x107/ml (1x106 in 20µl) as the final concentration. Home office licence was
obtained before embarking animal work and all patient samples were obtained from the
Haematology biobank following project ethical approval. Dr Helen Blair, as staff member of
the NICR kindly performed the intrafemoral procedure (Sections 2.7.2).
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Patient ID

Gender

Age at
present
ation
(years)

Cytogenetics

Oncogene

L825
Presentati
on

Female

14

Normal

CBL

L897
Presentati
on

Male

16

Failed

RAS

L779
Presentati
on

Male

5

High Hyperdiploidy

RAS

NRAS

L578
Relapse

Female

3

relapse 2
46XX[20]FISH:MLL,BCR/AB
L,TEL/AML‐ve Gain of
AML1

L829
Presentati
on

Female

3

High Hyperdiploidy

NRAS, KRAS

L829
Relapse

Female

3

High Hyperdiploidy

KRAS

Mice
implanted

L825/JM 158
L825/JM 157
L825/AZ12
L825/AZ10
L825/AZ17
L825/AZ18
L897/JM 234
L897/JM 233
L779/JM 151
L779/JM 150
L779/JM 152
L779/AZ14
L779/AZ13
L578/JM 162
L578/AZ7
L578/AZ9
L578/AZ8
L829/AZ3
L829/AZ2
L829/AZ1
L829/JM 254
L829/AZ16
L829/AZ15
L914/AZ6

L914
Presentati
on

Female

7

High Hyperdiploidy

CBL, FLT3

L914/AZ4
L914/AZ5

L910
Presentati
on

L910/AZ28
Female

2

46,XX,t(1;19)(q23;p13)[9]/
46,XX[1]
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Patient ID

Gender

L4951
Presentat
ion

No
info

LK196
2nd
relapse

Male

L920
Presentat Female
ion
L919 2nd
Male
Relapse
L824
Presentat Female
ion
L919 1st
Male
Relapse
L881 2nd
Relapse

Male

Age at
present
ation
(years)

Oncogene

Mice
implanted

L4951/AZ25
15

t(9;22)

BCR‐ABL1

15

At diagnosis
46,XY[20].arr[hg19](9p21.3)x0,
(14q32.33)x1
So the g‐banding is normal.

biallelic lost
of 9p21.3
(CDKN2A/B)
and a
monoallelic
lost of
14q32.33
(IGH).

4

Failed

N/A

2

No info

N/A

16

Failed

PDGFR

2

No info

N/A

L919/JM267

6

No info

N/A

L881/JM276
L881/JM275

TCF3‐HLF

L707/AZ33

N/A

L523/AZ29

L4951/AZ26

LK196/JM27
2

L920/AZ23

L707
Presentat Female
ion

16

L523 Rel

15

Female

Cytogenetics

46,XX,der(19)t(17;19)(q2?2;p1
3)[12]/
46,idem,fra(10)(q25)[17]/
46,XX[1].ish
der(19)t(17;19)(19ptel‐
,wcp17+,wcp19+,19qtel+)
Presentation 46,XX,t
(1;9)(q2?5;q34) [7]

L920/AZ24
L919/AZ20
L919/AZ19
L824/AZ21
L824/AZ22

Table 2.13: Details of patient samples used in this project to generate PDX samples. All mice
labelled with JM were kindly given from Liz Matheson or Marian Case, L4951 patient cells was
kindly donated from Alex Elder.
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2.7.2 Intrafemoral transplantation protocol
In order to perform intrafemoral transplantation, NSG mice were subject to general
anaesthesia. Mice were placed in an anaesthesia chamber which is connected to oxygen and
an isoflurane vaporiser. Five percent v/v of Isoflurane was applied in a constant flow of oxygen
(1500‐2000 ml/minute) until the animal lost consciousness inside the anaesthesia chamber.
To maintain the anaesthesia outside the chamber, a face mask supplied with Isoflurane (~3%)
was fitted. A pain stimulus was then applied to the mouse foot to ensure the appropriate
amount of anaesthesia was utilised before embarking on the procedure. At the start of the
procedure, mice were weighed before injecting them with analgesic (5mg/kg Carprofen)
subcutaneously. The leg fur was then shaved and sterilised with Hydrex Derma spray before
drilling the kneecap and femur with a 29G insulin needle. One million patient or PDX cells were
suspended in 20µl of RF10 and injected into the femur using a new needle. After completion
of the procedure, mice were put back in their cages and observed for full recovery and signs
of prolonged bleeding. Highly aseptic conditions were ensured throughout anaesthesia and
intrafemoral procedures.

2.7.3 NSG mice husbandry
After injecting the mice with human leukaemic cells, mice were weighed weekly and checked
for signs of sickness. According to the home office license, the end point is defined as more
than 10% weight loss maintained for 3 days or more than 20% weight loss (compared to the
heaviest weight). Further to the defined end points, the general health of the mice are also
considered and signs of illness are monitored such as:
1. Enlarged spleen
2. Paleness of the ears, feet or the tail may indicate poor circulation or anaemia
3. Loss of skin tone
4. Laboured breathing
5. Reduced movement or hind limb paralysis
6. Inability to maintain upright position
7. A starry coat with porphyrin staining around eyes or nose
Mice were sacrificed humanly according to schedule one method (cervical dislocation).
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Protocol for mouse tail bleeding
A tiny amount of mouse blood (50µl) was taken from the tail by venepuncture to assess the
percentage of leukaemic cells. Mice were restrained in a plastic tube and then the tail vein
was nicked by a sterile scalpel blade. The droplet of blood formed on the tail was then
collected in heparin coated tubes (Sarstedt Ltd, Leicester, UK) by capillary action. After blood
collection, the bleeding was stopped by applying pressure above the cut and the mouse was
released from the restraining tube and put back in the cage. Mice were observed for several
minutes to make sure that the bleeding had stopped. Blood samples were then taken to the
lab for analysis as described in section (2.3.4.2).

2.7.4 Processing of harvested xenograft mouse spleen
Once mice were sacrificed after detection of a high percentage of leukaemic cells in the
peripheral blood (>40%) or after showing signs of illness (section 2.7.3), their spleens were
removed for analysis. Mice spleens were then weighed before homogenisation using a 1ml
syringe plunger. In order to get single cell suspension, the homogenate was passed through
cell sieve using sterile RF15 medium. After two washes in the same medium and centrifugation
at 1000 RPM for 5 minutes, cells were counted using trypan blue (Section 2.2.6). Cells were
then used for downstream assays or frozen at ‐150°C for use at a later date.

2.8 Statistical analysis
Unpaired student`s t‐test was used to determine statistical significance using GraphPad Prism
software, p<0.05 were considered significant. CalcuSyn software was used to calculate the
combination index of 2 drugs based on Chou and Talalay method (Chou and Talalay, 1984).
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3.1 Introduction
As described earlier, Pre‐BCR signalling plays an important role in the survival and
differentiation of normal B cells through key signalling pathways, however, recurrent genetic
aberrations in ALL, including chromosomal translocations and gene deletions or mutations,
interfere with normal Pre‐BCR signalling to enhance leukaemogenesis (Herzog et al., 2009;
Eswaran et al., 2015). Therefore, characterising BCP‐ALL cells for Pre‐BCR signalling is
informative for therapeutic exploitation. In order to assess a potential target(s) for small
molecule inhibitor TKIs, Pre‐BCR expression, activation status, and function were
comprehensively investigated in ALL cells.
The aim of this chapter was to:


Assess cell surface expression of Pre‐BCR molecules (µHC, VPREB and λ5) in ALL cell
lines and PDX cells.



Measure Ca2+ mobilisation due to stimulation with F(ab)2 anti‐µHC antibody to assess
Pre‐BCR function.



Measure the baseline phosphorylation of key signalling intracellular proteins
associated with the Pre‐BCR signalling pathways (i.e. pBTK, pAKT, pSYK, pBLNK, pERK,
and pPLC‐ϒ2) and their activation due to stimulation with anti‐µHC antibody.
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3.2 Cell surface expression of Pre‐BCR molecules
It is well established that the cell surface of most BCP‐ALL cells do not express Pre‐BCR
(Kuwahara et al., 1996; Geng et al., 2015) but it is a key parameter which must be
characterised in the ALL cells used in this study. Therefore, to evaluate expression of Pre‐BCR,
the Immunoglobulin µ heavy chain (µHC) and the surrogate light chain fragments (VPREB and
λ5) were measured by Flow cytometry (Section 2.3.4.1) in a series of cell lines from different
developmental stages (n=7) and 31 PDX samples derived from 15 primary patient samples
(Figures 3.1 and 3.2).
Only cell lines at the precursor B cell stage (PreB 697, R3F9, Nalm‐6) expressed surrogate light
chains, whereas µHC was expressed on the surface of all cell lines (Pre‐B, immature and
mature B cells) except REH cells (pro‐B cells). However, the Ig heavy chain was more abundant
on the Burkitt’s lymphoma cell lines (Daudi and Ramos; immature and mature B cell,
respectively) (Figure 3.1). TK6 cells are considered immature B cells as they express µHC and
lack surrogate light chain molecules, however µHC expression is less abundant than immature
and mature B cells.
In addition to cell lines, PDX samples used in this study were evaluated for Pre‐BCR expression
and only 7 PDX samples derived from 3 patient samples expressed Pre‐BCR molecules. Two
harboured the chromosomal translocations t(1;19) TCF3‐PBX1; t(17;19)(q22;p13) TCF3‐HLF,
while the third had normal cytogenetics (Figure 3.2, top 3 panels, table 2.13). However, the
remaining 24 PDX samples (derived from 12 patient samples) were shown to be Pre‐BCR
negative as they lack expression of µHC and surrogate light chain molecules. They did not bear
classic Pre‐BCR‐associated cytogenetics. (Figure 3.2, bottom 12 panels, table 2.13).
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Figure 3.1: Flow cytometry analysis of Pre‐BCR expression in a subset of B lineage cell lines
from different developmental stages.
Cells at the logarithmic growth phase were harvested and analysed by flow cytometry for
surface binding of anti‐µHC, anti‐VPREB and anti‐λ5. Each cell line was also stained with an
isotype control (grey histogram), a representative trace is shown. Histogram overlays were
generated by Flowjo software.
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Figure 3.2: Flow cytometry analysis of Pre‐BCR expression in PDX samples.
PDX cells harvested from mice spleens were analysed by flow cytometry for surface binding
of anti‐µHC, anti‐VPREB and anti‐λ5. Each PDX sample was also stained with isotype control
(grey histogram) that matches the isotype and concentration of fluorescent labelled primary
antibody. 1‐3 PDX samples were used for each primary patient sample. Histogram overlays
were generated by Flowjo software.
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3.3 Measurement of Ca2+ mobilisation
As reviewed in chapter one, intracellular Ca2+ mobilisation is a process induced after activation
of Pre‐BCR mediated downstream signalling (Kuwahara et al., 1996; Scharenberg et al.,
2007b). To confirm the expression and functionality of Pre‐BCR in cell lines and PDX samples,
Ca2+ flux was measured by flow cytometry after stimulation with anti‐µHC antibody using Flou‐
4 dye imaging assay (Section 2.3.1). Immature and mature B cells (Daudi and Ramos) were
used as a positive controls due to their known positive response to anti‐µHC antibody cross‐
linkage (Kuwahara et al., 1996; Schneider et al., 2015). Ionomycin treatment was also used as
an internal control which induces Ca2+ release and thereby confirms successful loading of the
Fluo‐4 dye in the cells (Kauffman et al., 1980). Ca2+ release was assessed in all cell lines during
the log phase of growth (Figure 3.3) and a transient increase in FITC signal was seen after anti‐
µHC addition to the BCR+ (Ramos and Daudi) and Pre‐BCR+ cell lines (PreB 697 and Nalm‐6),
however, TK6 (BCR+), R3F9 (Pre‐BCR+) and REH (Pre‐BCR‐) showed no increase in calcium
mobilisation. Also, all cell lines showed a prominent increase in FITC fluorescence after
ionomycin treatment (Figure 3.3). Surprisingly, late and weak calcium flux was only observed
in one out of 3 Pre‐BCR+ ALLs (L910 presentation) but was similar in duplicate PDX derived
from this sample. Consistent with Pre‐BCR lacking REH cell line, all Pre‐BCR‐ PDX samples (24
PDX derived originally from 10 patient samples) showed no flux of calcium after anti‐µHC
antibody addition. Nevertheless, an increase in FITC fluorescent was observed after addition
of ionomycin in all PDX samples but it was generally less potent than in cell lines and this might
suggest a lower calcium content in the cytosolic stores of PDX cells (Figure 3.4) compared to
cell lines (Figure 3.3).
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Figure 3.3: Ca2+ mobilisation measurement in human B‐lineage cell lines by Flow cytometry.
Ca2+ flux measurement in mature‐B, immature‐B, Pre‐B and Pro‐B cell lines (2‐3 replicates
each) after engagement of the Pre‐B or B cell receptor. Cells were loaded with Fluo‐4, AM
imaging kit and analysed on a FACSCalibur. FITC Fluorescence was recorded for 60 seconds of
baseline Ca2+ mobilisation, followed by addition of 20µg/ml of F(ab)2 goat anti‐µHC antibody
for Pre‐B/BCR stimulation. Ionomycin (10µg/ml) was then added to the remaining sample as
a positive control to achieve a maximum cytosolic Ca2+ concentration. Flowjo software was
used to analyse the data. Red arrows denote the additions of anti‐µHC and ionomycin which
were applied for all samples.
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Freshly harvested PDX cells from mice spleens were loaded with Fluo‐4, AM imaging kit and analysed on FACScalibur. FITC
fluorescence was recorded for 60 seconds of baseline Ca2+ mobilisation, followed by addition of 20µg/ml of F(ab)2 goat anti‐
µHC for Pre‐BCR stimulation. Ionomycin (10µg/ml) was then added to the remaining sample as a positive control to achieve
a maximum cytosolic Ca2+ concentration. 2‐5 PDX replicates for each patient sample were used. Flowjo software was used
to analyse the data. Red arrows denote the additions of anti‐µHC and Ionomycin which were applied for all samples.

Figure 3.4: Ca2+ mobilisation measurement in PDX cells by Flow cytometry.
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3.4 Phospho‐profiling of key proteins associated with Pre‐BCR signalling pathways
ALL cells may have driver mutations activating key signaling cascades downstream of the Pre‐
BCR, granting survival of malignant cells (Feldhahn et al., 2005; Herzog et al., 2009; Knight and
Irving, 2014). To identify the basal and anti‐µHC induced activation of key tyrosine kinases,
phospho‐flow cytometry staining was conducted to assess the phosphorylation status of
pBTK(Y223), pAKT(S473), pSYK(Y348), pSYK(Y352), pBLNK(Y84), pERK1‐2(T202‐Y204) and
pPLC‐ϒ2(Y759) (Section 2.3.5) in a series of cell lines and PDX samples (Figures 3.5‐3.11). The
phosphorylation threshold was defined by using an isotype‐matched control for all signals.
Basal MFI ratio was calculated by dividing basal MFI/ isotype control MFI (Table 3.1), Ramos
cells stimulation with anti‐µHC antibody served as a positive control for all studied phospho
kinases (Figures 3.5‐3.11).
Analysis by Flow cytometry for both cell lines and PDX cells demonstrated apparent
constitutive basal activity of pBTK(Y223) (Figure 3.5), pAKT(S473) (Figure 3.6), pSYK(Y352)
(Figure 3.8), and pERK1‐2(T202‐Y204) (Figure 3.10). However pSYK(Y348) (Figure 3.7) and
pPLC‐ϒ2(Y759) (Figure 3.11) were also activated but to a lesser extent in both cell lines and
PDX cells. In addition, phospho‐flow cytometry data demonstrated low constitutive activity of
pBLNK(Y84) (Figure 3.9) in both cell lines and PDX samples.
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Figure 3.5: Intracellular phospho flow cytometry of pBTK(Y223) in BCP‐ALL cells.
Baseline and anti‐µHC stimulated phosphorylation levels of BTK were measured in (A) BCR+
cells, Ramos cells served as positive control (B) Pre‐BCR+ cells and (C) Pre‐BCR‐ cells. One
representative histogram overlay for 6 cell lines (of 1 to 3 replicates) and 16 patient‐derived
samples (1‐4 individual PDXs) are shown. Intracellular phospho‐flow staining by flow
cytometry was used to analyse the samples in this study. 25µg/ml of F(ab`)2 anti‐µHC antibody
was added for 4 minutes at 37°C to induce stimulation before fixation. Flow cytometry data
were analysed by Flowjo software. Cell lines denoted with asterisk.
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Figure 3.6: Intracellular phospho flow cytometry of pAKT(S473) in BCP‐ALL cells.
Baseline and anti‐µHC stimulated phosphorylation levels of AKT were measured in (A) BCR+
cell lines, Ramos cells served as positive control (B) Pre‐BCR+ cells and (C) Pre‐BCR‐ cells. One
representative histogram overlay for 6 cell lines (representative of 1 to 3 replicates) and 15
patient‐derived samples (representative of 1‐4 individual PDXs) are shown. Intracellular
phospho‐flow staining by flow cytometry was used to analyse the samples in this study.
25µg/ml of F(ab`)2 anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation
before fixation. Flow cytometry data were analysed by Flowjo software. Cell lines denoted
with asterisk.
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Figure 3.7: Intracellular phospho flow cytometry of pSYK(Y348) in BCP‐ALL cells.
Baseline and anti‐µHC stimulated phosphorylation levels of SYK were measured in (A) BCR+
cell lines, Ramos cells served as positive control (B) Pre‐BCR+ cells and (C) Pre‐BCR‐ cells. One
representative histogram overlay for 6 cell lines (representative of 1 to 3 replicates) and 16
patient‐derived samples (representative of 1‐4 individual PDXs) are shown. Intracellular
phospho‐flow staining by flow cytometry was used to analyse the samples in this study.
25µg/ml of F(ab`)2 anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation
before fixation. Flow cytometry data were analysed by Flowjo software. Cell lines denoted
with asterisk.
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Figure 3.8: Intracellular phospho flow cytometry of pSYK(Y352) in BCP‐ALL cells.
Baseline and anti‐µHC stimulated phosphorylation levels of SYK were measured in (A) BCR+
cell lines, Ramos cells served as positive control (B) Pre‐BCR+ cells and (C) Pre‐BCR‐ cells. One
representative histogram overlay for 6 cell lines (representative of 1 to 3 replicates) and 10
patient‐derived samples (representative of 1‐4 individual PDXs) are shown. Intracellular
phospho‐flow staining by flow cytometry was used to analyse the samples in this study.
25µg/ml of F(ab`)2 anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation
before fixation. Flow cytometry data were analysed by Flowjo software. Cell lines denoted
with asterisk.
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Figure 3.9: Intracellular phospho flow cytometry of pBLNK(Y84) in BCP‐ALL cells.
Baseline and anti‐µHC stimulated phosphorylation levels of BLNK were measured in (A) BCR+
cell lines, Ramos cells served as positive control (B) Pre‐BCR+ cells and (C) Pre‐BCR‐ cells. One
representative histogram overlay for 6 cell lines (representative of 1 to 3 replicates) and 16
patient‐derived samples (representative of 1‐4 individual PDXs) are shown. Intracellular
phospho‐flow staining by flow cytometry was used to analyse the samples in this study.
25µg/ml of F(ab`)2 anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation
before fixation. Flow cytometry data were analysed by Flowjo software. Cell lines denoted
with asterisk.
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Figure 3.10: Intracellular phospho flow cytometry of pERK1‐2 (T202‐Y204) in BCP‐ALL cells.
Baseline and anti‐µHC stimulated phosphorylation levels of ERK were measured in (A) BCR+
cell lines, Ramos cells served as positive control (B) Pre‐BCR+ cells and (C) Pre‐BCR‐ cells. One
representative histogram overlay for 6 cell lines (representative of 1 to 3 replicates) and 16
patient‐derived samples (representative of 1‐4 individual PDXs) are shown. Intracellular
phospho‐flow staining by flow cytometry was used to analyse the samples in this study.
25µg/ml of F(ab`)2 anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation
before fixation. Flow cytometry data were analysed by Flowjo software. Cell lines denoted
with asterisk.
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Figure 3.11: Intracellular phospho flow cytometry of pPLC‐ϒ2 (Y759) in BCP‐ALL cells.
Baseline and anti‐µHC stimulated phosphorylation levels of PLC‐ϒ2 were measured in (A) BCR+
cell lines, Ramos cells served as positive control (B) Pre‐BCR+ cells and (C) Pre‐BCR‐ cells. One
representative histogram overlay for 6 cell lines (representative of 1 to 3 replicates) and 16
patient‐derived samples (representative of 1‐4 individual PDXs) are shown. Intracellular
phospho‐flow staining by flow cytometry was used to analyse the samples in this study.
25µg/ml of F(ab`)2 anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation
before fixation. Flow cytometry data were analysed by Flowjo software. Cell lines denoted
with asterisk.
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Regarding induced phosphorylation after anti‐µHC stimulation, Ramos cells which express
mature B cell receptor showed significant increase in phosphorylation levels of all proteins
studied (Figures 3.5‐3.15). Therefore, it`s stimulation was considered as positive control to
validate different phospho‐proteins and was run side by side with all phospho‐flow cytometry
experiments. However, TK6 (Immature B cell) also showed statistically significant increased
phosphorylation but only in AKT, ERK and PLC‐ϒ2 (Figures 3.12B, 3.14B and 3.15 respectively).
There was, an increased phosphorylation which reached statistical significance in some Pre‐
BCR+ cell lines and PDX samples for pAKT(S473), pBLNK(Y84), pERK1‐2(T202‐Y204) and pPLC‐
ϒ2(Y759) on stimulation with anti‐µHC antibody. Upregulation was also seen in pSYK(Y348)
but did not reach statistical significance. On the other hand, both Pre‐BCR negative cell line
and PDX cells did not demonstrate increased phosphorylation of these proteins [pAKT(S473)
(Figure 3.12B); pSYK(Y348) (Figure 3.13A); pSYK(Y352) (Figure 3.13B); pBLNK(Y84) (Figure
3.14A) and pPLC‐ϒ2(Y759) (Figure 3.15)], an exception being L829 presentation in pERK1‐
2(T202‐Y204) and L824 presentation in pBTK(Y223). In addition, no increased phosphorylation
of pBTK(Y223) was seen despite a 10 fold increase in Ramos cells (Figure 3.12A).
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Figure 3.12: Fold change increase of basal phosphorylation of pBTK(Y223) and pAKT(S473)
in BCP‐ALL cells due to stimulation with anti‐µHC antibody.
Intracellular phospho‐flow staining by flow cytometry was used to measure anti‐µHC
stimulated levels of (A) pBTK(Y223) and (B) pAKT(S473) in BCP‐ALL cells. 25µg/ml of F(ab`)2
anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation before fixation. Each
stimulated bar (brown) denote the mean ratio ± SEM of stimulated MFI/basal MFI and all basal
phosphorylation signals were normalised to one. 1‐3 replicates for cell lines (black asterisks)
and in patient derived cells represent 1‐3 individual PDX samples. MFIs were analysed by BD
CellQuest software. Student`s t‐test was used to calculate p values. *p<0.05, ****p<0.0001.
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Figure 3.13: Fold change increase of basal phosphorylation of pSYK(Y348) and pSYK(Y352) in
BCP‐ALL cells due to stimulation with anti‐µHC antibody.
Intracellular phospho‐flow staining by flow cytometry was used to analyse anti‐µHC
stimulated levels of (A) pSYK(Y348) and (B) pSYK(Y352) in samples used in this study. 25µg/ml
of F(ab`)2 anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation before
fixation. Each stimulated bar (brown) denote the mean ratio ± SEM of stimulated MFI/basal
MFI and all basal phosphorylation signals were normalised to one. 1‐3 replicates for cell lines
(black asterisks) and in patient derived cells represent 1‐3 individual PDX samples. MFIs were
analysed by BD CellQuest software. Bar chart showing the mean ± SEM. Student`s t‐test was
used to calculate p values. *p<0.05.
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Figure 3.14: Fold change increase of basal phosphorylation of pBLNK(Y84) and pERK1‐
2(T202‐Y204) in BCP‐ALL cells due to stimulation with anti‐µHC antibody.
Intracellular phospho‐flow staining by flow cytometry was used to analyse the anti‐µHC
stimulated levels of (A) pBLNK(Y84) and (B) pERK1‐2(T202‐Y204) in BCP‐ALL cells. 25µg/ml of
F(ab`)2 anti‐µHC antibody was added for 4 minutes at 37°C to induce stimulation before
fixation. Each stimulated bar (brown bars) denote the mean ratio ± SEM of stimulated
MFI/basal MFI and all basal phosphorylation signals (blue bars) were normalised to one. 1‐3
replicates for cell lines (black asterisks) and in patient derived cells represent 1‐3 individual
PDX samples. MFIs were analysed by BD CellQuest software. Bar chart showing the mean ±
SEM. Student`s t‐test was used to calculate p values. *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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Figure 3.15: Fold change increase of basal phosphorylation of pPLC‐ϒ2(Y759) in BCP‐ALL cells
due to stimulation with anti‐µHC antibody.
Intracellular phospho‐flow staining by flow cytometry was used to analyse the pPLC‐ϒ2(Y759)
levels after stimulation of BCP‐ALL cells with anti‐µHC antibody. 25µg/ml of F(ab`)2 anti‐µHC
antibody was added for 4 minutes at 37°C to induce stimulation before fixation. Each
stimulated bar (brown bars) denote the mean ratio ± SEM of stimulated MFI/basal MFI and all
basal phosphorylation signals (blue bars) were normalised to one. 1‐3 replicates for cell lines
(black asterisks) and in patient derived cells represent 1‐3 individual PDX samples. MFIs were
analysed by BD CellQuest software. Bar chart showing the mean ± SEM. Student`s t‐test was
used to calculate p values. *p<0.05, **p<0.01, ****p<0.0001.
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Mean basal phosphorylation (basal MFI/Isotype control MFI
ratio)
Cells

* Ramos
* TK6
* PreB 697
* Nalm‐6
* R3F9
L825 pres
L910 pres
L707 pres
* REH
L897 pres
L914 pres
L829 pres
L578 rel
L829 rel
L779 pres
L4951 pres
LK196 2nd
rel
L920 pres
L919 1st rel
L919 2nd rel
L824 pres
L523 rel

p‐AKT
(S473)

p‐BTK
(Y223)

6.36
8.19
9.07
13.39
14.43
2.53
21.79
11.93
11.90
2.99
1.38
3.80
3.44
6.37
7.60
3.78

6.35
9.56
8.62
28.67
17.68
9.32
16.84
57.48
18.89
12.06
3.78
16.80
13.71
54.81
70.18
20.20

p‐
BLNK
(Y84)
0.93
0.93
0.90
1.40
1.03
0.94
4.98
1.58
0.92
0.87
0.80
0.97
0.90
1.40
1.35
1.68

1.93
2.49
1.96
2.36
2.26
1.48
3.52
3.65
2.12
1.50
1.14
1.45
1.35
2.22
2.46
3.23

p‐ERK1‐2
(T202‐
Y204)
6.70
21.73
8.94
8.81
3.48
3.32
3.00
4.47
6.14
4.80
2.98
4.68
7.56
8.70
6.23
2.45

5.45

47.38

2.08

3.33

5.21
3.56
3.11
2.99
9.76

60.18
19.38
14.72
30.56
31.61

1.58
1.64
1.65
1.96
0.92

2.77
2.04
2.23
2.34
2.60

p‐SYK
(Y348)

p‐
PLCϒ2
(Y759)

p‐SYK
(Y352)

1.67
2.37
1.52
3.08
1.06
1.17
1.56
2.08
1.71
1.71
1.08
1.30
1.48
2.20
1.82
1.82

16.01
13.55
14.83
14.17
11.04

2.93

1.11

4.31

2.37
1.47
2.10
2.15
2.06

1.81
1.00
0.95
1.76
1.35

5.25
2.40
3.52
6.00
7.93

Receptor
expression

BCR+

Pre‐BCR+

7.16
47.86
12.81

4.60

Pre‐BCR‐

Table 3.1: Basal phosphorylation of key signals downstream of Pre‐BCR checkpoint in BCP‐
ALL cells.
Intracellular phospho‐flow staining by flow cytometry was used to analyse the samples in this
study. Basal MFI ratio for each replicate was calculated by dividing basal MFI/ isotype control
MFI. Mean of basal MFI ratios of 1‐4 replicates of 6 cell lines (asterisks) and 1‐4 PDX replicates
of 16 patient samples were shown and were classified into BCR+, Pre‐BCR+ and Pre‐BCR‐.
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To investigate the difference between Pre‐BCR+ and Pre‐BCR‐ PDX samples, the basal
phosphorylation of two groups was interrogated. Phospho‐flow cytometry analysis revealed
that Pre‐BCR harbouring ALL samples exhibited significantly higher phosphorylation levels
(about 2 fold increase) of pAKT(S473) (Pre‐BCR+: 7.798 ± 2.027 versus Pre‐BCR‐: 4.567 ±
0.5685; p<0.05) and pSYK(Y352) (Pre‐BCR+: 10.90 ± 1.893 versus Pre‐BCR‐: 5.514 ± 0.9913;
p<0.05). Interestingly, there was no difference in basal levels of the alternative tyrosine site
phosphorylation for pSYK(348) (Pre‐BCR+: 2.143 ± 0.3194 versus Pre‐BCR‐: 2.073 ± 0.1578;
p>0.05) (Table 3.2 and Figure 3.16).

Phospho protein

Mean basal phosphorylation ± SEM
Pre‐BCR

+

Pre‐BCR

p‐value

‐

pBTK (Y223)

23.09 ± 6.585

28.58 ± 4.575

0.542

pAKT (S473)

7.798 ± 2.027

4.567 ± 0.5685

0.0384 (*)

pSYK (Y348)

2.143 ± 0.3194

2.073 ± 0.1578

0.84

pSYK (Y352)

10.90 ± 1.893

5.514 ± 0.9913

0.0129 (*)

pBLNK (Y84)

1.111 ± 0.09793

1.280 ± 0.08851

0.341

pERK1‐2 (T202‐
Y204)

4.822 ± 0.9556

3.888 ± 0.3800

0.2814

pPLCϒ2 (Y759)

1.608 ± 0.2048

1.453 ± 0.06234

0.3361

Table 3.2: Constitutive phosphorylation of key signals downstream of Pre‐BCR checkpoint in
Pre‐BCR+ versus Pre‐BCR‐ PDX cells.
Intracellular phospho‐flow staining by flow cytometry was used to analyse the samples in this
study. Basal MFI ratio is calculated by dividing basal MFI/ isotype control MFI. Mean of basal
MFIs ratios ± SEM of all Pre‐BCR+ versus Pre‐BCR‐ PDX samples were shown. Student`s t‐test
was used to calculate p values, *p<0.05.
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Figure 3.16: Basal phosphorylation levels in Pre‐BCR+ versus Pre‐BCR‐ PDX samples.
Constitutive activation of (A) pBTK(Y223), (B) pAKT(S473), (C) pSYK(Y348), (D) pSYK(Y352), (E)
pBLNK(Y84), (F) pERK1‐2(T202‐Y204) and (G) pPLC‐ϒ2(Y759) was presented in Pre‐BCR+ versus
Pre‐BCR‐ PDX samples. Y axis shows ratio of Basal MFI relative to isotype‐matched control MFI.
Bar graphs showing the mean ± SEM. p values were calculated by Student`s t‐test. p>0.05 not
significant, *p<0.05.
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3.5 Discussion
The aim of this chapter was to characterise BCP‐ALL cells for Pre‐BCR expression, function and
to assess Pre‐BCR mediated downstream signalling using cell lines and PDX cells derived from
high risk and relapsed childhood ALL patient samples. These studies were performed to
investigate whether Pre‐BCR expression/function and key signalling pathways predict
sensitivity to certain drug(s) treatment (as will be shown in the following chapters).
Pre‐BCR expression in normal cells is responsible for orchestrating cell fate of B cells through
activating and shutting down relevant Pre‐BCR mediated pathways (Niiro and Clark, 2002;
Clark et al., 2014; Eswaran et al., 2015). However, in BCP‐ALL the majority of cases lack surface
expression of Pre‐BCR but have the capability of unlimited reproduction (Trageser et al., 2009;
Geng et al., 2015). Recent studies have shown that the surface expression of Pre‐BCR is a
predictive biomarker of sensitivity to key TKI and therefore could be exploited therapeutically,
for example ibrutinib has been shown to be a potential therapy for Pre‐BCR+ ALL patients with
TCF3‐PBX1 genetic lesion (Geng et al., 2015; Kim et al., 2017). Data presented in this chapter
showed that only 3 of 15 randomly selected PDX samples harboured surface expression of
Pre‐BCR giving an incidence of 20%, which is in keeping with previous reports (Trageser et al.,
2009; Geng et al., 2015). Two of these belonged to the expected cytogenetic group i.e. t(1;19)
(TCF3‐PBX1) and t(17;19) (TCF3‐HLF), while the third had normal cytogenetics (Fischer et al.,
2015; Geng et al., 2015; Chen et al., 2016). Notably, there was less abundant expression of
µHC molecules on the surface of the PDX cells with normal cytogenetics. As evidenced before
and confirmed in this project, only immature and mature cell lines expressed the µHC
molecule (Mielenz et al., 2005; Liu et al., 2013), also, data presented here also identified Pre‐
BCR components (µHC and surrogate light chain molecules) in Pre‐B cell lines while REH, a Pro‐
B line, was negative (Wang et al., 2002a; Taguchi et al., 2004; Geng et al., 2015). In addition,
TK6, a normal lymphoblastoid line, was shown to be derived from immature B cells, as they
expressed only µHC molecules, and stimulation with anti‐µHC increased the phosphorylation
of many downstream kinases.
It has been documented that Pre‐BCR cross linkage and subsequent phosphorylation of SYK is
followed by activation of PLC‐ϒ2 which then triggers calcium mobilisation (Su and Jumaa,
2003; Scharenberg et al., 2007b), therefore, a Ca2+ flux assay was employed as an assessment
of Pre‐BCR function. Data in this chapter showed that Ca2+ mobilisation was only observed in
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Pre‐ or B cell receptor harbouring cell lines. Daudi or Ramos and REH were selected as positive
and negative controls for anti‐µHC stimulation (Kuwahara et al., 1996). The assay clearly
showed a transient Ca2+ flux from intracellular stores in response to anti‐µHC stimulation in
Daudi and Ramos cells whereas, REH did not show a Ca2+ mobilisation, as expected, since they
are µHC‐negative pro‐B cells (Wang et al., 2002a). PreB 697 and Nalm‐6 were responsive to
Pre‐BCR cross linkage, however, R3F9 cells were not. Ca2+ mobilisation in the Pre‐B cells was
less notable than in the more mature cells and could be attributed to the lesser amount of
µHC surface expression. In keeping with these data, increased kinase activity of PLC‐ϒ2 was
also observed in PreB 697 and Nalm‐6 after anti‐µHC stimulation (Su and Jumaa, 2003). Some
authors have reported that both Nalm‐6 and PreB 697 showed a detectable Ca2+ flux upon
anti‐µHC cross linkage (Genevier and Callard, 1997; Geng et al., 2015) while others have shown
no mobilisation of calcium in both cell lines (Kuwahara et al., 1996). The reason for this
discrepancy may be due to differences in assays and/or immunoglobulin amounts.
Interestingly there was no detectable Ca2+ flux in TK6 cells which are presumed to have normal
B cell characteristics (Levy et al., 1968; Skopek et al., 1978). However, it is possible they require
stromal and other co‐stimulatory molecules from the normal microenvironment niche to
induce a partial signal transduction (Kuwahara et al., 1996) and also they express less µHC
molecules than Daudi and Ramos cells. Among Pre‐BCR+ PDX samples, only L910 derived PDX
cells showed weak and late Ca2+ mobilisation and may be due to the higher expression of µHC
molecules compared to the other Pre‐BCR+ PDX samples. Ionophore stimulation level in PDX
cells was generally less than cell lines and this may indicate depletion of Ca2+ from endoplasmic
reticulum stores. Hence, the difficulty in obtaining detectable Ca2+ flux in Pre‐BCR+ PDXs after
Pre‐BCR cross linkage (King and Freedman, 2009).
Several reports have shown that quantification of tyrosine kinases could be employed as a
predictive biomarker in several malignancies (De Luca and Normanno, 2010; Li et al., 2015;
Maude et al., 2015). In BCP‐ALL for example, constitutive activation of RAS pathway as
measured by pERK levels is predictive of response to MEK inhibitors (Irving et al., 2014).
Therefore, identification of the key signalling pathways required for proliferation and survival
of BCP‐ALL cells is crucial for targeted therapies development. To this end, this chapter
phospho‐profiles key signalling pathways downstream of the Pre‐BCR checkpoint in BCP‐ALL
cells, using Ramos cells as a positive control. In addition, increased phosphorylation after anti‐
µHC stimulation confirmed the Pre‐BCR functionality in Pre‐BCR expressing cells. Importantly,
97

Chapter 3: Characterisation of BCP‐ALL cells

the basal phosphorylation determined with intracellular flow cytometry method wasn’t
necessarily reflect the actual basal phosphorylation levels of different phospho‐proteins and
this issue was also experienced by our group as the isotype matched concentrations wasn’t
always consistent due to the batch to batch variations. In agreement with our findings, it has
been found that most of Pre‐BCR downstream kinases were constitutively activated even in
the absence of Pre‐BCR expression and their activation could be exploited therapeutically (Kim
et al., 2012; Perova et al., 2014; Geng et al., 2015; Dolai et al., 2016) and similar trend of
sustained signalling was also found previously in BCR malignancies (Chen et al., 2002;
Petlickovski et al., 2005; Muzio et al., 2008; Scupoli and Pizzolo, 2012).
Interestingly, constitutive activation of pAKT(S473) and pSYK(Y352) was significantly higher in
Pre‐BCR+ than in Pre‐BCR‐ PDX samples. Relatively similar to what have been observed in our
findings, a recent study utilized reverse phase protein array (RPPA) to analyse a cohort of Pre‐
BCR+ and Pre‐BCR‐ ALL cells showed that Pre‐BCR+ are phenotypically defined by constitutive
activation of PI3K‐AKT and SRC signaling (Geng et al., 2015). Also, BTK expression was
significantly higher in Pre‐BCR+ than Pre‐BCR‐ as shown by others (Kim et al., 2017). However,
no significant difference was observed in pERK1‐2(T202‐Y204) as it was relatively high in 5 out
of 12 Pre‐BCR‐ patient samples as they were RAS pathway mutants and this generally
upregulate the ERK phosphorylation level and therefore potentially skew the results when
compared with Pre‐BCR+ PDX samples (Irving et al., 2014). In addition, we noticed that SYK
basal phosphorylation was higher in Pre‐BCR+ than Pre‐BCR‐ but only at Y352 phosphorylation
site. This could be attributed to the conformational structure of SYK domain which make the
SYK tyrosine at position Y348 not available for phosphorylation and this what is called `auto‐
inhibitory structure of SYK` (Huse and Kuriyan, 2002; Kulathu et al., 2009).
Taken together, the induced phosphorylation of Pre‐BCR signalling and/or calcium flux seen
in Pre‐BCR+ PDX ALL cells, suggest that Pre‐BCR is functional in Pre‐BCR+ cells. The higher level
of basal phosphorylation in pSYK and pAKT may suggest that SYK inhibitors and /or PI3K/AKT
inhibitors may have activity in these ALLs.
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Chapter 4: Effect of Single TKIs on BCP‐ALL cells
4.1 Introduction
As shown in the previous chapter, several phospho‐proteins were activated in both Pre‐BCR+
and Pre‐BCR‐ cells. Therefore, harnessing of Pre‐BCR signalling by ALL cells may be subject to
therapeutic exploitation using small molecule inhibitors that target key components of the
signalling cascade (Muschen, 2015; Trimarchi and Aifantis, 2015). During the last decade,
several small molecule tyrosine kinase inhibitors have been introduced in haemato‐oncology
targeting abnormal signalling cascades, in order to enhance the effectiveness of therapy and
ideally, reduce toxic side effects. Tyrosine kinases are key elements in signal transduction of
cellular pathways, which transmit information from extracellular or cytoplasmic domains to
the nucleus. As many malignant cells show aberrant activity of particular tyrosine kinases, this
could be exploited using tyrosine kinases inhibitors in cases where kinases are therapeutic
targets (Krause and Van Etten, 2005; Rebecca and Smalley, 2014; Sun and Bernards, 2014).
For example, the combination of imatinib mesylate, a tyrosine‐kinase inhibitor, with
conventional chemotherapy, has revolutionised the therapy for ALL patients harbouring the
Philadelphia chromosome and survival has increased from 30‐70% compared to historical
controls. Importantly, there was no increase in toxicity and its usage may reduce the need for
stem cell transplantation (Ottmann and Pfeifer, 2009; Schultz et al., 2009).
In this chapter, the effects of single TKIs inhibitors [CAL‐101 (PI3K‐δ inhibitor); Ibrutinib (BTK
inhibitor); Fostamatinib R406 (SYK inhibitor); Dasatinib (multi‐kinase inhibitor)] were tested
on ALL cells and the aim was to:


Investigate cell viability in ALL cell lines and PDX cells after exposure to the candidate
small molecules TKI inhibitors



Test the effects of TKIs on cell cycle and apoptosis in BCP‐ALL cell lines



Study the pharmacodynamic effect of TKIs inhibitors on the phosphorylation level of
the target molecule(s) in cell lines and PDX cells
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4.2 Effect of idelalisib or CAL‐101 (PI3K‐δ inhibitor) on BCP‐ALL cells
4.2.1 Effect of CAL‐101 on BCP‐ALL cells viability
CAL‐101 (Idelalisib) is a selective inhibitor of phosphatidylinositol 3‐kinase‐δ (PI3K‐δ) and has
shown promising preclinical activity in relapsed TCF3‐PBX1 positive ALL cells in vitro. In the
clinic, it was effective and well tolerated in patients with NHL and relapsed CLL (Meadows et
al., 2012; Jabbour et al., 2014; Do et al., 2016; Eldfors et al., 2017; Slinger et al., 2017).
To evaluate the in vitro activity of CAL‐101 on BCP‐ALL cells, Alamar blue assay (Section 2.5.1)
was used after incubating the cells with increasing concentrations (Table 2.8) of CAL‐101 to
assess the viability in 5 cell lines and 33 PDX cells derived from 14 patient samples. The most
obvious finding to emerge from this drug was that it decreased the growth of cell lines but
only at high doses (>20µM) (Figure 4.1 A, figure 4.2 and table 4.1). R3F9 and Nalm‐6 cells were
more sensitive to CAL‐101 than PreB 697 and REH cells (Mean GI50 52.08μM, range 22.16μM
‐75.3μM). Moreover, TK6 cells were almost resistant to the PI3K‐δ inhibitor even at the highest
dose (100µM) (Figure 4.1A and table 4.1). Interestingly, 2 out of 14 patient samples (Table 4.1
and figure 4.2) were sensitive to CAL‐101 (Mean GI50 607nM, range 115nM – 1100nM) and
were Pre‐BCR+ (L825 presentation) (Figure 4.1B) and Pre‐BCR‐ (L914 presentation) (Figure
4.1C) and both harboured c‐CBL mutations. Similar to GI50s obtained in cell lines, the remaining
27 PDX samples (derived from 12 patient samples) were resistant to CAL‐101 (Figure 4.1B, C,
figure 4.2 and table 4.1) and had various genetic alterations. Moreover, consistent GI50 values
were observed across different PDX replicates derived originally from the same patient ALL
cells.
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Figure 4.1: The survival curves of BCP‐ALL cells treated with CAL‐101 for 96 hours.
Five cell lines (A), 3 Pre‐BCR+ and 11 Pre‐BCR‐ patient samples (B and C) were cultured in the
presence of escalating doses of CAL‐101 for 96 hours before measuring viability by Alamar
blue assay. Curve points of cell lines graph (A) represent the mean of 3 independent
experiments ± SEM, whereas only one test was achievable in each individual PDX material and
error bars represent the mean of 3 different wells ± SEM (B and C). Each patient sample was
amplified into 1‐5 PDX replicates. Data were analysed by GraphPad prism software.
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Cells
* TK6
* PreB 697
* Nalm‐6
* R3F9
L825 pres
L910 pres
L707 pres
* REH
L897 pres
L779 Pres
L578 rel
L829 rel
L914 pres
L829 pres
L4951 pres
LK196 2nd rel
L920 pres
L919 2nd rel
L824 pres

GI50 Mean ± SEM
(CAL‐101 µM)

> 100
75.3 ± 2.05
31.22 ± 1.03
22.16 ± 2.83
1.10 ± 0.29
> 25
> 25
79.2 ± 11
6.37 ± 3.56
56.34 ± 18.82
49.28 ± 16.98
29.10
0.115 ± 0.039
12.14 ± 5.16
14.55 ± 10.45
> 25
> 25
> 25
17.25 ± 7.75

Number
of
replicates
3
3
3
3
4
2
1
3
2
5
4
1
2
3
2
1
2
2
2

Table 4.1: A list of mean GI50s for BCP‐ALL cells treated with CAL‐101 for 96 hours.
Cells were incubated with dose escalation of CAL‐101 for 96 hours before measurement of
viability by Alamar blue assay. Mean GI50s were calculated from 3 independent replicates of 5
cell lines (asterisks) or 33 PDX replicates derived from 14 patient samples ± SEM.
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Figure 4.2: Mean GI50s of cell lines and PDX cells incubated with CAL‐101 for 96 hours.
Cell lines and PDX cells were exposed to a concentration range of CAL‐101 for 96 hours. Alamar
blue assay was subsequently performed to assess cells viability. The bar chart shows the mean
of GI50s of cell lines (4) and PDX samples (14). Three independent replicates were used to
calculate the mean GI50 ± SEM. However, each patient sample was amplified into 1‐5 PDX
sample and hence mean GI50s were calculated ± SEM. Asterisks denote samples for which the
GI50 was not reached. GraphPad prism software was used to calculate the GI50s.

4.2.2 Effect of CAL‐101 on cell cycle profile of BCP‐ALL cell lines
To evaluate the mechanism by which CAL‐101 inhibits ALL cells viability, propidium iodide
staining was carried out to measure cell cycle distribution by flow cytometry (Section 2.3.3)
using 3 cell lines. Nalm‐6, PreB 697 and REH cell lines were incubated with their relevant GI50s
(35µM, 75µM and 75µM respectively) for 24 and 48 hours (Figure 4.3). The analyses showed
a significant increase in the percentage of Nalm‐6 cells arrested at G1‐phase after 24 hours
incubation with the PI3K‐δ inhibitor (% of cells in G1, CV: 33.1 ± 0.75% versus CAL‐101: 37.2 ±
1.25%; p<0.05) (Figure 4.3A and table 4.2). Similarly, after 48 hours exposure to CAL‐101, G1
arrest was also induced (% of cells in G1, CV: 37.63 ± 1.92% versus CAL‐101: 46.43 ± 0.86%;
p<0.05) and a concomitant reduction in the percentage of cells at G2‐phase (% of cells in G2,
CV: 17.4 ± 0.45% versus CAL‐101: 11.73 ± 0.34%; p<0.001), however, no significant change was
gained across the S phase at both time points (Figure 4.3A and table 4.2).
For PreB 697 cells, a G1 arrest phase was also observed after 24 hours (% of cells at G1, CV:
31.8% versus CAL‐101: 38.9%), however, no change in cell cycle phases was observed after 48
hours apart from mild arrest at S‐phase (CV: 47% versus CAL‐101: 53.3%) as shown in figure
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4.3B. A similar trend of G1 arrest was observed in REH cells incubated with CAL‐101 for 24
hours (% of cells in G1, CV: 44.2% versus CAL‐101: 63.3%), in addition to a sub‐G1 peak (CV:
2.21% versus CAL‐101: 7.17%) (Figure 4.3C) and these increases were associated with
reduction in the ratio of cells arrested at S‐phase (CV: 46.5% versus CAL‐101: 26.8%). Similarly,
G1 arrest persisted at 48 hours and there was evidence of a sub‐G1 peak at this point too
(Figure 4.3C). Taken together, these data suggest that CAL‐101 induces G1 arrest in ALL cell
lines.
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Figure 4.3: CAL‐101 treatment induces G1‐ arrest in BCP‐ALL cell lines.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing Nalm‐6 cells to 35µM (A), PreB 697 and REH to 75µM (B and C) of CAL‐101 for 24
and 48 hours. Histograms of one representative cell cycle run of 3 independent experiments
were presented for Nalm‐6 (A) or 1 experiment for both PreB 697 (B) and REH (C). The bar
graph shows the mean percentage of Nalm‐6 cells distributed at different phases of the cell
cycle ± SEM (n=3) (A). FlowJo software was used to analyse cell cycle data.
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Cell cycle
phase
Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

Mean ± SEM (n=3)
CV
CAL‐101
1.36 ± 0.188
1.51 ± 0.16
33.1 ± 0.75
37.2 ± 1.25
43.23 ± 1.79
45.73 ± 0.64
22.1 ± 2.73
15.33 ± 1.11
0.22 ± 0.14
0.21 ± 0.1

Sub‐G1 %
G1 %
S%

1.45 ± 0.65
37.63 ± 1.92
43.37 ± 1.54

1.3 ± 0.11
46.43 ± 0.86
40.83 ± 0.67

G2 %

17.4 ± 0.45

11.73 ± 0.34

Super‐G2 %

0.19 ± 0.19

0.15 ± 0.1

p‐value

Time
point

0.5698
0.0486 *
0.2591
0.084
0.9583

24
hours

0.8355
0.014 *
0.2073
0.0006
***
0.852

48
hours

Table 4.2: Percentages of Nalm‐6 cells distributed at different cell cycle phases after
treatment with CAL‐101.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing Nalm‐6 cells to 35µM of CAL‐101 or DMSO (CV) for 24 and 48 hours. Mean
percentages of different cell cycle phases were calculated from 3 independent experiments ±
SEM. FlowJo software was used to analyse cell cycle data. Student`s t‐test was carried out to
calculate p values. p> 0.05 not significant, *p<0.05, ***p<0.001.

4.2.3 The apoptotic effect of CAL‐101 on BCP‐ALL cell lines
To explore the mechanism behind the cytotoxic effect of CAL‐101, Annexin V‐FITC staining
(Section 2.3.2) was carried out to measure programmed cell death in Nalm‐6 cells by flow
cytometry. Nalm‐6 cells were treated with the GI50 concentration of CAL‐101 (35µM) and
apoptosis was measured after 48 and 72 hours. At both time points, no significant increase in
the percentage of apoptotic cells was observed. Surprisingly, a decrease in the percentage of
cell death was obtained in cells incubated with CAL‐101 (3.92 ± 0.3%) when compared to CV
treatment (1.51 ± 0.17%) (Figure 4.4). These data indicate that CAL‐101 does not induce cell
death in ALL cells and is cytostatic and parallels the cell cycle data shown above.
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Figure 4.4: CAL‐101 does not induce apoptosis in Nalm‐6 cell line.
Nalm‐6 cells were cultured for 48, 72 hours with the control vehicle or CAL‐101 (35µM) before
Annexin V‐FITC staining and assessment by flow cytometry. (A) Representative histograms of
Annexin V staining are shown for the two time points. (B) Bar graph chart denoting the mean
± SEM (n=3). CellQuest software was used to analyse Annexin V data. Student`s t‐test was
carried out to calculate p values. p> 0.05 not significant, **p<0.01.
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4.2.4 The pharmacodynamic effect of CAL‐101 on BCP‐ALL cells
To confirm that CAL‐101 abrogated the key target of PI3K pathway, pAKTpS473 inhibition was
investigated by western blotting (Section 2.6.1). Total AKT was used as a loading control and
Ramos stimulation with anti‐µHC (20µg/ml for 5 minutes) was used as positive control for
pAKT activation (Figure 4.5). Both PreB 697 and Nalm‐6 cell lines were co‐cultured with their
relevant GI50 concentrations of CAL‐101 (75µM and 35µM respectively) for 90 minutes and 17
hours. Basal activation of the pathways was apparent in both cell lines and inhibition of pAKT
was strong in both PreB 697 and Nalm‐6 cells at the one and half hour time point. However,
after 17 hours incubation, persistent de‐phosphorylation was only observed in PreB 697 cells
(Figure 4.5A).
In addition to cell lines, pharmacodynamics were also investigated in the most sensitive PDX
cells to CAL‐101 taken from newly harvested spleens. PDXs were incubated with the pre‐
defined GI50 concentrations of previously harvested PDX replicate(s) injected with the same
patient cells. L825/AZ18 and L914/AZ4 were incubated with their relevant GI50 concentrations
(316nM and 76nM respectively) for 90 minutes. In both PDX samples, no inhibition in pAKT
activation was observed as shown in figure 4.5B.
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Figure 4.5: Effects of CAL‐101 on the phosphorylation level of AKT after exposing BCP‐ALL
cells to the drug.
(A) Western blot analysis for Pre B697 and Nalm‐6 cell lines co‐cultured with CAL‐101 (75µM
and 35µM respectively) for 90 minutes and 17 hours. (B) Western blot analysis for L825/AZ18
and L914/AZ4 PDXs exposed to CAL‐101 (316nM and 76nM respectively) for 90 minutes.
Ramos cells were stimulated with 20µg/ml of anti‐µHC antibody for 5 minutes. 20µg of protein
was loaded to each lane and total AKT was used as a loading control. Only one experiment
was performed for both A and B.
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4.3 Effect of ibrutinib (BTK inhibitor) on BCP‐ALL cells
4.3.1 Effect of ibrutinib on BCP‐ALL cells viability
Ibrutinib (PCI‐32765) is a selective BTK‐Inhibitor approved by FDA for patients with
waldenstrӧm macroglobulinemia, CLL and MCL for its ability to block B‐cell receptor signalling.
Most recently, ibrutinib was preclinically tested on TCF3‐rearranged ALL and was proposed as
a potential therapy for Pre‐BCR+ ALL patients (Advani et al., 2013; van der Veer et al., 2014;
Geng et al., 2015; Raedler, 2016).
To investigate its effect on high risk ALL, ibrutinib was tested in a panel of cell lines (n=5), Pre‐
BCR+ samples (n=3) and Pre‐BCR‐ PDXs (n=11) (Figure 4.6). Cells were incubated with
increasing drug doses of ibrutinib (Table 2.8) for 96 hours and then viability examined by
Alamar blue assay (Section 2.5.1). Figure 4.6 A shows that R3F9, REH, PreB 697 and Nalm‐6
cells revealed a dose dependent decrease in cell viability. However, the GI50s of cell lines to
ibrutinib ranged between 11.43‐18.3µM with a mean of 15.91µM (Figure 4.7 and table 4.3).
Moreover, TK6 cells were shown to be resistant to this drug, even at the highest concentration
(50µM) (Figure 4.6A and table 4.3). Interestingly, 8 PDX samples (derived from 3 patient
samples) were sensitive to the BTK inhibitor as defined a GI50 of less than 5µM (Mean GI50
2.53µM, range 0.8‐4.55µM). They belonged to both Pre‐BCR+ (L825 presentation) and Pre‐
BCR‐ PDX cells (L897 presentation and L914 presentation) as shown in figure 4.6 (B and C),
figure 4.7 and table 4.3. These sensitive samples harboured a CBL mutation (L825
presentation), RAS mutation (L897 presentation) and a high hyperdiploidy sample which was
also associated with CBL and FLT3 mutations in L914 presentation. Furthermore, the
remaining 25 PDXs (derived from 11 patient samples, table 2.13) were highly resistant to
ibrutinib (Figure 4.6 and table 4.3) (Table 2.13). Importantly, comparable GI50 values were
obtained from the replicates PDX materials which were derived originally from the same
patient ALL cells, however, L578/JM162 was an exception (Figure 4.6 C).
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Figure 4.6: The survival curves of BCP‐ALL cells treated with Ibrutinib for 96 hours.
Five cell lines (A), 3 Pre‐BCR+ and 11 Pre‐BCR‐ patient samples (B and C) were cultured in the
presence of increasing doses of ibrutinib for 96 hours before measuring viability by Alamar
blue assay. Curve points of cell lines graph (A) represent the mean of 3 independent
experiments ± SEM, whereas only one test was achievable in each individual PDX material and
error bars represent the mean of 3 different wells ± SEM (B and C). Each patient sample was
amplified into 1‐5 PDX replicates. Data were analysed by GraphPad prism software.
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Cells
* TK6
* PreB 697
* Nalm‐6
* R3F9
L825 pres
L910 pres
L707 pres
* REH
L897 pres
L779 Pres
L578 rel
L829 rel
L914 pres
L829 pres
L4951 pres
LK196 2nd rel
L920 pres
L919 2nd rel
L824 pres

GI50 Mean ± SEM
(Ibrutinib µM)

> 25
18.3 ± 0.61
17.83 ± 0.36
11.48 ± 0.916
0.80 ± 0.16
11.65 ± 0.25
> 25
16.03 ± 0.218
2.26 ± 1.73
19.01 ± 5.5
10.48 ± 1.24
8.98
4.55 ± 0.55
33.33 ± 1.56
7.39 ± 0.31
20.80
12.77 ± 0.47
> 25
6.55 ± 0.085

Number
of
replicates
3
3
3
3
4
2
1
3
2
5
4
1
2
3
2
1
2
2
2

Table 4.3: A list of mean GI50s for BCP‐ALL cells treated with ibrutinib.
Cells were incubated with escalating doses of Ibrutinib for 96 hours before measurement of
viability by Alamar blue assay. Mean GI50 concentrations were calculated from 3 independent
replicates of 5 cell lines (asterisks) or 33 PDX replicates derived from 14 patient samples ±
SEM.
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Figure 4.7: Mean GI50s of cell lines and PDX cells incubated with ibrutinib for 96 hours.
Cell lines and PDX cells were exposed to a concentration range of ibrutinib for 96 hours.
Alamar blue assay was subsequently performed to assess cells viability. The bar chart shows
the mean of GI50s of cell lines (4) and PDX samples (14). Three independent replicates were
used to calculate the mean GI50 ± SEM. However, each patient sample was amplified into 1‐5
PDX sample and hence mean GI50s were calculated ± SEM. Asterisks denote samples for which
the GI50 was not reached. GraphPad prism software was used to calculate the GI50s.

4.3.2 Effect of ibrutinib on cell cycle profile of BCP‐ALL cell lines
To further understand the inhibitory mechanism of ibrutinib on BCP‐ALL cells, propidium
iodide staining was performed to measure the distribution of cell cycle phases by flow
cytometry (Section 2.3.3). To this end, Nalm‐6 (n=3), PreB 697 (n=1) and REH (n=1) were co‐
cultured with 18µM ibrutinib for 24 and 48 hours. After 24 hours incubation with the GI50
concentration of ibrutinib, cell cycle analyses showed a significant increase in the percentage
of Nalm‐6 cells in the G1‐phase (% of cells in G1, CV: 34.53 ± 2.7% versus ibrutinib: 44.47 ±
1.1%; p<0.05) and an associated reduction in cells in the G2‐phase (% of cells in G2, CV: 20.6
± 3.1% versus ibrutinib: 9.29 ± 0.46%; p<0.05) (Figure 4.8A and table 4.4). Moreover, a small
but significant proportion (p<0.05) of Nalm‐6 cells showed a sub‐G1 peak (% of cells in sub‐
G1, CV: 1.57 ± 0.34% versus ibrutinib: 4.88 ± 0.71%) at the same time point (Figure 4.6A and
table 4.4). By 48 hours, there was a significant sub‐G1 peak (% of cells in sub‐G1, CV: 1.16 ±
0.39% versus ibrutinib: 4.85 ± 0.91%; p<0.05) (Figure 4.8A and table 4.4).
For PreB 697, there was also evidence of a G1 arrest phase after 24 hours exposure to ibrutinib
(% of cells in G1, CV: 36.4% versus ibrutinib: 60.8%) with a concomitant increase in sub‐G1 (%
of cells in sub‐G1, CV: 3.29% versus ibrutinib: 11.1%), a 2 fold decrease in both S‐phase (% of
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cells in S, CV: 46.6% versus ibrutinib: 22.8%) and G2 phase (% of cells in G2, CV: 17.2% versus
ibrutinib: 8.02%). Consistently with Nalm‐6 cells, the effect on cell cycle phases was less potent
at 48 hours (Figure 4.8B).
For REH cells also, 24 hours incubation with ibrutinib also induced G1 arrest (% of cells in G1,
CV: 39% versus Ibrutinib: 50.3%) with a concomitant decrease in cells at S‐phase (% of cells in
S, CV: 17.2% versus ibrutinib: 8.02%), and an increase in the % of cells with a sub‐G1 was
observed after 48 hours (CV: 2.93% versus Ibrutinib: 12%) (Figure 4.8C).
Taken together, these data suggests that ibrutinib induces G1‐phase arrest and modest
apoptosis.
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Figure 4.8: Ibrutinib treatment induces G1‐ arrest in BCP‐ALL cell lines.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing (A) Nalm‐6, (B) PreB 697 and (C) REH cell lines to 18µM ibrutinib for 24 and 48 hours.
Histograms of one representative cell cycle run of 3 independent experiments were presented
for Nalm‐6 (A) or 1 experiment for both PreB 697 (B) and REH (C). The bar graph shows the
mean percentage of Nalm‐6 cells distributed at different phases of the cell cycle ± SEM (n=3)
(A). FlowJo software was used to analyse cell cycle data.
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Cell cycle
phase
Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

Mean ± SEM (n=3)
CV
Ibrutinib
1.57 ± 0.34
4.88 ± 0.7
34.53 ± 2.7
44.47 ± 1.09
43.2 ± 2.22
41.3 ± 0.65
20.6 ± 3.05
9.29 ± 0.46
0.29 ± 0.16
0.24 ± 0.06

p‐value

Time
point

0.0136 *
0.0273 *
0.4592
0.0215 *
0.8062

24
hours

Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

1.16 ± 0.39
38.97 ± 2.24
42.73 ± 1.7
16.73 ± 0.38
0.03 ± 0.03

0.0208 *
0.4522
0.664
0.072
0.1929

48
hours

4.85 ± 0.91
41.23 ± 1.54
41.6 ± 1.71
13.13 ± 1.43
0.22 ± 0.11

Table 4.4: Percentages of Nalm‐6 cells distributed at different cell cycle phases after
treatment with ibrutinib.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing Nalm‐6 cells to 18µM of ibrutinib or DMSO (CV) for 24 and 48 hours. Mean
percentages of different cell cycle phases were calculated from 3 independent experiments ±
SEM. FlowJo software was used to analyse cell cycle data. Student`s t‐test was carried out to
calculate p values. p> 0.05 not significant, *p<0.05.

4.3.3 The apoptotic effect of ibrutinib on BCP‐ALL cell lines
To confirm the apparent apoptotic effect of ibrutinib in reducing cell viability, Annexin V‐FITC
staining (Section 2.3.2) was used to measure programmed cell death in Nalm‐6 cells by flow
cytometry. Nalm‐6 cells were incubated with the GI50 concentration of ibrutinib (18µM) for 48
and 72 hours and showed a significant increase in the percentage of apoptotic cells at both
time points when compared to the CV (Figure 4.9A). The percentage of cell death after 48
hours was 9.67±1.86% compared to 2.06±0.27% for CV (p<0.05) and after 72 hours was
16.82±1.46% compared to CV treated, 3.59±0.88 %, p‐value was 0.0015 (Figure 4.9B). These
data indicate that ibrutinib significantly induced cell death at the GI50 concentrations in Nalm‐
6 cells and is consistent with cell cycle data described above.
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Figure 4.9: Ibrutinib treatment induces significant programmed cell death in Nalm‐6 cell line.
Nalm‐6 cells were cultured for 48, 72 hours with the control vehicle or ibrutinib (18µM) before
Annexin V‐FITC staining and assessment by flow cytometry. (A) Representative histograms of
Annexin V staining are shown for the two time points. (B) Bar graph chart denoting the mean
± SEM (n=3). CellQuest software was used to analyse Annexin V data. Student`s t‐test was
carried out to calculate p values. *p< 0.05, **p<0.01.
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4.3.4 The pharmacodynamic effect of ibrutinib on BCP‐ALL cells
To confirm that the effect of Ibrutinib on cell cycle arrest and apoptosis was associated with
BTK inhibition, the phosphorylation of BTK was analysed by intracellular phospho‐staining
followed by detection by flow cytometry (Section 2.3.5). Ramos stimulation with anti‐µHC
(20µg/ml for 4 minutes) was used as a positive control for pBTK activation (Figure 4.10A) which
was run side by side with all experiments. Nalm‐6 cells were exposed to their pre‐defined GI50
value (18µM) of ibrutinib at three different time points (1, 6 and 24 hours). Interestingly, a
reduction in the level of pBTK was observed in all time points, however, inhibition was more
potent at 6 and 24 hours than at 1 hour (Figure 4.10 B).
The pharmacodynamic effect of ibrutinib was also investigated in PDX samples. PDX samples,
previously shown to be sensitive to ibrutinib, were incubated with pre‐defined GI50
concentrations. L825/AZ16 and L914/AZ4 were incubated respectively with 490nM and 4µM
of ibrutinib for 6 hours. A mild reduction in pBTK was seen in both PDX samples but the
inhibition was less marked than Nalm‐6 cell line (Figure 4.10 C).
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Figure 4.10: Pharmacodynamic effect of ibrutinib on BCP‐ALL cells.
Intracellular staining with anti‐pBTK(pY233) antibody‐PE and acquisition on a FACSCalibur
were carried out following incubation of Pre‐B cells with their relevant ibrutinib GI50
concentrations. (A) Overlay histogram shows Ramos cells stimulation by F(ab)2 anti‐µHC
antibody which was used as a positive control. (B) Histograms show pBTK inhibition in Nalm‐
6 cells treated with DMSO (CV) or 18µM ibrutinib for 1, 6 and 24 hours. (C) Histograms depict
pBTK inhibition in L825/AZ16 and L914/AZ4 which were incubated with 490nM and 4µM of
ibrutinib respectively for 6 hours. Only one replicate was performed for all experiments.
FlowJo software was used to make histograms overlays.
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4.4 Effect of fostamatinib R406 (SYK inhibitor) on BCP‐ALL cells
4.4.1 Effect of R406 on BCP‐ALL cells viability
Fostamatinib R788, the pro‐drug form of the SYK inhibitor, has shown activity in clinical trials
performed in patients with Rheumatoid Arthritis, Lymphoma and CLL (Friedberg et al., 2010;
Morales‐Torres, 2012). In addition, preclinical data evidenced that fostamatinib decreased
tumour burden in mice transplanted with high risk and relapsed BCP‐ALL cells (Perova et al.,
2014).
To determine the effect of fostamatinib R406, the active form of this drug, on high risk ALL,
five cell lines and 30 PDX samples (derived from 15 ALL patient samples) were exposed to
increasing doses of R406 (Table 2.8) for 96 hours followed by Alamar blue assay (Section 2.5.1).
R406 treatment decreased the viability of both Pre‐BCR+ (PreB 697, Nalm‐6 and R3F9) and Pre‐
BCR‐ (REH) cell lines (Mean GI50 4.32µM, range 2.88 – 5.83µM), however, the highest R406
concentration (50µM) didn’t reduce the viability of TK6 cells (Figure 4.11 A, Figure 4.12 and
table 4.5). Interestingly, remarkable sensitivity was seen in 2 out of 3 Pre‐BCR+ samples (L825
presentation and L910 presentation) (Mean GI50 0.947μM, range 150nM ‐1.74μM) ‐ defined
as GI50 less than 2µM ‐ as shown in figure 4.9B and table 4.5 and also, 4 from 12 Pre‐BCR‐
samples (L914 presentation, L829 presentation, L824 presentation and L881 2nd relapse)
(Mean GI50 3.06μM, range 125nM ‐4.2μM) (Figure 4.11 B, C, figure 4.12 and table 4.5). The
sensitive samples harboured different genetic mutations such as c‐CBL (L825 presentation),
TCF3‐PBX1 (L910 presentation), NRAS mutation (L829 presentation), CBL and FLT3 (L914
presentation) and PDGFR (L824 presentation). (Table 2.13). Again, consistent GI50 values were
obtained in all replicates PDXs apart from L578/JM162.
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Figure 4.11: The survival curves of BCP‐ALL cells treated with R406 for 96 hours.
Five cell lines (A), 3 Pre‐BCR+ and 12 Pre‐BCR‐ patient derived samples (B and C) were cultured
in the presence of escalating doses of R406 for 96 hours before measuring viability by Alamar
blue assay. Curve points of cell lines in graph (A) represent the mean of 3 independent
experiments ± SEM, whereas only one test was achievable in each individual PDX material and
error bars represent the mean of 3 different wells ± SEM (B and C). Each patient sample was
amplified into 1‐5 PDX replicates. Data were analysed by GraphPad prism software.
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Cells
* TK6
* PreB 697
* Nalm‐6
* R3F9
L825 pres
L910 pres
L707 pres
* REH
L897 pres
L779 Pres
L578 rel
L829 rel
L914 pres
L829 pres
L4951 pres
LK196 2nd rel
L920 pres
L919 2nd rel
L824 pres
L881 2nd rel

GI50 Mean ± SEM
(R406 µM)

> 25
2.88 ± 0.27
2.97 ± 0.37
5.83 ± 2.08
0.15 ± 0.09
1.745 ± 0.005
> 25
5.63 ± 0.269
10.00
> 25
8.525 ± 0.668
20.00
0.125 ± 0.005
3.89 ± 1.06
> 25
> 25
> 25
> 25
1.695 ± 1.195
4.205 ± 1.295

Number
of
replicates
6
3
4
3
2
2
1
3
2
2
4
1
2
3
2
1
2
2
2
2

Table 4.5: A list of mean GI50 concentrations for BCP‐ALL cells treated with R406 for 96 hours.
Cells were incubated with dose escalation of R406 for 96 hours before measurement of
viability by Alamar blue assay. Mean GI50s were calculated from 3‐6 independent replicates of
5 cell lines (asterisks) or 30 PDX replicates derived from 15 patient samples ± SEM.
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Figure 4.12: Mean GI50s of cell lines and PDX cells incubated with R406 for 96 hours.
Cell lines and PDX cells were exposed to a concentration range of R406 for 96 hours. Alamar
blue assay was subsequently performed to assess cells viability. The bar chart shows the mean
of GI50s of cell lines (4) and PDX samples (15). Three independent replicates were used to
calculate the mean GI50 ± SEM. However, each patient sample was amplified into 1‐5 PDX
sample and hence mean GI50s were calculated ± SEM. Asterisks denote samples for which the
GI50 was not reached. GraphPad prism software was used to calculate the GI50s.
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4.4.2 Effects of R406 on cell cycle profile of BCP‐ALL cell lines
To evaluate the mechanism by which fostamatinib R406 inhibits ALL cells viability, propidium
iodide staining was carried out to measure cell cycle distribution by flow cytometry (Section
2.3.3) using 3 cell lines. Nalm‐6, PreB 697 and REH cell lines were incubated with their relevant
GI50s (3µM, 3µM and 6µM respectively) for 24 and 48 hours (Figures 4.13, 4.14 and tables 4.6‐
4.8). The cell cycle profile analyses after 24 hours incubation with the SYK inhibitor showed an
increase in the percentage of Nalm‐6 cells arrested at G2 (% of cells in G2, CV: 22.47 ± 0.49%
versus R406: 36.13 ± 1.75%; p<0.01) and a 19 fold increase in the ratio of cells present in a
super‐G2 peak (% of cells in super‐G2, CV: 0.65 ± 0.07% versus R406: 19 ± 1.37%; p<0.001)
(Figure 4.13 A and table 4.6). In addition, a reduction in the ratio of Nalm‐6 cells arrested at
G1 and S phases was apparent (% of cells in G1, CV: 32.57 ± 0.81% versus R406: 11.77 ± 0.75%;
p<0.0001), (% of cells in S, CV: 43.07 ± 1.29% versus R406: 30.2 ± 0.87%; p<0.01) respectively.
After 48 hours, there was a 7 fold increase in cells present in the sub‐G1 peak (% of cells in
sub‐G1, CV: 1.34 ± 0.15% versus R406: 11.9 ± 0.45%) (Figure 4.13A and table 4.6).
For PreB 697, there was a small decrease in the percentage of cells in the G2‐phase after 24
hours incubation (% of cells in G2, CV: 14.93 ± 0.47% versus R406: 11.87 ± 0.4%; p<0.01). There
was a small decrease in the ratio of cells arrested at the G1 phase after 48 hours (% of cells in
G1, CV: 41.27 ± 1.36% versus R406: 33.97 ± 0.69%; p<0.01) which was associated with very
small but significant increase cells within sub‐G1 (% of cells in sub‐G1, CV: 1.36 ± 0.19% versus
R406: 2.2 ± 0.05%; p<0.05) and super‐G2 (% of cells in super‐G2, CV: 0.01 ± 0.01% versus R406:
0.36 ± 0.08%; p<0.05) (Figure 4.13 B and table 4.7).
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Figure 4.13: The effect of R406 treatment on cell cycle distribution of BCP‐ALL cell lines.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing (A) Nalm‐6, (B) PreB 697 cell lines to 3µM R406 for 24 and 48 hours. Histograms of
one representative cell cycle run of 3 independent experiments were presented. The bar
graphs show the mean percentage of cells distributed at different phases of the cell cycle ±
SEM (n=3) (A). FlowJo software was used to analyse cell cycle data.
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Cell cycle
phase
Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

Mean ± SEM (n=3)
CV
Fostamatinib R406
0.84 ± 0.28
2.96 ± 0.79
32.57 ± 0.81
11.77 ± 0.75
43.07 ± 1.29
30.2 ± 0.87
22.47 ± 0.49
36.13 ± 1.75
0.65 ± 0.07
19 ± 1.37

p‐value

Time
point

0.0669
< 0.0001 ****
0.0012 **
0.0017 **
0.0002 ***

24
hours

Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

1.34 ± 0.15
36.07 ± 0.48
43.8 ± 0.96
17.63 ± 0.81
0.82 ± 0.14

< 0.0001 ****
< 0.0001 ****
< 0.0001 ****
0.0012 **
< 0.0001 ****

48
hours

11.9 ± 0.45
13.8 ± 0.75
26.73 ± 0.29
24.63 ± 0.23
22.87 ± 0.67

Table 4.6: Percentages of Nalm‐6 cells distributed at different cell cycle phases after
treatment with R406.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing Nalm‐6 cells to 3µM of R406 or DMSO (CV) for 24 and 48 hours. Mean percentages
of different cell cycle phases were calculated from 3 independent experiments ± SEM. FlowJo
software was used to analyse cell cycle data. Student`s t‐test was carried out to calculate p
values. p> 0.05 not significant, **p<0.01, ***p<0.001 and ****p<0.0001.
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Cell cycle
phase
Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

Mean ± SEM (n=3)
CV
Fostamatinib R406
2.53 ± 0.34
2.17 ± 0.2
34.1 ± 1.51
36.17 ± 0.96
49.8 ± 1.71
50.1 ± 1.27
14.93 ± 0.47
11.87 ± 0.4
0.0 ± 0.0
0.09 ± 0.05

p‐value

Time
point

0.4146
0.3134
0.8951
0.0078 **
0.1388

24
hours

Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

1.36 ± 0.19
41.27 ± 1.36
45.6 ± 1.86
12.5 ± 0.6
0.01 ± 0.01

0.0140 *
0.0089 **
0.0564
0.6457
0.0185 *

48
hours

2.2 ± 0.05
33.97 ± 0.69
50.83 ± 0.63
12.83 ± 0.29
0.36 ± 0.08

Table 4.7: Percentages of PreB 697 cells distributed at different cell cycle phases after
treatment with R406.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing PreB 697 cells to 3µM of R406 or DMSO (CV) for 24 and 48 hours. Mean percentages
of different cell cycle phases were calculated from 3 independent experiments ± SEM. FlowJo
software was used to analyse cell cycle data. Student`s t‐test was carried out to calculate p
values. p> 0.05 not significant, *p<0.05 and **p<0.01.

Consistent with Nalm‐6 cells, a substantial increase (fivefold) in the proportion of cells
arrested at G2 was observed in REH cells incubated with R406 for 24 hours (% of cells in G2,
CV: 10.32 ± 0.49% versus R406: 47.97 ± 1.29%; p<0.0001), in addition to a significant increase
in the % of cells in the sub‐G1 peak (CV: 1.18 ± 0.14% versus R406: 2.62 ± 0.46%; p<0.05) and
super‐G2 peaks (% of cells in super‐G2, CV: 1.22 ± 0.2% versus R406: 7.81 ± 0.63%; p<0.001).
There was a concomitant decrease in the proportion of cells in the G1 phase (% of cells in G1,
CV: 35.47 ± 1.61% versus R406: 5.75 ± 0.23%; p<0.0001) and S‐phase (% of cells in S, CV: 51.43
± 1.51% versus R406: 35.77 ± 0.92%; p<0.001) after 24 hours (Figure 4.14 and table 4.8).
Similarly, the % of cells were also significantly increased at G2, S, sub‐G1 and super‐G2 phases
after 48 hours and were associated with highly significant decrease in the ratio of cells in the
% of cells in the G1 phase as shown in figure 4.14 and table 4.8. Taken together, these data
suggest that R406 induces a G2 arrest and apoptosis in two cell lines out of three.
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Figure 4.14: The effect of R406 treatment on cell cycle distribution of REH cell line.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing REH cells to 6µM R406 for 24 and 48 hours. Histograms of one representative cell
cycle run of 3 independent experiments are presented. The bar graphs show the mean
percentage of cells distributed at different phases of the cell cycle ± SEM (n=3). FlowJo
software was used to analyse cell cycle data.

Cell cycle
phase
Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

Mean ± SEM (n=3)
CV
Fostamatinib R406
1.18 ± 0.14
2.62 ± 0.46
35.47 ± 1.61
5.75 ± 0.23
51.43 ± 1.51
35.77 ± 0.92
10.32 ± 0.49
47.97 ± 1.29
1.22 ± 0.2
7.81 ± 0.63

p‐value

Time
point

0.0425 *
< 0.0001 ****
0.0009 ***
< 0.0001 ****
0.0006 ***

24
hours

Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

1.17 ± 0.13
39.33 ± 0.8
47.67 ± 0.73
10.93 ± 0.2
0.28 ± 0.14

0.0001 ***
< 0.0001 ****
0.0220 *
0.0073 **
0.0001 ***

48
hours

9.58 ± 0.55
13.73 ± 1.29
51.3 ± 0.68
14.87 ± 0.75
10.44 ± 0.65

Table 4.8: Percentages of REH cells distributed at different cell cycle phases after treatment
with R406.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing REH cells to 6µM of R406 or DMSO (CV) for 24 and 48 hours. Mean percentages of
different cell cycle phases were calculated from 3 independent experiments ± SEM. FlowJo
software was used to analyse cell cycle data. Student`s t‐test was carried out to calculate p
values. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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4.4.3 The apoptotic effect of R406 on BCP‐ALL cell lines
To further understand the cytotoxic effect of R406, Annexin V‐FITC staining (Section 2.3.2) was
used to measure the percentage of apoptotic BCP‐ALL cells by flow cytometry. Nalm‐6, PreB
697 and REH cells were treated with their relevant GI50 concentrations of R406 (3µM, 3µM
and 6µM respectively) followed by Annexin V staining at 48 and 72 hours (Figure 4.15).
In Nalm‐6, an increase in the percentage of apoptosis was seen at both time points, however,
it was only significant at 72 hours incubation (CV: 7.9 ± 1.52% versus R406: 31.34 ± 1.55%;
p<0.01) (Figure 4.15 A). In addition, induction of programmed cell death was apparent in PreB
697 cells at 72 hours (CV: 4.7 ± 0.38% versus R406: 20.92 ± 0.34%; p<0.0001) (Figure 4.15 B).
Moreover, a significant induction of apoptosis was seen in REH cells after 48 hours (CV: 4.21
± 0.05% versus R406: 27.34 ± 1.59%; p<0.001) and 72 hours (CV: 3.15 ± 0.32% versus R406:
26.86 ± 1.9%; p<0.001) (Figure 4.15C). Taken together, these data indicate that R406 is
associated with the formation of a super G2 peak and induced significant apoptosis at the GI50
concentrations in all 3 cell lines.
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Figure 4.15: The effect of R406 treatment on apoptosis induction in BCP‐ALL cell lines.
Apoptosis was assessed by flow cytometry using Annexin V‐FITC staining after exposing (A)
Nalm‐6, (B) PreB 697 and (C) REH cell lines to their relevant GI50 values of R406 (3µM, 3µM
and 6µM respectively) for 48 and 72 hours. One representative histogram of 2‐3 independent
experiments were presented. The bar graphs show the mean percentage of cells distributed
at different phases of the cell cycle ± SEM. CellQuest software was used to analyse Annexin V
data. Student`s t‐test was carried out to calculate p values. p>0.05 not significant (ns), *p<
0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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4.4.4 Pharmacodynamic effects of R406 on BCP‐ALL cells
To confirm the mechanism of action of the fostamatinib R406 cytotoxicity, the inhibition of
several potential targets [pSYK(Y352), pSYK(Y348) and pAKT(S473)] were investigated by
intracellular phospho‐flow cytometry (Section 2.3.5). Ramos stimulation with anti‐µHC
(20µg/ml for 4 minutes) was used as positive control for target activation (Figure 4.16 A).
Ramos cells were run side by side with all experiments of cell lines and R406‐sensitive PDX
samples (Figures 4.16 and 4.17).
Nalm‐6 and R3F9 cell lines were exposed to their relevant GI50 concentrations of R406 (3µM
and 6µM respectively) for 2 hours. Measurement by flow cytometry showed a modest small
inhibition in all targets, but was only significant for pSYK(Y348) in both cell lines (Figure 4.16 B
and C). Interestingly, about 10 % inhibition in pSYK(Y348) was obtained in R406‐treated Nalm‐
6 and R3F9 cells compared to DMSO treated cells (Figure 4.16 D and E).
In addition to cell lines, similar experiments were also performed in PDX samples. The R406
sensitive PDX samples taken from newly harvested spleens were incubated with the pre‐
defined GI50 concentration of previously harvested PDX replicates injected with the same
patient cells. L825/AZ18, L910/AZ28, L914/AZ4, L829/AZ2, and L824/AZ22 were incubated
with their relevant GI50 concentrations of R406 (56nM, 1.75µM, 120nM, 5.12µM and 500nM
respectively). Surprisingly, no inhibition was observed in all targets studied in all PDX samples
(Figure 4.17) apart from mild inhibition of pAKT in L914/AZ4 (Figure 4.17 C).
Therefore, these results indicate that a very modest inhibition of pSYK(Y348) was only seen in
cell lines.
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Figure 4.16: The pharmacodynamic effects of R406 on BCP‐ALL cell lines.
Intracellular staining [pSYK (Y352), pSYK (Y348) and pAKT(S473)] and acquisition on a
FACSCalibur were carried out following incubation of Nalm‐6 and R3F9 with their relevant
R406 GI50 concentrations. (A) Overlay histograms showing Ramos cells stimulation by F(ab)2
anti‐µHC antibody for all targets and were used as positive controls. (B) Histograms show
targets inhibition in Nalm‐6 cells treated with DMSO (CV) or 3µM R406 for 2 hours. (C)
Histograms depict pharmacological targets inhibition in R3F9 cells incubated with CV or 6µM
R406 for 2 hours. Bar charts represent the mean ± SEM (n=2‐4) of Nalm‐6 (D) and R3F9 (E).
FlowJo software was used to perform histograms overlays. Student`s t‐test was carried out to
calculate p values. p>0.05 not significant (ns), **p<0.01.
133

Chapter 4: Effect of single TKIs on BCP‐ALL cells

Figure 4.17: The pharmacodynamic effects of R406 on BCP‐ALL PDX cells.
Intracellular staining [pSYK (Y352), pSYK (Y348) and pAKT(S473)] and acquisition on a
FACSCalibur were carried out following incubation of PDX cells with their relevant R406 GI50
concentrations. Histogram overlays of (A) L825/AZ18 (56nM), (B) L910/AZ28 (1.75µM), (C)
L914/AZ4 (120nM), (D) L829/AZ2 (5.12µM) and (E) L824/AZ22 (500nM) cells exposed to R406
for 2 hours. FlowJo software was used to perform histograms overlays. Ramos cells
stimulation by F(ab)2 anti‐µHC antibody of all targets were used as positive controls.
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4.5 Effect of dasatinib (BCR‐ABL/SRC inhibitor) on BCP‐ALL cells
4.5.1 Effect of dasatinib on BCP‐ALL cells viability
Recently, dasatinib, the multi‐kinase inhibitor, was approved by FDA for the treatment of CML
and Ph positive adult ALL (Kantarjian et al., 2010a; Foa et al., 2011). Moreover, preclinical and
clinical data evidenced that dasatinib was also effective in Ph‐like and t(1;19) ALL (Bicocca et
al., 2012; Kobayashi et al., 2015; Welsh et al., 2017). To this end, the viability effect of
dasatinib on high risk BCP‐ALL cells which had different genetic alterations were investigated
in vitro. Five cell lines and 29 PDX samples (derived from cells of 15 ALL patients) were exposed
to a dose range of dasatinib (Table 2.9) for 96 hours followed by Alamar blue assay (Section
2.5.1). Pre‐BCR harbouring cell lines (PreB 697, Nalm‐6 and R3F9) showed sensitivity to
dasatinib treatment (Mean GI50 2.95μM, range 2.45 ‐3.81μM) which was greater than Pre‐
BCR‐ cells (REH) or TK6 (Mean GI50 15.31μM, range 12.49‐18.13μM) (Figure 4.18 A, figure 4.19
and table 4.9). Consistent with the cell lines, 2 out of 3 Pre‐BCR+ PDX samples (L825
presentation and L910 presentation) were remarkably sensitive to dasatinib (Mean GI50
159nM, range 147‐171nM), furthermore, the Ph positive and Ph‐like (PDGFR) Pre‐BCR‐
samples (L4951 presentation and L824 presentation respectively) were very sensitive to
dasatinib treatment (Mean GI50 53.7nM, range 8.9‐98.5nM) among 12 Pre‐BCR‐ samples
(Figure 4.18 B, C, figure 4.19 and table 4.9). The sensitive Pre‐BCR+ samples had different
genetic alterations including c‐CBL (L825 presentation) and TCF3‐PBX1 (L910 presentation)
(Table 2.13). Again consistent GI50 values were obtained in all replicates PDXs of all patient
materials.
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Figure 4.18: The survival curves of BCP‐ALL cells treated with dasatinib for 4 days.
Five cell lines (A), 3 Pre‐BCR+ and 12 Pre‐BCR‐ patient samples (B and C) were cultured in the
existence of dose escalation of dasatinib for 96 hours before measuring viability by Alamar
blue assay. Curve points of cell lines graph (A) represent the mean of 3 independent
experiments ± SEM, whereas only one test was achievable in each individual PDX material and
error bars represent the mean of 3 different wells ± SEM (B and C). Each patient sample was
amplified into 1‐3 PDX replicates. Data were analysed by GraphPad prism software.
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Cells
* TK6
* PreB 697
* Nalm‐6
* R3F9
L825 pres
L910 pres
L707 pres
* REH
L897 pres
L779 Pres
L578 rel
L829 rel
L914 pres
L829 pres
L4951 pres
LK196 2nd rel
L920 pres
L919 2nd rel
L824 pres
L881 2nd rel

GI50 Mean ± SEM
(Dasatinib µM)

18.13 ± 3.56
2.59 ± 0.35
3.81 ± 1.98
2.45 ± 0.86
0.171 ± 0.113
0.147 ± 0.003
22.80
12.49 ± 0.73
> 20
24.9 ± 0.1
9.87 ± 1.92
20.00
16.4 ± 0.5
12.80 ± 0.65
0.0089 ± 0.0011
12.58
24.65 ± 0.35
24.7 ± 0.2
0.0985 ± 0.0015
8.51 ± 2.29

Number
of
replicates
3
3
3
3
2
2
1
3
2
2
3
1
2
3
2
1
2
2
2
2

Table 4.9: A list of mean GI50 concentrations for BCP‐ALL cells treated with dasatinib.
Cells were incubated with dose escalation of dasatinib for 96 hours before measurement of
viability by Alamar blue assay. Mean GI50s were calculated from 3 independent replicates of 5
cell lines (asterisks) or 30 PDX replicates derived from 15 patient samples ± SEM.
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Figure 4.19: Mean GI50s of cell lines and PDX cells incubated with dasatinib for 96 hours.
Cell lines and PDX cells were exposed to a concentration range of dasatinib for 96 hours.
Alamar blue assay was subsequently performed to assess cell viability. The bar chart shows
the mean of GI50s of cell lines (n=4) and PDX samples (n=15). Three independent replicates
were used to calculate the mean GI50 ± SEM. However, each patient sample was amplified into
1‐5 PDX sample and hence mean GI50s were calculated ± SEM. Asterisk denotes sample for
which the GI50 was not reached. GraphPad prism software was used to calculate the GI50s.

4.5.2 Effect of dasatinib on cell cycle profile of BCP‐ALL cell lines
To further understand the inhibitory mechanism of dasatinib on BCP‐ALL cells, propidium
iodide staining was performed to measure the distribution of cell cycle phases by flow
cytometry (Section 2.3.3). To this end, PreB 697 (n=3), Nalm‐6 (n=3), R3F9 (n=2) and REH (n=1)
were co‐cultured with their relevant GI50 concentrations (3µM, 5µM, 2.5µM and 13µM
respectively) for 24 and 48 hours (Figures 4.20, 4.21 and tables 4.10‐4.12).
The cell cycle analyses in PreB 697 cells showed a mild but significant increase in the
percentage of cells arrested at G1‐phase at 24 hour time point (% of cells in G1, CV: 35.53 ±
0.75% versus dasatinib: 40.17 ± 1.22%; p<0.05) and a concomitant 3 fold reduction in ratio of
cells arrested at the G2‐phase (% of cells in G2, CV: 14.9 ± 0.15% versus dasatinib: 5.12 ± 1.08%;
p<0.001) (Figure 4.20 A and table 4.10). Similarly, a G1 arrest was maintained in cells dosed
with dasatinib for 48 hours (% of cells in G1, CV: 36.83 ± 0.42% versus dasatinib: 48.73 ± 1.27%;
p<0.001) which was associated with significant reduction in the ratio of cells at S‐phase (% of
cells in S, CV: 49.43 ± 0.31% versus dasatinib: 41.3 ± 1.2%; p<0.01) and the G2‐phase (% of
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cells in G2, CV: 18.63 ± 0.48% versus dasatinib: 6.043 ± 0.67%; p<0.01) (Figure 4.20 A and table
4.10).
In Nalm‐6 cells, dasatinib treatment for 24 hours induced arrest at S‐phase (% of cells in S, CV:
42.73 ± 1.3% versus dasatinib: 47.03 ± 0.38%; p<0.05) with concomitant decrease in the
percentage of cells at G2‐phase (% of cells in G2, CV: 18.63 ± 0.48% versus dasatinib: 11.67 ±
1.02%; p<0.01). However, only G1 arrest was observed in Nalm‐6 cells left with dasatinib for
48 hours (% of cells in G1, CV: 33.6 ± 1.85% versus dasatinib: 47.20 ± 0.56%; p<0.01) (Figure
4.20 B and table 4.11).
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Figure 4.20: The effect of dasatinib treatment on cell cycle distribution of PreB 697 and
Nalm‐6 cell lines.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing (A) PreB 697, (B) Nalm‐6 cell lines to their relevant dasatinib GI50s (3µM and 5µM
respectively) for 24 and 48 hours. Histograms of one representative cell cycle run of 3
independent experiments were presented. The bar graphs show the mean percentage of cells
distributed at different phases of the cell cycle ± SEM (n=3) (A). FlowJo software was used to
analyse cell cycle data.
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Cell cycle
phase
Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

Mean ± SEM (n=3)
CV
Dasatinib
3.55 ± 0.78
6.42 ± 1.93
35.53 ± 0.75
40.17 ± 1.22
46.17 ± 0.03
48.33 ± 1.91
14.9 ± 0.15
5.12 ± 1.08
0.19 ± 0.11
0.31 ± 0.08

p‐value

Time
point

0.2422
0.0321 *
0.3201
0.0009 ***
0.4421

24 hours

Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

2.2 ± 0.32
36.83 ± 0.42
49.43 ± 0.31
12.13 ± 0.31
0.0 ± 0.0

0.1075
0.0009 ***
0.0028 **
0.0012 **
0.1237

48 hours

5.02 ± 1.32
48.73 ± 1.27
41.3 ± 1.2
6.043 ± 0.67
0.21 ± 0.11

Table 4.10: Percentages of PreB 697 cells distributed at different cell cycle phases after
treatment with dasatinib.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing PreB 697 cells to 3µM of dasatinib or DMSO (CV) for 24 and 48 hours. Mean
percentages of different cell cycle phases were calculated from 3 independent experiments ±
SEM. FlowJo software was used to analyse cell cycle data. Student`s t‐test was carried out to
calculate p values. P>0.05 not significant, *p< 0.05, **p<0.01, ***p<0.001.

Cell cycle
phase
Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

Mean ± SEM (n=3)
CV
Dasatinib
1.57 ± 1.05
1.19 ± 0.45
36.63 ± 2.46 38.93 ± 0.66
42.73 ± 1.3
47.03 ± 0.38
18.63 ± 0.48 11.67 ± 1.02
0.29 ± 0.13
0.46 ± 0.19

p‐value

Time
point

0.7558
0.4191
0.0345 *
0.0036 **
0.5194

24
hours

Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

0.84 ± 0.08
33.6 ± 1.85
52.17 ± 5.83
12.5 ± 3.94
0.63 ± 0.26

0.1366
0.0022 **
0.1604
0.3684
0.9049

48
hours

1.45 ± 0.31
47.20 ± 0.56
41.83 ± 1.41
8.45 ± 0.6
0.59 ± 0.17

Table 4.11: Percentages of Nalm‐6 cells distributed at different cell cycle phases after
treatment with dasatinib.
Cell cycle phases were assessed by flow cytometry using Propidium iodide staining after
exposing Nalm‐6 cells to 5µM of dasatinib or DMSO (CV) for 24 and 48 hours. Mean
percentages of different cell cycle phases were calculated from 3 independent experiments ±
SEM. FlowJo software was used to analyse cell cycle data. Student`s t‐test was carried out to
calculate p values. p>0.05 not significant, *p< 0.05, **p<0.01.
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Concerning R3F9 cells, no statistically significant changes in cell cycle profile were observed
after 24 hours incubation with dasatinib. However, G1 arrest was induced after 48 hours (%
of cells in G1, CV: 38.20 ± 1.4% versus dasatinib: 46.05 ± 0.85%; p<0.05) which was associated
with a decrease in the ratio of cells arrested at S‐phase (% of cells in S, CV: 50.05 ± 0.05%
versus dasatinib: 46.10 ± 0.2%; p<0.01) and at sub‐G1 phase (% of cells in sub‐G1, CV: 0.57 ±
0.01% versus dasatinib: 1.08 ± 0.08%; p<0.05) (Figure 4.21 A and table 4.12).
As shown in figure (4.21 B), G1‐arrest was induced in REH cells following 24 hours (% of cells
in G1, CV: 37.1% versus dasatinib: 44.5%) in addition to relatively high ratio of cells at sub‐G1
(% of cells in sub‐G1, CV: 1.94% versus dasatinib: 11%) and this was associated with reduction
in S and G2 phases. At 48 hours, the ratio of cells at sub‐G1 was maintained (% of cells in sub‐
G1, CV: 0.59% versus dasatinib: 11.7%) which was associated with a reduction in S (% of cells
in S, CV: 44.1% versus Dasatinib: 36.4%) and G2 (% of cells in G2, CV: 10.1% versus dasatinib:
5.93%) phases (Figure 4.21 B). Taken together, dasatinib treatment induced significant G1
arrest in both Pre‐BCR+ and Pre‐BCR‐ cell lines.
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Figure 4.21: The effect of dasatinib treatment on cell cycle distribution of R3F9 and REH cell
lines.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing (A) R3F9, (B) REH cell lines to their relevant dasatinib GI50s (2.5µM and 13µM
respectively) for 24 and 48 hours. Histograms of one representative cell cycle run of 3
independent experiments were presented. The bar graph shows the mean percentage of cells
distributed at different phases of the cell cycle ± SEM (n=3). FlowJo software was used to
analyse cell cycle data.
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Cell cycle
phase
Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

Mean ± SEM (n=2)
CV
Dasatinib
0.58 ± 0.24
0.62 ± 0.03
30 ± 1.7
36.1 ± 1.1
55.3 ± 3
55.45 ± 1.45
13.85 ± 1.65
7.15 ± 0.98
0.18 ± 0.18
0.36 ± 0.32

Sub‐G1 %
G1 %
S%
G2 %
Super‐G2 %

0.57 ± 0.01
38.20 ± 1.4
50.05 ± 0.05
11.22 ± 1.58
0.12 ± 0.09

1.08 ± 0.08
46.05 ± 0.85
46.10 ± 0.2
6.27 ± 0.27
0.25 ± 0.01

p‐value

Time
point

0.8839
0.0948
0.9682
0.0732
0.6755

24
hours

0.0241 *
0.0409 *
0.0027 **
0.0917
0.3118

48
hours

Table 4.12: Percentages of R3F9 cells distributed at different cell cycle phases after
treatment with dasatinib.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
exposing R3F9 cells to 13µM of dasatinib or DMSO (CV) for 24 and 48 hours. Mean percentages
of different cell cycle phases were calculated from 2 independent experiments ± SEM. FlowJo
software was used to analyse cell cycle data. Student`s t‐test was carried out to calculate p
values. *p< 0.05, **p<0.01.

4.5.3 The apoptotic effect of dasatinib on BCP‐ALL cell lines
To further evaluate the effect of dasatinib on cell growth, Annexin V‐FITC staining (Section
2.3.2) was performed to measure programmed cell death in PreB 697 cells by flow cytometry.
PreB 697 cells were co‐cultured in the presence of the GI50 concentration of dasatinib (3µM)
and apoptosis was measured after 48 and 72 hours (Figure 4.22). At both time points, a small
increase in the percentage of apoptotic cells was observed and was only significant at 72 hours
(CV: 1.65 ± 0.21% versus dasatinib: 2.96 ± 0.19%; p<0.05) (Figure 4.22 B). These data indicate
that dasatinib does not induce cell death in PreB 697 cell line at the GI50 concentration of
dasatinib and therefore cytostatic which confirms the cell cycle data described above.
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Figure 4.22: Dasatinib does not induce apoptosis in PreB 697 cell line.
PreB 697 cells were cultured for 48, 72 hours with the control vehicle or dasatinib (3µM)
followed by Annexin V‐FITC staining and assessment by flow cytometry. (A) Representative
histograms are shown for the two time points. (B) Bar graph chart denoting the mean ± SEM
(n=3). CellQuest software was used to analyse Annexin V data. Student`s t‐test was carried
out to calculate p values. p> 0.05 not significant, *p<0.05.
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4.5.4 Pharmacodynamic effects of dasatinib on BCP‐ALL cells
In order to understand the mechanism of action of dasatinib seen in BCP‐ALL cells, the
potential pharmacological targets [pBTK(Y223), pSYK(Y348), pBLNK(Y84) and pPLC‐ϒ2(Y759)]
were investigated by intracellular phospho‐flow cytometry (Section 2.3.5). Stimulation of
Ramos cells with anti‐µHC (20µg/ml for 4 minutes) was used as positive control for targets
activation (Figure 4.23 A). Ramos cells were run side by side with all experiments of cell lines
and dasatinib‐sensitive PDX samples (Figures 4.23 and 4.24).
PreB 697 and Nalm‐6 cells were co‐cultured in the presence of dasatinib using their relevant
GI50 concentrations (3µM and 5µM respectively). Interestingly, all investigated phospho‐
proteins were significantly inhibited after 24 hours incubation of both cell lines (Figure 4.23)
with the multi‐kinase inhibitor. Basal phosphorylation levels of dasatinib‐treated PreB 697
were reduced to 28.02 ± 2.3% for pBTK, 57.58 ± 2.32% for pSYK(Y348), 61.69 ± 3.18% for
pBLNK(Y84) and 57.87 ± 3.61 for pPLC‐ϒ2(Y759) when compared to CV treated cells (100 %
basal phosphorylation) and p values ranged between p<0.01 to p<0.0001 (Figure 4.23 B and
D). Moreover, the degree of phosphorylation inhibition in Nalm‐6 cells was similar to that in
PreB 697 in different phospho targets [27.87 ± 2.39% in pBTK(Y223), 58.54 ± 4.72% in
pSYK(Y348), 68.73 ± 3.85 in pBLNK(Y84) and 66.48 ± 0.61 in pPLC‐ϒ2(Y759) and p values ranged
between p<0.05 to p<0.0001] (Figure 4.23 C and E).
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Figure 4.23: The pharmacodynamic effects of dasatinib on BCP‐ALL cell lines.
Intracellular staining [pBTK (Y223), pSYK (Y348), pBLNK (Y84) and pPLC‐ϒ2(Y759)] and
acquisition on a FACSCalibur were carried out following incubation of PreB 697 and Nalm‐6
with their relevant dasatinib GI50 concentrations for 24 hours. (A) Overlay histograms showing
Ramos cells stimulation by F(ab)2 anti‐µHC antibody of all targets which were used as positive
controls. (B) Histograms show target inhibition in PreB 697 cells treated with DMSO (CV) or
3µM dasatinib. (C) Histograms depict pharmacological targets inhibition in Nalm‐6 cells
incubated with CV or 5µM dasatinib. Bar charts represent the mean ± SEM (n=2‐3) of PreB 697
(D) and Nalm‐6 (E). FlowJo software was used to make histograms overlays. Student`s t‐test
was used to calculate p values. *p< 0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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The pharmacodynamic effects of dasatinib were also investigated in PDX cells. The dasatinib‐
sensitive PDX samples taken from newly harvested spleens were incubated with the pre‐
defined GI50 concentrations of previously harvested PDX replicate(s) injected with the same
patient cells. L825/AZ18, L910/AZ28, L4951/AZ25 and L824/AZ22 were co‐cultured with the
pre‐defined GI50 concentrations of dasatinib (58nM, 150nM, 120nM, 10nM and 100nM
respectively) for 24 hours (Figure 4.24). Generally, a similar trend of inhibition of multiple
phospho protein targets was seen in PDX cells. The percentage reduction in pBTK was
comparable to that in cell lines (Mean: 51 %, range: 32 ‐71%), however, less inhibition was
observed in pSYK(Y348) (Mean: 82%, range: 57‐97%) and pPLC‐ϒ2(Y759) (Mean: 73%, range:
43‐90%) (Figure 4.24 A‐D and table 4.13). In addition, a minimal inhibition was observed in
BLNK, L910/AZ28 (92%) and L4951/AZ25 (81%) (Figure 4.24 B, C and table 4.13).
In summary, dasatinib inhibits several phospho‐proteins downstream of Pre‐BCR signalling in
both Pre‐BCR+ and Pre‐BCR‐ cells.
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Figure 4.24: The pharmacodynamic effects of dasatinib on BCP‐ALL PDX cells.
Intracellular staining [pBTK (Y223), pSYK (Y348), pBLNK (Y84) and pPLC‐ϒ2(Y759)] and
acquisition on a FACSCalibur were performed following incubation of PDX cells with their
relevant dasatinib GI50 concentrations. Histogram overlays of (A) L825/AZ18 (58nM), (B)
L910/AZ28 (150nM), (C) L4951/AZ25 (10nM) and (D) L824/AZ22 (100nM) PDX cells exposed
to dasatinib for 24 hours. FlowJo software was used to generate histograms overlays. Ramos
cells stimulation by F(ab)2 anti‐µHC antibody of all targets were considered as positive
controls.
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PDX
sample
L825/AZ18
L910/AZ28
L4951/AZ25
L824/AZ22

(Dasatinib treated MFI/CV treated MFI) *100%
pBTK %
pSYK %
pBLNK %
pPLC‐ϒ2 %
71.02
97.95
110.13
90.83
32.04
83.43
92.56
80.00
49.78
57.06
81.38
43.25
51.46
91.27
106.42
79.87

Table 4.13: The percentages of pharmacological targets inhibition in PDX cells following co‐
culture with dasatinib.
The percentage of pBTK (Y223), pSYK (Y348), pBLNK (Y84) and pPLC‐ϒ2(Y759) inhibition
following incubation of PDX cells with their relevant dasatinib GI50 concentrations or CV for 24
hours. FlowJo software was used to calculate mean fluorescent intensities (MFIs). The MFI
ratio for each phospho‐protein was calculated (MFI of dasatinib treated cells/MFI of CV
treated cells) and then multiplied by 100% to represent the percentage of signal inhibition.
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4.6 Discussion
Sustained activation of kinase signalling in cancer cells has led to the development of TKI
inhibitors, and tyrosine kinases activation is used as a predictive biomarker of response to
different TKIs (De Luca and Normanno, 2010; Li et al., 2015; Maude et al., 2015). Some TKI
inhibitors have demonstrated efficacy in certain haematological malignancies and were
associated with less toxicity than traditional chemotherapies (Young and Staudt, 2013;
Buchner and Muschen, 2014; Muschen, 2015; Trimarchi and Aifantis, 2015). Previous data
from our laboratory has shown that the RAS pathway was constitutively activated in a high
proportion of ALL, as measured by pERK levels, and was predictive of response to selumetinib
(MEK inhibitor) both in vitro and in vivo (Irving et al., 2014). This robust data set has prompted
phase I/II clinical trials of selumetinib in multiple relapsed/ refractory ALL and lends credence
to the experimental approach used in the study presented here.
The aim of this chapter was to investigate the effect of four TKI inhibitors, already used in the
clinic, with some being FDA approved, in BCP‐ALL cell lines and PDX samples from relapse or
high risk groups. PDX samples were generated to bulk up the amount of cells available for
experiments and have been shown by other groups to recapitulate the genotype and
phenotype of the primary leukaemias from which they were derived and importantly for this
project, drug response (Lee et al., 2007; Samuels et al., 2010; Wong et al., 2014; Wang et al.,
2017). The PDX model also enables drugs that show promising in vitro activity to undergo in
vivo efficacy studies (Tentler et al., 2012; Siolas and Hannon, 2013; Hidalgo et al., 2014).
Therefore, this study addressed the effects of each TKI inhibitor (CAL‐101, ibrutinib, R406 and
dasatinib) on viability, cell cycle, apoptosis and pharmacodynamic action.
CAL‐101 or idelalisib has shown clinical activity in patients with relapsed CLL and NHL and was
well tolerated. Recently, promising preclinical in vitro activity of CAL‐101 was seen in relapsed
TCF3‐PBX1 ALL cells (Meadows et al., 2012; Jabbour et al., 2014; Do et al., 2016; Eldfors et al.,
2017; Slinger et al., 2017). In the data presented here, the in vitro sensitivity results revealed
that all cell lines were resistant to CAL‐101. Moreover, The GI50s of one Pre‐BCR+ and Pre‐BCR‐
PDX samples were within the clinically bioavailable concentration [Cmax = 5180nM (Liston and
Davis, 2017)]. Interestingly, both samples housed c‐CBL mutation which is an ubiquitin ligase
that regulates several signalling pathways including JAK‐STAT, RAS and PI3K and has been
reported to be mutated in ALL (Nicholson et al., 2012). Mutations of this gene are more
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commonly found in chronic myelomonocytic leukaemia and mutated cells show sensitivity to
CAL‐101 both in vitro and in a mouse model (Nakata et al., 2017). While basal phosphorylation
of AKT was significantly higher in Pre‐BCR+ than Pre‐BCR‐ PDX cells, this did not confer
sensitivity to CAL‐101 and conflicts with preclinical data from other laboratories suggested
that CAL‐101 was effective in TCF3‐PBX1 positive BCP‐ALL cells which express Pre‐BCR on their
surfaces (Geng et al., 2015; Eldfors et al., 2017). In cell lines, CAL‐101 led to cell cycle arrest at
the G1 phase which has been observed by others in BCP‐ALL Nalm‐6 cell line (Safaroghli‐Azar
et al., 2017), however, CAL‐101 appeared cytostatic in this cell lines and did not lead to the
induction programmed cell death unlike what has been observed in cell lines from more
differentiated B cell tumors (Herman et al., 2010; Lannutti et al., 2011). Surprisingly, the
pharmacodynamics data indicated inhibition of pAKT only at high CAL‐101 doses (doses
applied for cell lines), while the more sensitive PDX cells incubated with low inhibitor doses
(GI50s) were not associated with target inhibition and may suggest an off target effect in these
cells (Table 4.14).

PI3K
Kinase

IC50 at 5‐10000 nM

p110α
p110β
p110δ
p110ɣ

820
565
2.5
89

Table 4.14: A list of PI3K kinases inhibited by CAL‐101 using an in vitro kinase assay.
Kinase binding experiments were performed in the existence of 5‐10000nM of CAL‐101
followed by determination of the maximal inhibitory concentration (IC50). Data adapted from
(Lannutti et al., 2011).

It has been proven that ibrutinib interferes with the replication of BCR positive malignant cells
both preclinically and clinically (Herman et al., 2014a; Herman et al., 2014b; Burger et al.,
2017). Interestingly, three PDX samples (one Pre‐BCR+ and 2 Pre‐BCR‐) were sensitive to the
BTK inhibitor and were more sensitive than cell lines, and challenged two recent studies
suggesting that only Pre‐BCR+ cells can benefit from ibrutinib treatment in vitro (Geng et al.,
2015; Kim et al., 2017). Among the three sensitive samples, only Pre‐BCR+ PDX cells were
within the clinical range of ibrutinib [Cmax =277nM (Liston and Davis, 2017)], and were notably
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more sensitive than reports in primary CLL cells (Herman et al., 2011; Ponader et al., 2012). In
cell lines, the effects on cell viability were associated with cell cycle arrest at G1 and significant
induction of programmed cell death. This cytotoxic action of ibrutinib paralleled early studies
in CLL (Herman et al., 2011; Ponader et al., 2012; Cheng et al., 2014) and ALL (Kim et al., 2012)
and G1 arrest and an induction of apoptosis associated with ibrutinib cytotoxicity was also
reported in Hairy cell leukemia (HCL) and CLL patient cells (Cheng et al., 2014; Sivina et al.,
2014). Ponader and colleagues also showed that DNA replication in cells of CLL was inhibited
by ibrutinib (Ponader et al., 2012). Furthermore, an in vivo study carried out by Herman and
co‐workers found that proliferation of CLL xenograft cells was reduced by more than 80% by
ibrutinib with a 12% increase in cell death (Herman et al., 2013). In the data presented here
ibrutinib clearly decreased the constitutive phosphorylation of BTK in Nalm‐6 cells and in
sensitive PDX cells at concentrations that were associated with cytotoxicity (GI50). Again,
constitutive activation of pBTK in all cell lines and PDX cells was not necessarily predictive of
sensitivity to ibrutinib. BTK was significantly inhibited in dasatinib‐sensitive PDX cells, but not
all these samples were sensitive to ibrutinib suggesting that BTK inhibition alone was not
sufficient to reduce cell viability and that other pharmacodynamic target such as SRCs may
need to be inhibited (Table 4.15) (Honigberg et al., 2010; Lanning et al., 2014; Kim et al.,
2017).

Kinase

% Activity remaining at
100 nM ± SD

% Activity remaining at
1000 nM ± SD

BRK
YES1
LCK
CSK
SRC
BTK
ERK1
ABL
Aurora A
Aurora B

10 ± 3
20 ± 0
22 ± 1
25 ± 6
37 ± 4
55 ± 3
83 ± 8
87 ± 13
92 ± 0
96 ± 13

4±1
16 ± 0
14 ± 2
15 ± 13
13 ± 1
55 ± 1
93 ± 21
80 ± 1
57 ± 2
61 ± 7

Table 4.15: A list of selected kinases inhibited by ibrutinib using an in vitro kinase assay.
Kinase binding experiments were performed in the existence of 100 and 1000nM of ibrutinib
followed by determination of the percentage of remaining activity. Data adapted from
(Honigberg et al., 2010).
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Several reports evidenced that the SYK inhibitor, fostamatinib R406, showed interesting
preclinical activity in several haematological malignancies including BCP‐ALL (Gobessi et al.,
2009; Quiroga et al., 2009; Perova et al., 2014; Koerber et al., 2015; Kuiatse et al., 2015; Kohrer
et al., 2016). Furthermore, fostamatinib R788, the pro‐drug form of the SYK inhibitor, showed
clinical activity in patients with lymphoma, rheumatoid arthritis and CLL (Friedberg et al.,
2010; Morales‐Torres, 2012). The data presented in this chapter evidenced that fostamatinib
R406 significantly attenuated the growth of some cell lines and some PDX samples. In the
Nalm‐6 cell line, the effect on viability was associated with a significant G2 arrest and the
presence of super‐G2 and sub‐G1 peaks in addition to significant induction of apoptosis.
However, the pharmacological target inhibition was modest in ALL cell lines, as noted by a
previous study (Perova et al., 2014). Among 15 PDX samples, 6 samples (2 Pre‐BCR+ and 4 Pre‐
BCR‐) were sensitive to R406 treatment and 4 of them (2 Pre‐BCR+ and 2 Pre‐BCR‐) were within
the achievable clinical range [Cmax = 2100nM (Baluom et al., 2013)]. In addition, kinase assay
studies performed at the National Centre for Protein Kinase Profiling to measure the half
maximal inhibitory concentration (IC50) (http://www.kinase‐screen.mrc.ac.uk/) of

R406

showed several kinases that are inhibited at similar concentration to SYK (Table 4.16). Other
inhibited tyrosine kinases important for growth and survival include FLT3, Aurora B, LCK,
PDGFR and JAK2 (Table 4.16) (Braselmann et al., 2006; Davis et al., 2010b; Davis et al., 2011;
Maude et al., 2012; Roberts et al., 2012; Roberts et al., 2014; Rolf et al., 2015). These ‘off
target’ effects may contribute to the cytotoxicity obtained in both Pre‐BCR harbouring and
Pre‐BCR negative cell lines and PDX cells with varied genetic alterations. Perova and co‐
workers found that the primary reason for fostamatinib sensitivity was SYK inhibition, even
when it was mild, rather than FLT3 and SRC family kinases (SFKs) in standard and high risk BCP‐
ALL samples (Perova et al., 2014). In this study, however, the induction of super‐G2 arrest and
apoptosis in Nalm‐6 cells may suggest inhibition of Aurora B, a key kinase that play a role in
maintaining a functional mitotic spindle, and if inhibited leads to super G2 peaks indicative of
polyploidy (Girdler et al., 2006; Carpinelli and Moll, 2008; Bavetsias and Linardopoulos, 2015)
and this notion supports the assumption that off targets may influence R406 activity.
Interestingly, fostamatinib treatment induced G1 arrest with induction of apoptosis in WM
cell lines (Kuiatse et al., 2015). Above all, our R406 findings challenges two recent papers
suggested that only Pre‐BCR+ BCP‐ALL cells could benefit from SYK inhibitors (Duque‐Afonso
et al., 2016; Kohrer et al., 2016).
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Kinase

% Activity remaining
at 100 nM ± SD

% Activity remaining
at 1000 nM ± SD

JAK2
Aurora B
BTK
Aurora A
SYK
SRC
YES1
ZAP70
ERK8
LCK

50 ± 6
60 ± 3
67 ± 3
75 ± 42
79 ± 0
80 ± 0
87 ± 4
97 ± 3
107 ± 2
107 ± 2

3±8
23 ± 2
29 ± 1
29 ± 32
73 ± 9
41 ± 5
64 ± 2
51 ± 0
86 ± 6
61 ± 1

Table 4.16: A list of selected kinases inhibited by fostamatinib R406 using an in vitro kinase
assay.
Kinase binding experiments were performed in the existence of 100 and 1000nM of
fostamatinib R406 followed by determination of the percentage of remaining activity. Data
adapted from the data base of National Centre for Protein Kinase Profiling
(http://www.kinase‐screen.mrc.ac.uk/).

Dasatinib, the multi‐kinase inhibitor (Table 4.17), was approved by FDA for ALL and AML
Philadelphia chromosome positive patients (Brave et al., 2008) and recent preclinical data
evidenced that it could be effective in Pre‐BCR+ and Ph‐like ALL (Bicocca et al., 2012; Roberts
et al., 2014; Geng et al., 2015). This study showed that Pre‐BCR+ cell lines (3 lines) and PDX (2
samples) cells were sensitive to dasatinib. In addition, two Pre‐BCR‐ PDX samples (Ph+ and Ph‐
like cytogenetics) as expected were highly sensitive to dasatinib, and therefore served as
positive controls. Importantly, most of GI50 values (both Pre‐BCR+ and Pre‐BCR‐) were within
clinically achievable concentrations [Cmax = 264nM (Liston and Davis, 2017)]. Two of
dasatinib‐sensitive Pre‐BCR+ cells (L910 PDX samples and PreB 697 cell line) harboured the
t(1;19) translocation in keeping to what has been found before in terms of the sensitivity of
TCF3‐PBX1 positive ALL cells to dasatinib in vitro (Bicocca et al., 2012; Geng et al., 2015).
Although, Bicocca and co‐authors (Bicocca et al., 2012) found that TCF3‐HLF positive ALL cells
were also sensitive to dasatinib, however, the Pre‐BCR+ PDX sample L707 [t(17;19)] was totally
resistant to dasatinib. The cytotoxic effect of dasatinib was associated with decreased
phosphorylation of multiple pharmacological targets downstream of the Pre‐BCR checkpoint
(e.g. SYK, BTK, PLC‐ϒ2 and BLNK) in cell lines and PDX samples. In cell lines, cell cycle profile
changes (G1‐arrest) was observed at GI50 doses of the drug but no significant apoptosis
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induction was observed. However, other reports revealed that dasatinib induced significant
apoptosis and cell cycle arrest at S‐phase in Ph+ ALL cells incubated on a stromal layer (Fei et
al., 2010). Taken together, the dasatinib findings presented in this chapter evidenced that Pre‐
BCR+ cells which harbour TCF3‐PBX1 (but not TCF3‐HLF positive) were sensitive to dasatinib
treatment which is in agreement with others (Bicocca et al., 2012; Fischer et al., 2015; Geng
et al., 2015). In addition, a Pre‐BCR+ PDX sample bearing normal cytogenetics but harboured
a c‐CBL mutation was also sensitive to dasatinib, within a clinical drug concentration range.

Kinase
ABL
SRC
LCK
YES1
BTK
PDGFRA
MAP4K5
p38 alpha
MAPK
ERK5
JAK2
SYK

% Activity remaining
at 100 nM ± SD

% Activity remaining at
1000 nM ± SD

0±0
1±0
1±0
1±0
1±0
6±1
22 ± 1

0±0
2±0
1±0
1±0
1±0
3±1
3±1

79 ± 15

29 ± 2

87 ± 2
94 ± 2
97 ± 1

91 ± 4
42 ± 1
90 ± 0

Table 4.17: A list of selected kinases inhibited by dasatinib using an in vitro kinase assay.
Kinase binding experiments were performed in the existence of 100 and 1000nM of dasatinib
followed by determination of the percentage of remaining activity. Data adapted from
(Kantarjian et al., 2010b).

The Pre‐BCR+ PDX cells L707 which harboured the poor prognostic translocation (TCF3‐HLF)
was highly resistant to dasatinib and all other TKIs tested and may be due to the higher levels
of basal phosphorylation of most Pre‐BCR downstream signalling compared to other PDX cells
(Table 3.1). Similar findings of TCF3‐HLF positive resistance to dasatinib but sensitivity to
dexamethasone has also been reported previously (Fischer et al., 2015).
Generally, the findings shown here match those of other authors (Geng et al., 2015) who
screened the effects of SYK (PRT062607), SRC (Dasatinib), BTK (Ibrutinib) and PI3K‐δ (CAL‐101)
inhibitors on a subsets of Pre‐BCR+ and Pre‐BCR‐ cells both in vitro and in vivo and they found
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that inhibitors showed efficacy in Pre‐BCR+ samples, with dasatinib being the most effective.
Similarly, the classification of BCP‐ALL cells in our study into Pre‐BCR+ and Pre‐BCR‐ showed
similar patterns of sensitivity associated with a Pre‐BCR phenotype. Fostamatinib R406 and
dasatinib (the most effective single inhibitors in this study) were effective in Pre‐BCR
harbouring PDX samples [apart from TCF3‐HLF positive PDX cells] and cell lines. Furthermore,
unexpected sensitivity was also observed in some Pre‐BCR‐ PDX cells incubated with
fostamatinib R406, CAL‐101 and ibrutinib, however, the least number of sensitive PDX cells
was seen in both Pre‐BCR+ and Pre‐BCR‐ treated with CAL‐101 or Ibrutinib. Although basal
phosphorylation levels of AKT and SYK were higher in Pre‐BCR+ compared to Pre‐BCR‐ PDX
cells, this increased activity did not seem to be the principal reason underlying the sensitivity
seen in some Pre‐BCR+ PDX cells to CAL‐101 and R406, as evidenced by the pharmacodynamic
data .
In this study, the cytotoxicity associated with most TKIs was correlated with the inhibition of
the potential pharmacological targets in PDX cells when treated with GI50 concentrations and
this may indicate that effective doses could be reproducible in vivo (Tables 4.15 and 4.17).
However, no relationship was observed between the response of PDX cells to all inhibitors
and genetic lesions apart from the dasatinib‐sensitive Pre‐BCR‐ PDX samples (L4951 and L824)
which were Ph+ and PDGFR translocation positive, respectively and therefore served as useful
positive controls. This heterogeneous activity was similarly noticed by others (Pemovska et al.,
2013; Tyner et al., 2013; Perova et al., 2014; Frismantas et al., 2017).
Interestingly, the trend of increased sensitivity in primary or PDX cells compared to cell lines
has also been reported for MEK inhibitors (Irving et al., 2014; Ryan et al., 2016) where cell
lines showed resistance even when they have the druggable lesion and this may be due to
adoption of cell lines to immortalisation (Garnett et al., 2012). The NSG orthotopic model
enables drugs that show promising in vitro activity to undergo in vivo efficacy studies with
accompanying pharmacodynamic assessments. Interestingly, our data evidenced that an in
vitro response was seen in Ph+ and PDGFR positive PDX samples and other groups have shown
this translates in an in vivo mouse model and in patients (Lock et al., 2002; Liem et al., 2004;
Houghton et al., 2007; Irving et al., 2014).
Initial drug screening in PDX cells in vitro is not ideal as the cells are not dividing. However,
response to some drugs such as glucocorticoids and other small molecule inhibitors does not
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rely on cell division (Kaspers et al., 1994; Irving et al., 2014). For drugs such as CAL‐101, stromal
interactions may play a role in determining sensitivity and cell lines in this study are grown in
suspension in the initial drug screen (McMillin et al., 2013). Moreover, others have reported
that PDX cells may undergo clonal evolution and this may occur during cells proliferation in
the mouse and, therefore, PDXs are not identical to the primary sample (Meyer and Debatin,
2011; Williams et al., 2013). This may justify the resistance seen in L578/JM162 to CAL‐101,
ibrutinib and R406 unlike the remaining PDX replicates (L578/AZ7, L578/AZ8 and L578/AZ9)
which showed a consistent response to the same inhibitors. Moreover, the small samples size
may partly contribute to the difficulty in finding a correlation between genotype and drug
response.
Taken together, significant sensitivity was seen in all TKIs targeting effectors of Pre‐BCR
checkpoint signalling at clinically relevant concentrations. The Pre‐BCR phenotype was
associated with sensitivity to dasatinib and fostamatinib R406. Sensitivity was also seen in
some Pre‐BCR‐ PDX ALL samples but a predictive biomarker could not be identified. Also,
sensitivity in some PDX cells was seen to all drugs, with PDX cells being more sensitive to
inhibitors than cell lines. For drugs where the drug target is unclear, knockdown of potential
candidates using siRNA methodologies may aid in identifying the relevant kinase that is
associated with cell death. This is definitely worthwhile for fostamatinib R406, but may also
be valid in confirming ibrutinib and dasatinib drug targets. Since most paediatric ALL trials
favour drug combination studies, based on the observations presented here, the prioritisation
of dasatinib and fostamatinib with candidate drug combinations was an obvious next step,
and the synthetic glucocorticoid dexamethasone, was selected as a suitable candidate.
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Chapter 5: Effect of TKIs Combinations with Dexamethasone on BCP‐
ALL Cells
5.1 Introduction
As shown in the previous chapters, multiple tyrosine kinases were highly activated in BCP‐ALL
cells and some cell lines and PDX samples were sensitive to single TKI inhibitors. Historically,
GCs such as dexamethasone, have been used for decades in the treatment of ALL and other
lymphoid malignancies due to their specific effect of inducing cell death in lymphoid cells, an
effect mediated by GR (Inaba and Pui, 2010; Pui et al., 2012b). The response to GCs is used as
prognostic indicator and some trials used a GC monotherapy window to inform on risk
stratification. At relapse, most patients show resistance to GCs (Hongo et al., 1997; Kaspers
et al., 1998; Choi et al., 2007). To improve outcome and/or overcome GC resistance, a
combination of dexamethasone with a TKI inhibitor targeting unconventional effector(s)
downstream of the Pre‐BCR checkpoint which are independent of the GR pathway, may be
useful.
In this chapter, the effects of combining dexamethasone with single TKI inhibitor (CAL‐101,
ibrutinib, fostamatinib R406 and dasatinib) were investigated and the aim was to:


Define the combination indices in ALL cell lines and PDX cells after exposure to the
candidate TKIs plus dexamethasone using the Chou and Toulalay median effect (Chou,
2010)



Test the effects of TKI plus dexamethasone on cell cycle and apoptosis in BCP‐ALL cell
lines



Investigate the synergistic mechanisms of the most promising drug combinations
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5.2 Effect of dexamethasone (glucocorticoid) as a single drug on BCP‐ALL cells
viability
Dexamethasone is used as an essential therapy for childhood ALL, however, resistance to GCs
is an adverse prognostic factor in BCP‐ALL (Inaba and Pui, 2010). The sensitivity of ALL cells to
dexamethasone was first investigated using the Alamar blue assay (Section 2.5.1). Cells were
incubated with increasing concentrations of dexamethasone (Table 2.8) and the growth
inhibitory effect was assessed in 5 cell lines and 12 PDX cells derived from 9 patient samples
(Figure 5.1 and table 5.1). Among all cell lines tested, only PreB 697 cells were very sensitive
to dexamethasone treatment (Mean GI50: 43.3nM) and the remaining cell lines (R3F9, Nalm‐
6, REH and TK6) were highly resistant to dexamethasone (Mean GI50 > 10µM) (Figure 5.1A and
table 5.1). Moreover, 5 patient samples (amplified in 7 PDXs) were sensitive to
dexamethasone out of 8 (L910 presentation, L707 presentation, LK196 2nd relapse, L920
presentation and L881 2nd relapse) (Mean GI50: 50.78nM, range 6‐125nM). Similar to the GI50s
obtained in cell lines, the remaining 3 patient samples (transplanted into 6 mice) were
resistant to dexamethasone (GI50 values> 12µM) (Figure 5.1 B and table 5.1). Interestingly,
consistent GI50 values were observed in the majority of PDX replicates which were derived
originally from the same patient ALL cells.
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Figure 5.1: The survival curves of BCP‐ALL cells treated with dexamethasone.
5 Cell lines (A), 8 Pre‐BCR+ and Pre‐BCR‐ patient samples (B) were cultured in the presence of
escalating doses of dexamethasone for 96 hours before measuring cell viability by Alamar blue
assay. Curve points of cell lines in graph (A) represent the mean of 3 independent experiments
± SEM, whereas only one test was achievable in each individual PDX material and error bars
represent the mean of 3 different wells ± SEM (B). Each patient sample was amplified into 1‐
2 PDX replicates. Data were analysed by Graphpad Prism software.
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Cells
* TK6
* PreB 697
* Nalm‐6
* R3F9
L910 pres
L707 pres
* REH
L4951 pres
LK196 2nd rel
L920 pres
L919 2nd rel
L824 pres
L881 2nd rel

GI50 Mean ± SEM
(Dex µM)

> 10
0.0433 ± 0.0047
> 40
> 25
0.0550
0.0300
> 10
> 25
0.0060
0.0379 ± 0.0009
12.556 ± 12.44
> 25
0.125 ± 0.075

Number
of
replicates
3
3
3
3
1
1
3
2
1
2
2
2
2

Table 5.1: A list of mean GI50s for BCP‐ALL cells treated with dexamethasone alone.
Cells were incubated with dose escalation of dexamethasone for 96 hours before
measurement of viability by Alamar blue assay. Mean GI50s were calculated from 3
independent replicates of 5 cell lines (asterisks) or 13 PDX replicates (derived from 8 patient
samples) ± SEM.
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5.3 Effect of CAL‐101 combination with dexamethasone on BCP‐ALL cells
5.3.1 Effect of CAL‐101 plus dexamethasone using the Chou and Toulalay median
effect on BCP‐ALL cells viability
It has been recently shown that inhibition of PI3K/AKT may enhance sensitivity or reverse
resistance to glucocorticoids in B and T‐ALL cells (Piovan et al., 2013; Hall et al., 2016; Kruth et
al., 2017). In addition, the sensitivity seen in some PDX samples as shown in the previous
chapter provided the rationale to investigate the effect of CAL‐101 plus dexamethasone on
the viability of BCP‐ALL cells using the Chou and Toulalay median effect analyses at ED50, ED75
and ED90 (Section 2.5.2). Based on that, CalcuSyn software was then used to calculate CI
values.
To measure the in vitro cytotoxicity of CAL‐101 plus dexamethasone combination on BCP‐ALL
cells, the Alamar blue assay (Section 2.5.1) was utilized after cells were incubated with 0.25x,
0.5x, 1.0x, 2.0x and 4.0x of GI50 concentrations of each drug alone and in combination (Table
2.9 for cell lines and table 2.10 for PDX cells). Four cell lines (Figure 5.2) and 6 PDX samples
derived from 6 ALL patients (Figure 5.3) were tested in this study and combination indices
were calculated to evaluate the combination indices.
Interestingly, the CAL‐101 plus dexamethasone combination viability data showed very strong
to strong synergism in GC‐resistant R3F9 cells at ED50 [CI (mean ± SEM): 0.36 ± 0.02] and at
ED75 [CI (mean ± SEM): 0.72 ± 0.12] respectively, however, the CI value at ED90 [CI (mean ±
SEM):

2.13 ± 0.62] suggested antagonism (Figure 5.2 B and E). Moreover, the same

combination was very synergistic with consistent CI values in Nalm‐6 cells [CI (mean ± SEM)
range: 0.05 ± 0.02 to 0.21 ± 0.01] (Figure 5.2 C and E) which were also resistant to
dexamethasone monotherapy (Section 5.2). However, no enhanced sensitivity was seen in the
GC‐resistant REH cell line, which is GR null and thus serves as useful negative control, nor GC‐
sensitive PreB 697 cells with all CI values being consistently above 1.1 therefore suggesting
no/antagonistic effects (Figure 5.2 A, D and E).
Similar experiments were also performed in 5 PDX samples and CI values at ED50 were
considered. The strength of synergy was strong in L919/AZ19 (CI range: 0.15 – 0.03),
synergistic in L910/AZ27 (CI range: 0.32 – 0.06) and L4951/AZ26 but only at ED50 (CI range:
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0.55‐2.17), nearly additive in L920/AZ24 (CI range: 0.96 – 0.25). Moreover, the CI values at
ED50 suggested an antagonistic effect in L707/AZ33 (CI = 2) although the CI value at ED90 (CI
= 0.48) was indicative of synergistic effect. Interestingly, synergy was seen in one of 2 Pre‐
BCR+ and all Pre‐BCR‐ PDX cells (Figure 5.3).
Taken together, CAL‐101 and dexamethasone combination was synergistic in both GC‐
resistant and GC‐ sensitive ALL cells regardless of Pre‐BCR expression status.
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Figure 5.2: CAL‐101 enhances the cytotoxic effect of dexamethasone in some BCP‐ALL cell
lines.
Dose response curves of (A) PreB 697, (B) R3F9, (C) Nalm‐6 and (D) REH cell lines exposed to
GI50 fractions of CAL‐101 (CAL), dexamethasone (Dex) alone or their combination for 96 hours
followed by Alamar blue assay. (E) Bar chart represent the mean combination indices
calculated using CalcuSyn software at the effective doses (ED) 50, 75 and 90. The viability
curves and CI values represent the mean ± SEM of 3 independent experiments. GI50
concentrations are indicated for each cell line.
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Figure 5.3: CAL‐101 enhances the cytotoxic effect of dexamethasone in some PDX samples.
Histogram representing the CI calculated at 50, 75 and 90% effective doses (ED50, ED75 and
ED90, respectively) using CalcuSyn software after PDX cells were exposed to GI50 fractions of
CAL‐101 (CAL), dexamethasone (Dex) alone and their mixture. CI values were calculated from
one replicate PDX sample.
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5.4 Effect of ibrutinib combination with dexamethasone on BCP‐ALL cells
5.4.1 Effect of ibrutinib plus dexamethasone mixture on BCP‐ALL cells viability
using the Chou and Toulalay median effect
In the previous chapter, some PDX samples were sensitive to ibrutinib alone and GI50s were
within clinical ranges (as shown in chapter 4, section 4.3.1), therefore, assessing synergism
with dexamethasone was a tempting aim. Using the Chou and Toulalay median effect analyses
(Section 2.5.1), CIs were calculated after cells were incubated with the GI50 fractions of
ibrutinib, dexamethasone, separately and in combination (Table 2.9 for cell lines and table
2.10 for PDX cells) for 96 hours (Section 2.5.1). In this assay, four cell lines and similar number
of PDX samples were investigated and hence CI values were then calculated at ED50, ED75
and ED90 (Section 2.5.2).
The viability data of ibrutinib plus dexamethasone suggested synergistic effects in GC‐resistant
lines, Nalm‐6 [CI (mean ± SEM) range: 0.41 ± 0.02 to 0.42 ± 0.02] and R3F9 [CI (mean ± SEM)
range: 0.65 ± 0.03 to 0.69 ± 0.05]. In addition, the CI value at ED50 [CI (mean ± SEM): 0.97 ±
0.002] and at ED75 [CI (mean ± SEM): 1.06 ± 0.005] suggested additive effects in the GC‐
sensitive line, PreB 697, whereas, the CI value at ED90 displayed antagonistic or no effect [CI
(mean ± SEM): 1.16 ± 0.01] (Figure 5.4). Moreover, no enhanced sensitivity was seen in REH
(dexamethasone resistant) cells incubated with ibrutinib plus dexamethasone combination
and all CI values were consistently above 1.1 (Figure 5.4 D and E).
PDX cells were also exposed to ibrutinib/dexamethasone combination and a Pre‐BCR+, GC‐
sensitive sample L910/AZ27 was found to be synergistic (CI range: 0.37‐0.38). However, the CI
values at ED50 consistently suggested antagonistic effect in all Pre‐BCR‐ PDX cells (L824/AZ22,
L920/AZ24 and L4951/AZ26) with CI values were > 1.1 (Figure 5.5).
Taken together, ibrutinib enhanced sensitivity to dexamethasone in Pre‐BCR+ cell lines and
PDX cells when cells were incubated with the drug combination.
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Figure 5.4: Ibrutinib enhances the cytotoxic effect of dexamethasone in Pre‐BCR+ BCP‐ALL
cell lines.
Dose response curves of (A) PreB 697, (B) R3F9, (C) Nalm‐6 and (D) REH cell lines exposed to
GI50 fractions of ibrutinib (Ibru), dexamethasone (Dex) or both for 96 hours followed by
assessment using Alamar blue assay. (E) Bar chart represent the mean CI calculated using
CalcuSyn software at the ED 50, 75 and 90. The viability curves points and CI values represent
the mean ± SEM of 3 independent experiments. GI50 concentrations are indicated for each cell
line.
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Figure 5.5: Ibrutinib synergizes with dexamethasone in Pre‐BCR+ PDX sample.
Histogram represent the combination indices calculated at 50, 75 and 90% effective doses
(ED50, ED75 and ED90 respectively) using CalcuSyn software after PDX cells were exposed to
GI50 fractions of ibrutinib (Ibru), dexamethasone (Dex) or both for 96 hours followed by Alamar
blue assay. CI values were calculated from one replicate PDX.

5.4.2 Effect of ibrutinib plus dexamethasone on cell cycle phases of BCP‐ALL cell
line
To further understand the synergistic effect seen, cell cycle distribution was studied in R3F9
by flow cytometry (Section 2.3.3) after treatment with the drug combination for 24 and 48
hours. R3F9 cells were treated with ibrutinib (12µM), dexamethasone (25µM) and both
together. As evidenced in chapter 4, treatment of BCP‐ALL cells with ibrutinib alone induced
G1 arrest (Figure 4.8), however, the effect of exposure to combination with dexamethasone
was synergistic in R3F9 and therefore a higher percentage of cells were arrested at G1 (Figure
5.6).
R3F9 cells were found to be arrested at G1‐phase after 24 hours co‐exposure with ibrutinib
plus dexamethasone (Mean ± SEM: 72.83 ± 1.95%) and the ratio was significantly higher than
cells cultured with ibrutinib (Mean ± SEM: 50.97 ± 0.21%; p=0.0004) or dexamethasone (Mean
± SEM: 46.17 ± 1.67%; p=0.0005) alone. In addition, the enhanced G1 arrest was maintained
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in cells exposed to the drug combination (Mean ± SEM: 69.43 ± 2.36%) for 48 hours compared
to cells incubated with ibrutinib (Mean ± SEM: 43.20 ± 0.9%; p=0.0005) or dexamethasone
(Mean ± SEM: 56.33 ± 1.04%; p=0.007) alone for the same period of time (Figure 5.6). In
addition, a notable increase in the cells arrested at sub‐G1 phase was observed in cells
exposed to drug combination.
Taken together, enhanced G1 arrest was seen in R3F9 cells exposed to ibrutinib plus
dexamethasone associated with accumulation of cells at sub‐G1 phase.

Figure 5.6: Ibrutinib co‐exposure with dexamethasone increases G1‐ arrest in GC‐resistant
cell line.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
incubating R3F9 cells with 12µM ibrutinib (Ibru), 25µM dexamethasone (Dex) alone or with
their combination for 24 and 48 hours. The bar graph shows the mean percentage of cells
distributed at different phases of the cell cycle ± SEM (n=3). FlowJo software was used to
analyse cell cycle data. Asterisks denote the student`s t‐test statistical analysis of G1 phase
only. **p<0.01, ***p<0.001, ****p<0.0001 and ns= not significant.
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5.4.3 Apoptotic effect of ibrutinib plus dexamethasone on BCP‐ALL cell lines
To further investigate the synergism seen after exposing cells to ibrutinib and dexamethasone
combination, Annexin V‐FITC staining (Section 2.3.2) was used to measure programmed cell
death in R3F9 cells by flow cytometry. R3F9 cells were treated with ibrutinib (12µM),
dexamethasone (25µM) and both together for 48 and 72 hours.
To confirm the previous findings (Section 5.4.1), R3F9 cells were exposed to the same
combination for 48 hours and there was no significant change in the proportion of apoptotic
cells in comparison with ibrutinib or dexamethasone. But, after 72 hours incubation, the
percentage of Annexin V positive cells incubated with the drug combination (Mean ± SEM:
43.28 ± 2.52%) was 2 time higher than cells exposed to dexamethasone alone (Mean ± SEM:
22.0 ± 1.27%; p=0.0017) and 4 fold higher than ibrutinib alone (Mean ± SEM: 11.77 ± 0.86%;
p=0.0003) (Figure 5.7).
Taken together, the addition of ibrutinib to dexamethasone greatly enhanced apoptosis in the
GC‐resistant line, R3F9.

Figure 5.7: Ibrutinib plus dexamethasone mixture enhances apoptosis in R3F9 cell line.
R3F9 cells were exposed to 12µM ibrutinib (Ibru), 25µM dexamethasone (Dex) alone or their
combination for 48, 72 hours before Annexin V‐FITC staining and assessment by flow
cytometry. Histograms denoting the mean ± SEM (n=3) of R3F9 cells. CellQuest software was
used to analyse Annexin V data. Student`s t‐test was carried out to calculate p‐values. ns=not
significant, **p<0.01, ***p<0.001.
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5.5 Effect of fostamatinib R406 combination with dexamethasone on BCP‐ALL
cells
5.5.1 Effect of R406 plus dexamethasone using the Chou and Toulalay median
effect on BCP‐ALL cells viability
Fostamatinib and dexamethasone combination was found to be synergistic in vitro in WM
(Kuiatse et al., 2015). Moreover, R406 was found to inhibit multiple targets downstream of
Pre‐BCR signalling and their inhibition might play a role in re‐sensitizing ALL cells to
glucocorticoids (Rolf et al., 2015; Kruth et al., 2017). In addition, the sensitivity seen in some
Pre‐BCR+ and Pre‐BCR‐ PDX samples (Figure 4.12) was encouraging to go further and
investigate the combination of R406 with dexamethasone in vitro in BCP‐ALL cells. To this end,
the Chou and Toulalay median effect analyses (Section 2.5.2) was studied after BCP‐ALL cells
were co‐cultured with 0.25x, 0.5x, 1.0x, 2.0x and 4.0x of GI50 concentrations of R406,
dexamethasone or their combination for 96 hours.
GC‐resistant and GC‐sensitive cell lines and PDXs were investigated in this study. Interestingly,
the viability data of R406 plus dexamethasone combination suggested very strong to strong
synergism in Nalm‐6 [CI (mean ± SEM) range: 0.098 ± 0.03 to 0.049 ± 0.018] and R3F9 [CI
(mean ± SEM) range: 0.15 ± 0.02 to 0.11 ± 0.006] cells respectively and CI values were
consistent at different effective doses (Figure 5.8 B, C and E). In addition, the same
combination was also synergistic in the GC‐sensitive line PreB 697, however, only CI values at
ED50 [CI (mean ± SEM): 0.6 ± 0.13] and ED75 [CI (mean ± SEM): 0.99 ± 0.0.21] suggested
synergism. Consistent with other TKI combinations with dexamethasone, REH did not show
synergy in the R406 with dexamethasone combination treatment (Figure 5.8 D, E).
In addition to cell lines, R406 combination was also investigated in PDX cells ex vivo.
Interestingly, very strong synergism was observed in L919/AZ19 (CI range: 0.02 – 0.12) which
lack Pre‐BCR expression and was resistant to both drugs alone. In addition, the CI values
obtained from the same combination (CI range: 0.29 – 0.11) suggested strong synergy in the
Pre‐BCR positive PDX sample, L910/AZ27 (Figure 5.9). Although the CI value at ED50 (CI = 0.43)
suggested synergism in L824/AZ22, very strong synergism was apparent at ED75 (CI = 0.04)
and ED90 (CI = 0.034). In L920/AZ24, R406 plus dexamethasone combination was also
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synergistic (CI range: 0.68 – 0.31), however, this combination was antagonistic in L881/JM275
(CI values > 1.1) (Figure 5.9). Taken together, a strong synergism was seen in Pre‐BCR+ and
Pre‐BCR‐ cells and in some BCP‐ALL cells resistant to dexamethasone alone.

Figure 5.8: Fostamatinib R406 synergises with dexamethasone in Pre‐BCR+ BCP‐ALL cell
lines.
Dose response curves of (A) PreB 697, (B) R3F9, (C) Nalm‐6 and (D) REH cell lines exposed to
GI50 fractions of R406, dexamethasone (Dex) or both together for 96 hours followed by
assessment by Alamar blue assay. (E) Histogram represent the mean CI calculated using
CalcuSyn software at the ED 50, 75 and 90. The viability curves points and CI values represent
the mean ± SEM of 3 independent experiments. GI50 concentrations were indicated for each
cell line.
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Figure 5.9: Fostamatinib R406 enhances sensitivity of Pre‐BCR+ and Pre‐BCR‐ PDX samples
to dexamethasone.
Histogram represent the combination indices calculated at 50, 75 and 90% effective doses
(ED50, ED75 and ED90 respectively) using CalcuSyn software after PDX cells being exposed to
GI50 fractions of R406, dexamethasone (Dex) or both together for 96 hours followed by Alamar
blue assay. CI values were calculated from one replicate PDX.

5.5.2 Effect of R406 plus dexamethasone on cell cycle phases of BCP‐ALL cell lines
To investigate the mechanism of synergy seen in BCP‐ALL cells exposed to R406 and
dexamethasone combination, propidium iodide staining was applied followed by cell cycle
analysis by flow cytometry (Section 2.3.3). To this end, R3F9 and PreB 697 cell lines were co‐
cultured with R406 (6µM and 3µM respectively), dexamethasone (25µM and 44nM
respectively) alone or the drug combination.
Interestingly, exposure of Nalm‐6 or REH cells to R406 alone induced G2 and super‐G2 arrest
(Section 4.4.2), however, R406 treatment of R3F9 as a single agent was found to induce G1
arrest when compared to CV treated cells (Mean % of cells in G1 ± SEM, CV: 33.43 ± 0.52%
versus R406: 38.90 ± 0.0%; p<0.001) (Figure 5.10 A). In addition, dexamethasone treatment
also induced G1 arrest (Mean ± SEM: 48.17 ± 1.39%, p=0.006) but the mean percentage of
R3F9 cells arrested at G1 phase was increased to 62.80 ± 1.6% in cells exposed to the drug
combination for 24 hours (Figure 5.10 A). Consistently, after 48 hours, the percentage of cells
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arrested at G1 was significantly higher in cells exposed to combination (Mean ± SEM: 59.60 ±
2.13%) compared to R406 treated cells (Mean ± SEM: 36.07 ± 10.36%, p=0.0073). However,
no significant difference in the percentage of cells arrested at G1 was observed between
combination and dexamethasone treated cells (Mean ± SEM: 57.50 ± 1.9%, p=0.5) (Figure 5.10
A).
The combination of R406 and dexamethasone was also investigated in PreB 697 cells. R406
treatment as a single agent did not show prominent significant change in any of cell cycle
phases, however, G1 arrest was seen in cells incubated with dexamethasone alone (Mean %
of cells in G1 ± SEM, CV: 32.27 ± 1.78% versus dexamethasone: 43.83 ± 3.06%; p<0.05). The
combination of R406 plus dexamethasone significantly increased the percentage of cells
arrested at G1 after 24 hours exposure (Mean ± SEM: 51.67 ± 0.49) compared to R406 treated
cells (Mean ± SEM: 31.13 ± 0.52; p= 0.002) but no significant difference was registered when
compared with dexamethasone treated cells (Mean ± SEM: 43.83 ± 3.06; p=0.19). At 48 hours,
a similar trend was maintained in PreB 697 cells (Figure 5.10 B).
In summary, R406 in combination with dexamethasone was synergistic and enhanced G1
arrest in R3F9 and PreB 697 cells.
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Figure 5.10: R406 co‐exposure with dexamethasone enhances cell cycle arrest in BCP‐ALL
cell lines.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
incubating (A) R3F9 and (B) PreB 697 cells with R406, dexamethasone (Dex) alone or their
combination. Cell lines were exposed to vehicle (CV), R406 (R3F9: 6µM and PreB 697: 3µM),
dexamethasone (Dex) (R3F9: 25µM and PreB 697: 44nM) or both drugs for 24 and 48 hours.
The bar graphs show the mean percentage of cells distributed at different phases of the cell
cycle ± SEM (n=3). FlowJo software was used to analyse cell cycle data. Asterisks denote the
student`s t‐test statistical analysis of G1 phase. **p<0.01, ***p<0.001 and ns= not significant.
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5.5.3 Apoptotic effect of R406 plus dexamethasone on BCP‐ALL cell lines
To further understand the synergistic effect seen in multiple cell lines cultured with the R406
and dexamethasone combination (Section 5.5.1), Annexin V‐FITC staining (Section 2.3.2) was
used to measure the percentage of apoptotic BCP‐ALL cells by flow cytometry. R3F9 and PreB
697 cell lines were co‐treated with R406 (6µM and 3µM respectively), dexamethasone (25µM
and 44nM respectively) alone or with the both agents for two time points (48 and 72 hours).
Surprisingly, no significant change was detected in the percentage of Annexin V positive R3F9
cells exposed to combination compared with single agents (Figure 5.11 A).
PreB 697 cells were also cultured with R406 plus dexamethasone for 48 hours and there was
no significant difference in the percentage of cells undergoing programmed cell death which
were exposed to combination compared with cells incubated with single drugs. However, after
72 hours, the percentage of apoptotic cells was significantly higher in combination (Mean ±
SEM: 21.83 ± 2.136%) than R406 alone (Mean ± SEM: 10.37 ± 0.68%; p=0.007) but surprisingly
lower than dexamethasone treated cells (Mean ± SEM: 32.86 ± 0.33%; p=0.007) (Figure 5.11
B).
To summarise, the synergistic effect seen in cell viability was not reflected in enhanced
apoptosis in cell lines treated with R406 combination with dexamethasone.

Figure 5.11: The effect of R406 plus dexamethasone mixture on apoptosis induction in BCP‐
ALL cell lines.
Cell lines were co‐cultured with R406 (R3F9: 6µM and PreB 697: 3µM), dexamethasone (Dex)
(R3F9: 25µM and PreB 697: 44nM) alone or their combination for 48, 72 hours before Annexin
V‐FITC staining and assessment by flow cytometry. Histograms denoting the mean ± SEM (n=3)
of (A) R3F9 and (B) PreB 697. CellQuest software was used to analyse Annexin V data.
Student`s t‐test was carried out to calculate p values. ns=not significant, **p<0.01.
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5.5.4 Pharmacodynamic effects of R406 plus dexamethasone on BCP‐ALL cell lines
5.5.4.1 The effects of R406/dexamethasone combination on the inhibition of
R406 pharmacological targets
To see if the synergistic effects seen in cell lines treated with R406 plus dexamethasone
mixture (Section 5.5.1) were linked with enhanced inhibition of the target(s) phosphorylation,
pSYK(Y352), pSYK(Y348) and pAKT(S473) levels were investigated by intracellular phospho
flow cytometry (Section 2.3.5). Nalm‐6 and R3F9 cell lines were exposed to R406 (3µM and
6µM respectively), dexamethasone (10µM for both cell lines) alone or using their mixture
together for two hours. Similar to results in chapter 4 section 4.4.4, R406 treatment was
associated with a modest inhibition in pSYK in both cell lines, but there was no additional
inhibition observed in all phospho proteins in cells dosed with combination when compared
with cells exposed to single drugs (Figure 5.12).
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Figure 5.12: The pharmacodynamic effect of R406 plus dexamethasone on BCP‐ALL cells.
Intracellular staining with anti‐pSYK(Y352) PE, anti‐pSYK(Y348) FITC and anti‐pAKT(pS473) PE
and acquisition on a FACSCalibur was carried out following incubation of cells with indicated
concentrations of R406, dexamethasone (Dex) or both together for 2 hours. (A) One
representative histogram overlay shows the phosphorylation levels of different proteins in
Nalm‐6 cells exposed to different treatments. Bar charts represent the mean fluorescent
intensities (MFIs) of one biological replicate normalised to CV in Nalm‐6 (B) and R3F9 (C).
FlowJo software was used to perform histograms overlays.
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5.5.4.2 The effect of R406 plus dexamethasone on the Induction of GR target gene
GILZ
To decipher the mechanism of synergy seen in BCP‐ALL cells exposed to R406 and
dexamethasone combination, the transcriptional level of GR target gene GILZ was
investigated. R3F9 cells were treated with R406 (6µM), dexamethasone (25µM) or with their
combination for 24 hours and expression of GILZ mRNA was then measured by QRT‐PCR
(Section 2.4). The ΔΔCT method was then used to quantify the level of GILZ mRNA in relation
to the endogenous control gene TBP (Section 2.4.4) and then GILZ transcript levels after
different treatments were then normalised to CV. As shown in figure 5.13, dexamethasone
significantly induced GILZ mRNA expression when compared with CV (~70 fold, p=0.0004), but
surprisingly R406 also induced GILZ upregulation (~4.6 fold, p=0.03). Moreover, mRNA
extracted from R3F9 cells exposed to the drug combination showed significantly higher level
of GILZ transcription than cells treated with R406 (~58 fold, p=0.0001) or dexamethasone (~4
fold, p=0.0005) alone (Figure 5.13 A). Interestingly, GILZ upregulation in response to
dexamethasone treatment was expected in GR+ ALL cells and this finding also validates the
stability of the reference gene TBP.
The same experiment was repeated with R3F9 and Nalm‐6 cells using R406 (6µM and 3µM
respectively), with a reduced dexamethasone concentration (10µM for both cell lines) or a
mixture of both drugs. A similar trend of enhanced GILZ transcription was seen in R3F9 cells
exposed to the drug combination compared to R406 (~32 fold) or dexamethasone (~ 2 fold)
alone (Figure 5.13 B). In addition, the same trend of enhanced effect was also confirmed in
Nalm‐6 cells and the level of GILZ induction in cells treated with the drug combination was
about 100 fold higher than R406 and 2 fold higher than dexamethasone treated cells (Figure
5.13 C)
As presented earlier in this chapter (Section 5.5.1), no synergism was seen in REH cells
incubated with R406 plus dexamethasone (Figure 5.8 D, E) as REH cells lack GR expression (see
later Figure 5.14). Therefore, to confirm these data, GILZ induction was also investigated in
REH cells which served as negative control. REH cells were co‐cultured with 6µM R406, 10µM
dexamethasone or with their mixture together for 24 hours. There was no increase in GILZ
mRNA levels in single agent of drug combination in comparison with CV (Figure 5.13 D).
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In summary, R406 plus dexamethasone significantly enhanced the transcriptional activity of
GR as measured by its target GILZ in cell lines that express GR protein.

Figure 5.13: R406 and dexamethasone combination enhances the transcriptional activity of
GILZ.
(A, B) R3F9, (C) Nalm‐6 and (D) REH cells were co‐cultured with the indicated concentrations
of R406, dexamethasone (Dex) alone or in combination for 24 hours. The level of GILZ gene
mRNA was measured in relation to the house keeping gene TBP by QRT‐PCR, GILZ transcript
levels with different treatments was then normalised to CV. Histogram (A) shows the mean
fold change of GILZ ± SEM (n=3), Student`s t‐test was used to calculate p values, *p<0.05,
***p<0.001. Histograms (B, C and D) show the mean fold change of GILZ of one replicate run.

182

Chapter 5: Effect of drug combinations on BCP‐ALL cells

5.5.5 Mechanistic study of the synergy seen in BCP‐ALL cell lines treated with
R406 plus dexamethasone combination at the GR level
In light of the significant synergy seen in some BCP‐ALL cells (Sections 5.5.1 and 5.5.3) and the
significant induction of the GR target gene GILZ (Section 5.5.4.2), the mechanism behind this
synergy was investigated. To this end, the glucocorticoid receptor level, activation, cellular
localisation and GRE binding were investigated in BCP‐ALL cell lines which showed synergy.

5.5.5.1 Effect of R406 plus dexamethasone on GR expression and phosphorylation
It has been found that human GR is phosphorylated at multiple serine sites after exposure to
hormone or synthetic glucocorticoid and mainly at S211. Interestingly, the amount of
phosphorylation is reflective of GR transcriptional activity in vivo (Wang et al., 2002b). To see
if the combination treatment modulated the GR expression or phosphorylation at the S211
phosphorylation site, glucocorticoid resistant cell lines (Nalm‐6 and R3F9) were co‐cultured
with R406 (Nalm‐6: 3µM; R3F9: 6µM) or dexamethasone (10µM) individually or with both
together for 4 hours before assessment of GR by western blotting (Section 2.6.1). REH cells
which lack GR expression (Bachmann et al., 2007) were used as negative control for both GR
and pGR. In both cell lines, no change in the level of GR proteins extracted from whole cells
lysates was observed across all treatments (Figure 5.14). In both cell lines, GR was
phosphorylated after exposure to dexamethasone alone and a similar level of phosphorylation
was exhibited in cells treated with R406 plus the dexamethasone combination (Figure 5.14).
This indicates that levels of GR or its activation are not involved in the mechanism of synergy.
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Figure 5.14: R406 plus dexamethasone combination does not enhance GR expression and
phosphorylation at S211 in BCP‐ALL cell lines.
Effects of R406 or dexamethasone alone or the drug combination using the indicated
concentrations on GR expression and phosphorylation in Nalm‐6 and R3F9 cells after 4 hours
incubation. Total proteins were extracted from whole cell lysates before detection by western
blotting, α‐tubulin was used as a loading control. Untreated REH cells served as a negative
control for both GR and pGR.

5.5.5.2 Effect of R406 plus dexamethasone on GR translocation from the cytosol
to the nucleus
To further investigate the mechanism of synergy at the glucocorticoid receptor level, GR
translocation from cytoplasm to the nucleus was evaluated. The GC‐resistant cell line Nalm‐6
was exposed to 3µM R406 or 10µM dexamethasone or to their mixture for 4 hours before
fractionation of cytoplasmic and nuclear proteins (Section 2.6.2) and immunoblotting (Section
2.6.1). Whole cell lysates (Section 2.6.1.1) of untreated REH cells were used as negative control
for GR protein. While dexamethasone treatment induced robust GR translocation to the
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nucleus, there was no additional increase in levels of GR translocation in cells treated with the
drug combination (Figure 5.15). These data suggest that enhanced GR translocation is not
associated with the synergy and enhanced apoptosis observed after exposure to R406 plus
dexamethasone. PARP (nuclear protein) and α‐tubulin (cytoplasmic protein) were used as
loading controls, they also validated the purity of protein extraction from cell compartments.

Figure 5.15: R406 plus dexamethasone combination has no effect on GR cellular localisation
in Nalm‐6 cells.
Nalm‐6 cells were exposed to the indicated concentrations of R406, dexamethasone or their
mixture together for 4 hours followed by cytoplasmic (C) and nuclear (N) proteins extraction
to detect GR translocation by immunoblotting. Whole cell lysate (WL) extracted from
untreated REH cells served as a negative control for GR protein. Cytoplasmic (α‐tubulin) and
nuclear (PARP) loading controls were used. One representative immunoblot of 2 replicates is
presented.
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5.5.5.3 Effect of R406 plus dexamethasone on GRE binding activity
As shown in the previous section (5.5.5.2), GR protein is translocated to the nucleus in Nalm‐
6 cells after exposure to dexamethasone or drug combination. To further characterise
glucocorticoid receptor, the levels of GR binding to the consensus DNA sequence, 5'‐
GGTACAnnnTGTTCT‐3' (Beato et al., 1989), was measured. TransAM Transcription Factor
ELISA kit (Active Motif) was used to assess the affinities of GRE‐DNA binding for proteins
extracted from nuclei by ELISA method (Section 2.6.3).
Briefly, Nalm‐6 cells were incubated with 3µM R406 or 10µM dexamethasone or both
together or the equivalent CV for 4 hours before harvesting. Nuclear proteins were extracted
(Section 2.6.3.1) and then 10µg aliquots were used in the assay according to the manufacturer
instructions (2.6.3.3). Nuclear extract of HeLa cells exposed to 100nM of dexamethasone for
60 minutes was provided with the kit and used as positive control and ran alongside test
samples.
As shown in figure 5.16, cells treated with dexamethasone alone exhibited an increase in GRE
binding activity (Abs. at 450nm: 0.606) as well as cells exposed to the drug combination but
to a similar degree (Abs. at 450nm: 0.476). These data suggest that the synergism observed
with R406 plus dexamethasone is not due to enhanced ligand‐induced DNA binding activity.
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Figure 5.16: R406 plus dexamethasone mixture does not enhance GRE binding activity in
Nalm‐6 cells.
Nalm‐6 cells were exposed to 3µM R406 or 10µM dexamethasone (Dex) or both (RD) for 4
hours before extracting nuclear protein to assess GRE binding activity by ELISA. Columns
represent the absorbance at 450nm of one replicate experiment.

5.5.5.4 Effect of R406 plus dexamethasone on the Pro‐apoptotic target BIM
Given the synergy seen in cells incubated with R406 plus dexamethasone (Sections 5.5.1 and
5.5.3), the mechanism of synergy was extended to investigate BIM, the indirect target of GC
which plays a significant role in GC‐induced apoptosis (Wang et al., 2003; Bachmann et al.,
2005). Three isoforms of BIM (BIMEL, BIML and BIMS) differ from each other in cytotoxicity
were characterised, and BIMS is the most powerful (Marani et al., 2002). R3F9 cells were
treated with 6µM R406, 25µM dexamethasone or with their mixture together for 24 and 48
hours before assessment of BIM induction by western blotting (Section 2.6.1). While there
was appeared to be induction of BIMEL in the presence of dexamethasone at 48 hours,
western blotting data from 3 independent runs did not show a significant increase in the levels
of different BIM isoforms in R3F9 cells treated with combination compared to cells incubated
with dexamethasone at both time points (24 and 48 hours) (Figure 5.17). Surprisingly, an
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induction of BIML and BIMS isoforms was seen in cells treated with R406 alone after 48 hours
(Figure 5.17 B).
In summary, no enhanced induction of BIM isoforms was observed after dosing R406 and
dexamethasone in R3F9 cells compared to single drugs.

Figure 5.17: R406 and dexamethasone combination does not upregulate BIM protein.
R3F9 cells were co‐cultured with the indicated concentrations of R406, dexamethasone (Dex)
alone or with their mixture for (A) 24 and (B) 48 hours to investigate the effect on the pro‐
apoptotic factor BIM by western blotting. One representative blot of three experiments
performed independently is depicted, α‐tubulin served as a loading control.
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5.6 Effect of dasatinib combination with dexamethasone on BCP‐ALL cells
5.6.1 Effect of dasatinib plus dexamethasone using the Chou and Toulalay median
effect on BCP‐ALL cells viability
As shown in chapter 4, dasatinib as a single agent inhibited several targets downstream of Pre‐
BCR signalling and sensitivity was seen in multiple Pre‐BCR+ and Pre‐BCR‐ ALL cells. Recently,
it was shown that dasatinib could improve sensitivity of GC‐resistant T‐ALL cells to
dexamethasone through inhibition of the dasatinib target, LCK (Serafin et al., 2017).
Therefore, the rationale to investigate dasatinib plus dexamethasone in BCP‐ALL cells was
tempting. To this end, BCP‐ALL cells were exposed to 0.25x, 0.5x, 1.0x, 2.0x and 4.0x of GI50
concentrations of dasatinib, dexamethasone or their combination for 96 hours before viability
assessment by Alamar blue assay (Section 2.5.1). CalcuSyn software was then used to calculate
CI values based on Chou and Toulalay median effect at ED50, ED75 and ED90 (Section 2.5.2).
CI values calculated from dasatinib plus dexamethasone combination displayed strong
synergism in Nalm‐6 [CI (mean ± SEM) range: 0.144 ± 0.066 to 0.059 ± 0.013] and R3F9 [CI
(mean ± SEM) range: 0.28 ± 0.059 to 0.148 ± 0.03] cells and CI values were consistent at
different effective doses (Figure 5.18 B, C and E). In addition, the same combination was
moderately synergistic in the GC‐sensitive line PreB 697 at ED50 [CI (mean ± SEM): 0.82 ±
0.14], however, at higher doses (ED75 and ED90), the CI values were indicative of synergism
[CI (mean ± SEM): 0.49 ± 0.0.01 and 0.32 ± 0.05 respectively] (Figure 5.18 A and E). Moreover,
REH did not show synergy when cultured with dasatinib plus dexamethasone combination
(Figure 5.18 D, E).
PDX cells harvested from mice spleens were also investigated ex vivo using dasatinib with the
dexamethasone combination. Interestingly, very strong synergism was observed in a Ph+ PDX
sample, L4951/AZ26 (CI range: 0.02 – 0.16) which lack Pre‐BCR expression and was resistant
to dexamethasone alone. Moreover, strong synergy was obtained in the Pre‐BCR+ PDX sample
L910/AZ27 (CI range: 0.224 – 0.229). Although the CI value at ED50 (CI = 0.78) suggested
moderate synergism in L824/AZ22, very strong synergism and strong synergism at ED75 (CI =
0.36) and ED90 (CI = 0.17) was shown. However, this combination was antagonistic in
L881/JM275 (CI values > 1.1) (Figure 5.19).
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Taken together, dasatinib strongly synergised with dexamethasone in Pre‐BCR+ and Pre‐BCR‐
BCP‐ALL cells even in dexamethasone resistant cells.

Figure 5.18: Dasatinib synergises with dexamethasone in Pre‐BCR+ BCP‐ALL cell lines.
Dose response curves of (A) PreB 697, (B) R3F9, (C) Nalm‐6 and (D) REH cell lines incubated
with GI50 fractions of dasatinib (Dasa), dexamethasone (Dex) or both together for 96 hours
followed by assessment by Alamar blue assay. (E) Histograms represent the mean
combination indices calculated using CalcuSyn software at the effective doses (ED) that reduce
50, 75 and 90% of the cell viability. The viability curves and CI values represent the mean ±
SEM of 3 independent experiments. GI50 concentrations were indicated for each cell line.
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Figure 5.19: Dasatinib strongly synergises with dexamethasone in Pre‐BCR+ and Pre‐BCR‐
PDX samples.
Histogram represent the combination indices calculated at 50, 75 and 90% effective doses
(ED50, ED75 and ED90 respectively) using CalcuSyn software after PDX cells being exposed to
GI50 fractions of dasatinib (Dasa), dexamethasone (Dex) or both together for 96 hours followed
by Alamar blue assay. CI values were calculated from one replicate PDX.

5.6.2 Effect of dasatinib plus dexamethasone on cell cycle phases of BCP‐ALL cell
lines
In order to understand the mechanism of the synergistic effect seen after exposing BCP‐ALL
cells to dasatinib with dexamethasone mixture, the effect on distribution of cell cycle phases
was studied by propidium iodide staining and flow cytometry (Section 2.3.3). To this end, R3F9
and PreB 697 cell lines were co‐cultured with the GI50 concentrations of dasatinib (2.5µM and
3µM respectively), dexamethasone (25µM and 44nM respectively) alone or their mixture
together. It was shown in chapter 4 that dasatinib treatment as a single inhibitor induced G1
arrest in multiple cell lines (Section 4.5.2). G1 arrest was also induced due to treatment with
dexamethasone alone in the same cell lines (Figure 5.20). The combination of both drugs
significantly enhanced G1 arrest. The mean percentage of R3F9 cells arrested at G1 ± SEM was
79.43 ± 0.72% after cells were incubated with dasatinib plus dexamethasone for 24 hours
which was significantly higher than dasatinib (Mean ± SEM: 51.57 ± 4.02%; p=0.0024) or
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dexamethasone (Mean ± SEM: 46.97 ± 1.28%; p<0.0001) treated cells. Interestingly, a similar
trend of enhanced G1 arrest was maintained after 48 hours and was significant in combination
when compared with single drugs treatments. In addition, 9.05 ± 1.25% of the cells co‐
cultured with combination for 48 hours were present in the sub‐G1 peak which was
significantly higher when compared with cells exposed to dasatinib (Mean ± SEM: 2.203 ±
0.26%; p=0.006) or dexamethasone (Mean ± SEM: 3.74 ± 0.72%; p=0.021) alone (Figure 5.20
A, B).
PreB 697 cells were also incubated with the dasatinib and dexamethasone combination and
an increased percentage of cells arrested at G1 phase was observed after 24 hours (Mean ±
SEM: 74.20 ± 2.91%) which was significant when compared with single drug treatment,
dasatinib (Mean ± SEM: 43.30 ± 1.82%; p=0.0008) and dexamethasone (Mean ± SEM: 44.57 ±
3.5%; p=0.0029). However, after 48 hours the same combination induced G1 arrest (Mean ±
SEM: 53.27 ± 0.29%) and the percentage of cells was only significantly higher than dasatinib
treated cells (Mean ± SEM: 48.97 ± 0.98%; p=0.014). Moreover, a clear increase in the
percentage of cells in the sub‐G1 peak was seen after 48 hours incubation with the drug
combination (Mean ± SEM: 30.60 ± 3.14%) when compared with dasatinib (Mean ± SEM: 2.27
± 0.12%; p=0.0008) or dexamethasone (Mean ± SEM: 5.757 ± 1.17%; p=0.0018) alone
indicating apoptosis induction (Figure 5.20 C).
To sum up, the combination of dasatinib and dexamethasone induced an enhanced increase
in G1 arrest and an accumulation of cells in asub‐G1 peak in comparison with treatment with
single drugs.
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Figure 5.20: Dasatinib co‐exposure with dexamethasone induces robust G1 arrest in BCP‐
ALL cell lines.
Cell cycle phases were assessed by flow cytometry using propidium iodide staining after
incubating (A, B) R3F9 and (C) PreB 697 cells with dasatinib (Dasa), dexamethasone (Dex)
alone or in combination. BCP‐ALL cell lines were exposed to vehicle, dasatinib (R3F9: 2.5µM
and PreB 697: 3µM), dexamethasone (R3F9: 25µM and PreB 697: 44nM) or a mixture of both
drugs for 24 and 48 hours. Histograms of one representative cell cycle run of 3 independent
experiments is presented for R3F9. The bar graphs show the mean percentage of cells
distributed at different phases of the cell cycle ± SEM (n=3). FlowJo software was used to
analyse cell cycle data. Asterisks denote the student`s t‐test statistical analysis of the G1 phase
for all cell lines. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns= not significant.
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5.6.3 Apoptotic effect of dasatinib plus dexamethasone on BCP‐ALL cell lines
As shown in section 5.6.1, a great synergy was seen in multiple cell lines exposed to dasatinib
plus dexamethasone, hence, to characterise the mechanism of action of this drug
combination, Annexin V‐FITC staining (Section 2.3.2) was carried out to measure the
percentage of apoptotic BCP‐ALL cells by flow cytometry. To this end, R3F9 and PreB 697 cell
lines were co‐cultured with dasatinib (3µM and 2.5µM respectively), dexamethasone (25µM
and 44nM respectively) alone or their mixture together for 48 and 72 hours.
In R3F9 cells, the combination of dasatinib and dexamethasone enhanced the percentage of
apoptotic cells at 48 hours (Mean ± SEM: 26.80 ± 2.48%) and was nearly 2 fold higher than
single agents [Dasatinib (Mean ± SEM: 10.75 ± 2.0%; p=0.007) or dexamethasone (Mean ±
SEM: 13.38 ± 1.31%; p=0.008)]. Moreover, the effect of enhanced apoptosis was sustained
after 72 hours and the proportion of cells was greater than 48 hour time point for all
treatments. For cells cultured with the combination, the percentage of Annexin V positive cells
(Mean ± SEM: 47.56 ± 1.2%) was significantly higher than cells exposed to dasatinib (Mean ±
SEM: 30.59 ± 2.06%; p=0.0001) or dexamethasone (Mean ± SEM: 24.61 ± 1.9%; p=0.001) alone
(Figure 5.21 A, B).
The combination effect was also studied in GC‐sensitive PreB 697 cells. Interestingly, a similar
trend of enhanced apoptosis was seen in PreB 697 cells treated with drug combination (Mean
± SEM: 51.04 ± 0.51%) for 48 hours which was significantly higher than single agent treatment
[Dasatinib (Mean ± SEM: 9.53 ± 1.148%; p<0.0001) and dexamethasone (Mean ± SEM: 18.23
± 2.62%; p=0.0003)]. Moreover, the percentage of Annexin V positive in cells treated with
mixture of drugs was increased to 77.09 ± 3.9% after 72 hours which was robustly higher than
the proportion of apoptosis induced by dasatinib (Mean ± SEM: 13.38 ± 0.99%; p<0.0001) or
dexamethasone (Mean ± SEM: 36.29 ± 0.28%; p=0.0005) alone (Figure 5.21 C).
In conclusion, the combination of dasatinib and dexamethasone enhanced apoptosis
induction in dexamethasone resistant and sensitive cell lines.

194

Chapter 5: Effect of drug combinations on BCP‐ALL cells

Figure 5.21: Dasatinib plus dexamethasone combination enhanced apoptosis in BCP‐ALL cell
lines.
Cell lines were co‐treated with the indicated concentrations of dasatinib (Dasa),
dexamethasone (Dex) alone or their combination for 48, 72 hours before Annexin V‐FITC
staining and assessment by flow cytometry. (A) Representative histograms of Annexin V
staining are shown for R3F9 cells for two time points. Bar charts denote the mean ± SEM (n=3)
of (B) R3F9 and (C) PreB 697. CellQuest software was used to analyse Annexin V data.
Student`s t‐test was carried out to calculate p values. **p<0.01, ***p<0.001, ****p<0.0001.
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5.6.4 Pharmacodynamic effects of dasatinib plus dexamethasone on BCP‐ALL cell
lines
5.6.4.1 The effect of dasatinib/dexamethasone combination on the dasatinib
targets inhibition
To further understand the synergistic effect seen after exposing BCP‐ALL cell lines to dasatinib
plus dexamethasone, the inhibition of potential pharmacological targets of dasatinib
[pBTK(Y223), pSYK(Y348), pBLNK(Y84) and pPLC‐ɣ2(Y759)] were investigated by intracellular
phospho flow cytometry (Section 2.3.5). To this end, R3F9 was incubated with dasatinib (3µM)
or dexamethasone (25µM) or with their mixture together for 24 hours. Consistent to data
shown in chapter 4 (Figure 4.23), dasatinib alone significantly inhibited all phospho proteins
investigated in both cell lines. Unexpectedly, dexamethasone alone also inhibited most of the
tyrosine kinases in both cell lines. There was no additional inhibition seen with the drug
combination when compared with single drugs (Figure 5.22) except for a subtle decrease in
pSYK(Y348) phosphorylation (Mean MFI normalised to CV ± SEM: 60.0 ± 1.33%) with the drug
combination in comparison with dasatinib (Mean MFI normalised to CV ± SEM: 65.16 ± 0.13%;
p=0.018) or dexamethasone (Mean MFI normalised to CV ± SEM: 76.10 ± 1.76%; p=0.001)
(Figure 5.22 B).
Taken together, the synergism seen in dasatinib plus dexamethasone did not appear to be due
to enhanced inhibition of dasatinib Pre‐BCR downstream signaling targets.
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Figure 5.22: The pharmacodynamic effect of dasatinib plus dexamethasone mixture on R3F9
cell line.
Intracellular staining with anti‐pBTK(Y233) PE, anti‐pSYK(Y348) FITC, anti‐pBLNK(Y84) PE and
anti‐pPLC‐ɣ2(Y759) was performed on treated cells and acquired on a FACSCalibur with
indicated concentrations of dasatinib (Dasa), dexamethasone (Dex) or their mixture together
for 24 hours. (A) One representative overlay histograms show the phosphorylation levels of
different phospho kinases in R3F9 cells treated with different drug treatments. Bar charts
represent the mean ± SEM (n=2‐3) of MFIs normalised to CV (B). FlowJo software was used to
generate histograms overlays. Student`s t‐test was used to calculate p values. p>0.05 not
significant (ns), *p<0.05, **p<0.01.
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5.6.4.2 Effect of dasatinib plus dexamethasone mixture on the transcription of GR
target gene GILZ
To further investigate the mechanism behind the synergistic effect of dasatinib plus
dexamethasone combination, the level of GILZ transcription was studied. R3F9 cells were co‐
cultured with 2.5µM dasatinib, 25µM dexamethasone or with their mixture together for 24
hours before assessment of GILZ expression by QRT‐PCR (Section 2.4). For cells exposed to
single drugs (Dasatinib or dexamethasone), significant induction of GILZ expression was
obtained in comparison with CV treated cells (~ 8 fold, p=0.0033 and ~117 fold, p=0.0017,
respectively). Moreover, significantly higher induction of GILZ was detected in cells treated
with combination compared with cells exposed to dasatinib (~81 fold, p=0.0007) or
dexamethasone (~5 fold, p=0.0016) alone (Figure 5.23 A).
A similar experiment was repeated with R3F9 and Nalm‐6 cells using dasatinib (3µM and
2.5µM respectively), and a lower dexamethasone concentration (10µM for both cell lines) or
mixture of both drugs. Interestingly, a similar trend of enhanced transcriptional activity of GILZ
was observed in R3F9 cells cultured with the drug combination compared to dasatinib (~75
fold) or dexamethasone (~4 fold) alone (Figure 5.23 B). Moreover, GILZ mRNA in Nalm‐6 cells
treated with combination was nearly 105 and 8 fold higher than cells exposed to dasatinib or
dexamethasone, respectively (Figure 5.23 C).
As shown in section 5.6.1, the combination between dasatinib and dexamethasone was non‐
effective in the GR negative REH cell line (Figure 5.18 D, E). Hence, to confirm if these findings
are also mirrored in the transcriptional activity of GR target gene, GILZ level was measured
and used as negative control. REH cells were incubated with 6µM dasatinib, 10µM
dexamethasone or with their mixture for 24 hours. Similar to REH cells exposed to
dexamethasone combined with R406 (Section 5.5.5.4), no further induction in the
transcription of GILZ gene was observed in cells treated with dexamethasone combination
with dasatinib when compared with cells treated with dasatinib alone. Compared to CV, there
was no change in the level of GILZ mRNA in cells treated with dexamethasone alone but was
nearly 5 fold higher in cells incubated with dasatinib alone (Figure 5.23 D).
In summary, the combination of dasatinib with dexamethasone significantly enhanced the
induction of GILZ mRNA in GC‐resistant cell lines that express GR protein.
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Figure 5.23: Dasatinib plus dexamethasone combination enhances the levels of GILZ mRNA.
(A, B) R3F9, (C) Nalm‐6 and (D) REH cells were treated with the indicated concentrations of
dasatinib (Dasa), dexamethasone (Dex) alone or their combination for 24 hours. The level of
GILZ gene mRNA was measured in relation to the endogenous control gene TBP by QRT‐PCR,
GILZ transcription in different treatments was then normalised to CV. Bar chart (A) shows the
mean fold change of GILZ ± SEM (n=3). Histograms (B, C and D) show the mean fold change of
GILZ of one replicate run. Student`s t‐test was used to calculate p values **p<0.01,
***p<0.001.
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5.6.5 Mechanistic study of the combination between dasatinib and
dexamethasone in BCP‐ALL cell lines at the GR level
In order to investigate the mechanism behind the synergistic apoptosis (Section 5.6.3) and
enhanced GILZ expression (Section 5.6.4.2) seen in cells co‐incubated with dasatinib plus
dexamethasone, several parameters involved in GR pathway such as GR expression and
phosphorylation, GR nuclear translocation, GRE binding were studied in GC‐resistant lines that
previously exhibited synergy (Sections 5.6.1 and 5.6.3).

5.6.5.1 Effect of dasatinib plus dexamethasone on GR expression and
phosphorylation
To confirm if GR expression and phosphorylation were modulated, GC‐resistant cell lines were
exposed to dasatinib plus dexamethasone. Nalm‐6 and R3F9 were incubated with dasatinib
alone (3µM and 2.5µM respectively), dexamethasone alone (10µM) or both together for 4
hours prior to immunoblotting detection (Section 2.6.1). REH cells were used as negative
control because they lack GR expression (Bachmann et al., 2007). Immunoblots of both cell
lines depicted that no effect was observed on the GR protein level in all different treatments
(Figure 5.24). Moreover, dexamethasone alone and in combination equally induced
phosphorylation of GR in both cell lines (Figure 5.24), hence, the combination of dasatinib with
dexamethasone does not enhance GR protein levels expression or activation as assessed by
GR ser211 phosphorylation in BCP‐ALL cells.
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Figure 5.24: Dasatinib and dexamethasone combination does not enhance GR expression
and phosphorylation at ser211 in BCP‐ALL cell lines.
Effects of dasatinib (Dasa) alone or dexamethasone (Dex) alone or their mixture together using
the indicated concentrations on GR expression and phosphorylation in Nalm‐6 and R3F9 cells
after 4 hours incubation. Total proteins were extracted from whole cell lysates before
detection by western blotting, α‐tubulin was used as a loading control. Untreated REH cells
served as a negative control for GR and pGR.

201

Chapter 5: Effect of drug combinations on BCP‐ALL cells

5.6.5.2 Effect of dasatinib plus dexamethasone on GR translocation from the
cytosol to the nucleus
To explore the mechanism of synergy at the level of GC receptor, GR localisation from cytosol
to the nucleus was evaluated. R3F9, a glucocorticoid resistant cell line, was incubated with
dasatinib (2.5µM), dexamethasone (10µM) and with both together for 4 hours before
extracting cytosolic and nuclear proteins (Section 2.6.2) and detection by western blotting
(Section 2.6.1). Proteins extracted from whole REH cell lysate (Section 2.6.1.1) were also
loaded and considered as a GR protein negative control. As expected, dexamethasone alone
induced significant translocation of GR protein from the cytoplasm to the nucleus, and similar
amount of GR protein were translocated in cells exposed to the drug combination. On the
other hand, cells incubated with dasatinib did not show translocation of GR from cytoplasm
to the nucleus when compared to CV treated cells (Figure 5.25). Thus the synergism due to
the dexamethasone/dasatinib combination is not due to enhance GR nuclear translocation.
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Figure 5.25: Dasatinib plus dexamethasone has no effect on GR nuclear translocation in R3F9
cells.
R3F9 cells were incubated with the indicated concentrations of dasatinib (Dasa),
dexamethasone (Dex) or both together for 4 hours followed by cytoplasmic (C) and nuclear
(N) proteins extraction to detect GR translocation by western blotting. Proteins extracted from
the whole cells lysates (WL) of untreated REH cells served as a negative control for GR protein.
Cytoplasmic (α‐tubulin) and nuclear (PARP) loading controls were used. One representative
immunoblot of 2 biological replicates is presented.
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5.6.5.3 Effect of dasatinib plus dexamethasone on GRE binding activity
The GR localisation experiment (Section 2.6.6.2) evidenced that similar levels of GR
translocated to the nucleus upon treatment of R3F9 cells with dexamethasone alone or with
the drug combination. To further investigate GR function, GRE binding activity to the DNA was
assessed by ELISA (Section 2.6.3).
R3F9 cells were incubated with dasatinib (2.5µM), dexamethasone (10µM) or with their
combination together for 4 hours. Nuclear proteins were then extracted (Section 2.6.3.1) and
an aliquot of 10µg was used for ELISA assay. Nuclear protein extracted from HeLa cells exposed
to dexamethasone (100nM, 1 hour) was used as positive control. In comparison with CV
treated cells (Abs. at 450nm: 0.313), both dexamethasone alone and dasatinib and
dexamethasone treated cells showed increased GRE binding activity (Abs. at 450nm: 0.398
and 0.74 respectively) but to similar levels (Figure 5.26). These data suggest no effect on GRE
binding activity in cells treated with the combination.
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Figure 5.26: Dasatinib plus dexamethasone combination has no effect on GRE binding
activity in R3F9 cells.
R3F9 cells were cultured with dasatinib (Dasa) (2.5µM) or dexamethasone (Dex) (10µM) or
both (DD) for 4 hours before extracting nuclear proteins to assess GRE binding activity by
ELISA. Columns represent the absorbance at 450nm for different treatments of one replicate
experiment.

5.6.5.4 Effect of dasatinib plus dexamethasone on the Pro‐apoptotic target BIM
As shown earlier in this chapter, enhanced apoptosis was seen in cell lines exposed to the
dasatinib/dexamethasone combination (Section 5.6.3), in addition to enhanced transcription
of the GR‐target gene (GILZ) (Section 5.6.4.2). Therefore, to further investigate the mechanism
of dasatinib‐dexamethasone synergy, the pro‐apoptotic factor (BIM) was assessed by
immune‐blotting (Section 2.6.1). R3F9 cells were treated with 2.5µM dasatinib, 25µM
dexamethasone or with the drug mixture for 48 hours. Interestingly, apparent increase in all
BIM isoforms was observed in cells treated with combination compared to dexamethasone
treated cells (Figure 5.27).
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Figure 5.27: Dasatinib plus dexamethasone enhances BIM expression in R3F9 cells.
R3F9 cells were co‐cultured with the indicated concentrations of dasatinib (Dasa),
dexamethasone (Dex) alone or with their mixture for 48 hours to study the effect of
combination on the pro‐apoptotic factor BIM by western blotting. Two blots of 2 independent
biological replicates are shown, α‐tubulin was used as a loading control.

Similar experiments were repeated in R3F9 and Nalm‐6 cells using dasatinib (2.5µM and 3µM,
respectively), less dexamethasone concentration (10µM for both cell lines) or mixture of both
drugs for 48 hours. Interestingly, R3F9 incubated with combination (2.5µM Dasatinib plus
10µM Dexamethasone) for 48 hours showed enhanced BIM induction in all isoforms (Figure
5.28) compared to dexamethasone or dasatinib alone.
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In Nalm‐6 cells treated with combination for 48 hours, no further induction of BIM isoforms
(BIMEL, BIML and BIMS) was depicted when compared with dexamethasone treated cells
(Figure 5.29 A), however, after 72 hours, a clear induction of BIM (all isoforms) was observed
in cells exposed to combination compared to dasatinib or dexamethasone (Figure 5.29 B).
Taken together, enhanced BIM induction was seen in GC‐resistant lines which was associated
with apoptosis after exposure to dasatinib plus dexamethasone.

Figure 5.28: The pro‐apoptotic protein BIM is upregulated upon treatment with dasatinib
and dexamethasone combination in R3F9 cells.
R3F9 cells were incubated with the depicted concentrations of dasatinib (Dasa),
dexamethasone (Dex) alone or with their mixture for 48 hours to study the effect of
combination on the pro‐apoptotic factor BIM by western blotting. Blot of one biological
replicate is shown, α‐tubulin was used as a loading control.
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Figure 5.29: The effect of dasatinib plus dexamethasone combination on BIM induction in
Nalm‐6 cells.
Nalm‐6 cells were dosed with the indicated concentrations of dasatinib (Dasa),
dexamethasone (Dex) alone or with their mixture for 48 (A) and 72 (B) hours to study the
effect of combination on the pro‐apoptotic factor BIM by western blotting. Blots of one
biological replicate are shown, α‐tubulin was used as a loading control.
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5.7 Discussion
The sensitivity seen in some ALL cell lines and PDX samples after exposure to single TKI
inhibitors provided the rationale to explore potential synergism with key ALL drugs.
Dexamethasone was selected based on prior evidence for synergism with other TKIs such as
JNK and MEK inhibitors (Jones et al., 2015; Nicholson et al., 2015; Elizabeth C. Matheson) with
prioritisation of dasatinib and fostamatinib R406 plus dexamethasone combinations in BCP‐
ALL cells. To achieve this objective, viability, cell cycle, apoptosis, pharmacodynamics and
mechanism of synergism at the level of GR and its downstream pathways were investigated
in BCP‐ALL cells.
As presented earlier in chapter 4, an exclusive effect on proliferation/viability was noticed in
3 Pre‐BCR+ cell lines and 6 out of 15 PDX samples (2 Pre‐BCR+ and 4 Pre‐BCR‐) after treatment
with fostamatinib R406. Combination of R406 plus dexamethasone on BCP‐ALL cells resulted
in synergism both in Pre‐BCR+ (3 cell lines and 1 PDX sample) and Pre‐BCR‐ (3 PDX samples)
cells. Synergism of this combination was associated with enhancement of cell cycle arrest but
no significant induction of apoptosis was observed. There was no additional inhibition of
pharmacological targets in cells exposed to the drug combination compared to cells treated
with single agents. As part of pharmacodynamics study, the effect of R406 plus
dexamethasone was also investigated on the GR target gene, GILZ which was upregulated in
cells demonstrated synergy. Hence, the mechanism of synergism was explored at the level of
GR. In cells treated with combination compared to single agents, no differences were seen in
the levels of GR, phosphorylation as a marker of activation, translocation to the nucleus or
GRE binding activity. In addition, in contrast to the synergism seen with dasatinib, there was
no increase in the expression of the pro‐apoptotic factor BIM and this in keeping with the lack
of apoptosis induced by the R406 plus dexamethasone in both PreB 697 and R3F9 cell lines. In
other studies, the GR target gene GILZ was associated with apoptosis (Schmidt et al., 2004;
Kruth et al., 2017) but in this study it was upregulated in cells treated with the drug
combination but without BIM expression and apoptosis induction. However, GILZ induction
was associated with cell cycle arrest in cells showed synergy which is in keeping to what has
been suggested before that the long variant of GILZ (L‐GILZ) activates P53, a mediator of cell
cycle arrest (Lane, 1992; Levine, 1997; Ayroldi et al., 2015). Moreover, upregulation of GILZ
was shown to have an inhibitory effect on components of multiple pathways involved in cell
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survival and proliferation (such as PI3K/AKT and MAPK) (Figure 5.30) with these effects being
translated into growth inhibition (Ayroldi et al., 2002; Asselin‐Labat et al., 2005; Ayroldi et al.,
2007; Latre de Late et al., 2010). In fact, a significant reduction in apoptosis was seen in the
GC sensitive PreB 697 cells exposed to the drug combination compared to cells treated with
dexamethasone alone and this is in agreement with the finding of Asselin‐Labat and
colleagues who stated that BIM expression could be downregulated by GILZ and thus
apoptosis was negatively affected (Asselin‐Labat et al., 2004). As discussed in chapter 4, R406
inhibits several targets in addition to SYK (Table 4.16) (Davis et al., 2010b; Maude et al., 2012;
Roberts et al., 2012; Roberts et al., 2014; Rolf et al., 2015) and recently some of these targets
such as SYK, FLT3, PI3K‐δ, BLK and ERK/MAPK have been shown to sensitize BCP‐ALL cells to
glucocorticoids (Figure: 5.30) (Piovan et al., 2013; Silveira et al., 2015; Kim et al., 2017; Kruth
et al., 2017). FLT3 is a receptor tyrosine kinase that can activate the downstream signalling
cascades involved in leukaemogenesis such as PI3K and RAS pathways (Stirewalt and Radich,
2003; Scholl et al., 2008) (Figure 5.30). The synergism between dexamethasone and
fostamatinib has been reported in WM cells (Kuiatse et al., 2015). The viability of WM cell lines
exposed to the drug combination for 48 hours was reduced to about 25% but no mechanistic
studies were performed.
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Figure 5.30: Suppression of Pre‐BCR downstream signals enhances sensitivity of BCP‐ALL
cells to dexamethasone.
This diagram summarises the mechanism of synergy of TKI combinations with GC which could
be attributed to the interplay between GR and Pre‐BCR pathways based on data acquired
throughout this study and data from the literature (Nahar and Muschen, 2009; Piovan et al.,
2013; Buchner et al., 2015; Silveira et al., 2015; Hall et al., 2016; Kruth et al., 2017; Serafin et
al., 2017). GC mediated apoptosis via GR pathway (Right side) is triggered by GC binding with
GR, phosphorylation, activation before translocation to the nucleus. Inside the nucleus, GR‐
GC molecules dimerize and bind to the consensus DNA sequences binding sites (GREs) and
enhance transcription of multiple genes involved in cell cycle arrest and apoptosis (e.g. GILZ
and BIM). Interestingly, dasatinib or fostamatinib R406 alone could also upregulate GILZ
mRNA level. In addition, components of multiple pathways (such as PI3K/AKT and MAPK) were
found to be associated with GILZ induction. On the other hand, inhibition of components
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downstream of Pre‐BCR checkpoint (Pharmacological inhibition by TKIs/gene knockdown) was
found to sensitize BCP‐ALL cells to dexamethasone (Left side). It has been found that TKIs may
inhibit targets other than the primary target(s) such as fostamatinib which inhibits FLT3. FLT3
is a receptor tyrosine kinase that can activate PI3K and RAS pathways. Activated PI3K‐δ (via
SYK or IL‐7R or FLT3) inhibits GR function through activation of MAPK pathway. Interestingly,
GC may interfere with this double negative feedback loop between PI3K‐δ and GR and
therefore enhance or restore the regulation of programmed cell death genes.

As presented in chapter 4, sensitivity to dasatinib was seen in multiple Pre‐BCR+ and this
sensitivity was correlated with the inhibition of key kinases downstream of Pre‐BCR signalling.
Other studies have also reported successful preclinical potential of dasatinib in re‐sensitizing
T‐ALL to dexamethasone both in vitro and in vivo through LCK inhibition (Serafin et al., 2017)
or overcoming the stromal cells‐mediated resistance of myeloma cells to dexamethasone
(Ramasamy, 2012). Therefore, dasatinib plus dexamethasone mixture was investigated in
BCP‐ALL. Strikingly, both Pre‐BCR+ (3 cell lines out of 3 and 1 PDX sample) and Pre‐BCR‐ (3 PDX
samples out of 4, 2 of them were Ph+ and Ph‐like cytogenetics) cells exhibited synergism after
exposure to this combination. Furthermore, a robust induction of G1 arrest associated with
an increase in the non‐viable population (sub‐G1) which indicate programmed cell death in
both GC sensitive and resistant cell lines. Moreover, with dasatinib and dexamethasone, there
was significant apoptosis over that for dasatinib or dexamethasone alone in both tested cell
lines (PreB 697 and R3F9), confirming the cell cycle findings (sub‐G1 arrest) in the same cells.
The mechanism of drug action was studied and a similar degree of pharmacological targets
(pBTK, pSYK, pBLNK and pPLC‐ɣ2) inhibition was observed in cells incubated with combination
compared to cells treated with dasatinib alone. On the GR level, no further GR expression,
phosphorylation, translocation and GRE binding activity to the nucleus were detected,
however, there was a significant GILZ upregulation, which was associated with further
apoptosis (Schmidt et al., 2004; Bruscoli et al., 2015; Kruth et al., 2017) in cells co‐treated with
dasatinib and dexamethasone combination. Moreover, an increase in the expression of BIM,
the pro‐apoptotic BCL‐2 family factor which regulates the activation of cell death pathway in
mitochondria (Cory and Adams, 2002), was also seen and explains programmed cell death and
cytotoxicity observed in cells exposed to combination (Joha et al., 2012). In line with results
presented in this chapter, preclinical data of dasatinib plus dexamethasone combination
found similar synergism in cells viability/proliferation in addition to enhanced effect on cell
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cycle (G1 arrest) and or apoptosis induction in myeloma cells (Ramasamy, 2012) and T‐ALL
cells (Serafin et al., 2017). A recent clinical trial carried out in elderly patients with Ph‐positive
ALL found that dexamethasone combination with dasatinib is well tolerated and increased
long term survival in one third of patients (Rousselot et al., 2016).
Since the mechanism of glucocorticoid resistance in clinical samples is not yet fully
understood, based on the findings presented here and by others, one could hypothesize that
the mechanism of synergy in all TKI combinations with dexamethasone is attributed to the
cooperative role of two independent pathways, GR pathway (GC‐mediated) and Pre‐BCR
downstream signaling (Some components are targeted by TKIs) (Figure 5.30). The role of GR
pathway from GC binding to GR phosphorylation, translocation, GRE binding and eventually
GILZ induction after treatment with dexamethasone is outlined in figure 5.30. The enhanced
induction of GILZ was observed in cells treated with the drug combination. Surprisingly,
dasatinib or R406 single drug treatment were also found to upregulate GILZ mRNA to some
extent in the GR positive cells and this may suggest that these inhibitors influence GR
phosphorylation at phosphorylation site(s) (S203 or S226) other than S211 (Chen et al., 2008)
or modify GR transcriptional enhancers or repressors. On the other hand, by using TKI
inhibitors, multiple targets downstream of Pre‐BCR signaling could be inhibited by TKIs
(including primary and off target effects) (Tables 4.14 to 4.17), and these targets may play a
pivotal role in re‐sensitising cells to glucocorticoids as evidenced by several studies in BCP‐ALL,
T‐ALL (Figure: 5.30) (Piovan et al., 2013; Silveira et al., 2015; Hall et al., 2016; Kruth et al., 2017;
Serafin et al., 2017). However, similar to GR pathway components, no further inhibition of
pharmacological target(s) was observed in cells exposed to dexamethasone combination with
R406 or with dasatinib compared to single TKI treatment. Taken together, these findings
provide the evidence that synergy mechanism was functional only if drug combination was
affecting both GR pathway and Pre‐BCR signaling simultaneously (Figure 5.30). As a proof of
this concept, no synergy was seen in REH cells treated with dexamethasone combined with
any of the 4 TKIs (CAL‐101, ibrutinib, R406 and dasatinib), because REH cells are reported to
be GR negative and this was confirmed by western blotting in figure 5.14 but is also confirmed
by the observation that no GC or combination‐mediated induction of GILZ was obtained.
Endogenous GCs (e.g. cortisol) play a physiological role in maintaining a steady state of
lymphocytes production. Cortisol, in addition to synthetic GCs, induce selective apoptotic
effect on B cells at early maturation stage (early progenitor stage) rather than more mature B
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cells (Lill‐Elghanian et al., 2002; Igarashi et al., 2005) and this may suggest an impact of GCs
(endogenous or synthetic) on Pre‐BCR or downstream signaling.
In addition to R406 or dasatinib combinations with dexamethasone, other Pre‐BCR inhibitors
(CAL‐101 and ibrutinib) were also investigated in this study after combining them with
dexamethasone and unexpectedly, synergism was seen in both combinations in some ALL
samples.
Several reports found that PI3K‐δ/AKT inhibition may reverse resistance or enhance sensitivity
of B and T‐ALL cells to glucocorticoids (Piovan et al., 2013; Hall et al., 2016; Kruth et al., 2017).
In addition, increased GC‐induced programmed cell death was reported in a human follicular
lymphoma cell line in the presence of PI3K‐δ/AKT inhibitors (Nuutinen et al., 2006). In section
4.2.1 of this study, sensitivity was noticed in some PDX samples within clinical ranges when
treated with CAL‐101 alone, therefore, synergism was assessed with dexamethasone.
Interestingly, synergy was found in cells resistant to either drug alone and included Pre‐BCR+
(2 cell lines and 1 PDXs) and Pre‐BCR‐ (2 PDXs) cells. As these cells were found to be resistant
to CAL‐101 alone, they were exposed to fractions of CAL‐101 GI50 (GI50=10µM) in synergy
experiments and the least concentration was 2.5 micromolar, therefore, inhibition of PI3K‐δ
was expected especially when these samples exhibited higher levels of baseline AKT
phosphorylation as evidenced in chapter 3 (Table 3.1). Recently, Kruth and co‐workers (Kruth
et al., 2017) found that dexamethasone treatment strongly inhibited PI3K‐δ, which can be
activated downstream of Pre‐BCR through proximal SYK or through IL‐7 receptor signaling or
downstream of FLT3 (Figure 5.30) (Stirewalt and Radich, 2003; Herzog et al., 2009). On the
other hand, activated PI3K‐δ inhibits GR function through downstream activation of MAPK
signalling (Figure 5.30) (Kruth et al., 2017). GCs may interfere with this double negative
feedback loop between GR and PI3K‐δ and hence restore or enhance the regulation of
apoptotic genes (Figure 5.30) (Kruth et al., 2017). Therefore, they postulated that knockdown
of PI3K‐δ would support sensitising BCP‐ALL cells to dexamethasone and inhibit growth. As a
proof of concept and in line with findings of this study, the same authors (Kruth et al., 2017)
tested a combination of CAL‐101 with dexamethasone on BCP‐ALL cells from variety of genetic
backgrounds and it was super‐additive both in vitro and in vivo and synergy was seen in cells
regardless of Pre‐BCR status. Similarly, Piovan and others (Piovan et al., 2013) tested the AKT
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inhibitor MK2206 combination with dexamethasone on T‐ALL cells and they found that the
inhibition of AKT reversed the resistance to GCs both in vitro and in vivo.
As shown in chapter 4, some PDX samples were sensitive to ibrutinib treatment as a single
inhibitor and the GI50 values obtained were within clinically achievable concentration in a Pre‐
BCR+ PDX sample and sensitivity was associated with the inhibition of the target (pBTK).
Therefore ibrutinib combined with dexamethasone was explored in this chapter and shown
to be synergistic in Pre‐BCR+ cell lines and PDX cells. Recent reports have revealed synergistic
effects in CLL and Pre‐BCR+ ALL cells exposed to dexamethasone combined with ibrutinib in
vitro (Manzoni et al., 2016; Kim et al., 2017). Synergy experiments were carried out in both
Pre‐BCR+ and Pre‐BCR‐ cells. The cells used in synergy experiments were found to be resistant
to either drug alone (ibrutinib or dexamethasone) but Pre‐BCR+ cells exhibited sensitivity to
drugs when combined together. However, it is unclear if synergism could be also seen in
ibrutinib‐sensitive PDX samples due to the limitation of cell number and/or PDX samples
availability. In addition, the synergy was further investigated using the GC‐resistant Pre‐BCR+
cell line R3F9 which showed significant G1 arrest and apoptosis induction when co‐treated
with combination compared to single agents alone. In line with these results, a recent report
found that ibrutinib has sensitised Pre‐BCR+ ALL cells to dexamethasone treatment (Kim et al.,
2017). Moreover, another report exhibited a similar trend of synergistic effect in CLL cells
treated with the same combination (Manzoni et al., 2016), but interestingly, cell cycle arrest
and apoptosis induction were more potent in the BCP‐ALL cell line (R3F9) investigated in these
data presented here. Compared to CV, the induction of apoptosis in cells treated with
combined drugs was 5 fold in BCP‐ALL cells whereas it was 3 fold in CLL cells. In addition, the
BCP‐ALL cells arrested at S phase were reduced to 70% while in CLL cells it was only reduced
by 50%. As evidenced in chapter 4, the sensitivity seen in cell lines and some PDX samples was
associated with significant inhibition of pBTK. Interestingly, Kim and co‐authors (Kim et al.,
2017) noticed that both BTK and BLK were inhibited by ibrutinib alone and the drug was mainly
effective in Pre‐BCR+ BCP‐ALL cells whether single or combined with dexamethasone in vitro
(Kim et al., 2017). This may explain the synergy observed in the study presented here in Pre‐
BCR+ cells (2 cell lines and 1 PDX sample). Interestingly, BTK knockdown was found to be non‐
effective in re‐sensitizing BCP‐ALL cells to dexamethasone, thus inhibition of BLK may be more
relevant (Figure: 5.30) (Kruth et al., 2017). Moreover, an in vitro kinase assay performed by
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two groups showed that other tyrosine kinases, other than BTK, such as SRC (Table 4.15) were
also irreversibly inhibited by ibrutinib (Honigberg et al., 2010; Lanning et al., 2014).
In summary, this is the first study to evaluate the dual exposure of dexamethasone with 4 TKIs
in BCP‐ALL cells. Evidence of better reduced viability in vitro (growth inhibition and/or
apoptosis) was provided using dexamethasone in combination with R406 or with dasatinib in
both GC sensitive and resistant cells, regardless of Pre‐BCR status. In addition, the mechanism
of synergy was associated with enhanced GILZ expression and may involve BIM induction as
seen with the dasatinib/dexamethasone combination, in addition to the inhibition of multiple
Pre‐BCR downstream targets. Further studies are needed to define the precise ‘effector’
targets that are inhibited and how that correlates with re‐sensitising ALL cells to
dexamethasone. The preclinical data of dexamethasone combined with dasatinib shown here,
warrants confirmation in the orthotopic NSG mouse model, with appropriate pharmacokinetic
and pharmacodynamic analyses and if positive, may open the door to translate this
combination regimen for clinical use in Pre‐BCR positive or Ph+/Ph‐like BCP‐ALL.
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6.1 Overall summary and future directions
BCP‐ALL is the most prevalent paediatric cancer, associated with a high number of mortalities
and short and long term treatment toxicities (Inaba et al., 2013) and there is a demand for
more effective, targeted therapies with less toxicity (Nachman et al., 2007; Locatelli et al.,
2012). The treatment outcome for some high risk groups of ALL has improved in recent years
with the introduction of targeted therapies. For example, the use of small molecule TKI
inhibitors targeting BCR‐ABL has led to a remarkable increase in the outcome in Ph+ patients
treated with imatinib combined with chemotherapy, with no increase in toxicity (Schultz et
al., 2009; Ravandi et al., 2010; Schultz et al., 2014). The development of antibody therapies
conjugated with drugs or toxins has also offered a different type of targeted treatment. More
recently, the strategy of using T cells with chimeric antigen receptors (CAR T cells) has revealed
interesting clinical results in refractory/relapsed patients, however, adverse reactions are
associated with CAR T cell and antibody treatment (Irving, 2016; Papadantonakis and Advani,
2016).
Given that BCP‐ALL malignancy is caused by key genetic lesions/mutations that interfere with
the Pre‐BCR signaling pathway (Herzog et al., 2009; Clark et al., 2014; Eswaran et al., 2015),
this may serve as an Achilles’ heel that could be exploited therapeutically (Geng et al., 2015).
Therefore, TKIs targeting BCR signaling [CAL‐101, ibrutinib, dasatinib (FDA‐approved) and
fostamatinib] which have demonstrated promising clinical effects with less toxicity in other B‐
cell malignancies, immune diseases and certain subtypes of BCP‐ALL (Ph+ ALL) were used in
this study (Morales‐Torres, 2012; Young and Staudt, 2013; Buchner and Muschen, 2014;
Muschen, 2015; Trimarchi and Aifantis, 2015). The objective of this study was to characterise
Pre‐BCR function and activity in a cohort of cell lines and PDX samples derived from patients
with high risk and relapse ALL subtypes followed by testing the effects of single TKIs and their
synergism with essential ALL chemotherapy in vitro.
Initially, Pre‐BCR expression and function were characterised in cell lines and PDX samples to
see if these parameters were associated with prediction of sensitivity to certain TKIs. As
expected, Pre‐BCR was not expressed in the majority of cases despite their ability to replicate
and self‐renewal (Trageser et al., 2009; Geng et al., 2015). The Ca2+ flux assay after stimulation
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with anti‐µHC was utilised as a measure of Pre‐BCR function and cell lines data showed that
only cells with intact Pre‐B and B cell receptor were able to induce calcium mobilisation
(Kuwahara et al., 1996; Wang et al., 2002a; Trageser et al., 2009). Importantly, monitoring of
activated pathways integral to Pre‐BCR signalling were also assessed as predictive biomarkers
of response to the selected TKIs (Irving et al., 2014; Dolai et al., 2016) and therefore, basal and
anti‐µHC induced phosphorylation were quantified in this study for all cell lines and PDX
models.
Generally, sensitivity to TKIs was observed in some ALLs irrespective of Pre‐BCR status, the
highest number of sensitive PDXs were observed with R406 or with dasatinib. For R406,
sensitivity was associated with modest inhibition of known targets, i.e. pSYK in cell lines but
for dasatinib, inhibition of pBTK, pSYK, pBLNK and p‐PLC‐ɣ2 was evidenced in both cell lines
and PDX cells. Pre‐BCR+ usually responded to dasatinib but from the Pre‐BCR‐ group, only Ph+
or PDGFR translocation positive ALLs were sensitive. For R406, sensitivity was observed in
Pre‐BCR+ and some Pre‐BCR‐ cells, however predictive biomarkers were not identified.
In support of previous isolated kinase and in vitro studies, the pharmacodynamic data of TKIs
investigated here depicted that other targets (beside the primary targets) could be also
inhibited to achieve sensitivity of BCP‐ALL cells to single TKIs (Tables 4.14 – 4.17) (Davis et al.,
2010b; Honigberg et al., 2010; Maude et al., 2012; Roberts et al., 2012; Lanning et al., 2014;
Roberts et al., 2014; Rolf et al., 2015). Therefore, siRNA knockdown of potential targets
associated with TKI activity would be an advisable option for fostamatinib where the target(s)
is unclear and also in confirming ibrutinib and dasatinib targets. Moreover, it has been found
in several studies that TKIs targets (primary and off targets) may play a vital role in re‐
sensitising BCP‐ALL, T‐ALL cells to glucocorticoids (Figure: 5.30) (Piovan et al., 2013; Silveira et
al., 2015; Hall et al., 2016; Kim et al., 2017; Kruth et al., 2017; Serafin et al., 2017).
Interestingly, dexamethasone combinations with single TKIs enhanced sensitivity and the
synergistic effect was reflected in enhanced cell cycle arrest and/or programmed cell death,
with the prioritisation of dexamethasone combinations with R406 or with dasatinib. The
synergism of dexamethasone combined with R406 or with dasatinib was associated with the
induction of the GR target gene (GILZ) which was thought to play a role in enhanced cell cycle
and/or apoptosis (Schmidt et al., 2004; Ayroldi et al., 2015; Kruth et al., 2017). In addition,
BIM (pro‐apoptotic factor) induction was observed in dasatinib and dexamethasone
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combination and explains the observation of apoptosis induction along with GILZ (Joha et al.,
2012). Interestingly, recent reports have suggested that inhibition of key components
downstream of Pre‐BCR checkpoint may represent a therapeutic option for BCP‐ALL (Perova
et al., 2014; Geng et al., 2015; Irving, 2016; Eldfors et al., 2017; Kim et al., 2017), also, others
have found that downregulation/pharmacological inhibition of these effectors increased
sensitivity of BCP‐ALL cells to dexamethasone (Figure 5.30) (Piovan et al., 2013; Kruth et al.,
2017). Moreover, a physiological role for endogenous GCs has been observed during B
lymphocytes maturation to maintain a steady state. Cortisol (or synthetic GCs) was found to
induce selective programmed cell death in early progenitor B cells which express Pre‐BCR over
more mature B cells (Lill‐Elghanian et al., 2002; Igarashi et al., 2005). This may indicate that
GCs may interfere with the Pre‐BCR pathway.
Although R406 and dasatinib (single or combined with dexamethasone) showed efficacy in
Pre‐BCR+ cells (apart from TCF3‐HLF positive PDX sample) and some Pre‐BCR‐ cells, constitutive
target(s) activation (such as pAKT, pBTK, pSYK) were not associated with sensitivity to relevant
inhibitor(s). Thus, the lack of predictive biomarkers may necessitate the in vitro testing of
primary or PDX cells from refractory patients using candidate drug libraries. Alternatively, a
recent paper described the use of ‘real‐time’ PDX in vivo testing in the orthotopic mouse
model to identify active drugs (Trahair et al., 2016). Antibody therapies have the advantage of
easily identifiable predictive biomarkers.

6.2 Overview
This study investigated the impact of small molecule TKI inhibitors in targeting effectors
downstream of the Pre‐BCR checkpoint, using ALL cell lines and PDX models. The data
presented in this thesis showed good activity of dasatinib and R406 in Pre‐BCR+ cells at
clinically achievable drug concentrations, with the exception of the highly resistant t(17;19)
sample (Fischer et al., 2015). A significant proportion of Pre‐BCR‐ were also sensitive to these
inhibitors, although predictive biomarkers remain to be established. Moreover, significant
synergy was obtained in combining fostamatinib and dasatinib with dexamethasone, the
latter resulting in a profound induction of apoptosis due to the enhanced induction of GILZ
and the pro‐apoptotic BIM. Confirmation of these synergistic data in vivo using an orthotopic
mouse model engrafted with well‐characterised PDX cells, may offer alternative therapies for
220

Chapter 6: Overall summary and future directions

Pre‐BCR+ ALL, particularly the Pre‐BCR positive t(1;19) subgroup, which have a dismal outcome
after relapse (Jeha et al., 2009). Thus, these data may pave the way for new, less toxic
treatment options for refractory ALLs.
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Introduction:
Acute lymphoblastic leukaemia (ALL) is a clonal disorder of developing lymphocytes and is the
most common malignancy in children and adolescents. While cure rates are high, treatment
is associated with significant morbidity and relapsed ALL remains one of the leading causes of
cancer‐related deaths in children. New, less toxic therapies are clearly needed for refractory
ALL.
There are a number of lines of evidence to suggest that ALL cells hijack components of
precursor‐B cell receptor (Pre‐BCR) signalling and this dependency may be amenable to
therapeutic exploitation. There are a number of tyrosine kinase inhibitors (TKIs) targeting Pre‐
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BCR signalling that are showing great promise in the clinic for other leukemia subtypes which
warrant preclinical evaluation in childhood ALL.[1] These include CAL‐101 (PI3K‐δ inhibitor),
Ibrutinib (BTK inhibitor), Fostamatinib R406 (SYK inhibitor) and Dasatinib (BCR‐ABL/SRC
inhibitor).
Methods:
TKIs were evaluated in ALL cells, including cell lines (PreB 697 and its glucocorticoid resistant
descendant, R3F9; Nalm‐6 and Reh) and 25 patient derived xenograft samples (PDX) from 12
predominantly high risk/relapse children ALLs. Resazurin was used to assess cell viability. Flow
cytometry was used to detect Pre‐BCR expression (µHc, Vpreb and λ5) and functionality using
a Calcium flux assay. Phospho‐flow cytometry was performed to monitor constitutive
phosphorylation and response to Pre‐BCR activation and to assess pharmacodynamic drug
action (p‐AKT, p‐BLNK, p‐BTK, p‐SYK, p‐ERK, and p‐PLC‐ϒ2). GILZ expression was measured by
RQ‐PCR. Cell cycle and apoptosis were determined by flow cytometry using Propidium Iodide
and Annexin V staining.
Results:
ALL cell lines were resistant to CAL‐101 (mean GI50 52.08 µM, range 25 µM‐77.83 µM) and
Ibrutinib (mean GI50 15.9 µM, range 11.47 µM‐18.3 µM). However, modest sensitivity was
seen to R406 (mean GI50 4.32 µM, range 2.88 µM‐5.83 µM) and Dasatinib (mean GI50 5.33
µM, range 2.45 µM‐12.5 µM). CAL‐101 and Dasatinib were shown to be cytostatic, causing G1
arrest but no significant apoptosis, while Ibrutinib and R406 were associated with cell cycle
arrest and significant apoptosis after 72 hours incubation with GI50 concentrations
(16.81±1.71 % and 31.34±5.78 % apoptosis, respectively). Pre‐B receptor positive cells were
more sensitive to Dasatinib and Fostamatinib. Pharmacodynamic assessment using Phospho‐
flow cytometry and Western blotting showed inhibition of the relevant targets at the GI50
concentrations. PDX ALL cells were generally more sensitive than the cell lines; CAL‐101 (mean
GI50 25.56 µM, range 76 nM‐100 µM; 2 out of 12 patient samples <2µM); Ibrutinib (mean
GI50 14.23 µM, range 490 nM‐100 µM; 3 out of 12 patient samples <5µM); R406 (mean GI50
11.52 µM and range 56 nM‐25 µM, 4 out of 12 patient samples <4µM); Dasatinib (mean GI50
25.56 µM, range 76 nM‐100 µM; 3 out of 12 patient samples <0.5µM). ALLs sensitive to
Dasatinib were Ph+ or Pre‐BCR positive and the latter were also sensitive to Fostamatinib.
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Synergism was seen after co‐treatment of TKIs with the glucocorticoid (GC), Dexamethasone
(CAL‐101 CI mean 0.7, range 0.056‐1.34; Ibrutinib CI mean 0.71, range 0.41‐0.97; R406 CI mean
0.27, range 0.1‐0.6 and Dasatinib CI mean 0.63, range 0.14‐1.29). No synergism was observed
in the glucocorticoid receptor negative, Reh cell line. For R406 and Dasatinib, co‐ exposure
was strongly synergistic and was associated with increased apoptosis in PreB 697 and the GC
resistant lines, Nalm‐6 and R3F9. Synergism was associated with a significant increase in
expression of the GR target, GILZ and an enhanced downregulation of R406 and Dasatinib
targets (p‐SYK for R406 and p‐BTK, p‐SYK for Dasatinib).
Conclusion:
We have identified significant sensitivity of TKIs impacting on Pre‐BCR signalling in ALL cells at
clinically relevant concentrations; Pre‐BCR positive ALLs were associated with Dasatinib and
Fostamatinib sensitivity; Pre‐BCR negative ALL cells were also sensitive to some TKIs, although
predictive biomarkers remain to be established. Marked synergism was observed in
combination with dexamethasone, even in GC resistant cells. In vivo preclinical confirmation
of these data may offer new therapies for refractory ALL.
1. Young, R.M. and L.M. Staudt, Targeting pathological B cell receptor signalling in lymphoid
malignancies. Nature Reviews Drug Discovery, 2013. 12(3): p. 229‐243.
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Background: Acute lymphoblastic leukaemia (ALL) is the most common malignancy in children
and adolescents and relapsed ALL remains one of the leading causes of cancer‐related deaths
in children. Components of the precursor‐B cell receptor (Pre‐BCR) signalling pathway are
hijacked in ALL cells and this dependence may be therapeutically targeted. A number of
tyrosine kinase inhibitors (TKIs) targeting effectors of this signalling pathway are showing
great promise in the clinic and warrant preclinical evaluation in paediatric ALL. They include
Dasatinib (BCR‐ABL/SRC inhibitor), Fostamatinib R406 (SYK inhibitor), Ibrutinib (BTK inhibitor)
and CAL‐101 (PI3K‐δ inhibitor).
Aims: To preclinically evaluate these candidate TKIs, as novel, targeted drugs for high risk and
relapsed ALL.
Methods: ALL cell lines (Reh, Nalm‐6, PreB 697 and its glucocorticoid resistant descendant,
R3F9) and 36 primary‐derived xenograft (PDX) cells from 16 ALL were used in the study. Cell
226

Appendix

viability was assessed by Resazurin. Pre‐BCR expression (µHC, Vpreb and λ5) and functionality
using a Calcium flux assay were detected by Flow cytometry. Intracellular phospho‐flow
cytometry was used to detect constitutive phosphorylation and activation in response to anti‐
Igµ antibody, as well as drug pharmacodynamic measures (p‐BTK, p‐SYK, p‐AKT, p‐ERK, p‐PLC‐
ϒ2, p‐BLNK). Apoptosis and cell cycle were analysed by flow cytometry using Annexin V and
Propidium Iodide. RQ‐PCR was used to measure GILZ expression. Bim induction, GR expression
and phosphorylation were detected by western blotting.
Results: ALL cell lines were modestly sensitive to Dasatinib (mean GI50 5.33 µM, range 2.45
µM‐12.5 µM) and R406 (mean GI50 4.32 µM, range 2.88 µM‐5.83 µM). However, cells were
resistant to Ibrutinib (mean GI50 15.9 µM, range 11.47 µM‐18.3 µM) and CAL‐101 (mean GI50
52.08 µM, range 25 µM‐77.83 µM). Cell cycle arrest and significant apoptosis was seen with
R406 and Ibrutinib treatment, while Dasatinib and CAL‐101 were cytostatic, causing G1 arrest
with no substantial cell death. Pharmacodynamic assays confirmed inhibition of the relevant
drug targets. PDX cells showed greater sensitivity than the cell lines to Dasatinib (4 out of 16
patient samples <0.5µM), R406 (7 out of 16 patient samples <5µM), Ibrutinib (3 out of 15
patient samples <5µM) and CAL‐101 (3 out of 15 patient samples <2µM). Pre‐BCR positive
ALL cell lines and PDX cells were sensitive to R406 and Dasatinib, with a Ph+ PDX confirming
sensitivity to the latter. Combining TKIs with the glucocorticoid (GC), Dexamethasone showed
synergism in ALL cell lines and was particularly notable for Dasatinib and R406 in PreB cell
receptor positive lines. Synergism was associated with significantly enhanced apoptosis, an
increase in expression of the GR target gene, GILZ and for Dasatinib, enhanced expression of
the pro‐apoptotic, Bim. Control REH cells (GC receptor negative) showed no synergism.
Summary/Conclusion: Significant sensitivity of TKIs targeting Pre‐BCR signalling have been
identified at clinically achievable concentrations. Dasatinib and R406 sensitivity was
associated with Pre‐BCR positive ALL and combination with Dexamethasone showed
significant synergism in GC resistant cell lines and PDX samples. TKIs were also effective in
some Pre‐BCR negative ALL cells, however, predictive biomarkers need to be established.
Confirmation of these data in preclinical models in vivo may define new therapies for high risk
ALLs.

Keywords: dexamethasone, Tyrosine kinase inhibitor.
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