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i)

ABSTRACT

BACKGROUND

Chronic lymphocytic leukaemia (CLL), the most common leukaemia in the western
world, is a clinically and biologically heterogeneous disease. In the last 15 years,
impressive improvements have been made in the treatment of CLL and chemo-
immunotherapy has emerged as an excellent treatment for fit patients. Exceptions
to this are sub-groups of CLL patients with TP53 deletion, fludarabine refractory
CLL, early relapse following fludarabine based therapy and unfit patients. The B
cell receptor pathway has been explored as a potential treatment target for B cell
malignancies. Several cytosolic kinases are constitutively phosphorylated in B cell
malignancies and inhibitors of these kinases are in development or approved for
the treatment of B cell malignancies and autoimmune disorders. lbrutinib (BTK
inhibitor) and Idelalisib (PI3K-6 inhibitor) are the first-in-class of these subsets of
drugs. These drugs have changed the treatment landscape of CLL. IciCLLe trial was
an endeavour to assess the clinical, immunophenotypic and biological responses
to continuous ibrutinib monotherapy in treatment naive (TN) and relapsed or
refractory (RR) CLL patients.

HYPOTHESIS

Assessment of B cell receptor (BCR) signalling with continuous ibrutinib will predict

the depth of clinical and biological responses in both TN and RR cohorts.

iii) AIMS

To continuously evaluate BCR kinase activation in real-time in peripheral blood
and bone marrow in vivo and ex vivo response to ibrutinib; Analysis of clinical
response with BCR kinase response to ibrutinib to be evaluated in TN and RR

cohorts.

iv) RESULTS

Ibrutinib monotherapy in TN and RR resulted in improved haematological, clinical
and radiological responses in all assessable patients. Progression-free survival

(PFS) was estimated at 90% for TN cohort and was estimated at 65% for RR cohort.



TN cohort had a deeper response than RR cohort in terms of BM clearance. The
phosflow data confirmed the decline in steady-state and stimulated
phosphorylation of BTK, SYK, ERK1/2 and AKT with continued ibrutinib therapy and
this was consistent in both cohorts. Exploratory analysis was suggestive that
declining steady-state and stimulated phosphorylation with IgM/IgD of assessed

intracellular kinases correlated with the improving clinical response.

CONCLUSIONS

IciCLLe trial confirmed that ibrutinib is an effective treatment for patients with CLL.
The clinical responses correlated with biological responses in both TN and RR CLL.
The depth of biological response was reflective of improved depth of clinical

response.
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peripheral blood or (B) bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone
marrow; (E)MFI of pERK1/2 in peripheral blood or (F) bone marrow; and (G) MFI of pAKT in
peripheral blood or (H) boNe MarroW. .......c.eeeiiecciieiieece et 128

Figure 4. 8 Estimated marginal means of kinase phosphorylation following treatment with
ibrutinib for 2 min. (A) MFI of pBTK (pY551) in stimulated CLL cells/ baseline unstimulated
from treatment naive patients (TN) vs relapsed refractory (RR) in peripheral blood or (B)
bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone marrow; (E)MFI of pERK1/2 in
peripheral blood or (F) bone marrow; and (G) MFI of pAKT in peripheral blood or (H) bone
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Figure 4. 9 Estimated marginal means of kinase phosphorylation following a 30 min pre-
treatment with 1 uM lbrutinib or media followed by stimulation with anti-lgM/D for 2 min.
(A) MFI of pBTK (pY551) in stimulated CLL cells/ ibrutinib treated stimulated CLL cells in
peripheral blood or (B) bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone
marrow; (E)MFI of pERK1/2 in peripheral blood or (F) bone marrow; and (G) MFI of pAKT in
peripheral blood or (H) bone Marrow. ..........oeeeiiie i 132

Figure 4. 10 Estimated marginal means of kinase phosphorylation following a 30 min pre-
treatment with 1 uM lbrutinib or media followed by stimulation with anti-lgM/D for 2 min.
(A) MFI of pBTK (pY551) in stimulated CLL cells/ ibrutinib treated stimulated CLL cells from
treatment naive patients (TN) vs relapsed refractory (RR) in peripheral blood or (B) bone
marrow; (C) MFI of pSYK in peripheral blood or (D) bone marrow; (E)MFI of pERK1/2 in
peripheral blood or (F) bone marrow; and (G) MFI of pAKT in peripheral blood or (H) bone
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Chapter 5

Figure 5. 1 Bar charts showing the correlation of cohorts with phosflow response. The
number of cases with complete response (CRPh) are shown in blue and partial response
({24 3854 o) I s T =T TR 140

Figure 5. 2 Bar charts showing the correlation of radiological response with phosflow
response. The number of cases with complete response (CRPh) are shown in blue and
partial response (PRPO) iN FeA. ....ueeeiii i e e e 143

Figure 5. 3 Bar charts showing the correlation of haematological response with phosflow
response. The number of cases with complete response (CRPh) are shown in blue and
partial response (PRPO) IN Fed. .....coooiiiei et e 146
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Figure 5. 4 Bar charts showing the correlation of peripheral blood lymphocytosis with
phosflow response. The number of cases with complete response (CRPh) are shown in blue
and partial response (PRPH) iN FEA. ...cc.uuiiiieeee et e e e e e are e e e 149
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1.1 BLYMPHOCYTES

1.1.1 Introduction

Immune responses can be classified as humoral or cellular immunity. Whilst cellular
immunity is predominantly mediated by T lymphocytes, the humoral immunity is
characterised by production of antibodies by B lymphocytes and their progeny, plasma cells.
B (bursal or bone marrow-derived) lymphocytes can be defined as a population of cells that
express clonally diverse surface immunoglobulin (Ig) receptor receptors identifying specific
antigenic epitopes. These antibodies are involved in protection against infection but can also
cause tissue injury in autoimmune conditions. B lymphocytes are also critical in contributing
to cellular immunity and they have roles in T cell activation, effector and regulatory

function.

Two main classes of B lymphocytes exist in mice and humans (1-4).

1. B1 Lymphocytes

2. B2 Lymphocytes which comprise of marginal zone (MZ) and follicular (FO) B cells

B1 lymphocytes are derived from progenitors in the foetal liver and persist as a self-
renewing population during adulthood with minimal contribution from bone marrow (BM).
B1 lymphocytes reside in pleural and peritoneal cavities in mice, and they produce
polyreactive IgM antibodies against self-antigens and microbial antigens, but the responses
are T cell independent. For example, B1 cells produce IgM antibodies against blood groups
ABO system, IgM antibodies against oxidized LDLs in atherosclerosis as well as polyreactive

IgA antibodies to help with mucosal immunity (5-8).

B2 lymphocytes develop from transitional 2 (T2) B cells that originate in the BM. MZ B-
lymphocytes originate from transitional B cells after induction from NOTCH2 protein but
reside in the marginal sinus of the spleen (4). These lymphocytes express a polyreactive B
cell receptor (BCR), complement receptors CD21 and CD35 and the MHC class 1-like
molecule C1d. MZ B lymphocytes like B1 lymphocytes can recognise T-independent
carbohydrate and phospholipid antigens and produce IgM antibodies (4). Both B1
lymphocytes and MZ B lymphocytes express Toll-like receptors (TLR) and can respond via

TLR ligands without depending on BCR activation. MZ B lymphocytes can also participate in
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T cell-dependent pathways by generating high-affinity isotype switched antibodies and can

interact with follicular dendritic cells (FDC) in the germinal centres (9).

Follicular (FO) B cells are the most common B lymphocytes which reside in the spleen and
lymph nodes. The FO B lymphocytes originate from transitional B cells in the spleen and are
generated by a pathway dependent on Bruton tyrosine kinase (BTK) induced by BCR-
mediated signals (2). These cells produce high-affinity 1gG antibodies with the help of T cells
and the process of somatic hypermutation and are critical in establishing the humoral

immune response.

1.1.2 Effector function of B lymphocytes- immunoglobulins

Immunoglobulin production is the principal function of B lymphocytes. Immunoglobulins are
glycosylated protein molecules present on the surface of B cells called surface
immunoglobulins which serves as antigen receptors (BCR), or are secreted into the
extracellular space where they can bind and neutralise their target antigens (10). A single
immunoglobulin molecule consists of two “heavy” and two “light” chains which are linked to
each other by disulfide bonds (Figure 1.1). The N-terminus regions of the heavy and light

chains collectively make up the antigen-binding site and the diversity to bind various antigen

lies in this region (10).

Light Aptiqen-
chains blnglng
site
H;ayy
/ chains \ > Fab

FcR and C1q
binding site
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Figure 1.1 Antibody structure consisting of two heavy chain molecules coupled to two
light chains. The Fab fragment contains the antigen recognition moiety, and the Fc portion
plays a role in determining functionality. Taken from (11).

Five isotypes of antibodies named IgM, IgD, IgG, IgA, and IgE exist (Table 1.1). They are
distinguished according to the C-terminus regions of the heavy chains, which are constant
and therefore do not participate in antigen binding. Instead, these constant regions
designated as Fc are important for the effector functions of antibodies, how antibodies
eliminate pathogens or cause tissue injury. In addition, there are four subclasses or isotypes
of IgG antibodies (IgG1, 1gG2, 1gG3, and IgG4). Immunoglobulins perform the following

effector functions:
1. They neutralise their targets

2. They activate macrophages and other immune cells by binding to Fc receptors (FcRs) that

recognise the constant regions of specific antibody classes

3. They activate the classic pathway of the complement system by binding to Clq (Table
3.1).

The effector mechanism is determined by heavy-chain isotype and the binding affinities of

activating and inhibitory FcR on immune cells.

Table 1.1 Immunoglobulin isotypes and functions (10).

Characteristic Immunoglobulin Isotype

IgM | IgG1 | 1IgG2 | 1gG3 | IgG4 | IgA | IgE
Heavy chain u 1 V2 Vs Va o &
Molecular mass, kDa 970 | 146 | 146 | 165 | 146 | 160 | 188
Serum level (mean adult), mg/ml 15 9 3 1 0.5 | 2.1 | 5x10°
Half-life in serum, days 10 21 20 7 21 6 2
Polysaccharide antigens ++ + +++ | A~ | - |+ ++
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Protein antigens + ++ +/— ++ ++ + +
Placental transfer - +++ + ++ VR - _
Neutralization + ++ ++ ++ ++ | ++ -
Classic pathway of complement activation | ++++ | ++ + +++ - - -
Sensitization for killing by natural killer - - ++ - ++ - -
cells

Binding to macrophage and phagocyte Fc - + - + N + +
receptors

Binding to mast cells and basophils - + - + - - +++

1.1.3 B lymphocyte development and mechanisms of self-tolerance

B lymphocytes develop from common lymphoid progenitors of haematopoietic stem cells,
with a commitment to the B cell lineage being determined by the expression of paired box
protein 5 (Pax5) (12). The maturation of a B cell progresses within the BM before the release
of immature B cells into the circulation. Further completion of differentiation into mature B
cells occurs within the spleen and lymph nodes. The maturation steps are intricate steps
which involve the rearrangement of immunoglobulin heavy- and light-chain gene segments
(variable V, diversity D, joining J) resulting in the transformation of pro-B to pre-B to
immature B cells. The eventual culmination of this maturation is the expression of IgM
mature B cell receptor on the B cell surface(13). There is a close interaction with of B cells
with BM stromal cells (12). Immature B cells exit the BM to the spleen, where they
differentiate into transitional 1 and 2 B cells. Maturation into MZ or FO B cells is usually
guided by BCR signals, B cell-activating factor (BAFF), NOTCH2 and BTK (2, 4, 13). MZ B cells
are retained in the spleen while FO B cells recirculate, populating various secondary

lymphoid tissues including lymph nodes.

In the process of B cell development, the random rearrangement of immunoglobulin genes
during B cell development results in the generation of a vast repertoire of BCRs. All this

repertoire helps to recognise a variety of antigens. 75% of immature B cells in humans are
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estimated to be self-reactive (14). Developing B cells undergo several selection processes in
the BM and spleen that serve as checkpoints in purging autoreactive clones and establishing
self-tolerance (13). The process of selection of immature B cells that occurs in the BM is
called central tolerance and peripheral tolerance happens in the spleen to remove the
autoreactive peripheral self-antigens.

Immature B cells within the BM modify their immunoglobulin repertoire by clonal deletion
and receptor editing, and the latter mechanism contributes to the elimination of most self-
reactive clones (20%—-50%). Additional selection mechanisms occurring within the spleen
remove the remaining autoreactive clones that recognise peripheral self-antigens:
Transitional B cells with strong BCR signals undergo clonal deletion or attain a state of
anergy, with shortened survival (15). The remaining self-reactive B lymphocytes are
eliminated by CD4+ T cells via Fas receptor—Fas ligand and CD40—CD40L interactions. The T-
regs and B-regs provide the additional mechanisms to ensure that the self-tolerance process
is enhanced (16, 17). Failure of one or more of the self-tolerance checkpoints described is

central to the development of autoimmune diseases.

1.1.4 B lymphocyte activation and differentiation

The activation and differentiation of B lymphocytes results in the formation of memory B
cells, plasmablasts or plasma cells. The whole process is guided by the type of antigen, TLR
signals, cytokines and co-stimulatory helper signals(18). For example, B1 and MZ B cells
respond to polysaccharide or glycolipid antigens without the help of T cells and they can
differentiate into IgM or isotype-switched short-lived plasmablasts and memory B cells in
extrafollicular areas without entering the GC (19). MZ B cells interact with natural killer T
cells, neutrophils, and DCs. The interactions provide cytokines such as BAFF, IL-21, IL-6, and
IL-10 and costimulatory signals (CD40L) within the extrafollicular areas, facilitating limited

somatic hypermutation and antibody diversification (19).

FO B lymphocytes are activated by the interaction of protein antigens with the BCR, and the
helper signals derived from antigen specific CD4 T cells. On interaction with antigen, the BCR
sets signals to initiate an essential gene expression programme and internalise the antigen.
The endosome degrades the antigen into peptides which are linked to MHC-Il molecules and
then recycle to the cell surface, where interaction of MHC-1l molecule with antigen-specific

CDA4 cells takes place (20). They take place within secondary lymphoid tissues guided by the
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expression of chemokine receptors and corresponding ligands (21). Naive B cells expressing
CXCRS5 are retained in primary lymphoid follicles in lymph nodes by CXCL13 from FO DCs
(21). After antigen recognition, B cells upregulate CCR7 and EBV-induced receptor to
migrate adjacent to the T cell zone (referred to as T-B border), where they initiate
interactions with early T follicular helper cells (Tfhs) (22, 23). The costimulatory ligands CD40
ligand and the cytokines IL-4, IL-21, and IFN-y provide the T cell help to the B cell.

Activated B cells follow two routes from here on. A small number of activated B cells
transform into extrafollicular plasmablasts and early memory B cells without entering the
follicles. The other group of activated B cells upregulate B cell lymphoma 6 (Bcl6) return to
the follicles (FO pathway). These activated B cells form GCs in collaboration with Tfhs and
this interaction supports affinity maturation of immunoglobulin antigen—binding sites and

immunoglobulin class switching (23, 24).

Somatic hypermutation (SHM) and class-switch recombination (CSR) happen in the GC. This

important step is dependent on IL-21 and costimulatory signals derived from Tfh resulting in
extensive B cell proliferation and induction of gene expression programmes. Both SHM and

CSR need the expression of activation-induced cytidine deaminase (AID): SHM induces point
mutations in the immunoglobulin gene segment that encodes for variable antibody-binding
site whereas CSR switches the genes to develop the right isotype switch for the specific

antigen without changing the antigen specificity (25-27).

After this complex interaction, the GC B cells with high-affinity antigen interaction are
selected. They upregulate BCL2 family pro-survival factors to be incorporated into memory
B cell or plasma cell pools (20, 28-30). The destiny of a GC B cell to enter the plasma cell
pool is dependent on expression of transcription factors such as IRF-4, BLIMP1 and XBP1
induced by interaction with Tfh. This group of master regulators commit the differentiation
into plasma cells after repression of Bcl6 (31, 32). Plasma cells home to the BM via CXCR4
supported by stromal cells secreting CXCL12 and cytokines such as IL-6 and APRIL. They
produce antibodies maintaining serologic memory independent of further antigen exposure
(18). Memory B cells recirculate in lymphoid tissues, where they can differentiate rapidly

into plasmablasts (GC-dependent memory) or re-enter GCs upon antigen re-challenge
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(extrafollicular and GC-dependent memory), resulting in further diversified secondary
antibody responses (30, 33-37). Both memory B cells and plasma cells generate high-affinity
immunoglobulin class-switched diversified antibodies. BAFF and APRIL are important
cytokines required for survival of B cells during various stages from their initial development
to terminal differentiation. BAFF and APRIL are produced by myeloid and stromal cells and
bind to TACI and B cell maturation antigen, while BAFF also signals through B cell-activating
factor-receptor (BAFF-R) (37, 38). BAFF is essential for survival and maturation of

transitional B cells, sustains the GC reaction, and supports CSR (37, 39).

1.1.5 Surface molecules of B lymphocytes

The advent of monoclonal antibodies (mAb) has helped to ascertain the surface expression
of various antigens. Most of the target antigens regulate B cell development and function to
facilitate communication with the extracellular environment or provide a cellular context in
which to interpret BCR signals. For example, CD79a (lga) and CD79b (Igf3) are noncovalently
associated BCR complexes and their cytoplasmic domains contain highly conserved motifs
for tyrosine phosphorylation and Src family docking that are essential for BCR signalling (40).
CD19 is expressed by all B-lineage cells whereas CD20 is a mature B cell molecule that
functions as membrane embedded calcium channel. CD21 is a C3d and EBV receptor which
interacts with CD19 to generate a transmembrane signal. CD22 regulates follicular B cell
survival and negatively regulates signalling. CD40 is ligand for CD154 expressed by T cells,
whereas CD72 functions as a negative regular of signal transduction. CD24 is a GPIl anchor
protein but its exact function is unknown. These major B lymphocyte markers are shown in

Table 1.2 below.

Table 1.2 Cell surface CD molecules expressed by B cells (40-42).

Name Original names Cellular reactivity Structure

CD19 B4 Pan-B cell, FDCs Ig superfamily

CD20 Bl Mature B cells MS4A family

CD21 B2, HB-5 Mature B cells, FDCs Complement receptor
family

CD22 BL-CAM, Lyb-8 Mature B cells Ig superfamily
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CD23 FceRII Activated B cells, FDCs, C-type lectin

others

CD24 BA-1, HB6 Pan-B cell, granulocytes, | GPI anchored
epithelial cells

CD40 Bp50 B cells, epithelial cells, TNF receptor
FDCs, others

CD72 Lyb-2 Pan-B cell C-type lectin

CD79, b lga, B Surface Ig* B cells Ig superfamily

1.2 B CELL RECEPTOR STRUCTURE

1.2.1 The development and assembly of B cell antigen receptor

B lymphocytes develop from the HSC in the bone marrow. The specialised
microenvironment directs the development of lymphocyte progenitors from the HSCs. This
is directed by the stromal cells in contact with HSCs in the bone marrow niche (43). There is
gradual differentiation of HSC to multipotent progenitor cells and common lymphoid
progenitors. The direction of differentiation is dependent on expression of IL-7 receptor on
the progenitor cells which is triggered by FLT3 signalling along with activity of transcription
factor PU.1 (31, 44-47) . Other factors include Stem Cell Factor interacting with receptor
tyrosine kinase c-Kit on progenitor cells, chemokine CXCL12 expression and thymic stromal
lymphopoeitin. The differentiation of lymphoid progenitor cell to pro-B cell is directed by B
lineage specific transcription factors E2A and EBF induced by PU.1 and lkaros (48). E2A and
EBF induce proteins such as RAG-1 and RAG-2 of V(D)J recombinase required for
immunoglobulin gene rearrangement. E2A and EBF also induce the transcription factor
Pax5, which targets the gene for B cell co-receptor component CD19 as well as the gene for
Iga which the signalling component for pre-B cell and B cell receptors. Pax5 induces
expression of BLNK, which is an SH2-containing scaffold protein that is required for further
development of the pro-B cell and for signalling from the mature B cell antigen receptor (12,
44, 46, 49-51). The B cell develops into early pro-B cell, late pro-B cell, large pre-B cell, small
pre-B cell and mature B cell. The heavy chain locus rearranges first in early pro-B cells with
rearrangement of D gene segment to JH gene segment. Successful VH to DJH rearrangement

occurs in the late pro-B cell, which leads to expression of a complete immunoglobulin heavy
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chain as a part of the pre-B cell receptor found mainly in the cytoplasm. The cell is then
stimulated to form the large pre-B cell which proliferates. As soon as a productive heavy-
chain gene rearrangement takes place, p chains are expressed by the cell in a complex with
two other chains, A5 and Vpre8, which together makeup a surrogate light chain and the
whole complex is called pre-B cell receptor. The surrogate light chains are induced by
transcription factors E2A and EBF. The invariant proteins Iga and IgB are components of
both the pre-B cell receptor and the B cell receptor complexes on the cell surface. Iga and
IgB transduce signals from these receptors by interacting with intracellular tyrosine kinases
through their cytoplasmic tails. Iga and IgB are expressed from the pro-B cell stage until the
death of the cell or until its terminal differentiation. Formation of the pre-B cell receptor is
an important checkpoint that mediates the transition between the pro-B cell and the pre-B
cell. Pre-B cell receptors interact with each other to form dimers or oligomers that generate
signals for transition from pro-B cell to pre-B cell such as sensitisation to IL-7. Pre-B cell
receptor signalling requires the scaffold protein BLNK and non-receptor tyrosine kinase BTK.
Deficiency in BLNK or mutation of BTK causes a block at the pro-B cell stage. As proliferation
and division ceases, the cell is called small pre-B cell which is accompanied by cessation of
surrogate light chain. Small pre-B cells re-express RAG proteins and this is followed by
expression of light chain. The B cell now expresses IgM on the cell surface. With alternative

RNA splicing, the mature B cells start to express IgD along with IgM (52).

The earliest B cell lineage surface markers are CD19 and CD45R. A pro-B cell is distinguished
by expression of CD43, CD117 and the IL-7 receptor. A late pro-B cell starts to express CD24
and the IL-2 receptor a chain CD25. A pre-B cell is distinguished by expression of BP-1 and

absence of expression of CD117 and IL-7 receptor.

1.2.2 Structure of the B cell receptor

The B cell receptor complex is made up of cell surface immunoglobulin with one each of the
signalling proteins Iga and IgB (52). The immunoglobulin recognises and binds antigen but
cannot itself generate a signal. It is associated with antigen nonspecific signalling molecules
Iga (CD79a) and IgP (CD79b). Iga and IgP are single-chain proteins composed of an
extracellular immunoglobulin-like domain connected by a transmembrane domain to a
cytoplasmic tail. Each has a single ITAM in their cytosolic tails that enables them to signal

when the B cell receptor is ligated with antigen. The Iga:lgB dimer associates with the B cell
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receptor through hydrophilic interactions. The complete B cell receptor is thought to be a
complex of six chains-two identical light chains, two identical heavy chains, and one

associated heterodimer of Iga and IgP.

The B cell co-receptor complex is a complex of cell surface proteins including CD19, CD21
and CD81. Antigen dependent signalling is enhanced if the B cell co-receptor is
simultaneously bound by its ligand and clusters with the antigen receptor. CD21 is a
receptor for the C3dg fragment of complement. This induces phosphorylation of the
cytoplasmic tail of CD19 by B cell receptor-associated tyrosine kinases, which in turn leads
to the binding of Src-family kinases such as Lyn, the augmentation of signalling through the
B cell receptor itself, and the recruitment of PI3kinase. Recent evidence suggests that the
tetraspanin CD81 functions in conjunction with CD19 to regulate the cytoskeleton

association of the BCR during signal amplification (53).

1.2.3 B cell receptor signalling

In B cells, Src family protein tyrosine kinases Fyn, Blk, and Lyn are responsible for
phosphorylation of the ITAMs (Figure 1.2) (54). These kinases associate with resting
receptors via a low-affinity interaction with unphosphorylated ITAMs in Iga and IgB. After
the receptors are cross-linked by a bound multivalent antigen, the receptor associated
kinases are activated and phosphorylate the tyrosine residues in the ITAMs. B cells express
the tyrosine kinase SYK, containing two SH2 domains, which is recruited to the doubly
phosphorylated ITAM. Once SYK has been recruited to the receptor complex and activated,
it phosphorylates the scaffold protein BLNK. The next step in the pathway is the activation
of the key signalling protein phospholipase C-y (PLC-y) and recruitment to the membrane.
First, PLC-y is brought to the inner face of the plasma membrane by the binding of its PH
domain to PIP3 that has been formed by the phosphorylation of PIP2 by PI3 kinase. It then
binds to phosphorylated BLNK, where it can be activated by the membrane-associated
tyrosine kinase BTK. BTK contain PH, SH2, and SH3 domains and are recruited to the plasma
membrane by their PH domain, which interacts with PIP3 on the inner face of the

membrane.
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Figure 1.2 Proximal B cell receptor pathway. Red lines signify negative regulation. Blue
lines suggest positive regulation.
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PLC-y can catalyse the breakdown of the membrane lipid PIP2 to generate two products, the
membrane lipid DAG and the diffusible second messenger IP3 (54) (Figure 1.3). DAG is
confined to the membrane but diffuses in the plane of the membrane and serves as a
molecular target that recruits other signalling molecules to the membrane. IP3 diffuses into
the cytosol and binds to IP3 receptors on the ER membrane. These receptors are Ca2+
channels, which open and release all the calcium stored in the ER into the cytosol. The
consequent low levels of calcium in the ER then cause the transmembrane protein STIM1 to
cluster within the ER membrane. STIM1 clustering triggers the opening of CRAC channels
(calcium release-activated calcium channels) in the membrane, and they allow extracellular
calcium to flow into the cell to activate further signalling pathways and to replenish ER
calcium stores (55). The activation of PLC-y marks a crucial step in B cell activation, because

after this point the antigen signalling pathway splits into four distinct branches:

e The stimulation of Ca2+ entry

e The activation of Ras

e The activation of protein kinase C-B(PKC-B)

e The activation of AKT
Each of these pathways results in activation of different transcription factors. Increased
cytosolic Ca2+ resulting from B cell receptor signalling causes the activation of a family of
transcription factors called NFAT. NFAT is present in the cytosol of resting B cells and in the
absence of activating signals, it is kept in the cytosol by phosphorylation by serine/threonine
kinases, including glycogen synthase kinase 3 (GSK3) and casein kinase 2 (CK2) (56). This
phosphorylation blocks entry of NFAT into the nucleus. The cytoplasmic Ca2+ binds a
protein calmodulin and induces a conformational change in this protein which then binds to
calcineurin, a protein phosphatase that acts on NFAT. Dephosphorylation of NFAT by
calcineurin allows the nuclear localisation sequence to be recognised by nuclear
transporters, and NFAT enters the nucleus. There it functions in turning on many of the

genes crucial for B cell activation.
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Figure 1.3 Distal B cell receptor signalling. Red lines signify negative regulation. Blue lines
suggest positive regulation.

The DAG generated by PLC-y diffuses in the plasma membrane and activates the protein
RasGRP, which is a guanine-nucleotide exchange factor that specifically activates Ras.
RasGRP contains a protein-interaction module called a Cl domain that binds to DAG.
Activated Ras then triggers a three-kinase relay that ends in the activation of a
serine/threonine kinase known as a mitogen-activated protein kinase or MAP kinase
(MAPK). In the case of antigen receptor signalling, the first member of the relay is a MAPK
kinase kinase (MAP3K) called Raf. Raf then phosphorylates the next member of the series; a

MAPK kinase (MAP2K) called MEK1. MEK1 then phosphorylates ERK (extracellular signal
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related kinase) (57). Signalling by MAPK cascades is facilitated by specialised scaffold
proteins that bind to all three kinases in a MAPK relay(58). The scaffold protein kinase
suppressor of Ras (KSR) functions in the Raf/MEK1/ERK pathway. ERK acts indirectly to
generate the transcription factor AP-1, which is a heterodimer composed of one monomer
each from the Fos and Jun families of transcription factors. Active ERK phosphorylates the
transcription factor ELK-1, which cooperates with a transcription factor called serum
response factor to initiate transcription of the FOS gene. Fos protein then associates with
Jun to form the AP-1 heterodimer, but this remains transcriptionally inactive until another

MAPK called Jun kinase (JNK) phosphorylates Jun.

The third signalling pathway leading from PLC-y results in the activation of PKC-B. The kinase
activity of PKC-B initiates a series of steps that results in the activation of NFKB. PKC-3
phosphorylates the large membrane-localised scaffold protein CARMA1, causing it to

oligomerise and form a multisubunit complex with other proteins such as MALT1 and

BCL-10. MALT1 is stably associated with BCL-10 and becomes activated following its
multimerization with CARD-containing MAGUK protein 1 (CARMA1) also known as CARD11
to form the CBM (CARMA1-, BCL-10- and MALT1-containing complex) (59). This complex

recruit and activates TRAF-6. This protein then causes the activation of the NFKB pathway.

NFkKB is the general name for a member of a family of homo- and heterodimeric
transcription factors made up of the Rel family of proteins. The most common NFkB
activated in lymphocytes is a heterodimer of p50:p65Rel. The dimer is held in an inactive
state in the cytoplasm by binding to an inhibitory protein called inhibitor of kB (IkB). TRAF-6
stimulates the degradation of IkB by first activating the kinase TAK1, which activates a
complex of serine kinases, IKE kinase (IKK). Ik phosphorylates IkB causing its ubiquitination,
subsequent degradation and the consequent release and entry into the nucleus of active
NFkB (60). PKC-B can also activate JNK and might be able to activate the transcription factor
AP-1 by this route.

Following the activation of the PI3K pathway, AKT is recruited to the plasma membrane,
where it can be activated through the phosphorylation of Thr308 by PDK1 and of Ser473 by
the mammalian target of rapamycin (mTOR) complex. Phosphorylated AKT enhances cell

survival via the inactivation of BCL-2 antagonist of cell death (BAD) and the stabilisation of
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myeloid cell leukaemia sequence 1 (MCL1). Moreover, it might promote B cell proliferation
by disrupting the glycogen synthase kinase 3B (GSK3p)-dependent degradation of cyclin D3
and MYC. It causes cytosolic retention of FOXO1 which drives the expression of genes such as

activation-induced cytidine deaminase that regulate B cell differentiation.

Some receptors that can inhibit B cell activation possess cytoplasmic motifs known as the
immunoreceptor tyrosine-based inhibitory motif (ITIM). When the tyrosine in an ITIM is
phosphorylated, it can recruit either of two inhibitory phosphatases, called SHP (SH2-
containing phosphatase) and SHIP (SH2-containing inositol phosphatase), via their SH2
domains. SHP is a protein tyrosine phosphatase and removes phosphate groups added by
tyrosine kinases to a variety of proteins. SHIP is an inositol phosphatase and removes the
phosphate from PIP3 to give PIP2, thus reversing the recruitment of proteins such as TEC
kinases and AKT to the cell membrane and thereby inhibiting signalling. These receptors
include PD-1, CD22, BTLA and FcyRIIB-1. Lyn, the predominant Src kinase in B cells which
activates ITAM on CD79a and CD79b and phosphorylates amino acids on CD19 also has a
negative regulatory effect. It phosphorylates a regulatory tyrosine residue on SYK and ITIMs
on the B cell co-receptor molecules FcyRIIB and CD22. Mutation of CD79a and CD79b or
monophosphorylation of ITAM can cause development of different B cell malignancies or B

cell anergy, respectively (54, 61).

1.2.4 BCR signalling and receptor crosstalk

The lymphoid microenvironment that might mediate crosstalk with BCR signalling to
promote the activation of common downstream signalling pathways are ligands for the
tumour necrosis factor (TNF) receptor superfamily receptors, ligands for TLRs, ligands for

cytokine or chemokine receptors and ligands for adhesion molecules.

Signalling through the TNF receptor family member, BAFFR is the second homeostatic
stimulus required for B cell propagation. BAFFR uses the BCR complex to promote follicular B

cell survival in a SYK dependent manner (62).

B cells typically respond to antigens in the context of other factors such as cytokines and TLR
ligands. Co-stimulation of B cells with IL-4, LPS or CD40 ligand (CD40L) can alter BCR

signalling to adopt pathways that rely less on PI3K or NF-kB signalling. These findings also
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highlight the potential contribution of inflammatory mediators in promoting B cell

malignancies particularly during chronic inflammation (63).

In lymphocytes, inside out signalling promotes an active conformation of integrins, which
can then mediate anchorage-dependent growth and proliferation. These interactions are of
importance for the activation of germinal centre B cells, the cells of origin for most B cell
malignancies. As PI3K and the SYK-BTK—PLCy2 axis are required for BCR-induced integrin
binding, the striking efficacy of PI3K, SYK and BTK inhibitors in ongoing clinical trials for B cell

malignancies such as could also result from the control of integrin signalling (64, 65).

1.3 CHRONIC LYMPHOCYTIC LEUKEMIA

1.3.1 Introduction

Chronic lymphocytic leukaemia (CLL) is characterised by accumulation of abnormal
monoclonal B-lymphocytes in the blood, bone marrow and lymphoid tissue (66). It is the
commonest leukaemia in the western world with an estimated 3880 new CLL cases
diagnosed in UK every year with 41% case above the age of 75 years, and a male-to-female
ratio of 1.8:1 (67). The median age at diagnosis of CLL patient is 70 years (65-74) with
median age at death of 81 years (68). The disease is both biologically and clinically
heterogeneous. CLL can present clinically in a spectrum of ways ranging from totally
asymptomatic to a picture of variety of symptoms such as fatigue, night sweats, infections,
autoimmune complications, hepatosplenomegaly and lymphadenopathy (69-73). Patients
with an indolent form of CLL survive more than 10 years after diagnosis, on average, and
often do not require immediate treatment, while patients with an aggressive form of CLL
have an average survival of 2 years despite several lines of treatment. Overall survival (OS)
of patients with CLL at 5 years ranges from about 20% among very high-risk patients to

more than 90% in those with less-aggressive genetic risk features (66, 74).

1.3.2 Cell of origin

Possible consensus concerning the precise cell of origin of CLL has been reached (75). It is
unclear whether CLL cells are derived from a single or multiple normal B cell types (76).
Haematopoietic stem cells (HSCs) from CLL patients can engraft efficiently in

immunodeficient mice and cause clonal B cell lymphoproliferations in vivo suggesting that
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genetic alteration happens early on (77). The various approaches taken to decipher the cell
of origin include morphological assessment, immunophenotyping and more sophisticated
techniques including molecular and epigenetic profiling. Typical CLL cells have a normal-
shaped nucleus with clumped chromatin surrounded by a thin ring of cytoplasm. These
morphologic features are very similar to those of transitional/naive mature resting B cells
but differ from memory-B cells (78). Immunophenotyping of CLL cells suggest that these
cells almost always express IgM, IgD, CD5, CD23 along with increased expression of co-
stimulatory molecules including CD38, CD69, CD40 and CD39. This led to hypothesis that the
origin of CLL cells must be derived from antigen experienced B lymphocytes as the CLL cells
also express CD27 (79, 80). CD5 expression on CLL cells inhibit BCR signalling and maintain
self-tolerance (81). Studies have identified human CD5+ B cells that co-express CD27 and

this was thought to be the normal counterpart of CLL cells (75, 82).

Based on molecular data, IGHV mutational status of CLL divided the CLL into two distinct
types of CLL which has clinical significance as well. This also suggested that the cell of origin
is different; Mutated CLL (M-CLL) originating from post-germinal centre (GC) memory B cell
and unmutated CLL (UM-CLL) originating from pre-GC naive B cells (76, 83). The earliest
transcriptome analysis of both normal B cell and CLL cells revealed a homogeneous gene
expression profile (GEP) for both M-CLL and U-CLL and suggested a strong link to memory B
cells (84). This analysis was disputed by another GEP study which suggested that the UM-CLL
originates from unmutated CD5+ CD27- B cells, whereas the origin of M-CLL is CD5+CD27+
post GC memory B cells (75). Both populations display similar GEP suggesting that CD5+
CD27+ B cells originated from CD5+ CD27- B cells that have underdone GC reaction. Again,
microRNA expression of CLL cells resembles antigen-experienced cells (85). Epigenetic
studies looking at the methylation of genomic DNA in CLL and normal B cells suggest naive B
cells as normal counterpart of UM-CLL and memory B cells as normal counterpart to UM-CLL
(86). Another proposed hypothesis based on an epigenome study suggests that
heterogeneity in CLL is likely due to continued maturation of normal development of
memory B cells (87). The role of autonomous BCR signalling is intriguing but is shown to
happen in both M-CLL and UM-CLL. It is possible that antigen-dependent and autonomous

signalling results in CLL proliferation and these signalling events may operate at various
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stages of development (88). In short, cell of origin is still a matter of debate though

considerable progress has been made in this field.

1.3.3 Diagnosis
The diagnosis of CLL requires the presence of >5 x 10°/L B lymphocytes in the peripheral
blood, sustained for at least 3 months. The clonality of these B lymphocytes needs to be

confirmed by demonstrating immunoglobulin light chain restriction using flow cytometry.

The diagnosis of CLL is established by the combination of clinical features, full blood count,

examination of blood film, bone marrow aspirate, bone marrow trephine and lymph node
biopsy in some cases. Patients with <5 x10°/L circulating CLL-type cells may be diagnosed

with small lymphocytic leukaemia if they also present with either lymphadenopathy,

organomegaly or extramedullary disease; or with monoclonal B cell lymphocytosis (MBL) if

they do not (66).

The diagnosis of CLL is predominantly confirmed by immunophenotyping using flow
cytometric methods which can be performed on the peripheral blood or bone marrow

aspirate. CLL scoring system is used to establish the diagnosis of CLL (Table 1.3).

Table 1.3 Scoring system for diagnosis of CLL(89).

Marker Marker Score Marker Score
Intensity intensity

slg Weak 1 Strong 0

CD5 + 1 _ 0

CD23 + 1 _ 0

CD22/79b Weak 1 Strong 0

FMC _ 1 + 0

92% of CLL cases score 4 or 5, 6% score 3 and 2% score 1 or 2. Most other chronic B cell

lymphomas and leukaemia score 1 or 2, but a minority score 3.
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IWCLL diagnostic criteria suggests that CLL cells co-express the surface antigen CD5 together

with the B cell antigens CD19, CD20, and CD23. The levels of surface immunoglobulin, CD20,

and CD79b are characteristically low compared with those found on normal B cells (89-91).

Each clone of leukaemia cells is restricted to expression of either k or A immunoglobulin

light chains (90). A panel of CD19, CD5, CD20, CD23, k, and A is usually sufficient to establish

the diagnosis according to a recent harmonisation project (92). In borderline cases, markers

such as CD43, CD79b, CD81, CD200, CD10, or ROR1 may help to refine the diagnosis (92).

The clinical course of CLL is heterogeneous and various prognostic markers have been

established. These include clinical features, serum markers, immunophenotypic features,

chromosomal abnormalities detected by FISH analysis and molecular markers (Table 1.4).

Table 1.4 Markers of poor prognosis in CLL(93-99)

- Diffuse marrow

histology

Clinical Serum markers | Surface Chromosomal Molecular
Features Phenotype abnormalities subtype
- Advanced Rai - High B2 - CD38 - Del 11922-g23 -Unmutated
or microglobulin
. - ZAP70 - Del 17p13 IGHV
Binet stage - High LDH
- Atypical - High surface - TP53 mutation
hol - Raised Soluble M
morphology CcD23 g - Trisomy 12
- Male - High surface
- Raised soluble EMC
- CLL doubling o
) thymidine kinase .
time - High surface
- Raised TNF-a
< 12 months CDL3
- Fludarabine - High surface
. CD11b
resistance
- High CD49d
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1.3.4 Staging and prognostic scores
There are 2 widely accepted staging systems for use in both patient care and clinical trials:

1. Rai staging system (Modified Rai staging) (93)
2. Binet staging system (94)

The modified Rai classification defines low-risk disease as occurring in patients who have
lymphocytosis with leukaemia cells in the blood and/or marrow (formerly considered Rai
stage 0). Patients with peripheral blood lymphocytosis, enlarged lymph nodes in any site,
and splenomegaly and/or hepatomegaly (lymph nodes being palpable or not) are defined as
having intermediate-risk disease (formerly considered Rai stage | or Il). High-risk disease
includes patients with disease-related anaemia (formerly stage Ill) or thrombocytopaenia

(formerly stage IV).

The Binet staging system is based on the number of involved lymphoid areas, as defined by
the presence of enlarged lymph nodes 21 cm in diameter or organomegaly, and on whether

there is anaemia or thrombocytopaenia.
Stage A. Hb 210 g/dL and platelets 2100 x 10°/L and up to 2 of these areas involved.

Stage B. Hb >10 g/dL and platelets >100 x 10°/L and 3 or more of the lymphoid areas

involved.
Stage C. Hb <10 g/dL and/or a platelet count <100 x 10°/L.

Following the identification of new prognostic parameters, several prognostic scores and
stratification systems have been proposed based on multivariate analyses to extract the
most significant independent prognostic information. These models are very useful to
identify high-risk patient populations for experimental protocols, but also those patients
with a very good prognosis even at advanced stages. The CLL international prognostic index
(CLL-IPI1) consists of a weighed score that includes the clinical stage, age, IGHV mutational

status, serum B,-microglobulin, and the presence of del(17p) and/or TP53 mutations
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(100). The value of prognostic markers or scores might change with the application of novel

therapies.

1.3.5 Treatment

In most cases, CLL remains an incurable disease and the goals of therapy are to improve

quality of life and to prolong survival. Treatment of CLL depends on the clinical stage and

need for treatment. Previous studies have shown that early treatment with

chemotherapeutic agents does not translate into a survival advantage in patients with early-

stage CLL.

The treatment of CLL has evolved over number of years. Early therapeutic regimens

included alkylating agents such as Chlorambucil monotherapy (C) and nucleoside analogues

such as Fludarabine (F) and Cladrabine monotherapy. Subsequently, combination therapy

with Fludarabine and cyclophosphamide (FC) has been used to achieve better response

rates but there was no benefit in terms of overall survival (Table 1.5).

Table 1.5 Responses with old regimen for CLL (101-104).

Reference | Treatment Patients CR (%) PR (%) PFS (mo) | OS
InterGroup | Fludarabine | 170 20 43 25 66mo
Chlorambucil | 181 4 33 14 56mo
UK LRF Fludarabine | 181 15 65 10% at 5yr | 52% at 5yr
CLL4 Chlorambucil | 366 7 65 10% at 5yr | 59% at 5yr
Study FC 182 38 57 36% at 5yr | 54% at 5yr
German Fludarabine | 164 7 76 20 80.7% 3yr
CLLgroup | FC 164 24 70 48 80.3% 3yr
GCLLSG FC 409 22 58 33 62.3% 5yr
CLL8 FCR 408 44 46 57 69.4% 5yr

However, there are number of new drugs which have changed the landscape of

management of CLL in both front-line and relapsed-refractory CLL in the last decade.
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1.3.6 Front-line CLL needing treatment

The first breakthrough in management of CLL was the introduction of anti-CD20 monoclonal
antibody rituximab to the chemotherapy backbone of FC. The German CLL8 trial had shown
that adding Rituximab (Anti-CD20 monoclonal antibody) to chemotherapy (Fludarabine and
cyclophosphamide) improved the overall response rate (ORR), complete remission (CR),
progression-free survival (PFS) and overall survival (OS) in previously untreated fit patients
(105). Alongside that, minimal residual disease (MRD) negativity after treatment has
emerged as an important prognostic marker in terms of disease progression and this was
confirmed in other landmark studies (106). Data from the German CLL 10 trial showed that
FCR was more efficacious than Bendamustine with rituximab (BR), but the main benefit was
evident in patients aged less than 65 years (107). In unfit patients, type 2 anti-CD20
monoclonal antibody Obinutuzumab in combination with Chlorambucil (CO) improved
progression-free survival (PFS) as compared to Chlorambucil monotherapy (108). However,
it was clear that patients with TP53 deletion or mutation do not benefit from chemo-

immunotherapy as compared to TP53 wild type patients (109).

The next breakthrough in the treatment of CLL was the introduction of B cell receptor
inhibitors and BCL-2 antagonists which were initially developed in the management of
relapsed refractory CLL. These molecules have been incorporated into the management of
frontline CLL with success. Continuous therapy with first-in-class BTK inhibitor ibrutinib
alone or in combination with anti-CD20 antibodies has improved PFS as compared to fixed
duration CIT in the form of FCR, BR, CO or Chlorambucil in phase Ill randomised control
trials (110-113). ECOG 1912 suggested that ibrutinib in combination with rituximab may
improve overall survival (OS) as compared to FCR (113). The ELEVATE study compared 2"
generation BTKi acalabrutinib alone or in combination with obinutuzumab in comparison to
CO and showed a PFS improvement in favour of acalabrutinib containing arms (114).
Subgroup analysis of three out of four trials using BTKi failed to demonstrate a significant
benefit of continuous BTKi therapy as compared to fixed-duration CIT in patients with
mutated IGHV disease (110, 111, 113). Fixed duration 12 months therapy using BCL-2
inhibitor Venetoclax in combination with obinutuzumab was compared to fixed duration 12
months of CO in phase 3 randomised CLL14 trial which recruited patients with

comorbidities. There was a clear PFS but no OS advantage in favour of Venetoclax with
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obinutuzumab. The benefit was clear in a sub-group analysis, but the advantage was

significant in IGHV mutated group (115).

For TP3 aberration CLL, CIT is not recommended due to inferior outcomes. BCRi in the form
of ibrutinib or idelalisib with rituximab are both effective but BTKi are preferred due to
better side effect profiles (74). Fixed duration Venetoclax with Obinutuzumab is another
option but a subgroup analysis of the CLL14 trial has also demonstrated less efficacy of
venetoclax plus obinutuzumab in TP53 mutation or del(17p), though the difference was

much less than in the CIT arm (115).

1.3.7 Relapsed refractory CLL needing treatment

The treatment of relapsed refractory CLL has seen several changes but now is dependent on
the treatment used in front-line setting. CIT in the form of BR and FCR have been used this
setting with limited success (116, 117). RESONATE was the first phase 3 randomised
controlled trial which led to ibrutinib being approved as the first BTKi for treatment for
relapsed refractory CLL (118). Addition of ibrutinib to BR was compared to BR in the HELIOS
study which has shown a PFS and OS advantage in favour of the ibrutinib containing arm
(119). Similarly, idelalisib, a first-in-class PI3K inhibitor in combination with rituximab was
superior to rituximab only arm in terms of PFS based on Gilead 116/117 study (120).
Similarly, idelalisib in combination with BR was compared to BR only in phase 3 randomised
Gilead 115 trial and again showed PFS superiority in favour of the idelalisib containing arm
(121). Duvelisib is a PI3K-yd inhibitor which has shown PFS advantage as compared to
Ofatumumab in the DUO study (122). However, there were autoimmune and infectious
complications related to PI3Ki which led to high drug discontinuation rates due to toxicity.
ASCEND trial is the first trial to provide head-to head comparison between 2" generation
BTK inhibitor, Acalabrutinib and PI3K inihibitor, idelalisib with rituximab or BR (123). There
was a clear PFS advantage in favour of the acalabrutinib arm. Head-to head trials comparing

various BTKi are on-going and are due to report soon.

Fixed duration Venetoclax given for 24 months in combination with rituximab given for 6
months is compared to BR in phase 3 randomised controlled trial MURANO. This showed a
clear PFS and OS advantage in favour of Venetoclax with rituximab arm. Sub-group analysis

has shown that participants achieving MRD-negativity to the threshold of <10 have longer
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PFS (124). Continuous Venetoclax monotherapy has been effective in relapsed TP53
aberrated CLL and patients relapsing after BCRi in phase 2 studies (125). Lastly, real world

data suggests that BTKi are effective in patients relapsing on Venetoclax treatment (126).

Autologous stem cell transplantation (autoSCT) is not useful in CLL (127). Allogeneic stem
cell transplantation (alloSCT) should be considered in patients refractory to CIT

with TP53 mutation or del(17p), but fully responsive to novel inhibitor therapy (128-132).
Patients with Richter's transformation in remission after therapy and clonally related to CLL
should be offered alloSCT (74). Treatment with chimeric antigen receptor T (CAR-T) cells or
bi-specific T cell engager (BiTE) antibodies within clinical trials could be an alternative to

alloSCT for all three groups (74).

1.3.8 Minimal residual disease

Combination chemoimmunotherapy has enabled clinicians to achieve much better overall
response rates in the treatment of CLL. There has been increasing interest in the assessment
of minimal residual disease (MRD) in the management of CLL. It has been shown that
patients achieving MRD negativity have longer progression free survival (PFS) and overall
survival (OS) (Figure 1.4) and MRD negativity was shown to be an independent prognostic

marker in German CLL trial (103, 133, 134).
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Figure 1.4 MRD after CIT is a predictor of PFS and OS.
Diagnosing disease at the MRD level is also challenging. The sample is usually taken three

months after the end of treatment.
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Current methods include:

- 4 Colour flow cytometry: using a combination of CD5/CD19 with CD20/CD38,
CD81/CD22, and CD79b/CD43: Detects 1 CLL cell in 10,000 leukocytes (104) (135).

- Allele specific oligonucleotide PCR: Detects 1 CLL cell in 10,000 leukocytes (10°4)
(136).

- High-throughput sequencing: Detection limit is 10 to 10°.

Issues will be related to cost, validation and reliability (137).

Minimal residual disease would be important in future treatment algorithms as it clearly has
a prognostic value. However, its role is still not clear in the era of B cell receptor antagonists
which cause peripheral lymphocytosis, and it might not be possible to achieve MRD
negativity with these drugs. On the other hand, MRD-negativity is achievable with BCL-2

antagonists such as Venetoclax with or without immunotherapy (115).

1.3.9 Flow cytometry in CLL

Immunophenotyping using flow cytometry has helped in the diagnosis of CLL and in
differentiating it from other B cell disorders. There are various markers on CLL cells that help
to ascertain the diagnosis. CLL cells co-express the T cell antigen CD5 and B cell surface
antigens CD19, CD20, and CD23. The levels of surface immunoglobulin, CD20, and CD79b
are characteristically low compared with those found on normal B cells (92). Each clone of
leukaemia cells is restricted to expression of either kappa or lambda immunoglobulin light
chains. Variations of the intensity of expression of these markers may exist. Surface
immunoglobulin was initially used as a marker of B cell lineage. Since then, several markers
have been identified that have substantially aided in studying the biology of the disease
(Table 1.6).
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Table 1.6 Antigens used in the diagnosis of CLL.

Antigen | Cell function Presence in CLL and Reference
clinical implication
CD20 Act as a calcium channel and plays | Dim. Target for (138)
a role in B cell activation, monoclonal antibody,
proliferation and differentiation. rituximab, in treatment
of CLL
CD19 Assembles with BCR complex to Positive. Preclinical data | (139-141)
decrease the threshold for on monoclonal antibody
antigen receptor dependent against CD19 in CLL
stimulation (XmAb5574)
CD5 Regulates intracellular signal Positive. (141, 142)
strength induced by antigen
receptors in both T and B cells
CD79b Signal transmitting unit of BCR Weak or negative. (141, 143)
complex Preclinical data on
antibody drug conjugate
(anti-79b-vc-MMAE)
CD43 Implicated in the regulation of cell | Positive. (144-146)
adhesion, activation and survival
CD81 CD19/CD21/CD81 complex Positive. (92)
enables B-lymphocytes to
respond to low concentration of
antigens and induces homotypic
cellular aggregation
CD52 In presence of antibody, it is a Positive. Target for (147)
good target for complement monoclonal antibody,
action and activates cell Alemtuzumab, in
proliferation in T cells, but treatment of CLL
function in the absence of
antibody is unknown
CD200 Interaction with its receptor Positive. Preclinical data | (148, 149)
CD200R sends inhibitory signal to | on CD200 blocking
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macrophages. In T cells it alters
the cytokine profile from Th1l to
Th2 and it suppresses the
antitumor immunity

antibodies enhancing the
tumour specific
immunity

CD23 Acts as a low affinity receptor for | Positive. Phase 1/2 (150-153)
IgE clinical data on anti-
CD23 (Lumiliximab)
antibody in combination
with chemotherapy
CD22 Acts as B cell associated adhesion | Negative or positive. (140, 154-
protein and regulates B cell Phase 1/2 clinical data 156)
activation on anti-CD22
(Epratuzumab) antibody
treatment
CD25 Part of IL2 receptor Positive. Phase 2 clinical | (157)
data on antibody
conjugated with
diphtheria toxin
(denileukindiftitox)
CD10 Metalloendopeptidase that Negative. (92, 158)
cleaves small peptides like
angiotensins, bradykinin,
enkephalins and oxytoxin. It also
controls neutrophil chemotaxis
and inflammation
CD38 Serves as an ectoenzyme those Positive or negative. (159-161)

catalyses the synthesis and
hydrolysis of cyclic ADP-ribose
which is a calcium mobilizing
agent. This helps in
transmembrane signalling thereby
affecting differentiation and
proliferation of various
immunoregulatory cells.

Prognostic marker in CLL
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CD103 Presence on T regulatory cells Negative. (162, 163)
helps these cells to adhere to
epithelial cells on which its ligand,
E-cadherin, is present.

CD11c CD11¢/Cd18 complex is a B2 Weak. (164-166)
integrin expressed in
granulocytes, monocytes NK cells
and dendritic cells. Helps in cell
adhesion and B cell activation

FMC7 An epitope on CD20 molecule Negative or weak. (97)
whose expression is sensitive to
the level of membrane
cholesterol

CD79a Signal transmitting unit of BCR Positive. (167)
complex

CD20: CD20 spans the cell membrane four times and is constitutively phosphorylated but
not glycosylated. Long N and C terminal ends are located within the cytoplasm and only a
minor portion of molecule is expressed on the cell surface. The gene locus is at 11g13 near
CD5 gene (138). CD20 is expressed on B cells after the expression of CD19 and CD22 at the
pre-B cell stage. It is strongly expressed in germinal centre B cells and then declines at the
end of B cell differentiation. It is not expressed on plasma cells and there is a weak
expression on CLL cells. CD20 functions as a Ca%* channel and can induce a proliferative

signal in B-lymphocytes. This is a crucial molecule in terms of treatment for CLL (168).

CD19: This pan-B cell marker is also dim on CLL cells. The extracellular regions contain two
C-2 Ig-like domains. The cytoplasmic region contains nine tyrosines. CD19 interacts with
CD21 through extracellular and transmembrane regions, with CD81 through extracellular
region only and with surface IgM through the first 17 amino acids of cytoplasmic region. The
gene locus is on 16p11.2. CD19 is the earliest recognisable marker of B cells and is retained
throughout B cell differentiation but may be downregulated in plasma cells. It is also
expressed on follicular DC(169). CD19 amplifies B cell activation and is itself phosphorylated

after BCR engagement (140). CD19 recruits tyrosine kinases in a stepwise manner and its
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large cytoplasmic region act as a scaffolding protein linking several signalling molecules. It

lowers the threshold of antigen required for B cell stimulation several fold.

CD79b,CD79a: In contrast to other B cell diseases, the extracellular epitopes of CD79b and
CD79a are either expressed at a low density or absent. Although early reports suggested
that most CLL cases were CD79b negative, a monoclonal antibody has shown that CD79b is
expressed weakly in most CLL cases (92). CD79a and CD79b form a disulfide linked
heterodimer which is noncovalently associated with membrane Ig (mlg) on B cells. The
cytoplasmic regions of both proteins have an ITAM which links them to signalling molecules.
The gene locus for CD79a is 19q13.2 and for CD79b is 17g23. Both molecules are restricted
to B lymphocytes, first appearing on the surface of pro-B cell and persist throughout the
stages of B cell differentiation. They are both crucial for B cell differentiation and absence of
either of them causes B cell arrest at pro-B cell stage. This heterodimer plays a key role in
expression of BCR, antigen internalisation and signalling. Mutations of CD79b have been

identified in CLL and may contribute to poor expression of CD79b (170).

CD22: It is a member of the sialic acid-binding immunoglobulin superfamily lectin, which
binds sialic acid. There are two isoforms, CD22 and CD22a. The cytoplasmic regions
contain six Tyr residues, two of which conform to an ITAM configuration and the other four
forms potential ITIMs. ITIMs phosphorylation leads to association with SH2—containing
phosphatases SHP-1, SHP-2 or SHIP (inositol phosphatases). The gene for CD22 is present on
19913.1. Cytoplasmic CD22 expression is present in pro-B and pre-B cells. It is a marker for B
cell commitment. Cell surface expression is seen in mature stages, and it disappears on B
cell activation. CD22 is an adhesion molecule and possesses lectin activity. On BCR
regulation, Src kinases Lyn and Syk phosphorylate ITIMs on CD22 which phosphorylate SHP-
1/2 and SHIP. CD22 is masked on resting B cells. Release from this masking is required for
CD22 to bind to its ligands and exert the negative regulatory function on B cell activation.

CD22 is under-expressed in CLL (156).

CD5: CD5 antigen is positive in the majority of CLL cells. It is a pan T cell marker and NK- cell
marker. CD5 is also present in some B cells and these are usually found in mantle cells of
secondary lymphoid follicles (142). Some normal B cells express the CD5 marker in

peripheral blood. CD5+ B cells are increased in rheumatoid arthritis. CD5+ B cells have been
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implicated in producing autoantibodies. The CD5 gene is present on 11913 close to the
CD20 gene. The extracellular region contains three scavenger receptor cysteine-rich
domains and cytoplasmic region contain multiple Ser/Thr and Tyr residues. Tyr 429 is critical

for inhibitory function mediated by CD5 and is independent of an ITIM motif.

CD154: CLL cells express the CD40 ligand, CD154. CD154 is a member of the TNF
superfamily. It forms a trimer and binds to three CD40 molecules. The gene is present on
Xg26. It is usually expressed on activated CD4*and CD8* T cells, monocytes, basophils, mast
cells, eosinophils and activated DCs. CD40/154 interactions drive germinal centre formation,
B cell proliferation, differentiation and Ig isotype switching. This interaction helps APC
functions, T cell priming and differentiation, activation of NK cells and stimulation of
cytokine production from monocytes (169). CD40L is constitutively expressed in malignant B

cells.

CD23: CD23 is an immunophenotypic hallmark of CLL. CD23 is expressed on B-lymphocytes
especially when associated with IgD, follicular DCs specifically those in the light zone of the
germinal centres, transiently on some T cells in allergic individuals, Langerhans cell,
monocytes, platelets, NK cells, CLL and EBV-transformed B cells (171). CD23 is a 45-kDa
transmembrane glycoprotein that functions as a low affinity receptor for IgE. It also binds to
CD21 and to the a-chain of B, integrin. Soluble CD23 enhances IgE synthesis (151). It acts as
an adhesion molecule by its ability to promote T-B cell interactions and in B-lymphocytes
when it interacts with its ligand CD21. It is expressed at low levels in normal B cells, but
upon activation, high expression is seen on B cells, and yet, it is characteristically expressed
in CLL in which the neoplastic lymphocytes are believed to be dormant. CD23 exists in two
isoforms (172). The CD23a promoter is only stimulated by IL-4 but the promoter of CD23b is
stimulated by IL-4 and other stimuli. CD23a is expressed in B cells only whereas CD23b is
expressed by other cells (150, 151). CD23 is cleaved by an unknown metalloprotease
releasing a soluble form sCD23. Overexpression of CD23 in CLL is due to a deregulation of
Notch 2 signalling. sCD23 is elevated in CLL and may have a prognostic significance because

its levels reflect tumour mass (153).

CD27: CD27 is a member of the TNFR superfamily. It is expressed on CD4+ and CD8+ T cells,

early B cell progenitors, memory B cells, CLL B cells and a subpopulation of NK cells.
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CD27/CD70 interaction contributes to T and B cell activation and regulates the CD4+ and
CD8+ T cell pool at sites of immune responses. CD27 is expressed on normal plasma cells. All
CLL cells are CD27+, which is typically a marker of the memory B cells. Most normal memory
B cells have IGHV gene mutation, but a small fraction does not though this is disputed (173-
175). The presence of CD27 on CLL cells as well as the presence of both IGHV mutated and
unmutated CD27+ memory cells support the idea that CLL cells may have evolved from

memory B cells.

1.3.10 Proliferation markers

CLL cells show specific changes in membrane protein expression during various stages of the
cell cycle. Various markers have been established to divide the resting and proliferating
fractions of CLL. Expression of proteins CD39, CD86, CD95 and CD23 are uniformly increased
during cell cycle but only CD23 was thought to be associated with proliferation in CLL (176).
CD24 modulates B cell activation responses by promoting antigen dependent proliferation
of B cells and prevents their terminal differentiation into antibody-forming cells. Its

expression was only down-regulated when CLL cells entered S-phase.

Three markers require special attention and are of independent prognostic significance in

CLL: CD38, CD49d and ZAP70.

CD38: CD38is a 45 kDa non-lineage restricted type Il transmembrane protein. CD38
expression in haematopoeitic cells is discontinuous. Uncommitted stem cells are CD38" but
committed CD34* cells are CD38*. B cell progenitors are CD38* but circulating naive B cells
are CD38". Centroblasts and centrocytes retain the expression of CD38 but it is lost in
memory B cells. Plasma cells strongly express CD38. It is also expressed in early T cell

precursors, myeloid precursors, monocytes, NK cells, erythroid progenitors and platelets.

It is an important prognostic marker in CLL (159, 161, 177). It was initially developed as a
surrogate marker for IGHV mutational status. CD38 positivity was associated with
unmutated group which carries worse prognosis. However, CD38 was established as an
independent prognostic factor. The percentage of cells within a CLL clone expressing CD38 is
an indicator of the level of cellular activation of the clone. There is a lot of variation in

reporting of CD38 positive cells. The cut-off at which a CLL clone becomes CD38 positive or
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negative ranges from 7-30% and that creates an issue regarding the relevance of prognostic

significance of bimodal expression of CD38 in a CLL clone.

CD49d: CD49d is an a-integrin subunit (a4) that can pair with CD29 (the B1 subunit) to form
a complete integrin (a4B1) that binds fibronectin and VCAM-1. Like other integrins, a4B1 is
involved in anchoring cells to tissues and can be the first step in cell migration. CD49d and
CD38 are often expressed on CLL B cells (164). A large macromolecular complex comprising
CD49d, CD38, CD44v, and MMP-9 has been identified on U-CLL clones. Higher levels (= 30%)

of CD49d have been correlated with shorter survival times.

ZAP-70: ZAP-70 is another molecule, which is used as a surrogate marker for IGHV
mutation. ZAP-70 is a member of the SYK-ZAP-70 protein tyrosine kinase family, which is
normally expressed in T cells and natural killer cells. It has a critical role in the initiation of T
cell signalling. Intracellular expression of the ZAP-70 protein above a certain threshold of
cells by immunofluorescence and flow cytometry of > 20% has proven to be an important
indicator of time to treatment and survival in CLL. ZAP-70 levels are an independent marker

of clinical outcome (178-181).

1.3.11 Molecular interactions in CLL microenvironment
Tissue microenvironments are important for CLL cell survival and proliferation. CLL cells
interaction with stromal cells is maintained by chemokine receptors and adhesion molecules

expressed on CLL cells.

1.3.11.1 CXCR4-CXCL12 axis:
The CXCR4 chemokine receptor (CD184) is expressed at high levels on the surface of

peripheral blood CLL cells and mediates homing of CLL cells underneath nurse-like cells
(NLCs) or bone marrow stem cells (BMSCs), a process known as pseudoemperipoeisis.
CXCR4 surface expression is regulated by its ligand CXCL12 via receptor endocytosis. This
characteristic can be used to distinguish tissue (lymphatic and BM derived) from blood CLL
cells, which express low or high CXCR4 levels, respectively (182, 183). Proliferating Ki-67*
CLL cells from BM and lymphatic tissue display significantly lower levels of CXCR4 and CXCR5

than non-proliferating CLL cells.
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1.3.11.2 CXCR5-CXCL13 axis:

CXCR5 (CD185) is the receptor for the chemokine CXCL13, which regulates lymphocyte
homing and positioning within lymph follicles. CLL cells express elevated levels of CXCR5 and
stimulation with CXCL13 induces activation via G proteins, PI3Ks, and p44/42 MAPK, resulting

in actin polymerization, CXCR5 endocytosis, and chemotaxis (182).

1.3.11.3 Cell surface adhesion molecules:

Another interesting group of molecules studied in CLL is cell surface adhesion molecules.
Several markers including integrins, selectins, homing receptors, as well as the serum levels
of some of these molecules has been studied. Adhesion molecule expression is

heterogeneous in CLL as described below.

Low LFA-1 (CD18/CD11a) and CD54 (ICAM-1), high L-selectin and CD44 (HCAM), and variable
CD11c characterise CLL (165). Expression of CD11¢c/CD18, CD31, CD48 and CD58 are
significantly lower in CLL cases with 11923 deletions (164). Elevated levels of expression of
CD11a, CD18, CD29, and CD11c on the surface of the leukemic cells were found in cases
with splenomegaly and LFA-1 is expressed in patients with predominant lymphadenopathy.
Serum levels of intercellular adhesion molecule 1 (CD54) are significantly elevated in CLL
patients compared with healthy subjects (184). It correlates with tumour burden and
hepatosplenomegaly in the advanced clinical stage of CLL. Similarly, CLL cells invariably
express one or more isoforms of the lymphocyte homing receptor CD44 and of the CD62L
(L-selectin), which is different from that of related low-grade B cell disorders and strong
expression of these also correlate with poor prognosis in CLL (164). Strong expression of
CD36, a thrombospondin receptor, correlates with diffuse pattern of bone marrow
involvement and poor prognosis (185). Compared to other non-Hodgkin lymphomas (NHL),

B-integrins are generally under-expressed.

1.3.11.4 Other interactions:

Integrins, particularly VLA-4 integrins (CD49d), expressed on the surface of CLL cells interact
with ligands on the stromal cells (VCAM-1 and fibronectin) (164). NLCs also express the TNF
family members BAFF and APRIL, providing survival signals to CLL cells via corresponding
receptors (BCMA, TACI, and BAFF-R) (186). CD38 expression allows CLL cells to interact with
CD31 expressed by stromal and NLCs (159). Ligation of CD38 activates ZAP-70 and
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downstream survival pathways. BCR stimulation and co-culture with NLCs also induces CLL
cells to secrete chemokines (CCL3, CCL4, and CCL22) for the recruitment of immune cells (T
cells and monocytes) for cognate interactions(187). CD154+ T cells are preferentially found in

CLL-proliferation centres and can interact with CLL cells via CD40 (169).

1.3.12 Apoptosis and CLL

Apoptosis removes aged and damaged cells from a healthy multicellular organism, and the
balance between cell survival and cell death, as maintained by apoptosis, is critical for
normal development and homeostasis of multicellular organisms. The apoptotic pathways

include the extrinsic pathway and the intrinsic pathway.

Apoptosis is carried out by proteases called caspases, which are synthesised initially as pro-
caspases. There are two classes of caspases involved in the apoptotic pathway. Initiator
caspases promote apoptosis by cleaving and activating other caspases, and the effector
caspases initiate the cellular changes associated with apoptosis. The extrinsic pathway uses
caspase 8 and caspase 10, whereas the intrinsic pathway uses caspase 9 (188). Both
pathways use caspases 3, 6, and 7 as effector caspases (188, 189). The effector caspases
cleave a variety of proteins that are critical for cellular integrity and activate enzymes that

promote the death of the cell.

1.3.12.1 Extrinsic pathway:

This route uses the death receptors to induce apoptosis. Death receptors are part of TNF
superfamily and carry a cytoplasmic death domain. Death receptors in immune system
include FAS (CD95) and TNFR-I, a receptor for TNF-a. Loss of function mutations in Fas lead
to the increased survival of lymphocytes and are one cause of the disease autoimmune
lymphoproliferative syndrome (ALPS). On binding to the ligand, the death domain of FAS
binds to FADD which has a death domain and death effector domain. The death effector
domain activates initiator pro-caspases 8 and 10. The TNFR-I pathways uses TRADD as
binding molecule to FADD which then recruits initiator pro-caspases. The initiator caspases

activate effector caspases which induces apoptosis.

1.3.12.2 Intrinsic Pathway:

In this alternative form of apoptosis, the critical step is the release of cytochrome c from

mitochondria, which triggers the activation of caspases. In the cytoplasm, cytochrome c
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binds to a protein called Apaf-1, stimulating its oligomerisation. The Apaf-1 oligomer then
recruits an initiator caspase, pro-caspase 9. Aggregation of caspase 9 stimulates the

activation of effector caspases as in the death receptor pathways.

The intrinsic apoptotic pathway includes Bcl-2 family proteins which are important
regulators of the intrinsic apoptosis pathway and were first identified in follicular lymphoma
where the t(14;18) chromosomal translocation results in significant overexpression of Bcl-2

in B cells.

The Bcl-2 family of genes encodes a family of closely related proteins that possess either
pro-apoptotic or anti-apoptotic activity and share up to 4 Bcl-2 homology (BH) domains. The
anti-apoptotic family members (Bcl-XL, Bcl-2, Bcl-w, Al, and Mcl-1) are characterised by 4
BH domains that are designated BH1 through BH4. The pro-apoptotic proteins can be
further subdivided into multidomain proteins (Bax, Bak) and the BH3-only proteins (Bad,
Bim, Noxa, Puma) (190). The interplay between these 3 groups of proteins serves as the
gateway to the intrinsic apoptosis pathway. The multidomain pro-apoptotic proteins Bax
and Bak are direct mediators of apoptosis and are absolutely required for the initiation of
the mitochondrial apoptosis pathway. Anti-apoptotic Bcl-2 family proteins (e.g., Bcl-2 and
Bcl-XL) inhibit cytochrome C release by blocking Bax/Bak activation. The ratio of pro-
apoptotic to anti-apoptotic proteins is associated with the outcome of cell survival or
programmed cell death. In contrast to other known oncogenes, Bcl-2 does not stimulate
cellular proliferation, but rather inhibits programmed cell death by protecting cells from a
wide variety of pro-apoptotic stimuli, including cytokine withdrawal, irradiation, cytotoxic

drugs, heat, and deregulated oncogenes (191, 192).

Resistance to apoptosis is a hallmark of CLL. Overexpression of anti-apoptotic Bcl-2 family

members is associated with tumour initiation and disease progression. Hence, Bcl-2 is a
compelling target for CLL therapy.

p53: p53is a tumour suppressor transcription factor which regulates cellular pathways
such as DNA repair, apoptosis, angiogenesis and senescence (Figure 1.5). In normal
unstressed cells, the level of p53 is kept low due to binding of protein such as MDM2 that

promote p53 degradation via the ubiquitin/proteasome pathway (193). After genotoxic or
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non-genotoxic stress, the p53 level is increased by inhibition of interaction with MDM2 and

other inhibitors. Also, a series of modulators increase p53 transcriptional activity.

p53 deletion/mutation is the most important prognostic factor which confers resistance to
chemotherapy (194, 195). TP53 gene is located on short arm of chromosome 17 at band 13,
and it plays an integral role inducing apoptosis or cell cycle arrest in cells whose DNA is
damaged by either chemotherapy or radiation. In CLL, functional dysregulation of p53 can
occur directly due to deletion or mutation on the 17p chromosome or indirectly due to
defects in the regulatory genes, e.g., the ATM gene located in the chromosomal region

11923.

STRESS: DNA Damage, Adhesion, Hypoxia, Spindle damage, Oncogene, rNTP
depletion

MEDIATORS: ATM, CHKZ, p13ARF

MDM2

AlP1,Noxa
Bax,PUMA
Fas

Apoptoss

Figure 1.5 DNA damage by chemo or radiotherapy activates p53 through the activation of
ATM and other factors. p53 induces either cell cycle arrest or apoptosis through different
targets. Various drugs like steroids, Alemtuzumab, lenolidamide, B cell receptor
antagonists, Bcl2 inhibitors and MDM2 inhibitors bypass the p53 pathway.

1.4 THE B CELL RECEPTOR IN CLL

Low expression of the BCR is a hallmark of the CLL lymphocyte and is unique to CLL among
mature B cell malignancies. The mechanisms accounting for poor expression of the BCR in
CLL are not currently known. There is very low expression of surface IgM and CD79b on the
surface of CLL cell in most cases (61, 196). However, mRNA transcription and intracellular

synthesis of BCR components appear to be normal.
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The structure of the BCR strongly influences progression of the disease. Based on the degree
of somatic hypermutation within the BCR antigen—binding site, CLL patients can be classified
as unmutated if they have 98% or more homology with the germline sequence; Mutated if
they have less than 98% sequence homology(197, 198). Mutated CLL (M-CLL) is typically
associated with slower disease progression and better overall survival (OS), whereas
unmutated CLL (U-CLL) progresses faster, resulting in a shorter time to treatment and
shorter survival (96, 197). Secondly, 30% of CLL patients express a skewed Ig repertoire
called “stereotyped” receptors(196, 199-201). Thirdly, the BCR signalling pathway is the
activated in the lymph node microenvironment resulting in formation of proliferation

centres or pseudofollicles (202).

BCR engagement in CLL cells remains controversial (203), with support for both tonic- and
antigen-induced BCR activation. CLL cells are in state of reversible anergy which is
characterised by constitutive phosphorylation of MEK and ERK in the absence of AKT being
phosphorylated (204). The concept of antigen-induced BCR activation is also based on the
fact that nearly 30% of both M-CLL and UM-CLL present a highly restricted and biased
repertoire of immunoglobulin genes called “stereotyped receptors” such as heavy usage of
IGHV -1-69, IGHV 3-7, IGHV 3-21 and IGHV 4-34 (83, 196, 205-207). The presence of these
stereotyped receptors led to the concept that the antigens stimulating these receptors may
be restricted and suggests that antigen engagement may be responsible for the
pathogenesis of CLL (208). However, UM-CLL BCRs are reactive to multiple self-antigens,
predominantly cytoskeletal proteins (non-muscle myosin heavy chain 2A, filamin B, colifin-
1), DNA, lipopolysaccharides, apoptotic cells, insulin, and oxidized low-density lipoproteins
(209-212). Another example would be autonomous signalling in the form of epitopes in the
BCR CDR-3 of heavy chain (88, 213). Foreign antigens have shown to stimulate CLL cells with
specific BCRs. For example, BCRs with IGHV1-69 or IGHV3-21 interact with the
cytomegalovirus-derived super-antigen pUL32 and mutated CLL with BCRs expressing

IGHV3-07 interacting with B(1,6)-glucan (214, 215).

1.4.1 B cell receptor signalling in CLL
The responsiveness of CLL cells to stimuli is varied. For example, BCR signalling in CLL is

dependent on the surface expression of IgM and IgD. Responsive to stimulation to IgM is
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much higher in U-CLL. M-CLL shows features of anergised CLL cells resulting from prolonged
antigen activation, including reduce IgM levels, baseline activation of calcium signalling,
constitutive ERK phosphorylation (204, 216-218). IgD signalling can be induced in all CLL
samples with significant differences between M-CLL and U-CLL. Markers associated with
active BCR signalling, such as zeta chain—associated protein kinase 70kDa (ZAP-70)
expression and increased expression of the T cell-attracting chemokines CCL3 and CCL4, are
strong predictors of CLL progression and time to treatment (187). Thus, CLL cells appear to
depend on continuous and intermittent BCR signalling that drives cell survival and

expansion.

1.4.2 Cytosolic kinases fundamental to CLL BCR signalling

1.4.2.1 Bruton'’s tyrosine kinase (BTK)

BTK is a non-receptor tyrosine kinase belonging to the Tec family of kinases. B cells express
the Tec kinases, BTK and Tec. BTK is critical for B cell development, differentiation and
signalling (219). The BTK gene consists of 19 exons and spans 37.5kb on the X chromosome.
Loss of function mutations of BTK gene in humans causes X-linked agammaglobulinemia, the
result of which is absence of circulating B-lymphocytes (220). The patient has an inability to
mount any humoral immune response and the disease manifests itself with recurrent
bacterial and enteroviral infections. Similar spontaneous mutation in mice causes a milder

X-linked immunodeficiency.

BTK is present in B lymphocytes but not in plasma cells (220). In primary B lymphocytes, BTK
is almost always non-phosphorylated. BTK is required for differentiation of pro-B cell to pre-
B cell. BTK deficiency also causes abnormalities in platelets, macrophages and osteoclasts

(219).

The BTK protein comprises several domains, which includes a PH, Tec homology, SH3, SH2
and SH1 (Kinase) domain (Figure 1.6). Each domain can bind to various proteins to direct
intracellular signalling. It is metalloprotein requiring Zn*? for optimal activity and stability.
Mutation affecting zinc binding at the Tec homology domain leads to an extremely unstable

protein.
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Pleckstrin homology (PH), Tec Homology (TH), Btk homology domain (BH), Polyproline
region (PPR). Src-homology domain 3(SH3), Src-homology domain 2(SH2), Kinase
(SH1)

Figure 1.6 BTK domains with all known interacting serines/tyrosines.

BTK is activated by post-translational modification as well as subcellular localisation. The
cytosolic BTK is translocated to the plasma membrane after B cell receptor engagement and
subsequent activation of P13kinase leading to generation of PIP3. BTK via its PH domain
binds to PIP3 and gets phosphorylated at tyrosine Y551 in the kinase domain by the Src
family kinase Lyn. This is followed by autophosphorylation of tyrosine at Y223 in the SH3
domain. BTK along with BLNK phosphorylates phospholipase Cy2 which causes the

activation of further downstream pathways.

BTK also interacts with the members of the TLR family and key proteins from TLR signalling
pathways such myeloid differentiating protein (MYD88), MYD88 adaptor like protein (Mal)
and interleukin-1 receptor (IL-1R) associated kinase (IRAK-1) (221).

A small amount of BTK can be detected in the nucleus suggesting that it is a
nucleocytoplasmic shuttling protein (222). Some mutations in the BTK gene cause the BTK
to be nuclear in position (219). PKCB negatively regulates BTK whereas PKCB activates BTK.
IBTK, and caveolin inhibit the kinase domain of BTK and hence negatively regulate BTK.
Phosphorylation of S21 and S115 in the PH domain leads to the recruitment of the protein

phosphatase Pinl, which attenuates the signalling activity of BTK.

BTK interacts with multiple transcription factors including NF-kB, Bright and STAT5A (223-
225). Both NF-kB subunits p50 and p65 bind to the BTK promotor hence increasing BTK

expression. Thus, BTK can positively regulate its own promotor via NF-kB signalling.
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1.4.2.2 Class 1 PI3 Kinases
Class 1 PIKs are present in all cell types. Class 1 PI3Ks use phosphatidylinositol-
4,5bisphosphate (PtdIns(4,5)P2) as their substrate (226). It is divided into two groups.

Class 1A: It exists in a combination of catalytic (p110a, p110B, p1108) and regulatory
subunit (p85). The catalytic subunit has a PI3K core consisting of a C2 domain, helical
domain and a catalytic domain. This is attached to a Ras-binding domain and p85-binding

domain. p1106 is highly enriched in leukocytes.

The regulatory subunit (p85) has a p85 core consisting of two SH2 domains and p110-
binding domain (Figure 1.7). It is attached to BH domain and SH3 domain. The p85 domain
serves three functions: stabilisation, inactivation of kinase activity in the basal state and

recruitment of pTyr residues in receptor and adaptor molecules.

PI3K core SH3 BH SH2 p110 binding SH2 P850,
’7 _‘ domain p858

p85 binding eI ol Helical Catalytic

domain rre—— domain domain SH2 p110 binding SH2 P55a, p55p, p55y
domain
p110a, p110B,p1106

Figure 1.7 Structure of Class 1A PI3 Kinases

Class 1B: It consists of a catalytic domain (p110y) and regulatory subunit (p101 and p87).
p101 and p87 lack SH2 domains, do not have homology to other proteins and have no

identifiable domain. p110y is highly enriched in leukocytes.

Class 2 PI3K: This class uses PtdIns as a substrate. They lack regulatory subunits but have
amino and carboxy-terminal extensions to the PI3K core structure, which can mediate

protein-protein interactions.
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Class 3 PI3K: Class 3 PI3K has one catalytic member, Vps34, which uses PtdIns as substrates
and binds Vps15.

Multiple signalling inputs can activate the PI3 Kinases. All p110 subunits have a Ras-Binding
domain. Ras activates p110a and p110y while TC21 (Ras family member) activates p1106.
Other signalling inputs include other small GTPases such as RAB5, Rac, Rho and Cdc42. G-
protein coupled receptors (GPCRs) can activate PI3 kinases directly through the allosteric

activation of heterotrimeric G proteins or indirectly via tyrosine kinases and Ras.

Class 1 PI3 Kinases generate PtDIns (3,4,5)P3 lipids, which are quickly converted by
phosphatases to PtDIns(4,5)P2 and PtDIns(3,4)P2. These lipids coordinate the localisation
and function of multiple effector proteins, which bind the lipid through their PH domain.
These include Ser/Thr and Tyr protein kinase such AKT and BTK, adaptor proteins such as
GAB2 and regulators of small GTPases such as GAPs and GEFs (227).

1.4.2.3 AKT (Protein kinase B)

In mammals, there are three isoforms of AKT. All three isoforms share a high degree of
amino acid identity and are composed of three functionally distinct regions: N-terminal PH
domain, a central catalytic domain, and a C-terminal hydrophobic motif. Together, these
regions encompass a phosphoprotein of approximately 56 kDa. The N-terminal PH domain is
common to numerous signalling proteins and provides a lipid binding module to direct PKB
to PI3K generated phosphoinositides PIP3 and PIP2. PTEN catalyses the dephosphorylation
of PIP3 and PIP2 at the D3 position, thus reducing the pool of lipids capable of binding with
PKB. The phosphatase SHIP catalyses the dephosphorylation of PIP3 to generate PIP2, also
depleting lipids capable of recruiting PKB to the plasma membrane. The hydrophobic motif
(HM) found in PKB provides a docking site for the upstream activating kinase, PDK1. PI3K-
generated PIP3 and PIP2 also recruits PDK1to the plasma membrane. PKB undergoes HM
phosphorylation by the Ser473 kinase or by autophosphorylation. The HM of PKB stabilises
and activates PDK1 which then phosphorylates PKB on Thr308. The HM of PKB associates
with and stabilises its kinase domain, which then phosphorylates cytosolic and nuclear

targets (228).
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1.4.2.4 Spleen Tyrosine Kinase (SYK)

SYK is a 72 kDa non-receptor tyrosine kinase that contains two SRC homology 2 (SH2)
domains and a kinase domain and is most highly expressed by haematopoietic cells (Figure
1.8). Mammals also express a SYK homologue, ZAP70, which is mostly restricted to T cells
and natural killer (NK) cells. The SYK signalling pathway is present in classical
immunoreceptors of the adaptive immune response and glycoprotein VI (GPVI), a collagen
receptor expressed by platelets. SYK is required for several functions of innate immune cells
and for certain non-immune functions, such as bone resorption by osteoclasts. SYK has also
been shown to mediate signalling by classes of receptors, including integrins and C-type

lectins that do not contain conventional ITAMs (229).

SYK interacts with several molecules such as VAV family members, PLCy isoforms, the
regulatory subunits of phosphoinositide 3-kinases (PI13Ks), SLP76 and BLNK. These molecules
form the proximal signalosome and trigger downstream processes including Ca2+ and
protein kinase C (PKC) signalling, RAS homologue (RHO) family and protein tyrosine kinase 2
(PYK2) -mediated cytoskeletal rearrangement, reactive oxygen species (ROS) production and
phagocytosis, PI3K mediated Tec family and AKT signalling pathways, as well as
transcriptional regulation through the RAS-ERK and NFAT pathways. Ligation of classical
immunoreceptors also triggers pro-inflammatory transcriptional programmes through
activation of NF- kB. The action of SYK is often counteracted by phosphatases such as SHP1,
and it is the balance of SYK and SHP1 activities that determines the ultimate signalling
output. The expression of SYK is also negatively regulated by the E3 ubiquitin ligase CBL

leading to ubiquitylation and degradation of SYK.
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Tyr 290
. Tyr 519

Tyr 317 binds CBL, p85a .

Tyr 342 binds VAV1, p85a, PLCy Tyr 520 binds SLP65
X Tyr 624

Tyr 346 binds PLCy Tvr 625

Tyr 130 Tyr 358 y
Interdomain A Interdomain B

Figure 1.8 The domain structure of spleen tyrosine kinase (SYK) tyrosine residues shown
to be sites of autophosphorylation.

1.5 B-CELL RECEPTOR ASSOCIATED INHIBITORS (BCRi)

In the last few years, many B cell receptor inhibitors affecting different kinases involved in B
cell receptor signalling have been developed. The two main classes of BCR antagonists are

as below:

1.5.1 BTK inhibitors

There are two main types of BTKi in development.

1.5.1.1 Covalent irreversible BTKi:

Ibrutinib

Acalabrutinib

Zanubrutinib

Tirabrutinib

1.5.1.2 Non-covalent reversible BTKi:
- Pirtobrutinib (LOX0O-305)
- ARQ-531

1.5.2 PI3K inhibitors

PI3K inhibitors are differentiated by the ability to inhibit various isoforms of PI3K subunits.
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- ldelalisib

- Duvelisib

- Umbralisib

- Copanlisib
In short, the BCR-i have revolutionised the treatment of CLL and multiple inhibitors are in
clinical trials in variety of diseases. For the purpose of thesis, characteristics of ibrutinib are

explained below:

1.5.3 Ibrutinib

Ibrutinib binds covalently to a cysteine residue (Cys-481) near the BTK active site and
inhibits the enzymatic activity of purified BTK with a half maximal inhibitory concentration
(1C50) of 0.5 nM. Covalent binding to Cys-481 results in irreversible inhibition of BTK.
Because ibrutinib binds irreversibly and covalently to BTK, the enzyme is permanently
inhibited. There is only one site (Cys481) for drug binding, a one-to-one stoichiometric
concentration of ibrutinib is needed. Hence, a concentration of the drug that occupies >95%
of the BTK molecules in CLL lymphocytes is considered ideal. Such measurements are
achieved using BTK occupancy assays and were performed in the context of early phase |
and Il studies. BTK occupancy was achieved 4 hours post-dose at a dose of 2.5 mg/kg/day of

ibrutinib in the phase | study in relapsed/refractory B cell malignancies (230).

At a signalling level, ibrutinib binding inhibits activity of BTK, autophosphorylation of the
enzyme, and abrogates activation of downstream survival pathways (PI3K, ERK, NF-kB),
inducing modest apoptosis and inhibiting activation-induced proliferation of CLL cells in
vitro. Other kinases that are potentially inhibited by ibrutinib include ITK, EGFR, BLK, HER2,
HER4, BMX, and JAK3. All these kinases have a modifiable cysteine residue homologous to
Cys-481 in BTK, and thus have the potential to be irreversibly modified by ibrutinib. The

effective half-life of ibrutinib following oral dosing is only 1.5 to 3.3 hours (231, 232).

Ibrutinib inhibits human BCR activation (IC50 <10 nM) in B cells but does not affect T cell
receptor activation (233). Ibrutinib fully inhibits degranulation following stimulation at the
high-affinity Immunoglobulin E (IgE) receptor (234). In monocytes and macrophages,
ibrutinib inhibits the secretion of pro-inflammatory cytokines following stimulation at the

Fc-gamma receptors (FcyR) by immune complexes (235). Consistent with the proposed
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function of BTK in platelets, ibrutinib inhibits shear-force and collagen-induced platelet

aggregation in vitro (IC50 = 10-100nM)(236).

1.5.3.1 Treatment related lymphocytosis
The blockade of the BCR signalling pathway by B cell receptor antagonists in CLL results in

three major effects: 1) direct induction of apoptosis, 2) inhibition of cell homing and
migration to chemokines and with subsequent adhesion to cellular substrates, and 3)
inhibition of proliferation. Administration of these drugs to patients with CLL has been
associated with mobilisation of tumour cells from the tissue to peripheral blood. This effect
begins in some cases within hours of the first administration and typically reaches peak
magnitude within the first 3 months of treatment. Coincident with the treatment-related
lymphocytosis is a rapid and substantial decrease in lymph node and spleen size often
observed with or without an improvement in haematological parameters and symptomatic
improvement of disease-related symptoms (232). The drug blocks the interaction of CLL
cells with tissue homing chemokines (CXCL12, CXCL13, CCL19), possibly through blockade of
BCR-induced activation of lymphocyte cytosolic protein 1 (LCP1) (237) and restoration of the
balance between expression levels of the homing receptors CCR7 and CXCR4 and the S1P
receptor 1 (S1P1). While an efflux of tumour cells from the tissue compartments into the
blood has been conclusively shown (238), mathematical models have estimated the
fraction of the tissue CLL cells redistributed into the blood during ibrutinib therapy to be
23.3% + 17% of the total tissue disease burden, arguing that the reduction of tissue disease
burden is due more to CLL cell death and less to egress from nodal compartments (239).
While the lymphocytosis resolves within 8 months in most patients, it may last for over a
year in some patients. Importantly, this persistent lymphocytosis does not represent disease

progression or clonal evolution, and these patients do not have inferior PFS (240).

1.6 AIMS AND OBIJECTIVES

Inhibitors of BCR signalling have shown great promise in the treatment of CLL, but the
optimum dosing and combinations need refinement to achieve deeper remissions and may
be different for certain groups of patients. The primary aim of this study is to analyse the
impact of continuous inhibition of BCR signalling with the BTK inhibitor ibrutinib in the

setting of a single-arm multi-centre feasibility study. The central hypothesis is that the
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degree of residual BCR signalling in CLL cells will predict outcome. To test this, the following

will be performed:

Evaluate protocols for assessing kinase activation status to be used on real-time
samples from patient blood and bone marrow samples

Analyse the effect of ibrutinib on disease progression over a 12-month period using
parameters such as blood cell count and measurements of secondary lymphoid
organs

Analyse the effect of ibrutinib on kinase activation status in CLL cells longitudinally in
either the steady-state or following ex vivo activation

Analyse and compare the effects between treatment-naive and relapsed refractory

cohorts
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CHAPTER 2:
Methods and Materials
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2.1 PROTOCOL DEVELOPMENT

2.1.1 Phosflow

2.1.1.1 Patient and control groups

All samples were taken from the patients with confirmed diagnosis of CLL according to the
guidelines established by the National Cancer Institute-sponsored working group (NCI-WG).
The samples were taken from patients who have not received treatment, received
treatment more than 6 months ago or are undergoing treatment with B-cell receptor
antagonist. The samples were anonymised, and no patient identifiable information was
used. The samples were collected from the patients diagnosed with CLL attending the clinic
at St James’s University hospital, Leeds, UK. Control samples were taken for some
experiments from healthy donors. Positive and negative control specimens were taken from
GM12828 cell line (EBV transformed lymphoblastoid cell line) and Hela cell line (epidermal
cell line), respectively, for Western blot analysis. All research was performed in accordance

with local ethical guidelines and the appropriate approval is in place.

2.1.1.2 Red cell lysis

Leucocytes were isolated by incubating whole blood with a 4-fold excess of ammonium
chloride (8.6 g/I in distilled water) or BD Pharm lysis buffer for 10 min at 37°C to lyse red
cells. Samples were centrifuged at 800 x g for 10 minutes and cells were washed twice in
FACS Flow (BDIS) containing 0.3% bovine serum albumin (BSA). Alternatively, cells were

washed in Phosphate Buffered Saline (PBS) or Hank’s Balanced Salt Solution (HBSS).

2.1.1.3 Isolation of mononuclear cells (MNC) using Lymphoprep

Blood was collected in EDTA containing tubes. Blood was diluted by adding an equal amount
of 0.9% sterile sodium chloride (NaCl) solution. The diluted blood was then layered over half
the volume of lymphoprep in a centrifuge tube. The tube was then centrifuged at 800 x g for
20min at room temperature in a swing-out rotor. If the blood is stored for more than 2
hours, the centrifugation time was increased to 30min. Mononuclear cells form a distinct
band at the sample medium interface. The cells were removed from the interface using a

pasture pipette without removing the upper layer.
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Figure 2.1 Mononuclear cell (MNC) separation using Lymphoprep

The harvested fraction was diluted with medium to reduce the density of the solution and
the cells were pelleted by centrifugation for 10 min at 250 x g. Cells were the counted using

an automated cell counter (Sysmex KX-21N).

2.1.1.4 Phosflow experiments:

Following red cell lysis, 1x10° leukocytes were used per experiment. The cells were
incubated with extracellular antibodies for 20 minutes. These included antibodies to CD3,
CD19, CD5 and CD20 conjugated to various flourochromes. Combinations of extracellular
antibodies were used to distinguish the CLL cells and T cells. The cells were washed with
PBS/HBSS twice. lbrutinib was added next to the cells in following concentrations: 1-10uM.
The cells were then incubated at 37°C for 30 minutes followed by stimulation with F(ab’)2
anti-IgM (10pg/ml) or anti-IgD (10ug/ml) at 37°C. The cells were lysed by using BD Phosflow
lysis buffer (1X) at different time points. The time points used were 0, 1, 2, 5 and 30 minutes
in variety of conditions. The treated cells were well mixed by vortexing and then stored at
37°C for 10-12 minutes. The samples were centrifuged at 600 x g for 6 minutes and
decanted. BD Perm wash buffer (1X) was added to each sample and incubated for another
10-12 minutes. The cells were then washed twice with 1ml of BD Perm wash buffer. The
next step was to add intracellular phosflow antibodies at a concentration titrated in
additional experiments. Antibodies to BTK pY551, SYK pY348, MAPK-p38 T180/Y182, ERK1/2
pT204/pY204, AKT pS473, AKT pT308, ZAP 70 pY319/SYK pY352 were used tagged to various

flourochromes (Purchased from BD Biosciences). The samples were then incubated for 60
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minutes at room temperature in the dark. The cells were washed again with 3mls of BD
Perm wash buffer once. Cells were re-suspended in 200uL of BD Permwash buffer and
acquisition on a BD Fortessa flow cytometer was carried out using standard procedures.
Phosphorylation of various kinases was assessed in each experiment and the results were

assessed based on the changes in MFI using Diva software and FlowJo software.

2.1.2 Calcium flux

Whole blood was lysed by using ammonium chloride or BD pharm lysis buffer. Alternatively,
the MINCs were collected after Lymphoprep separation. 5x10° leukocytes were required per
sample. The cells were initially incubated with extracellular antibodies i.e., CD3 and CD19
for 20 minutes. 1x10° cells were suspended in 1ml of HBSS** (HBSS supplemented with 1mM
of CaCly, 1mM of MgCl, 1% FCS). 50ug of Fluo-3 and Fura Red dyes (Calcium indicator dyes
purchased from Invitrogen) were suspended in 50ul of DMSO. 3uL of Fluo-3 and 0.75uL of
Fura Red were mixed by repeated pipetting and added to 1x10° leukocytes suspended in
1ml of HBSS**. The cells were kept at 37°C in dark for 30 minutes. The cells were then
centrifuged at 500 x g for 3 minutes, and medium was discarded. The sample was washed
with 1ml of HBSS** and then re-suspended in 1ml of HBSS**. This was split into 500uL for
each condition. For drug experiments, the cells were kept with ibrutinib (1-10uM) at 37°C
for 30 minutes. The sample acquired on flow cytometer (BD Fortessa) for 1-minute
background followed by stimulation (e.g., anti IGD/IGM/IGG 10ug/ml) and acquisition for
another 4 minutes. A control sample and ionomycin stimulated sample was run in parallel.

The data was interpreted using the FloJo software.

2.1.3 Western blotting

2.1.3.1 Cell lysates

Samples were obtained after red blood cell lysis or Lymphoprep separation. 5x10° cells were
taken for each time point. The cells were washed with PBS twice and a pellet was made by
centrifuging the cells at 800 x g for 5 minutes. The cells were re-suspended in PBS and were
divided into unstimulated and stimulated groups (anti-lgM/IgD 20ug/ml). Unstimulated cells
were transferred to NP40 lysis buffer (1% Nonidet P-40, 50 mM Tris pH 7.4, 80 mM KCl, 10
mM EDTA) with freshly added protease inhibitors and kept on ice. The stimulated samples
at each time point were transferred to NP40 lysis buffer and kept on ice. The samples were
then spun in a centrifuge at 13,000rpm at 4°C for 10 minutes. The supernatant was then
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transferred to a new tube. Sample buffer (4% SDS, 20% glycerol, 0.004% bromophenol blue,
0.125 M Tris HCIl) with 2-Mercaptoethanol was added and lysates were then stored at -202C.

The lysates were boiled for 5minutes before loading them on the gel.

2.1.3.2 SDS-PAGE and Western blotting

SDS-PAGE resolving and stacking gels were prepared using a Bio-Rad Protean Il
electrophoresis cell. Pre-stained molecular weight marker (Precision Plus, Bio-Rad) was
included on each SDS-PAGE gel. The lysates were boiled for 5 minutes and approximately
3x10° cell equivalents of lysate were added to each well. Electric current was applied for 60
minutes at 50mA to separate the proteins according to molecular weight. Proteins were
then transferred to nitrocellulose membrane using Western transfer buffer (25 mM Tris,
192 mM Glycine, 20% methanol) at 100V for 1hr at 4°C or overnight at 20V at 4°C. The
membrane was then blocked with 1% BSA in Tris Buffered Saline containing 0.1% Tween
(TBS-T) or 1% non-fat dry Milk/TBS-T for 1hour. The membrane was then incubated with
primary antibody (dilution specified according to manufacturer) for 1hour at room
temperature on a rocking platform. Membrane was then washed three times with TBS-T
and then incubated with secondary antibody (dilution 1:20000) conjugated to horseradish
peroxidase (all secondary antibodies purchased from Jackson Immunoresearch) on a rocking
platform for 30 to 60 minutes at room temperature. The membrane was washed with TBS-T
three times and then developed with a chemiluminescent substrate (SuperSignal West Pico
ECL, Pierce). The membrane was then exposed to film to determine the presence of

antibody binding.

2.2 ASSAY VALIDATION FOR DETECTION OF ACTIVE B CELL KINASES

2.2.1 Phosflow validation

Although CLL cells have down modulated surface immunoglobulin, the kinase pathways
downstream of B-cell receptor remain intact and are required for persistence of the
neoplastic clones. Furthermore, many of the signalling components have a restricted
expression pattern, and thus targeting these pathways represent an attractive clinical
strategy for treating CLL. The drug ibrutinib is an irreversible inhibitor of the B cell kinase
BTK. To determine the effect of ibrutinib on the signalling and survival of CLL cells, patient

samples were evaluated for changes in phosphorylation patterns in key regulatory
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pathways. The samples were taken from patients with established diagnosis of chronic
lymphocytic leukaemia. Samples were then assessed within the first 4 hours, 24 hours and
48 hours to assess the level of phosphorylation. PBS was used as a buffer to simulate in vivo

conditions.

As a first means of evaluating phosphorylation levels, a flow cytometry-based assay was
employed using antibodies that recognise specific phosphorylated residues. Lymphocytes
were gated initially based on the Side scatter and Forward scatter characteristics. Tand B
lymphocytes were separated into quadrants based on CD3 and CD19 expression as
represented in Figures 2.1 and 2.2. Phosphorylation of various kinases was established with
no stimulus, IgM (10ug/ml) and I1gD (10ug/ml) at various time points. Included in the

analysis were antibodies used to detect:

e BTKpY551
o SYKpY348
e MAPK-p38 pT180/pY182
e AKT pS473
e AKT pT308
e ERK1/2 pT202/pY204
The phosphorylation was also assessed with the addition of BTK inhibitor ibrutinib prior to

stimulation.

CcD3

CD19

Figure 2.2 Diagrammatic representation of the quadrants for separation of Tand B
lymphocytes based on staining with antibodies to CD3 and CD19.
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The following experiments show the various layouts in assessment of phosphorylation of

intracellular kinases using BD FACS Diva software.

Pat1

-

SSC-Ax 1.000)

50

100
FSC-A

IIIIlIIlIIIIIII
150 200 250
(x 1,000)

Patl Af-Mo stirmulus

1I]5

'||:|4
vl vl

IIII3

CD3APC REFOM4-A

-1,8452
-3 ||||||||||Iil|||||||

B

TT ||||||| T |||||||| T
o 10 10" 10
D19 PECYT BYS0/G0-A

Figure 2.3 The gate(P1) is placed on lymphocytes based on forward and side scatter. P1 is
then divided into quadrants based on CD19 (Q4; B-cells) and CD3 (Q1; T-cells) expression.

The phosphorylation on individual kinases was then established using the mean

fluorescence intensity (MFI) and comparison at various time points. Figure 2.4 depicts the

results from one CLL patient. In this example stimulation with anti-lgM resulted in an

increase of BTK phosphorylation on Y551, the target of LYN kinase by two minutes with a

shift from an MFI of 103 in the unstimulated state to 198. The response is maintained at 10

minutes, but with some loss of phosphorylation. One can also observe that the entire B cell

population is shifted and thus all cells appear to be responding equally well to the stimulus.
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Figure 2.4 Histograms representing phosphorylation of Btk pY551 with no stimulus and

anti-lgM at 2 and 10 minutes.
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Figure 2.5 represents the results of increase in phosphorylation of SYK kinase on Y348 on
stimulation with anti-lgM from the same sample. The effect has persisted at 2 and 10 minutes

suggesting a sustained response to anti-IgM.
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1t 0

Figure 2.5 Histograms representing phosphorylation of Syk pY348 with no stimulus and
anti-IlgM at 2 and 10 minutes.

Figure 2.6 shows the level of phosphorylation of MAPK-p38 in response to anti-IlgM. There is
an increase in phosphorylation of MAPK-p38 at 2 and 10 minutes in response to anti-IgM

suggesting a continued response to the stimulus.

No stimulus Anti-IgM 2 minutes Anti-IgM 10 minutes
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Figure 2.6 Histograms representing phosphorylation of MAPK-p38 pT180/Y182 with no
stimulus and anti-IgM at 2 and 10 minutes.
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Figure 2.7 shows the phosphorylation of AKT S473 in response to anti-lgM stimulation.

There is slight increase in phosphorylation at 2 minutes and this effect is lost at 10 minutes.
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Figure 2.7 Histograms representing phosphorylation of AKT pS473 with no stimulus and
anti-lgM at 2 and 10 minutes.

The phosphorylation can also be displayed by overlaying histograms to assess the pattern of
stimulation, however FACS Diva software is unable to perform this function. Therefore, the
analysis was repeated with FlowJo software which considers the number of events in each
experiment and is able to overlay the histograms for various conditions. Moreover, the
effect of stimulation with anti-IlgM versus anti-lgD was also evaluated. An example for one

of these experiments using FlowJo software is shown below in Figure 2.8.

8 hrehocytes

Figure 2.8 Lymphocytes are gated based on SSC and FSC. A gate is further applied on
CD19+ve B lymphocytes.
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Figure 2.9 illustrates the overlay of histograms representing the phosphorylation of SYK
pY348 with no stimulus and anti-IgM stimulation at 1 minute. The MFI has increased from
166 to 219 in response to anti-lgM stimulation. In this example, the change due to IgD

stimulation is greater, with an increase in MFI from 166 to 262.

Anti-IgM Anti-IgD

Count
B8407
77750

Sample Hame Subset Hame | Count Sample Hame Subset Hame
Pat1_lght Pat 1 fos B lymphocyles | 02015 Pat3_IgDh Pat 1.fos B Iymphooytes
CI|Fat 1_Ho stimulus- Fat 1.9cd B lymphocytes | 75880 O|Pat3_No stimulus Pat 1 fod B lymphooytes

Count

T T
107 o 107 w? 1% o™ o 10” 1t 10°
Comp-B695_40-A ;: Syk Per-CP 55 Comp-B685_40-A - Syk Per-CP 55

Figure 2.9 Phosphorylation of Syk with no stimulus, anti-IgM or anti-IgD represented by
overlay of histograms. Red line represents phosphorylation with no stimulus and blue
dotted line denotes phosphorylation with anti-IgM or anti-IgD.

Having established the staining conditions required to see a change in phosphorylation
levels, the effect of ibrutinib was evaluated. Samples were pre-incubated for 1 hour with or
without the drug at 37°C and then stimulated. The representative experiment in Figure 2.10
to 5.12 shows the phosphorylation of various kinases with no stimulus, incubation of sample
with ibrutinib (1uM), addition of IgM and IgD with or without ibrutinib (1uM). The results
show inhibition of phosphorylation of BTK, SYK and AKT on incubation of sample with
ibrutinib. However, there was increased level of phosphorylation of MAPK-p38. There was
phosphorylation of SYK, AKT 473 and MAPK-p38 with IgM/IgD stimulation which was

abrogated with addition of ibrutinib.

Figure 2.10 shows the phosphorylation of BTK, AKT, SYK and MAPK-p38 at baseline with no
stimulus and after incubation with ibrutinib (1uM) at 37°C for 60 minutes. There is
reduction in phosphorylation of BTK, AKT and SYK with addition of ibrutinib but there is an

increase in phosphorylation of MAPK-p38. MFI changes are shown in attached Table 2.1.
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Figure 2.10 Phosphorylation of BTK, AKT, SYK and MAPK-p38 with no stimulus and after
incubation with Ibrutinib. Red solid lines represent phosphorylation with no stimulus and
dotted blue lines represent phosphorylation after incubation with Ibrutinib.

Table 2.1 Mean fluorescence intensity (MFI) of various kinases with no stimulus and

incubation with Ibrutinib for 60 minutes.

Condition

BTK

AKT

SYK MAPK

Figure 2.11 below depicts the increase in phosphorylation of BTK, AKT, SYK and MAPK-p38

in response to IgM and IgD stimulation. The changes in MFI are shown in the attached table

2.2.
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Figure 2.11 Phosphorylation of BTK, AKT, SYK and MAPK-p38 with no stimulus and
stimulation with IgM (10ug/ml) and IgD (10ug/ml). Red solid lines represent

phosphorylation with no stimulus and dotted blue lines represent phosphorylation after
stimulation with IgM/IgD.

Table 2.2 Mean fluorescence intensity (MFI) of various kinases with no stimulus and
stimulation with IgM (10pug/ml) and IgD (10ug/ml) for 2minutes.

Condition

BTK

AKT

SYK MAPK

IgM and IgD- 2minutes

211

492

220 107

Following figure 2.12 shows the overlay of histograms of phosphorylation of BTK, AKT, SYK

and MAPK-p38 with no stimulus and after the sample was incubated with ibrutinib (1uM)

for 60 minutes and then stimulated with IgM and IgD. Ibrutinib abrogated the
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phosphorylation of kinases induced by IgM and IgD except MAPK-p38. The MFI for kinases is

shown in attached Table 2.3.
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Figure 2.12 Phosphorylation of BTK, AKT, SYK and MAPK-p38 with no stimulus and
stimulation of Ibrutinib (1uM) treated cells with IgM (10ug/ml) and IgD (10pug/ml). Red
solid lines represent phosphorylation with no stimulus and dotted blue lines represent
phosphorylation after stimulation with IgM/IgD.

Table 2.3 Mean fluorescence intensity (MFI) of various kinases with no stimulus and
stimulation of ibrutinib treated cells with IgM (10ug/ml) and IgD (10ug/ml) for 2 minutes.

Condition Btk Akt Syk MAPK

Ibrutinib + IgM and IgD- 2minutes 140 323 90 97

In conclusion, the Phosflow experiments were optimised for various combinations of
intracellular phosphorylated proteins and extracellular antibodies. The experiments
performed thus far focussed on the response of CLL cells, but additional surface markers can

be employed to establish the phosphorylation in various subsets of B lymphocytes such as
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CLL cells, normal B lymphocytes and memory B cells. This will allow a detailed dissection of

the effect of therapeutic agents on the different B cell populations present in patients.

2.2.2 Calcium flux

In addition to the phosphorylation status of key signalling components, the release of

intracellular Ca*? represents an essential component of BCR-triggered events. Ca*? flux

provides a rapid measure of the extent of stimulation and can be readily monitored using
Ca*? binding dyes in a flow cytometric assay. To perform this analysis, lymphocytes were

collected using lymphoprep and tagged with extracellular antibodies. Fluo-3 and Fura Red

were added to the sample and stored at 37°C before acquisition. The sample was assessed

for calcium flux before and after addition of stimulus. The ratio of Fluo-3 to Fura Red was

assessed using FACS Diva software.
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Figure 2.13 Lymphocytes were gated based on FSC and SSC marked as P1. P2 and P3
populations are B and T lymphocytes, respectively. P4 and P5 show calcium fluxinBand T
lymphocytes, respectively, after stimulus.
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Figure 2.14 Lymphocytes were gated based on FSC and SSC marked as P1. P2 and P3
populations are B and T lymphocytes, respectively. P4 and P5 show calcium influx in B and
T lymphocytes, respectively, after stimulus.

The experiments depicted in Figures 2.13 and 2.14 show the increase in calcium flux in B
lymphocytes from two CLL patients on stimulation with a polyclonal antibody mixture
against IgM/1gD/IgG. The T lymphocytes did not show any increase in flux, but the B cells did
respond. There was an initial surge in cells showing flux followed by a plateau in response.
The level of flux in the cells correlated with the IgM and IgD expression on the CLL cells. In
subsequent experiments, the calcium flux has been assessed with individual stimulus such
as IgM and IgD with similar responses. The responses can also be assessed after addition of
B-cell receptor antagonists. The data in Figure 2.15 shows flux with ionomycin which is used

as a positive control in these experiments.

75



. Pat 2 GP-lonamycin Pat 2 GP-lonomycin
5 2 RO : a
3 o i S .- L.
= = E-j
g R
=8 =3
] P"'ﬂ-‘:'? .
- 27 o -3
%": 3
I'-':'n:|: l:_utl __
57 Ll
- D_ o
. g
2 =
z o i
. o o = -
|||||||||||||||||||||||||| ‘:‘T-; | ” a Illllmlld_lllllllﬁ
50 100 150 00 250 2,113 o 1o 1o 10
FOr-A (x 1,000 O3 APC RETOM 4-A
a Pat 2 GP-lonomycin
=
HF.lCIE
& 5
=R
T a3
o o
o 3
= a4
I
L .
.
=&
W]
ﬁ) ||||||||||||||||||||||||||||||||||||||||||
0 5 10 15 20 % 30 25 40
Tirme e 1,0007%

Figure 2.15 Calcium flux in B cells after addition of ionomycin.

2.2.3 Western blotting

While phosphorylation can be monitored with flow cytometry, the gold standard for
assessment of changes in protein status is Western blotting. To corroborate the results
obtained with phosflow, additional samples were evaluated for the presence of
phosphorylated proteins using whole cell lysates run on SDS-PAGE, transferred to
nitrocellulose and immunoblotted with specific antibodies. The lysates were made from
fresh CLL cells and the GM12828 lymphoblastoid B cell line. 1%Milk/TBS-T was used as a
blocking buffer for detection of phosphorylated kinases. 1%BSA/TBS-T was used as blocking
buffer for actin detection. Figure 2.16 shows an example of an actin blot, confirming
equivalent amounts of protein were present in each sample loaded. Figure 2.17 shows total
phosphotyrosine containing proteins in CLL cells that had been stimulated with anti-lgM for

the indicated times. In this experiment, there was a weak induction of phosphorylation of
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some proteins in the molecular weight range of 70-80 kDa and strong induction of a

phosphoprotein of approximately 25 kDa. This pattern was observed within 2 minutes of

stimulation and persisted for the time course of the experiment. The level dropped at the 5

minutes time point, but this may have been due to loading. The identity of these proteins

has not been ascertained.

Tme: 0 1 2 5 10
(min)

Figure 2.16 Actin detection in unstimulated and stimulated CLL sample at various time
points.

Time: O 2 5 10 (min)

Figure 2.17 Phosphotyrosine detection in unstimulated and stimulated CLL sample at
various time points.
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Figure 2.18 shows an example of SYK phosphorylation in GM12828 cell line and primary CLL
with anti-IlgM at different time points. A weak protein band around the molecular weight of
70kDa is visible in GM12828 cell line and there appears to be strong induction of
phosphorylation with anti-IgM at 1 minute. There does not appear to be any expression of

phosphorylated SYK protein in this CLL sample

GM12828 CLL sample

Time: O 1 O 1 2 5 10
(min)

Figure 2.18 SYK phosphorylation in GM12828 cell line and primary CLL with anti-IgM.

Figure 2.19 shows the expression of total BTK in the GM12828 cell line and primary CLL
cells. There is a strong expression of total BTK in GM12828 cell line with or without stimulus.
The primary CLL cells do not show any expression of BTK. Another protein is detected

around 25kDa in GM 12828 cells.
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GM12828 CLL sample

Time: O 1 0 1 2 5 10
(min)

Figure 2.19 BTK phosphorylation in GM12828 cell line and primary CLL with anti-IgV.

To conclude, the detection of active intracellular kinases with Western blotting has been
successful in lymphoblastoid B-cell line GM 12828 but inconsistent in primary CLL cells. The
results presented here suggest that the conditions (i.e., blocking buffers and antibody
concentrations) used for detecting the various proteins of interest were appropriate and
that the problem was more likely to reside in the preparation of the CLL samples. While the
actin and total phosphotyrosine blots appeared to detect proteins as expected, subsequent

evaluation of individual kinases was inconclusive.

79



2.3 IciCLLe TRIAL- METHODS

2.3.1 Trial design

The IcICLLe trial was designed as a single-arm, multi-centre feasibility study of ibrutinib in two
cohorts: (A) TN CLL patients requiring therapy according to IWCLL criteria; and (B) RR CLL
patients. All patients received continuous oral therapy with ibrutinib (420mg once daily (OD)
from registration until disease progression. Response to treatment was scrutinised at
specified time-points in the trial. It recruited 40 patients from nine specialist haemato-
oncology centres in the United Kingdom. The sample size was selected in order to adequately
determine the trial’s biological endpoints balanced with available laboratory resource for the

required analysis.

An independent Data Monitoring Committee (DMC) was established to review the safety of
the study on a six-monthly basis. The clinical trial was approved by all relevant institutional
ethical committees and regulatory review bodies and was performed in accordance with
local ethical guidelines. The study was undertaken in accordance with Good Clinical Practice
and the Declaration of Helsinki. The trial was included on appropriate trial registers
(ISRCTN12695354 and EudraCT Number 2012-003608-11).

2.3.1.1 Patients

40 patients were recruited to the study, and all gave written informed consent prior to
entry; cohort A comprised 20 TN patients, cohort B 20 RR patients. The inclusion and
exclusion criteria of the trial are mentioned below:

2.3.1.2 Inclusion Criteria

Cohort (A): Treatment naive (20 patients)

e Progressive Stage A, Stage B or Stage C CLL

e CLL requiring therapy by the IWCLL criteria

e (ECOG performance status) of 0, 1, or 2

e Life expectancy of at least 6 months

e Age 218

e Prepared to undergo the stipulated investigations within the trial (including bone marrow
examinations)

e Able to give informed consent
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e Adequate hepatic function, defined as serum aspartate transaminase (AST) or alanine

transaminase (ALT) <2.5 x ULN, and total bilirubin <1.5 x ULN unless due to Gilbert’s

syndrome

e Adequate renal function, defined as estimated creatinine clearance = 30 ml/min using the

Cockcroft-Gault equation

Cohort (B): Relapsed/refractory (20 patients)

B-CLL requiring therapy according to the IWCLL guidelines

The leukaemia cells should co-express CD19, CD5, and CD23 and each clone should
have restricted to expression of either kappa or lambda immunoglobulin light
chains.

The levels of surface immunoglobulin, CD20, and CD79b should be low. If there is
atypically strong surface immunoglobulin, CD20, or CD79b expression, or other
atypical features, it may not be possible to perform the MRD monitoring required

to evaluate the primary endpoint.

Refractory/relapsed CLL defined as any of the following:

Failure to achieve a response (CR or PR by IWCLL Criteria) to a purine analogue
alone or in combination with chemotherapy, or:

Relapse within 6 months of responding to a purine analogue alone or in
combination with chemotherapy, or:

Relapse at any time after fludarabine, cyclophosphamide and rituximab (FCR) or

bendamustine plus rituximab, or:

Patients with CLL with deletion of chromosome 17p who have failed at least one

previous therapy.

e ECOGPSofO,1,o0r2

e Life expectancy of at least 6 months

e Prepared to undergo the stipulated investigations within the trial (including bone marrow

examinations)

e Age2>18

e Able to give informed consent

e Ability to comply with study protocol procedures
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Adequate hepatic function, defined as serum aspartate transaminase (AST) or alanine
transaminase (ALT) <2.5 x ULN, and total bilirubin <1.5 x ULN unless due to Gilbert’s
syndrome

Adequate renal function, defined as estimated creatinine clearance =30 mL/min using the
Cockcroft-Gault equation

Minimum platelet count of >50 x 10°/L and ANC > 1.0 x 10°/L

2.3.1.3 Exclusion Criteria

All patients

Unwilling to undergo the protocol assessments including the bone marrow examinations
Active infection (at the time of registration), history of chronic or recurrent infection
Other severe, concurrent (particularly cardiac or pulmonary) diseases or mental disorders
that could interfere with their ability to participate in the study

Use of prior investigational agents within 6 weeks

Pregnancy or lactation

Unwilling to use appropriate contraception during and for 18 months following treatment
Central nervous system (CNS) involvement with CLL

Mantle cell lymphoma

Known HIV positive

Patients with active Hepatitis B disease

Active secondary malignancy excluding basal cell carcinoma

Currently active, clinically significant hepatic impairment Child-Pugh class B or C according
to the Child Pugh classification

Persisting severe pancytopenia (neutrophils <1.0 x10°/L) or transfusion dependent
anaemia unless due to direct marrow infiltration by CLL (to be confirmed via bone marrow
biopsy)

Active haemolysis (not controlled with Prednisolone at 20 mg or less)

Patients requiring or who have received anticoagulation treatment with warfarin or
vitamin K antagonists within one week of the first dose of ibrutinib

Patients requiring concomitant use of strong CYP3A4/5 inhibitors

Patients with evidence or history of transformation and/or PLL
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Major surgery within 4 weeks prior to registration

Currently active, clinically significant cardiovascular disease, such as uncontrolled
arrhythmia or Class 3 or 4 congestive heart failure or a history of myocardial infarction,
unstable angina, or acute coronary syndrome within 6 months prior to registration
History of stroke or intracranial haemorrhage within 6 months prior to registration
History of severe allergic or anaphylactic reactions to humanised or murine monoclonal
antibodies. Known sensitivity or allergy to murine products.

Vaccination with a live vaccine a minimum of 28 days prior to registration.

Patients with Progressive Multifocal Leukoencephalopathy (PML).

No known allergy to obinutuzumab or excipients

83
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CONSORT

TRANSPARENT REPORTING of TRIALS

CONSORT 2010 Flow Diagram

Assessed for eligibility (n=43)

Excluded (n=3)
+ Not meeting inclusion criteria (n=3)

A 4

+ Declined to participate (n=0)
+ Other reasons (n=0)

Non-randomised (n=40)

v

[ Allocation

Allocated to intervention (n=40)
+ Received allocated intervention (n=40)
+ Did not receive allocated intervention (n=0)

A 4

[ Follow-Up

Lost to follow-up (n=0)

Discontinued intervention (n=14) of which:

+ Toxicity (n=2)

+ Disease progression (n=2)

+ Death (n=1)

+ Complete remission (n=1)

+ Other medical reason (n=1)

«+ Transfer to IcICLLe Extension Study (n=7)

[ Analysis

Analysed (n=40)
+ Excluded from analysis (n=0)

Figure 2.20 CONSORT Diagram of IciCLLe trial
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2.3.2 Assessments

Response to treatment was assessed according to the as per updated 2008 IWCLL
guidelines(66). MRD was assessed by highly sensitive multiparameter flow cytometry with a
level of detection below 1 CLL cell in 10000 leukocytes (135). Peripheral blood (PB) and bone
marrow (BM) were taken at screening, and 1 & 6 months with additional PB at Oh (baseline),
4h, 24h, 7 & 14 days, and 2, 9, & 12 months. Levels of phosphorylated BTK pY551/SYK
pY348/AKT S473/ERK1/2 were analysed in vitro via phosflow at these time-points. Clinical
assessments were performed at the protocol-specified time-points above and 6-monthly
thereafter. Adverse Events (AEs) were assessed from day 1 of treatment and at follow-up
visits according to the NCI Common Terminology Criteria for Adverse Events (version 4). All

AEs and Serious Adverse Events (SAEs) were recorded until 30 days after end of therapy.

2.3.3 Outcomes

The objective of IcICLLe was to investigate the mechanism of action of ibrutinib and the
biological response to ibrutinib. The primary outcome was the proportion of patients
achieving MRD-negative remission by IWCLL criteria (depletion of CLL below 0.01% in the PB
and BM) within 6 months of trial treatment. The clinical secondary outcomes included overall
response rate (ORR), PFS at 1- and 2-years, OS at 1- and 5-years, and safety of ibrutinib. The
biological secondary endpointsincluded CLL cell levels in PB and BM, proliferation index (Ki67)
of CLL cells in PB and BM, and changes in expression of protocol specified CLL cell surface

markers during treatment.

2.3.4 Statistical methods

Outcomes are analysed by descriptive statistics only. Analysis was conducted using Rv3.3.1
with the dplyr, survival, and SPSS packages (241-244). Confidence intervals for binary
variables are calculated using Wilson’s method. Data were frozen in May 2021 after being

validated using pre-specified checks. No missing values have been imputed.

2.4 PHOSFLOW IN IcICLLe TRIAL

A panel of markers was assessed on peripheral blood (PB) and bone marrow (BM) taken at
screening, 1 & 6m. PB was also taken at baseline, 4 & 24h, 7 & 14d, & 2,9 & 12m.
Phosphorylation of SYK pY348, BTK pY551, ERK1/2, AKT S473 was assessed in 4 conditions:
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unstimulated +/- ibrutinib and stimulated with IgM/ I1gD +/- ibrutinib at each time point.
1x10°leukocytes were tagged to extracellular antibodies (CD3/CD19) conjugated to
fluorochromes. Ibrutinib (1uM) was added to the cells (30min, 372C followed by anti-
IgM/IgD stimulation (10ug/ml)). The BD phosflow protocol was followed to
lyse/fix/permeate the CLL cells. Antibodies to BTK pY551, SYK pY348, ERK1/2 pT204/pY204,
AKT pS473 were used tagged to fluorochromes (from BD Biosciences). Cells were acquired

on a BD Fortessa flow cytometer.

Table 2.4 Antibodies used in IciCLLe trial

Antigen Conjugate | Clone/Animal Volume Manufacturer
CD3 APC HIT3a Sul BD Bioscience
CD19 PE-Cy7 SJ25C1 1ul BD Bioscience
BTK (pY551) | AF488 24a/BTK (Y551) 5ul BD Bioscience
AKT (pS473) | V450 M89-61 2.5 ul BD Bioscience
SYK (pY348) | PE J1-223.371 5ul BD Bioscience
ERK1/2 PE-Cy7 20A 5ul BD Bioscience

Table 2.5 Reagents used

Ammonium Chloride | Sigma-Aldrich 8.6g/l in distilled water

FACS flow BD Biosciences

Bovine Serum Sigma Aldrich 0.3% in FACSflow

Albumin

Phosphate buffered Gibco 1.0588236mM Potassium Phosphate
solution 1X monobasic (KH2P0O4)

155.17241mM Sodium Chloride (NaCl)

86



2.966418 Sodium Phosphate dibasic
(Na2HPO4-7H20)

Goat F(ab’); anti-lgM | Stratech
Goat F(ab’) anti- Cambridge Dialysis into 0.01sodium phosphate,
human-lgD Siosci 0.25M NaCL, pH 7.6

iosciences

Lyse/Fix Buffer 5X

BD Biosciences

Agueous buffered solution containing
formaldehyde and proprietary

ingredients

Perm Buffer IV 10x

BD

Biosciences

BD Pharm lysis buffer
10X

BD Biosciences

Ammonium chloride based lysing
reagent
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CHAPTER 3: Clinical Results of
IcICLLe trial; TN VS RR Patients
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3.1 INTRODUCTION

Ibrutinib shows great promise in improving outcomes in patients with CLL and is now
approved by the FDA and the EMA for treatment of relapsed or refractory (RR) and
treatment-naive (TN) CLL patients based on compelling data from Resonate-1 and Resonate-
2 trials (118, 245). Resonate-1 trial was a phase 3 randomised controlled trial that
randomised RR CLL patients to either receive ibrutinib in experimental arm or Ofatumumab
as standard therapy. Patients relapsing in Ofatumumab arm were allowed to cross-over to
receive ibrutinib. The six-year follow-up of the trial confirmed improved progression-free
survival (PFS) in favour of ibrutinib. Similarly, Resonate-2 was a phase 3 randomised control
trial comparing Ibrutinib to Chlorambucil monotherapy and prolonged follow-up confirmed
PFS and overall- survival (OS) advantage in favour of ibrutinib. However, ibrutinib treatment
must be continued long-term in order to improve or maintain clinical responses. The best
combination therapy with ibrutinib is still unknown, warranting mechanistic studies in order
to understand the biological changes in the CLL cell with BCR antagonists. Carefully designed
studies based on better understanding of the biology of the disease will inform future
studies and improve outcomes in CLL patients. It was easier to answer these questions in
small investigator-initiated trial and IciCLLe trial was an attempt to answer these questions

in a phase-2 design for both TN and RR CLL patients.

This Chapter focusses on the trial design, clinical features and clinical responses in all CLL
patients treated on the trial with ibrutinib. The IcICLLe trial was a single-arm, multi-centre
feasibility study of ibrutinib (BTK inhibitor) in two cohorts: (A) Treatment naive (TN) CLL
patients requiring therapy according to IWCLL criteria; and (B) relapsed refractory (RR) CLL
patients. It investigated the dynamics of disease response in all patients requiring treatment
with continuous ibrutinib monotherapy. We hypothesized that ibrutinib would be an
effective treatment for TN and RR CLL. We expected that continuous ibrutinib therapy will
result in improved haematological, clinical and radiological response in both cohorts of the
trial. The responses were assessed at various time points with frequent blood test
monitoring, bone marrow testing and CT scans. It was hypothesized that patients confirmed
to achieve minimal residual disease (MRD) negative remission will not receive further

ibrutinib therapy.
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3.2 TRIAL DESIGN

3.2.1 Patients

40 patients were recruited to the study, and all gave written informed consent prior to
entry; cohort A comprised 20 TN patients, cohort B 20 RR patients. Eligible patients were
>18 years, had progressive CLL requiring treatment as per IWCLL criteria (66, 246), an ECOG
performance status (247, 248) of 0 to 2, and life expectancy 26 months. Patients with
persisting severe pancytopenia due to bone marrow infiltration could enter the trial even
with low platelet counts. Patients previously treated with a B-cell receptor inhibitor (BCRi)

were excluded from the trial.

3.2.2 Assessments

3.2.2.1 Efficacy assessments

Response to treatment was assessed according to the updated 2008 IWCLL guidelines (66,
246). MRD was assessed by highly sensitive multiparameter flow cytometry with a level of
detection below 1 CLL cell in 10000 leukocytes. Peripheral blood (PB) and bone marrow (BM)
were taken at screening, 1 and 6 months, with additional peripheral blood at Oh (baseline),
4h, 24h, 7 and 14 days, and 2, 9, and 12 months(134). Levels of phosphorylated BTK pY551,
SYK pY348, AKT pS473, and ERK1/2 pT204/pY204 were analysed ex vivo via phosflow at these
time-points. Clinical assessments were performed at the protocol-specified time-points
above and 6-monthly thereafter. Overall Survival (OS) and Progression-free survival (PFS)

were estimated using the Kaplan-Meier method.

3.2.2.2 Outcomes

The objective of IcICLLe was to investigate the mechanism of action of ibrutinib and the
biological response to ibrutinib. The primary outcome was the proportion of patients
achieving MRD-negative remission by IWCLL criteria (depletion of CLL below 0.01% in the PB
and BM) within 6 months of trial treatment. The clinical secondary outcomes included overall
response rate (ORR), PFS at 1- and 2-years, OS at 1- and 5-years, and safety of ibrutinib. The
biological secondary endpoints included CLL cell levels in PB and BM, proliferation index (Ki67)
of CLL cells in PB and BM, and changes in expression of protocol specified CLL cell surface

markers including CD20, CD23, CD200 and CXCR4 during treatment.
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The primary outcome measures in the initial protocol (v1.0 to v4.0) were biological in
nature, seeking to assess the impact of ibrutinib on CLL cells in PB and BM. From protocol
v5.0, an extension study combining ibrutinib with the anti-CD20 monoclonal antibody
obinutuzumab was added to the relapsed refractory cohort and the primary outcome was
changed to rate of MRD-negative remission to provide a common, objective, and
standardised outcome for the two trial stages as well as determining how this response

differs in the TN and RR cohort of the trial.

3.2.3 Results

3.2.3.1 Clinical features

Baseline clinical features of two cohorts of patients are presented below in the following
Table 3.1. The average age in TN group was 59 years whereas it was 62.5 years for RR
cohort. The median age for all patients was 61.5 years; Median white cell count and
lymphocytes were higher in the TN group. Median bone marrow infiltration and sum of
diameter of product of lymph nodes (SDP) were higher in the TN group. However, median
spleen size was 16 cm in RR cohort as compared to 14 cm in TN cohort. Most participants
had Binet stage B or C and unmutated IGHV status in both cohorts. A variety of cytogenetic

aberrations were prevalent in both cohorts.

Table 3.1 Baseline characteristics of TN and RR cohort of IcICLLe trial

Parameters Treatment naive Relapsed refractory All patients
Median Age (range) | 59 (42.3-71.2) 62.5 (50.6-82.8) 61.5 (42.3-82.8)
Median haemoglobin | 10.5 (8.5-14.6) 12.1 (8.7-15.3) 10.9 (8.5-15.3)
in g/dl (range

Median Platelet in 125 (33-637) 127 (18-283) 126 (18-637)
10%L (range)

Median WBC in 87.1(9.1-738.2) 47.2 (3.2-222.2) 63.1 (3.2-738.2)
10%/L (range)

Median Neutrophil 4.1(0.1-28.2) 4.3 (0.4-14.9) 4.2 (0.1-28.2)
baseline in 10%/L

(range)

Median lymphocytes | 82.75 (4-738.2) 32.3 (1.6-219.3) 55 (1.6-738.2)

in 10%L (range)
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B2 microglobulin

4.3 (1.8-9.3)

4.4 (2.2-9.1)

4.4 (1.8-9.3)

Median percentage
Bone marrow
infiltration (range)

90 (65-97)

84.5 (10.9-96)

88 (10.9-97)

Median SDP in cms
(range)

43.5 (17.9-66.87)

30.68 (0-115.9)

35.1 (0-115.9)

Median spleen size in | 14 (10-23) 16.6 (11.1-27) 14 (10-27)
cms (range)

Binet staging n (%)

stage A progressive | 0 (0%) 1 (5%) 1 (2.6%)
Stage B 8 (42.1%) 9 (45%) 17 (43.6%)
Stage C 11 (57.9%) 10 (50%) 21 (53.8%)
unknown 1 (5%) 1 (2.5%)
17del 4 (20%) 2 (10%) 6 (15%)
ATM 4 (20%) 3 (15%) 7 (17.5%)
trisomy 12 1(5.3%) 2 (10%) 3 (7.7%)
not tested 1

13q 2 (10.5%) 8 (40%) 10 (25.6%)
not tested 1 (2.5%)
IgHV

Mutated 6 (33.3%) 2 (10.5%) 8 (21.6%)
Unmutated 12 (66.7%) 17 (89.5%) 29 (78.4%)
not tested 3 (7.5%)

3.2.3.2 Assessment of baseline characteristics in TN and RR cohorts

Statistical significance of the difference in median of baseline parameters was compared

between two groups using nonparametric independent sample test (Figure 3.1). The median

of both groups was similar for all parameters except for bone marrow infiltration, which has

shown that baseline infiltration is more in TN cohort compared to RR cohort. To conclude,

there were no major differences in clinical features for both cohorts except for the level of

bone marrow infiltration which was statistically significant in the TN cohort.
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3.2.3.3 Assessment of baseline staging and biological characteristics in TN and RR cohorts

Baseline characteristics based on the clinical staging, cytogenetics and IGHV status were
assessed across the two cohorts. Figure 3.2 shows the features across the two cohorts of
the trial. Fisher Exact test was used to compare categorical variables. There was no

statistically significant difference between the TN and RR groups.
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Figure 3.2 Baseline clinical staging, cytogenetics and IGHV status of TN and RR cohorts: a)
Binet stage b) TP53 c) ATM d) Trisomy 12 e) 13 deletion f) IGHV mutation.
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There was an expectation that there will be more patients with cytogenetically adverse
disease in the RR group. However, there was no stratification adopted for the study and the
small number of patients in both cohorts may explain the lack of difference between the
two groups. To conclude, the baseline staging, cytogenetic features and IGHV mutation

status were consistent across the two groups.

3.2.3.4 Clinical responses at various time points in all patients

Response to the treatment with ibrutinib for various clinical parameters were compared at
multiple time points. For peripheral blood parameters, the time points compared were day
0, day 1, day 2, week 1, week 2, month 1, month 2, month 6, month 9 and month 12.
Baseline, month 1 and month 6 were the time points analysed for bone marrow and
radiological parameters. These time points were chosen to obtain in-depth analysis of the
responses to ibrutinib. Statistical significance for the difference between various time points

for the whole group were calculated using ANOVA with repeated measures (Figure 3.3).
a. Haemoglobin

The baseline haemoglobin (Hb) mean level was 11 g/L, which was maintained until 2 months
post-treatment, at which time the levels began to increase (Figure 3.3a). Hb levels rose to
13 g/L by month 9 post-treatment and then stabilised out to 12 months. A repeated
measures ANOVA with a Greenhouse-Geisser correction determined that the mean
haemoglobin level differed statistically significantly between time points (P=0.000). This has
shown that there is a consistent statistically significant improvement in haemoglobin. The
consistent improvement in haemoglobin suggests clinical efficacy of ibrutinib and

improvement in bone marrow function.

b. Platelet count
As shown in Figure 3.3b, the mean platelet count differed statistically significantly between
time points (P=0.004). Details of post hoc tests using the Bonferroni correction has shown
that there is a consistent statistically significant improvement in platelet count. This again

reflects continued improvement with ibrutinib therapy in both cohorts.
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Platelet count (c) WBC count (d) Neutrophil count (e) Lymphocyte count (f) Degree of
bone marrow infiltration (g) SDP of lymph nodes and (h) Spleen size. Error bars represent
the 95% confidence interval.
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c. WBC count
A repeated measures ANOVA with a Greenhouse-Geisser correction determined that the
mean WBC count differed statistically significantly between time points (P=0.000) (Figure
3.3c). There is a consistent statistically significant fall in WBC count in later measurements.

This is consistent with initial rise in white cell count followed by a fall in the count over time.

d. Neutrophil count
In contrast to the platelets and WBCs, the mean neutrophil count did not differ statistically
significantly between time points (P=0.801) (Figure 3.3d). The neutrophil count continues to

be stable with continuous ibrutinib therapy in both cohorts.

e. Lymphocyte count
A repeated measures ANOVA with a Greenhouse-Geisser correction determined that mean
lymphocyte count differed statistically significantly between time points (P=0.000) (Figure
3.3e). There is a statistically significant increase in lymphocyte count towards week 1 and
the fall observed towards month 6. This is entirely consistent with the response expected

with ibrutinib.

f. Bone marrow infiltration
The mean level of bone marrow infiltration in percentage differed statistically significantly
between time points (P=0.000) (Figure 3.3f). Details of post hoc tests using the Bonferroni
correction has shown that there is a statistically significant decrease in level of bone marrow
infiltration towards month 6 compared to baseline and month 1. This suggests that the bone
marrow clearance happens slowly with ibrutinib, but substantial improvement can be

expected with continued therapy.

g. Sum of product of diameters (SDP) of lymph nodes

Moreover, the mean level of SDP in cms differed statistically significantly between time
points (P=0.000) (Figure 3.3g) and that there is a statistically significant decrease in SDP
towards month 1 which continued to month 6 when compared to baseline. This suggests a

consistently improved radiological and clinical response to therapy in both cohorts.
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h. Spleen size
Consistent with the results for other secondary lymphoid structures, the mean level of
spleen size in cms differed statistically significantly between time points (P=0.000) (Figure
3.3h). The post hoc tests have shown that there is a statistically significant decrease in
spleen size towards month 1 which continued to month 6 when compared to baseline. This

is like the clinical and radiological improvement in SPD with ibrutinib monotherapy.

3.2.3.5 Difference in parameters between TN and RR groups at various time points

When evaluated as a single entity, both TN and RR groups exhibited a relatively uniform
response to treatment with ibrutinib. To establish whether there were any discernible
differences between TN and RR groups, a non-parametric independent sample test
comparing medians between the two was used to assess the clinical parameters described
above. A summary analysis of comparison of these variables between the TN and RR cohorts
is presented below. For the variables presented in Figure 3.4, there was no statistically
significant difference between TN and RR groups at any of the times measured suggesting a
largely equivalent response between the two cohorts. The comparisons made at baseline

and month 6 are shown as examples.
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Figure 3.4 Independent sample median test for the indicated parameters in TN (n=20) and
RR cohort (n=20). The median (central line), range (top and bottom bar) and interquartile
range (top and bottom end of box) separated into TN and RR groups are shown in the

plots.

In contrast, assessment of the bone marrow infiltration and SDP of the lymph nodes

suggested that there were some observable differences between the two groups (Figure

3.5). The results suggest that there was a statistically significant difference in the degree of

bone marrow infiltration at baseline. However, the difference was not prevalent at the

month 6 time point. Moreover, there was no statistically significant difference in the degree

of SDP at baseline and month 1. However, a statistically significant reduction in SDP was

noted in TN cohort at month 6.
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Figure 3.5 Independent sample median test for bone marrow infiltration and SDP of LN in
TN (n=20) and RR cohort (n=20). The median (central line), range (top and bottom bar)
and interquartile range (top and bottom end of box) separated into TN and RR groups are

shown in the plots.

3.2.3.6 Comparison of means between TN and RR group

Analysis of differences between means of TN and RR group for various parameters were

compared for statistical significance using independent sample t test. Group statistics were

performed for comparison and statistically significant difference between both groups were

identified with calculated mean, standard deviation and standard error of mean. Table 3.2

shows the independent sample tests for comparison of means between TN and RR cohorts.

The variables with significant difference are shown in the table. Statistically significant

difference was found in terms of age, WBC count on day 1, day 2, week 1 and lymphocyte
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count on baseline and day 2 between the two cohorts. In short, the difference between the

two groups were minimal in terms of the variables assessed.

Table 3.2 Independent Samples test for comparisons of means between TN and RR group
(Only statistically significant variables are shown in the table).

t-test for Equality of Means
t df Sig. (2- Mean Std. Error 95% Confidence Interval
tailed) Differenc Differenc of the Difference
e e Lower Upper

Age at Equal

entry variances -2.316 38 .026 -6.375 2.752 -11.947 -.802
assumed

WBC Equal

Baseline variances 2271 38 .029 110.280 48.551 11.992 208.567
assumed

WBC Day Equal

1 (pre- variances 2.182 38 .035 105.110 48.178 7.578 202.641

treatment assumed

and 4 hr)

WBC Day Equal

2 (24 hr) variances 2.442 38 .019 122.065 49.992 20.861 223.268
assumed

WBC Equal

Week 1 variances 2.122 36 .041 101.659 47.908 4.495 198.823
assumed

Lym Equal

Baseline variances 2.233 37 .032 107.471 48.125 9.961 204.982
assumed

Lym Day Equal

2 (24 hr) variances 2.378 31 024 100.816 42.389 14.362 187.270
assumed

3.2.3.7 Clinical response assessment

Minimal residual disease in CLL is defined as when the patient has blood or marrow with
fewer than one CLL cell per 10,000 leukocytes. Both 4-colour flow cytometry (MRD flow)
and allele-specific oligonucleotide PCR are reliably sensitive down to a level of
approximately one CLL cell in 10,000 leukocytes (0.01%). The detection of minimal residual
disease (MRD) above a 0.01% (107%) threshold is an independent predictor of PFS and OS in

patients with CLL treated with chemoimmunotherapy.

Analysis of the primary endpoint, depletion of MRD below 0.01% in the peripheral blood
(PB) and bone marrow (BM) after 6 months of ibrutinib treatment, was carried out for all 40
patients. Analysis of the secondary endpoints was carried out for evaluable patients at the

protocol-specified time points.
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Absolute CLL counts in peripheral blood increased immediately after the first dose and
peaked after two weeks to one month (Figure 3.6). In the TN group, absolute CLL counts
returned to baseline by month 2 and were significantly reduced from baseline levels at 6
months (median 12%, range <1 to 64%). In the RR group, CLL counts remained
approximately two-fold higher than baseline during the first 1-2 months of treatment and
returned to baseline levels at month 6 (median 84%, range 1 to 786%). Bone marrow
responses were not evident in either group after 1 month of treatment, but significant
reductions occurred after 6 months of treatment in some patients, with at least 50%

reduction evident in 8/16 (50%) TN patients and 3/18 (17%) RR patients.
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Figure 3.6(a) Peripheral blood CLL count from baseline to 6 months of treatment in TN
cohort (b) Peripheral blood CLL count from baseline to 6 months of treatment in RR cohort
(c) Bone marrow response from baseline to 6 months of treatment in TN cohort (d) Bone
marrow response from baseline to 6 months of treatment in RR cohort.

Table 3.3 summarises best disease response by IWCLL criteria within 6 months of ibrutinib
treatment. One TN patient died before the first disease assessment at 1 month. Three
patients (n =2, TN; n = 1, RR) were assessed at 1 month but not at 6 months. 16/20 (80%)
TN patients and 18/20 (90%) RR patients experienced at least partial remission with

lymphocytosis. The overall response rate was 85% of patients experiencing at least a partial
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remission with lymphocytosis (PR-L). Two TN patients achieved an MRD-positive clinical

complete remission (CR) with incomplete marrow recovery.

Table 3.3 Best IWCLL response within first six months of therapy.

TN Cohort (N=20) RR Cohort (N=20)
N % (95% Cl) N % (95% Cl)
Complete Remission with
_ 2 10.0 (2.8, 30.1) 0
incomplete marrow recovery
Partial Remission 8 40.0(21.9, 61.3) 7 35.0(18.1, 56.7)

Partial Remission with
) 6 30.0 (14.5, 51.9) 11 55.0 (34.2, 74.2)
lymphocytosis

Stable Disease 3 15.0 (5.2, 36.0) 2 10.0 (2.8, 30.1)

Died before assessment 1 5(.9, 23.6) 0

Ibrutinib-monotherapy in TN patients was well tolerated with 18/20 patients alive and
13/20 remaining on IBR after median 4.9 years follow-up (range 0-5.9) with 7/20 stopping
due to toxicity (3), progression/relapse (2) or other causes (2). Two patients achieved an
IWCLL CR/CRi and MRD was >0.01% in PB/BM in all patients at all time points. Progression-

free and overall survival at 3 years was 90% (Figure 3.7).

In the R/R group initially receiving lbrutinib-monotherapy, 11/20 patients remain alive and
3/20 remain on IBR after a median 3.9 year follow-up (range 0.3-5.3). In this heavily pre-
treated group, 10 did not enroll on the Obinutuzumab Extension study (1 died, 1
progression/relapse, 4 not eligible/other causes, 4 patient preference). The remaining 10/20
from the initial R/R group did enroll on the Extension and received Obinutuzumab at median
16.2 months (range 13-19) after starting lbrutinib-monotherapy, of which all evaluable
patients (9/10) had resolved any lymphadenopathy pre-OBI. Of this group, 2/10 achieved
MRD-negative remission and stopped treatment, while 6/10 have since stopped ibrutinib

due to death (2/6), progression/relapse (3/6) or other causes (1/6). Progression-free and
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overall survival at 3 years was 60% and 69% respectively for the ten patients receiving the

combination (Fig 3.7).

Median OS have not yet been reached in both arms. 5-year PFS and OS are trial outcomes

which have not been reported.

Progression Free Survival
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Figure 3.7 Kaplan Meier Curve for Progression-Free Survival in TN and RR cohorts.

3.3 CONCLUSIONS

IciCLLe trial was designed to assess the effectiveness of ibrutinib monotherapy and
understand the effect of the drug on B-cell receptor pathways in real time. The
effectiveness of the drug was established in this trial in two cohorts: Treatment naive (TN)
and relapsed refractory (RR) CLL. The clinical effectiveness of the drug was assessed using
the IWCLL criteria: Overall response rates (ORR), Progression-free survival, Overall survival
at various time points. However, the primary end point of the trial was assessment of MRD-
negativity in patients receiving continuous therapy. It is well established now that ibrutinib
on its own cannot achieve MRD-negativity and this is confirmed in this study (249).
However, assessment of MRD dynamics with ibrutinib is interesting and helped to design
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future trials where combination of ibrutinib is assessed with other molecules such as anti-

CD20 antibody and BCL-2 inhibitors.

This Chapter focussed on the design of the trial, clinical and biological characteristics of

patients in the two cohorts of the trial, differences in the cohorts and the clinical outcomes.

Analysis of the baseline characteristics revealed that the participants represent a typical
small phase 2 CLL trial population (250, 251). The average age for TN cohort was younger
than average age of diagnosis of CLL which is 70 (65-74) years old (67, 68, 252). However,
this is well established that the trials usually enrol younger participants (253, 254). The
clinical parameters in both cohorts were consistent for participants entering the trial, hence
the majority were classed as Binet Stage B and C. The haematological parameters were also
as expected in both cohorts and there was no major difference in the baseline parameters.
The degree of bone marrow infiltration was higher in the TN cohort, but this may just reflect
the baseline disease bulk prior to initiation of therapy. In this trial, 66% and 90% of TN and
RR participant had IGHV unmutated status, respectively. The cytogenetic aberrations in both

cohorts are similar.

Clinical effectiveness was then analysed initially in individual variables in terms of response.
Improvement in bone marrow function was evident as there was consistent improvement in
haemoglobin and platelet count between baseline and month 12. This was accompanied by
improvement in white cell count and lymphocytes reflective of improving clearance of
disease systemically. This was confirmed as the degree of bone marrow infiltration between
baseline and 6 months of therapy declined substantially. The total bulk of disease decreased
with continuous ibrutinib therapy as manifested by reduction of sum of product of diameter
of lymph nodes and spleen. In short, all clinical parameters confirmed the effectiveness of

continuous ibrutinib.

Comparison of clinical response in the two cohorts was also assessed. The response at
various time points was consistent, as there was no difference in response in terms of
haemoglobin and platelet improvement. The fall in white cell count and lymphocyte were
consistent in both groups. The degree of bone marrow infiltration was higher in the TN
cohort, but the extent of infiltration was not statistically significant at month 6 in both

cohorts suggesting that the clearance of bone marrow happened substantially in both
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cohorts but significantly in TN cohort. There was improvement in sum of product of
diameter of lymph nodes (SDP) and spleen in both cohorts. However, the SDP clearance was
statistically significant at Month 6 in the TN cohort suggestive of sensitivity of response to
ibrutinib. The comparisons of mean between two cohorts revealed minimal differences at

various time points.

The primary endpoint of the trial was assessment of MRD negativity at a level of < 0.01% as
per IWCLL criteria. Ibrutinib is unlikely to achieve MRD negativity and this was seen in all
participants. However, analysis of MRD consistently shown an improvement in the CLL
count in peripheral blood and bone marrow at various time points. Though achievement of
MRD negativity is not possible with continuous ibrutinib therapy, this insight into the
dynamics of disease clearance is important in understanding the logical combinations to
achieve the goal of deeper remissions in CLL. Responses as per IWCLL criteria varied in two
cohorts: In TN cohort, majority of participant achieved either partial response (PR) or partial
response with lymphocytosis (PR-L). However, there were two patients who achieved
complete response with incomplete marrow recovery (CRi). Majority of response in RR
cohort were partial response (PR) or partial response with lymphocytosis (PR-L). Though
there was higher disease bulk in the TN cohort than RR cohort at baseline, the response
suggests accelerated and deeper responses in TN cohort. These results are consistent with
prolonged follow-up studies for ibrutinib in both TN and RR CLL, where overall response rate
(ORR) improved with continuous ibrutinib therapy. The CR rate in Resonate study for RR CLL
patients was 11% with an overall follow-up- of 74 months, whereas the CR rate in Resonate-
2 for TN patients was 30% with median follow-up of 5 years. No patient achieved MRD-
negativity in these trials, but MRD was not formally assessed at various time points in these
pivotal studies (118, 245). Other trials have reported similar results with single agent
ibrutinib but combination with other agents such as Obinutuzumab, CIT and Venetoclax has
resulted in deeper clinical and MRD responses in both TN and RR CLL (110, 111, 255, 256). In
iLLUMINATE trial, addition of Obinutuzumab to ibrutinib resulted in higher PB MRD-
negativity (35%) as compared to Chlormbucil-Obinutuzumab (25%) assessed flow cytometry
(110). On the contrary, ibrutinib in combination with rituximab induced few MRD-negative
results (4% lbrutinib + Rituximab vs 1% lbrutinib vs 8% Bendamustine-Rituximab) in

A041202 trial (111). Similar results have been reported in R/R CLL where addition of
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rituximab has not improved MRD responses (257) but combination with CIT has yielded
better MRD response in HELIOS study (256). Addition of Venetoclax to ibrutinib does results
in deeper MRD responses in RR CLL (255, 258). Hence, PFS and OS in both cohorts of IciCLLe

trial were as expected and consistent with the reported literature.

In summary, the clinical responses in IciCLLe trial were seen in both TN and RR cohorts with
subtle differences at various time points. The information collected from the initial data

informed the design of IciCLLe extension trial and CLARITY study.
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CHAPTER 4:

Results of IciCLLe trial Cellular Kinases;
TN VS RR Patients
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4.1 ASSESSMENT OF RESIDUAL KINASE ACTIVITY IN IciCLLe TRIAL

Signals transmitted through the BCR are essential for the development, function and
survival of normal B cells as well their malignant counterparts. As detailed in the previous
chapters, CLL is reliant on proximal BCR signalling events transmitted through a cascade of
cytosolic kinases whose activity can be effectively monitored through the detection of
phosphorylated residues using specific antibodies and a flow cytometric assay. It is well
established that ibrutinib blocks the phosphorylation of BTK on tyrosine 551 on the catalytic
domain as well as tyrosine 223 on the SH2 domain, thus rendering the kinase inactive.
However, whether the effect is sustained in all patients or whether blocking one pathway in
CLL cells may alter the activation of other downstream pathways remains an open question.

This is particularly important for patients that are refractory to treatment.

Various intracellular kinases are involved in the signalling from the BCR and there is a close
link between the pathways regulated by these enzymes (259). SYK was assessed as this
kinase is required to activate BTK and ERK1/2 is downstream of BTK (260-262). AKT is an
important kinase in the PI3K pathway that is also a direct target of BTK (263). Real-time
phosflow was incorporated in the trial protocol to analyse the effect of continuous ibrutinib

therapy on these key kinases that control the behaviour of CLL cells.

We therefore reasoned that the assessment of kinase activity levels during the IciCLLe trial

would allow us to formally test the following hypotheses:

Hypothesis 1:

In vivo ibrutinib exposure will result in decreased steady-state phosphorylation in all of the

major BCR associated pathways downstream of BTK over time in responding patients.

Hypothesis 2:

In vivo ibrutinib exposure will result in failure of ex vivo IgM/IgD-mediated stimulation of

pathways downstream of BTK over time in responding patients.

Hypothesis 3:

Continuing in vivo exposure to ibrutinib should result in diminished efficacy when cells are

re-exposed to the drug ex vivo.
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4.2 GENERAL METHODOLOGY

The analysis initially included all eleven time points (D-14, DO, D1Hr4, D1Hr24, D7, D14, M1,
M2, M6, M9 and M12) analysed by ANOVA with repeated measures with a Greenhouse-
Geisser correction. A major limitation of using this method here is the absence of data at all
time points in all patients. The missing data was the result of several issues, which included
missed sampling, insufficient sample or delayed delivery of the samples from the sites. This
considerably reduced the numbers for this analysis. Therefore, later calculations were
performed using the 3 major time points where most patients have provided samples for

the tests. This includes DO, M1 and M6 data.

4.3 EFFECT OF IBRUTINIB TREATMENT ON STEADY-STATE KINASE
PHOSPHORYLATION

There is a wealth of evidence that signalling through the BCR plays an important role in
driving and maintaining CLL and that interfering with signals propagated through the BTK
effectively halts CLL growth, although some patients may show prolonged
lymphocytosis(240). Previous work has shown that despite inhibition of BTK activity,
persistent CLL cells in patients exhibiting extended lymphocytosis maintain activation of
other BCR signalling pathways when evaluated at 1- and 6-months post-treatment (240). To
determine whether ibrutinib treatment effectively muted BCR signalling pathways in CLL,
peripheral blood samples were evaluated at 11 time points by intracellular staining for

phosphorylated BTK, SYK, ERK and AKT (Figure 4.1).

The mean MFI for phospho-BTK did not differ statistically significantly between time points
(p=0.353) and remained relatively constant throughout the time course. In contrast, the
mean MFI of phospho-SYK began to decrease after two weeks of treatment and reached a
statistically significant difference between week 1 and Month 12 (p=0 .001). The
phosphorylation of ERK1/2 and AKT displayed small initial increases followed by more

pronounced differences that reached significance (p< 0.005) between DO and M9.

112



A  Estimated Marginal Means of BTKCLLT B ,, Estimated Marginal Means of SYKCLLT
Tu
Ty 1.40 Eﬁ 150
@9 1.2 S
=0
EE 1.00 %E 1.00
=0 Q
o e 58 50
55 60 Lo
g =" 00
=0 @ Q% 0, 0, 4 by by 4 Y 4 4
Q;?oo ;& @L,/ %@;%%%@b 7o &5, 7,5, / S RO
. time
time
Error bars: 95% Cl Error bars: 95% Cl
C1 50 Estimated Marginal Means of ERKCLLT D Estimated Marginal Means of AKTCLLT
‘ 1.80
%% 140 E% 160
E% 120 3° 140
@ 100 55
og ! ik 1.20
E:II 80 53 1.00
L=
=0 60 S0 g
Q,s?oo ’*&’3&%’ %@,%%%@,‘3 ' Qz,O ,/y,/y@%/'!f,’!@%%@,@
/‘? ij
time time

Error bars: 95% Cl Error bars: 95% Cl

Figure 4.1 Estimated marginal means of kinase phosphorylation in peripheral blood
samples during full course of ibrutinib treatment. MFI of phosphorylated versions of (A)
BTK (B) SYK (C) ERK and (D) AKT in unstimulated CLL cells/T cells.

Although the patterns of kinase phosphorylation reached statistical significance, there was a
large spread of data at each of the time points, which in part may be due to missing samples
or may reflect differences in the responses of patients with particular features. To ascertain
whether there were any differences between treatment naive patients or relapsed
refractory patients, additional analyses were performed, treating the groups separately.
Moreover, samples from bone marrow were additionally evaluated to assess the impact of

microenvironment.
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As shown in Figure 4.2A, there is no statistically significant difference in the MFI for BTK
pY551 between DO and M6, regardless of patient group. However, in bone marrow samples
there is a statistically significant difference in MFI between Day 0 and Month 6 (p=0.003)
(Figure 4.2B). The fall in MFl is similar in both group of patients suggesting that thereis a
progressive decline in phosphorylation in BTK pY551 with continuous ibrutinib therapy. This

is different to the pattern seen in the peripheral blood.

Figure 4.2C shows the means of SYK pY348 in TN and RR patients. The fall in MFl is similar in
both group of patients suggesting that there is a progressive decline in phosphorylation in
SYK pY348 with continuous ibrutinib therapy. However, there is no statistical difference in
both cohorts (p=0.754). Similarly, there is a statistically significant difference in the MFI of
SYK pY348 in bone marrow of TN and RR patients between Day 0 and Month 6 (p=0.001)
(Figure 4.2D). The fall in MFl is similar in both group of patients. There was no statistical

difference between TN and RR cohort (p= 0.386).

The fall in MFI for ERK1/2 in peripheral blood samples is similar in both cohorts of patients,
suggesting that there is a progressive decline in phosphorylation in ERK with continuous
ibrutinib therapy (Figure 4.2E). There was no statistical difference between cohorts
(p=0.325). The pattern for ERK1/2 phosphorylation in the bone marrow is similar to the
pattern seen in the peripheral blood (Figure 4.2F). There is a statistically significant
difference in MFI between Day 0 and Month 6 (p=0.001). The fall in MFl is similar in both

group of patients.

Figure 4.2G shows the means of AKT pS473 in peripheral blood samples from TN and RR
patients, which reached significance between DO and M6 (p=0.0030). The fall in MFl is
similar in both groups. Figure 4.2H shows the means of AKT pS473 in bone marrow of TN
and RR patients. The pattern is similar in both groups of patients with no statistical

difference between two cohorts (p=0.113).

In summary, BTK phosphorylation levels appeared to be less impacted by ibrutinib therapy,
with a decline only observed in the bone marrow. In contrast, patterns of phosphorylation
for SYK, ERK1/2 and AKT displayed a progressive decline in phosphorylation with continuous
ibrutinib therapy in both the peripheral blood and bone marrow with no difference between

TN and RR patients.
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Figure 4.2 Estimated marginal means of kinase phosphorylation during ibrutinib
treatment. (A) MFI of pBTK (pY551) in unstimulated CLL cells/ T cells from treatment naive
patients (TN) vs relapsed refractory (RR) in peripheral blood or (B) bone marrow; (C) MFI
of pSYK in peripheral blood or (D) bone marrow; (E)MFI of pERK1/2 in peripheral blood or
(F) bone marrow; and (G) MFI of pAKT in peripheral blood or (H) bone marrow.

115



4.4: EFFECT OF IBRUTINIB TREATMENT ON IGM/IGD STIMULATED
KINASE PHOSPHORYLATION

The B-cell receptor (BCR) repertoire is highly restricted in CLL suggesting a role for antigenic
selection in the initiation or progression of the disease (196, 200). Antigens binding to CLL
BCRs include self-antigens, such as non-muscle myosin llIA, vimentin, apoptotic cells and
oxidized low-density lipoprotein, as well as foreign antigens (bacterial polysaccharides and
B-(1,6)-glucan, a major antigenic determinant on fungi) (210, 215, 264-268). Interestingly,
evidence was provided in mice that pathogens may drive CLL pathogenesis by selecting and
expanding pathogen-specific B cells that cross-react with self-antigens (209). CLL cells were
reported to display cell-autonomous Ca?* mobilisation in the absence of exogenous ligands,
by virtue of recognising a single conserved BCR-internal epitope in the IGHV second
framework region (88). Recently, it was found that the internal epitopes recognized by CLL

BCRs from distinct subgroups are different (269).

In line with chronic BCR-mediated signalling, CLL cells show constitutive activation of various
BCR pathway associated kinases. CLL cells are thought to interact with the tissue
microenvironment and lymph node resident CLL cells show gene expression signatures
indicative of BCR activation (270, 271). Moreover, BTK is critical for BCR- and chemokine-
controlled integrin-mediated retention and/or homing of CLL B cells in their

microenvironment (272).

IgM and IgD receptor isotypes are co-expressed on mature B cells and their function in B-cell
development and maturation is widely interchangeable, as demonstrated in IgM and IgD
knock-out mouse models (273, 274). Most CLL cells express both IgMs and IgDs, and several
studies characterised the importance of IgM BCRs for CLL cell survival, cell-cycle entry, and
proliferation (216, 275-279). The function of IgD in CLL has also been studied, with
controversial results, mostly related to the effects of IgD stimulation on either inducing cell
survival, or rather apoptosis (280, 281). IgM responsiveness typically increases in U-CLL
cases, while such differential responses are generally not seen after IgD stimulation (216,

275, 276, 280, 281). The differential response in terms of HS1 phosphorylation, F-actin
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polymerisation, ERK activation and chemokine secretion to IgM and IgD stimulation has also

been evaluated (282).

Whether the stimulated phosphorylation of the key BCR-controlled kinases declines with

continuous ibrutinib therapy was therefore tested by following analyses:

a. 1IgM/1gD stimulated kinase phosphorylation in CLL cells as compared to T-cells for TN and

RR cohorts

b. IgM/IgD stimulated kinase phosphorylation in CLL cells as compared to unstimulated CLL
cells for TN and RR cohorts

c. 1IgM/IgD stimulated kinase phosphorylation in CLL cells as to baseline IgM/IgD stimulated
kinase phosphorylation for TN and RR cohorts

4.4.1. 1IgM/IgD stimulated kinase phosphorylation in CLL cells as compared to
T-cells for TN and RR cohorts should fall

The evidence presented thus far in this chapter suggests that BCR-associated signalling in
vivo is dampened in the face of continuous exposure to ibrutinib. However, these results do
not indicate whether the cells remain refractory to signalling after acute triggering through
the BCR. To test this, peripheral blood samples were obtained at multiple intervals during
treatment and cells exposed to an F(ab’), antibody capable of cross-linking both IgM and
IgD. The extent of signalling was monitored by intracellular staining for phosphorylated BTK,
SYK, ERK and AKT, initially in comparison to T cells as a control population where no increase

is expected (Figure 4.3).

The mean MFI for stimulated BTK did not differ statistically significantly between time
points (p=0.262) and remained relatively constant throughout the time course in the
peripheral blood. In contrast, the mean MFI of stimulated SYK began to decrease after
month 6 of treatment and reached a statistically significant difference between early time
points and M9-12 (p=0.002). The phosphorylation of stimulated ERK1/2 started to decline

at M2 and continued to decline till M12 but did not reach statistical significance (p=0.114)
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Stimulated AKT displayed small initial increases in early time points followed by decline at

week 2 and more pronounced differences that reached significance (p< 0.005) between DO

and M6 to M12.
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Figure 4.3 Estimated marginal means of kinase phosphorylation in peripheral blood
samples following stimulation with anti-IgM/IgD for 2 min during full course of ibrutinib
treatment. MFI of (A) pBTK (B) pSYK (C) pERK and (D) pAKT in stimulated CLL cells/ T cells.

The data were then further divided into treatment naive patients or relapsed refractory

patients and samples from bone marrow were additionally evaluated.

As shown in Figure 4.4A, there is no statistically significant difference in the MFI for

stimulated BTK pY551 between DO and M6, regardless of patient group in the peripheral

blood (p=0.267). There was a similar pattern observed in the bone marrow at similar time
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points (p=0.151) (Figure 4.4B). The stable stimulated MFI is similar in both group of patients
suggesting that there is a no change in stimulated phosphorylation in BTK pY551 with
continuous ibrutinib therapy. This pattern was similar in in the peripheral blood and bone
marrow and there were no statistically significant differences between the TN and RR

cohorts in peripheral blood (p=0.139) and bone marrow (p=0.110).

Figure 4.4C shows the means of stimulated SYK pY348 in TN and RR patients. The fall in MFI
is similar in both group of patients at baseline and M6 suggesting that there is a progressive
decline in stimulated phosphorylation in SYK pY348 with continuous ibrutinib therapy
(p=0.002). However, there is no statistical difference in both cohorts (p=0.660). Similarly,
there is a statistically significant difference in the MFI of SYK pY348 in bone marrow of TN
and RR patients between Day 0 and Month 6 (p=0.002) (Figure 4.4D). However, the fall in
phosphorylation is more evident in TN cohort as compared to RR cohort in bone marrow

which is dissimilar to peripheral blood (p=0.037).

The fall in MFI for stimulated ERK1/2 in peripheral blood samples is similar in both cohorts
of patients, suggesting that there is a progressive decline in stimulated phosphorylation in
ERK with continuous ibrutinib therapy (p=0.008) (Figure 4.4E). There was no statistical
difference between both cohorts (p=0.587). The pattern for stimulated ERK1/2
phosphorylation in the bone marrow is like the pattern seen in the peripheral blood (Figure
4.4F). There is a statistically significant difference in MFI between Day 0 and Month 6
(p=0.032). The fall in MFl is similar in both group of patients (p=0.589).

Figure 4.4G shows the means of stimulated AKT pS473 in peripheral blood samples from TN
and RR patients, which reached significance between DO and M6 (p=0.000). The fall in MFl is
similar in both group of patients (p=0.624). Figure 4.4H shows the means of AKT pS473 in
bone marrow of TN and RR patients (p=0.000). The pattern is similar in both group of

patients with no statistical difference between two cohorts (p=0.816).

In summary, stimulated BTK phosphorylation levels appeared to be stable with ibrutinib
therapy, both in peripheral blood and bone marrow. In contrast, patterns of stimulated
phosphorylation for SYK, ERK1/2 and AKT displayed a progressive decline in phosphorylation

with continuous ibrutinib therapy in both the peripheral blood and bone marrow with no
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difference between TN and RR patients. The decline in stimulated phosphorylation for SYK

was more pronounced in TN patients as compared to RR patients.
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Figure 4.4 Estimated marginal means of kinase phosphorylation following stimulation with
anti-lgM/IgD for 2 min. (A) MFI of pBTK (pY551) in stimulated CLL cells/ unstimulated CLL
cells from treatment naive patients (TN) vs relapsed refractory (RR) in peripheral blood or
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(B) bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone marrow; (E)MFI of
pPERK1/2 in peripheral blood or (F) bone marrow; and (G) MFI of pAKT in peripheral blood
or (H) bone marrow.

4.4.2 1IgM/IgD stimulated kinase phosphorylation in CLL cells as compared to
unstimulated CLL cells for TN and RR cohorts should fall

The above data using T cells as a comparator suggest that BCR signalling can still occur,
albeit at a reduced level, after prolonged exposure to ibrutinib. However, kinases such as
SYK and BTK are not expressed in T cells, so the background levels in the flow cytometry
assay may not be representative of the change in B cells. To address this issue, comparisons
were made instead between anti-lgM/D stimulated versus unstimulated CLL cells (Figure
4.5). Only three-point comparisons are done, as 11-points comparison is not more
informative and due to reduced number of available samples there is more possibility for

error.

As shown in Figure 4.5A, there is no statistically significant difference in the MFI for
stimulated BTK pY551 between DO and M6, regardless of patient group in the peripheral
blood (p=0.406). There was a similar pattern observed in the bone marrow at similar time
points (p=0.705) (Figure 4.5B). The stable stimulated MFI is similar in both group of patients
suggesting that there is a no change in stimulated phosphorylation in BTK pY551 as
compared to unstimulated CLL cells with continuous ibrutinib therapy. This pattern was
similar in in the peripheral blood and bone marrow and there was a statistically significant
difference between the TN and RR cohorts in peripheral blood (p=0.04) but no difference in

bone marrow (p=0.640).

Figure 4.5C shows the means of stimulated SYK pY348 in TN and RR patients. The decline in
stimulated SYK phosphorylation as compared to unstimulated SYK phosphorylation was not
statistically different in peripheral blood (p=0.559) and there is no statistical difference in
both cohorts (p=0.757). Similarly, there was no statistically significant difference in the bone
marrow of TN and RR patients between Day 0 and Month 6 (p=0.440) (Figure 4.5D), nor was

there a statistical difference between both cohorts in the bone marrow (p=0.144).
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The stimulated ERK1/2 in peripheral blood samples as compared to unstimulated CLL cells is
similar in both cohort of patients (p=0.109) (Figure 4.5E). There was no statistical difference
between both cohorts (p=0.062). The pattern for stimulated ERK1/2 phosphorylation in the
bone marrow is like the pattern seen in the peripheral blood (Figure 4.5F). There was no
statistically significant difference in MFI between Day 0 and Month 6 (p=0.141). The fall in
MFl is similar in both group of patients (p=0.195).

Figure 4.5G shows the means of stimulated AKT pS473 in peripheral blood samples from TN
and RR patients, which did not reach significance between DO and M6 (p=0.373). The fall in
MFI is similar in both group of patients (p=0.501). Figure 4.5H shows the means of AKT

pS473 in bone marrow of TN and RR patients (p=0.601). The pattern is similar in both group

of patients with no statistical difference between two cohorts (p=0.246).

Thus, the overall picture of anti-BCR triggered signalling when assessed by comparison to

unstimulated CLL cells is consistent with the results using T cells.
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Figure 4.5 Estimated marginal means of kinase phosphorylation following stimulation with
anti-lgM/D for 2 min. (A) MFI of pBTK (pY551) in stimulated CLL cells/ unstimulated CLL
cells from treatment naive patients (TN) vs relapsed refractory (RR) in peripheral blood or
(B) bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone marrow; (E)MFI of
pPERK1/2 in peripheral blood or (F) bone marrow; and (G) MFI of pAKT in peripheral blood
or (H) bone marrow.
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4.4.3. 1IgM/IgD stimulated kinase phosphorylation in CLL cells as compared to
baseline IgM/IgD stimulated kinase phosphorylation for TN and RR cohorts
should fall

To ascertain whether the strength of stimulated phosphorylation in CLL cells as compared to
unstimulated phosphorylation in CLL cells declines with continuous ibrutinib therapy at

various time points, additional analyses were performed.

As shown in Figure 4.6A, there is no statistically significant difference in the MFI for
stimulated BTK pY551 between DO and M6, regardless of patient group in the peripheral
blood (p=0.944). There was a similar pattern observed in the bone marrow at similar time
points (p=0.066) (Figure 4.6B). The stable stimulated MFI is similar in both group of patients
suggesting that there is a no change in stimulated phosphorylation in BTK pY551 as
compared to unstimulated CLL cells with continuous ibrutinib therapy. This pattern was
similar in in the peripheral blood and bone marrow and there was a statistically significant
difference between the TN and RR cohorts in peripheral blood (p=0.405) but no difference

in bone marrow (p=0.300).

Figure 4.6C shows the means of stimulated SYK pY348 in TN and RR patients. The strength of
increment in stimulated SYK phosphorylation did not fall as compared to unstimulated SYK
phosphorylation and this was not statistically different in peripheral blood (p=0.843); There
was no statistical difference in both cohorts (p=0.152). Similarly, there was no statistically
significant difference in the bone marrow of TN and RR patients between Day 0 and Month

6 (p=0.685) (Figure 4.6D).

The increment in the stimulated ERK1/2 in peripheral blood samples as compared to
unstimulated CLL cells is similar in both cohort of patients (p=0.113) (Figure 4.6E). There was
no statistical difference between both cohorts (p=0.06). The pattern for stimulated ERK1/2
phosphorylation in the bone marrow is similar to the pattern seen in the peripheral blood
(Figure 4.6F). There was no statistically significant difference in MFI between Day 0 and

Month 6 (p=0.173) and the pattern was similar in both cohorts (p=0.499).

Figure 4.6G shows the increments in the means of stimulated AKT pS473 in peripheral blood

samples from TN and RR patients, which did not reach significance between DO and M6
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(p=0.706). The fall in MFI is similar in both group of patients (p=0.452). Figure 4.6H shows
the means of AKT pS473 in bone marrow of TN and RR patients (p=0.956). The pattern is
similar in both group of patients with no statistical difference between two cohorts

(p=0.089).

In summary, the lack of increments in stimulated BTK, SYK, ERK 1/2, AKT phosphorylation
levels as compared to unstimulated state appeared to be stable with ibrutinib therapy, both

in peripheral blood and bone marrow. The pattern was similar in both cohorts.
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Figure 4.6 Estimated marginal means of kinase phosphorylation following stimulation with
anti-lgM/D for x min. (A) MFI of pBTK (pY551) in stimulated CLL cells/ baseline
unstimulated from treatment naive patients (TN) vs relapsed refractory (RR) in peripheral
blood or (B) bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone marrow; (E)MFI
of pERK1/2 in peripheral blood or (F) bone marrow; and (G) MFI of pAKT in peripheral

blood or (H) bone marrow.
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4.5 EFFECT OF IBRUTINIB TREATMENT ON EX VIVO EXPOSURE TO
REPEATED DOSAGE

A final prediction is that continued in vivo exposure to ibrutinib should result in diminished
efficacy when cells are re-exposed to the drug ex vivo. The irreversible binding of ibrutinib
to BTK should render the kinase inactive and refractory to both inducible stimulation as well
as further inhibition after additional application. To test this, samples were evaluated for

kinase activation status at the 3 major points, DO, M1 and M6 during therapy.

Figure 4.7A shows the estimated marginal means of MFI of BTK-pY551 in vitro ibrutinib
treated CLL cell/Unstimulated CLL cells at baseline, Month 1 and Month 6 in peripheral
blood. This shows stable levels as expected, with no statistical differences over time. This
pattern was additionally observed in bone marrow samples (Figure 4.7B). There was a
gradual increase in the detected level of SYK phosphorylation over time in the blood, but
this was not significant and was not mirrored in the pattern for bone marrow where the
levels were lower at M6 (Figure 4.7C and D). In both instances the changes were non-
significant (P =0.466 and P =0.084). The pattern for ERK1/2 phosphorylation was essentially
the same for both blood and bone marrow samples and remained stable throughout
(P=0.629 and P =0.173) (Figure 4.7E and F). Moreover, the MFI for phosphorylated AKT was
also relatively static over the entire course of treatment, regardless of whether the samples
were obtained from blood (difference in MFI p=0.188) or bone marrow (p=0.393) (Figure
4.7G and H).
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Figure 4.7 Estimated marginal means of kinase phosphorylation following treatment with
ibrutinib for 2 min. (A) MFI of pBTK (pY551) in stimulated CLL cells/ unstimulated CLL cells
in peripheral blood or (B) bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone
marrow; (E)MFI of pERK1/2 in peripheral blood or (F) bone marrow; and (G) MFI of pAKT
in peripheral blood or (H) bone marrow.
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Although the patterns above were generally stable for each of the kinases assessed, subtle
differences may emerge when considering TN and RR cohorts separately. However,
evaluation of the two groups did not generate any statistically significant differences in
either blood or bone marrow samples for any of the kinases (Figure 4.8), thus confirming

the effect on the patients as a whole.
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Figure 4.8 Estimated marginal means of kinase phosphorylation following treatment with
ibrutinib for 2 min. (A) MFI of pBTK (pY551) in stimulated CLL cells/ baseline unstimulated
from treatment naive patients (TN) vs relapsed refractory (RR) in peripheral blood or (B)
bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone marrow; (E)MFI of pERK1/2
in peripheral blood or (F) bone marrow; and (G) MFI of pAKT in peripheral blood or (H)

bone marrow.
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The result from the above data suggests that the CLL cells exposed to long-term ibrutinib
are indeed resistant to further dosage. To provide additional evidence, the CLL samples
from blood and bone marrow were also subjected to ex vivo IgM/IgD stimulation in the
presence of fresh ibrutinib and compared to the IgM/IgD stimulated CLL cells at the same

time points. The prediction is that over time, the ratio will fall.

Figure 4.9 shows the estimated marginal means of phosphorylation patterns for the 4
kinases at baseline, Month 1 and Month 6 in peripheral blood and bone marrow. The MFI
of BTK-pY551 in vitro IgM/IgD treated CLL cell/Ibrutinib treated IgM/IgD stimulated CLL cells
is stable in both blood (Figure 4.9A) and bone marrow (Figure 4.9B) with no statistical
differences over time. The pattern for SYK phosphorylation was similar to BTK (Figure 4.9C
and D) with non-significant changes over time in blood and bone marrow (p =0.659 and
p=0.302). ERK1/2 (Figure 7.9C and D) and AKT (Figure 4.9E and F) phosphorylation looked
highly similar. In both cases, the MFls showed a slight downward trend with continued
treatment, but the changes were not significant (ERK blood p=0.267 and bone marrow p

=0.592; AKT blood p=0.054 and bone marrow p=0.080) (Figure 4.9G and H).
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Figure 4.9 Estimated marginal means of kinase phosphorylation following a 30 min pre-
treatment with 1 uM Ibrutinib or media followed by stimulation with anti-lgM/D for 2
min. (A) MFI of pBTK (pY551) in stimulated CLL cells/ ibrutinib treated stimulated CLL cells
in peripheral blood or (B) bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone
marrow; (E)MFI of pERK1/2 in peripheral blood or (F) bone marrow; and (G) MFI of pAKT

in peripheral blood or (H) bone marrow.

132



A Estimated Marginal Means of BtkigMPClgM2
2.00 TN/RR
o= —TN
=)
ﬁ% 1.75 —RR
=N -3
EZE 150
t; (=]
%‘EE 125
=5
%.-E 1.00
Baseline M1 M6
time
Error bars: 95% CI
Estimated Marginal Means of SykigMCigM2
6.00 TN/RR
- -
22 500 _;2
=D E 400
0 .=
2=F 200
I.I.‘.g =
=83 200
20
EZ 100
58 oo ==
Baseline M1 M6
time
Error bars: 95% CI
E Estimated Marginal Means of ErklgMPCigM2
1.80 TN/RR
2% —TN
— =1
-E'—; 1.60 —RR
EE% 1.40
=]
SEF 120
33
E£Z 100
L
.80
Baseline M1 M6
time
Error bars: 95% CI
G Estimated Marginal Means of AktigMPCIlgM2
TN/RR
.-E?g 2.25 —TN
{=] —
€3 200 RR
%'-:c—-"g 1.75
—gn
£isz
D 150
3
EZ 125
=}
E © 1.00
Baseline M1 M6
time

Error bars: 95% ClI

MFI IgM
stimulated/ibrutinib 9

added IgM stimulated

O

MFI I%M
stimulated/ibrutinib
added IgM stimulated

MFI IgM

stimulated/ibrutinib
added IgM stimulated

u

MFI IgM
stimulated/ibrutinib
added IgM stimulated

Estimated Marginal Means of BtkigMPCBM2
1.75

TNRR
1.50 —TN
—RR
1.25
1.00
.75
Baseline M1 Mé&
time

Error bars: 95% CI

Estimated Marginal Means of SykigMPCBM2

5.00 TNRR
—TN

4.00 —RR

3.00

2.00

1.00

Baseline M1 M6
time

Error bars: 85% CI
Estimated Marginal Means of ErkigMPCBM2

2.00 TNRR
TN

1.80 —RR

1.60

1.40

1.20

1.00

Baseline M1 M6
time

Error bars: 95% CI

Estimated Marginal Means of AktigMPCBM2

4.00 TNRR
—TN
3.00 —RR
2.00
1.00
Baseline M1 M6
time

Error bars: 95% ClI

Figure 4.10 Estimated marginal means of kinase phosphorylation following a 30 min pre-
treatment with 1 uM Ibrutinib or media followed by stimulation with anti-lgM/D for 2
min. (A) MFI of pBTK (pY551) in stimulated CLL cells/ ibrutinib treated stimulated CLL cells
from treatment naive patients (TN) vs relapsed refractory (RR) in peripheral blood or (B)

bone marrow; (C) MFI of pSYK in peripheral blood or (D) bone marrow; (E)MFI of pERK1/2
in peripheral blood or (F) bone marrow; and (G) MFI of pAKT in peripheral blood or (H)
bone marrow.
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The overall patterns for each of the kinases appeared to be stable and suggests that fresh
ibrutinib has no further effect on stimulated phosphorylation. Evaluation of the two cohorts
treated separately did not generate any statistically significant differences in either blood or
bone marrow samples for any of the kinases (Figure 4.10).

In short, the addition of in vitro exposure to ibrutinib did not impact the IgM/IgD stimulation
of various kinases and the results for both cohorts were not statistically significant. This is
consistent with the idea that in vitro exposure to ibrutinib has minimal impact once the on-
going therapy with ibrutinib ensures an inhibitory effect on intracellular kinases. However,
the results did not convincingly show the anticipated fall in ratio between BCR-stimulated

/ibrutinib treated stimulated CLL cells.

4.6 CONCLUSIONS

In the IciCLLe trial, the phosphorylation of key BCR associated kinases were assessed in real-
time, along with other parameters. We tested three hypotheses based on phosflow analysis
for following kinases including BTK, SYK, ERK1/2 and AKT in both peripheral blood and bone
marrow compartments. Based on the data presented here, the following conclusions can be

reached:

1. Reduction in steady state phosphorylation of BCR associated kinases with in vivo
continuous ibrutinib exposure: The data from both TN and RR cohorts suggest that this is

true and there is a decline in phosphorylation of kinases with prolonged ibrutinib exposure.

2. Reduction in stimulated state phosphorylation of BCR associated kinases with in vivo
continuous ibrutinib exposure. There was a consistent decline of stimulated kinases in CLL
cells with continued treatment. However, we could not prove the hypothesis when
comparing the stimulated kinases vs, the unstimulated kinases in CLL as it did not reach

statistical significance in both cohorts and both compartments.

3. Reduction in phosphorylation of kinases in steady-state and stimulated-state with in vitro
exposure to ibrutinib. There was minimal impact on the kinases with secondary ibrutinib
exposure but there was not a significant decline in the ratio of stimulated samples therefore

the hypothesis could not be conclusively proven.
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4.7 DISCUSSION

There is ample data on the dysregulation of BCR signalling pathway in CLL. SYK has been
shown to be overexpressed at mRNA and protein levels(283). Baseline phosphorylation of
SYK is higher in CLL cells than in normal B-cells but the response to antigen stimulation via
BCR has been shown to be variable (283, 284). The SYK inhibitor R406 abrogates survival
after IgM stimulation and reduces downstream targets of BCR signalling, including calcium

mobilisation and phosphorylation of ERK and AKT (285).

Aberrant activation of the PI3K/AKT pathway has been shown in CLL and is implicated in cell
survival (286). The BTK pathway has also been shown to be amplified in CLL and leads to
pro-survival signals through its effects on PI3K, PLC-y2, and NF-kB. BTK expression at the
gene level is elevated in CLL compared with normal B cells(233, 238). Inhibition of BTK by
ibrutinib induces apoptosis in a caspase-dependent manner and inhibits both
phosphorylation of BTK after IgM ligation as well as downstream targets of BTK activation,
including ERK, NF-kB, and AKT (233). Phosphorylation of BTK pY223 and PLCy2 was shown to
be downregulated with ibrutinib therapy but the gene expression did not change. Also,

phosphorylation of ERK, MEK 1/2 and AKT was up regulated with ibrutinib therapy (240).

Finally, ERK1/2 is dysregulated in CLL (204). A subset of CLL patients have constitutive
phosphorylation of ERK, which is associated with decreased responsiveness to BCR
stimulation like anergic B cells CLL cells, which lack constitutive phosphorylation but show
inducible phosphorylation and cell survival in the presence of phorbol ester (287).
Expression of the transcription factor Myc has been found to be dependent on ERK1/2
activation after BCR stimulation, suggesting that this pathway is important to CLL survival

and proliferation (276).

The phosflow data from the IciCLLe trial confirms the impact of ibrutinib on phosphorylation
of BCR associated kinases but has not provided a definitive answer. Phosphorylation of
kinases is a transient event, and the regulation of this process is also complex process. There
is an intricate balance between activation and inhibitory kinases as well as the effect of
intracellular phosphatases. The utilisation of particular phosflow protocols can also impact
the analysis such as addition of H,0; to inhibit phosphatases. In the IciCLLe trial, established
protocols were followed to limit any bias or variations in analysis of phosphorylation. Lastly,
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the samples were analysed in real-time but there was a variation in the time between blood
or bone marrow draw and analysis depending on the means of delivery of the samples to

the laboratory. None of the samples were cryopreserved.

The longer follow-up analysis of the phosphorylation of the kinases with continuous
ibrutinib in IciCLLe trial suggests that there is decline in steady state phosphorylation in all
kinases. This would be expected as ibrutinib would likely to inhibit signalling downstream of
BTK. However, the decline in steady state phosphorylation of SYK is difficult to explain as the
kinase is upstream of BTK. One explanation could be the anergic state of CLL cells and the
unresponsiveness state of the CLL cells. The unresponsiveness state of CLL cells in peripheral
circulation may be enhanced by ibrutinib (288). Phosphorylation of ERK1/2 and AKT S473,

downstream of BTK was effectively downregulated by ibrutinib.

The data also shows that the IgM/IgD stimulation of the kinases were reduced with
continuous ibrutinib therapy. This was consistent in both compartments and at various
assessed time points. However, there was not a consistent difference of phosphorylation in
kinases between stimulated and unstimulated state. This may suggest decreased
responsiveness to the external stimulus as seen in other studies as well (238, 288, 289).
However, the surface expression of surface IgM has been shown to increase in CLL patients
receiving ibrutinib with minimal impact on surface IgD expression (290). This may well

suggest an inhibitory milieu in the CLL cells with continuous ibrutinib therapy.

Lastly, assessment of ex vivo addition of ibrutinib at all time points suggested that there was
minimal impact of addition of ibrutinib on the kinase activation in this scenario. While this
data generally fits with the hypothesis that in vivo exposure is sufficient to terminate
subsequent signalling, the experiments with added stimulation failed to show a significant
drop. This was unexpected, but it is conceivable that persistent cells are exhibiting a
variable response in phosphorylation of kinases as shown in other studies where the effect

of ibrutinib has been assessed with continuous therapy (240).
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CHAPTER 5:

Does phosphorylation of kinases
inform the degree of clinical response
in patients treated with ibrutinib?
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5.1 INTRODUCTION

This Chapter focuses on the hypothesis that the degree of phosphorylation of intracellular
kinases should correlate with the clinical responses observed in the clinical trial. This
exploratory analysis was performed based on phosflow responses achieved at various time
points of the study and compared to responses in the treatment naive (TN) and relapsed
refractory (RR) cohorts. Assessment of phosflow correlation was made with following

clinical parameters:

Phosflow response in TN and RR cohorts

Correlation with radiological responses

Correlation with haematological responses

Correlation with peripheral blood lymphocytosis responses
It was hypothesised that a significant drop in kinase phosflow MFI in the unstimulated and
IgM/IgD-stimulated state in CLL cells will result in better clinical responses. The fall in MFI

was assessed in kinases including:

Phospho-ERK 1/2

SYK pY348

BTK pY551
AKT S473

The phosflow response was considered as a complete response if there was a drop in
phosphorylation in three or more out of four kinases in unstimulated and stimulated states.
It was considered as a partial response if there was a drop in phosphorylation in two of four
kinases. Finally, it was considered as an insignificant response if there was no drop in

phosphorylation of kinases at various time points.

Clinical data was collected as per trial protocol, which has been detailed in Chapter 3. The

responses are assessed as per IWCLL criteria in terms of response assessments.
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5.2 CORRELATION OF PHOSFLOW RESPONSE WITH TREATMENT
STATUS

Table 5.1 shows the correlation of treatment status with phosflow response. The responses
shown in the table are presented for TN and RR cohorts. All patients showed a reduction in
phosphorylation of the 4 intracellular kinases being evaluated. In TN cohort, 9/19
participants demonstrated complete phosflow response, whereas only 4/20 participants in
the RR cohort showed a complete phosflow response as manifested by reduction in
phosphorylation of at least three out of four kinases. Most responses in RR cohorts
manifested partial phosflow responses comprising 16/20 participants, whereas 10/19
participants in TN cohort also manifested partial phosflow responses. This suggests that
reduction in phosphorylation of intracellular kinases is more prominent in TN cohort.

Table 5.1 Correlation of Phosflow response in treatment naive and relapsed refractory
cohorts.

Treatment status with phosflow Crosstabulation
Phosflow
CR-Ph* PR-Ph" Total

[Treatment status TN Count 9 10 19
% within Treatment status 47.4% 52.6% 100.0%

% within Phosflow 69.2% 38.5% 48.7%

% of Total 23.1% 25.6% 48.7%

RR Count 4 16 20

% within Treatment status 20.0% 80.0% 100.0%

% within Phosflow 30.8% 61.5% 51.3%

% of Total 10.3% 41.0% 51.3%

Total Count 13 26 39
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% within Treatment status 33.3% 66.7% 100.0%

% within Phosflow 100.0% 100.0% 100.0%

% of Total 33.3% 66.7% 100.0%

*CR-Ph- Complete response- Phosflow

“PR-Ph- Partial response- Phosflow

Figure 5.1 show the bar chart of phosflow responses in the TN and RR cohorts. There were
more complete phosflow responses in the TN cohort as compared to RR cohort, though

partial responses were observed in majority of participants in both cohorts.

Bar Chart

20 Phosflow

EcrPh
BrRPh

Count

Treatment status

Figure 5.1 Bar charts showing the correlation of cohorts with phosflow response. The

number of cases with complete phosflow response (CRPh) are shown in blue and partial
phosflow response (PRPh) in red.

Table 5.2 exhibits the Chi-Square tests analysis of significance of treatment status with the
respective phosflow analysis. Even though not statistically significant, RR patients are less

likely to have complete phosflow response than TN patients (Pearson Chi-Square p=0.070).

The numbers are too small to reach definite conclusions, but the data is suggestive of

deeper reduction in phosphorylation of kinases in the TN cohort as compared to RR cohort.
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Table 5.2 Chi-Square tests analysis of significance of treatment status with phosflow

analysis.

Chi-Square Tests

Asymptotic
Significance (2- | Exact Sig. (2- Exact Sig. (1-
Value df sided) sided) sided)
Pearson Chi-Square 3.2842 .070
Fisher's Exact Test .096 .070
N of Valid Cases 39

a. 0 cells (0.0%) have expected count less than 5. The minimum expected count is 6.33.

5.3 CORRELATION OF PHOSFLOW WITH RADIOLOGICAL RESPONSE

Assessment of the correlation of phosflow response with radiological response on the

clinical trial showed that participants achieving complete radiological response are more

likely to also achieve complete phosflow response. As shown in the Table 5.3, 8 participants

achieved complete radiological response and a complete phosflow response; 19 participants

achieving a partial radiological response also achieved a partial or stable phosflow response.

The concordance is not complete but deeper radiological responses correlated with deeper

phosflow responses.
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Table 5.3 Correlation of Radiological response with phosflow response.

Combined CT data with phosflow Crosstabulation

Phosflow
CRPh PRPh Total

Combined CT data CTCR  |Count 8 7 15
% within Combined CT data 53.3% 46.7% 100.0%

% within Phosflow 61.5% 26.9% 38.5%

% of Total 20.5% 17.9% 38.5%

CTPR Count 5 19 24

% within Combined CT data 20.8% 79.2% 100.0%

% within Phosflow 38.5% 73.1% 61.5%

% of Total 12.8% 48.7% 61.5%

Total Count 13 26 39
% within Combined CT data 33.3% 66.7% 100.0%

% within Phosflow 100.0% 100.0% 100.0%

% of Total 33.3% 66.7% 100.0%

Figure 5.2 shows the bar chart for the correlative data between radiological responses and

phosflow responses. This again reflects that most participants achieved partial radiological

and phosflow responses. However, improvement in depth of radiological response

correlated with higher number of participants achieving deeper phosflow response.
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Figure 5.2 Bar charts showing the correlation of radiological response with phosflow
response. The number of cases with complete phosflow response (CRPh) are shown in

Bar Chart

CTCR CTPR
Combined CT data

blue and partial phosflow response (PRPh) in red.
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Table 5.4 illustrates the Chi-Square tests analysis of significance between radiological and

phosflow response. Participants who had excellent phosflow response are more likely to
have complete radiological response compared to participants who had partial or stable

phosflow response (Pearson Chi-Square p=.036). The difference is statistically significant

between the two groups.
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Table 5.4 Chi-Square tests analysis of significance of radiological response with phosflow
response

Chi-Square Tests

Asymptotic
Significance (2- | Exact Sig. (2- Exact Sig. (1-
Value df sided) sided) sided)
Pearson Chi-Square 4.3872 1 .036
Fisher's Exact Test .079 .041
N of Valid Cases 39

a. 0 cells (0.0%) have expected count less than 5. The minimum expected count is 5.00.

5.4 CORRELATION OF PHOSFLOW WITH HAEMATOLOGICAL
RESPONSE

Assessment of the correlation of phosflow response with haematological response showed
that participants achieving complete haematological response, which is defined by normal
Haemoglobin levels, Neutrophil count, and platelet count are more likely to also achieve
complete phosflow response. Table 5.5 illustrates that 9 participants achieved complete
haematological response and achieved a complete phosflow response; 21 participants
achieving a partial haematological response also achieved a partial or stable phosflow
response. The concordance is not complete but deeper haematological responses

correlated with deeper phosflow responses.
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Table 5.5 Correlation of Haematological response with phosflow response.

Haem data with phosflow Crosstabulation
Phosflow
CRPh PRPh Tota

Haem data CRhaem Count 9 5 14
% within Haem data 64.3% 35.7% 100.0%
% within Phosflow 69.2% 19.2% 35.9%
% of Total 23.1% 12.8% 35.9%
PRhaem Count 4 21 25
% within Haem data 16.0% 84.0% 100.0%
% within Phosflow 30.8% 80.8% 64.1%
% of Total 10.3% 53.8% 64.1%
Total Count 13 26 39
% within Haem data 33.3% 66.7% 100.0%
% within Phosflow 100.0% 100.0% 100.0%
% of Total 33.3% 66.7% 100.0%

Figure 5.3 shows the bar chart for the correlative data between haematological and
phosflow responses. Most participants achieved partial haematological and phosflow
responses. However, improvement in depth of haematological responses correlated with
higher number of participants achieving deeper phosflow response. Only a small number of
participants achieving partial haematological response had concomitant complete phosflow

response.
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Figure 5.3 Bar charts showing the correlation of haematological response with phosflow
response. The number of cases with complete phosflow response (CRPh) are shown in
blue and partial phosflow response (PRPh) in red.

Table 5.6 illustrate that participants who had an excellent phosflow response are more likely
to have complete haematological response compared to patients who had partial or stable
phosflow response (Pearson Chi-Square p=.002). The analysis showed statistically significant

deeper phosflow response correlating with complete haematological response.
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Table 5.6 Chi-Square tests analysis of significance of Haematological response with
phosflow response.

Chi-Square Tests

Asymptotic
Significance (2- | Exact Sig. (2- Exact Sig. (1-
Value df sided) sided) sided)
Pearson Chi-Square 9.4162 1 .002
Fisher's Exact Test .004 .003
N of Valid Cases 39

a. 1 cells (25.0%) have expected count less than 5. The minimum expected count is 4.67.

5.5 CORRELATION OF PHOSFLOW WITH PERIPHERAL BLOOD
LYMPHOCYTOSIS

Assessment of the correlation of phosflow response with peripheral blood lymphocytosis, as
defined by absolute lymphocyte count less than 4 x 10°/L, showed that participants
achieving normalisation of lymphocytes are likely to also achieve complete phosflow
response. Table 5.7 illustrates that 13 participants achieved normal lymphocyte count and a

complete phosflow response; 25 Participants achieved partial phosflow response
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Table 5.7 Correlation of peripheral blood lymphocytosis with phosflow response.

Peripheral blood * phosflow Crosstabulation

Phosflow
CRPh PRPh Total

Peripheral blood CRPB  [Count 8 14 22
% within Peripheral blood 36.4% 63.6% 100.0%

% within Phosflow 61.5% 56.0% 57.9%

% of Total 21.1% 36.8% 57.9%

PRPB Count 5 11 16

% within Peripheral blood 31.3% 68.8% 100.0%

% within Phosflow 38.5% 44.0% 42.1%

% of Total 13.2% 28.9% 42.1%

Total Count 13 25 38
% within Peripheral blood 34.2% 65.8% 100.0%

% within Phosflow 100.0% 100.0% 100.0%

% of Total 34.2% 65.8% 100.0%

Figure 5.4 shows the bar chart for the correlative data between peripheral blood

lymphocytosis and phosflow responses. The response data is heterogenous and the

peripheral blood lymphocytosis does not correlate with the phosflow data.
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Figure 5.4 Bar charts showing the correlation of peripheral blood lymphocytosis with
phosflow response. The number of cases with complete phosflow response (CRPh) are
shown in blue and partial phosflow response (PRPh) in red.

Table 5.8 illustrates that there is no statistically significant correlation between phosflow

response and peripheral blood lymphocytosis in response to ibrutinib.

Table 5.8 Chi-Square tests analysis of significance of peripheral blood lymphocytosis with

phosflow response.

Chi-Square Tests

Asymptotic
Significance (2- | Exact Sig. (2- Exact Sig. (1-
Value df sided) sided) sided)
Pearson Chi-Square .1082 1 .743
Fisher's Exact Test 1.000 .510
N of Valid Cases 38

a. 0 cells (0.0%) have expected count less than 5. The minimum expected count is 5.47.
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5.6 CONCLUSIONS

This Chapter tests the hypothesis that the phosflow data will predict clinical responses
observed in the IciCLLe trial. In the trial, the clinical responses were assessed as per 2008
IWCLL response criteria. These criteria include haematological and radiological responses.
The complete haematological response is characterised by normalisation of Haemoglobin,
neutrophil count and platelet count. Complete radiological response is defined as absence
of any measurable lymph nodes and normalisation of liver and spleen size. Lymphocytosis is
a feature typical of BTK inhibitor therapies which is caused by shifting of CLL cells from the

lymph nodes and bone marrow into the peripheral blood (238, 291).

The analysis of phosflow data suggests that it is possible to correlate the response. We
hypothesized that a decline in phosphorylation in kinases downstream of the BCR in both
stimulated and unstimulated states with continuous ibrutinib may correlate with clinical
responses. The assessment of phosflow responses in TN suggested deeper responses which
is understandable, as the TN patients have no previous exposure to therapies such as
chemo-immunotherapy and the disease is likely to be more responsive to BTK inhibitor
therapy in this setting. There were more participants in the TN cohort who achieved a
deeper phosflow response as compared to RR cohort where response was less apparent in
all kinases assessed. The phosflow data also suggests that the responses are again
observable in all kinases with participants achieving complete haematological and
radiological responses. This finding may also suggest the varied sensitivity of the kinases to
the continuous ibrutinib therapy resulted in the varied clinical responses. Moreover, the
data lend support to the idea that the degree of phosflow responses could be used to

identify the best responders.

The assessment of phosflow has been done in a variety of previous studies (292). The
inhibition of phosphorylation of BTK, PLCy2 and ERK correlated with clinical responses in

phase 1/2 study looking the efficacy of ibrutinib and suggested that full inhibition would
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require more than a single dose, potentially due to secondary effects of the
microenvironment (289). Another study explored the degree of phosphorylation at baseline
and at 28 days into treatment. The activities of BTK and PLCy2 as well as downstream
signalling molecules, AKT and ERK, were all co-ordinately downregulated over time in
ibrutinib-treated patients and this correlated with clinical responses (293). The data
presented within this chapter agree with these earlier findings. The increased number of
longitudinal samples and additional clinical parameters in this study strengthen the idea
that successful outcome after continuous ibrutinib therapy is directly linked to the degree of

signalling inhibition.

However, there are caveats to the interpretation of phosflow data. Firstly, the criteria used
to assess a complete or partial phosflow responder is not well defined and this was an
exploratory analysis performed as part of the trial. However, it is assumed that the ability to
downregulate the phosphorylation of major kinases in the B-cell receptor pathway with
continuous ibrutinib monotherapy should be considered as a marker of decent response;
Hence, this hypothesis could be preliminarily assessed in the context of this trial. Secondly,
there are other confounding factors such as phosphorylation of other kinases in the B cell
receptor pathway which cannot be assessed due to limitation of number of kinases being
assessed on the flow cytometer and the need to perform this analysis in real time. For
example, phosphorylation of alternative kinases or other target residues on BTK, SYK, AKT
was not done but all these experiments were performed prior to the trial and the most
relevant kinases were assessed. Lastly, the depth of phosflow responses correlated well
with clinical responses but there were outliers in the analysis and there are other factors

which could not be assessed as part of the clinical trial.

In short, the ability of ibrutinib to downregulate phosphorylation of various kinases forms an
intriguing concept of correlation with clinical response and this should be assessed in the

context of larger clinical trials.
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CHAPTER 6:
CONCLUSION AND DISCUSSION
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IciCLLe trial was conducted to assess the response to ibrutinib with in-depth analysis of
clinical, immunophenotypic, biological response. It was a small phase-2 study incorporating
20 TN and RR patients each and recruitment started in 2014. It is fair to say that the
treatment landscape of CLL has changed beyond recognition over the last 5 years. Three
classes of drugs have made a major impact on management of CLL which include BTK
inhibitors, anti-CD20 monoclonal antibodies and BCL-2 inhibitors. Ibrutinib has now been
licensed by FDA and EMA for use alone or in combination with chemo-immunotherapy or
anti-CD20 such as Obinutuzumab in both TN and RR CLL (294, 295). Ibrutinib in combination
with the BCL-2 inhibitor, Venetoclax has also been assessed in NCRI trial “CLARITY study” for
relapsed refractory CLL and this combination is now being assessed in frontline phase 3
studies including “FLAIR” and “GLOW” (255, 296, 297). In short, the changing landscape of
CLL management has improved outcomes for CLL patients by improving efficacy and making

treatments more tolerable even with combinations.

However, there are unanswered questions as CLL is still an incurable disease despite the
advances made in the last decade. Our understanding of biology of CLL has been enhanced
by the development of these classes of drugs but the impact of these drugs on various
subtypes of CLL has been heterogeneous. For example, ECOG 1912 study suggested that the
impact of combining ibrutinib and rituximab is most profound on UM-IGHV CLL and this
resulted in improved outcomes as compared to patients receiving CIT (113). This finding can
be explained by some biological reasoning that the proliferation of the UM-IGHV clone
happens in context of a microenvironment where the clone can be responsive to multiple
antigenic stimuli (218). It is also intriguing that BTKi cannot completely clear the disease
despite extensive clearance of nodal compartment and bone marrow (BM) with continuous
therapy. This is supported by the evidence that cell death happens with BTKi therapy, but
the process is slow (239). Another unclear question in terms of continuous therapy is the
differential response achieved in TN and RR CLL patients. The duration responses are
shorter with each line of therapy in RR CLL, and this has been a consistent feature in all the

ibrutinib trials (110, 112, 118). The median PFS for trials involving TN CLL patients have not
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reached despite some trials now reporting up to 6 years follow-up (112). However, the
median PFS for ibrutinib monotherapy was 44.1 months in RESONATE trial and was 65.1
months for ibrutinib in combination with BR in HELIOS study (118, 256). What the biological
features are that distinguish the response in TN and RR cohorts are not clear. It is thought
that genomic instability acquired with multiple lines of therapies in RR CLL results in
shortened responses, such as acquisition of TP53 aberrations in relapsed refractory CLL, are
more common (271). However, TN patients harbouring TP53 aberrations continue to show a
decent response to ibrutinib monotherapy which is different to the RR patients harbouring

TP53 aberrations (298).

In IciCLLe trial, the clinical responses were assessed as per IWCLL criteria in both TN and RR
cohorts. In a small study like this with 20 patients in each cohort, no stratification was
performed though there were some baseline differences in the two cohorts. The degree of
bone marrow infiltration was higher in TN cohort, whereas RR cohort had more adverse
genetic parameters. This is in line with other reported studies. There was an improvement
in all haematological parameters and there was more pronounced clearance of BM in the
TN group over time. The PFS after a median follow-up of 5 years in both arms of the study is
consistent with what has been reported in literature (112, 118, 256). The data is constantly
being updated, and patients will continue to be followed up in the study to get the

maximum information on the long-term outcomes.

One of the primary endpoints of the study was achievement of MRD-negativity at the IWCLL
criteria of 1 x 10" and it was clear that no patient achieved MRD-negativity in both cohorts.
This is understandable and consistent with reported literature. However, the assessment of
MRD and subsequent analysis of immunophenotypic changes in the CLL cells with
continuous ibrutinib monotherapy has helped to understand the pattern of surface
expression of various antigens along with the changes in proliferation markers. These results
have helped to inform the development of next set of phase 2 trials in CLL. For example, in
IciCLLe extension trial, anti-CD20 antibody Obinutuzumab was added in 10 patients from
IciCLLe trial who had been taking ibrutinib for more than 1 year. This was compared to
concomitant use of ibrutinib and Obinutuzumab together. This was based on the finding
that the CD20 expression on CLL cells initially declines with ibrutinib and regained after
more than 6 months of continuous therapy (299). Hence, the biological findings in the trial
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helped to inform the next set of trials. Other trials where anti-CD20 antibodies have been
combined with BTKi in relapsed refractory CLL have reported outcomes as per IWCLL criteria
but have not reported the biological changes resulting in surface expression changes of

various antigens in CLL (257, 300-304).

In IciCLLe trial, assessment of phosphorylation of BCR associated kinases were assessed with
a flow cytometry-based assay “Phosflow”. The assessments were performed in peripheral
blood (PB) and bone marrow (BM) at various time points up to a year and thereafter. The
assessments were performed in real-time along assessment of MRD and cell surface
expression markers. Rigid protocols were followed, and the samples were run on the flow
cytometer in parallel. Hence, every effort was taken to reduce the bias in the performance
of the assay. Optimisation of assay was performed before the initiation of trial and a single

BD Fortessa machine was used to acquire as well as analyse the samples.

There were benefits and disadvantages to this approach. The benefits were the uniformity
of acquisition of samples and applying same protocol to each sample ran on the machine. As
a result, the protocol was followed by other team members for using this assay in other
clinical trials and in the extension of this study. The assay was incorporated as a routine
assay performed in HMDS, Leeds. There were clear disadvantages with this approach. As the
trial was conducted in multiple UK centres, the delivery time from withdrawal of blood
sample from the patient and receipt in HMDS, Leeds varied significantly. Every effort was
taken to proceed with analysis after receipt of sample but the delays in transit may have
induce some variability into the analysis. This issue was partly mitigated by the experiments
performed prior to trial where same sample from a patient was analysed at day 1, 2 and day
3. The phosflow results were consistent at these but there was more loss of cells along with
debris and noise if the sample was analysed after 4 days. This issue could not have been
resolved even if we cryopreserved the samples as cryopreservation was not available at

various sites and there was no funding available.

The data from phosflow in both compartments including PB and BM suggested that the
phosphorylation of the assessed kinases in the steady state whether upstream or
downstream of target of ibrutinib i.e., BTK decline with continuous therapy. The effect was

consistent across both TN and RR cohorts with no major differences which reached
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statistical significance. Explanation of the downregulation of assessed kinases can be based
on the hypothesis that blocking the main signalling pathway via the BCR induces a state of
anergy. This can be partially overcome with stimulation via other signalling pathways but
ibrutinib may be able to induce an inhibitory effect on the kinome of CLL cells in both
compartments. There were very few CLL patients with M-IGHV in IciCLLe trial and no
comparison could be made to UM-IGHV patients. It is known that M-IGHV CLL cells are in
state of anergy, and it was interesting to note the analysis that majority of analysed samples
had downregulation of phosphorylated kinases with continuous ibrutinib despite more CLL
cases with UM-IGHV state in this trial (204). It is also clear from other studies with longer
follow-up that the response deepens with on-going therapy with ibrutinib, but eradication
of disease is not possible. This may suggest that signalling via BCR pathway is

downregulated but not completely abrogated with continuous ibrutinib.

The next step was the analysis of the effect of stimulation of BCR pathway with induction
with IgM/IgD. As CLL cells have reduced slgM expression but retained IgD expression, the
use of IgM and IgD together ensured induction of the pathway at all time points. The
differential effect of stimulation via IgM or IgD is well known but the essence in this trial
here was to ensure effective stimulation whilst covering all basis. As the main signalling
pathway in B cells and CLL cells is through the BCR pathway, analysis via stimulation of TLR
signalling or CD40-L was not performed. This analysis supplemented the early finding that
stimulation with 1gM/1gD consistently declined in both compartments and in both cohorts.
There were variations in individual responses, but the overall picture was consistent with

inhibitory state.

Ex vivo addition of ibrutinib in CLL cells results in inhibition of BTK and it has been shown
various studies that addition of ibrutinib induces a state of inhibitory milieu in the CLL
kinome especially ibrutinib. These studies have used different protocols and different
antibodies to assess the phosphorylation of tyrosine kinases at different sites especially BTK
such as BTK pY223. One difference in protocols was that analysis of the steady state
phosphorylation and stimulated state was performed without addition of any phosphatase
inhibitors. This ensured that there was minimal impact on the baseline phosphorylation
state as there is a balance of stimulated kinases and inhibitory phosphatases in CLL cells.
This could partly explain why we did not see a major impact on ex vivo addition of ibrutinib.
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Another explanation could be the irreversible inhibition of BTK with continuous ibrutinib

and minimal impact of ex vivo addition of ibrutinib.

There are caveats to generalised interpretation of phosphorylation of BCR related kinases. It
was not possible to analyse all cellular kinases in this trial, but we did analyse limited
samples for phosphorylation of other kinases such MAPK-p38 and AKT pT308. It was not
possible to run all the antibodies at the same time due to number of tests being performed
and the availability of antibodies on different fluorochromes. Hence, it was decided to use
the most relevant kinases for this analysis. Whether ibrutinib impacted other kinases which
are directly or indirectly related to BCR pathway cannot be interpreted based on this
analysis. However, the hypothesis can be generated, and it would be interesting to analyse
this in future trials as the options to analyse multiple antibodies for various cellular kinases
simultaneously has improved with the advent of 10-16 coloured flow cytometers. Though
we did not analyse the impact of addition of phosphatases in a similar context of the clinical

trial, this would be an interesting analysis to be performed in future trials.

The other limitation of this was the lack the comparison of phosphorylated kinase and total
kinase. Though phosphorylation is the major step in the stimulation or inhibition of kinase
activity, it would have been a useful adjunct to the data to establish whether the inhibitory
effect of the drug results in steady or increased production of total kinase as compared to
phosphorylated kinase. The limiting factor again was the difficulty in performing multiple

analysis in a single experiment for multiple samples at various time points.

In Chapter 5, the intriguing question of whether one can infer any more information from
the phosphorylation data and correlate it with the clinical response is presented. The trial
gave a unique opportunity as the sampling was done frequently and analysis was performed
at various time points. The hypothesis was that the deeper phosphorylation responses
resulted in better clinical response. First, the phosflow data correlated with clinical,
haematological and radiological response. Secondly, there was correlation with peripheral
blood lymphocytosis and patients achieving reduction in lymphocytes also achieved a better
phosflow response. Lastly, the phosflow response in TN group was better than RR group and

this finding is consistent with what has been described in term of clinical response as above.
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The interpretation of this analysis was based on the hypothesis that steady-state decline in
phosphorylation in the kinases will result in better responses. This approach has not been
verified in larger studies, but it is an intriguing concept and may help to ascertain another
way to assess functional biological response in CLL. What is lacking is the change in the
phosphorylation pattern of the kinases at relapse. The trial did not incorporate this
endpoint as an essential assessment in terms of biological changes. Also, there have been
very few relapses and the samples were not available for analysis. Some relapses were due
to Richter’s syndrome, and it was not possible to get an appropriate sample due to the

clinical need to start chemo-immunotherapy for treatment of Richter’s syndrome.

In short, IciCLLe trial was one of the first NCRI trials to assess the effectiveness of ibrutinib in
treatment of TN and RR CLL. The trial tried to incorporate clinical responses with biological
responses and provided interesting insights into the phosphorylation marks in CLL kinome
with continuous ibrutinib therapy. The data of the trial informed the next set of trials
including IciCLLe extension and CLARITY (255, 299). These small phase 2 designed trials
conducted in TN and RR CLL have enabled the larger phase 3 NCRI trial FLAIR which has

been amended to incorporate the findings of above-mentioned trials.

The future direction for this work will likely incorporate similar phase 2 studies that combine
clinical and biological work together. The data from the trial has informed us about the need
for assessment at fewer time points which should reduce the workload but will allow the
incorporation of other important biological endpoints. At present, efforts are being made to
use reversible BTKi, Pirtobrutinib in patients relapsing on irreversible BTKi (305). The plan is
to analyse the same aspects as assessed in the IciCLLe trial but also incorporate
transcriptome and genomic data in collaboration with other centres. Analysis of
phosphorylation marks on various BCR related kinases will be one of the assessments
planned in the trial. This will help to ascertain phosphorylation patterns at baseline on
patients relapsing on irreversible BTKi and subsequent impact of reversible BTKi on

phosphorylation of cellular kinases associated with BCRi.
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