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CD20 is a non-glycosylated phosphoprotein exclusively expressed on B lymphocytes
and the target for the highly successful immunotherapeutic drug, Rituximab.
Rituximab (Ritux) is an anti-CD20 monoclonal antibody (mAb) and has been
successfully used to treat over a half a million Non Hodgkin’s lymphoma patients.
However, not all patients respond to Ritux treatment. The reason for this is currently
unclear. Furthermore, although Rituximab and other anti-CD20 mAb are known to
deplete B cells through complement dependent cytotoxicity (CDC), antibody
dependent cellular cytotoxicity and direct signalling of programmed cell death (PCD)
and growth arrest, which of these predominate and whether they are the same for each
mADb remains unclear. In particular, the signalling cascades evoked by ligating CD20
are poorly understood. Therefore, one of the aims of this project is to dissect the
signalling cascades induced by anti-CD20 mAb in order to better understand the
mechanisms of CD20-directed therapy.

Using a range of different techniques we demonstrated that some but not all anti-
CD20 mAb could redistribute CD20 in the plasma membrane into Triton-X 100
insoluble raft domains. The mAb which were good redistributors of CD20, like Ritux,
were also effective mediators of CDC yet were poor inducers of PCD. These mAb
were classed as Type 1. In contrast, mAb which were poor redistributors of CD20
were also ineffective at mediating CDC, yet induced effective PCD. These mAb were
classed as Type II mAb. Type I, but not Type II, mAb induced a calcium signalling
cascade upon CD20 ligation in both B-lymphoma cell lines and primary B cells. This
event was found to be dependent on the B cell receptor (BCR) complex. Importantly,
we demonstrate that even though Type I and Type II mAb bind the same target, they
induce distinct signalling cascades. Further knowledge of these signalling pathways
and their operation in primary tumour cells may provide the means to better
understand the critical parameters involved in patient response to CD20-directed
therapy.
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CHAPTER ONE

1.0 Introduction

1.1 General introduction

One in three of us will develop cancer. After heart disease, cancer is the second
highest cause of death in the western world. The development of cancer is a multi-
step process resulting in a breakdown of the normal mechansims that govern cell
behaviour. Cancers are derived from normal cells that have undergone malignant
transformation resulting in dysregulated proliferation, invasion of normal tissues and
metastasis to distant sites. Metastasis is the major property which leads to death of

the host. Tumours which do not progress to this stage are said to be benign .

Cancer is caused by the mutation of cellular DNA. These mutations can either be
inherited or, more commonly, induced by a variety of mechanisms such as viruses,
random spontaneous mutations or external carcinogens such as chemicals and
radiation. As every nucleated cell has the potential to become malignant, a broad
spectrum of neoplasia can occur where over 100 distinct cancers and their tumour
subtypes have been identified. Tumours are classified according to the origin of the

tissue from which they are derived *.

Lymphomas are a heterogenous group of lymphoid tumours, mainly of B-cell origin,
which are grouped based on morphological criteria into two categories: Hodgkin’s
disease or Non-Hodgkin’s lymphoma (NHL), where the latter makes up four in five
lymphomas. NHL is the fifth most common malignancy in the United States and is
the leading cause of cancer-related death of people between 20 and 40 years of age °.
Treatment of NHL with conventional therapeutic approaches such as chemotherapy
and radiotherapy are not always successful and can lead to high patient toxicity.
Therefore other avenues of research such as immunotherapy are actively being

explored.



1.2  The immune system and cancer immunotherapy

All multicellular organsims have evolved to defend themselves against the invasion of
pathogenic organsims by means of an immune response. The immune system
comprises of two parallel but interrelated systems - the innate and the adaptive
immune systems. Both systems work together to provide protection against a diverse
and evolving array of pathogens. In general, innate immunity is a non-specific,
inducible response to pathogens primarily mediated by neutrophils, macrophages and
natural killer cells. It is immediate in action, yet short-lived. On the other hand, the
adaptive immune system is much more specific, but takes longer to activate.
Adaptive responses comprise of both cellular and humoral elements which result from
clonal expansion of antigen specific T and B lymphocytes, respectively. In the
humoral immune response, soluble proteins called antibodies or immunoglobulins
function as recognition elements that bind to foreign molecules. These responses
mainly protect the host against extracellular bacteria and toxins. In the cellular
immune response, cytotoxic T lymphocytes kill host cells that have been infected with
foreign pathogens such as intracellular bacteria and viruses. The adaptive immune
response features immunological memory, giving enhanced responses after a second

exposure to the same antigen.

The concept of cancer immunotherapy is based on the use of the body’s immune
system to fight cancer. Even though most human malignancies express tumour-
associated or tumour-specific antigens, they often lack sufficient immunogenicity to

. . 4
generate an effective immune response * °

Therefore the immune system often
requires an extra boost to potentiate an effective immune response against tumours.
Numerous stratagies, or immunotherapies, have evolved to try to augment these
immune responses to generate effective tumour immunity. The first reported attempt
was made by an American surgeon Willam Coley over 100 years ago who treated
sarcoma patients with bacterial toxins to remarkable success ®. Since then there have

been considerable advances in our understanding of the immune system and the host

response to tumour.

In general, cancer immunotherapy can be either active or passive. Vaccines and the

use of certain cytokines such as IL-2 are classed as active therapies as they aim to



induce the body to produce a natural adaptive immune response against tumours. In
contrast, passive therapies such as antibody infusion or adoptive transfer of cytotoxic
cells, provide the end products of the immune response directly into the patient
instead of inducing the body to mount an immune response itself (reviewed in N, All
of these approaches have been demonstrated to be effective in the treatment of
neoplasia. However, to date it is primarily monoclonal antibody (mAb) mediated
therapies that have gained approval from the food and drug administration (FDA) for

the treatment of cancer.
1.2.1 Monoclonal antibody-mediated therapy

The use of highly specific mAb has been generally welcomed due to their low toxicity
allowing patients in poor clinical condition to be treated without life-threatening
toxicity ®. However, the concept that mAb could be used in the treatment of various

malignancies took over 15 years to be realised.

The first indication that mAb might have significant therapeutic potential was in 1982
when Levy and colleagues reported that a patient treated with anti-Idiotype (Id) mAb
achieved a complete and durable response with no significant toxicity °. An idiotype
is the part of the variable domain of an immunoglobulin (Ig) molecule which is
immunogenic and unique to a particular Ig (See Section 1.3.1). Targeting this region
of the surface Ig (sIg) with an anti-Id mAb can result in depletion of malignant B
cells. The downfall of this therapy was that each anti-Id mAb had to be custom made
for each patient, making it unfeasible for routine use. Since 1982, hundreds of
clinical trials were performed to assess the therapeutic efficacy of mAb targeted to
different tumour antigens. Unfortunately, these trials on the whole were
disappointing. One of the main factors thought to be contributing to poor efficacy
was that most of the mAb utilised were of murine, rabbit or rat origin and so patients
often generated a humoral immune response against these foreign mAb, referred to as
HAMA (human anti-mouse antibody) or HARA (human anti-rabbit/rat antibody).
Such responses resulted in a short half life (t;;) of the therapeutic mAb in circulation.
To minimise immunogenic responses to the mAb, chimeric antibodies were
subsequently produced through genetic engineering. Chimeric mAb consist of the

constant regions from human mAb and the variable domain of the original murine



mADb (see Figure 1.2). These engineered mAb are potentially more effective in
achieving therapeutic responses than murine mAb as they are less immunogenic (a
human-anti-chimeric-antibodies (HACA) response is rarely observed), they contain a
human Fc¢ domain (generally IgG1) allowing more efficient interaction with human
(host) effector systems and they have a longer t;5; in circulation (reviewed in %). With
the use of these chimeric mAb and through the selection of more suitable antigens as
targets, the therapeutic potential of mAb became clear with the arrival of Rituximab
and campath-1H (which target CD20 and CDS52, respectively), demonstrating good
therapeutic potential in the treatment of lymphoma and leukaemia. Therapeutic
efficacy has also been achieved using antibodies that target other tumour cell surface
antigens. To date, eight mAb have gained FDA approval for the treatment of various
cancers, these are outlined in Table 1.1. Five of these reagents have been approved for

treatment of B cell malignancies.

MAb name Commercial Target Target malignancy
name
Rituximab Rituxan CD20 B-cell lymphoma
Trastuzumab Herceptin HER2/neu | Breast cancer
Gemtuzumab Mylotarg CD33 Acute myeloid leukaemia
Alemtuzumab Campath CD52 B-Chronic lymphocytic
leukaemia
Ibritumomab tiuxetan | Zevalin CD20 B-cell lymphoma
Tositumomab Bexxar CD20 B-cell lymphoma
Cetuximab Erbitux EGFR Colorectal cancer
Bevacizumab Avastin VEGFR Colorectal cancer

Table 1.1: FDA approved mAb for the treatment of cancer.

1.3 B Lymphocytes

B cells are the principal cellular mediator of the humoral immune system, allowing
the host to effectively defend their environment from invading pathogens '°. B cell

development takes place in distinct differentiation steps that can be characterised by




the expression pattern of various differentiation makers, such as the B cell receptor

(BCR)

Early B-cell development occurs in the bone marrow and concludes when a B-cell
precursor successfully rearranges its Immunoglobulin (Ig) heavy- and light-chain
genes and is equipped with a functional surface BCR (illustrated in Figure 1.1). Cells
that express a functional and non-autoreactive BCR (i.e. do not bind to self-antigens),
differentiate into mature naive B cells and migrate from the bone marrow into the
periphery. Mature B cells can then be activated by foreign antigen and become an
antibody-secreting plasma cell or a memory B cell which will respond more quickly
to a second exposure to the antigen. B cells which fail to successfully complete B cell

development undergo programmed cell death or apoptosis (for a detailed overview

refer to '%).
Stem Pro-B Pre-B Immature Naive
Cell Mature
Memory
Pre-BCR IgM
Signal
—> e >

Receplor
Ediling
No Signal Plasma
Cell

Death
Gl, arrest ca

Death by neglecl ~/<

e

Figure 1.1: The Developmental progression of B cells. B cells originate in the bone marrow from
stem cells, differentiate into pro-B cells and then into pre-B cells that express a pre-BCR. From the
pre-B cell stage it is thought that signals derived from the BCR drives B cell differentiation allowing
cells to mature. BCR signalling pathways are also important in selecting B cells that only recognise

and react to foreign antigen allowing the production of high affinity Ab secreting plasma cells against

the target.

1.3.1 Antibodies

Antibodies, or immunoglobulins, are soluble glycoprotein molecules that are secreted

by plasma cells in response to the presence of foreign molecules in the body. The



structure of an IgG antibody is shown in Figure 1.2. It is composed of three globular
units; consisting of two identical Fab arms and an Fc tail. The characteristic structure
consists of four polypeptide chains; two identical heavy (H) chains (50-70kD) and
two identical light (L) chains (23kD) linked through non-covalent and disulphide
interactions. Both the heavy and light chains can be divided into two distinct
domains, the constant (C) and variable (V) domains. The V regions of both the H and
L chains combine to form a specific antigen binding pocket. Comparisons of the
amino acid sequences of the variable regions show that most of the variability resides
in three regions called the hypervariable or complementarity determining regions
(CDRs). These CDR regions provide the unique specificity of the Ab which is
identical for each Fab arm. These V regions also contain the idiotype of the Ab, an
immunogenic region specific to each Ab which can be used to generate an Ab against
the original Ab. As mentioned earlier in Section 1.2.1, anti-idiotype mAb have been

successfully used in the clinic for the treatment of NHL.

Disulphide bond

Carbohydrate

CHZ CIG

Hinge Region

I at
Fc domain

Fab domzin

Figure 1.2: Overview of antibody structure. Antibodies are composed of three globular domains —
two Fab domains and an Fc domain which are connected by the hinge region. The specificity of the
antibody is determined by the binding pockets located in the variable regions of the Fab domains. The

Fc domain is primarily involved in the recruitment of cellular effectors.

Digestion with papain cleaves the Ab molecule into three globular domains; two Fab
domains and the Fc domain. Moreover, digestion with pepsin can digest the Ab just
below the point where the two Fab arms join, known as the hinge region, to form a

"' The F (ab’), fragment produced therefore

F(ab’), fragment and Fc fragment
maintains the specificity and binding affinity of the original Ab without the ability to

engage effector mechanisms through the Fc domain. The Fc portion of the molecule



consists of the constant domains of the two heavy chain molecules. It determines the

isotype of the antibody and serves as a binding site for complement and effector cells
12

1.3.2 B cell receptor signalling

The BCR consists of a membrane bound immunoglobulin (primarily IgM, IgD or
IgG) which is non covalently associated with the CD79 alpha (a) and beta (B)
heterodimer in the membrane. It plays a fundamental role in the regulation of B cell
development and in the activation of the B cell in response to foreign antigen 1 The
structure of the BCR is similar to the antibody structure outlined in Section 1.3.1. The
main difference between the structures of secreted and membrane bound Ig lies in the
length of the Fc region with membrane bound forms possessing an additional
transmembrane domain allowing for insertion into the plasma membrane. In addition,
the membrane bound forms also possess an intracellular tail, which varies according
to isotype; for example sIgM has 3 intracellular amino acid residues compared to
slgG which has 28 intracellular amino acids. . Surface Igs are not capable of signal
transduction on their own but require the association of CD79a and CD79f. These
molecules contain cytoplasmic immunoreceptor tyrosine-based activation motifs
(ITAMs) which can transmit signals following sIg cross-linking *°. Depending on the
differentiation stage of the B cell and on the activation of other B cell surface
receptors that modulate BCR signalling, the activated B cell might be induced to

proliferate, die and/or undergo further differentiation steps ™.

Cross-linking of the BCR with multivalent antigen or artificially with mAb causes
receptor aggregation and leads to activation of intracellular protein tyrosine kinases
(PTK), release of intracellular calcium and the activation of nuclear transcription
factors. The resting BCR 1s associated with Src family PTKs such as Bik, Lyn and
Fyn. The association of these kinases with the receptor is mediated through a binding
motif located in the intraceliular domain of CD79a. Syk kinase is also thought to be
weakly associated with the resting BCR complex. Tyrosine phosphorylation of the
ITAM motifs of CD79 drives Syk recruitment which is believed to be the primary
kinase involved in the initiation of downstream signalling cascades involving

phospholipase C gamma (PLCy) and Ras which lead to the activation of transcription



factors such as nuclear factor kB (NFxB), c-jun and Nuclear Factor of Activated T

cells (NFAT) ' '®. These pathways are overviewed in Figure 1.3 and reviewed in 14,
1.3.2.1 BCR mediated calcium signalling

One of the earliest intracellular responses to BCR activation along with protein
tyrosine phosphorylation is the increase in concentration of intracellular calcium .
Upon BCR activation, the ITAMs become phosphorylated by Src family kinases and
Syk is recruited. Simultaneous with phosphorylation of the ITAMs, B-cell linker
protein (BLNK) is recruited to the CD79a chain. BLNK is an adaptor protein and
therefore has no intrinsic signalling ability but serves as a scaffold for the recruitment
of other signalling molecules. Once localised to the membrane through its
recruitment by CD790, BLNK associates with Bruton's tyrosine kinase (Btk) where it
can become phosphorylated by Src family kinases such as Lyn or Fyn 8 (see Figure
1.3). It is thought that BLNK co-ordinates the localisation of Btk and Syk to facilitate
rapid and effective activation of phospholipase Cy2 (PLCy2) 1 Phosphatidylinositol
3-kinase (PI3-kinase) is also required for activation of PLCy2 *°. Activated PI3K
phosphorylates PIP; to produce phosphoinositol 3,4,5-trisphosphate (PIP3), which is
critical for the recruitment of pleckstrin homology (PH) domain-containing proteins to

the membrane, most importantly, the Tec family kinases and PLCy 2% 2!

. Activation
of PLCy2 results in the cleavage of phosphatidlyinositol (3,4)-bisphosphate (PIP;) to
inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) *2. IP; can then bind to
receptors expressed on the surface of the endoplasmic reticulum (ER), causing the
release of Ca®* from intracellular calcium stores '’. The other cleavage product of
PIP,, DAG, can lead to the activation of protein kinase C-p (PKC-p) in the presence
of calcium **. This can ultimately result in the downstream activation of NFxB ‘6. A
recent report by Singh et al 4 suggested that the BCR-mediated Ca* flux employs a
positive feedback loop involving Src Family kinases and reactive oxygen species
(ROS). Upon BCR cross-linking in Murine A20 cells, a low level of Src family PTK
phosphorylation and Ca®* flux occurs. However, during this initial cross-linking,
ROS are also generated which is dependent on Src kinase phosphorylation. The
investigators elegantly demonstrated that ROS can induce an up-regulation in Src
phosphorylation by the inhibition of phosphatases which in turn leads to an up-

regulation in Ca® flux generation. As both Ca** flux and ROS appear co-dependent,



they suggest that a positive feedback loop is involved in BCR-mediated calcium
signalling.
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Figure 1.3: Activation of Intracellular Signalling Pathways. Cross-linking of the BCR on the
surface of B cells in response to Ag leads to the activation of a variety of PTKs. Activation of these
PTKs leads to the activation of intracellular signalling pathways ultimately leading to the activation of

nuclear transcription factors within the cell nucleus.



Upon Ca®" entry from the extracellular space, it is thought that the intracellular stores
are replenished by the action of SERCA (sarco(endo)plasmic reticular calcium)
pumps which are expressed on the surface of the endoplasmic reticulum. It is not
clear whether filling of these stores is sufficient to signal for cessation of Ca*" entry or
whether another signalling cascade is involved. It has been suggested that SH2-
domain  containing inositol phosphatase (SHIP) can  dephosphorylate
phosphatidylionsitol 3,4,5-triphosphate (PIP3) which can hinder Btk activity and

2+ 18, 25
subsequent Ca™ release " .

Another molecule reported to be involved in the
negative regulation of the Ca** flux is Src family kinases. Cornall et al 26 found that
the level of BCR-mediated Ca®" flux was exaggerated in Lyn-deficient mice. This
observation was supported by the finding that membrane depolarization of store

operated Ca’ channels activated by the BCR was mediated by Lyn kinase 2,

1.4 CD20

CD20 is a pan B-cell marker which has proven to be of great clinical importance for
the treatment of malignant disease. Testament to this fact is that three out of the eight
mAbs approved by the FDA for cancer immunotherapy (see Table 1.1) target this
surface antigen. The CD20 molecule illustrated in Figure 1.4 is a 33-37 kDa, trans-
membrane, non-glycosylated phosphoprotein, expressed on greater than 95% of
normal and neoplastic B cells. CD20 belongs to the recently described MS4A family
which includes the B chain of the high-affinity receptor for IgE and the myeloid and

4 28, 29

lymphoid specific protein HTm . Two separate groups cloned and isolated the

CD20 gene simultaneously in 1988 30, 31

. From analysis of the cDNA sequence, four
transmembrane domains were proposed with both the amino and carboxyl termini
residing in the cytoplasmic region and two potential extracellular loops. Only the
second (larger) domain is believed to be the available for mAb binding **. This loop
is composed of approximately 43 amino acid residues residing between the third and
fourth transmembrane regions. From transfection studies in E. coli, Ernst et al >
recently reported that a disulphide bond linking two cysteines in this loop is important
for maximal mAb binding. Furthermore, Polyak and colleagues ** demonstrated that
even though there are 43 amino acids available for mAb binding, the loop contains
only one main epitope, an alanine-x-proline motif where ‘x’ can be any amino acid

residue, which is crucial for mAb binding to human CD20.
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Interestingly, the homology between the family of MS4A genes is focussed in the
transmembrane regions with little or no homology observed in the extracellular loop.
This suggests that it is the transmembrane regions that play a pivotal role in the
function of these proteins yet the extracellular loops may provide specificity for

ligand interactions.
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Figure 1.4: Predicted structure of CD20 as it lies in the membrane. The conformation of CD20 allows

only one extracellular loop for binding and both N and C termini reside in the cytoplasm.

1.4.1 Transcriptional regulation of the CD20 gene

CD20 is expressed in a lineage-specific and developmentally regulated manner. The

31, 34
1353 Genes

CD20 gene is 16kB in length and located on chromosome 11q12-q13.
similar to CD20 have also been identified in rat and mouse genomes. Recent work by
Tedder et al % identified 16 new human and mouse genes that display good homology

(23-29%) to CD20, these genes have been grouped together to form the MS4A gene
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family. Of the human genes, 7 of the 9 genes including HTm4 are mapped to the

same 11q12-q13.1 chromosomal location.

The CD20 gene contains eight exons however as the gene lacks a classical TATA
box, it appears to have several minor initiation sites such that transcription could start
at several different points in exon 1 and 2 resulting in mRNA lengths from 2.6 to
3.4Kb. Despite this, translation appears to always commence in exon 3 resulting in a
single form of the protein. CD20 gene expression appears to be regulated by a number
of transcription factors. A BAT box at —225 to —201 contains an octamer binding site
for the B cell specific transcription factors Oct-2 and the ubiquitously expressed Oct-1
3> However, mutation of the BAT box only resulted in a 40% reduction in CD20

transcription indicating that other regions are of more critical importance in the

regulation of CD20 production *°.

CD20 expression commences at the early pre-B cell stage just before the expression
of the cytoplasmic p H chain and is lost upon terminal differentiation into a plasma
cell. The control of CD20 to coincide with B cell development is not understood but
may be due to the PU.1/Pip transcription factor complex. PU.1 and Pip are members
of the Ets family and are important regulators of other B cell-specific genes such as
the immunoglobulin light chain and CD72. In vivo footprint analysis by
Himmelmann et al *® identified a PU.1/Pip binding site in the proximal end of the
CD20 promoter (-160). The appearance of this complex corresponds to the
expression of CD20, it is absent in non-B cell lines and CD20-negative pre-B cell
lines, up-regulated during B-cell progression followed by down-regulation upon

terminal differentiation into a plasma cell *°.

In addition to the PU.1/Pip complex binding site, a binding site for basic helix-loop-
helix-zipper (bHLHZ) family proteins was found at position —45. This site binds pE3
specific transcription factors such as TFE3 and USF which are found expressed in
most cell types. Intriguingly, co-transfection experiments with mouse fibroblast cells
demonstrated that even though the pE3 proteins are not B cell specific, they are the
most potent at inducing CD20 expression causing a 9 fold increase in expression

compared to a 2 fold increase with the presence of either Oct-2 or PU.1/Pip
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6
complexes >

. However, the lack of apparent potency of the B cell-specific
transcription factors may be due to the absence of other proteins in the mouse
fibroblast cells as previous experiments have shown that members of the Ets family
are poor transcriptional activators and often function as part of a multi-protein

3
complex *’.

Another regulatory region in the CD20 promoter contains a binding site for the B-
cell-specific activator protein (BSAP). This protein is encoded by the Pax5 gene
which itself is highly regulated and is required for B cell commitment 38 BSAP is
involved in the regulation of CD19 amongst other B cell specific genes. How or what
BSAP interacts with to induce CD20 expression is not fully understood although it
has been demonstrated that BSAP and members of the Ets family can interact to

induce translation of Iga. *%.

In summary, the major site of promoter activity of the CD20 gene is believed to be in
the region of —40 to —450. Within these 400 bases at least four regulatory regions
have been identified. How these transcription factors interact either in complexes or
individually to control CD20 expression is still unclear. However, it is evident that
CD20 is regulated both by transcription factors that are involved in B cell specific
differentiation and also by ubiquitously expressed proteins which are not dependent

on the stage of B cell development.

Furthermore it should be noted that although CD20 expression is generally restricted
to B cells, aberrant expression on T cells has been reported in rare cases of T cell
acute lymphoblastic leukaemia (ALL), NHL and chronic lymphocytic leukaemia

1.4.1.2 Modulation of CD20 expression
A number of studies have reported the effect of cytokines on the expression of CD20.
For example, interleukin-4 (IL-4) and tumour necrosis factor-o. (TNF-0) were found

to up-regulate CD20 in cell samples derived from CLL patients ***%. Interferon —o.

(IFN-0) induced a significant up-regulation of CD20 on cells from B-CLL patients
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with no increase observed in normal patients . In support of this, Bryostatin-1 a
PKC inhibitor which can induce expression and secretion of IFN-y was shown to up-

regulate CD20 in Ramos B cells through ERK dependent mechanisms “,
1.4.2 Sub-cellular location of CD20

Once expressed, much evidence has accumulated to suggest that CD20 does not
reside in cell membranes in monomeric form but most likely forms multimers,
possibly tetramers. Immunoprecipitation experiments yielded products of 33kDa,
70kDa and 140kDa suggesting that CD20 proteins exists as dimers and tetramers 24
Furthermore, it has been suggested that CD20 associates with other signalling
molecules such as CD40, MHC class II and can transiently reside with the BCR 46, 47,
How CD20 interacts with these molecules is not fully understood. A recent study by
Li and colleagues *® demonstrate that CD20 localises to microvilli in the membrane

where both the BCR *° and MHC Class I1 * are also known to localise suggesting that

the actin cytoskeleton may play an important role in CD20 associations and function.
1.4.3 Putative physiological function of CD20

The physiological role of CD20 remains elusive. However, there is strong evidence
to suggest that it may function as a calcium ion channel. The first demonstration of
this came from a study by Bubein et al ** who demonstrated that transfection of CD20
into human T and mouse lymphoblastoid cells resulted in an increase in the level of

cytosolic calcium, [Ca2+]Cy in resting cells.

The potential of CD20 to function as a Ca®* jon channel may explain its putative role
in the regulation of cell cycle progression. It has been demonstrated that CD20
ligation with mAb prevents cell cycle progression from G1 to S-G2/M and can induce

cell death *'3

. However, this is not always observed upon CD20 mAb ligation as it
has also been demonstrated that stimulation with anti-CD20 mAb IF5 can induce B
cell proliferation and suppress apoptosis of germinal centre B cells >* *. The reason
why such apparently conflicting cellular effects are induced could possibly be
explained by the different calcium flux profiles generated by the various mAb.

Bubein et al ¥ demonstrated that stimulation of Daudi cells with the anti-CD20 mAb

14



B1 induced a slow, steady increase of [Ca2+]cy, whereas IF5 caused an acute increase
in transmembrane conductance. More recent studies performed by Shan et al 56
demonstrated a difference in flux observed in Ramos cells when CD20 was hyper
cross-linked with anti-CD20 mAb B1, 2H7 and IF5. The profiles observed were
somewhat different to that reported by Bubien in that there was no acute rise in
[Ca2+]cy upon IF5 ligation. However it should be noted that the cell line and the
system used to assess calcium changes were different, in Bubien’s studies whole cell
patch-clamp analysis was employed and a calcium dye system was used in the latter

report.

The studies mentioned above refer to the ability of CD20 to induce a calcium flux
upon mADb ligation. CD20 however has no known ligand. Therefore in a more
physiological setting, it is probable that CD20 functions as part of a signalling
pathway initiated by ligand binding to other surface antigens. It has been suggested
that CD20 may play a role in BCR-mediated Ca** flux ** %, Recent work by Uchida
and colleagues > suggested that the calcium flux observed upon BCR or CD20
stimulation is reduced in CD20 knockout mice. However, upon more thorough
investigation of their results, this conclusion is questionable due to the reduced
expression of IgM on the surface of B cells from CD20-knockout mice (CD20™). In
addition it was suggested that these cells displayed a lower calcium flux upon CD19
ligation. Even though no down regulation of CD19 was observed, it would be tenable
that a reduced expression of IgM could lead to a reduced amount of CD19/BCR
complexes and hence reduced calcium flux profile. The lack of a distinct phenotype
in CD20™ was disappointing however, as calcium flux is such an important cellular
process, it is possible that other members of the MS4A family or other calcium
regulators may compensate for the loss of CD20, therefore masking an obvious

phenotype. Further work with the use of conditional knockouts may resolve this

issue.

Avoiding the difficulties with CD20 knockout mice, Li et al ** demonstrated a clear
link between CD20 and BCR induced calcium flux where knockdown of CD20
expression in BJAB cells using siRNA resulted in a marked decrease in the calcium
flux generated upon IgM stimulation. Importantly, this effect was implicated to be

due to a reduction in store operated channel (SOC) opening *®. In cells there are two
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main classifications of ion channels - voltage-operated and non-voltage operated
channels. Voltage operated channels are usually found in excitable cells such as
neuronal and muscle cells and are dependent upon the potential across the membrane.
Conversely, SOC generate Icrac (Ca2+ release activated Ca**) currents. Such currents
are biphasic in nature. The first phase involves the release of calcium from
intracellular stores, generally from the endoplasmic reticulum. This in turn activates
the second phase which involves the activation of plasma membrane ion channels to
facilitate calcium influx from the extracellular milieu and subsequent repletion of
these stores (reviewed in °%). The mechanism involved in the activation of SOC is not
fully understood, however several hypotheses have been proposed; the use of
secondary messengers, transportation of ion channels to the surface via vesicles and

physical docking of the ER with the plasma membrane (reviewed in 17).

In B lymphocytes, the two phases of calcium mobilisation are thought to be coupled
to different signalling pathways where a release from intracellular stores is sufficient
to activate NFxB but is insufficient for the activation of NFAT which requires a
sustained increase in calcium *°. Even though CD20 is reported to mediate Ca** flux
through store operated channels the possibility of the involvement of other ion
channels should not be ruled out as recently, channels that demonstrate L-type

voltage-gated characteristics have been associated with BCR-mediated calcium flux
60

The exact nature of the involvement of CD20 as a SOC in IgM-mediated Ca** flux is
not clear. There is strong evidence to indicate that CD20 forms part of the SOC ion
channel itself. First, it has been shown that the intensity of calcium flux after store
depletion is proportional to the CD20 expression level *®. Second, CD20 shows good
structural homology to other ion channels ( in being a tetraspan molecule and found in
oligomeric complexes in the membrane ****). Third, CD20 transfection into Chinese
Hamster Ovary cells and Jurkat T cells significantly enhanced cytosolic calcium
levels . Finally, studies in Hairy Cell Leukaemia revealed that CD20 is over

expressed and hyper-phosphorylated and that cytosolic calcium levels are elevated in

these cells compared to normal B cells .
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In addition to its role as a SOC in IgM signalling, calcium flux may also be evoked by
ligation of CD20. Interestingly, CD20 phosphorylation in resting cells is up-regulated
upon mAb stimulation suggesting that phosphorylation of CD20 may play a role in
the regulation of CD20-mediated calcium flux. Incubation of cells with the calcium
ionophore Ionomycin, induced a time dependent phosphorylation of CD20 which was
detectable within 5 seconds and plateaued after 2 minutes ¢! Furthermore, treatment
of Ramos B cells with PP2 (a Src family tyrosine kinase inhibitor) resulted in
abrogation of calcium flux observed with cross-linked anti-CD20 mAb 2H7 or ritux
3. €2 Another important cellular protein phosphorylated upon CD20 stimulation is
phospholipase C gamma-2 (PLCy2) ©. As mentioned briefly in Section 1.3.2.1, this
enzyme can cleave membrane-bound PIP; into IP3 and DAG. IP;3 can diffuse to the
ER and stimulate calcium release (see Figure 1.3). The other cleavage product, DAG,
is a substrate for protein kinase C (PKC). This kinase also has a substrate binding site
on the intracellular domain of CD20. Interestingly, PKC has been linked to the down

58, 64

regulation of other cell signalling pathways and has been suggested to decrease

Ca*" flux associated with CD20 mAb stimulation *.

These data have all lead to the suggestion that the calcium flux generated after anti-
CD20 mAb cross-linking is due to opening of a SOC channel, although the direct
evidence for this is not readily apparent. For this reason there has been limited work
investigating the possibility of involvement of a signalling pathway in CD20-
mediated Ca®" flux. Recently, two groups have suggested that in B-cell lines
redistribution of CD20 into lipid rafts (discussed in the next section) by anti-CD20

mADb is a pivotal first step for the generation of a Ca** flux ®* .
1.4.4 CD20 association with lipid rafts

There have been several reports demonstrating that CD20 can be redistributed into

62, 66-68

lipid rafts upon mAb binding . Lipid rafts are tightly packed, highly ordered

domains, rich in glycosphingolipids and cholesterol which are estimated to contain
69-71
).

<1% of membrane proteins (for reviews see Important signalling molecules

such as G proteins and Src kinases are thought to constitutively reside within these

domains with some non-resident raft proteins, for example the BCR, being
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2 These domains are

demonstrated to localise with rafts upon cross-linking
postulated to form important signalling platforms in some signal transduction
pathways where compartmentalisation of receptors into and out of rafts can result in
new micro-environments, facilitating modification of the receptor’s phosphorylation
state by local kinases and phosphatases, thereby modulating downstream signalling.
It was originally thought that redistribution of CD20 by mAb ligation was necessary
to associate CD20 with lipid rafts, where the rafts are characterised by their
insolubility in Triton X-100 (TX-100) detergent at 4°C 5 However, it is now thought
that CD20 is constitutively present in “mini” rafts which, on their own are solubilised
by TX-100, but remain insoluble in less stringent detergents such as Brij 58 and

CHAPS ®.  Therefore, cross-linking CD20 with certain mAb to confer TX-100

insolubility is likely to be a consequence of the clustering of mini-rafts.

The affinity of proteins for lipid rafts can be increased by certain post-translational
modifications, such as the addition of glycosylphosphatidyl inositol (GPI) groups or
long chain fatty acids (s-acylation or palmitoylation) 7. CD20 does not appear to
have any such modifications. However, the membrane proximal region of the
cytoplasmic C-terminal domain of CD20, residues 219-252 (see Figure 1.4), has been
shown to be important for translocation of CD20 into TX-100 rafts s Apart from
proteins which are constitutively associated with lipid rafts like the dually acylated
Src family PTKs 7 and adapter proteins like phosphoprotein associated with
glycospingolipid rich microdomains (PAG) which is thought to be palmitoylated 7,
the propensity of proteins without these post-translational modifications to translocate
into TX-100 rafts upon ligation is relatively rare. Filatov and colleagues > found that
only 3 out of 24 antigens studied (CD5, CD20 and sIgM) were able to redistribute into
TX-100-insoluble fractions after incubation with mAb.

Whether a biochemical event is involved in the redistribution of CD20 into lipid rafts
is unknown. A recent review '’ has highlighted the possibility that these domains
could be formed by the spontaneous association of ceramide rich microdomains.
These ceramide micro-domains are derived from the action of acid spingomyelinase
which hydrolyses sphingomyelin in the plasma membrane to release its ceramide
moiety. These ceramide molecules are then free to spontaneously associate .

Interestingly, it has been reported that Rituximab (ritux) can activate acid
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sphingomyelinase in Daudi cells however more work is required to fully understand

the implications of this event .
1.4.4.1 Isolation of lipid rafts

The main technique utilised to isolate lipid raft fractions is based on their detergent
insolubility. Brown and colleagues " initially used this technique in 1994 where they
isolated detergent resistant microdomains (DRMs) and these were termed lipid raft
domains. Detergents work by solubilising membrane components via micelle
formation. Above a certain detergent concentration (termed the critical micelle
concentration (CMC)), detergent molecules spontaneously self-associate engulfing
membrane components in micelles making them water-soluble. Depending on the
stringency of the detergent, lipid raft domains can be impervious to this micelle
formation and remain insoluble, therefore when separated on a density gradient, they

remain buoyant and are localised in the low density fractions *.

Even though detergent analysis is the most common method used to investigate lipid
rafts there have been several arguments over the validity of this technique 082 A
summary of these concerns is that the contents of the lipid raft domains can vary
greatly and are highly dependent on the cell type and the detergent used. Another
major criticism is that detergents are used at 4°C, where lipid packing and
redistribution may not reflect the situation in the plasma membrane at 37°C. In
addition, detergent insoluble domains cannot determine whether two or more proteins
identified in the DRMs are in one distinct raft or in separate ones. Therefore, the
identification of two proteins in a raft fraction only indicates that both are in raft
domains but does not necessarily imply that they are associated or even localised
together. Furthermore, detergent lysis results in a loss in the plasma membrane
integrity and therefore cannot be used to detect rafts in living cells. To quell these
concerns, it is now common practice to assess lipid rafts using several different
detergents and complementary detergent-less methods such as flow cytometry or

fluorescent microscopy.
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1.4.4.2 The significance of CD20 association with lipid rafts

The significance of the ability of CD20 to redistribute into TX-100 insoluble rafts is
unclear. Recent work by Li and colleagues 48 suggests that association of CD20 with
lipid rafts is necessary for CD20-mediated calcium flux. Deletion of residues 219-
225 in the cytoplasmic tail of CD20, which is important for the association with TX-
100 rafts but not for oligomerisation, resulted in a reduction of Ca®* influx. As the
suggestion that CD20 can constitutively reside in lipid rafts is a recent one, most work
to date has focussed on the significance of CD20 redistribution into TX-100 insoluble
rafts. However, Li et al did demonstrate that treatment of cells with methyl-B-
cyclodextrin (MCD) which disrupts CD20’s constitutive association with rafts also

. 48
resulted in a decreased flux ™.

Aside from calcium flux generation, work by our
group suggests that the clustering of CD20 into TX-100 rafts is an important step in
the activation of complement. We found that the mouse anti-CD20 mAb B1 (a poor
inducer of CD20 redistribution and complement lysis) and IF5 (a good inducer of raft
redistribution and complement lysis) differed in their ability to induce complement

even though both are of the same mAb isotype (IgG2a) 67,

Conversely, CD20 clustering does not appear to be essential for all CD20-mediated
events. We have reported that one of the most effective inducers of CD20-mediated
cell death is Bl mAb which does not stimulate this redistribution into TX-100
insoluble domains *2. As such, CD20 induced cell death does not seem to depend
upon lipid rafts. A similar scenario has also been observed in BCR-mediated
apoptosis where Trijillo et al * demonstrated that clustering of the BCR into TX-100

rafts is not required for the induction of apoptosis.
1.4.4.3 Cholesterol in lipid rafts

Brown and colleagues ® demonstrated that rafts isolated in 1% TX-100 contained
32% cholesterol compared to approximately 12% in the rest of the membrane.
Cholesterol depletion is often used as a method to disrupt raft integrity. It has been
demonstrated that treatment of cells with MCD, a drug that extracts cholesterol,
prevents the recruitment of the BCR to lipid rafts **. The importance of cholesterol

for CD20 mAb binding was first indicated by Polyak et al ¥ who demonstrated that
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an epitope recognised by the anti-CD20 mAb FMC7, was cholesterol dependent.
Work by our group supported these findings and reported that in fact most anti-CD20
mAb required cholesterol for optimal mAb binding suggesting that CD20 is
dependent on its plasma membrane micro-environment to provide optimal spatial

orientation for mAb binding 8,
1.4.5 Association of CD20 with the actin cytoskeleton

One of the earliest events in some receptor signalling pathways is changes in the actin
cytoskeleton. Actin polymerisation occurs by the conversion of monomeric globular
(G)-actin to polymeric filamentous (F)-actin ®. It has been suggested that
cytoskeleton-associated proteins are among the most abundant proteins found in rafts

and the actin cytoskeleton itself has been implicated in the compartmentalisation of

.88
raft domains %5.

Several membrane proteins important in B cell signalling have been reported to be
associated with actin filaments such as MHC class II ¥ and the BCR %°. Intriguingly,
it has now been revealed that CD20 also associates with microfilaments ®. This
association however does not appear to be important for the redistribution of CD20
into lipid rafts as disruption of actin polymerisation with various inhibitors does not
affect the presence of CD20 in the TX-100 insoluble domain. As the actin
cytoskeleton plays such a central role in signal transduction, further work is required

to fully understand the importance of its association with CD20.
1.4.6  Association of CD20 with other surface antigens

CD20 is reported to be associated with several important signalling molecules such as
the BCR ¥, MHC class II and CD40 * molecules. Deans and colleagues *
demonstrated that the BCR can co-localise with CD20 on the surface of stimulated B
cells until just before BCR internalisation, when rapid dissociation occurs.
Furthermore, Mathas et al ! found that anti-CD20 and BCR-mediated cell death
utilise similar signalling pathways and the sensitivity of cell lines to this death was the

same for both, independent of the expression level. Other studies have directly linked
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CD20 and the BCR by demonstrating that stimulation of IgM results in enhanced
phosphorylation of CD20 %7 and can lead to a down-regulation of CD20 expression .

Immunoprecipitation studies have also suggested that CD20 is physically and
functionally coupled to MHC class II and CD40 % CD40 is critically involved in B
cell proliferation and differentiation and stimulation with CD40 ligand or anti-CD40
mADb can protect cells from receptor-stimulated apoptosis % Interestingly, it has been
shown that CD20 stimulation can lead to a decrease in CD40 expression ** indicating
a possible mechanism through which anti-CD20 mAb signal for cell death. MHC
Class II plays an important role in antigen presentation to CD4" T cells with mAb
ligation of MHC Class II inducing high levels of apoptosis %> The pathway involved
appears similar to that of CD20 with calcium chelation and Src family kinase

inhibition resulting in a significant decrease in the level of cell death occurring.

Furthermore, it has been shown recently that cross-linking of some cell surface
antigens on leukaemia cells may lead to an increase (e.g.CD95, CD80) or decrease
(e.g. CD32) of CD20-mediated cell death % How CD20 interacts with these
molecules to achieve such opposing biological outcomes of cell death and cell

survival has yet to be fully understood.

1.4.6.1 Association of CD20 with protein kinases

CD20 itself can be phosphorylated on serine and threonine residues upon mAb
stimulation accounting for the different molecular weights (33, 35 and 37 KDa). This
phosphorylation is believed to be partially mediated through PKC, evidence for which
comes from studies where the activation of PKC by PMA resulted in increased CD20
phosphorylation.  Interestingly, use of the PKC inhibitor H-7 also resulted in
enhanced phosphorylation of CD20 but on different residues to that induced by PMA
3 In addition to CD20 itself becoming phosphorylated upon anti-CD20 mAb
ligation, other cellular proteins are also known to become phosphorylated such as
PLCy1 and PLCy2 however this phosphorylation does not occur on serine/threonine
but on tyrosine residues indicating a direct link between CD20 and tyrosine kinase

activity >%°7,
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Deans et al °® revealed that CD20 was associated with members of the Src-family
PTKs, Lyn, Fyn and Lck. Src kinases serve as molecular switches that regulate a
variety of cellular events such as cell growth, division and differentiation. Src PTKs
are strictly regulated by the phosphorylation of two tyrosine residues, auto-
phosphorylation of a tyrosine (Tyr416) in the kinase domains is required for full
activity, whereas phosphorylation of tyrosine 527 located in the C-terminal region
abolishes activity. When the C-terminal tyrosine is phosphorylated this causes
binding of an internal SH2 domain and results in a closed conformation of the
enzyme. Dephosphorylation results in release of the SH2 domain, an open
conformation and enzyme activation *°. The main kinase activity of CD20 is
mediated by Lyn ®®. Src family kinases are not directly associated with CD20 but are
linked by an adaptor protein known as PAG which also binds to the major negative

regulator of Src kinases, C-terminal Src kinase (Csk) 100

. How PAG associates with
CD20 is not known, however there is strong evidence to suggest that it is most likely
within the transmembrane domain as deletion of a large proportion of the cytoplasmic
domain of CD20 did not abolish CD20-mediated phosphorylation *. The interaction
between CD20, PAG and Lyn is not fully understood, however, the association of

these molecules with lipid rafts may be important.
1.5 CD20-directed therapy in the treatment of Non Hodgkin’s Lymphoma

CD20 has been highly successful as a target for immunotherapy of B-cell
malignancies. This success can be attributed to several factors; firstly, it is
ubiquitously and exclusively expressed at high surface densities on normal and
malignant human B cells. Secondly, it is not internalised or modulated after mAb
binding '®'. Thirdly, rituximab therapy rarely develops CD20 negative disease ',
allowing for patient re-treatment. Moreover, CD20 is not expressed on stem cells or
plasma cells, therefore even though patients show a significant drop of plasma IgM
levels, they do not become severely immunocompromised as the presence of pro-B
cells facilitates repletion of B cells after treatment and the continuation of plasma

cells restores the level of circulating antibodies '°%.
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Several anti-CD20 mAb have been assessed for their therapeutic efficacy. In 1997,
the anti-CD20 chimeric antibody Rituximab (Rituxan, IDEC Pharmaceuticals, San
Diego, CA) was the first therapeutic mAb to be approved by the US food and drug
administration (FDA) for the treatment of cancer. Since then, two CD20-directed
radionuclide-labelled mAb, *°Y-ibritumomab tiuxetan and B _Tositumomab have

also gained approval from the FDA for the treatment of lymphoma.

Rituximab has found its widest application in the treatment of patients with NHL,
particularly follicular lymphoma (FL). NHL is a heterogeneous group of neoplasias.
These lymphomas are typically separated into indolent or low-grade (small
lymphocytic, marginal zone, follicular centre cell grades I and II), intermediate grade
(e.g. diffuse large cell) and high grade (lymphoblastic, Burkitt’s) subtypes 103,
Patients with low grade lymphoma have a median survival of 10 years but the disease

104 Ppatients with more

is considered incurable with current therapeutic options
aggressive lymphomas such as diffuse large cell lymphoma are potentially curable.
Even in the advanced stages of the disease, treatment can achieve long-term remission
in 30-50% of cases. For relapsed patients, high-dose chemotherapy and stem cell
rescue is often successful. However, relapse with the development of drug resistance

105

remains a major problem Thus, highlighting the need for other treatment

modalities such as immunotherapy.

The typical treatment regime for Rituximab is 375 mg/m* administered intravenously

weekly for four consecutive weeks %

. Treatment related toxicity is generally mild
and occurs most often with the first infusion of mAb. Initial success was achieved in
relapsed or chemorefractory low grade and follicular NHL. Now treatments have
diverged to involve ritux as a first line therapy i.e. in previously untreated patients,
and in combination with CHOP (cyclophosphamide, doxorubicin, vincristine and
prednisone) chemotherapy. Presently, a vast number of clinical studies are in

progress to assess the efficacy of ritux in a range of different scenarios. A summary of

selected trials are shown in Table 1.2.
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Treatment Regimen Lymphoma No. of Response  Median Reference
Patients PFS

Rituximab Relapsed or refractory 166 50% OR 13 months 102

(Post chemotherapy) low-grade NHL 6% CR

Rituximab Low-grade lymphoma 49 73% OR 34 months 106

(First Line) 27% CR

Rituximab Relapsed or refractory 37 57% OR 13 months 107

(extended treatment low-grade or follicular 5% CR

of 8 weeks) NHL

Rituximab combined Relapsed low-grade 40 95% OR > 40 months 108

with CHOP lymphoma 55% CR

Rituximab combined Relapsed or refractory 20 55% OR > 30 months 109

with IL-2 follicular NHL

Zevalin Relapsed or refractory 143 80% OR 14.2 months 1o

(°®Y -ibritumomab follicular, low grade or 30% CR

tiuxetan) transformed lymphoma

Bexxar Relapsed or refractory 24 87% OR > 50 months 1

(®'1-Tositumomab) follicular, low grade or 81%CR

transformed NHL

Table 1.2: Summary of CD20 directed therapies. OR: overall response CR: complete response PFS:

progression free survival

One of the most effective therapy regimes is when ritux is administered in
combination with chemotherapy. Greater therapeutic efficacy is believed to be a
consequence of the lymphoma cells becoming sensitised to cytotoxic drugs following
exposure to the anti-CD20 mAb (see Section 1.6.6). Czuczman et al 12 demonstrated
in a trial of 40 patients with low grade B-cell lymphoma who had relapsed after a
response to ritux therapy, 95% had an objective response with 55% complete response
(CR) rate. The median progression free survival was greater than 40 months and the
toxicity observed was similar to CHOP alone. However, conventional chemotherapy
regimens achieve long term remission in fewer than 40% of patients with aggressive
NHL "2 and fewer than 5% of patients with indolent lymphomas ', Because

lymphomas are inherently sensitive to radiation, radioimmunotherapy (RIT) is now

proving to be a highly effective method for the treatment of NHL. As already
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mentioned, two radiolabelled anti-CD20 mAb are currently in use, %Y _ibitumomab
tiuxetan which consists of the murine ‘parent’ of ritux (C2B8) and B Tositumomab
which consists of the murine anti-CD20 mAb, Bl. Therefore, cells are being
subjected to two modes of cell death, firstly from the direct effects of the mAb such as
programmed cell death, antibody dependent cytotoxicity (ADCC) and complement
dependent cytotoxicity (CDC) and also the effects from irradiation. Irradiation of
cells can result in chromosomal damage and subsequent activation of a p53 mediated
apoptotic pathway. RIT has the added advantage that a ‘bystander’ or ‘cross-fire’
effect can occur from the irradiation, resulting in the depletion of neighbouring cells

inaccessible to antibody or with insufficient antigen expression e,

Even though good progress has been made in the treatment of NHL, it is evident from
Table 1.2 that, to date no curative treatment has been developed for the treatment of
low grade lymphoma. Therefore, in the last few years several novel approaches have
been employed. One such approach is the combination of ritux with the anti-CD22
mADb Epratuzumab. It has been reported that complete response rates are better when

. . . . . . 115
this combination is used compared to ritux on its own

. Another novel approach
currently being explored is to engineer cytotoxic T cells to express a modified
receptor which consists of a single chain Fv (ScFv) antibody fragment (i.e. the
variable domains of a Fab arm tethered together by a small linker region) specific to
CD20 fused to the CD3 zeta chain ''®. This targets the cytotoxic T cell to the
malignant cell, resulting in its destruction. T cells may be more advantageous than
soluble mAb as they are highly efficient at mounting a cytotoxic response, can readily
move in and out of lymph nodes, lyse multiple targets and persist in circulation for

long periods of time. However, this therapy is in the very preliminary stages and

more research is required before it can become a tenable treatment option.

1.5.1 Rituximab resistance

Although ritux therapy has significantly improved the treatment outcome of NHL
patients, only 50% of patients respond. Various mechanisms have been postulated for
ritux resistance and have been recently reviewed by Maloney et al '®°, with the main

reasons being suggested as transient CD20 down regulation ' and expression of

8

complement inhibitors ''®. A more recent suggestion is that CD20 is removed from
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the surface of B-cells ligated with ritux by the action of macrophages when large

. . . 19
numbers of tumour cells are in circulation. Beum and colleagues '

elegantly
demonstrated that when cells from B-CLL patients (which have large numbers of
circulating tumour cells) were opsonised with ritux and incubated with FcyR
expressing monocytes, CD20:ritux complexes were ‘shaved’ from the B cells. The
loss of CD20 did not appear to be due to internalisation of ritux-bound CD20 but
removal of the CD20:ritux complexes through the interaction of the Fc domain of
ritux with FcyR receptors on monocytes leading to the endocytosis of these complexes
into the monocytes. This report is supported by a recent study demonstrating that
depletion of B cells by ritux in CD20 transgenic mice is primarily achieved by

macrophages in the liver '*°,

1.5.2 The use of ritux in the treatment of other B cell disorders

As is evident from Table 1.2, the primary focus of ritux therapy has been in low-grade
NHL, however ritux has also been evaluated for therapeutic efficacy in a range of
different lymphomas and other CD20 positive diseases. Large B-cell lymphomas
have been shown to be sensitive to CD20 directed therapy. Akhtar et al **! reported a
97% OR rate with 73% CR using ritux in combination with CHOP chemotherapy
where long term follow-up is not yet available. The feasibility of using CD20 related
therapies for several other lymphomas such as Waldenstroms macroglobulinemia and

2
d.l 2, 123

mantle cell lymphoma have also been assesse . As B cells play a pivotal role

in the adaptive immune response, the efficacy of ritux treatment in a range of auto-
immune diseases has also been investigated. These have in some cases proven to be
adequately convincing to initiate clinical trials, such as for systemic lupus

erythematosus (SLE) 124 AIDS 125, and rheumatoid arthritis ¢

1.6  Effector mechanisms evoked by anti-CD20 mAb

Anti-CD20 mAb are well established as effective immunotherapeutic agents. The

main effector mechanisms evoked by CD20 mAb are believed to be complement

118, 127

dependent cytotoxicity (CDC) , antibody dependent cellular cytotoxicity

(ADCC) '*® and direct induction of growth arrest and programmed cell death (PCD)

> 129 a5 illustrated in Figure 1.5. In addition, ritux has been postulated to sensitise
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13 v i s . 3 .
% Bl and limited evidence suggests a role in direct stimulation

chemoresistant cells
of an immune response 132,133 The study of CD20-directed B cell depletion has been
significantly aided by the recent generation of anti-mouse(m) CD20 mAb 7. Prior to
this, as anti-mCD20 mAb were not available, transgenic mice expressing human
CD20 were used to study normal B cell depletion. From these studies with anti-
mCD20 mAb in C57BL/6 mice, it was shown that B cells are rapidly depleted from
the blood and bone marrow followed by the spleen and other lymphoid tissues.
However, B cells in non-lymphoid tissues like the peritoneal cavity were protected
from CD20-directed depletion. The effector mechanisms that predominate in CD20-
directed therapy remains a topic of debate, Tedder et al 13 reported that ADCC was
more important than CDC but did not assess the involvement of direct cell death
induction. Furthermore, these studies focus on the depletion of normal as opposed to
malignant B cells and it is now becoming apparent that the mode of B cell depletion
may depend on its type, origin, location as well as the anti-CD20 mAb employed. The
potential mechanisms engaged by anti-CD20 mAb and evidence for their involvment

are highlighted in more detail below.

Recruitment of Direct Signalling I Stimulation of an
Cellular Effectors . Programmed cell death . Qdaptlve Immune
ADCC \ esponse

. Direct growth arrest .
cDC \ |

Macrophages
DCs
Neutrophils

\ i ( cD4+
cDs*

Figure 1.5: Effector mechanisms believed to be evoked upon CD20 ligation with mAb
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1.6.1 Complement Dependent Cytotoxicity

Complement is a highly regulated enzymatic cascade that can be activated in three
ways, known as the classical, alternative and lectin pathways. In mAb-mediated
immunotherapy, it is believed that CDC is mediated through the classical pathway.
The complement cascade begins with the formation of antigen-antibody complexes on
the surface of cells to which Clq can bind (Figure 1.6, reviewed in '*°). Clq is
composed of six globular arms and therefore requires at least two antibody Fc
domains in close proximity on the cell surface and in the correct orientation for stable
binding. In the presence of calcium ions, Clq binds constitutively present serum
proteins Clr and Cls to form a stable complex. Cls can then cleave C4 and C2. C4
is cleaved to release C4a and a larger fragment C4b, which attaches to the cell surface
along with the cleavage product of C2, C2a. The complex C4b2a is known as C3
convertase. A single C3 convertase can generate over 200 molecules of C3b from the
cleavage of C3, hence the formation of C3 convertase is a critical step in the
amplification of the complement cascade. Some of the C3b formed can associate with
C4b2a to form C5 convertase which cleaves C5 into C5a and C5b. C5b can then go
on to associate with other serum proteins C6, C7, C8 and C9 to form the membrane
attack complex (MAC). This complex displaces the membrane phospholipids,
forming a large transmembrane channel that disrupts the membrane permeability of
the target cell leading to lysis. In addition to direct lysis of cells, during the
complement cascade, the smaller cleavage products C3a, C4a and C5a can act as
anaphylatoxins mediating an inflammatory response. Furthermore, C3b and to a
lesser extent C4b can opsonise the cell for binding complement receptor bearing

cytotoxic effector cells such as macrophages and NK cells.

Clearly the complement cascade, if not tightly regulated, is a potentially harmful
process and therefore human cells express several complement defence molecules
which intervene at critical points in the complement cascade to limit aberrant
activation and destruction of host cells. Complement defence proteins CR1 and CD55
accelerate the decay of C3- and C5-convertase, CD59 binds to complement proteins
C8 and C9 hindering MAC formation whilst CD46 acts as a co-factor which binds to

C3b and C4b converting them into fragments that cannot support further complement

activation ¢,
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Figure 1.6: Summary of the classical pathway of complement. The pathway is activated upon Clq
binding to the Fc domain of antibody:antigen complexes. In the presence of calcium ions, Cls and Clr
bind to Clq forming an esterase which can cleave both C4 and C2. This leads to the binding of a
cleaved fragments from both molecules to form C3 convertase which subsequently leads to the
generation of C5 convertase and formation of the membrane attack complex (MAC). Some of the
cleaved fragments produced during the cascade (highlighted in red) act as soluble mediators to recruit
and activate immune effector cells with C5a being the most effective. To prevent abberant activation of
complement, host cells can express complement defence proteins such as CDS5 and CD59.
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1.6.1.1 CD20-mediated CDC

Complement mediated lysis is believed to be one of the major effector mechanisms of
CD20 therapy 127,137, 138 - A5 discussed in Section 1.6.1, the Fc domain of Rituximab
is able to engage the serum protein Clq allowing induction of the classical
complement cascade '*°. The involvement of complement in CD20-directed therapy
has been demonstrated in vitro and in vivo. Possibly the most persuasive evidence
that complement is involved in ritux therapy comes from a recent study by Kennedy

et al 14

who demonstrated that the sera of chronic lymphocytic leukaemia patients
treated with ritux had a reduced ability for C3b to opsonise and kill CD20" cells
unless supplemented with normal serum or component C2, indicating that
complement is consumed upon ritux treatment. Other evidence from an animal model
demonstrated that treatment of mice with either ritux or 1F5 one day after inoculation
with tumour cured 100% of the animals. The therapeutic efficacy was not effected by
the depletion of either natural killer (NK) cells or neutrophils or both but was
completely ablated in knockout mice lacking Clq 127 Furthermore, work in our

laboratory demonstrated that depletion of complement by cobra venom factor led to a

notable decrease in the therapeutic efficiency of 1F5 and ritux in lymphoma-bearing

SCID mice ',

The importance of complement defence proteins in CD20-mediated CDC remains
controversial. Several groups have investigated the relationship between complement
defence molecules CD59 and CDSS with CD20 expression level. In a study of celis
isolated from 33 B-CLL patients, Golay et al ''® reported that the expression level of
CD20 and complement inhibitors CD55 and to a lesser extent CD59 were
determinants in the clinical response of patients. Furthermore, ritux therapy of
follicular lymphoma can be enhanced by pre-incubation with a CD59 blocking mAb
"8 In addition, it has been shown that the surviving tumour cells in some patients
treated with ritux have increased CD59 expression *2. However, other studies have
found no such association and an investigation of 29 ritux-treated patients with
follicular lymphoma showed no significant correlation between the expression of
CD55 and CD59 and ritux-induced CDC . Further studies are required to delineiate

the exact role of complement defence molecules in CD20-mediated CDC.
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Even though the ability of ritux to activate CDC is now well established, limited work
has been performed in understanding what makes CD20 a particularly good mediator
of complement lysis. Work in our group suggests that CD20 redistribution into TX-

100 insoluble lipid rafts upon mAb ligation, may play an important role 6.
1.6.2 Antibody Dependent Cellular Cytotoxicity

Antibody dependent cellular cytotoxicity, or ADCC, relies on recruitment of
accessory cells such as NK cells, Macrophages, Neutrophils, Eosinophils and Platlets
through engagement of the Fc domain of bound 1gG mAb. In mammalians, there are
four main groups of Fc receptors for IgG (FcyR); the inhibitory receptor, FcRII
(CD32) which possesses an immunoreceptor tyrosine-based inhibitory motif (ITIM)
and the activatory receptors, FcRI (CD64) and FcRIII (CD16), and the recently
described, FcRIV receptors which all contain ITAM motifs. Co-expression of both
activatory and inhibitory FcyRs on cells of the immune system regulates the cytotoxic

response to invading pathogens which can become opsonised with IgG ™ '**.

As ADCC is dependent on interaction with Fc, the isotype of the mAb is a
determining factor in the efficency of induction. Studies have shown that mouse
IgG2a is the most active subclass in ADCC, especially with activated macrophages
where it is the most effective isotype at prolonging survival of tumour-bearing mice
143. 146~ The signalling events leading to the death of the cell are currently unclear. It
is believed that release of cytotoxic granules occurs. These granules, present in the
cytoplasm of resting effector cells, fuse with the plasma membrane in response to
target cell recognition, releasing their cytotoxic contents at the target cell interface.
These granules contain enzymes such as granzymes, perforin, myeloperoxidase, acid
hydrolases and lysozyme which cause degradation, toxic oxygen radical build-up and

ultimately death of the target cell 7.
1.6.2.1 CD20-mediated ADCC

Investigations into the B cell depletion mechanism employed by anti-mCD20 mAb in
mice and anti-CD20 mAb in transgenic mice expressing human CD20 suggest that

ADCC plays a pivotal role in CD20-directed B cell depletion. Uchida et al *®
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reported that B cell depletion by anti-CD20 mAb could still occur in C3-deficient
mice. Furthermore, it has been demonstrated that FcRy'/' nude mice, that lack FcyRI
and IIL, have a significantly reduced anti-tumour activity with ritux than wild type
mice. Additionally, this activity can be substantially increased by the disruption of

FcyRIlb, an inhibitory Fc receptor 19,

Perhaps the most convincing evidence that
ADCC is an important effector function of ritux in human immunotherapy comes
from an investigation by Cartron et al 150 who recently revealed that the clinical
response of FL patients to ritux treatment correlates to a favourable polymorphism in
the FcyRIlla receptor of accessory cells. The study assessed the significance of a
polymorphism at residue 158 of FcyRIlla, which can either be valine (V) or
phenylalanine (F). It has been shown that human IgG1 favours binding of the V
variant. Patients homozygous for valine (V/V) at residue 158 had a better response to
ritux treatment when compared to patients carrying the F variant, either V/F or F/F.
Interestingly another study on patients with CLL found no such correlation 15
however FL and CLL have different genomic and immunophenotypic profiles, one of
the most notable differences being CLL generally express lower levels of CD20.
Furthermore, a recent study by Hamaguchi et al 144 demonstrated that in mice, the
mode of B cell depletion by anti-CD20 mAb was different for circulating B cells
compared to those found in tissues such as the spleen. Clearance of B cells from the
latter is thought to be more dependent on ADCC than circulating B cells thereby
suggesting a possibly reason for the difference observed between FL (more tissue

related) and CLL (blood) diseases.
1.6.3 Induction of programmed cell death

Apoptosis or programmed cell death is a normal, physiological process which is
fundamental to tissue homeostasis and embryonic development. In addition to its role
in developmental control processes, apoptosis can be induced by toxic insult and the

triggering of cell surface receptors such as Fas and other members of the tumour

necrosis factor (TNF) family 12

The ‘classical’ apoptotic pathway follows a characteristic pattern of events in which

the fate of a cell is determined by the interplay of various signal transduction



pathways (see Figure 1.7). The process can be divided into three stages; the initiation
stage, where death receptors such as Fas and TNFR are stimulated or the cell
undergoes toxic insult such as irradiation or chemotherapy; the execution stage where
the cell becomes commited to die and the final destruction phase where the cell

undergoes several characteristic morphological changes such as DNA fragmentation

and cell shrinkage.

Even though the signalling pathways involved in apoptotic induction are not fully
elucidated, the morphological changes are well defined and are generally the most
reliable marker used to identify an apoptotic cell. Typical morphological events
include exposure of phosphatidyl serine (PS) to the surface of the cell membrane,
DNA condensation followed by fragmentation, cell shrinkage and membrane
blebbing. These cell changes occur following a cascade of signalling events where
caspase involvement is a primary indicator that a cell is undergoing apoptosis

(reviewed in '*%).

Caspases are cysteine proteases, using the sulfur atom in cysteine to cleave
polypeptide chains next to aspartate amino acids. It is believed that caspase activation
is the principal program of cell death in many developmental and physiological
settings. Presently 13 human caspases have been identified which share similarities in

amino acid sequence, structure and substrate specificity 134

All are expressed as
proenzymes which upon cleavage form a smaller (~10kDa) and larger subunit
(~20KDa). These two subunits associate to form a heterodimer which associates with
another heterodimer to become an active protease. Not all of the 13 caspases
identifed are functionally defined, two (-11 and -1) have a role in inflammation and
seven are important in apoptosis induction. These seven caspase members can be
divided into two groups; the initiator caspases, -2, -8, -9 and -10 and the executioner
caspases which include caspase-3, -6 and -7. As seen in Figure 1.7, activation of
executioner caspases can result in a myriad of events such as the inactivation of anti-
apoptotic proteins, activation of nucleases such as DFF (DNA fragmentation factor)

and reorganisation of the cell structure through the cleavage of several proteins

involved in cytoskeletal regulation such as the F-actin and nuclear lamins > '*°,
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Figure 1.7: Illustration of some of the signalling pathways involved in apoptosis or PCD. The
programmed cell death process can be split into three stages; the initiation phase where the apoptotic
pathway is induced by various stimuli such as ligation of various surface antigens or by irradiation.
The execution phase involves several signal transduction pathways which can be mediated through
caspases and other cellular proteins and can be regulated by members of the Bcl-2 family proteins.
This ultimately leads to the destruction phase where a cell displays defined morphological changes

such as DNA fragmentation and membrane blebbing.
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Another key family of proteins involved in the orchestration and regulation of
apoptosis are the Bel-2 family. These proteins predominantly reside in the outer
membrane of mitochondria, anchored by a hydrophobic stretch within their C’
termini. The Bcl-2 family are divided into three groups depending on their function
and the number of Bcl-2 homology (BH) domains; the anti-apoptotic members e.g.
Bcl-2, Bel-x; and Bel-w have four BH domains (BH 1-4) whereas the pro-apoptotic
members Bax and Bak possess three BH domains (BH 1-3) and some pro-apoptotic

members like Bid and Bim have only a BH3 domain (reviewed in '’

). Pro-apoptotic
members can induce permeabilisation of the mitochondrial membrane resulting in the
release of several components such as cytochrome ¢, Smac/DIABLO and apoptosis
inducing factor (AIF) 138 (see Figure 1.7) . Cytochrome c, an essential compound of
the mitochondrial electron transport chain, is also instrumental in formation of the
apoptosome which is a multimeric structure involved in the activation of caspase-9.

Smac/DIABLO counteracts the inhibitors of caspases known as inhibitors of

apoptosis (IAPs). [APs prevent caspase action by blocking their cleavage.

The balance of expression between the pro and anti-apoptotic members of the Bcl-2
family is essentially the deciding factor between whether a cell lives or dies.
However, how they interact on a molecular level to regulate each other is still not
entirely clear. It is thought that the pro-apoptotic proteins such as Bax and Bak are
hindered by the binding of anti-apoptotic proteins like Bel-2 8. In the presence of a
death stimulus, the level of BH3 only proteins increase. These BH3 only proteins

then bind the anti-apoptotic proteins bound to Bak and Bax releasing them to

orchestrate cell death 2.

For many years the terms apoptosis and programmed cell death (PCD) were utilised
interchangably. However, recent evidence suggests that cells can undergo PCD
which is caspase-independent and therefore would not be classified as ‘classical’

apoptosis (see Section 1.6.4).
1.6.3.1 CD20-mediated cell death

The third mechanism implicated in CD20-mediated anti-tumour responses is through

direct transmembrane signalling resulting in the induction of PCD > '?°, The ability



of anti-CD20 mAb to induce cell death has been widely demonstrated in vitro S1. 105,

128,159 and is now emerging that direct induction of cell death through anti-CD20 mAb
can occur in vivo '®. Cragg et al demonstrated that in a mouse xenograft model

therapeutic efficacy was possible with Bl F(ab’), fragments B

As the Fc domains
were absent, the anti-CD20 mAb was not able to engage cellular effector mechanisms
suggesting that cell death was primarily achieved through direct intracellular
signalling. Furthermore, a recent investigation of the mononuclear cells of CLL
patients treated with ritux showed that the classical indicators of apoptosis, caspases -
9, -3 and PARP cleavage along with down-regulation of XIAP and Mcl-1 anti-

apoptotic proteins was observed 129

The involvement of caspases in CD20-mediated cell death remains unclear. Several
groups have demonstrated that caspase 3 is activated upon CD20 ligation ° 6. 6, 91
However, inhibition of caspase activity was only able to reduce the level of cell death
induced by anti-CD20 mAb but did not completely abrogate the killing. Furthermore,
in line with our findings from a recent study °%, Van der Kolk and colleagues '®
concluded that although mitochondrial triggering and caspase activation takes place
upon CD20 cross-linking, these events are not essential for the cell to die. Other
conflicting reports on the mechanism involved in the induction of CD20-mediated cell
death seem to relate to the cross-linking process. Several groups have found that
cross-linking of the murine mAb B1 and other anti-CD20 mAb significantly increases
the level of cell death achieved in Burkitt’s lymphoma B cell lines *" ! *! whereas
other groups investigating some of the same cell lines reported no significant

differences were observed with cross-linking % 2.

Full elucidation of the cell death pathway employed by anti-CD20 mAb is crucial as it
is possible that intracellular signalling is central to achieving a maximal therapeutic
response ', A putative pathway involving calcium signalling and Src family kinases
is emerging where calcium chelation with EDTA and EGTA resulted in a significant
decrease in cell death as did the use of specific Src family kinases inhibitors ¢ &,
However, the investigation into CD20-mediated cell death is made difficult by the
heterogeneous nature of the cell lines where this laboratory and others have

demonstrated that some cells lines are more sensitive to CD20 mediated cell death

than others > 162,
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Chromosomal translocations often occur in B cell lymphomas which can potentially
have a direct effect on the efficacy of therapeutic treatments. Translocations involving
the Bcl-2 gene are characteristic of follicular lymphoma. The translocation
t(14:18)(q32:q21) places the Bcl-2 gene under the control of the immunoglobulin
heavy chain Ep enhancer leading to high expression of the anti-apoptotic Bcl-2
protein 164 possibly explaining why some patients are resistant to a range of
treatments including ritux therapy. However, the significance of Bcl-2 over
expression on CD20-mediated cell death is unclear. Shan et al *6 found no difference
in the level of cell death in Ramos cells expressing low levels of Bel-2 compared to
cells expressing high levels of Bcl-2 when treated with anti-CD20 mAb. Similar
results were obtained from work in our group 2. Furthermore, Shan et al assessed the
involvement of EBV infection in CD20-mediated cell death. EBV infection can result
in resistance to apoptosis, the molecular-basis of which is still not totally understood,
although such resistance appears to be associated with the expression of some viral
proteins, such as latent membrane protein 2A and the upregulation in Bcl-2'®. Shan
and colleagues *® found that EBV infection did not protect Ramos cells from anti-
CD20 mADb induced cell death. However, it has been demonstrated the ritux
treatment can lead to decreased expression of Bel-2 and sensitisation to chemotherapy
' Purthermore, it has been reported that down-regulation of Bcl-2 by anti-sense
oligonucleotides enhances ritux efficacy in AIDS related lymphoma and post

transplant lymphoproliferative disorder '®.

P53 is a transcription factor involved in cell cycle regulation which has a high
frequency of mutation in malignant cells. Mutations of p53 in lymphomas tend to be
single nucleotide changes in conserved regions that are part of the sequence encoding
the DNA binding region '®®. P53 has an essential role in DNA damage control which
when operating normally, identifies DNA damage via G1 and S phase check points
and repairs that damage or alternatively can induce apoptosis of cells which have

undergone severe cellular insult, hence reducing the likelihood that damaged cells will

169 170

survive and propagate The effects that such genetic mutations have on the

sensitivity of cells to CD20-induced cell death are currently unknown.
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1.6.4 Non classical apoptosis

As described in Section 1.6.3, apoptosis is a highly regulated process which is
generally mediated by the activation of caspases and Bcl-2 family proteins. However,
it is now emerging that cell death triggered by cell stress and other stimuli may be
signalled through caspase independent pathways. In extreme circumstances of cell

stress necrosis may be induced.

Necrosis is a rapid, energy independent process which has distinct morphological
features (reviewed in '"'). Cells undergoing necrosis first swell and then lose
membrane integrity resulting in the efflux of cell constituents into the extracellular
space which in vivo would initiate an inflammatory response. In a physiological
setting, necrosis can be induced by various stimuli such as bacterial toxins, NK cells
and Macrophages. Furthermore, necrosis can be stimulated by various receptors such
as members of the TNF family (Fas and TRAIL) and cytokines such as IFN-y and
TNF-q 72174

Initially it was believed that necrosis and “classical” apoptosis were two very distinct
cell death pathways, however it is now believed that these two pathways represent the
extreme ends of a wide range of possible morphological and biochemical deaths,
more loosely termed programmed cell death pathways '°. Distinction between these
pathways is made difficult for several reasons. Firstly, both apoptotic and necrotic
pathways can signal through similar pathways. In various cell stress environments,
both cell death pathways can utilise early stress kinases e.g. JNK and p38 176,
mitochondrial proteins e.g. Bax and Bel-2 77, secondary messengers e.g. Ca’" '"® and
even, caspases . Secondly, both pathways can share similar morphological features
such as exposure of phosphatidyl serine and cytoplasmic shrinkage '”°. Furthermore,
apoptosis and necrosis are almost indistinguishable in vitro as apoptotic cells
culminate in plasma membrane permeabilisation (termed “secondary necrosis™). This
does not appear to occur in vivo as apoptotic bodies are engulfed by circulating

macrophages or surrounding cells before the plasma membrane becomes disrupted.



However, one proposed approach to distinguish between the various cell death
pathways is based on the chromatin condensation that occurs with death. Jaatalia et al
175 has divided non-classical apoptotic pathways into two main groups; Apoptosis-like
PCD which results in less compact chromatin than classical apoptosis and necrotic

PCD which can occur in the complete absence of chromatin condensation.
1.6.4.1 CD20-induced PCD

Even though it is commonly reported that CD20 induces cell death through apoptosis
316391 “there is evidence to suggest that CD20 induced cell death may be mediated
through a more necrotic-like PCD. Killing induced by anti-CD20 mAb demonstrate
some of the classical morphological changes associated with apoptosis such as the
exposure of phosphatidyl serine. However, Shan and colleagues °' comment on the
inconsistency of DNA fragmentation and Chan et al >* found no DNA fragmentation
with ritux treatment (in the absence of cross-linking). Furthermore, caspase activation
has been linked to CD20 mediated cell death however this does not automatically
indicate an apoptotic pathway. We have previously shown that even though cleavage
of pro-caspase 3 occurs upon anti-CD20 mAb binding, inhibition of this and other
caspases with ZVAD appears to have no effect on the level of cell death being
induced **. Our findings have been supported by a recent report by Daniels et al '®
who demonstrated that in a range of Burkitt’s lymphoma B cell lines, rituximab could
induce cell death which showed some of the characteristics of apoptosis such as
exposure of phosphatidyl serine and depolarisation of the mitochondrial membrane

but caspase involvement was not required for effective cell death. Understanding the

cell death pathways employed by anti-CD20 mAb will be crucial to maximising the
potential of CD20-directed therapy.

1.6.5 Direct stimulation of an immune response

Intriguingly, efficacy with ritux in patients is often not observed for up to two weeks
post-treatment. The reason for this is currently unknown. Selenko and colleagues '®'
suggest that ritux induced programmed cell death not only kills B-cells but also
promotes the uptake and cross-presentation of lymphoma cell-derived peptides by

antigen-presenting Dendritic cells (DCs), induces the maturation of DCs and allows
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for the generation of specific cytotoxic T-lymphocytes. Therefore it is postulated that
a specific T-cell response may play an important role in ritux therapy. How this
response may be initiated is not known, however the fact that CD20 is associated with
different molecules involved in T cell activation such as MHC class II, CD40 and

CD81, may play a role 46,173, 182

1.6.6 Sensitisation of cells to chemotherapy

The use of Rituximab as a first line therapy is successful for the treatment of NHL
patients. However, the most successful regimen to date is the use of Rituximab in
combination with chemotherapy (see Section 1.5). The reasoning behind was that
both ‘arms’ of the therapy can work separately increasing the patients response.
However, recent studies have suggested that ritux acts a chemosensitising agent
possibly sensitising cells which would have otherwise been non-responsive to

chemotherapy 130, 166

. There is substantial evidence to indicate that the transcripton
factor NF-xB regulates oncogenesis giving rise to chemo-resistance and tumour
progression in a variety of malignancies. Genes encoding NF-~B-family members
such as p52/p100, Rel and RelA are frequently rearranged or amplified in human

183, 184

lymphomas and leukemias . NFxB has been reported to activate various anti-

apoptotic proteins such as Bcl-2 and [AP family members which have also been

185

demonstrated to confer resistance to cytotoxic drugs Therefore inhibition of

NFxB activation could be of great therapeutic benefit. Bonavida and colleagues 166,
186, 187 performed pioneering work to link ritux therapy to the down-regulation of
NF«B activity via ERK1/2 inhibition which they suggest in turn leads to the down-
regulation of Bcl-2. In addition, they have revealed that IL-10 can be down-regulated
in AIDS-related lymphoma (ARL) cells by ritux treatment 139 This led to the down-
regulation of the anti-apoptotic protein Bcl-2 resulting in sensitisation of the cells to
apoptosis. Whether similar pathways are in operation in Non-AIDS lymphoma cells is

not yet clear.
Another cause of chemoresistance is the emergence and selective outgrowth of drug-

resistant variants with a multidrug-resistant (MDR) phenotype. Ghetie et al (in press)

suggest that ritux may disable the permeability glyco-protein (P-gp) pump in MDR by
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inducing translocation of P-gp out of rafts however more work will need to be
performed to fully understand the significance of this event

1.7  Differential effects of anti-CD20 mAb

In 1980 the first anti-CD20 mAb, B1, was characterised. Since then, a considerable
panel of mAb which bind to CD20 has been generated. Based on blocking
experiments it was originally thought that the approximately 43 amino acid
extracellular loop of CD20 (Figure 1.4) only contained two distinct epitopes, one
recognised by the vast majority of anti-CD20 mAb and the second recognised by 1F5.
However Deans and colleagues 32 revealed that the large extracellular loop offers a
more diverse binding platform and that 16 mAb can be categorised into 4 groups
depending on their abilities to bind a crucial alanine-x-proline motif, induce

homotypic aggregation and translocate CD20 into TX-100 insoluble lipid rafts.

Several groups have reported that the potency of CD20-mediated CDC or cell death is
dependent on the mAb employed. The differential effect of anti-CD20 mAb are
summarised in Table 1.3. It is interesting to note that mAb which are effective
inducers of complement are poor at evoking CD20-mediated cell death and vice

versa. The reasons for this disparity and underlying mechanisms are currently
unknown.

MAD Isotype | Induction | Induction | Homotypic | Immunoprecipitates CD20 References
of cell of CDC Adhesion Src-family kinase Translocation
death activity into Tx100
rafts
Bl mlgG2a +++ - -+ + N 37,36,67,98 |
AT80 mlgGl ++ + ++ ND T+ 52,67
Ritux hlgGl + +++ + +++ +++ 52,62, 63, 67, 98
1F5 mlgG2a - +++ - ++ + 52, 67, 159
2H7 mlgG2b - ++ - +++ +++ 52, 66, 67,98

Table 1.3: Characteristics of selected anti-CD20 mAb.
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1.8 Aims of the project

The B cell antigen CD20 is of great clinical significance with the anti-CD20 mAb
Rituximab successfully treating over 500,000 NHL patients to date. On the basis of
this success ritux is now being investigated in the treatment of a range of other B cell
malignancies and auto-immune diseases. However, not all patients respond to ritux
therapy and the key effector mechanisms involved are not yet resolved. Furthermore,
the key properties of anti-CD20 mAb have not yet been delineated and the importance
of CD20 raft redistribution remains unclear. From Table 1.3 it is interesting that even
though all anti-CD20 mAb bind the same target they can induce very different
responses. Therefore, the aim of this thesis was to investigate the different effector
mechanisms and signalling cascades induced by a range of anti-CD20 mAb. The four
key aims of this project were 1) to assess a panel of anti-CD20 mAb for their ability
to induce CDC and PCD in B cell lines, 2) to investigate whether different signalling
cascades were employed by anti-CD20 mAb in achieving cell death, 3) to establish
the importance of CD20 redistribution into lipid rafts and 4) to understand why
different malignancies respond in different ways to CD20-directed therapy. To this
end, we utilised a large panel of anti-CD20 mAb, an array of B cell lymphoma lines

and primary tumour material in search of answers to these questions.

43



CHAPTER TWO

2.0 Materials and Methods

2.1 Chemicals

All chemicals and materials were purchased from either Sigma, UK or BDH, Poole, UK

laboratories unless otherwise stated.

2.1.1 Cell culture materials

All human cell lines were cultured in RPMI 1640 medium (Invitrogen, Gibco, UK),
supplemented with 2mM L-glutamine (Invitrogen, Gibco, UK), 1mM pyruvate
(Invitrogen, Gibco, UK) and 10% foetal calf serum (FCS; Invitrogen, Gibco, UK).
Murine NS/0 cells transfected with CD20 were cultured in DMEM (L-glutamine free,
SIGMA, UK) supplemented with 10% dialysed FCS (First Link, UK) and 1X glutamine
synthetase supplement (JRH, UK).
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2.2 Buffers

The main buffers used in this project are outlined in Table 2.1.

Name Contents

Phosphate Buffered 0.124 M NacCl, 0.0058 M KH,PO, and 0.024 M Na,HPO,

Saline (PBS)

PBA PBS supplemented with 1% BSA and 20 mM sodium azide

MES buffer 25 OmM MES (2-[N-morpholine]ethanesulphonic acid), 1.5 M Sodium
Chloride, titrated to pH 6.5 with sodium hydroxide

Lysis buffer 5ml of MES buffer, 1% Triton X-100 (or another detergent), 5.75mM
PMSF, 0.06% aprotonin (w/v) and, 0.025 mM EDTA
(ethylenediaminetetraacetic acid)

Resolving buffer 1.5M Tris Base pH 8.7 stock solution, 10% acrylamide, 0.05% (v/v) N’-

Tetramethylethylenediamine  (TEMED), 0.4% (v/v)
persulphate (APS, 10% stock solution), 0.5% (v/v) sodium dodecyl

sulphate (SDS, 10% stock solution)

Ammonium

Stacking buffer

0.5M Tris base pH6.8 stock solution yielding a final acrylamide
concentration of 3.0%, 0.1% (v/v) TEMED, 1% APS (10% stock), 0.5 %
(v/v) SDS (10% stock).

3X SDS Loading buffer
(reducing)

30% glycerol (w/v), 9% SDS (w/v), 0.1875 M Tris-cl, 0.03% (w/v)
Bromophenol blue and 10% 2-ME (v/v) pH6.8

Electrode buffer

0.77 M glycine, 0.1 M tris-base and 0.015 M SDS titrated to pH8.3

Transfer buffer

20% (v/v) Methanol, 25 mM Tris, 192 mM glycine

TBS-T

1X Tris buffered saline (10X stock solution containing 0.5M Tris base, 9%
SDS, pH7.6) with 0.1% (v/v) Tween-20 (TBS/T)

Stripping buffer

2% (w/v) SDS, 100mM 2 beta-mercaptoethanol, 20 mM Tris, pH 6.8

Sodium carbonate buffer

0.008 M Sodium carbonate and 0.067 M sodium bicarbonate, pH 9.3

MACS buffer

De-gassed PBS supplemented with 2mM EDTA and 0.5% (w/v) BSA

Table 2.1: The buffers used in this project.
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2.3 Cell lines

The cell lines used and their tumor of origin are outlined below.

Cell line Cell type
MHH PRE B-1 B-NHL
ARH77 MM
Tanoue ALL
SUDHLA4 B-NHL
EHRB BL
Ramos BL
Akata BL
BL60 BL
Raji BL
Daudi BL

Table 2.2: Human B cell lines used in this project. NLH= Non Hodgkin’s lymphoma; MM= multiple
myeloma; ALL=Acute lymphoblastic leukemia; BL=Burkitts lymphoma

These cell lines along with the murine NS/0 transfected cells were maintained in culture at

37°Cin a 5 % CO, humidified incubator. Media was replaced every 2-3 days.

2.4 Cell quantification

Cell concentrations were determined using Coulter Industrial D Cell counter (Coulter

Electronics, Bedfordshire).
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2.5 Antibodies

A list of the mAb used in the project and their source is given in Table 2.3.

mAb Specificity Isotype Source

IF5 CD20 [gG2a ECACC Hybridoma

Bl CD20 [gG2a Coulter, Miami, FL

Ritux CD20 Chimeric Hu Feyl | IDEC, San Francisco, CA
ATS80 CD20 [gGl In-house

LT20 CD20 [gGl In-house

11B8 CD20 Hu Feyl Genmab, Utrecht, Holland
7D8 CD20 Hc Feyl Genmab, Utrecht, Holland
FMC7 CD20 [gM Serotec, UK

F3.3 MHC 11 [gGl In-house

A9-1 MHC 11 [gG2a In-house

1243 MHC 11 [gG2a ATCC

1B4 CD38 [gG2a Fabio Malavasi

WR17 CD37 [gG2a Keith Moore

M15/8 BCR (IgM) IgGl In-house

SB2H2 BCR (IgG) In-house

LOB 3/11 CD95 IgG1 In-house

Clone 26 CD55 IgGl Serotec, UK

MEM-43 CD59 lgG2a Serotec, UK

HB202 LFA-1 A. Smith

JG 13.2 4-1BB Hu Feyl Juliet Gray

Z116/1 Ramos idiotype In-house

Table 2.3: The specificity, isotype and source of mAb used in this project
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2.5.1 Antibodies used for Western Blotting

Specificity mAb name mAb conc Supplier
Phospho ERK1/2 197G2 1:1000 | Cell Signalling Technology (CS’]
(Thr 202/Tyr 204) New England Biolabs UK)
ERK1/2 N/A 1:5000 Promega UK
Phospho-IxBa 12C2 1:1000 CST
(Ser 32/36)
B-Actin N/A 1:15000 Sigma, UK
PAG (MEM 255) MEM 255 1:1000 Vaclov Herejsi
CD20 (7D1) 7D1 1:200 Serotec, UK

Table 2.4: Antibodies used for western blotting. N/A: not applicable.
2.5.2 Labelled antibodies used for detection in flow cytometry or Western blot assays

Secondary antibodies used were SB2H2-FITC labelled (mouse anti-human Fc (MAH), in-
house), goat anti-mouse IgM-FITC (GAM, Jackson immunoresearch USA) and goat
F(ab’);- mouse Ig-FITC labelled (Dako, UK). For western blotting, anti-mouse Ig-HRP
labelled (Amersham Biosciences, UK) and goat anti-Rabbit F(ab’), HRP (Pierce, Perbio
sciences UK)) were employed and goat anti-human IgG labeled with 15nM gold (Agar UK)

was used for electron microscopy labelling.

2.6 Measurement of expression level of surface antigens

1x10° cells were resuspended in 1ml PBA. For direct staining; cells were incubated with
10pg/ml FITC labeled mAb for 15 minutes in the dark at room temperature before being
washed and anlaysed by flow cytometry. For indirect analysis; cells were incubated with
10pg/m!l mADb for 15 minutes at room temperature. The samples were washed twice in PBA
and 50pl of 1:40 FITC-conjugated GAM (Dako Corp., CA, USA) or 10ug/ml MAH
(SB2H2) was added to each sample. Samples were incubated in the dark for 15 minutes at

room temperature before being washed in PBA and analysed by flow cytometry using a
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FACScan flow cytometer with CellQuest software (BD Biosciences, CA, USA) with a 488
nm argon laser for excitation and a 560 nm dichroic mirror and 600 nm band pass filter

(bandwidth 35 nm) for detection.

2.7 CDC assay

Human serum for complement-mediated lysis was prepared as follows: blood from normal
volunteers was allowed to clot at room temperature for 30-60 minutes and then centrifuged
at 900 x g for 20 min. Serum was harvested and then either used fresh or stored at -80°C.
To determine the CDC activity of the various mAb, elevated membrane permeability was
assessed using a rapid and simple propidium iodide (PI) exclusion assay, as previously
described '**. Cells were resuspended in RPMI (containing 1%BSA) to a concentration of
1x10%ells/ml. 20ul of RPMI (1% BSA) was added to each well of a 96-well plate except
the top row where 25ul of mAb (of 500pg/ml stock in PBS) was added. From the wells in
the top row Sul was taken and added to the second row and so on until 1/5 dilution was
completed down the plate (50, 10, 2 and 0.4pg/ml respectively). To each well 100ul of
cells, 40ul of serum (20% v/v) and 40ul RPMI (1%BSA) was added and incubated at 37°C

for 30 minutes.

The plate was kept at 4°C until analysis. 150ul of each cell sample was then added to 100 ul
of PI solution (10 pg/ml in PBS) in a FACS tube. The samples was assessed immediately by
flow cytometry. At least 7,500-10,000 events were collected for analysis with cell debris

excluded by adjustment of the forward scatter (FSC) threshold parameter.

When analysing NS/0 cells for complement lysis the same method was used with two
modifications; firstly, the top concentration of mAb was 10ug/ml and secondly, the final

concentration of serum (human) was 1%.
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2.8  Investigation of lipid rafts
2.8.1 SDS PAGE analysis

2.8.1.1 Lipid Raft isolation using density gradients
2.8.1.1.1 Sucrose gradients

To allow the detection of specific proteins in lipid raft membranes, cell lysates were
separated through sucrose density gradients. 1x108 cells were washed and re-suspended
in 1ml of complete media. The relevant mAb was added at a final concentration of
25ug/mi to the cells for 30 minutes at 37°C. Cells were washed once in complete
medium then immediately lysed in 750ul of cold lysis buffer (Section 2.2) for 40 minutes
on ice. The lysed cell solution was mixed with an equal volume of 80% sucrose (w/v in
MES buffer) and transferred into a Sml ultracentrifuge tube (Sorvall, UK) and over-laid
with 750ul of 30% sucrose, 500ul of 20% sucrose, 500ul of 10% sucrose and filled to the
top of the tube with 5% sucrose (all w/v in MES buffer). Layered samples were separated
at 45,000¢ for 16 to 18 hours at 4°C.

2.8.1.1.2 Optiprep gradients

For Optiprep gradients, 416ul of lysed cell sample was added to 833l of optiprep (Axis-
Shield, Norway) in a Sml ultracentrifuge tube to achieve 40% w/v, this was overlaid with
Iml 35%, Iml 30%, 0.75ml 25%, 0.75ml 20% optiprep and filled to the top of the tube
with MES buffer. The tube was centrifuged as outlined above.

Separated samples were removed in 500ul aliquots, the first removed denoted fraction 1,
and stored at -20°C until ready for use. When ready for analysis, samples were mixed

with an equal volume of 3X SDS-loading buffer and separated using SDS-PAGE (see
Section 2.8.1.3)
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2.8.1.2 Isolation of lipid rafts with different detergents using the pellet/lysate assay

1.5x10" cells were resuspended in 7.5mls of RPMI (1% BSA). 500ul of cells were
treated with 10pg/ml of the relevant mAb for 15 minutes at room temperature and
washed in RPMI. Samples were resuspended in 200pl RPMI and treated or not 10mM
methyl-B-cyclodextrin (MCD) for 15 minutes at room temperature before being washed
twice in RPMI. Samples were lysed in 40pl of either 0.5% TX-100, 1% CHAPS or 1%
Brij 58 made up in lysis buffer (as outlined in the Section 2.2) for 15 minutes on ice. The
samples were then centrifuged on a bench-top centrifuge at maximum speed (16,000g)
for 15 minutes at 4°C. The supernatant, containing the lysate, was removed and mixed
1:1 with 3X SDS-loading buffer. The pellet was washed 3X with lysis buffer, each time
ensuring that the pellet was gently resuspended in the buffer before centrifugation. After
washing, the pellet was mixed 1:1 with 3X SDS-loading buffer. Proteins from both the
pellet and lysate were resolved using SDS-PAGE.

2.8.1.3 SDS PAGE gel preparation

SDS PAGE was performed using a mini-gel system (Biorad, UK) according to the

method of Laemmli '3

. 12.5% acrylamide resolving gel (Section 2.2) was left to set in a
1.5mm plate for over 30 minutes at room temperature. Once the resolving gel had set,
stacking gel (Section 2.2) was overlaid, a 15 tooth comb inserted and left to set at room
temperature. When the gel was completely polymerized, the gel was immersed in
electrode buffer (Section 2.2) in the electrode tank as per manufacturer guidelines and the

comb removed.

Samples were boiled at 95°C for 5 minutes in a heat block and 20pl loaded into each
well. Gels were run at a constant current of 20 mA or constant voltage of 100V per gel,
until samples had entered the resolving gel. This was increased to 40 mA or 200V until
markers (High-range Rainbow markers; Amersham Biosciences, UK) had reached their

desired position, Gel running apparatus was water cooled throughout.
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2.8.1.4 Western blotting

For Western analysis, proteins were transferred onto Polyvinylidene diflouride (PVDF)
membranes (millipore) that had been pre-activated by immersing in 100% methanol for
15 seconds, followed by immersion in deionised water for two minutes. Proteins were
transferred in transfer buffer (Section 2.2) for one hour at 400mA (constant current) using
an immersed transfer system (TE 22 system; Hoeffer, Germany). The tank was water
cooled throughout transfer. Following transfer, gels were coomassie stained to determine
relative levels of loaded protein and the efficiency of the transfer. Transfer was deemed

to have been successful in the presence of visible Rainbow markers on the PVDF

membrane.

The PVDF membrane was blocked overnight at 4°C, in 5% dried low-fat milk powder or
bovine serum albumin (BSA, Sigma), in TBS-T (Section 2.2) with constant rotation using

a roller mixer (Spiramix; Jencons) to prevent non-specific binding.

Following blocking, the membrane was rinsed twice in TBS-T, followed by a further 15
minute and two 5 minute washes. The primary antibody was diluted to the desired
concentration in TBS-T (containing 1% milk) and incubated with constant rotation for
two hours at room temperature or overnight at 4°C. Following primary antibody
incubation, the membrane was washed as described above before incubation with the
relevant secondary antibody conjugated to Horse Radish Peroxidase (HRP), at the desired
concentration in TBS-T (containing 1% milk) for one hour at room temperature with

rotation.

The membrane was then washed in TBS-T for one 15 minute wash and 2 further 5 minute
washes before the addition of Supersignal Chemiluminescent reagent (Pierce, UK);
Supersignal substance was left on the membrane on a flat surface for 5 minutes.
Following incubation, excess reagent was removed and the membrane was placed in an
appropriate film cassette (Kodak), and protein bands visualised by exposing light
sensitive film paper (Hyperfilm; Amersham Biosciences, UK) for the desired length of
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time under safe light conditions. Films were exposed and developed by an automatic

developer (Compact X4, Xograph imaging systems, UK)

2.8.2 Assessment of raft-associated antigen by TX-100 insolubility

As a rapid assessment of antigen presence in raft microdomains, we utilized a flow
cytometric method based on TX-100 insolubility at low temperatures, as described
previously . Cells were washed in RPMI/1 % bovine serum albumin (BSA) and
resuspended to 2.5 x 10%ml. Cells were then incubated with FITC-conjugated mAb
(10pg/ml) for 15 minutes at 37°C, washed in cold PBA buffer. One half of the sample was
maintained on ice to allow calculation of 100 % surface antigen levels, the other was treated
with 0.5 % TX-100 for 15 minutes on ice to determine the proportion of antigens remaining
in the insoluble raft fraction. Cells were maintained at 4°C throughout the assay, washed
once in PBA, re-suspended and assessed by flow cytometry using a FACScan flow
cytometer and CellQuest Pro software analysis. Various pre-treatment conditions and
harvesting times were used in different assays such as cholesterol depletion (Section 2.7.4),
inhibition of actin polymerization (Section 2.16) or extended time points. These are

detailed in the text/figure legends.
2.8.3 Fluorescence resonance energy transfer (FRET)
2.8.3.1 Preparation of Cy3- and CyS-conjugated mAb

Monoclonal Ab were directly conjugated to bisfunctional NHS-ester derivatives of Cy5
(Amersham Biosciences UK Ltd) as described in the manufacturer’s instructions. Briefly,
one vial of dye was dissolved in 10ul H;O, and 2.5ul immediately added to 0.2ml of the
mAb (mADb were dialysed in sodium carbonate buffer (section 2.2), and incubated at room
temperature in the dark for 30 min. The labelled mAb was separated from the unconjugated
dye by gel chromatography using a PD10-Sephadex G25 column (Amersham, UK)
equilibrated in PBS. Molar ratios of coupling were determined using a spectrophotometer

from g¢s0 =250/mM/cm for Cy5 and €339 =170/mM/cm for protein, and ranged from 5- to 8-



fold excess dye:protein. Monoclonal Ab were microcentrifuged at 10,000 x g to remove

aggregates.

2.8.3.2 FRET Analysis

According to the method described by Pfeiffer 18 FRET analysis was carried. Cells were
resuspended at 3x10° cells/ml in PBS /0.1% (w/v) BSA which contained 1% (v/v) heat-
inactivated mouse and human serum (to block non-specific binding). For each experiment 6
tubes were setup as outlined in Table 2.5, in this example the homo-association of ritux in B
cells was being investigated. Samples A-C were setup to assess the non-specific binding
(OKT3 is an irrelevant mAb which binds CD3). Samples D-F measure the actual FRET

signal generated by ritux homo-association.

Cell Sample Contents
A OKT3 FITC +OKT3 cold
OKT3 CY5 + OKT3 cold
OKT3 FITC + OKT3 CY5
Ritux FITC + Ritux cold

Ritux Cy5 + Ritux cold
Ritux FITC + Ritux Cy5

| m| O] O W

Table 2.5: Tube contents of samples required to measure FRET signal by Ritux homo-association. All

contents are at a final concentration of 10pg/ml

Cells were incubated for 20 minutes at 37°C and then washed in PBA. To assess the homo-
association of labelled antigen, flow cytometric FRET measurements were carried out using
a FACSCalibur (BD Biosciences, CA, USA). The fluorescence intensities at 585 nm (FL2)
and 650 nm (FL3), both excited at 488nm, and the fluorescence intensity at 661 nm (FL4),
excited at 635 nm, were detected and used to calculate FRET according to the equation

below, where A is acceptor (CyS), and D is donor (FITC). All values obtained were

corrected for autofluorescence:
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FRET = FL3(D,A) - FL2(D,A)/a — FL4(DA)/b
Where: a=FL2(D)/FL3(D), and b = FL4(A)/FL3(A)

_Correction parameters were obtained using data collected from single-labelled cells
(samples D and E), and side angle light scattering was used to gate out debris and dead
cells. The necessary parameters were collected for 10,000 cells. FRET between donor and
acceptor mAb derivatives on the dually-labelled cells are expressed in terms of acceptor

.. . 1
sensitised emission at 488 nm ‘.

Larger FRET efficiencies suggest a closer physical
association of the donor- and acceptor-labelled antibodies or a higher density of acceptor-

labelled mAb in the vicinity of donor-labelled mAb '*°.

Various modifications have been made to the assay during this project such as changes in
the incubation period, temperature and concentration of mAb. These modifications are

outlined in the text/figure legends.

2.8.4 Cholesterol depletion/repletion of cells

For cholesterol depletion, cells were washed and resuspended at 1x10° cells/ml in RPMI
containing 1% (w/v) BSA. 100ul of cells were treated with either 2.5 or 10mM MCD for 15
minutes at room temperature. For cholesterol repletion, cells were treated with MCD as
outlined above, washed twice in RPMI/BSA and incubated with 12.5ug/ml water soluble
cholesterol (SIGMA) for 1 hour at room temperature, shaking every 10-15 minutes. For
cholesterol loading, cells were washed and resuspended as outlined for cholesterol depletion
and incubated with 12.5ug/ml water soluble cholesterol (SIGMA, UK) for the same

conditions as outlined for cholesterol repletion.

To investigate the effect of cholesterol depletion/repletion on mAb binding, after the
relevant treatment of cholesterol depletion/repletion/loading, samples were washed twice,
resuspended in 100pl RPMI(1%BSA) and incubated with 10pg/ml mAb for 15 minutes at
room temperature (with the exception of FMC7 which was incubated for 45 minutes as it is

an IgM mAb and therefore has slow binding). Samples were washed 2X and incubated with

55



the relevant secondary mAb, either GAM-FITC (50ul 1:40), mouse anti-human SB2H2-
FITC (10pug/ml) or GAM-IgM-FITC (50ul, 1:50) for 15 minutes at room temperature before
being washed and analysed by flow cytometry using a FACScan cytometer. To investigate
the effect of cholesterol depletion/repletion on TX-100 insolubility after MCD treatment

cells were treated as outlined in Section 2.8.2.
2.8.5 Electron Microscopy

5x10° cells were resuspended in 1 ml complete media and treated with either ritux, 11B8 or
an isotype matched irrelevant control (JG 13.5, anti-41BB) at 10pug/ml for 45 minutes at 4°C
and transferred to a 37°C water bath for a further 15 minutes. Samples were washed twice
in serum free media and resuspended in 65ul of RPMI (10% serum). 5ul was removed to
check binding levels using SB2H2-FITC, incubated for 15 minutes at room temperature,
washed once in PBA and assessed by flow cytometry. To the remaining 60ul, 3ul (1:20) of
goat anti-human IgG F(ab’),-gold labelled (15nm, AGAR Scientific, UK) was added for 45
minutes at 4°C and transferred to a 37°C water bath for a further 15 minutes. The samples
were washed twice in serum free media, all the supernatant was removed and the pellets
were resuspended in 200ul fixative (3% gluteraldehyde, 4% para-formaldehyde in 0.1M
PIPES). Cells were processed by Dr. Anton Page in the Biomedical Imaging department,
School of Medicine, University of Southampton. Briefly, cells were embedded in an
alginate matrix and sectioned in 70nm slices. Sections were then transferred to a copper
grid ready for analysis using a transmission electron microscope (Hitachi H7000). Images
are taken using a digital camera (Megaview 3) and image archiving software (soft imaging

systems) at a recorded magnification.

2.9 Calcium Signalling
2.9.1 Indo-1 labelling

1x107 cells were washed twice in serum free RPMI. The pellet was resuspended by
flicking and 1pl of 5SmM Indo-1-AM (Sigma, made up with 0.2% plurionic-F127) was
added. The cell solution was slowly re-suspended to 500ul in serum free RPMI and

incubated at 37°C for 30 minutes with gentle shaking every 10 minutes. After this cells
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were washed twice in serum free RPMI and re-suspended in Sm! RPMI (containing 10%

FCS). Cells were left to rest for 30 minutes in the dark at room temperature before use.
2.9.2  Analysis of Ca’ flux generation

Cells were maintained in the dark at room temperature until required. RPMI
(supplemented with 10% FCS), FACS tubes and mAb were kept in an incubator at 37°C.
For analysis, 300ul RPMI and 200pl cell sample were added to a FACS tube and
incubated at 37°C for 2 minutes before analysis using a FACS Vantage flow cytometer
with UV excitation at 365nm and CellQuest software analysis (BD Biosciences, CA,
USA). The FL5 and FL4 values in non-stimulated were set to a level of 0-10 MFI for
FL5 and 300-500 MFI for FL4. Increase in free Ca** ions in the presence of Indo-1 led to
an increase in FL5 MFI and a decrease in FL4 MFI. Analysis was performed using the
FL5/FL4 ratio. Before cell stimulation a baseline FL5/FL4 ratio was obtained over 60
seconds. Cells were then stimulated with the desired mAb or Ionomycin (warmed to
37°C) and the FL5/FL4 ratio was recorded over 6-10 minutes. Time scale shown is

seconds

Different pre-treatment of Indo-1 labelled cells such as with kinase inhibitors, calcium
chelators or MCD treatment was carried out. The details of these are outlined in the

figure legend.
2.10 Knockdown of CD20 using siRNA

Silencer RNA (siRNA) was used to reduced the expression of CD20 in cell lines

according to the method of McManus et al '*!

. The optimised protocol supplied with the
Amaxa Nuclefector Kit (Amaxa, Germany) was used for each cell line. Firstly, the
appropriate number of wells in a 12-well plate were filled with 1.5 ml media (RPMI
supplemented with 10% serum) and maintained at 37°C. 2x10° cells for each sample were
spun down at 1500 RPM for 5 minutes, the supernatant was decanted off and the residual

medium was removed by pipette before the clls were resusupended in 100 pl of Solution

T (provided by manufacturer). It was important that the cells did not remain in the
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nucleofector solution for longer than 15 minutes as this reduces the viability and gene
transfer efficiency of the cells. The appropriate amount of siRNA was added to the 100
ul of the cells, see Table 2.6, and transferred to an Amaxa certified cuvette, whilst trying
to avoid air bubbles in the solution. The nucleofector program was set to G16 (found to
be optimum for Ramos and SUDHL4 cells (A. Ivanov personal communication)). After
nucleofection, the cuvette was removed and 500 pl of the pre-warmed media was added.
The cells were then transferred from the cuvette using mini-pasteur pipettes provided by
the manufacturer to the well which had the 500 pl removed. The cells were cultured in
an incubator at 37°C/5% CO, for 24-48hrs. Nucleofection efficiency was assessed using
a pmaxGFP-labelled RNA - instead of siRNA, 2 pg of pmaxGFP was added to the 100 pl
of cells and nucleofected. The efficiency was measured by the percentage of FL1
positive cells when analysed by flow cytometry. To determine the efficency of the
siRNA induced knockdown, 100ul of the 1.5 ml samples were labelled with FITC
labelled mAb, either Ritux for CD20 levels or for the BCR, M15/8 (Ramos) or SB2H2
(SUDHL4) for 15 minutes at room temperature before being washed and analysed by

flow cytometry as outlined in Section 2.6.

Target Sequence
CD20 5’-CCACUCUUCAGGAGGAUGU-3’
Control 5’-GCGCGCUUUGUAGGAUUCG-3’

Table 2.6: siRNA probe sequence against CD20.

2.11 Isolation of normal B cells

The magnetic cell separation MACS B cell isolation kit (Miltenyi Biotech, UK) was used
to isolate B cells as per the manufacturer guidelines. 50ml of normal human blood was
diluted 1:1 with PBS. 12mls of lymphoprep™ (Axis Shield) was added to four
universals and was over-layed with blood/PBS. The universals were centrigued at 2000
rpm for 10 minutes at room temperature with no braking. After centrifugation a
lymphocyte band formed at the interface. This band was removed by a pasteur pipette
and transferred to a clean universal. The lymphocytes were washed twice in PBS by

centrifugation at 150 rpm for 5 minutes. The pellet was resuspended by flicking and all
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the pellets were pooled and topped up to 1.1ml. 100ul was removed and the cells were
counted using a Coulter Counter. Following this, cells were centrifuged and resuspended
at 10"/80ul of MACS Buffer (Section 2.2). 10ul of Biotin-antibody cocktail (cocktail of
biotin conjugated mAb against CD2, CD14, CD16, CD27, CD36, CD43 and CD236a)
per 107 cells was added and incubated at 4°C for 10 minutes. 30ul of MACS buffer and
20ul of anti-biotin MicroBeads were added per 107 cells and incubated at 4°C for a
further 15 minutes. Labelled cells were then washed once in MACS buffer and
resuspended in 500ul of buffer. B cells were separated using the MS seperation column
as per manufacturer guidelines. Briefly, the column was equilibriated by passing 500ul
MACS buffer. 500ul of magnetically labelled cells was added and allowed to fully enter
the column before 500l of buffer was added. The effluent was collected in a FACS
tube. The column was then washed a further two times by the addition of 500ul of
buffer. The purity of B cells was assessed by CD20 and BCR FITC direct staining and
flow cytometry (Section 2.6). If further purification was required, the effluent collected
in the FACS tube was spun down, resuspended in 500pl buffer and passed through

another MS separation column.
2.12 Inhibition of BCR internalisation

Inhibition of BCR internalisation was carried out according to the method by Stevenson

et al '**

. 2x10° cells were resupended in 1m! RPMI or in 1ml RPMI supplemented with
15SmM sodium azide and SOmM 2-deoxyglucose. 2x10° cells in both RPMI and
supplemented RPMI were stimulated with 10pug/ml M15/8 (anti-slgM), ritux (anti-CD20)
or polyclonal anti-IgM (goat anti-human IgM F(ab), Jackson Immunoresearch) at 37°C
for 15, 30 and 60 minutes. After which, cells were washed, resuspended in 100ul of PBS
and incubated with FITC labelled anti-idiotype (ZL16/1), specific for Ramos B cells.

After 15 minutes at room temperature, samples were washed and assessed by flow

cytometry.
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2.13 Investigation of ERK and IkBa phosphorylation
2.13.1 Western Blot analysis of phosphorylation

For analysis of ERK phosphorylation, 5-10x10° cells were washed and re-suspended in 1ml
RPMI (10% FBS) and transferred to a 1.5ml micro-centrifuge tube. Cells were stimulated
with 10pug/ml anti-CD20 (ritux, 11B8), anti-sIgM (M15/8) or anti-sIgG (SB2H2). For ritux
and 11B8 cross-linked samples; cells were stimulated with 10pg/ml mAb for 15 minutes at
room temperature before being washed twice in RPMI and 20pg/ml MAH added for the
desired time (2, 15 or 60 minutes) at 37°C. After which, samples were pelleted in a bench-
top centrifuge. The supernatant was removed and 75ul of NP40 lysis buffer was added
(Section 2.2) for 30 minutes on ice. Samples were then spun in an ultracentrifuge at 27000
rpm for 15 minutes at 4°. 2.5ul of the supernatant was used to quantify the amount of
protein in the sample using a BCA assay (Section 2.13.2). 66ul of the supernatant was
added to 33ul of 3X loading buffer (reducing) and boiled at 95°C for 5 minutes in
preparation for SDS-PAGE analysis. SDS-PAGE and western blot analysis was carried out
as outlined in Sections 2.8.1.3 and 2.8.1.4. 30ug of protein was loaded onto each lane. The
same method was used for analysis IkBa phosphorylation except that the mAb stimulation

periods were 1 and 12 hours.

For membrane blotting, the membrane was blocked in TBS-T with 5% BSA for one hour at
room temperature or overnight at 4°C. Membranes were washed as outlined in Section
2.8.1.4 and incubated with 5ml 1:1000 rabbit anti-phospho ERK1/2 (CST) in TBS-T/1%
BSA on a roller overnight at 4°C. Membranes were washed and incubated with 1:5000 goat
anti-rabbit HRP labelled Ab in TBS-T/1%BSA for 1 hour on a roller at room temperature

before being washed and developed at outlined in Section 2.8.1.4.

Membranes were stripped of surface-bound immunoglobulin by immersing the membrane
in stripping buffer (Section 2.2) for 30 minutes at 50°C with intermittent shaking.
Membranes were washed 5 times in TBS-T before re-probing. For ERK1/2 detection,
membranes were incubated with 1:5000 anti-ERK1/2 in TBS-T/1%BSA overnight on a

roller at 4°C. After washing (1x15 minutes, 2x5 minutes), membranes were incubated with
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1:5000 goat anti-rabbit HRP labeled Ab in TBS-T/3% BSA for 1 hour on a roller at room

temperature. The membrane was developed as outlined in Section 2.8.1.4.
2.13.2 Protein quantification by the BCA assay

Protein concentrations were determined using a method based on that of Smith et al 193
which utilises the increase in absorbance at 562nm caused by the biuret reaction - the
reduction of Cu** to Cu* by protein in a concentration dependent manner. The kit was

obtained from Pierce and used according to their instructions.
2.13.3 Flow cytometry analysis of ERK phosphorylation

5x10° cells were re-suspended in 0.5ml of complete media and treated with 10pg/ml ritux
(anti-CD20), 11B8 (anti-CD20), M15/8 (anti-slgM), SB2H2 (anti-slgG) for 15 minutes at
37°C. For ritux and 11B8§ cross-linked samples, cells were treated with 10pg/ml mAb for
15 minutes at room temperature, washed twice and 20pg/ml MAH added for a further 15
minutes at 37°C. Samples were fixed by the addition of 1ml 3% formaldehyde (made up in
PBS) and incubated for 10 minutes at room temperature. Cells were pelleted and re-
suspended in 1ml 90% methanol (ice cold) for 30 minutes on ice. After which, the cells
were washed twice in PBA and re-suspended to 100pl. 10pl of Alexa-Fluor-488 conjugated
anti-phospho-ERK 1/2 (BD Bioscience, UK) was added to 50ul of cell sample and
incubated for 60 minutes at room temperature. Samples were washed once in PBA and

assessed by flow cytometry using the FACScan for flourescence in FL1.
2.14  General cell death assay

Cells were washed and resuspended in complete medium at 5x10° cells/ml. 500ul of cells
were added to wells containing 500pl of complete medium with 20pg/ml mAb (final mAb
concentration of 10png/ml). For hyper cross-linking experiments 500pl of cells were
stimulated with 5pg/ml anti-CD20 mAb for 15 minutes at 37°C before the addition of
25ng/ml MAH (SB2H2). At the designated time (usually 4 or 24 hours), cells were
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assessed for homotypic adhesion using a light microscope (Olympus, Japan) before being

harvested for analysis.
2.14.1 Detection of programmed cell death:
2.14.1.1 AnnexinV/PI assay

Samples were washed, resuspended in binding buffer (10mM HEPES, pH 7.4, 140 mM
NaCl, 2.5mM CaCl,), containing 1 pg/ml FITC-AnnexinV. 10 pg/ml of propidium iodide
(PI) was also added to the samples to distinguish between early apoptosis and secondary

necrosis. Subsequently, cells were assessed by flow cytometry using the FACScan for

flourescence in FL1 and FL2 as detailed by Vermes et al '**.

2.14.1.2 DioC6 assay

DioC6 (Molecular Probes, Cambridge, UK) is a mitochondrial reporter dye, which
determines whether cells have undergone the membrane permeability transition, a classical
sign of a cell entering cell death. Cells were setup and harvested as outlined in Section 2.14,
10-20 nM of DioC6 was added to 2.5 x 10° cells and then incubated for 15-30 minutes at
37°C in the dark. The cells were pelleted, washed and resuspended in PBS before being
analyzed by flow cytometry (FL1).

2.14.1.3 DNA Fragmentation

Samples were analysed as per the method of Nicoletti et al. '*. Briefly, samples of 5x10°
cells were taken and centrifuged for 5 minutes at 500g. Samles were washed once in
PBS, re-suspended in hypotonic fluorochrome solution (50pg/ml Propidium Iodide (PI),
0.1% Sodium citrate, 0.1% (v/v) Triton X-100) and stored in the dark at 4°C overnight.

Analysis of samples was performed on FACScan flow cytometer.
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2.14.2 Inhibition of anti-CD20 mAb mediated cell death
2.14.2.1 Disruption of homotypic aggregation

2.5x10° cells were resuspended in complete medium and incubated with 10pg/ml anti-
LFA-1 mAb (HB202) for 15 minutes at 37°C before addition of 10ug/ml anti-CD20
mAb. After 6 or 24 hours samples were assessed for homotypic aggregation under a light

microscope (4X) before being harvested and analysed by annexinV/PI assay.

2.14.2.2 Removal of mitochondria: Generation of cell cytoplasts

Cell cytoplasts were generated as previously described by Roos et al ' Briefly, cells were
separated through a discontinuous Ficoll-70 (Sigma, UK) gradient (12.5%, 16%, 25%) pre-
warmed to 37°C which contained 5-10 pg/ml cytochalasin B by ultra-centrifugation at
81,000g. After centrifugation, the top band of cellular material was collected. This band was
composed of cytoplasts, which was confirmed by lack of mitochondrial staining with Dioc6
(see above). Cytoplasts were incubated at 1 x 10%ml in the presence or absence of 10 pug/ml
mAb for 16 hours at 37°C before being assessed by the annexin V assay (PI was omitted as

cytoplast formation usually results in extraction of the nucleus from cells).
2.14.2.3 Cellular inhibitors

Inhibitors were reconstituted in DMSO to a concentration at least 10x higher than the
working concentration. The most appropriate inhibitor and dose was selected based on
cytotoxicity assays. Inhibitors studies were performed for the investigation of cell death and
calcium signaling pathways. For cell death analysis, 1-2.5x10° cells were treated with the
relevant inhibitor for 15-30 minutes before addition of anti-CD20 mAb (10ug/ml). Cells
were assessed after 6 or 24 hours for homotypic adhesion and cell death by the Annexin
V/PI assay as outlined in Section 2.15.1.1. For calcium signaling analysis, Indo-1 labelled
cells were treated with the desired inhibitor for 20 minutes at room temperature before mAb

stimulation as outlined in Section 2.9. The inhibitors used in this project to date are

outlined in Table 2.7 below.
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Selectivity Source Inhibitor Final working
conc.
Calbiochem PP1 10uM
Src family PTKs (Merck UK) PP2
PP3
Caspases Calbiochem ZVAD-fmk 10puM
VDVAD
Calbiochem Jasplakinolide 10, 50, 100ng/mt
Actin polymerisation | Sigma, UK Cytochalasin D 1, 10uM
Sigma Latruculin A 1, 10uM
Syk kinase Calbiochem Syk Inhibitor | 10uM
ERK 1/2 Calbiochem PD98059 10uM
Promega, UK UO126
P13 kinase Calbiochem LY294002 10uM
P38 Calbiochem SB203580 10uM
Calcium chelator BDH, UK EGTA 1.5mM

Table 2.7:

pathways stimulated by anti-CD20 mAb.

The specificity and concentration of inhibitors used in this project to investigate

signaling
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CHAPTER THREE

3.0 Complement Dependent Cytotoxicity

3.1 Introduction

The effector mechanisms predominating in CD20-mediated immunotherapy of a
malignant disease is a controversial issue. To date, evidence has implicated

complement dependent cytotoxicity (CDC) ''& %

, antibody-dependent cellular
cytotoxicity (ADCC) 120. 34 and programmed cell death oL 12 a5 important
mechanisms but the predominance of one mechanism over another is unclear. In this
chapter we examine the ability of anti-CD20 mAb to evoke complement dependent
lysis of various target cells. As rituximab (ritux) is in prevalent use in the clinic, most
studies to date have focused on the ability of this chimeric mAb to activate

139, 14
complement ''® 39,140 ¢

owever, since CD20 was first characterized in the 1980s, a
large panel of anti-CD20 mAb has been established and clearly the activity of ritux
may not reflect the potency of all anti-CD20 to induce cell death. Therefore, a panel

of anti-CD20 mAb were assessed for their ability to induce complement lysis.

The complement pathway involves a complex series of proteins that operate in a
sequential cascade which is outlined in detail in Section 1.6.1. The classical pathway
is thought to be the main complement pathway utilised in mAb mediated
immunotherapy. The pathway is initiated by the complement protein C1q binding to
juxtaposed bound mAb as illustrated in Figure 3.1. This results in C3 convertase
activation and subsequent formation of the membrane attack complex (MAC) leading

to cell lysis.
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Figure 3.1: Overview of complement activation. Clq binds to juxtaposted Fc domains on the cell
membrane. This results in recruitment of cellular proteins leading to formation of C3 convertase (C3)
and C5 convertase (C5) and eventually the MAC complex and soluble mediators of inflammation.
This pathway is inhibited at various points by CD55 and CD59. See section 1.6.1 for a more detailed

overview.

In this chapter we assessed the importance of several factors for the induction of
CD20-mediated CDC. Firstly, as Clq binds the Fc domain of mAb, the importance of
mAb isotype was investigated. Furthermore, Clq is a globular protein which requires
at least two Fc domains need to be sufficiently juxtaposed for stable binding. Due to
this requirement, we assessed a range of different B cell lymphoma lines and cells
transfected with different levels of CD20 to determine whether CD20 expression
correlates with cytolytic activity. Complement is part of the innate immune system
and is therefore rapid and not as highly specific as the adaptive immune response. To
minimize aberrant activation on normal host cells, the cells express complement
defence molecules such as CD55 and CD59 on their surface (see Figure 3.1). CD55
binds to C3b and C4b and accelerates the decay of C3 and C5 convertase whereas
CD59 binds to C8 and C9 and prevents pore formation by the MAC (ref see Section
1.6.1 for more details). The importance of these molecules in the regulation of CD20-

mediated lysis was also analysed.
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3.2 Results

3.2.1 The ability of anti-CD20 mAb to induce complement lysis

It is well documented that Rituximab is an efficient inducer of complement 67, 118, 140
However, little is known about the potency of other anti-CD20 mAb in inducing
complement lysis. Due to this limitation, we decided to investigate a panel of anti-
CD20 mAb for their cytolytic ability. The mAb utilized, along with their isotype are
detailed in Table 3.1. In these experiments, mAb were incubated with target cells in
the presence of 20 % normal human serum (NHS) as a source of complement (i.e.
soluble proteins which circulate in the blood which are involved in the complement
cascade such as Clqg, C4, C2 etc), at 37°C for 30-45 minutes. The cells were then
assessed for lysis utilising propidium iodide (PI). Propidium iodide is a fluorescent
dye which can permeate the nucleus only upon loss of nuclear membrane integrity
indicating the demise of the cell. This assay has been compared to more traditional

methods of target cell lysis such as Cr'! release ¥’

, and shown to give comparable
results (V Anderson, Personal Communication). A typical assay is illustrated in
Figure 3.2 where ritux-treated and non-treated cells are compared. The difference
between the two samples is evident in the flow cytometry profiles of both the forward
scatter (FSC) and the MFI of FL2 (PI staining). Forward scatter reflects the physical
size of the cell, when a cell becomes lysed its FSC is reduced. In Figure 3.2 it is
evident that the majority of ritux treated cells have a low FSC compared to non-
treated control cells. Furthermore, the level of PI staining is reflected in the mean

FL2 value. In ritux treated cells, 48.1% of the cells have high PI staining compared to

only 3.7% in control cells; this value is taken as the level of lysis induced by ritux.

A relatively short 30 minute incubation period was used for these experiments for two
reasons; firstly, almost all complement mediated cell lysis is complete during this
time (V. Anderson, PC) and secondly, this timeframe was selected to minimize cell
death occurring through other mechanisms such as apoptosis. For comparative
purposes, some experiments were performed in the absence of active complement
using heat-inactivated serum, i.e. serum which has been heated to 56°C for 30

minutes, resulting in denaturisation of complement proteins rendering complement

inactive ‘%8,
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mADb Isotype Source

IF5 IgG2a In house

B1 IgG2a Coulter Corp.
Ritux Chimeric Hu Feyl Genentech, CA
11B8 Hu Feyl Genmab, Denmark
7D8 Hu Feyl Genmab, Denmark

Table 3.1: Panel of anti-CD20 mAb investigated for their potency of complement activation

Initially we focused on three anti-CD20 mAb that have previously been used in the
clinic (ritux, B1 and 1F5 see Section 1.5). These mAb were assessed for the effect of
mAb concentration on the potency of CDC induction. It is evident from Figure 3.3A
that the ability of the three anti-CD20 mAb to induce complement lysis are quite
different where ritux and 1F5 are good inducers compared to B1 which failed to lyse
to cells to any notable level above control cells. The value shown above the M1 gate
is the complement lysis induced in the presence of normal human serum and mAb
minus the background lysis (% PI positive cells in medium only). The lysis which
occurs with serum alone is due to the constitutive low level of complement activated
by the alternative pathway. This usually does not affect cell lines as they are
generally grown in heat inactivated serum. However from the data in Figure 3.3B it is
apparent that when cells were incubated with active NHS a low level of lysis occurs,
generally between 5-10% of total cells. To ensure that the increased cell death was
mediated by complement activation, a comparative study was performed,between
cells incubated with heat inactivated NHS and active NHS. It is evident from the lack
of lysis detected when cells are incubated in heat inactivated serum that cell death is

mediated through CDC activity.

The data in Figure 3.3C demonstrates that the potency of CDC induction is related to
the mAb concentration. This experiment was repeated twice. CDC by ritux, 1F5 and
B1 was dependent on mAb concentration. 7D8 induced lysis is not as sensitive to a
reduced mAb concentration indicating that it is a more potent inducer of complement
mediated lysis , inducing maximal lysis with only 2pg/ml mAb. As the complement

protein Clq binds the Fc domains of juxtaposed mAb bound to the cell surface, the
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isotype of the mAb is an important factor. Both murine and human mAb are reported
to effectively engage human complement, however the extent of this depends on the
isotype with human IgG1, mouse (m) IgG2a and mIgG3 reported as good mediators
compared to mIgG1l and mIgG2b which are considered as poor activators '2.. It is
apparent from Figure 3.3C however that the efficacy of anti-CD20 mAb at inducing
complement lysis was not entirely dependent on isotype as both Bl and 1F5 are
murine IgG2a and ritux and 11B8 are human IgG1 (Table 3.1). These isotypes are
characteristically good mediators of complement activation yet only 1F5, 7D8 and

ritux hold true to their classification compared to B1 and 11B8 which induce little if

any, lysis.
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Figure 3.2: Illustration of a complement assay. 1x10° cells were coated or not with 10 ug/ml ritux
and incubated in 20% NHS (v/v) for 30 minutes at 37°C. The cells were then analyzed for lysis by flow
cytometry using PI staining. FSC/SSC profiles are shown to demonstrate the physical change of the
cells after complement lysis. M1 gates for PI positive cells. The values shown in the top right hand
corner of the histogram is the number of cells gated in M1 expressed as a percent of the total number of
cells and is taken to represent lysed cells.
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Figure 3.3: CD20-mediated complement lysis is dependent on mAb concentration and less
dependent on mAb isotype. A) 1x10° Tanoue cells were treated or not (serum only) with 10 rg/mi
ritux, 1F5 or B1 in the presence of 20% NHS (v/v) for 30 minutes at 37°C. Samples were then
incubated with 2pg/ml PI and analysed by flow cytometry. The values shown over the M1 gate is the
% lysis (% of total population that are PI positive). This value is adjusted for background lysis by
subtracting the lysis in the presence of media alone. B) Tanoue cells were treated as outlined above.
Briefly, cells were incubated with 50 pg/ml mAb in the presence of either NHS or heat inactivated
NHS (20%) for 30 minutes at 37°C before being assessed by the PI assay. C) The dose response of
anti-CD20 mAb was assessed in Tanoue cells. The same procedure as outlined in A was employed
where cells were incubated, or not, with 50, 10, 2 and 0.4 pg/ml mAb. The data is representative of
two independent experiments.
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3.2.2 The sensitivity of cell lines to CD20-induced CDC is dependent on CD20,
CD55 and CD59 expression

Our study was extended to cover a range of B cell lines for their sensitivity to CD20-
mediated complement lysis. All cell lines were assessed using the same range in mAb
concentration (i.e. 50 to 0.4pg/ml) as used for Tanoue cells shown in Figure 3.3. For
reasons of size and space only results for 10pg/ml are shown. Figure 3.4 reveals that
there are clear differences between cell lines where MHH Pre B-1 and SUDHLA4 are
more sensitive to complement attack than either Tanoue or ARH77. Again, the lysis
was assessed by PI staining using flow cytometry. Similar to results obtained in
Tanoue cells (Figure 3.3), it appears that in the other three cell lines assessed, the anti-
CD20 mAb could be separated into two groups based on their ability to induce
complement lysis; good inducers ritux, 7D8 and 1F5 which lyse greater than 60% of
the cells and moderate to poor inducers, 11B8 and B1 which demonstrate less than

45% cell lysis.

Furthermore, the cell lines could also be divided based on their sensitivity to CD20-
mediated cell lysis. MHH Pre B-1 and SUDHL4 cells are highly sensitive compared
to Tanoue and ARH77 cells which demonstrate notably lower levels of lysis. The
difference in sensitivity between the cell lines is less apparent with good inducers of
lysis such as 7D8 and 1F5 which at 10pug/ml achieve approximately 70% lysis in all
cell lines tested but becomes more pronounced on analysis of ritux and B1 mediated
lysis. Ritux mediated lysis is approximately 75% in both MHH Pre B-1 and SUDHL4
cells but in Tanoue and ARH77 cells, lysis is less than 50%. Similarly, in MHH Pre
B-1 and SUDHLA4 celis B1 induces approximately 40% cell lysis compared to less
than 10% in Tanoue and ARH77 cells.

The reason why some cell lines are more sensitive to CD20-mediated lysis than others
could be related to the expression of complement defence molecules as discussed
previously in Section 1.6.1. Complement defence molecules such as CD59 and CD55
play an important role in limiting non-specific activation of complement . We

assessed whether the four cell lines used in this investigation, expressed CD55 and

CD59 proteins.
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Figure 3.4: B cell lines have different sensitivities to CD20-mediated complement lysis. A) Cells
were assessed for complement lysis using the method as outlined in materials and methods Section 2.7.
Briefly, MHH Pre B-1, SUDHL4 and ARH77 cells were stimulated with 10pug/ml mAb and incubated
with 20% NHS (v/v) at 37°C for 40 minutes. The cells were then analyzed for lysis by flow cytometry
using the Pl assay. All values have the background lysis subtracted, which is the % lysis in the absence
of serum and mAb. The data is representative of two independent experiments B) Expression levels of
CD20 (1F5) CDS55 (clone 26) and CD59 (Mem43) are determined by indirect labelling and flow
cytometry as outlined in Section 2.6. Briefly, 1x10° cells were incubated with 10 ug/ml mAb at room
temperature for 15 minutes. The samples were then washed twice and labelled with 50ul 1:40 GAM
(Goat anti-mouse FITC labelled, DAKO) for |5 minutes before being washed and analyzed by flow
cytometry. Data shown is the mean and standard deviation of three independent experiments. MFI:
Mean fluorescent intensity.
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From analysing the surface expression of CD55 and CD59 proteins in the different
cell lines (Figure 3.4B and see Appendix I), it can be seen that MHH Pre B-1 lacks
surface expression of complement defence proteins, perhaps explaining why they are
so sensitive to complement lysis. In addition, the sensitivity of the other three cell
lines (SUDHL4, Tanoue and ARH77) also appears to correlate well with their
expression of complement defence molecules. Of the three cell lines, SUDHL4 cells
express the lowest level of CD55 and CD59 and are the most sensitive to cell lysis
compared to ARH77 cells which are resistant to lysis and express high levels of CD55
and CD59 proteins. It is interesting to note that even though SUDHL4 expresses a
similar level of CD55 and CD59 to Tanoue, it is significantly more sensitive to cell
lysis, particularly when induced by ritux and B1 (See Figure 3.4A). This observation
suggests that even though CD55 and CD59 expression can influence the sensitivity of
cells to CD20 mAb-mediated complement lysis, it is not the only factor which can

influence cell line sensitivity to CDC.

Monoclonal antibody mediated complement lysis generally progresses through the

classical pathway ',

This pathway requires the activation of Clq which depends
upon the binding of juxtaposed Fc domains of cell-bound mAb (see Figure 3.1).
Therefore, as mAb bind to a specific surface antigen on the cell surface, it is likely
that surface antigen expression level is of critical importance in inducing cell lysis.
To investigate if CD20 expression level is important in anti-CD20 mAb-mediated
CDC, the four cell lines detailed previously were analysed for CD20 expression. The
data in Figure 3.4B demonstrates that at an MFI of 400, SUDHL4 cells express CD20
at a 3-4 fold higher level than the other cell lines. This high expression appears to be
reflected in the high sensitivity of the cells to complement lysis induced by anti-CD20
mAb. From Figure 3.4A, it appears that SUDHL4 and MHH Pre B-1 are lysed to
relatively the same extent by anti-CD20 mAb. However, if the inherent sensitivity of
the cells is taken into account and the specific lysis by anti-CD20 mAb is only
assessed (i.e. subtracting the lysis induced by serum alone) it becomes apparent that
SUDHLA4 is the most sensitive cell line and that MHH Pre B-1 and Tanoue which
have similar CD20 expression levels, have in turn similar sensitivities to anti-CD20

mAb-mediated complement lysis.



In order to clarify whether CD20 expression level is an important factor in inducing
complement lysis, NS/0 cells were transfected with human CD20. These are murine
cells and therefore normally lack expression of human CD20. A number of clones
were selected based on their CD20 expression level. These clones were obtained
from collaboration with GenMab (Utrecht, Holland). As NS/O clones are murine
cells, only 1% NHS was used as a source of active complement in these assays as lack
of human complement defence molecules on NS/0 cells makes them highly sensitive
to CDC induction. It is evident from Figure 3.5A that the NS/0 clones express
different levels of CD20, with expression increasing from clone 8 to 21 and with ritux
binding at a higher level than B1 mAb. Taking data from Figure 3.5A and B, it
becomes apparent that CD20 expression level is an important factor in determining
the sensitivity of cells to CD20-mediated lysis where the level of lysis correlates
strongly with the level of CD20 expression. Once again, the differences in potency of
the various mAb were evident, with 1F5 and ritux being the most potent compared to
B1 which induces a moderate level of cell lysis. It is of interest to note that the level
of CD20 expression does not interfere with the inherent sensitivity of the clones to
complement lysis as can be seen from the relatively consistent background lysis
achieved with serum alone. To confirm this correlation linear regression analysis was
applied. On plotting the data shown in Figure 3.5C, the R* was calculated at 0.88
which demonstrates a high degree of correlation and a threshold response to the

concentration of mAb.
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Figure 3.5: CD20 expression level correlates with the level of complement lysis. A) 1x10° cells
were incubated with 10 pg/ml FITC labelled Bl or ritux for 30 minutes at 37°C before being washed
and analysed by flow cytometry. B) 1x10° cells were treated, or not, with 10pug/ml mAb in the presence
of 1% NHS for 30 minutes at 37°C. The cells were then analyzed for lysis by the P assay as outlined
in Section 2.6. C) Linear regression was performed using EXCEL. Data is based on 10ug/ml ritux
FITC binding and % lysis induced by the same concentration of ritux in a range of NSO clones. Data
is from two independent experiments.
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3.2.3 Binding profiles of anti-CD20 mAb

It is clear from the data shown in Figure 3.3C, that the difference between anti-CD20
mADb at inducing lysis is not explained by isotype of the antibody alone with no
obvious correlation between isotype and lysis. Therefore, the factors underlying why
some anti-CD20 mAb are more potent inducers of cell lysis than others required
further investigation. The first indication of inherent differences between mAb is
evident in Figure 3.5A, where it can be seen that B1 has a lower binding level than
ritux and is also less potent at inducing lysis. To analyse whether this difference was
an artefact of CD20 transfected NS/0 cells or due to different dye:protein ratios of the
FITC-labelled mAb, we decided to extend the investigation to assess the binding
levels of two pairs of anti-CD20 mAb which share the same isotypes but demonstrate

contrasting potencies of complement induction.

The first pair selected was ritux and 11B8 which are both human IgG1 isotype and
secondly, B1 and 1F5 which are both mouse IgG2a. From the data in Figure 3.6 (and
Appendix I) it is evident that the earlier observation was not just an artefact of NS/0
cells. In MHH Pre B-1 cells, efficient inducers of anti-CD20 mAb-mediated
complement lysis such as ritux and 1F5 bind at a higher level when compared to the
poor inducers, B1 and 11B8, which bind at approximately half this level. These
differences in binding level are not affected by expression level, as SUDHL4 cells
which express almost 4 fold higher levels of CD20 than MHH Pre B-1 depict the
same result. Furthermore, from other work performed in our laboratory 2%, it appears
that the difference in mAb potency may be linked to the off rate of the mAb where it
was found that anti-CD20 mAb with slower off rate like ritux and 7D8 were more

effective at engaging complement,

Despite good inducers of complement-mediated lysis such as ritux binding at higher
levels to the cells, this does not appear to be the determining factor in explaining why
they are good activators of complement. From Figure 3.7 it is evident that at 10
ng/ml, both 1F5 and ritux bind at a higher level than B1 in NS/0 clone 3 (Fig 3.7B)
and 26 (Fig 3.7D). However in Clone 3, 2pg/ml Bl binds at a higher level than

0.08pg/ml ritux yet the corresponding lysis shown in panel A is still lower. Similarly
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in Clone 26 at 0.08ug/ml all mAb bind at the same level yet again B1 gives the lowest
lysis of the three.
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Figure 3.6: The binding profiles of Anti-CD20 mAb. 1x10° cells were incubated with 10 pg/ml
mAD for 15 minutes at room temperature. Samples were then washed twice and incubated with the
appropriate FITC labelled secondary mAb, either 50ul 1:40 GAM or 10 pg/ml SB2H2 which is mouse
anti-Human Fc FITC for 15 minutes at room temperature before being washed and analysed by flow
cytometry.
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Figure 3.7: Comparison of mAb binding with complement lysis. A) 1x10° NS/0 clone 3 cells were
treated, or not, with 10, 2, 0.4 or 0.08 pg/ml B1 (diamonds), ritux (squares) or 1F5 (triangles) in the
presence of 1% NHS for 30 minutes at 37°C. The cells were then analyzed for lysis by the PI assay as
outlined in materials and methods Section 2.6. B) 1 x10° NS/0 clone 3 cells were incubated with 10, 2,
0.4 or 0.08 pg/ml FITC labelled mAD in the absence of NHS for 30 minutes at 37°C. Cells were
harvested and assessed by flow cytometry as outlined in Section 2.5. C) NS/0 clone 26 cells were
treated as outlined in A. D) NS/0 clone 26 cells were treated as outlined in B.
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3.3 Discussion

Complement dependent cytotoxicity is postulated to be an important effector

T . 118, 140, 141
mechanism in ritux mediated therapy ''*

. As ritux is currently the main mAb
employed in CD20-directed therapies, the majority of investigations on CD20-
induced CDC have focussed on this mAb. However since CD20 was first
characterised in 1980, a panel of anti-CD20 mAb have been established and
theoretically, all of these mAb have the potential to become potent immunotherapy
drugs like rituximab. Furthermore, it has been demonstrated that some patients do not
respond to ritux therapy as well as others. In a phase II study, 62 patients with
indolent NHL, mainly follicular lymphoma, treated with first-line rituximab
demonstrated an overall response rate of 73% with 37% of patients showing a

complete response and 36% showing a partial response 102

. Therefore, we wanted to
address two questions, firstly why cell lines (which originate from tumours extracted
from patients) differ in their sensitivity to CD20-induced CDC and secondly, whether

other anti-CD20 mAb are potent inducers of complement lysis.

In this chapter we demonstrate that not all anti-CD20 mAb generate significant levels
of complement lysis where the level of cytolytic activity seen is depends on the mAb.
From analysis of a panel of 5 anti-CD20 mAb, it emerged that the mAb could be
divided into two groups; firstly, good inducers of complement lysis 1F5, ritux and
7D8 and secondly poor inducers of a cytolytic response B1 and 11B8. This data is in

agreement with a study performed by Cardarelli et al ®*

who reported that B1 induced
a lower level of activity against CDC-sensitive cells Daudi and Ramos cells compared
to ritux. We found that within the groups there was a notable difference in the ability
of mAD to induce cell lysis. 7D8 was the most potent of all the mAb assessed
achieving almost maximal potency at 0.4 pg/ml on all cell lines tested (similar to
Tanoue data shown in Figure 3.3) compared to the ritux and 1F5 mAb where their
efficacy was reduced upon reduction of mAb concentration. The cell death induced by

the anti-CD20 mAb was confirmed to be due to CDC activity by the absence of cell

death when cells were incubated in the presence of heat inactivated NHS.

In addition to differences in mAb potency, it was observed that cell lines varied in

their sensitivity to CD20 mAb-induced CDC (Figure 3.4). In our study, we assessed
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four B-cell lymphoma cells lines of various tumour origins (see Table 2.2). A report
by Manches and colleagues 128 suggests that depending on their tumour origins,
lymphoma cells exhibit differential sensitivity to ritux-mediated CDC. Ritux induced
high levels of CDC in FL cells, whereas diffuse large B-cell lymphoma and mantle
cell lymphoma were moderately sensitive and small lymphocytic lymphoma were
almost resistant. Various agents have been reported to enhance CD20 mAb-
mediated CDC in vitro. Kennedy et al 10 utilised a mAb directed at the C3b
breakdown product which increases C3 deposition on lymphoma cells enhancing the
efficacy of ritux-induced complement lysis. Several investigators have reported an
increase in ritux potency in the presence of mAb against complement defence proteins

in lymphoma and multiple myeloma cell lines ''® 122137

. In support of these reports,
a study of circulating cells of CLL patients treated with ritux revealed that surviving
tumour cells have elevated expression of the complement defence proteins CD55 and
CD59 ", Therefore, in an attempt to explain the heterogeneity between the cell lines,
the expression levels of CD55 and CDS59 were assessed. We found that the
expression level of CD55 and CD59 was indeed a determining factor in the sensitivity
of the cells to CDC. MHH pre B-1 have a low expression level of complement
defence proteins and were highly sensitive to CD20 mAb-induced CDC in our
studies. In contrast, ARH77 cells, which express similar levels of CD20 to MHH Pre
B-1 cells, express higher levels of CD55 and CDS59 and were relatively resistant to
anti CD20 mAb-induced CDC. This data reports from Golay et al ', suggest a

possible mechanism for patient resistance to ritux therapy.

Another determining factor in anti CD20 mAb-mediated CDC is the expression level
of CD20 itself. When comparing SUDHIL4 and Tanoue cells, it was found that
SUDHLA4 cells had a significantly higher CD20 expression and were consequently
more sensitive to lysis. For example, using ritux at 10pug/ml, 80% lysis of SUDHL4
cells was achieved compared to 35% for Tanoue cells. The importance of CD20
expression in CD20-induced CDC was confirmed by the use of NS/0 cells expressing
different levels of CD20 where the sensitivity of the different clones to lysis was
strongly correlated to the level of CD20 expression. These differences are probably
due to the requirement for Clq binding. The Clq binding motif located in the Fc

domain (human IgG1l) of ritux has been reported to be pivotal for efficient CDC

139

induction Clq requires at least two juxtaposed Fc domains to be in close
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proximity to one another for stable binding and activation of the classical pathway of

complement 199,

Therefore at a higher expression level of CD20 there is a greater
probability that Fc domains of bound mAb will be in sufficient proximity for effective
Clq binding to take place. Taken together, this data suggests that the difference in
sensitivity of cell lines to CD20 mAb-mediated CDC is dependent on the expression

of complement defence proteins CD55 and CD59 and the expression level of CD20.

It was demonstrated that even with a high CD20 expression level, the various anti-
CD20 mAb investigated differed in their ability to induce CDC. There is a well
established hierarchy of mAb isotypes with regard their ability to activate

complement ',

Human IgGl, mouse (m) IgG2a and mlIgG3 are reported to be
efficient mediators of complement compared to mIgG1 and mIgG2b which are poor
activators.  However, not all anti-CD20 mAb investigated demonstrated the
characteristic potency of their isotype. Most notable was the apparent lack of CDC
induced by 11B8. 11B8 possess the same human IgG1 Fc domain as ritux which has
been reported to be pivotal for the binding of Clq and activation of CDC 139,
Therefore, it would be expected that 11B8 would be a potent mediator of CDC
effectively engaging human Clq. It is in fact the least potent of all anti-CD20 mAb
assessed achieving less than 10% lysis at saturating concentrations in most cell lines
in marked contrast to other hulgG1 mAb, ritux and 7D8, assessed which achieve 80%
lysis at the same concentration. Similarly, B1 a mIgG2a isotype would be expected to
induce high levels of CDC like 1F5 also a mIgG2a. However at 50 pg/ml B1 lyses

10% Tanoue cells compared to 1F5 which achieves 70% lysis.

In an attempt to explain the different cytolytic potencies of anti-CD20 mAb, the
binding profiles of the mAb were assessed. This analysis revealed when mAb of the
same isotype were compared, some mAb demonstrated an almost two fold higher
binding level compared to mAb of the same isotype. It appeared that mAb which
bound at the higher level, such as ritux and 1F5 were characteristic of their isotype
and good inducers of CDC. These mAb were classified as type I mAb. The mAb
which bound at a lower level B1 and 11B8, were poor inducers of CDC relative to
their isotype and were classified as type II mAb. The reason for the difference in
levels of mAb saturation could possibly be explained by modes of mAb binding.
CD20 is believed to provide one epiptope for mAb binding, located in the large
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extracellular loop of the tetraspan molecule 32

The conformation of type I mAb
binding may only allow for univalent binding i.e. one “arm” of the mAb can only bind
a CD20 epitope. In contrast, the conformation of type II mAb upon binding may
facilitate bivalent binding where the two “arms” of the mAb could engage two CD20
epitopes. Thus explaining why type II mAb show an almost 50% lower level of
binding compared to type I mAb. An important point to note is that, it is not just the
increased binding level that makes type I mAb good mediators of CDC. From
analysis of the NS/0 cells it is apparent that even when 1F5 and B1 are bound at the

same level, the lysis induced is higher with 1F5.

The ability of type II mAb like B1 to induce CDC was not improved by increasing the
mAb concentration to well over the saturation concentration of approximately
10pg/ml in most normal B cell lines. In Tanoue cells, on comparison of 50 ug/ml
11B8 (type II) with 0.4 pg/ml 7D8 (type I), a concentration which would not be
expected to achieve saturation binding, 11B8 achieved 5% lysis compared to 70% for
7D8. A similar result was observed in all other cell lines assessed. This data suggests
that it is not the binding level of the mAb itself that is the crucial factor but the
binding mode where type I mAb, but not type 1I, somehow orientate their Fc domains
to facilitate stable binding of C1q. This theory is supported by the observation that at
high CD20 expression levels (NS/0 clone 21), type II mAb are almost as effective at
inducing lysis as type I mAb. This is in marked contrast to cells with low CD20
expression levels where a more favourable orientation of Fc would be required and
therefore type II mAb do not activate complement. At high CD20 expression levels
presumably CD20 molecules would be in close proximity to each other such that
when mAb binds, the requirement for optimal orientation of their Fc domains to
engage Clq stably would be reduced. Hence, type Il mAb can effectively mediate
CDC at high CD20 expression levels but not when expression of CD20 is low.

The reason why CD20 is such a good mediator of CDC is not fully understood. The
three main advantageous characteristics of CD20 for CDC induction are; Firstly, it
has a small extracellular loop which may allow the complement cascade to be focused
close to the cell surface. Secondly, CD20 is not internalised on mAb binding therefore
the anti-CD20 mAb required for Clq binding would remain on the surface to sustain

Clq binding and activation of the complement cascade. Finally, CD20 is expressed at
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high levels on B cells which as demonstrated by our data is a crucial factor for
efficient lysis. Previous work by our group assessed the ability of other surface
antigens which share some of the favourable characteristics of CD20 such as CD37
which is a tetra-span molecule with a small extracellular loop and MHC Class II
which is highly expressed on B cells. When comparing he complement lysis induced
by anti-CD37, -MHC class II and —-CD20 (ritux) it was found that even though both
anti-CD37 and MHC class II effectively induced CDC, the anti-CD20 mAb ritux was

still the most potent (M Cragg, personal communication).

In conclusion, high levels of cytolytic activity can be induced by some but not all anti-
CD20 mAb. We have shown that high CD20 expression is a necessary requirement
for efficient cell lysis and that complement defence proteins CD55 and CD59 regulate
the CD20 induced complement cascade. In addition, we have demonstrated that anti-
CD20 mAb can be classified by their potency to induce CDC. Type I mAb
demonstrate the CDC potency predicted by their isotypes and achieve high levels of
cytolytic activity whereas type II mAb even though they are of the same isotypes,
they induce low levels of CDC. We suggest that the difference in potencies of type I
and type II mAb could possibly be explained by different binding modes to CD20.
This hypothesis is explored further in the next chapter.
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CHAPTER FOUR
4.0 Investigation into the localisation of CD20 in lipid raft domains.

4.1 Introduction

In the previous chapter we introduced the idea that even though all anti-CD20 mAb
bind the same target, their downstream effects can be quite different. It was found that
certain anti-CD20 mAb are more potent inducers of complement lysis than others.
Indeed mAb can be divided into two groups based on these differences; type I such as
ritux and 1F5 which are good mediators of cytolytic activity and type II like B1 which
are poor inducers of complement activation. The classical complement pathway is
initiated upon Clq activation, which requires at least two Fc domains of mAb to be
sufficiently juxtaposed for binding. Therefore we decided to investigate whether the
varying ability of anti-CD20 mAb to cause CDC was related to their ability to
redistribute CD20 differently in the plasma membrane.

In 1998, Deans et al ® demonstrated that some anti-CD20 mAb could redistribute
CD20 into Triton X-100 (TX-100) insoluble micro-domains in plasma membranes.
Around this time Brown et al 7 suggested that these TX-100 insoluble domains, also
known as detergent insoluble micro-domains (DRMs), might represent lipid ‘raft’
structures which may play an important role in transmembrane signal transduction
(see Section 1.4.4). These rafts are thought to be small islets (<70 nm) in the plasma
membrane of most cell types that are enriched in glycosphingolipids, sphingomyelin,
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and cholesterol "“as shown in Figure 4.1.
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Figure 4.1: Diagrammatic representation of lipid raft domains. Lipid raft domains are postulated
to be membrane microdomains which are rich in saturated phospholipids, glycosphingolipids and
cholesterol.  This domain is highly ordered compared to the rest of the normally fluid plasma

membrane, allowing for a tightly packed structure.
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Their main distinguishing feature is their tightly packed "liquid ordered phase" which
separates it from the less-ordered bulk membrane. This tight packing presumably
occurs because of their high content of cholesterol and lipids possessing saturated acyl
chains. Conveniently, because of their high lipid content, DRMs can be isolated by
detergent extraction and density gradient ultracentrifugation 6981 These “rafts” are
generally characterized by their insolubility in 0.5-1% TX-100 at low temperaturegz.
Proteins that localize to these domains are usually glycosylphosphatidylinositol (GPI)
anchored such as CD59 and CD48 or dually acylated like the Src family kinases.

As lipid rafts are suggested to be important signalling platforms, we were interested in
whether CD20 associates with these domains and whether this association is
important for the induction of complement lysis. To this end, the ability of CD20
mADb to translocate CD20 was analysed by various methods utilising western blotting,
flow cytometry and electron microscopy. In addition to assessing the potency of mAb

to redistribute CD20, the dynamics of CD20 redistribution was also assessed.

TX-100 insolubility is the most common biochemical method employed to analyse
lipid rafts. However, other detergents such as Brij 58 and CHAPS are now being used
and it appears that proteins which are solubilised by TX-100 can be insoluble to these
different detergents ®®. Therefore, we decided to compare the CD20 distribution when
lysed in TX-100 and Brij 58. Furthermore, as cholesterol is an important component
of lipid raft domains, we also analysed the effects of cholesterol depletion on mAb

binding and CD20 redistribution.

4.2 Results
4.2.1 Investigation of CD20 redistribution in the plasma membrane by density

gradients with ultra centrifugation

The ability of anti-CD20 mAb to induce redistribution of CD20 into TX-100 insoluble
domains was assessed by several methods. Firstly, sucrose density gradients of
detergent lysates were used which identifies the raft domains by their buoyancy in
such gradients. Daudi B-cells were incubated with or without anti-CD20 mAb before

lysis in 0.5-1% TX-100 for 40 minutes on ice. The lysed cells were added to the
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bottom of the tube and centrifuged at 26,000RPM through a sequential, discontinuous
sucrose density gradient varying from 5-40%, for 16 hours at 4°C. After this
ultracentrifugation, ten 500ul fractions (F) were removed representing the gradients of
5% (F1-3), 10% (F4), 20% (FS), 30% (F6-7) and 40% (F8-10) sucrose and these
fractions were analysed by SDS-PAGE and western blotting. In general it is
considered that F1-5 represent the insoluble, buoyant fractions (low density) and F7-

10 the soluble fractions (high density).

On analysis of the coomasie-stained gel (Figure 4.2) it can be seen that most of the
protein lysate remain in the high-density fractions and only a small proportion resides
in low density fractions that would be expected to contain rafts. This distribution was

not found to be changed with different mAb treatments (data not shown).

Figure 4.2: Coomasie stained SDS gel of raft fractions from a sucrose density gradient. 5x10’
Daudi cells were treated with mAb (25 pg/ml) for 20 min at 37°C and then lysed with 1% TX-100 on
ice for 40 minutes. Lysed cells were separated via sucrose density gradient centrifugation and resolved
on SDS-PAGE. The above gel was stained over night at room temperature with Coomasie blue stain
and then destained. MWM: molecular weight marker,

Figure 4.3 demonstrates that CD20 does not constitutively reside in TX-100 insoluble
domains as in unstimulated cells (NT), CD20 remains in the soluble fractions 7-10.
Upon stimulation with ritux or 7D8, CD20 was redistributed into the insoluble
domain and therefore found in the buoyant fractions. In marked contrast, B1 and
11B8 only shifted the localization of CD20 to a very small extent. As such, it appears
that type I mAb (good inducers of CDC) redistribute CD20 whereas type II (poor
mediators of CDC) do not. The anti-CD20 mAb 7D8 resulted in complete

redistribution of CD20 to Fraction 5 whereas ritux caused a redistribution of CD20 to
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fraction 4 and 5. This was a reproducible finding but the significance of which is
unclear. To confirm the findings from above we also performed gradient experiments
using another commonly used, commercially available gradient called optiprep and

found comparable distribution patterns with type I and type II mAb treatment (data

not shown).
Fraction
Treatment |1 2 3 4 5 6 7 8 9 10
Ritux L e B,
7D8 ]
o = R
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Figure 4.3: CD20 can translocate in or remain outside of lipid rafts upon mAb binding. 5x10” Daudi
cells were treated with mAb (25ug/ml) for 30 minutes at 37°C and then lysed with 1% TX-100 on ice for 40

minutes. Lysed cells were separated via sucrose density gradient centrifugation, resolved on SDS-PAGE and
western blotted for CD20 using 7D1 mAb.

4.2.2 Analysis of the localization of CD20 to TX-100 insoluble domains by flow
cytometry

Sucrose density gradients are a laborious and time consuming technique. The process
takes three days to complete, requires a large number of cells and any physical
disruption of the gradient, such as accidental shaking of the tubes, can result in a loss
of gradient integrity making reproducibility of the assay difficult. Therefore, an
alternative rapid and semi-quantitative method was developed. In this method the
ability of mAb to translocate CD20 into TX-100 insoluble domains was determined
by flow cytometry (Figure 4.4). This assay determines how potent mAb are at
redistributing target antigens into TX-100 insoluble domains by the level of mAb

binding remaining after TX-100 lysis, expressed as % insolubility. Briefly, cells are
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incubated or not with 10pg/ml FITC labelled mAb for 15 minutes at room
temperature before being split into two, one half incubated with PBS and the other
with in 0.5% TX-100 on ice for 15 minutes before washing and assessing by flow
cytometry. Significant physical changes were seen in the cells after incubation with
TX-100 as shown by the lower forward (FSC) and side (SSC) scatter properties
shown in Figure 4.4. Following flow cytometry analysis the % insolubility was
calculated based on the mean fluorescent intensity (MFI) difference between mAb
binding to cells which have been lysed in 0.5% TX-100 and those which have been
incubated in PBS alone (representing maximal binding of the mAb). The %
insolubility is calculated as (MFliysea/MFIpgs)x100. Therefore, if CD20 redistributes
into the insoluble domain the FITC labelled mAb binding will not be highly affected
by detergent treatment and the MFT will be similar to the unlysed cells giving a high
%. However, if CD20 is not present in the insoluble domain it will be solubilised,

reducing the amount of anti-CD20 mAb FITC signal resulting in a low % insolubility.

The ability of mAb to redistribute CD20 as measured by this assay is consistent with
the data from the density gradient assays where again a clear division between type [
and type II mAb can be seen in Figure 4.4 and 4.5. As such ritux was a good inducer
of CD20 translocation and B1 and 11B8 were poor inducers. These experiments were
also preformed in Raji or MHH pre-B1 B cell lines and similar results were observed
in both. It is notable that there is a slight discrepancy between the density gradient
and flow cytometry assays. In the density gradient analysis (Figure 4.3) 7D8
demonstrated a 100% redistribution of CD20, yet in the TX-100 flow cytometry assay
(Figure 4.5) it only demonstrates 70%. The difference could be accounted for by the
loss of CD20 during the washing step which takes place in the flow cytometry

technique and which is not required for the density gradient assay.

Next we decided to investigate whether antibody-induced TX-100 insolubility was
common for other tetra-span molecules or for other surface antigens that are highly
expressed on B cells. To this end, the % TX-100 insolubility was obtained for CD38
(which is a type II transmembrane protein), CD37 (which has a similar structure to
CD20 in that it is a tetraspan molecule with a small extracellular loop) and MHC class
IT (which is highly expressed in B cells). In accordance with Filatov and colleagues

2 Figure 4.6 suggests that redistribution into TX-100 insoluble domains is not a
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common phenomena where neither CD37, CD38 nor MHC class II appear to become

insoluble upon mAb binding.

From this data and the data in Section 4.2.2, we demonstrated that the anti-CD20
which are good inducers of complement lysis (type I mAb) are also efficient
redistributors of CD20 into lipid rafts. Conversely, type II mAb like B1 are poor

mediators of complement lysis and do not redistribute CD20 into lipid rafts.
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Figure 4.4: Example of TX-100 flow cytometry assay. Raji Cells were treated with 10 pg/ml FITC
labelled anti-CD20 mAb for 15 minutes at 37°C before washing and dividing the sample in two. One
half was maintained on ice in PBS, allowing calculation of 100% binding levels, whilst the other was
treated with 0.5% TX-100 for 15 minutes on ice. Cells were then washed once, resuspended in PBA
and assessed by flow cytometry. The MFI for each histogram is shown in the top right hand corner.
Calculation of the % TX-100 insolubility is outlined for AT80 only.
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Figure 4.5: TX-100 insolubility of CD20 after binding of anti-CD20 mAb. 2.5x10° cells (MHH Pre
B-1 and Raji) were treated with 10 pg/ml FITC labelled mAb for 15 minutes at 37°C before washing
and dividing the sample in half. One half was maintained in PBS on ice, whilst the other was treated
with 0.5% TX-100 for I5 minutes on ice. Cells were then washed once, resuspended and assessed by
flow cytometry. Shown are A) MFI values and B) the % TX-100 insolubility calculated from A.
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Figure 4.6: Redistribution of surface antigens upon mAb ligation. The same procedure was used as
outlined in Materials and Methods Section 2.8.2. Briefly, Raji cells were treated with FITC labelled
anti-CD37 (WR17), CD38 (IB4), Class 1l (A9-1) and CD20 mAb for 15 minutes at 37°C before being
lysed or not in 0.5% TX-100 for 15 minutes on ice. Samples were then washed and analysed by flow
cytometry. Data shown is mean and standard deviation of three independent experiments
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4.2.3 The association of CD20 with lipid rafts when assessed by different
detergents
The previous two sections have both utilised TX-100 insolubility to demonstrate
CD20 redistribution in the membrane upon mAb binding. However, as 1% TX-100
treatment is a relatively harsh treatment, only membrane domains which are highly
compact will withstand lysis with this detergent. Furthermore, as TX-100 is such a
stringent detergent it is conceivable that the CD20 redistribution observed in the
presence of this detergent is unrepresentative of the physiological situation.
Therefore, we decided to investigate the distribution of CD20 when lysed by
“weaker” detergents such as CHAPS and Brij 58 6881 " For this analysis we used a
pellet/lysate assay. In this assay, cells were lysed as per normal procedure outlined in
Section 2.8.1.2 but rather than separating the lysates through a density gradient by
ultracentrifugation for 16 hours at 27000RPM, the lysed cells were spun at 16,000g in
a bench top centrifuge for 30 minutes. This pelleted all insoluble material, leaving the
solubilised matter in the supernatant (lysate). The resultant pellets and lysates were
subsequently assessed by SDS-PAGE and western blot analysis. Figure 4.7A
demonstrates that inTX-100 treated cells the pellet/lysate assay, like the flow
cytometry and sucrose density gradients, distinguish between the redistribution of
CD20 when cells are treated with either type I and type II mAb with CD20 being
found in the pellet (insoluble, raft domain) of type [ ritux treated Ramos cells

compared to the lysate (soluble, non-raft domain) in type II, B1 treated cells.

To determine if the redistribution of CD20 differs with different detergents we have
compared the CD20 distribution in Raji cells when lysed in 1% Brij 58 to that in 0.5%
TX-100. Figure 4.7B demonstrates that there is a difference in CD20 localisation
when analysed with Brij 58 compared to TX-100. The presence of CD20 in the
pellet, which is representative of its insolubility in these detergents, is evident in
unstimulated cells when lysed in Brij 58. In marked contrast, CD20 was not detected

in the pellet of unstimulated cells lysed in TX-100.

Cholesterol is reported to predominantly reside in highly-ordered domains in the
plasma membrane such as lipid rafts. We further probed the distribution of CD20
using a cholesterol sequestering drug called methyl-B-cyclodextrin (MCD). This is a

cyclodextrin specific for cholesterol that encapsulates the hydrophobic sterol into a
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central cavity allowing it to become soluble in aqueous solution. The effect of MCD
treatment on CD20 distribution in non-treated cells lysed in Brij 58 in Figure 4.7B
suggests that the insolubility of CD20 in Brij 58 is indeed due to CD20 residing
constitutively in an ordered-domain, possibly a raft structure which is lost upon MCD
treatment. Interestingly, when ritux is bound to the cells and lysed in Brij 58,
treatment with MCD does not appear to have any effect with CD20 remaining
associated with the pellet fraction. The reason for this is currently unclear although it
may be linked to the stabilising effect of ritux cross-linking CD20, making it resistant

to “weaker” detergents.

When cells are assessed with TX-100, similar results to the density gradients and TX-
100 flow cytometry assay were observed. CD20 is only found in the pellet upon ritux
binding, where it is evident in Figure 4.7B that a high proportion of CD20 translocates
into the pellet. Upon MCD treatment this association with the pellet fraction is lost
and CD20 is found only in the lysate. This is possibly due to ritux clustering CD20-
containing micro-domains which upon MCD treatment are disrupted, essentially
making them less compact and more soluble. When lysed in TX-100, these larger
domains are solubilised due to the strength of the detergent. As CD20 is found in the
insoluble fraction of untreated cells lysed with Brij 58 and not TX-100, it suggests
that CD20 is constitutively present in rafts and that the association of CD20 with TX-
100 insoluble domains upon mAb ligation is representative of clustering of these

mini-rafts.
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Figure 4.7: Effect of different detergents on CD20 association with lipid raft fractions. A) Ramos
cells were washed and resuspended at 2x10° cells/ml in RPMI (1% BSA). 1x10° cells were treated or
not with 10 pg/ml B1 or ritux for 15 minutes at room temperature. Samples were then lysed with 0.5%
TX-100 for 15 minutes on ice before being pelleted at 16,000g in a benchtop centrifuge. The resulting
supernatant forms the lysate (L). The pellet (P) is washed 3x in lysis buffer and resuspended and 30pl
of each loaded onto an SDS/PAGE gel and CD20 detected using 7D1 mAb and western blot. B) Raji
cells were treated as outlined in A. Except that before mAb binding, cells were treated or not with
10mM MCD for 15 minutes at room temperature before being washed, treated with mAb and after 15
minutes lysed in either TX-100 or 1% Brij 58.
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4.2.4 The dependence of anti-CD20 mAb binding on cholesterol

From the data in the last section we have suggested that CD20 constitutively resides
in lipid rafts microdomains. A characteristic feature of raft domains is their high
cholesterol content which is found intercalated between the phospholipids 82 The
initial indication that anti-CD20 mAb may be effected by changes in cholesterol
composition came from Polyak and colleagues % who demonstrated that FMC7, an
IgM mADb that has been utilized in the clinic to phenotype some lymphoproliferative
disorders, binds to a cholesterol dependent epitope of CD20. We decided to
investigate whether this cholesterol dependency is true of other anti-CD20 mAb.

Initially, we assessed Daudi and Ramos B-cell lines with a large panel of anti-CD20
mAb for the effect of MCD treatment (Figure 4.8). In these experiments cells were
treated with 2.5 or 10mM MCD for 15 minutes at room temperature and then washed
twice in serum free media. Samples were then incubated with mAb for 15 minutes at
room temperature except for FMC7 which is incubated for 45 minute. FMC7 is an
IgM, consequently has slower binding. Samples were then washed and incubated
with an appropriate secondary labelled FITC mAb before being analysed by flow
cytometry. Figure 4.8 demonstrates that most anti-CD20 mAb are affected by
cholesterol depletion. The most sensitive mAb is certainly FMC7 but all the other
mADb appear to be effected to some extent or other with the notable exception of 7D8
in Ramos cells. However the data does indicate that some mAb are more sensitive
than others, particularly it would appear the murine mAb. Interestingly, the
sensitivity of the mAb to cholesterol appears to correlate with mAb off rates where
ritux and 7D8 are of higher affinity compared to B1 and 1F5 and therefore not as

stably bound to the cell (R. French, personal communication).
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Figure 4.8: The effect of MCD treatment on a panel of anti-CD20 mAb. A) Daudi cells at
1x10%ml were resuspended in RPMI with 1% BSA. Cells were treated or not (control) with 2.5 or
10mM MCD for 15 minutes at room temperature. Samples were then washed twice and incubated with
10 pg/ml mAb for 15 minutes at room temperature, except for FMC7 which was incubated for 45
minutes. Samples were washed twice and incubated with a suitable FITC labelled secondary mAb,
either 50 pl 1:40 GAM, 10 pg/ml SB2H2 (anti-HuFc) or 50 ul 1:50 goat anti-mlgM (Jackson
immunoresarch) for 15 minutes at room temperature. All samples were washed before being analysed
by flow cytometry. The values shown are the MFI expressed as a % of control (mAb binding to non-
treated cells). B) The same method as outlined in A was used to assess Ramos cells
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4.2.5 The sensitivity of cell lines to cholesterol depletion

It became apparent from the investigation into anti-CD20 mAb binding in the
previous section that not only do anti-CD20 mAb differ in their sensitivity to MCD,
but there are clear differences in sensitivity between cell lines. For example, Bl
undergoes a 40% loss of binding relative to the control after treatment with 10mM
MCD in Daudi cells, compared to only 20% loss in Ramos cells. Therefore, it was
decided to assess several B cell lines for their sensitivity to cholesterol depletion by
MCD. Figure 4.9A clearly shows that B cell lines vary in their sensitivity to
cholesterol depletion with Daudi cells demonstrating a 40-50% loss of binding of the
murine mAb and an 80% loss for FMC7. However in SUDHLA4 cells, only 10% loss
of the murine mAb binding occurred and 30% loss of FMC?7 binding.

As mAb binding was sensitive to cholesterol depletion, we considered whether
loading the cells with cholesterol might enhance binding. Daudi cells were incubated
with water-soluble cholesterol for 60 minutes at room temperature. Furthermore, we
investigated whether repleting the cells with cholesterol after prior depletion with
10mM MCD would restore mAb binding to its original level. Both Bl and IFS
demonstrated similar sensitivities to cholesterol depletion/repletion (Figure 4.9B).
When the cells were loaded with cholesterol neither mAb demonstrated a notable
increase in binding. However, when the cells were treated with 10mM MCD, the
binding level of both mAb dropped to 60% of that shown by control cells (mAb
bound to untreated cells). This reduction in mAb binding was completely ablated
upon repletion of cholesterol. In contrast, FMC7 binding was much more sensitive to
cholesterol loading, where its binding was seen to increase to 180% of that on control
cells. However, upon cholesterol depletion, mAb binding dropped to 10% of the
control and was only increased to ~40% of the original binding level when repleted
with cholesterol. From this data, we suggest that cholesterol is important for the
binding of all anti-CD20 mAbD, the extent of this dependence is determined by the
mAb and the cell line used.
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Figure 4.9: A) Sensitivity of anti-CD20 mAb binding to cholesterol depletion is cell line
dependent. Daudi, Ramos and SUDHLA4 cells were treated with 10mM MCD as outlined in Materials
and Methods Section 2.8.4. Values shown are the % loss which was calculated using the following
formula: % loss = [1-(MFlgmpe/MFlconro)]x100. Values are based on the mean and standard error of
the mean of at least two independent experiments. B) The effect of cholesterol loading on MCD
treatment. 1x10° Daudi cells were treated or not with 10mM MCD for 15 minutes at room
temperature. Samples were then washed twice and incubated with either 0, 12.5, 25 or 50 pg/ml
cholesterol (SIGMA) for 1 hour. Samples were washed again and incubated with 10 pg/ml B1, IF5 or
FMC?7 for 15 or 45 minutes at room temperature before being washed twice and incubated with the
appropriate secondary FITC labelled mAb, either GAM or goat anti-migM FITC for 15 minutes at
room temperature. Samples are then further washed and analysed by flow cytometry. Expression level
is shown as a % of mAb binding on non-treated (control) cells.
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4.2.5.1 Effect of cholesterol depletion on mAb binding to other surface antigens

As cholesterol forms such a vital part of the cell membrane, we decided to investigate
whether other surface antigens in addition to CD20 were susceptible to cholesterol
depletion by MCD in Daudi cells. Figure 4.10 demonstrates that CD20 is by far the
most sensitive of the antigens studied with a loss of 33% for B1, 37% IF5 and a 90%
loss for FMC7. Other surface antigens were assessed for various reasons; the BCR
was chosen as it is reported to translocate into lipid rafts which are rich in cholesterol
4 MHC class 1I as it is highly expressed on B cells and CDS55 as due to its GPI
linkage it constitutively resides in rafts ™ However, none of these antigens were as
sensitive to MCD treatment as CD20, both Class II and BCR mAb binding were
reduced by 20% and CDS55 appeared insensitive to MCD cholesterol depletion.
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Figure 4.10: Other surface antigens are not as sensitive to cholesterol depletion. 0.1x10° Daudi
cells were treated or not with 10mM MCD before being incubated with 10 pg/ml FITC labelled Anti-
CD20 (B1, IF5 and FMC7), BCR (M15/8), Class 1l (L243) and CD55 (Clone 26 Serotec) for 15
minutes at room temperature. Samples were washed and analyzed by flow cytometry. Values shown
are the % loss which was calculated as % loss = [ 1-(MFlgupie/MFlcongo) X 100,
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4.2.5.2 The effect of cholesterol depletion on TX-100 insolubility

We have already demonstrated in Section 4.2.3 that treatment of cells with MCD
results in a loss of CD20 from TX-100 insoluble domains, when treated with ritux.
To underpin our western blot results in Figure 4.7, the effect of cholesterol depletion
on CD20 TX-100 insolubility induced by a panel of anti-CD20 mAb was assessed and
whether any effects could be reversed by repleting the cells with cholesterol. To this
end, SUDHL4 cells were either un-treated, pre-treated with 10mM MCD (depleted
cells) or with 10mM MCD washed twice and then 12.5ng/ml cholesterol added for 1
hour (repleted cells). The samples were prepared for TX-100 analysis as outlined in

materials and methods Section 2.7.2.

In agreement with our earlier results, it was evident the cholesterol depletion reduces
the TX-100 insolubility conferred by type I anti-CD20 mAb like ritux and it had no
effect on the type II mADb such as Bl and 11BS, treated cells. In SUDHL4 cells, only
ritux and 1F5 redistributed CD20 into TX-100 insoluble domains (Figure 4.11A) with
the 85% and 45% of CD20, respectively, insoluble to TX-100 treatment. The level of
CD20 in these domains was reduced by cholesterol depletion to 55% and 10%
respectively. This reduction was counteracted by the presence of cholesterol with
ritux treated cells increasing to 65% and 1F5 treated cells to 30%. These results
suggest that cholesterol is a critical component of TX-100 insoluble domains. This is
possibly due to its ordered structure which allows tight packing of the membrane and

hence resistance to solubilisation by detergents.

To ensure our results were not due to the high expression level of CD20 on SUDHL4
cells, we assessed the effect of MCD and cholesterol repletion on TX-100 insolubility
in Ramos cells (figure 4.11B). These cells expressed a three fold lower level of CD20
than SUDHL4. We found the results mirrored those in SUDHL4 cells with both ritux
and 1F5 mAb conferring 80% and 55% TX-100 insolubility of CD20 respectively.
The level of insolubility was decreased upon treatment of MCD but again was
counteracted by the repletion with cholesterol, showing the reversibility and
specificity of MCD treatment. These results correlate well with our previous
observations that some cell lines were more sensitive to cholesterol depletion than

others (Figure 4.9A). From the mAb binding profiles it was evident that 1F5 binding
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is reduced in MCD treated Ramos cells yet no effect was observed in SUDHL4 cells.
Intriguingly, even though the binding is not affected, the level of TX-100 insolubility
was decreased. Furthermore in SUDHL4 cells, mAb binding was increased in cells
treated with MCD and then repleted with cholesterol compared to non-treated control
cells yet the % insolubility remained lower. This suggests that the loss in insolubility
was not simply due to loss of binding of the mAb but was a direct effect of disrupting

TX-100 insoluble domains by cholesterol extraction.
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Figure 4.11: Effect of MCD on TX-100 insolubility. A) 1x10° SUDHLA4 cell were treated or not with
10mM MCD for 15 minutes at room temperature or 10mM MCD washed twice and 12.5pg/ml
cholesterol for an hour at room temperature. Cell were then treated with 10pug/ml FITC labelled anti-
CD20 mAb for 15 minutes at room temperature before being assessed for TX-100 insolubility as
outlined in Section 2.7.2. The % insolubility is shown on the left hand side and the MFI of mAb
binding in unlysed cells are shown on the right hand side. B) Ramos cells were treated as outlined in
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4.2.6 The ability of anti-CD20 mAb fragments to redistribute CD20

The ability of CD20 to redistribute into TX-100 insoluble domains is an unusual

property 66. 72,

pathway or was simply due to the cross-linking effect of the mAb. To investigate

We wondered whether this redistribution involved a signalling

this, anti-CD20 Fab and F(ab’), fragments were assessed by flow cytometry and
pellet/lysate assays for their ability to redistribute CD20 into rafts in Ramos cells.
From Figure 4.12A it is apparent that Fab fragments of type I mAb such as ritux can
confer TX-100 insolubility to CD20. As expected, Bl IgG or B1 Fab did not
redistribute CD20. The level of insolubility induced by type I mAb ritux and 7D8
was decreased in Fab treated cell with ritux dropping from 80% to 40% and 7D8
dropping from 100% to 60%. An explanation for this is may be the lower avidity of
Fab fragments compared to [gG mAb. Whole mAb molecules bind bivalently and
therefore the avidity of the mAb will be the amassed affinity of both Fab “arms”.
However, in Fab fragments as the name suggest, only one “arm” of the original mAb

binds the target and hence has only half the avidity compared to whole IgG.

This reduction in avidity is reflected in the binding profiles shown in Figure 4.12B.
Even though more Fab fragments are added to the cells (25 pg/ml, 10mM) compared
to IgG (10 pg/ml, 1.4mM), their binding is still lower than their IgG counterparts.
Arguably this could be due to a difference in dye:protein ratio. However, aside from
the binding differences, these results demonstrate that CD20 redistribution into TX-
100 lipid rafts is not simply due to cross-linking by bivalent binding but can be
induced by Fab fragments. To confirm our results we decided to investigate the
redistribution seen by FACS analysis by pellet/lysate assay and western blot. The
data in Figure 4.12C mirror those of the TX-100 flow cytometry assay. Ramos cells
were treated with 10pg/ml IgG or F(ab’), or 25 pug/ml Fab for 15 minutes at room
temperature before being lysed in 1% TX-100. The samples were prepared for

pellet/lysate assay and western blot as outlined in Section 2.7.1

As seen earlier in Figure 4.7, CD20 does not constitutively reside in TX-100 insoluble
domains in non-treated cells. CD20 is only detected in the soluble lysate (L) fraction.

However, upon stimulation of CD20 with a type I mAb such as ritux, CD20 is found

in the insoluble, pellet (P) fraction.
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Figure 4.12: The ability of antibody fragments to redistribute CD20 into TX-100 insoluble rafts.
A) 1x10° Ramos cells were stimulated with either 10pg/ml 1gG or 25ug/ml Fab’ of different FITC
labelled anti-CD20 mAb for 15 minutes at room temperature. Cells were prepared for TX-100 analysis
as outlined in Section 2.4.7. B) IgG and Fab’ binding was assessed by flow cytometry. The level of
binding is depicted by MFL. C) 1x10° Ramos cells were treated with 10pg/ml IgG, 10pg/ml F(ab), or
25ug/ml Fab’ for 15 minutes at room temperature before being lysed in 1% TX-100 and prepared for
western blot analysis as outlined in Section 2.7.1. Membranes were blotted for CD20 with 7D1 then
stripped and re-probed for PAG with MEM 255.
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The ability of ritux to redistribute CD20 does not appear to be affected by loss of its
Fc domain, as ritux F(ab’), redistributes CD20 to the same extent as its IgG
counterpart. However, when ritux Fab’ fragments are used only monovalent binding
is possible and there is a marked decrease in the efficiency of translocation. CD20
under these conditions was predominantly found in the lysate fraction with a low
percentage residing in the pellet (raft) fraction. As F(ab’), fragments do not show this
reduction in ability to redistribute CD20, it supports our earlier suggestion that the
reduction observed upon Fab’ stimulation is due to the lower avidity of the fragment
which also leads to less cross-linking of CD20. When CD20 was hyper cross-linked
by adding a goat anti-human IgG mAD to ritux labelled cells, CD20 is completely lost
from the soluble fraction (L) and only found in the pellet (P). The results with ritux in
Figure 4.12A were further confirmed by analysis of 7D8 (type I) and B1 (type II)
treated cells. In Figure 4.12A, 7D8 was seen to have potent ability to redistribute
CD20 into lipid rafts with 100% of CD20 becoming insoluble to TX-100 treatment
when bound by 7D8 IgG. In this pellet/lysate assay (Figure 4.12C), we found that the
potency of 7D8 redistribution was comparable to cross-linked ritux with 100% of the
CD20 detected in the raft fraction (P). Stimulation of CD20 with 7D8 Fab’ fragment
lead to a similarly high percentage of CD20 redistributing into the pellet fraction. The
level of translocation appeared even higher than the 60% demonstrated in Figure
4.12A. However, the flow cytometry and pellet/lysate assays are very different
techniques and the reason why a lower result was found in the flow cytometry
technique may be due to the wash step after cell lysis which is absent in the
pellet/lysate assay. When CD20 was stimulated with B1, a type II mAb, no
translocation from the lysate to the pellet occurred in either IgG or Fab’ treated
samples. The distinction between the raft and non-raft fractions by pellet/lysate
separation was validated by the presence of PAG predominating in the pellet (or raft)

fraction (see Section 4.2.1).

As Fab fragments are unable to cross-link surface antigens, the ability of type I Fabs
to redistribute CD20 into rafts suggest that this redistribution may involve a signalling
pathway. In accordance with this suggestion previous work in our group has shown
that mutation of residues in the cytoplasmic tail of CD20 led to loss of CD20

2

redistribution upon mAb binding *2. To address this possibility, the involvement of

early cell signalling events was assessed. Phosphorylation of Src family kinases are
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reported to be one of the earliest events in BCR signalling % To investigate their
possible involvement in CD20 redistribution, Src kinases were inhibited by using a
specific intracellular inhibitor PP2. However, we found this to have no effect on the
redistribution of CD20 into TX-100 insoluble domains (data not shown).
Furthermore, re-arrangement of the actin cytoskeleton is known to be an early
signalling event for several signalling cascades. However, when actin rearrangement
was hindered by the use of several specific inhibitors no effect was observed in the

redistribution of CD20 into lipid rafts (see later in Section 6.2.5.1).

In summary, redistribution of CD20 into TX-100 insoluble domains can be induced
by Fab’ fragments of type I anti-CD20 mAb demonstrating that cross-linking of CD20
by mAb is not required for its redistribution. Further work is required to determine if
the translocation of CD20 involves a signalling cascade or whether it is a physical
phenomenon that CD20, once bound by type I mAb favours a certain area of the

membrane and is therefore more of a conformational change after mAb binding.
4.2.7 Long term kinetics of CD20 redistribution

Previously in this chapter the ability of CD20 to redistribute into TX-100 insoluble
domains was assessed over a relatively short 15-30 minute period as we found no
difference in the redistribution between 15 minutes and 60 minutes (data not shown).
However, to eliminate the possibility that type II mAb like Bl might show no
redistribution of CD20 as they utilise slower kinetics we decided to assess the kinetics
of this event over a longer time course. As such, Raji cells were labelled with FITC-
labelled mAb and incubated over 24 hours. Cells were harvested at 15 minutes 6
hours and 24 hours and either assessed for mAb binding or lysed in 1% TX-100 for 15
minutes on ice before washing and assessment by flow cytometry. The data in Figure
4.13 demonstrates that CD20 redistribution mediated by type I mAb is a relatively

rapid process, occurring over 15 minutes, and is maintained over a prolonged period

of time.

The kinetics of CD20 redistribution appears to be similar for both type I mAb, ritux
and 1F5. In Raji cells, at 15 minutes ritux redistributes 35% of CD20 into TX-100

insoluble domains. After 6 hours the insolubility increases to 45%. After this time,
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A)

B)

there is a slight decline to 41%. Interestingly, neither type II mAb, B1 nor 11BS,
effectively redistribute CD20 over 24 hours demonstrating that type Il mAb do not
redistribute CD20 with slower kinetics that would have been missed by previous
experiments. A similar trend was observed in Ramos cells (Figure 4.13B). However,
it is interesting to note that there are differences in the levels of redistribution between
the cell lines. In ritux treated Ramos samples, 60% of the CD20 is insoluble after 15
minutes compared to 35% in Raji cells. This is possibly linked to the heterogeneity of
the cell membrane. It was demonstrated earlier that TX-100 insolubility of CD20 was
not affected by expression level (Section 4.2.2) but is affected by cholesterol content
(Section 4.2.5.3). Therefore, the difference in % insolubility of CD20 between the

two cell lines is possibly linked to different levels of cholesterol in the membrane.
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Figure 4.13: 24 hour kinetics of CD20 redistribution into TX-100 insoluble domains. A) 1x10°
Raji cells were treated with 10pug/ml FITC labelled anti-CD20 mAb. 1x10* cells were harvested at the
indicated time points and assessed for TX-100 insolubility as per materials and methods section 2.7.2.

B) Ramos cells were treated as outlined in A
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4.2.8 FRET analysis of CD20 clustering

The use of detergent to assess the distribution of CD20 is a very effective technique
when coupled with SDS-PAGE and western blotting or using flow cytometry assays.
However, there are limitations to this methodology; firstly, it can be argued that the
results obtained could be artefacts of detergent treatment. Secondly, the technique is
limited by the fact that in this system detergents only discriminate cellular contents
based on their resistance to solubilisation. Therefore the association of two surface
antigens with the insoluble fraction in detergent lysis does not necessarily mean that
they are associated with each other or even in the same domain in the plasma
membrane, in reality they could be in completely different and distinct insoluble
domains. Because of these caveats, we decided to use another complementary flow
cytometric method known as fluorescence resonance energy transfer (FRET). FRET,
as its name suggests, is a fluorescence-based method where energy is transferred from
an excited donor molecule to an acceptor molecule when the two are located within

10nm of each other '¥°.

For FRET analysis, mAb conjugated to Cy3 or FITC donor (D) and Cy5 acceptor (A)
were used. Both FITC and Cy3 have been used by other investigators as the donor
fluorophore in such experiments . For our studies we decided to use FITC as the
donor because we had an array of FITC labelled mAb readily available in the
laboratory and it was also found that the ratio of FITC:protein labelling was more
consistent than Cy3:protein. The basic principle of the assay is illustrated in Figure
4.14. The donor and acceptor mAb were incubated either on their own with
equimolar unlabeled mAb or together in the absence of unlabeled mAb for 20 minutes
at 37°C. The samples were then assessed by flow cytometry for their fluorescence in
FL2 (FITC emissions), FL3 (emission from Cy5 when excited by FITC) and FL4
(emission from Cy5 when excited by FL4 laser). Essentially the FRET value is
calculated from the signal generated when FITC and Cy5 labelled mAb are bound to
cells simultaneously. If they are within 10nm of each other an increase in
fluorescence in FL3 will be observed as shown in Figure 4.14. The MFI value
representing this signal (FL3 (DA)) is then adjusted for background fluorescence
using the formula, where DA is the fluorescence in the sample containing both the

FITC (D) and Cy5 (A) labelled mAb.
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FRET = FL3(DA) - [FL2(DA)*FL3(D)/FL2(D)] - [FL4(DA)*FL3(A)/FL2(A)]

Each value is adjusted for non-specific binding. Due to this adjustment, experiments
that do not give FRET sometimes calculate out to a negative number. If this situation
arises, the values are set to zero. A detailed account of how FRET values are

calculated is outlined in the materials and methods (Section 2.7.3).
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Figure 4.14: Illustration of FRET. 3x10° Daudi cells are treated with either a) 10 pg/ml FITC
labelled ritux + 10 pg/ml unlabeled ritux b) 10 pg/ml Cy5 labelled ritux + 10pg/ml unlabeled ritux c)
10 pg/ml FITC labelled ritux + 10 ug/ml Cy5 labelled ritux for 20 minutes at 37°C before being
washed and analysed by flow cytometry. Sample (A) is analysed for FL2 as this is representative of the
mAb binding level, and is also assessed for leakage into FL3. Sample (B) is assessed for fluorescence
in FL4 to measure binding and FL3 for leakage. Sample (C) is assessed for fluorescence in FL2, FL3
and FL4. FRET is essentially the shift in FL3 observed in the cells incubated with FITC and Cy5
labelled mAb, depicted by the green line which is overlaid on the background FL3 fluorescence. D)
Diagrammatic depiction of FRET generation. I. Diagrammatic representation of sample A, FITC label
is denoted by “F”. 2. Diagrammatic depiction of sample B, Cy5 5 label is denoted by “5”. 3. Visual
interpretation of Sample C.
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4.2.8.1 FRET generated by anti-CD20 mAb

[nitially we wanted to confirm whether the redistribution of CD20 with type I mAb
treatment which was observed earlier using density gradients and TX-100 detergent
assays (Figure 4.3 and 4.5) would be reflected in the surface association of CD20
generating a FRET signal. In preliminary experiments in Daudi cells, various anti-
CD20 mAb labelled with Cy5 or FITC were co-incubated at 10pg/ml (along with the
appropriate unlabelled mAb see Figure 4.14) for 20 minutes at 37°C before being
washed and analyzed by flow cytometry. It is evident from Figure 4.15 that different
anti-CD20 mAb can generate varying levels of FRET where ritux is the highest at
21.5 followed by AT80 at 19.3 and in marked contrast, B1 which does not generate
any detectable FRET signal. It may be suggested that as CD20 is believed to reside
constitutively in rafts then B1 should also give a FRET signal. However, these mini-
rafts/micro-domains may not be of sufficient size to permit several anti-CD20 mAb to
bind simultaneously thereby generating a FRET signal. This suggests that the FRET
observed with the type I mAb ritux and AT80 is due to the clustering of mini-
rafts/micro-domains into larger raft structures confirming the results observed for TX-

100 treated cells earlier in this chapter.

Ritux _ AT80

1-k)0 10! 102 103104

Figure 4.15: Different anti-CD20 mAb generate different levels of FRET. 3x10° Daudi cells were
incubated with 10 pg/ml Cy5 and FITC labelled mAb for 20 minutes at 37°C before being washed and
analysed by flow cytometry. The open histogram represents the FRET generated. The value calculated
for this FRET is shown in the top right hand corner of each histogram. These profiles are
representative of three independent experiments
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Our next line of investigation was to assess whether this was a general phenomenon
and not cell line specific. The ability of type I and type Il mAb to generate FRET was
assessed on a range of B cell lines. To this end, several cell lines were treated with
the archetypal type I and type Il mAb, ritux and B1. It is evident from Table 4.1 that
the difference between ritux and B1 to generate FRET is consistent on all cell lines,
with ritux generating a higher level of FRET compared to B1. The only cell line
where B1 generated a FRET signal was in the high CD20 expressing cell line,
SUDHLA4 and even then the signal is approximately 30 times lower compared to that
generated by ritux (2 compared to 62.5). From the five cell lines assessed it is evident
that ritux always generates a FRET signal whereas with the minor exception of
SUDHLA4, B1 does not generate FRET. However, the level of FRET generated by
ritux is dependent on the cell line. Homo-association of ritux-bound CD20 on
SUDHLA4 cells results in a FRET of 62.5 compared to a FRET of 4.35 for BL41 cells.

The reasons for this are discussed below.

Cell line B1 Ritux
SUDHILA4 2.1+3.02 62.5+3.7
Raji 0+0 32.7+2.1
Daudi 0£0 15.06+4.3
ARH77 00 11.1+£3.2
BL41 0+£0 435+6.1

Table 4.1: FRET is cell line dependent. 3x10’ cells were incubated with 10 pg/ml Cy5 and FITC
labelled mAb for 20 minutes at 37°C before being washed and analysed by flow cytometry. The values
shown are the FRET values calculated from the formula outlined earlier in Section 4.2.8 and are the
mean = standard deviation of three independent experiments

4.2.8.2 The dependence of FRET on expression level

In an attempt to explain why some cell lines generate more FRET than others, the
most probable explanation is in the expression level of CD20 on the cells. Taking
Table 4.1 and Figure 4.16 together, it is apparent that type I mAb induced FRET is
dependent on CD20 expression level. Hence explaining the higher FRET observed in
ritux stimulated SUDHLA4 cells compared to ARH77 and BL41 cells. To directly
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address the effect of CD20 expression level on FRET, we used NS/0 cells transfected
to express various amounts of human CD20. These cells are murine cells and
therefore normally lack expression of human CD20. Transfection of human CD20
into these cells allowed us to probe the importance of CD20 surface density for
FRET. Three clones were selected which expressed CD20 at different levels — low in
Clone 5 to high in Clone 2. The data in Table 4.2 confirms the dependence of FRET
on expression level where FRET induced by homo-associated ritux, increased in
correlation with the expression level. Interestingly, B1 also demonstrates FRET at
high expression levels agreeing with data from high CD20-expressing SUDHL4 cells
in the last section. It seems most probable that this is due to the expression level and
not due to any difference in the redistribution of CD20 in these cell lines. At high
expression levels, the probability of the CD20 surface antigen, and hence two mAb
being bound sufficiently juxtaposed to generate FRET, is high. Therefore this low
FRET signal is not dependent on redistribution. This will be further discussed in
Section 4.2.8.5.
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Figure 4.16: CD20 expression level of different cell lines. 1x10° cells were incubated with 10 pg/ml
ritux FITC labelled for 15 minutes at room temperature before being washed and analysed by flow

cytometry.
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Clone 5 (90) Clone 3 (280) Clone 21 (540)
B1 0 10.1 66.9
Ritux 0 152.8 408
CD20 expression

Table 4.2: FRET is dependent on expression level. 0.3x10° NS/0 cells of different clones were
treated with 10 pg/ml of the appropriate mAb (FITC-, Cy5- and unlabelled-B1 and ritux, as outlined in
Section 2.7.3) and incubated for 20 minutes at 37°C before being washed and assessed for FRET. The
CD20 expression level (MFI) of the clones, as measured by ritux, are shown in brackets beside the
clone no.

4.2.8.3 The effect of TX-100 lysis on FRET

Having established in Section 4.2.8.1 that the distinction between type I and type II
mAb was the same using both TX-100 and the detergent-less FRET method, we
decided to investigate whether the FRET observed reflected redistribution into TX-
100 insoluble rafts or simply clustering of CD20. As such, SUDHL4 cells were
assessed for FRET (as outlined previously in Section 2.7.3) for homo-associations of
either B1 (10pg/ml), ritux (5 pg/ml) or F3.3 which detects MHC Class II (5 pg/ml).
However, after the 15 minute incubation, the cell samples were split in two and

assessed for TX-100 insolubility as outlined in Section 2.8.2.

The results shown in Figure 4.17 demonstrate that in SUDHL4 cells the FRET
associated with ritux is not reduced following lysis in TX-100. This suggests that like
the TX-100 insolubility assay, the FRET value obtained for ritux is representative of
CD20 redistribution into TX-100 insoluble rafts as mAb binding is not lost in these
domains and therefore FRET is still generated. Furthermore, in support of the
observations with sucrose density gradients and TX-100 detergent assay analysis, B1
FRET is completely lost upon TX-100 treatment as is that for MHC class II,
suggesting that these mAb do not redistribute their relevant antigens into TX-100
insoluble domains hence mAb binding is lost and no signal is generated. This data
correlates with the mAb binding data shown in Figure 4.17B: retention of ritux

binding is not adversely affected by the increasing presence of TX-100 whereas it is
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evident that increasing concentration of detergent have a detrimental effect on the
retention of B1 and F3.3 mAb binding. In summary, this data demonstrates that type I
mAb redistribute CD20 into clusters on the membrane which are insoluble to 1% TX-

100 detergent.
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Figure 4.17: Effect of TX-100 lysis on FRET. 3x10° SUDHL4 cells were incubated with Cy5 and
FITC labelled B1 (10 pg/ml), ritux (5 wg/ml) and F3.3 (anti-Class 11, 5 pg/ml) for 20 minutes at 37°C.
Cells were washed and lysed in various concentrations of TX-100 for 15 minutes on ice before being
washed and analysed by flow cytometry. The FRET values for each sample are shown in A. The
binding level of the FITC mAb are depicted in B.
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4.2.8.4 Kinetics of CD20 clustering

In order to extend our knowledge of CD20 redistribution upon mAb binding we
decided to analyse the dynamics of anti-CD20 mAb induced FRET kinetically. The
assay conditions were the same as previously used (Section 2.8.3) with B1 (10 pg/ml)
and ritux (5 pg/ml) being incubated with cells at 37°C for various times. It is evident
from Figure 3.18A that FRET is time dependent where the FRET associated with
ritux in SUDHL4 cells increased steadily from 5 to 20 minutes and then reached a
plateau. In contrast, Bl does not generate significant FRET at any point within the 40
minute period. A similar result is observed for Daudi cells where FRET again
increases over the first 20 minutes of the assay when cells are incubated with ritux.

However, no FRET is observed with the type I mAb B1.

On analysis of the binding profiles (right-hand profiles), it is apparent that the
increase in FRET observed with ritux is not simply due to a progressive increase in
binding level. First in SUDHLA4 cells, B1 and ritux bind at similar levels to each other
yet the FRET generated is very different. Second, the binding level of ritux and Bl
plateau within the first 5 minutes and then gradually decrease over the remaining 30
minutes. However, the FRET generated by ritux increases for a 20 minute period.
This result strongly suggests that the FRET associated with ritux binding is due to
redistribution of CD20 into large clusters. A similar result was obtained for Daudi
cells, the binding of B1 was lower yet based on previous experiments with ritux, the
binding level would be sufficient to generate FRET if clustering was to occur (Table
4.3). Again ritux binds at a maximal level within the first 5 minutes and maintains
this binding level for the remainder of the assay. However, the FRET increases
between 5 minutes and 20 minutes before plateau further supporting the theory that
the FRET generated by ritux is due to clustering of CD20.
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Figure 4.18: FRET is time dependent. A) 3 x 10’ SUDHL4 cells were incubated with 10pg/ml B or
5 ug/ml ritux for 5, 10, 20 and 40 minutes at 37°C before being washed and analyzed by flow
cytometry. The binding profiles of the Cy5 mAb are depicted in the graph on the corresponding right
hand side. B) The same method was used as above for analysis of Daudi cells.
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4.2.8.5 Effect of temperature on FRET generation

To further investigate the dynamics of CD20 clustering, we decided to assess the
temperature dependence of CD20 redistribution. When cells are maintained at 4°C
the plasma membrane would be expected to be less fluid and dynamic, thereby

reducing the rate of physical events such as CD20 redistribution.

The assays were performed on Daudi cells, with 10 pg/ml mAb incubated for either
20 minutes at 37°C or 60 minutes on ice. The difference in incubation periods was
used in attempt to achieve a similar level of mAb binding at the different
temperatures. The data from Figure 4.19 demonstrates that FRET generated by ritux
binding reduces with a reduction in temperature. As expected, B1 does not show a
significant FRET signal at either temperature. MHC Class II was also investigated in
this assay as it is highly expressed on B cells and is reported to be unable to
redistribute into rafts upon mAb binding . As is evident from the data, there was a
FRET signal for Class II at both 4°C and 37°C. The FRET generated is thought to be
due to the high expression of Class II where the probability that Cy5 and FITC being
adequately juxtaposed to generate FRET is high. This theory is supported by the
observation that FRET is not reduced when incubated on ice suggesting that the
FRET signal is not dependent on redistribution. Interestingly, analysis of the binding
profiles of B1 and F3.3 (anti MHC Class II) revealed that mAb binding was similar at
both 37°C and 0°C, the MFI for the FITC mAb are shown above the histogram bars in
Figure 4.19. However, ritux demonstrated a reduced level of binding after 60 minutes
on ice from an MFI of 40 at 37°C to 26 at 0°C. This result suggests that redistribution

of CD20 into clusters or rafts is required before maximal binding of ritux can occur.
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Figure 4.19: FRET is temperature dependent. 3x10° Daudi cells were incubated with 10 pg/ml
mAD either at 37°C for 20 minutes (open bars) or 0°C for 60 minutes (closed bars) before being washed
and analyzed by flow cytometry. F3.3 was used to assess Class 1I. The MFI for FITC mAb binding is
shown over the relevant histogram bar.

4.2.8.6 The association of CD20 with other surface antigens

One of the major advantages of FRET analysis is the ability to investigate
associations between different surface antigens on viable cells. We decided to assess
the association of CD20 with a variety of surface antigens which are important in cell
signalling such as the BCR and MHC Class I which are key molecules in generating
an immune response and CD59 which is a complement defence protein. Furthermore
CD59 is a GPI-linked protein and constitutively present in lipid rafts, whereas the
BCR and MHC Class II are not *" 72, The same basic procedure was used as outlined
for the assessment of CD20 homo-associations except that the FITC and Cy5 mAb

will be specific for different antigens.
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From this analysis it was revealed that anti-CD20 mAb produce FRET with CD59, the
BCR and Class II to varying degrees. This FRET of CD20 with CD59 and the BCR
only occurs whit type I anti-CD20 mAb such as ritux (Table 4.4). However, both Bl
and ritux induce FRET with MHC Class II, suggesting that this association is
independent of CD20 redistribution and most likely due to high Class II expression
supporting our earlier observation in Section 4.2.8.2 in that B1 can generate a FRET
signal on NS/0 cells which express high levels of CD20. Similarly the low FRET
generated between B1 and BCR in SUDHI4 cells compared to that between ritux and
the BCR we suggest is due to the high expression of CD20 and BCR on these cells.
The difference between the FRET values obtained for different cell lines is primarily
due to different mADb binding levels. For example, CD59 mAb binding is very low on
Daudi cells and as FRET is dependent on binding of both FITC and Cy3, if the

expression is low then the mAb binding will be low and therefore the FRET value

will be low.

In summary, type I anti-CD20 mAb can induce clustering of CD20 molecules. It
appears that this clustering of CD20 can lead to the localisation of CD20 with other
surface molecules such as the BCR and CD59. In direct contrast and in support of
density gradient analysis and TX-100 flow cytometry experiments, type II anti-CD20

mADb do not appear to cluster CD20 in the membrane.

Hetero-associations Daudi SUDHLA4
Ritux + CD59 0 23.55
Ritux + BCR 6.2 56.2
Ritux + MHC CII 12.02 16.60

B1 + CD59 0 0

B1 +BCR ND 1.1

Bl +MHC CII 13.05 11.44

Table 4.3: The association of CD20 with other surface antigens. Anti-CD20 mAb were titrated to
achieve similar binding levels i.e. 5 pg/ml Ritux and 10 pg/ml B1. The other mAb used, Class 11 (A9-

1), CD59 (MEM43) and BCR (M15/8) were at 10 pg/ml. The assay conditions were the same as
described in Section 2.7.3.

119



4.2.9 Electron microscopy analysis of CD20 clustering

Based on the density gradients (Section 4.2.1), TX-100 insolubility flow cytometry
(Section 4.2.2) and FRET analysis (Section 4.2.8) it is evident that certain anti-CD20
mAb effectively redistribute CD20 into clusters which are TX-100 insoluble and
cholesterol sensitive. In all three assays the results were in agreement; type I mAb

such as ritux can effectively cluster CD20 whereas type II mAb like B1 cannot.

To gain a visual image at the sub-cellular level of what is happening at the cell surface
when CD20 is bound by either type I or type II anti-CD20 mAb we decided to use
electron microscopy (EM). The transmission electron microscope (TEM) operates on
the same basic principles as the light microscope but uses electrons instead of light.
Briefly, Ramos cells were treated with 10pg/ml ritux (type I), 11B8 (type II) or a
negative control (anti-41BB, JG 13.5) for 45 minutes at 4°C to facilitate maximal
binding and then for 15 minutes at 37°C to allow CD20 redistribution. Samples were
washed twice at 4°C and incubated with 1:20 gold labelled mouse anti-human IgG
(15nm) for the same incubation periods as used for the primary labelling. Cells were
washed twice and fixed in 3% gluteraldehyde, 4% para-formaldehyde in 0.1M PIPES
buffer. Fixed samples were given to the biomedical imaging department at
Southampton General Hospital for processing into sections which were fixed to
copper grids using an alginate matrix. Cell sections were then analysed using a

transmission electron microscope, magnifying images up to 50,000X.

The images shown in Figure 4.20 support our previous results in that type I mAb
(ritux) effectively cluster CD20 whereas type II mAb (11B8), shown in Figure 4.21,
do not. As the cell is cross-sectioned, gold particles throughout (black dots indicated
by the arrow in panel A) are only observed around the periphery of the cell. In ritux
treated cells, gold beads can be seen in close proximity to each other. In contrast,
11B8 treated cells gold particles are seen to be more dispersed on the cell surface so
only a few gold particles are seen. As the cells are cross-sectioned, each section is
representative of only a five hundredth of the cell surface. Therefore for 11B8 and
ritux, we assessed 10 different cell sections in two independent experiments using
Ramos cells and the results are presented in graphical format to demonstrate the

differences. Figure 4.22 demonstrates the difference in clustering ability of ritux
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compared to 11B8 mAb. The difference between 11B8 and ritux becomes apparent as
the cluster size increases above two but particularly from clusters of four and higher.
In 11B8 treated cells 60% of the cells had beads in groups of two. After this point the
number of cells with higher clusters declined with no cells demonstrating clusters
larger than four beads. In contrast, in ritux treated samples over 80% of the cells had

CD20 in clusters of four and five.

Furthermore, we found that the average number of beads differed between the two
mADb treatments. In support of our observation that type I mAb have a higher
saturation binding level than type II mAb, we found that ritux treated cells had an
average of 42 beads on its surface compared to 23 beads for 11B8 treated cells (data
not shown). However, this does not appear to be the direct cause for the difference in
redistribution as when individual sections with the same amount of mAb bound (i.e.
same number of gold beads) were directly compared, ritux treated cells still
demonstrated clustering of CD20, with beads present in clusters of 4 or more whereas
beads were predominantly found in isolation in 11BS8 treated cells (data not shown).
This data provides further direct evidence to support our previous findings that type I
mADb such as ritux readily induce clusters of CD20 whereas type Il mAb like 11B8 do

not.
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Figure 4.20: Electron microscopy images of type I mAb bound cells. 5x10° Ramos cells were
treated with 10ug/ml ritux (type 1) for 45 minutes at 4°C followed by 15 minutes at 37°C before being
washed twice and incubated with 1:20 gold labelled secondary mAb with the same incubation
conditions. Cell sections were processed by the biomedical imaging unit and viewed using a Hitachi
TEM. Both images are of ritux treated cells and are shown at 50,000X magnification. These images are

representative of two independent experiments and a selection of gold particles are indicated by the

arrows.
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Figure 4.21: Electron microscopy images of type II mAb bound Ramos cells. 5x10° cells were
treated with 10pg/ml 11B8 (type II) for 45 minutes at 4°C followed by 15 minutes at 37°C before being
washed twice and incubated with 1:20 gold labelled secondary mAb with the same incubation
conditions. Cell sections were processed by the biomedical imaging unit and viewed using a Hitachi
TEM. Both images are of ritux treated cells and are shown at 50,000X magnification. These images
are representative of two independent experiments and a selection of gold particles are indicated by the

arrows.
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Figure 4.22: Graphical representation of electron microscopy results. The redistribution of 20
sections from two independent experiments was assessed for ritux and 11B8 treated cells. A total of
forty sections were assessed for the number of beads on their surface and whether the beads were in
clusters or on their own. A) Cells were assessed the presence of clusters. The % of positive cells is
calculated based on the total of 20 cells (ritux of 11B8 treated) which were positive for the cluster size.

4.3 Discussion

In the last chapter we demonstrated that type I anti-CD20 mAb were potent inducers
of complement lysis compared to type II mAb. The difference between the two types
of anti-CD20 mAb was only partially explained by the difference in binding ability of
the mAb. In this chapter, we explore whether this difference might be explained by
the differential ability of the mAb to redistribute CD20 in the plasma membrane. The
plasma membrane is a dynamic structure which is believed to contain micro-domains
enriched in sphingolipid and cholesterol known as lipid rafts. As several important
signalling molecules such as G proteins, Src family PTKs and adaptor proteins e.g.
PAG, reside within these domains, rafts have been postulated to be important in signal
transduction ** " 7. Furthermore, non-resident raft proteins such as receptors have
been demonstrated to localise into rafts upon mAb cross-linking ">, It has been
suggested that this is an important step in some signal transduction pathways.
Partitioning of receptors into rafts can result in a new microenvironment, facilitating

modification of their phosphorylation state by localized kinases and phosphatases,



therefore modulating downstream signalling. As raft domains are too small to be seen
by standard microscope techniques, detergent resistant microdomains containing
clusters of many rafts can be isolated by extraction with TX-100 or other detergents at

- . 69,71, 82
low temperatures ( reviewed in 9. 71,82y

To investigate the ability of mAb to redistribute CD20 into different domains of the
plasma membrane detergent lysis followed by sucrose density gradient separation was
performed. Coomassie staining of the ten resulting fractions demonstrated that only a
small proportion of proteins were found in the raft fractions insoluble in TX-100, with
the majority of cellular proteins detected in the soluble, high density fractions
(fractions 7-10). In agreement with Deans and colleagues 6 it was found that CD20
resides in the soluble fractions in resting cells but upon stimulation with certain mAb
such as ritux and 7D8, CD20 can translocate into the insoluble fractions. Intriguingly,
such translocation was not observed with Bl or 11B8. These results were later

confirmed using flow cytometric and pellet / lysate assays.

Interestingly then, the good inducers of CD20 translocation such as ritux and 7D8
were those classified in Chapter Three as type I mAb, the effective mediators of CDC.
In contrast, those classified as type II mAb e.g. Bl and 11B8 which were poor
inducers of CDC were shown here to be poor inducers of CD20 redistribution.
Interestingly, this difference in redistribution was stable and was maintained over a 24
hour analysis. Together, this data indicates that CD20-mediated CDC redistribution
may be dependent on CD20 redistribution into TX-100 insoluble rafts. However, it
should be noted that redistribution of CD20 into TX-100 insoluble domains is not
identical for all type I mAb with for example 7D8 appearing to be more potent than
ritux. The potency of 7D8 to induce CD20 redistribution in the sucrose density assay
is similarly reflected in the flow cytometry and pellet/lysate assays where in MHH Pre
B-1 cells 65% of CD20 is found in the insoluble domain after TX-100 lysis compared
to only 32% for ritux. This hierarchy seems to reflect the off-rate of the mAbD.
Elegant work by Teeling and colleagues 2*° report that 7D8 has a much slower off rate
than 7D8 or ritux suggesting that it is more stably bound to the cell. Therefore it is
conceivable that 7D8 may stabilise CD20 clusters more effectively to confer greater

resistance to TX-100 lysis compared to ritux treated cells.

125



In order to assess whether translocation into TX-100 insoluble rafts was a common
phenomenon, other surface antigens were investigated. It was demonstrated that mAb
ligation of CD37, which is similar in structure to CD20, did not induce redistribution
into TX-100 rafts. Class II was also assessed and found that despite its high
expression in B cells it did not gain TX-100 insolubility upon mAb binding. Together
this data highlights the fact that the ability of surface antigens to redistribute into TX-
100 insoluble domains upon mAb binding is not a common event, where CD20 was
the only transmembrane protein tested here that redistributed. This is in agreement
with a previous study that found that only 3 out of 24 antigens could redistribute into
TX-100 insoluble domains after mAb binding ' This relatively unusual
characteristic, allowing CD20 and the associated mAb to redistribute and cluster in a
defined region of the plasma membrane may well explain why CD20 is such a potent
inducer of CDC compared to other surface antigens with similar structures and

expression levels which do not redistribute into rafts.

We have suggested that as TX-100 is a stringent detergent, it isolates larger rafts or
clusters of mini-rafts which are stabilised by mAb binding. A recent publication by Li
et al *® investigated the association of CD20 with insoluble domains generated with a
panel of detergents. They demonstrated that CD20 is associated with the insoluble
fractions of less stringent detergents such as CHAPS and Brij 58 prior to mAb
ligation, suggesting that CD20 is constitutively present in small lipid rafts or
microdomains. We compared the effect of 0.5% TX-100 and 1% Brij 58 on the
association of CD20 with the insoluble fraction (i.e. rafts) and found similar results. In
contrast to TX-100 analysis, lysis of cells with Brij 58 showed that CD20 was
constitutively resident in the insoluble fraction of non-stimulated cells. Cholesterol
depletion with MCD resulted in the loss of CD20 from the insoluble fraction,
supporting the idea that the association of CD20 with the insoluble fraction is
representative of its association with lipid rafts. It has been reported that MCD
treatment can cause the loss of surface antigens 2*'. However in our experiments, the
loss of CD20 from the insoluble raft fraction was accounted for by its appearance in
the soluble fraction, indicating that this is not the case with CD20, at least within the
sensitivity of the western blot assay. For TX-100 analysis, CD20 was only found in

the raft fraction when ligated by type I mAb such as ritux. Again, this association was
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lost upon treatment with MCD indicating that the presence of CD20 in the insoluble

fraction was due to its association with lipid rafts.

Interestingly, with Brij 58 analysis, ligation of CD20 with ritux completely ablates the
effect of cholesterol depletion on the association of CD20 with the raft fraction. The
reason for this is not fully understood. However, it may be due to the strength of the
detergent. When ritux binds CD20, it presumably cross-links the mini raft domains
resulting in a larger, stabilised domain. This domain is destabilised by cholesterol
extraction through MCD treatment. As TX-100 is a relatively stringent detergent,
when MCD treated cells are lysed in TX-100 it causes complete loss of the raft and
hence of the insoluble domain. However, when MCD treated cells are lysed by Brij
58, the detergent is not potent enough to cause complete destabilisation of the raft

structure, therefore the insoluble domain remains.

In line with our suggestion that CD20 constitutively resides in lipid raft
microdomains, it was recently revealed that the epitope on CD20 for mAb binding
may be conformationally dependent, relying on cholesterol in the membrane. Polyak
et al ¥ reported that binding of anti-CD20 mAb, FMC7, was lost upon cholesterol
depletion. We expanded this analysis to a range of different CD20 mAb and showed
that even though FMC7 mAb binding is the most sensitive mAb to cholesterol
depletion, the binding of most anti-CD20 mAb are affected by cholesterol depletion.
Furthermore, the sensitivity to cholesterol depletion was cell line dependent where
Daudi cells were the most sensitive, then Ramos, with SUDHLA4 cells least sensitive.
Further investigation is required to understand this difference in sensitivity. Moreover,
the anti-CD20 mAb demonstrated a range of sensitivities to cholesterol depletion,
where murine mAb appeared more sensitive than chimerised and human mAb. Again,
the reason for this is unclear but it may due the binding kinetics of the mAb or
possibly due to the secondary mAb used for detection. However, the much higher
susceptibility of FMC7 to cholesterol depletion is most likely due to it being an IgM
mAb rather than I[gG mAb. As IgM are generally lower affinity than IgG and rely on
avidity from their five binding arms (compared to two in IgG) to compensate, any
disruption to the binding epitope would be expected to have a more pronounced effect
on mAb binding The effects of cholesterol depletion on mAb binding can be reversed

upon cholesterol repletion. Cholesterol is an important constituent of the plasma
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membrane, particularly in lipid rafts and therefore the effect of cholesterol depletion
was assessed on mAb binding to other surface antigens. It was demonstrated that
CD20 is the most sensitive of those tested to cholesterol depletion. Monoclonal Ab
binding to the BCR and Class II were mildly sensitive to depletion but anti-CD55
mAb binding was not affected. Interestingly, CD55 is GPI-linked and therefore
believed to be a resident raft protein, however despite this it was not sensitive to
cholesterol depletion. This may be due to the nature of its attachment to the

membrane.

To summarise, the two classical features used to determine lipid raft domains is their
insolubility at 4°C in detergent (usually TX-100) and their cholesterol content. We
have demonstrated in this chapter that the domains which type I mAb translocate
CD20 into have both of these characteristics. Surprisingly, it appeats that cross-
linking is not required for redistribution of CD20 into lipid rafts by type I mAb and
that Fab fragments can redistribute CD20 into lipid raft domains. Although Fab
fragments display a lower binding level than their IgG ‘parent’, Fab fragments from
both ritux and 7D8 were able to translocate CD20 into TX-100 insoluble regions,
whereas Fab fragments from B1 were not. These results highlight two points, firstly it
is not simply cross-linking of CD20 which results in association with the raft domain,;
and secondly, that it is not the bivalent nature of Bl which prevents it from

redistributing CD20 .

Work by us and others %832 have shown that residues 217-225 in the cytoplasmic tail
of CD20 are important for its redistribution. The fact that the residues in the
cytoplasmic tail contain three putative serine/threonine phosphorylation sites supports
the suggestion that CD20 clustering is mediated through a signalling event. We
investigated here whether early signalling events such as actin rearrangement or
phosphorylation of Src family kinases was involved but found no effect on CD20
redistribution when either event was inhibited. Interestingly, it has been reported that
ritux can activate acid sphingomyelinase in Daudi cells and a recent review
highlighted the potential of this enzyme to induce raft formation ' 7®. Acid
sphingomyelinase hydrolyses sphingomyelin to release its hydrophobic ceramide
moiety. These ceramides are then free to spontaneously associate to form ceramide

rich microdomains. These domains also demonstrate TX-100 insolubility as the
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ceramide associate with cholesterol to form tightly packed structures. Due to these
similarities, it is possible that CD20 clustering by type I mAb involves a similar

mechanism but this has yet to be demonstrated conclusively.

Detergent lysis is a common method utilised for the analysis of rafts and their
contents. However, there are several downfalls to detergent analysis as outlined in

numerous reviews oo}

. Firstly, the contents of the lipid raft domains are highly
dependent on the cell type and the detergent used. Secondly, this approach cannot
determine whether the proteins under study are together in a raft or present in multiple
separate rafts. Therefore, the identification of two proteins in the raft fraction only
indicates that both are in raft domains but does not demonstrate that they are closely
associated as they could be in different rafts. Furthermore, detergent lysis results in
the loss of cell integrity and as a result cannot be used to detect rafts in living cells. In
order to try and circumvent these problems, FRET analysis was employed. This
method allows for analysis to be performed on live cells and indicates whether two
proteins are associated within 10 nm of each other in the plasma membrane. This
may occur if the target antigen is highly expressed on the cell surface where the
probability that antigens will be within 10nm of each other without the need for
redistribution would be high or if antigens are in some way induced to cluster
together, for example following redistribution into rafts. On comparison of type I
(ritux) and type II (B1) mAb to generate a FRET signal, it was found that type I mAb
efficiently redistributed CD20 and generated a FRET signal. In stark contrast, B1 did
not (except for a small signal in SUDHL4 cells which we suggest is due to high
surface expression rather than a redistribution event). The FRET observed is in
correlation with TX-100 analysis. Therefore, we suggest that the generation of FRET
reflects the clustering of CD20 mini-rafts into larger raft domains stabilised by mAb
binding. We previously showed that type I mAb bind at a higher level compared to
type II mAb and so to ensure that the reason Bl (type II) stimulation resulted in no
FRET compared to ritux (type I), ritux was titrated down to achieve a comparable
binding level. We found that at this lower level of ritux binding a FRET signal was
still generated, albeit lower than that observed at the usual concentration of 10pg/ml,
yet no FRET was observed for Bl stimulated cells. It could be suggested that if
CD20 was constitutively present in mini rafts, then FRET should be observed
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irrespective of the anti-CD20 mAb used. However, it is not known what size these

CD20 domains are ,for example, a mini-raft may compose of a single CD20 molecule.

The data from five different B-cell lines demonstrated that even though ritux
consistently gave a FRET signal, the level of FRET measured was variable ranging
from 8 in BL41 cells to 91.5 in SUDHLA4 cells, correlating with the expression level
of CD20. To address the importance of expression level more formally, NS/0 cells
transfected with varying levels of human CD20 were used. It was found that CD20
expression level was indeed a determining factor in the level of FRET observed where
the amount of FRET observed could be directly correlated to expression level. Again
as for SUDHL4 cells which express high CD20, FRET was also observed for Bl in
high CD20 expressing NS/0 clones 3 and 21. This we believe was due to the high
expression level of CD20 in these cells and not due to redistribution of CD20, as

discussed previously.

To relate the FRET results obtained directly to the previously used TX-100 assays, we
addressed whether the FRET generated by ritux binding was representative of the
redistribution of CD20 into TX-100 insoluble domains and so performed TX-100
assays on the FRET samples. These experiments demonstrated that the level of FRET
with ritux was not reduced following treatment with TX-100, indicating clearly that
ritux clusters CD20 in the intact plasma membrane, causing FRET and that this is
synonymous with the TX-100 insoluble microdomains. Moreover, in correlation with
earlier data, FRET induced by type II mAb (B1) or Class II (F3.3) homo-associations
was lost upon lysis with TX-100, again indicating that the low level of FRET
observed was due to high expression levels of these target antigens. To clarify that
the FRET observed with ritux was due to CD20 clustering, the kinetics of CD20
binding and FRET was examined. These experiments showed that maximal binding of
CD20 occurred much faster than the maximal level of FRET. As such, the maximal
binding of ritux was achieved within the first 5 minutes in both SUDHL4 and Daudi
cells. However, maximal FRET was not observed with ritux until 20 minutes clearly
demonstrating that the FRET increase observed within this final 15 minutes is not due

to increased mAb binding but to clustering of ligated CD20 mini rafts.



Further to these observations, the temperature dependence of CD20 clustering was
assessed and compared to that of Class II. At low temperatures, the plasma membrane
would be less fluid and therefore will hinder efficient membrane redistribution of
surface antigens. As expected, the FRET induction of ritux was effected by
temperature and was much lower at 4°C than 37°C. Therefore the dependence of ritux
generated FRET on temperature supports the suggestion that redistribution in the
membrane is occurring. In contrast, Bl did not generate significant FRET at either
temperature. With class II mAb, the same level of FRET was observed at both
temperatures, supporting the suggestion that class II associated FRET is due to
expression level and not a redistribution event. It is conceivable that the reduction in
FRET by ritux at 4°C may be due to the slightly reduced ritux binding at low
temperature, although we think this unlikely Interestingly, this reduction in binding is
not observed for B1 or Class II, and so may indicate that clustering of CD20 in the
first five minutes (observed in the time course study) may be required for maximal

binding of ritux.

CD20 has no known ligand. Therefore, it is highly probable that CD20 functions as a
component of other receptor signalling pathways. To investigate this, we used FRET
analysis to investigate the association of CD20 with other surface antigens such as
CD59, the BCR and MHC Class II. CD59 is a GPI-linked protein and therefore is
constitutively present in lipid rafts " As expected, CD20 only localises with this
transmembrane protein when redistributed into rafts by type I mAb stimulation.
Similarly, we found that CD20 only associates with the BCR when stimulated by type
I mAb. Our results are in agreement with other reports which demonstrate that CD20
and the BCR can co-localise when assessed by confocal microscopy 47, 65
Furthermore, we found that CD20 can associate with MHC class II when stimulated
with either type I or type Il mAb, presumably indicating that this interaction occurs
outside of lipid rafts. There are conflicting reports on the association of MHC class 11
with lipid rafts. Poloso and colleagues *** reported that a proportion of MHC class II
is constitutively present in TX-100 insoluble rafts in mouse and human B cells
whereas other reports suggest that MHC class II resides outside of lipid rafts until
required for antigen presentation ***. Here we find that both types of CD20 mAb
localize with MHC Class II irrespective of their raft association suggesting that CD20

and MHC class II are constitutively associated. This result is in agreement with
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immunoprecipitation studies showing that CD20 and MHC class II are physically
associated in Raji and Ramos cells * These associations indicate a possible role for
CD20 in other receptor signalling pathways and will be further investigated in the

next chapter.

Finally, to investigate the ultra-structural features of anti-CD20 mAb binding, we
used immuno-electron microscopy. In these experiments type I or type II mAb were
bound to the cells, allowed to cluster at 37°C, then washed and bound Ab detected
using gold-particle labelled secondary antibodies. These experiments revealed that
when Ramos cells are stimulated with type I mAb ritux, CD20 can be found in
clusters. Although not all CD20 appeared to form clusters, at least 50% of the beads
were found in clusters of three or more. It should be noted however, that the cells are
cross-sectioned for analysis and therefore only 2D images are formed so it is possible
that when the cell is fully intact, the single beads were indeed clustered. In contrast to
ritux, the CD20 distribution in type II treated cells (11B8) cells was more diffuse,
where labelled CD20 was predominantly (75%) found on its own. The difference
between ritux and 11B8 clustering became more pronounced as the cluster size
increased where 60% of ritux treated cells possessed clusters of 4 or more labelled
CD20 molecules compared to none for 11B8 treated cells. Furthermore, from the
location of the gold beads on the surface in membrane protrusions, it is apparent that
CD20 is found in microvilli. Microvilli are enigmatic structures that are thought to be
involved in cell adhesion and motility. Therefore, this particular location may have
some bearing on the function of CD20. Recently, Li and colleagues ® provided
support for this observation by demonstrating that CD20 is localised to microvilli

when stimulated with anti- CD20 mAb 2H7.

In conclusion, we show here that CD20 is constitutively present in small lipid
microdomains. These CD20-containing mini-rafts can cluster and be stabilised by
type I anti-CD20 mAb binding resulting in insolubility to TX-100. Cholesterol plays
an important part in these microdomains as extraction of cholesterol resulted in the
reduction of anti-CD20 mAb binding and loss of TX-100 insolubility. The
significance of CD20 redistribution into TX-100 insoluble domains is not fully
understood. However, as only type I mAb such as ritux induce this redistribution and

recent work in our group have demonstrated that type I but not type II mAb are
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capable of binding high levels of Clq 57 it seems likely that raft redistribution by type
I anti-CD20 mAb accounts for their high potency in evoking CDC. However, in
addition to this advantageous clustering, lipid rafts are also postulated to be important
signalling platforms. We have shown here that redistribution of CD20 into TX-100
insoluble rafts brings CD20 into close proximity with other important signalling
molecules like the BCR. Hence, in the next chapter we investigated whether
redistribution of CD20 into rafts is important for induction of intracellular signalling

cascades



CHAPTER FIVE
5.0  Calcium Signalling

5.1 Introduction

CD20 can redistribute into lipid rafts upon mAb binding. In Chapter Four we
demonstrated that only type I mAb like ritux, could translocate CD20 into these
domains. The significance of this event is still unclear. These domains are highly
ordered, tightly packed structures rich in cholesterol and sphingolipid 82 They are
estimated to contain <1% of membrane proteins but are postulated to be important
signalling platforms where several intracellular signalling proteins such as G proteins

and Src kinases constitutively reside % ®.

Hence, we wondered whether the
difference in ability of type I and II mAb to redistribute CD20 into these domains
could translate into a difference in signalling ability of CD20 when stimulated by the
two types of mAb. To this end, we assess here the ability of type I and II anti-CD20

mADb to induce a calcium flux.

An increase in intracellular free Ca®>* concentration is a ubiquitous early signalling
mechanism that regulates a broad spectrum of kinetically disparate processes ranging
from exocytosis to cell growth and proliferation 2%, It is well established that
stimulation of surface immunoglobulin (slg) (part of the B cell receptor (BCR))
through mAb ligation of antigen binding leads to an increase in intracellular Ca®* ' 2,
The signalling pathway involved is outlined in Figure 5.1 and is discussed in detail in
Section 1.3.2.1. It is evident from the diagram that a complex signalling cascade
involving the interaction of intracellular kinases such as Lyn and Syk kinase and
adapter molecules such as BLNK. This complex cascade culminates in the
production of IP3 which binds the IP; receptor in the endoplasmic reticulum (ER),
signalling for the release of Ca**. Calcium flux generation in response to receptor
stimulation in lymphocytes involves two closely coupled components: an initial rapid,
transient release of Ca®* stored in the ER followed by slowly developing extracellular

Ca®" entry for store repletion !,

CD20 was first linked to calcium signalling by Bubien and colleagues in 1993 *.

Since that initial observation, several groups have investigated the ability of anti-
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CD20 mAb ligation to generate a change in cytosolic Ca** ** %6 6% 6 1 and

colleagues by reported that reduced expression of CD20 in Ramos cells by anti-sense
probes resulted in a decrease in the Ca®" flux induced by anti-CD20 mAb. Of more
interest is that this knock down in CD20 expression also leads to a decrease in the
BCR-mediated calcium flux. Conversely, CD20 negative cell lines like Jurkat cells

transfected with CD20 demonstrated an increase in Ca®* flux *°.
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Figure 5.1 Overview of BCR induced calcium signalling. Cross-linking of the BCR on the surface
of B cells in response to Ag or mAb can stimulate an increase in intracellular calcium. Calcium release
from intracellular stores involves a complex signalling cascade culminating in the production of 1P3
which binds the IP3 receptor in the endoplasmic reticulum (ER), signalling for the release of calcium.

It is still not clear whether CD20 plays a role in regulating a calcium entry pathway or
actually forms an ion channel itself. There are several lines of evidence suggesting
that the latter may be the case. Firstly, CD20 has several physical features of a typical

ion channel; it is a tetra-span structure and is suggested to reside in oligomeric
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complexes in the membrane 31,98 Secondly, when CD20 was ectopically expressed in
different cells such as Chinese Hamster Ovary (CHO) cells or human T cells an

. . - 2+ : 45, 48
increase in cytosolic Ca“" concentration was observed ™

. Finally, it is a members
of the recently classified MS4a super-family which includes FceRIP chain, part of the

high affinity receptor for IgE which is known to be involved in calcium conductance
34

Building on our knowledge of the inherent differences between type I and type II
mAD in their ability to mediate CDC (Chapter 3) and redistribution of CD20 into lipid
rafts (Chapter 4), we decided to probe the ability of anti-CD20 mAb to induce Ca*
flux. Using specific inhibitors, we reveal important signalling mediators involved in
the signalled release of Ca®" from intracellular stores upon CD20 stimulation.
Furthermore, we investigated the downstream consequences of changes in cytosolic

calcium induced by anti-CD20 mAb.
5.2 Results

5.2.1 Investigation into the ability of Type I and II anti-CD20 mAb to induce a

calcium flux

Reports by other groups % & % have suggested that anti-CD20 mAb can induce a
Ca’* flux. These studies were primarily performed in the Burkitt’s lymphoma B cell
line Ramos. However to date, no report has focussed on a direct comparison of anti-
CD20 mAb and their ability to induce a Ca®" flux. Therefore, we decided to
investigate the ability of a large panel of anti-CD20 mAb to induce a change in
intracellular Ca®*. Initial investigations were carried out using another Burkitt’s
lymphoma B cell line, SUDHL4. These cells were labelled with the intracellular
calcium sensitive dye Indo-1, stimulated with mAb and assessed for changes in
intracellular calcium using a FACS Vantage Flow cytometer (see Section 2.9). Indo-1
is a fluorescent dye which changes its fluorescence emission ratio depending on the
level of free cytosolic calcium. Indo-1 fluoresces at approximately 400nm (detected
in FL5) when Ca*" is bound compared to approximately 480nm (detected in FL4)

when the dye is unbound *”. If the results are assessed based on the ratio of FLS to
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FL4, the FL5/FL4 ratio shifts up when the level of cytosolic calcium increases. The
increase in Ca®" detected could be due to the release of calcium from intracellular
stores or through a calcium influx from the extra-cellular milieu or a combination of
the two. As both these events occur in rapid succession, the calcium profile generated
does not generally distinguish between release from intracellular stores and influx of

calcium but depicts a composite of the two.

Here we demonstrate that not all anti-CD20 mAb generate a calcium response (Figure
5.2A). When Indo-1 labelled SUDHL4 cells were warmed to 37°C and treated with
10ug/ml anti-CD20 mAb ritux, 7D8, AT80 and LT20, a Ca®" flux was observed.
However, when samples were stimulated with 11B8 or B1 no Ca®" flux was observed.
Intriguingly, the anti-CD20 mAb which generate a Ca®" flux are the type I mAb
shown in Chapter Four to efficiently redistribute CD20 into lipid rafts. In direct
contrast, mAb which poorly redistribute CD20 (type II mAb), 11B8 and B1, do not
generate a Ca”* response. From the calcium profiles in Figure 5.2, it is evident that
only about 10-20% of cells show an increasing shift in the ratio of FL5/FL4 upon type
I mAb stimulation. The reason for this is unclear, although it could be due to the
limited sensitivity of the dye as a threshold level of free calcium must be surpassed
before a notable change in the FL4/FLS ratio is obtained. This threshold is certainly
surpassed by stimulation with the positive control ionomycin, a calcium ionophore.
Ionophores are compounds that increase the permeability of cellular membrane

barriers to ions by functioning as mobile ion carriers or channel formers.

When cells are stimulated through the BCR which is a well established inducer of
Ca®* mobilisation (see Figure 5.1), although the flux is greater and more acute than
that induced by type I mAb, still only about 20% of the sample displays a shift in
FL5/FL4 ratio. Further to this, we investigated two other surface antigens, MHC class
I which is highly expressed on SUDHL4 cells and the lowly expressed surface
antigen CD52. MHC Class II is reported to induce a Ca flux in tonsillar B cells 2%
whereas CD52, which is a successful target used in the immunotherapy of CLL (see
Section 1.2), does not appear to mediate calcium conductance 2. In SUDHLA4 cells,
we found that neither of these induced a calcium flux upon mAb binding (see Figure
5.2) indicating that the generation of a Ca** flux in SUDHLA4 cells is dependent on the

surface antigen.
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Figure 5.2: Type I anti-CD20 mAb can induce a calcium flux in SUDHL4 cells. A) [x107 SUDHLA4 cells
were labelled with the calcium sensitive dye INDO-1. After labelling, cells were resuspended in 5 mls RPMI
(10% FBS) and left in the dark for 30 minutes at room temperature. To assess changes in the intracellular
calcium level, 300pl of cells was added to 200ul of pre-warmed 10% RPMI and left at 37°C for 2 minutes. A
basal level of intracellular Ca2* was established before addition of 10pg/ml Type I anti-CD20 mAb (ritux, 7D8,
1F5, AT80 and LT20), type Il mAb (Bl and 11B8), anti (o) -slgG (SB2H2), a-CD52 (Campath-1H), a-MHC
class II (L243) or 1uM ionomycin at a time point indicated by the arrow (time shown in seconds). A change in
intracellular Ca* is depicted by a shift in the fluorescence ratio of FL5/FL4 Data shown is representative of three
independent experiments. B) SUDHL4 cells were prepared as outlined in A and treated with various
concentrations of ritux.
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We found that Ca** flux induced by anti-CD20 mAb was dependent on several
parameters. 1) As intracellular signalling cascades involve enzyme activity,
maintaining the temperature as close to the physiological level as possible is
important. However, one limitation to this is that indo-1 labelled cells are sensitive to
temperature. Samples which are maintained at 37°C for any longer than three minutes
begin to display a high background level due to dye leakage. As a compromise, both
the FACS tubes and media were maintained at 37°C in a heat box and labelled cells
were added and incubated in the heat box for 1 minute before use. 2) The affinity of
the mADb is another factor which needs consideration, ritux and 7D8 are higher affinity
than B1 °* 2%, this difference in affinity is reflected in the time delay and intensity of
the Ca®* flux generated after stimulation where 7D8 generated a faster response than
ritux and similarly ritux generated a faster response compared to 1F5 (Figure 5.2A).
3) From Figure 5.2B, it is evident that the calcium flux was dependent on mAb
concentration where the amplitude of the Ca®* flux generated by ritux decreased in
correspondence to a reduction in mAb concentration. At 10pg/ml the flux peak was
at 600 FL5/FL4, as the concentration was decreased two fold, the flux decreased to
550, 420 and when at 1.25ug/ml the peak ratio was 380. 4) The time delay between
addition of the mAb and the detected increase in FL5/FL4 increases with lower
concentrations of mAb. The time delay is 60 seconds before a flux was detected
when 10pg/ml ritux is added compared to 120 seconds when 1.25ug/ml was added.
To ensure the difference between type I and type II mAb was not due to different
levels of mAb bound to the surface (see section 3.2.3) ritux was titrated down to a
level (1.25pg/ml) comparable to that of 11B8 binding at 10pug/ml and it was found
that a Ca®" flux was still generated by ritux but not by 11B8 (data not shown). In
summary, the data in Figure 5.2 demonstrates that of the anti-CD20 mAb assessed
only type I mAb can induce a Ca’* flux. The kinetics of the flux are similar to that
induced through BCR stimulation, however the magnitude of the flux is dependent on

the stimulating mAb.

5.2.2 Investigation into the ability of Ramos cells to generate a Ca®" flux

through anti-CD20 mAb stimulation

To confirm the results we observed in stimulated SUDHL4 cells, the same panel of

mAb were used to stimulate Ramos cells. We found that Ramos cells did not generate



a Ca?* flux through stimulation with type I mAb unless the antibodies were cross-
linked with a secondary mAb (data not shown). Therefore all human anti-CD20 mAb
(ritux, 7D8 and 11B8) were cross-linked in these experiments with a mouse anti-
human IgG (MAH) mAb SB2H2. Likewise, the murine anti-CD20 mAb (1F5, AT80
and B1) were cross-linked by the addition of goat anti-mouse IgG (GAM). Figure
5.3A demonstrates that as found in SUDHL4 cells, only anti-CD20 mAb which are
classed as type I induce a Ca*" flux. Upon cross-linking of Ritux, 7D8 and 1F5, 20%
of the cell sample shows an increase in the FL5/FL4 ratio. The delay which was
observed in SUDHL4 (Figure 5.2) has been eliminated. This may be due to the
mADb’s inherent ability to redistribute CD20 into lipid microdomains (discussed in
Chapter Four), therefore when the secondary mAb is added only minimal grouping of
CD20 clusters is required to induce a Ca® flux. Furthermore, because of the hyper
cross-linking of CD20 required in Ramos cells the dependence of the Ca** flux on
mADb affinity displayed by SUDHLA4 cells is greatly reduced. This is demonstrated by
the minimal difference in flux intensity with ritux compared to 1F5 shown in Figure

5.3A.

Ramos cells were also treated with positive controls, the calcium ionophore
ionomycin and by mAb stimulation through the BCR (Figure 5.3A). In the case of
Ramos and most B lymphoma cell lines, the surface immunoglobulin is IgM. The
calcium profiles obtained (Figure 5.3A) are similar to that for SUDHL4 where
ionomycin causes all cells to increase in intracellular calcium and hence 100% of the
sample displays an elevated and pro-longed FL5/FL4. Again stimulation of the sIgM
results in a larger calcium flux than that induced by type I mAb. Other surface
antigens such as CD52 and MHC class II were assessed and even upon hyper cross-
linking by the addition of secondary mAb, MAH and GAM respectively, no Ca?* flux

was observed.

Unlike SUDHL4 cells where the ritux-induced Ca* flux reduced out with decreasing
concentrations of mAb, the need for hyper cross-linking in Ramos cells results in an
apparent reduced dependency on ritux binding but more so on the concentration of the
hyper cross-linking mAb. Data in Figure 5.3 B-C demonstrates that decreasing
concentrations of ritux have minimal effect on the magnitude of the Ca®* flux when

cross-linked with the same amount of MAH. CD20 clustering by ritux or any type I
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mADb is an important first step in the generation of a Ca** flux, but it appears for
Ramos cells, that to surpass the critical point or threshold hyper cross-linking is
required. This presumably groups the CD20 clusters into larger domains. Therefore
it is reasonable to suggest that even at lower concentrations of ritux, sufficient
clustering of CD20 occurs so that the hyper cross-linking effects of 20pg/ml MAH
can still generate a maximal CD20-mediated Ca®" flux. However, when CD20 is
clustered using the same concentration of ritux (10pug/ml) and then hyper cross-linked
by the addition of various concentrations of MAH, the flux decreases with decreasing
MAH concentration (Figure 5.3C). At 10-20pg/ml MAH concentration, the resulting
flux is at approximately 600 FLS5/FL4 and does not return to a basal level before 300
seconds. Upon addition of Sug/ml the flux is beginning to decrease, still maintaining
a maxima of approximately 600 but the flux period is curtailed, returning to a basal
level 220 seconds after stimulation. At 1ug/ml, the flux is reduced to 500 FL5/FL4

and returns to a basal level 200 seconds after stimulation.

The results shown in Figure 5.3A mirror the data in Figure 5.2A. Of the anti-CD20
mAb assessed only type I mAb could generate a Ca®* flux. However, in contrast to
SUDHLA4 cells, the magnitude of the flux was not as dependent on the anti-CD20
mAb as cross-linking of the bound mAb was required to generate a flux, which

appears to be the determining factor in the kinetics of the resultant flux.
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Figure 5.3: mAb stimulation of CD20 can induce a Ca?* flux in Ramos B cell line . 1x107 Ramos cells
were labelled with Indo-1 as outlined in Materials and Methods Section 2.9. A) Samples were treated with
10hg/ml type I anti-CD20 mAb (ritux, 7D8, 1F5 and AT80), type 1l mAb (Bl and 11B8), a-CD52
(campath-1H) or a-MHC class [1 (L243) for 15 minutes at room temperature before being washed in RPMI
and resuspended in 500pl pre-warmed 10% RPMI. Addition of a secondary mAb for hyper cross-linking is
indicated by the arrow (time shown in seconds) and assessed by flow cytometry. Depending on the isotype
either 20pg/ml mouse anti-human IgG (MAH, SB2H2) or goat anti-mouse 1gG (GAM, Sigma UK) were
added. Samples were also treated with 10ug/ml a-slgM (M15/8), or 14M ionomycin. Data shown is
representative of three independent experiments. B) Ramos cells were treated with various concentrations of
ritux for 15 minutes at room temperature before being washed and 20pg/ml MAH added at a time point
indicated by the arrow. C) Ramos cell were treated with 10pg/ml ritux for 15 minutes at room temperature
before being washed and various concentrations of MAH added at the time point indicated by the arrow.
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5.2.3 Investigation into the ability of anti-CD20 mAb stimulation to induce a

Ca*" flux in a range of B cell lines

Having established in the previous sections that both Ramos and SUDHL4 cells can
generate a calcium flux by stimulation of CD20, we decided to investigate whether
this is true for other CD20 positive B cell lines. ARH77 cells were shown in the
previous chapter to be sensitive to CD20-mediated CDC (Figure 3.4). Here we find
that they are not able to demonstrate CD20-mediated Ca®" flux even with extensive
hyper cross-linking no shift in the FL5/FL4 ratio was observed in ritux stimulated
cells (Figure 5.4A). Furthermore, no signal was observed when the cells were
stimulated through sIgM or slgG. As ARH77 cells have an unusually high MHC
class II expression level, the effect of hyper cross-linking the HLA-DR specific mAb,
1243, was assessed and was found to have no effect. The only increase in FL5/FL4

was obtained when the cells were stimulated with ionomycin.

Similarly, Raji cells were assessed for their ability to induce a calcium flux through
mADb stimulation and found to generate a small but measurable flux upon slgM and
ritux stimulation shown in Figure 54B. Again, an increase in FL5/FL4 ratio is
observed in ionomycin treated cells. The shift in FL4/FL5 in Raji cells when
stimulated through sIgM or cross-linked ritux is not as large as previously observed in

Ramos and SUDHL4 cells but is notable compared to the insensitive ARH77 cells.

Another Burkitt’s lymphoma B-cell line, BL60 was assessed for its ability to induce a
calcium flux through CD20 (Figure 5.5). Upon ionomycin stimulation these cells
demonstrated a similar sensitivity to that of Ramos and SUDHL4 cells with 100% of
the cells responding to treatment. The similarities between BL60 and Ramos
continued as comparable profiles were obtained for the other mAb treatments. Like
Ramos cells , treatment with type I anti-CD20 mAb (ritux and 1F5) on their own did
not generate a Ca®* signal (data not shown), however after washing and hyper cross-
linking with MAH or GAM respectively, a Ca®* flux was observed. The flux
generated by ritux cross-linking was smaller in magnitude and demonstrated slightly
different kinetics than that in Ramos cells. In BL60 cells the flux does not peak
sharply and then fall off but rather maintains the maximum level for 1 minute and is

slower to reduce back to a basal level (Figure 5.5). The flux induced by 1F5 cross-
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linking is similar to that already observed in Ramos cells with a smaller peak than that
induced by ritux but the peak is sharp and is relatively quick to return to a basal level.
Similarly, stimulation through sIgM resulted in a quick Ca** flux, without the need for
hyper cross-linking. Once again, stimulation with type II anti-CD20 mAb (11B8 and
B1) did not result in the generation of a Ca®" flux even upon hyper cross-linking. In
summary, the data shown demonstrates that not all CD20-positive B cell lines can
generate a Ca®* flux through type I mAb stimulation but it appears to be cell line
specific, with BL60 and Raji generating a response to type I mAb whereas no flux

was observed in ARH77 stimulated cells.
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Figure 5.4: The sensitivity of other B cell lines to CD20-mediated Ca?* flux. A) ARH77 cells were
treated as outlined in Materials and Methods Section 2.9. Samples were either treated with 1uM ionomycin,
10pg/ml a-slgM (M15/8), a-slgG (SB2H2) or with 10ug/ml anti-CD20 mAb Ritux or anti- MHC class II
(L243) for 15 minutes at room temperature before being washed in RPMI and treated with either 20pg/ml
MAH (SB2H2) or GAM respectively. Time shown in seconds. B) Raji cells are treated as outlined in A
except that instead of anti-MHC class 11, cells were treated with the anti-CD20 mAb 11B8.
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Figure 5.5: Type I mAb can induce a Ca?* flux in BL60 cells. A) 1x107 cells were labelled with Indo-1 as outlined
in Materials and Methods Section 2.9. Samples were then treated with either 1uM ionomycin, 10pg/ml a-slgM
(M15/8), or 10pg/mi anti-CD20 mAb for 15 minutes at room temperature before being washed and 20ug/ml secondary
mAb added, either MAH (SB2H2) or GAM (Sigma) as the time point indicated by the arrow. Profiles for the samples
which are treated with secondary mAb only are also shown.

Cell line CD20 BCR
SUDHL4 2730.7 596.2*
Ramos 774.6 539.9
BL60 416.8 367.9
Raji 286.9 55.8
ARH77 192.1 57.6

Table 5.1: CD20 and BCR expression levels. The expression level of CD20, sIgM and *slgG (SUDHL4 only) was
assessed in various cell lines. Briefly, 1x10° cells were incubated with either 10ug/ml FITC-labelled ritux (CD20),
M15/8 (IgM) or SB2H2 (IgG) respectively before being washed in PBS/BSA/Azide (PBA) and analysed by flow
cytometry as outlined in Section 2.6. The values shown are the mean fluorescent intensity (MFI).
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5.2.4 Investigation into the importance of CD20 and BCR expression levels for

Ca®" flux generation

Sections 5.2.1 to 5.2.3 investigated five different B-lymphoma cell lines which all
express CD20 but demonstrate various sensitivities to CD20 and BCR-induced Ca?"
flux. We decided to investigate why such differences were occurring with the most
obvious line of investigation being CD20 expression level.  Chapter three
demonstrated that CD20 expression level is an important factor for the induction of
complement lysis (Figure 3.5). Here we find that CD20 expression level plays an
important role in Ca?* flux generation. SUDHL4 cells express the highest level of
CD20 on their surface of the cell lines tested. This may explain why they do not
require hyper cross-linking of CD20 by mAb to generate a Ca®* response, presumably
because sufficient cross-linking of CD20 is achieved with the addition of the primary
mAb alone. From the data in Table 5.1, the hierarchy of CD20 expression is as
follows;

SUDHIL4 > Ramos > BL60 > Raji > ARH77

On direct comparison of the cell lines that required hyper cross-linking to generate a
Ca” response through type I mAb stimulation (shown in Sections 5.2.2 and 5.2.3), it
became apparent that Ramos generated the highest flux, followed by BL60 and Raji
and no flux was observed in ARH77 cells. This hierarchy mirrors the hierarchy of

CD20 expression shown above.

The same correlation was observed in BCR induced Ca®" Flux. Interestingly, the
hierarchy of BCR expression correlates with CD20 expression. SUDHL4 express the
highest level of BCR, albeit slgG, followed by the sIgM-expressing Ramos, BL60,
ARH77 and Raji cells (Table 5.1). Again, the magnitude of the Ca?* flux is reflected
in the expression level with Ramos generating the greatest signal of the sIgM
expressing cell lines, followed by BL60. Interestingly, even though Raji and ARH77
express a comparable level of sIgM, only the former demonstrates a Ca>* flux upon
CD20 stimulation. However is should be noted that, Raji cells express a higher level
of CD20 supporting the suggestion the CD20 expression level is an important factor

for effective flux generation. Together, the data suggests that the expression level of
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the BCR and more so CD20, are important factors for the effective generation of a

Ca*" flux through type I mAb stimulation.
5.2.5 Effect of CD20 knockdown in SUDHL4 cells

Having established in the previous section that CD20 expression level is a critical
parameter for effective Ca®" signalling, we wanted to investigate whether the ability
of SUDHLA4 cells to generate a Ca®* flux without the need for hyper cross-linking was
due to the fact that it has a higher CD20 expression level rather than due to its
expression of surface IgG instead of IgM. To this end, CD20 expression was reduced
using siRNA targeting CD20 as previously published *®. 24hrs after the cells were
nucleofected™ (Ambion) with siRNA against CD20 (outlined in Section 2.10), the
expression of CD20 was assessed by flow cytometry using FITC labelled ritux and
was found to have reduced by more than 50% (see Figure 5.6A). Control cells i.e.
cells which were transfected with a mock siRNA had an MFI of 1107 compared to
456 in CD20 siRNA treated cells. The specificity of the CD20 siRNA was
demonstrated by the fact that the expression of sIgG was not affected by the CD20
sIRNA (Figure 5.6A).

From Figure 5.6B, it would appear that CD20 expression is the determining factor
with regard to the requirement for hyper cross-linking to generate a Ca*" signal. In
control SUDHL4 cells (mock transfected with siRNA) ritux can generate a Ca®'
signal without the need for hyper cross-linking. However, in CD20 siRNA treated
cells the signal was ablated suggesting that as the CD20 expression level drops, hyper
cross-linking is required to generate a signal. As SUDHL4 cells express sIgG instead
of slgM, cross-linking of ritux (a chimeric mAb of human IgGl isotype) was
unfeasible in these studies as addition of a MAH mAb would therefore also stimulate
the BCR directly leading to a Ca®* flux. Therefore, the murine type I anti-CD20 mAb
ATS80, was utilised. ATS80 is also a type I anti-CD20 mAb which can generate a Ca*"
flux in SUDHL4 cells without the need for hyper cross-linking (see Figure 5.2A). As
ATS80, in contrast to ritux, is a murine mAb, the addition of a hyper cross-linking
agent was possible. Figure 5.6B (panel iv) shows that AT80 can generate a Ca’* flux
in control cells without the need for cross-linking, however in siRNA treated cells,

there is no Ca®" signal generated by the addition of AT80 alone (panel v).
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Figure 5.6: Knockdown of CD20 in SUDHL4 cells using siRNA. SUDHLA4 cells were transfected as
suggested by Amaxa Nucleofection™ guidelines outlined in materials and methods Section 2.10. Briefly,
2x108 cells were incubated in 100l solution T and nucleofected with 600nM siRNA primer against CD20
(CCACTCTTCAGGAGGATGT “8) or 600nM negative control primer (on program setting G16). Samples
were then resuspended in 1.5mls of pre-warmed 10% RPMI and kept in a 12-well plate at 37°C and 5% CO,,.
A) After 24hrs, cells were harvested and the expression level of CD20 and slgG were assessed by flow
cytometry using FITC labelled ritux and SB2H2 respectively using the method outlined in Section 2.6. Control
samples are shown in red and siRNA samples are overlaid in black. B) Cells were labelled with INDO-1 as
outlined in Section 2.9. Samples were treated with 10pg/ml ritux, AT80 or 20pg/ml GAM in the absence of
cross-linking or samples were pre-treated with 10pg/ml AT80 before being washed and 20pg/ml GAM added
at the time point indicated by the arrow.
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From the data, it is evident that hyper cross-linking of AT80 results in the
reappearance of the Ca®" signal (panel vi). This signal was not due to the addition of
the secondary mAb, as when cells were stimulated with GAM alone, no increase in
the FL5/FL4 ratio was observed (panel iii). Furthermore, when siRNA treated
SUDHL4 cells are hyper cross-linked, the kinetics of the flux generated are similar to
the rapid kinetics observed in hyper cross-linked Ramos cells (Figure 5.3A). Similar
kinetics and a heightened flux were also observed when 1F5, a murine IgG2a mAb
which does not give a large flux in SUDHL4 cells with mAb stimulation alone as
shown in Figure 5.2, was cross-linked in normal SUDHL4 cells (data not shown). In
summary, these data suggest that the reason SUDHL4 cells do not require hyper
cross-linking to generate a Ca®" flux through CD20 stimulation is due to the high

expression of CD20 on the surface of these cells.

5.2.6 The importance of CD20 expression level for CD20 and BCR mediated

Ca?" flux

Following on from the observation that CD20 induced Ca** flux is dependent on
CD20 expression level; we decided to look at a titration of CD20 siRNA in Ramos
cells. In Figure 5.7A Ramos cells were treated with 400, 100 and 25nM siRNA
against CD20 and the same concentration of negative control siRNA. As expected,
CD20 surface expression decreased with increasing concentration of specific siRNA.
CD20 expression level was measured by flow cytometry using FITC labelled ritux.
The data in Figure 5.7A show that the MFI decreased from 756 (control) to 589
(25nM), 410 (100nM) and 346 (400nM). Again, the level of BCR expression was not
altered, demonstrating the specificity of the siRNA.

The effect of CD20 expression knockdown is evident from the data shown in Figure
5.7B. Cross-linking of ritux by MAH mADbD resulted in a large, rapid Ca*" flux in
control cells. This flux was reduced with increasing concentrations of siRNA where
the FL5/FL4 peak went from 600 (control) to 590 (25nM), 500 (100nM) and 400
(400nM). The effect of CD20 expression level was also investigated in cells
stimulated with 11B8 or via the BCR (Figure 5.7B).

150



A)

B)

11B8

FLSFLAY

FLSIFLY

FLAFLA

CD20 slgM
“O) 8 = Control sSiRNA
N N
@ o —  400nM siCD20
§ < —  100nM siCD20
>
i i —  25nM siCD20
10° 10' 17 108 10 101 102 103 104
FL1-H FL1-H
Control 400nM 100nM 25nM
= TE
T d prss
= F o
= B
o w -
5 &
- - -
= 7= 7= TE
z LE 2z e
= = W= =
= = = =
- w u T w T
= R 8 3
— = = I =
600 600
= : w8 Tz
2 T =
=3 e o
= I T
T w - w
5 & 8
= ™ T T = d T T T
600 0 200 400 600 0 200 400 600
Time Time

Figure 5.7: The effect of CD20 knockdown on CD20- and BCR-mediated calcium flux in Ramos cells. Ramos
cells were treated as outlined in the previous figure except that different concentrations of CD20 siRNA were used as
indicated, 400nM negative control siRNA was also used. A) After 24hrs the expression levels of CD20 and sIgM
were assessed by flow cytometry using 10pg/ml ritux and M15/8 respectively. Expression levels of the control cells
are shown in red and expression level of the siRNA treated cells are overlaid in the colours indicated. B) Cells were
labelled for Ca®* signalling analysis as outlined in Materials and Methods Section 2.9. Samples were either treated
with 10pg/ml a-slgM or pre-treated with 10pg/ml ritux or 11B8 for 15 minutes at room temperature before being
washed. 20pug/ml MAH was added at time points indicated by the arrow and assessed by flow cytometry.
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As expected no flux was generated when Ramos cells were stimulated with a cross-
linked 11B8 at any CD20 expression level. In contrast, when control Ramos cells
were stimulated via sIgM a rapid Ca** was observed. Even though the expression
level of sIgM is not affected by CD20 siRNA as stated above, the flux generated by
sIgM stimulation is slightly decreased in siRNA treated cells. If the flux generated in
control, mock siRNA treated cells is compared to that generated in 400nM siRNA
treated cells (Figure 5.7B), it is evident that the area underneath the curve is smaller in
the siRNA treated cells. This reduced area reverts back to the profile seen in control

cells as the amount of siRNA is decreased from 400 to 25nM.

5.2.7 Involvement of store operated channels in CD20-mediated calcium flux

generation

In cells there are two main classifications of ion channels - voltage-gated and non-
voltage gated channels. Lymphocytes are believed to mediate calcium flux via the

7

latter 7. One of the main categories of non-voltage gated channels is store operated

channels. Ca®* flux through store operated channels or capacitative Ca** entry was

first demonstrated in 1992 by Penner and colleagues 2%,

They showed that
intracellular Ca®" store depletion resulted in the activation of a Ca®" selective current
called Icrac (calcium release activated current) resulting in refilling of the stores with
Ca®* from the extracellular space. To investigate the possible involvement of these
channels in CD20-mediated Ca®" flux, we assessed the effect of extracellular calcium

chelation by EGTA on the Ca”" signal.

Generally, the initial release of Ca’" from intracellular stores and the subsequent Ca**
influx from the extracellular space is too rapid in succession to be distinguished
experimentally and hence one composite flux is observed. Chelation of the
extracellular calcium using EGTA, segregates the two fluxes as Ca* influx from the
extracellular domain cannot occur. Therefore in EGTA treated cells, the flux
observed is due to the release of Ca®* from intracellular stores alone. Here in Figure
5.8 Ramos cells were stimulated through anti-sigM mAb stimulation or by cross-
linking ritux or 11B8-bound CD20. As demonstrated in Figure 5.9, both ritux and
sIgM stimulated cells generate a Ca*" flux to a FL5/FL4 peak of 600. To investigate

the effect of extracellular calcium chelation, samples were pre-incubated in media
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supplemented with 1.5mM EGTA (which binds Ca”" at a molar ratio of 2:1). At this
concentration, the EGTA is in 4 fold molar excess of the estimated free ion Ca*
concentration in RPMI supplemented with 10% serum (0.37mM).  Upon
reintroduction of Ca* by the addition of 3mM CaCl,, indicated by the red arrow in
Figure 5.8B, another flux is generated which we believe to be calcium influx or Icrac,

replenishing the intracellular stores.

A shift in the FL5/FL4 ratio is also observed in EGTA chelated non mAb-treated
cells, this shift is probably due to the calcium ‘tick-over’ normally occurring in the
cell. As a wide range of intracellular enzymes require Ca®* to function, there is a

constant low level of Ca®" (116nM) maintained in lymphocytes 2%.

As one of the
major sources of free Ca®" ions for this process is from the extracellular space, when
this source is effectively removed by EGTA chelation the cell becomes Ca**
‘starved’. This ‘starvation’ can be overcome when Ca®" is reintroduced by the
addition of extracellular CaCl,, then Ca®" jons enter the cell generating a flux in the

absence of other external stimuli.

The calcium flux in SUDHL4 cells was also assessed for the involvement of store
operated channels (Figure 5.8C and D) and found to mirror the results detailed above
in Ramos cells. Figure 5.8C shows that stimulation of cells through either slgG or
CD20 (ritux) without hyper cross-linking resulted in a Ca’>* flux similar to that
observed earlier in Figure 5.2. After chelation of the extracellular Ca®* with EGTA, a
division of the flux is visible into what we believe to be the release of Ca®* from
intracellular stores (first peak) and influx of Ca®* from the extracellular domain
(second peak). Again a slight increase in the FL5/FL4 ratio was observed in chelated,
non mAb-treated cells which was attributed to calcium ‘tick-over’ in the cell. There
are slight discrepancies between samples such as the FL5/FL4 peak in BCR
stimulated Ramos cells in Figure 5.9A compared to the initial peak in BCR stimulated
Ramos cells in B. These discrepancies are due to intra-assay variation such as
temperature differences. In summary, these results demonstrate that the flux normally
observed in cells stimulated through CD20 or the BCR is a composite of calcium
being released from intracellular stores and calcium entering the cell from the
extracellular domain. The main feature of a calcium store operated calcium entry is

the depletion and subsequent repletion of Ca®" in intracellular stores.
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Figure 5.8: The effect of extracellular calcium chelation on the calcium flux induced by CD20 and
BCR mAb stimulation. Ramos and SUDHLA4 cells were labelled with Indo-1 as outlined in Materials and
Methods Section 2.9. A) Ramos cells are treated with either 10pg/ml M15/8 or pre-treated with 10pg/ml
ritux or not for 15 minutes at room temperature before being washed and stimulated with 20pg/ml MAH
at the time indicated. B) Before mAb binding, samples are pre-treated with 1.5mM EGTA for 15 minutes
at room temperature before addition of the 10pug/ml mAb at the indicated time point (black arrow). After
approximately 2 minutes 3mM CaCl, was added to the sample, indicated by the red arrow. C + D)
SUDHL4 cells were treated as outlined in A and B respectively except that samples did not require hyper
cross-linking and were therefore directly stimulated be the addition of anti-CD20 mAb. Results shown are
representative of two independent experiments.
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Here we show that flux induced by anti-CD20 and BCR mAb stimulation is the
amalgamation of calcium being released from intracellular stores, followed by
calcium influx from the extracellular milieu suggesting that a store operated channel

48
who

is involved. These results are in agreement with Li and colleagues
demonstrated that CD20 acts as a store operated channel in Ramos and BJAB B cell

lines.

The regulation of store operated channels is still not understood. The signalling
pathway involved in release of Ca®" from intracellular stores has been elucidated for
BCR signalling as outlined in Figure 5.1. However, little is known about how the
release of calcium activates ion channels for Ca** influx at the plasma membrane. It
is postulated that cessation of calcium influx from the extracellular domain occurs
when the intracellular stores are fully replenished *®. However, whether this involves
a physical interaction between the stores and the plasma membrane or whether a

pathway is involved is unclear.
5.2.8 The role of Fc receptors in CD20 mediated Ca®" flux

Leukocytes express four types of Fc receptor — stimulatory receptors RI, RIII and RIV
and an inhibitory receptor RII. These receptors can bind the Fc domain of antibodies
bound to the cell surface or aggregated Ig. The importance of Fc receptors has been
reported in BCR-mediated Ca*" signalling. Fc gamma RIIB, an inhibitory Fc receptor,
is reported to down-regulate BCR-mediated Ca*" signalling *°!. To investigate
whether FcRs also play an important role in CD20-mediated Ca*" flux, we compared
whole IgG and F(ab’), derivatives of ritux mAb in their ability to induce a Ca**
signal. Because the absence of the Fc domain is the only difference between IgG and
F(ab’),, the binding affinity should not be affected (Dr R. French, Personal
Communication). Furthermore, in Chapter Four, it was demonstrated that ritux IgG
and F(ab’); could redistribute comparable amounts of CD20 into TX-100 insoluble
rafts (Figure 4.12).
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Figure 5.9: The ability of anti-CD20 mAb fragments to induce a Ca*" flux. SUDHL4 cells were
prepared for calcium signalling analysis as outlined in Materials and Method section 2.9. A) Cells
were treated with either 10pg/ml ritux IgG or F(ab”), at the indicated time point. B) Cells were treated
as outlined in A except the mAb used was 7D8.

The data shown in Figure 5.9 illustrates a comparison of SUDHL4 cells stimulated
with ritux IgG and its F(ab’), counterpart and it can be seen that the Ca®*" flux
increased when cells were treated with F(ab’), compared to whole IgG i.e. in the
absence of Fc domains. This would suggest that binding of the whole IgG by the
inhibitory FcRIIP reduces the mAb ability to generate a Ca** flux. To confirm our
findings another anti-CD20 type I mAb was investigated and it was found that the
same result was obtained when cells were stimulated with 7D8. Figure 5.9 shows that
7D8 1gG and F(ab’), generated a Ca” flux in SUDHLA4 cells without the need for
cross-linking. However, in the absence of its Fc domain, the signal generated was
greater in magnitude. Unfortunately Ramos cells could not be assessed due to the
requirement for hyper cross-linking of CD20 to generate a flux, cross-linking was not
possible due to the absence of an Fc domain on F(ab’), fragments. An attempt was
made to cross-link the F(ab’), using an anti-kappa light chain mAb but this itself
induced a flux through slgM. Collectively, the data in Figure 5.8 demonstrates that
like BCR-mediated calcium mobilisation, Fc receptor interactions are indeed

important in CD20-mediated Ca®" signalling.
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5.2.9 Investigation into the involvement of a signalling pathway in CD20-

mediated calcium flux generation

How CD20 mAb stimulation results in a change in cytosolic calcium remains unclear.
In the last section we demonstrated that stimulation of CD20 and the BCR resulted in
activation of a store operated calcium pathway. There are two stages in this pathway;
the first is release of Ca** from intracellular stores followed by the influx of Ca** into
the cell from the extracellular space. The pathway involved in BCR mediated
intracellular calcium release has been well studied and is outlined in Figure 5.1.
However, for reasons discussed earlier in Section 5.1, there is limited data on the
possible involvement of a signalling pathway in CD20-induced Ca®* flux. For this
reason we assessed the effect of a range of kinase inhibitors on the flux induced by

CD20 stimulation.

Several reports have suggested that there is a direct link between CD20 and the BCR

signalling pathways ** ! %2,

The most convincing evidence comes from CD20
knockdown studies using siRNA which show a reduction in the Ca*" flux induced
through BCR stimulation **. We observed similar results to those reported (Figure
5.7). Therefore, we decided to target specific kinases which are reported to be
important in BCR signalling pathways and assess their effect on CD20-mediated Ca®
flux generation. One of the earliest kinases activated in BCR-mediated Ca?* signalling
is Syk (splenic tyrosine kinase). Syk is thought to interact with the ITAM motif in
CD79p chain cytoplasmic domain 17 When Ramos cells were pre-treated with a Syk
inhibitor, the flux induced by hyper cross-linked ritux was completely ablated
compared to the flux induced by ritux when hyper cross-linked on non pre-treated
Ramos cells (Figure 5.10A). Furthermore, inhibition of Syk lead to the complete
abrogation of the Ca®" flux induced through sIgM stimulation (Figure 5.10B). The
effect of phosphoinositide 3-kinase (PI3K) was assessed next by the use of the
specific inhibitor LY294002 which inhibits ATP binding to the catalytic subunit of
the kinase. PI3K phosphorylates phosphatidylinositol lipids at the plasma membrane
which can then act as anchoring points for the recruitment of pleckstrin homology
(PH)-domain containing signalling molecules such as the protein kinase Akt 2'°.
From Figure 5.10 it is evident that PI3K also appears to play a pivotal role in the
induction of CD20-mediated calcium flux where inhibition through L'Y294002 results
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in a dramatic reduction in both the peak and longevity of the flux induced by cross-
linked ritux. Again, the same effect is observed in slgM induced flux with a clear

reduction in signal upon LY294002 treatment.

To probe kinases which are further upstream of PI3K and Syk kinase, we targeted the
Src family kinases. After BCR cross-linking, phosphorylation of Src family kinases
(Lyn, Lck, Fyn, Blk and Fgr) is believed to be the earliest event in BCR signalling 2
Activity of Src kinases is inhibited by PP2 which competes with ATP for binding at
the ATP site. Surprisingly, in marked contrast to the results seen in Syk and PI3K
inhibition, inhibition of Src kinase led to elongation of the Ca*" flux. The flux has a
similar FL5/FL4 maximum to ritux treated control cells but the level of intracellular
Ca®" does not decrease over the 10 minutes assessed compared to a return to baseline
after 3 minutes in control cells (Figure 5.10A). This effect was also observed in slgM
stimulated cells. The reason for this is currently unclear. As the flux plateaus at a
maximum level similar to that for cells stimulated in the absence of inhibitors, it
suggests that the first stage of the store operated calcium pathway is occurring i.e.
release from intracellular stores, but that the subsequent stage i.e. influx of Ca** from
the extracellular domain, is hindered. Researchers have postulated that once the
intracellular stores have been replenished, calcium influx is terminated 5% Therefore,
the elongation in the flux might be due to either the hindered ability of intracellular

stores to either take up calcium or to signal for the cessation of Ca®* influx.

Src kinases, PI3K and Syk kinase are all involved in the early stages of BCR-
signalling cascades (reviewed in ). Therefore, our next line of investigation was in
the involvement of kinases activated at a later stage of BCR signalling such as
members of the mitogen activated protein kinases (MAPK) family, extracellular-
signal-regulated kinase (ERK) and P38. ERK activation in B cells has been
associated with a variety of cellular responses as diverse as proliferation and apoptosis

+t

' We assessed its involvement in Ca®"' signalling by the use of the specific

inhibitors PD980059 and U0126. The mode of inhibition of these inhibitors is still
somewhat controversial, although it has been suggested that they work by allosteric
inhibition, binding outside the ATP binding site making ERK unable to become

activated by upstream kinases 2L
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Figure 5.10: The involvement of intracellular kinases in Ca?* flux generation in Ramos cells. 1x107 Ramos
cells were treated as outlined in Materials and Methods Section 2.9. A) Samples were treated or not with 10uM
Syk inhibitor, LY294002 (PI-3 kinase inhibitor), PD98059 (MEK inhibitor), UO126 (ERK 1/2 inhibitor), SB203580
(p38 inhibitor), PP2 (Src kinase inhibitor) or 1% DMSO. After 20 minutes at room temperature [0pg/ml ritux was
added for 15 minutes at room temperature before being washed and 20pg/ml MAH added at the time point indicated
by the arrow. B) Samples were treated as outlined in A except that instead of ritux, 10ug/ml a-sigM M15/8 was
added. The results in A and B are representative of two independent experiments.
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From Figure 5.10 it is evident that neither inhibitor had an effect on the Ca®" flux
induced by ritux or sIgM in Ramos cells suggesting that ERK is not involved in the
generation of a Ca”* flux. P38 involvement was assessed by the use of the inhibitor
SB203580 which inhibits the catalytic activity of p38 MAPK by competitive binding
in the ATP pocket *'2. Inhibition of this kinase was also found to have no effect on
either ritux or sIgM induced Ca®" flux in Ramos cells. To validate the effect of the
inhibitors, control cells were pre-treated with DMSO and found to generate the same
Ca®" signal as that in cells stimulated with mAb only confirming that the effect of the
inhibitors was specific and not due to the solvent the inhibitors were reconstituted in

(Figure 5.10).

To support our findings, we investigated if the inhibitors had the same effect in
SUDHLA4 treated cells. From Figure 5.11, it is clear that the flux generated by sIgG
and ritux is once again completely ablated by Syk inhibition, reduced by PI3K
inhibition, unhindered by ERK and P38 inhibition and prolonged by inhibition of Src

kinases. These results mirror our observations in Ramos cells.

Here, we demonstrate for the first time that CD20 and the BCR utilise the same
calcium signalling pathway. From the results in Figure 5.10 and 5.11, it is evident
that Syk and PI3K are involved in the first stage of the store operated calcium
pathway, signalling for the release of Ca®" from intracellular stores as inhibition of
these kinases results in no flux. In contrast, inhibition of Src family kinases results in
an elongated Ca®* flux. This suggests that it is distal to the release of Ca?* from
intracellular stores and is possibly involved in signalling for shutdown of Ca®" influx

from the extracellular space.
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Figure 5.11: Involvement of intracellular Kinases in the generation of a Ca?* flux in SUDHL4 cells.

1x107

SUDHLA cells were treated as outlined previously in Materials and Methods section 2.9. A) Samples were treated
or not with 10uM Syk inhibitor, LY294002 (PI-3 kinase inhibitor), PD98059 (MEK inhibitor), UO126 (ERK 1/2
inhibitor), SB203580 (p38 inhibitor), PP2 (Src kinase inhibitor) or 1% DMSO for 20 minutes before addition of
[0pg/mi ritux for 15 minutes at room temperature after which, samples were washed and 20pug/ml MAH added at
the time point indicated by the arrow. B) Samples were treated as outlined in A except that instead of ritux,
10pg/ml a-sIgG SB2H?2 was added.
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5.2.10 The role of the BCR in CD20-mediated Ca*" flux

In the last section, we demonstrated that both the BCR and CD20 signalling pathways
show marked similarity in the intracellular kinases that they employ to generate a
Ca®" flux. Li and colleagues have recently published data to suggest that the BCR
requires CD20 for effective Ca®* signalling **. Furthermore, it has been suggested by
Mathas et al that CD20 and the BCR share cell death signalling pathways °'.
However, there has never been a direct link made between the dependence of CD20
signalling cascades on the BCR. We decided to probe this possibility by the
generation of a stable derivative of the Ramos cell line which does not express sIgM.
Ramos cells were chronically stimulated through sIgM by treatment with the mAb
M15/8 which induced a high level of cell death. However, the surviving population
which ‘grew through’ expressed a lower level of BCR on their surface compared to
untreated cells. After chronically stimulating the cells a further two times, only 3% of
the resulting cells expressed sIgM and did not increase over time (data not shown).
We called this cell line Rx3. Extensive phenotyping of the cell line was performed
and compared to Ramos cells (refer to Appendix I). Of the 11 surface antigens
assessed, only three demonstrated a major difference between Ramos and Rx3 cells.
CD79 and sIgM were reduced to near background level in Rx3 cells whilst CD19
expression was increased above wild type Ramos CD19 expression. The FACS

profiles for CD20 and sIgM expression are shown in Figure 5.12A.

To demonstrate that these cells maintained normal signalling pathways, we firstly
looked at the ability of CD20 to redistribute into TX-100 insoluble domains by the
method outline in Section 2.8.2. Data in Figure 5.12A demonstrates that Rx3 cells
can redistribute CD20 into TX-100 insoluble domains to the same extent as wild type
Ramos cells. As seen in the previous chapter (Figure 4.11) type I mAb effectively
redistribute CD20 with ritux being more efficient than 1F5 whereas virtually no
insolubility is observed in cells treated with type II mAb, B1 or 11B8. We also
looked at the ability of the cells to signal for cell death through CD20 stimulation.
This is further discussed in Section 6.2.9 but we found that Rx3 cells were sensitive to
anti-CD20 mAb-mediated cell death. The level of cell death was comparable to
Ramos cells (Figure 6.18).
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Comparison of the calcium profiles generated by Ramos and Rx3 cells, suggested that
CD20 requires the BCR to generate a Ca”* flux. As seen earlier in Figure 5.2 and
demonstrated in Figure 5.12C, Ramos cells are highly sensitive to ionomycin
treatment with 100% of the cells responding. Stimulation through sIgM and CD20 by
hyper cross-linking ritux also resulted in generation of a Ca®* flux (Figure 5.12C).
However, even though Rx3 cells displayed high sensitivity to ionomycin, their ability
to generate a Ca®" flux through sIgM or CD20 stimulation was ablated with no
increase being observed in the ratio of FL5/FL4 (Figure 5.12D). These data imply
that the BCR is pivotal to CD20 calcium signalling. Even though the level of CD20
expressed on the surface is slightly reduced in Rx3 cells, based on data shown in
Figure 5.3B where 1.25 pg/ml of ritux could generate a Ca*" flux, this reduction in
expression alone would not be sufficient to ablate the Ca®* flux. This result is in
conflict with reports that CD20 ectopically expressed in transfected cell lines such as
human T cells and CHO cells ** *® can induce a Ca®" flux through anti-CD20 mAb
stimulation as these cells do not express the BCR. We investigated the ability of
murine NS/0 cells transfected with CD20. These cells were shown in chapter three,
Figure 3.5, to express a high level of CD20 on the surface. However, NS/0 clone 2
cells failed to induce a Ca®* flux when stimulated with up to 50 pg/ml ritux or when
hyper cross-linked with MAH (data not shown). The difference between our results
and other reports is not clear. It is possible in transfected T cells that CD20 could
associate with the T cell receptor for calcium signalling. There is no clear explanation
as to why a flux was observed in transfected CHO cells and not NS/0 cells, however
the method and dye used to assess the Ca® flux was different and therefore there

could be a difference in the sensitivity of the assays.
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Figure 5.12: The BCR is required for CD20-mediated calcium flux generation. Ramos cells were
chronically treated with a-sigM and BCR-negative cells were selected to generate a stable derivative of
Ramos cells which lack BCR expression known as Rx3 cells. A) Expression levels of CD20 and sIgM was
measured on Ramos and Rx3 cells as outlined in Section 2.6. Briefly, 1x105 cells were incubated with
10pg/ml FITC-labelled ritux or m15/8 for 15 minutes at room temperature before being washed and analysed
by flow cytometry. The expression level in Ramos is shown in red and the expression level of Rx3 is overlaid
in black. B) Rx3 cells can still redistribute CD20 into TX-100 insoluble domains. The method used is
outlined in materials and methods section 2.8.2. C) Ramos cells were prepared for analysis of calcium
signalling as outlined in Section 2.9. Samples were treated with either 1pM ionomycin or 10pg/ml a-sigM
(M15/8) or ritux. D) Rx3 cells were treated as outlined in C.
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5.2.11 The calcium flux induced by type I mAb in normal human B cells

In Section 5.2.1 to 5.2.3 we demonstrated that human B cell lines could generate a
calcium flux upon type I mAb stimulation. We wondered whether this event was a
result of malignant transformation or whether normal human B cells could also be

stimulated to induce a Ca”" flux by type I mAb.

Human B cells were isolated from the blood of healthy donors as outlined in Section
2.11. Briefly, the lymph was separated from the plasma using a lymphoprepTM
solution and centrifugation according to manufacturer’s instructions. As only 10-15%
of the leukocyte population in human peripheral blood is B cells we used a MACS B
cell isolation kit from Miltenyi Biotech to further purify the B cells. T cells, NK cells,
monocytes, dendritic cells, granulocytes, platelets and erythroid cells are removed by
labelling with a cocktail of biotinylated CD2 (adhesion receptor on T cells), CD14
(macrophage receptor), CD16 (low affinity IgG receptor on NK cells and
granulocytes), CD36 (receptor expressed on platlet cells), CD43 (T cell marker) and
CD235a (Glycophorin A expressed on erythrocytes) antibodies which are
subsequently removed by labelling with anti-biotin ‘MicroBeads’. After passing the
B cell solution through the separation column twice, the B cells were 85% pure as
measured by CD20 positivity. The expression level of CD20 (MFI of 480) and sIgM
(MFI 440) was assessed by flow cytometry using FITC labelled ritux and M15/8
respectively. These levels were comparable to the expression level in the Ramos B
cell line (see Table 5.1). The cells were labelled with Indo-1 and assessed for their
ability to induce a Ca’" flux through CD20 stimulation as outlined in Section 2.8.
From Figure 5.13 it is evident that normal B cells can induce a Ca®* flux upon
stimulation of CD20 or sIgM. Hyper cross-linking of CD20 was required to generate
the flux. This requirement is in accordance with our earlier observations in Section
5.2.2 that B cell lymphoma lines which express lower levels of CD20 need hyper
cross-linking of CD20 to generate a Ca’* signal where both normal human B cells and

Ramos cells express comparable levels of CD20.

It is important to note that the isolated B cell samples used in these experiments still
contained 15% non B cells most likely made up of macrophages, NK cells and T cells

which are all known to express Fc receptors *'* 2,
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Figure 5.13: The ability of normal human B cells to generate a Ca** flux’ Normal human B cells
were isolated from donors blood as per manufacturer guidelines of the MACS B cell isolation kit
(Miltenyi Biotech) outlined in Section 2.11. 5x10° of the isolated B cells labelled with INDO-1 as
outlined in Materials and Methods Section 2.9. Samples were stimulated with either 1uM ionomycin,
10pg/ml a-sIgM or were pre-treated with 10pg/ml anti-CD20 mAb (ritux, 11B8, 1F5 and B1) for 15
minutes before being washed and 20ug/ml of the relevant secondary mAb added. Profiles for samples
treated with 20pg/ml secondary mAb only are also shown.

Therefore, the cross-linking mAb used in these experiments were commercial
F(ab’),’s in an attempt to minimise the effect of mAb Fc-FcR interactions which have

215 However, it is evident from the

been reported to induce calcium signalling
profiles generated by the type Il mAb B1 and 11B8 in Figure 5.13 that not all the non-
specific effects were eliminated. In all our previous work, type II mAb were unable
to generate a Ca’" flux. We believe that this non-specific effect is due to the Fc
domain of the anti-CD20 mAb interacting with Fc receptors in the 15% of
contaminating non-B cells. As 11B8 generated a larger signal compared to B1, it
suggests that it may be due to 11B8 being a humanised mAb (IgG1) compared to the
murine B1 mAb, thus the human Fc domain of 11B8 would be expected to interact
more effectively with the 15% non specific population of human cells. On
comparison of the type I and type II stimulated cells in Figure 5.13, it is clear that
hyper cross-linking of type I mAb generate a large and rapid response whereas hyper
cross-linking of type II mAb results in a slow, smaller and we would suggest non-

specific response. In line with data from B-cell lines, stimulation through sIgM by the

addition of M15/8 stimulates a Ca®" flux without the need for hyper cross-linking.
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5.2.12 The ability of CLL cells to mediate Ca® flux upon anti-CD20 mAb

stimulation

Chronic Lymphocytic Leukaemia (CLL) is a condition characterised by an
accumulation of abnormal lymphocytes in the blood and the bone marrow. One
common disease feature is a low level of sigM ?!®. Given our previous observations
in Section 5.2.10, we wondered whether this reduction in sIgM would have an effect
on CD20-mediated Ca** flux. Primary CLL samples were kindly provided by the
Molecular Immunology group (formerly the HIT group), Cancer Sciences Division,
University of Southampton and were utilised under approval from the Ethical
Committee Board. To investigate whether the sensitivity of CLL samples to CD20-
induced Ca®* flux is compromised by the lack of IgM expression we decided to assess
a range of CLL samples of varying CD20 expression level. The expression level of
CD20, sIgM and sIgD were measured by direct staining and flow cytometry as
detailed in Section 2.6. The data in Table 5.2 demonstrate that even though CLL cells

lack sIgM expression, they can express normal levels of CD20.

Patient A, B and C were assessed for their ability to induce a Ca®* flux through sIgM,
sIgD or hyper cross-linked CD20 stimulation (Figure 5.14A). We found that aside
from their ability to induce an increase in the FL5/FL4 ratio with ionomycin
treatment, the cells were only able to generate a signal through sIgD stimulation in
our experiments. To ensure that the reason why CD20 did not generate to Ca®" signal
in these cells was not due to an inability to cluster CD20, a TX-100 assay was
performed as outlined previously in Section 2.8.2. The data in Figure 5.14A
demonstrates that samples from Patients A, B and C could all generate the same
CD20 redistribution pattern as Ramos cells. In accordance with earlier TX-100
studies (see Figure 4.11), we found that in CLL samples, ritux treatment conferred the
highest level of TX-100 insolubility followed by 1F5 and then B1. The ability of B1
to translocate CD20 into these insoluble domains was increased in CLL samples
compared to the Ramos B cell line. The reason for this is unclear although it could be

related to differences in the plasma membrane composition of the cells.

Based on the expression level data shown in Table 5.2, sIgM in these cells is

expressed at approximately the same level as sIgD. Thus, it may be surprising that
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sIgD can generate a Ca®* signal whereas sIgM stimulation cannot. However, it should
be noted that the stimulation of these two surface receptors in these studies is not
directly comparable due to the use of a polyclonal anti-sigD mAb compared to a
monoclonal anti-sIgM mAb. In section 5.2.2 we suggested that hyper cross-linking of
CD20 was required in lower CD20 expressing cell lines as a threshold of cross-
linking needed to be overcome before a Ca®* flux was observed. Hence, sIgD is most
likely cross-linked to a greater extent than sIgM and therefore more likely to

overcome the threshold required to generate an increase in the FL.5/FL4 ratio.

To assess whether hyper cross-linking of sIgM could over come this threshold we
hyper cross-linked sIgM bound mAb (M15/8) by the addition of a goat anti-mouse
[eG (GAM). Patient D demonstrated a high expression level of CD20 and a
comparably low expression of both sIgM and sIgD (Table 5.2). From the profiles
depicted in Figure 5.15 it is clear that hyper cross-linking of sIgM is necessary to
generate a Ca”" flux in low IgM expressing CLL cells. When the cells from Patient D
were stimulated with polyclonal anti-sIgD a Ca®* flux was generated. In contrast,
stimulation with monoclonal anti-IgM resulted in no flux being generated. However,
when a-sIgM mAb were hyper cross-linked by the addition of GAM (o-sIgM+GAM),
a large increase in the FL5/FL4 ratio was observed which was not observed in cells
treated with GAM alone, indicating that greater cross-linking of sIgM is required to
surpass the threshold and generate a Ca®" response. In addition, we decided to query
whether the use of a polyclonal antibody to hyper cross-link ritux-bound CD20 could
achieve a similar result. To this end, 20 pg/ml goat F(ab’), anti-human IgG was
added to ritux treated cells but in this case it was found to make no difference as no

increase in FLL5/FL4 ratio was observed.
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Figure 5.14: CLL cells do not generate a CD20 calcium signal. A) 1x107 primary CLL cells from Patient A were
labelled with Indo-1 as outlined in Materials and Methods Section 2.9. Samples were stimulated with either 1uM
jonomycin, 10ug/ml a-slgM (M15/8) or a-sIgD (goat F(ab’), anti-human IgD, Southern Biotech) or samples were
pre-treated with 10pg/ml ritux for 15 minutes before being washed and 20pg/ml MAH added at a time point indicated
by the arrow. B + C) Primary CLL samples from 2 other patients (Patients B and C respectively) were treated as
outlined in A. D) The ability of anti-CD20 mAb to redistribute CD20 into TX-100 insoluble domains was assessed
by flow cytometry as outlined in Section 2.8.2. Briefly, cells were treated with 10ug/ml FITC labelled mAb, either
ritux, IFS or B1 for 15 minutes at 37°C before washing and dividing into 2. One half was maintained on ice in PBS,
whilst the other half was treated with 1 % TX-100 for 15 minutes on ice. Samples were washed and assessed by flow
cytometry.
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Figure 5.15: CLL cells can generate a calcium flux through sIgM with hyper cross-linking. CLL
cells from Patient D were labelled with Indol-1 as outlined in Materials and Methods Section 2.9.
Samples were stimulated with either 1uM ionomycin, 10pg/ml a-sIgM or a-slgD or samples were pre-
treated with 10pg/ml ritux or a-slgM before being washed and 20pg/ml of either GAH (SIGMA) or
GAM were added respectively. Sample treated with 20pg/ml GAM only is also shown.

Patient/ CD20 slgM slgD
cell line
A 622.8 496 15.44
B 474.4 18.24 2112
o 122.28 216 22.36
D 4581 237 20.26
Ramos 746.2 402.9 10.62

Table 5.2: Phenotype of CLL samples. 1x10° cells were labelled with 10pg/ml of either FITC labelled
ritux (CD20), M15/8 (sIgM) or mouse anti- human IgD (Pharmingen) for 15 minutes at room
temperature before being washed and analysed by flow cytometry.
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In summary these data show that CLL cells are unable to generate a Ca** flux through
CD20 mAb stimulation. The inability of primary CLL cells to generate this flux
supports our earlier findings in the BCR negative Rx3 cell line in that CD20 requires
the BCR to induce a Ca** signal (Section 5.2.9). Indeed, it appears CLL cells, despite
a low level of sIgM expression, can generate a Ca®* flux when sIgM is hyper cross-
linked. We propose however that the level of sIgM is critical to CD20 induced Ca**
flux, if the level of sIgM is too low to generate a signal without the need for cross-
linking, then it likely to be too low to sufficiently interact with CD20 to generate a
Ca** flux upon CD20 mAb binding.

5.2.13 Investigation into the association of CD20 with the BCR

The data shown in the previous section and Section 5.2.9 demonstrate the requirement
of the BCR in the induction of a Ca®* flux through CD20 stimulation. To assess
whether the dependence of CD20 on the BCR was due to association of CD20 with
the BCR, FRET was utilised. In Section 4.2.8 we discussed how FRET could be used
to depict the proximity of surface antigens, with a FRET signal only being generated
when the mAb bound to antigens were less than 10 nm apart. In section 4.2.8.1 and in
Figure 5.16A a FRET signal of 19.2 is generated when CD20 is ligated with ritux
(ritux + ritux) but no signal in Ramos cells was observed when CD20 was bound by
type Il mAb, 11B8. For reasons discussed in Section 4.2.8.1 and 4.2.8.4, we suggest
that this FRET is a reflection of CD20 redistributing into rafts. Interestingly, there
was a high FRET signal of 51.6 when cells were assessed for sigM homo-association
(M15/8 + M15/8). Here the data in Figure 5.16A suggests however, that in Ramos
cells sIgM only associates with CD20 when CD20 is bound by a type I mAb. A FRET
signal of 20.1 is observed when cells were co-ligated with ritux and anti-slgM mAb
compared to 0 when cells were co-ligated with 11B8 and anti-sIgM. This data
implies that CD20 and the BCR only associate when CD20 is redistributed into rafts
by type I mAb.

We have shown previously in this chapter that Ramos cells require hyper cross-
linking to generate a Ca®* signal through CD20 (Section 5.2.2). To reflect this, we
added the hyper cross-linking mAb MAH to the FRET samples to investigate if there

was any effect on the interaction between CD20 and sIgM. As ritux is a chimeric
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mAb and M15/8 is murine, the addition of MAH only hyper cross-linked CD20.
Intriguingly we found that CD20 and the BCR actually dissociated upon CD20 hyper
cross-linking as shown in Figure 5.16B. It is evident from the data that this
dissociation was a time dependent event which began almost immediately after mAb
addition; after two minutes, the FRET was decreased 50% compared to the original
FRET (i.e. before addition of MAH), beyond this point the decrease was less rapid
with a further 10% decrease after 5 minutes. At 20 minutes there was an 80%
decrease in the FRET signal initially observed. CD20 and BCR homo-association
(ritux + ritux and M15/8 + M15/8 respectively) were not affected by the addition of
MAH. In addition, dissociation of BCR and CD20 as detected by FRET, did not
occur over time in the absence of hyper cross-linking (data not shown). To ensure that
this was not a cell line specific phenomena, we investigated whether the same
dissociation occurred in other cell lines. Unfortunately as SUDHL4 cells induce a
Ca®* flux through CD20 without the need for hyper cross-linking we could not use
these cells for this study. Therefore, we investigated if the dissociation occurred in
Raji cells which like Ramos cells can generate a Ca** flux upon CD20 hyper cross-
linking (Figure 5.4B). Even though the dissociation is reduced compared to that seen
in Ramos cells, the kinetics data shown in Figure 5.16C suggests that the dissociation

of CD20 and BCR over time is not a cell line dependent event as it also occurs in Raji

cells.

Our results are in agreement with a report by Deans and colleagues *

who
demonstrated by fluorescent microscopy that CD20 and the BCR can associate in
Ramos cells upon CD20 stimulation. However, they found that this association was
transient where rapid dissociation of the BCR from CD20 occurred after BCR mAb
stimulation but not CD20 mAb stimulation. In contrast, our FRET experiments
involved CD20 and sIgM mAb ligation for 15 minutes prior to flow cytometry

analysis and an association was still observed. Furthermore we found that

dissociation of CD20 and the BCR only occurred upon hyper cross-linking of CD20.
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Figure 5.15: CD20 and sIgM associate upon Type 1 mAb binding and dissociate upon hyper cross-
linking. A) FRET analysis was performed as outlined in Materials and Methods Section 2.8.3. Briefly,
Ramos cells were labelled with a either 10pg/ml unlabelled, FITC or CY5 labelled Ritux, 11B8 or M15/8 for
15 minutes at room temperature before being washed and analysed by flow cytometry. The FRET value was
calculated using the formula outlined in section 2.8.3.2. Data shown are mean and standard error of two
independent experiments B) For the kinetics study, samples were analysed after washing (0 minutes),
followed by the addition of 20pug/ml MAH (SB2H2) and analysed at the indicated time points. Values
shown are calculated as a % of the FRET at the initial time point (0 Minutes=100%). Values shown are the
mean and standard deviation of at least three independent experiments. C) Ramos and Raji cells were
assessed for the association and dissociation between ritux-bound CD20 and slgM (M 15/8) as measured by
FRET. Values shown are calculated as a % of the FRET as measured at the initial time point. D) The effect
of inhibitors on the association/dissociation of ritux-bound CD20 and m!5/8-bound sIgM was assessed.
Briefly, samples were pre-treated or not for 30 minutes at room temperature with either 10uM PP2 (Src
kinases inhibitor) or LY294002 (PI-3 kinase inhibitor) before addition of mAb as outlined in A. After
washing, samples were analysed before and after addition of 20pg/ml SB2H2. Values shown are calculated
as a % of the FRET measured at the initial time point. Data shown is the mean and standard error of two
independent experiments.
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As hyper cross-linking of CD20 in Ramos cells is required for both generation of a
Ca®" flux (see Section 5.2.2) and dissociation of CD20 from the sIgM, it suggests that
both of these events are linked. Therefore, we assessed the effects of inhibitors which
have been shown previously in Figure 5.10 to affect the CD20-mediated Ca®* flux.
Ramos cells were pre-treated with the PI3K inhibitor (LY29004) which reduces the
Ca®* flux and Src kinase inhibitor (PP2) which enhances the flux induced by CD20
stimulation. The data in Figure 5.16D however demonstrate that these inhibitors had

no effect on the dissociation of CD20 and sIgM compared to control cells as detected

by FRET.

Antigen internalisation can occur upon mAb stimulation. It is reported that CD20
does not internalise upon mAb binding whereas it is well published that sIgM can

internalise upon mAb or antigen binding *'”.

Therefore we wondered whether sIgM
internalisation was the cause of CD20 and sIgM dissociation. To assess this, the
Ramos anti-idiotype (ID) was used to detect sIgM expression. In Figure 5.17 Ramos
cells were treated with either ritux, polyclonal anti-IgM (Goat anti-human IgM) or
monoclonal anti-IgM (M15/8) and assessed for sIgM internalisation over a period of
60 minutes. This time period was chosen to be comparable to the FRET assay which
allows mAb to initially bind for 15 minutes before the cells are washed and then
assessed for changes in the FRET signal over 20 minutes for the effect of cross-
linking. Over this time period, poly-IgM induced a 60% loss of anti-idiotype mAb
binding. This was presumably due to internalisation of sIgM. Similarly, the mAb
M15/8 internalised 20% of sIgM but the anti-CD20 mAb ritux had no effect on sIgM
expression. In order to block the internalisation of slgM a method previously
published to stop endocytosis of cell-bound mAb using 2-deoxyglucose (DOG) and
sodium azide was utilised '*>. From Figure 5.17B it is evident that when Ramos cells
were pre-treated with DOG/azide the internalisation induced by poly-IgM mAb was
completely blocked compared to non-treated cells. Moreover, we found that
internalisation of sIgM was not the cause for the apparent dissociation of CD20 and
the BCR as this event (depicted by a decrease in FRET in Figure 5.17C) was not
affected by the presence of DOG/azide.
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Figure 5.17: The dissociation of the sIgM from CD20 is not due to internalisation. A) 1x10%Ramos cells
were treated as outlined in Materials and Methods Section 2.12. Briefly cells were stimulated with either
10pg/ml a-sIgM (M 15/8) or goat anti-sIgM (Jackson Immunoresearch) or were pre-bound with 10ug/ml ritux
for 15 minutes at room temperature before being washed and 20pg/ml MAH added. All samples were
maintained at 37°C. Aliquots were removed at the indicated time point and 10pg/ml FITC-labelled anti-Ramos
idiotype mAb (ZL16/1) was added for 15 minutes before being washed and analysed by flow cytometry. Data
shown is represented as % of initial MFI at time point 0. B) Ramos cells were treated with Goat anti-human
IgM for the indicated time points in the presence and absence of 50mM 2-deoxyglucose and 15mM sodium
azide. After harvesting cells were treated with 10pg/ml ZL16/1 for 15 minutes at room temperature before
being washed and analysed. Data shown is represented as % of initial MFI at 0 Minutes C) Samples were pre-
treated or not with 2-deoxyglucose/ sodium azide and assessed for the effect of dissociation of ritux-bound
CD20 and M15/8-bound sigM as measured by FRET. Data shown is mean and standard error of two

independent experiments where the values are calculated as % of FRET at the initial time point O which was set
at 100%.
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In summary, CD20 and the BCR can associate upon CD20 redistribution into lipid
rafts. We found that upon hyper cross-linking of CD20, the BCR and CD20
dissociate, the importance of this event is still unclear as it could be a important early
event or it may simply be a physical consequence of close packing of the CD20

molecules upon hyper cross-linking, pushing the BCR out of the CD20 rich domain.
5.2.14 The effect of cholesterol depletion on the Ca® flux induced by type I mAb

Cholesterol is reported to be important for the tight packing and ordered structure
pivotal to the integrity of lipid rafts 2. We have shown in the previous chapter that
treatment of cells with the cholesterol depleting agent Methyl-B-cyclodextrin (MCD)
results in a reduced redistribution of CD20 into TX-100 insoluble domains (Section
4.2.5.3). As type I mAbD effectively translocate CD20 into rafts, secondly only type I
mAb induce a Ca®* flux and thirdly, CD20 only associates with the BCR when ligated
by a type I mAb it appears that redistribution of CD20 into rafts appears to be a
pivotal event in CD20 mediated Ca** signalling.

In addition to the effect MCD has on the redistribution of CD20 into TX-100
insoluble domain, we also reported that MCD can lower the binding level of anti-
CD20 mAb (Figure 4.8). Therefore, to accurately assess the effects of MCD on CD20
induced Ca** flux, the amount of mAb bound should be the same in control and MCD
treated cells. To this end, binding curves of ritux, M15/8 (anti-sIgM) and SB2H2
(anti-sIlgG) mAb was performed on both Ramos and SUDHL4 cells to establish a
concentration of mAb which produced comparable levels of binding in control cells to
10 pg/ml ritux, M15/8 or SB2H2 in MCD treated cells. We found that after MCD
treatment of SUDHL4 cells 10 pg/ml ritux had a comparable binding level to
approximately 4.5 pg/ml ritux in control cells, and 10 pg/ml SB2H2 (anti-BCR) had a
comparable binding level to 5 pg/ml SB2H2 in control cells. Furthermore, in Ramos
cells we found that for both BCR and CD20, the binding level of 10 pg/ml mAb after
MCD treatment was comparable to 5 pg/ml mAb in control cells (data not shown).

Utilising this binding data to ensure a comparable level of mAb binding was achieved,
the effect of MCD treatment on Ca”* flux generation was assessed. When SUDHL4

cells were pre-treated with 10mM MCD, there was a notable reduction in the Ca**
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flux observed (Figure 5.18). This data is in accord with previous reports that suggest
raft integrity is required for BCR-mediated Ca®" influx Y. We found that the
reduction in flux occurred in both CD20 (ritux) and BCR (SB2H2) stimulated cells.
The kinetics of the flux in ritux stimulated SUDHL4 cells shown in Figure 5.18A
appears to be similar for both MCD treated and non-treated cells with the difference
lying in the maximum FL5/FL4 value suggesting that the difference might be due to a
reduced initial release of Ca®* from intracellular stores and therefore a lower
secondary Ca”" influx to replete the stores. When SUDHL4 cells are treated with
MCD and a Ca*" flux is induced through BCR (SB2H2) stimulation, only the initial
release from intracellular stores is observed as in conditions of extracellular calcium
chelation shown in Figure 5.8. These results were mirrored in Ramos cells where
again an overall reduction in BCR-mediated Ca*" flux was observed upon MCD
treatment (Figure 5.18B). Furthermore the flux generated by stimulation through the
BCR with M15/8 was decreased in MCD treated cells to a flux similar to that
observed in cells pre-treated with EGTA. The reduction in ritux-mediated flux in
MCD treated Ramos cells is much more pronounced than that observed in SUDHL4
cells with the FL5/FL4 signal being almost completely lost upon treatment possibly
reflecting the sensitivity of the cells to cholesterol depletion as demonstrated
previously in Figure 4.9. From this data we suggest that cholesterol content and
therefore raft integrity is a pivotal requirement for a maximal Ca®" flux induced

through CD20 and BCR stimulation.
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Figure 5.17: Cholesterol depletion reduces the calcium flux. A) SUDHL4 cells were prepared as outlined in
Materials and Methods Section 2.9. Samples were pre-treated or not with 10mM MCD for 15 minutes at room
temperature before washing twice and stimulating with either 4pg/ml ritux or Sug/ml a-slgG (SB2H2) for non-treated
samples or 10ug/ml of each for MCD treated samples. mAb were added at the time point indicated by the arrow. Data
shown is representative of two independent experiments. B) Ramos cells were treated as outlined in A with minor
modifications. For ritux treated samples, cells were washed after the addition of Spug/ml ritux and 20pg/ml MAH was
added at the arrow. Also, for stimulation through the BCR, Spg/ml a-sigM (M15/8) was used. Again for MCD treated
samples, 10pg/ml of each mAb was used. Data shown is representative of two independent experiments.
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5.2.14 The effect of cholesterol depletion on the association of CD20 and the
BCR

Treatment of cells with MCD resulted in a reduction in the Ca** flux induced by ritux
stimulation (see above). We then investigated whether the reduced BCR and CD20
association (shown in Section 5.2.13) might account for this. Figure 5.19A
demonstrates that MCD treatment only disrupts the homo-association of CD20 (ritux
+ ritux) and not the hetero-association of CD20 with the BCR (ritux + M15/8). Cells
were treated or not with 10 mM MCD before being washed twice. One of the MCD
treated samples was then treated with 12 pg/ml cholesterol for 60 minutes to replenish
cholesterol in the plasma membrane. From Figure 5.19A it is evident that the FRET
signal generated by the association of CD20 and the BCR is not hindered by MCD
treatment. Repleting the cells with cholesterol led to an increase in the FRET
measured, this is most probably due to a slight increase in ritux binding which, as
demonstrated in the previous chapter, can occur in excess cholesterol (Figure 4.11).
However, cholesterol depletion has a notable effect on the homo-association of CD20,
as shown in Figure 5.19. MCD treatment reduces the homo-association of CD20
induced by Type I mAb with a FRET value of 20 in control cells which is reduced to
4.3 with MCD treatment. This difference in signal is not attributable to lower binding
levels as the concentration of mAb used was the same as used in the previous MCD
experiment (Figure 5.18). Once again, upon cholesterol repletion, the FRET was
increased slightly above normal levels (from 20 to 23) which can again be attributed
to increased ritux binding. Having established that the reduction in Ca®* flux by
MCD treatment is not due to a reduced association of CD20 and BCR we probed the
possibility that MCD treatment could disrupt the dissociation of CD20 and the BCR
(discussed in the previous section). From Figure 5.19B it is evident that this is not
the case; whether Ramos cells are treated or not with MCD, the dissociation of CD20

and the BCR as measured by a reduction in FRET signal was still observed.

Overall, this data suggests that cholesterol depletion causes a reduction in the Ca®"
flux induced by ritux stimulation due to the reduced ability of CD20 to cluster in the
cell membrane. This result correlates with the observation that a certain level of
CD20 cross-linking is required to generate a Ca’" flux through CD20 mAb
stimulation. Here we have shown that MCD hinders the ability of type I mAb to
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cluster CD20, therefore the cross-linking effect on CD20 is presumably reduced
thereby lowering the resultant Ca?* flux.
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Figure 5.19: The effect of MCD on the association/dissociation of CD20 and BCR. A) Ramos cells were pre-
treated or not with 10mM MCD for |5 minutes at room temperature, MCD + Chol samples are treated for a further
60 minutes with 12pg/ml cholesterol (SIGMA) before being washed and assessed for FRET generated by either
CD20 and BCR association (ritux + M15/8) or CD20 homo-association (ritux + ritux). mAb concentrations used
were the same as outlined in Figure 5.18 i.e. 4pg/ml ritux and Spg/ml M15/8 for non-treated samples and 10pg/ml of
each for MCD treated samples. Samples treated with cholesterol were stimulated with the same mAb concentration
as untreated (RPMI) samples. The samples were assessed for FRET by flow cytometry as outlined in Materials and
Methods Section 2.8.3. The values shown are mean and standard error of two independent experiments. B) Ramos
cells were treated or not with MCD and assessed for FRET generated by ritux + M15/8 as outlined in A. After
analysis at 0 minutes, 20pg/ml MAH (SB2H2) was added to the samples and assessed at the indicated time points.
Data shown is calculated as a percentage based on the FRET value obtained at the initial time point (100%).
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5.2.16 ERK Phosphorylation induced by anti-CD20 mAb

It was demonstrated earlier by inhibitor studies discussed in Section 5.2.9 that ERK
1/2 does not play a role in the induction of a Ca®* flux induced by CD20 stimulation.
However, these studies do not rule out the possibility that phosphorylation of ERK 1/2
could be a downstream consequence of Ca** flux generation by type I mAb. There
have been contrasting reports on the involvement of ERK1/2 in CD20 signalling
pathways. Bonavida et al Bl demonstrated that ERK1/2 phosphorylation is down-
regulated upon ritux stimulation of Ramos and Daudi cells, which leads to the
sensitisation of the cells to death through Bcl-,; down-regulation. In another report,
ERK1/2 phosphorylation was up-regulated in cells stimulated with cross-linked ritux
and that this also leads to activation of caspase 3 and subsequent apoptotic cell death

in SUDHL4 and Daudi cells **.

In this section type I and type II anti-CD20 mAb were assessed for their ability to
induce ERK 1/2 phosphorylation. Briefly, Ramos cells were stimulated either
through the BCR or by cross-linking type I (ritux) or type II (11B8) bound CD20 for
15 minutes at 37°C with MAH mAb. The cells were then lysed and the amount of
protein in the lysate was assessed using the bicinchoninic acid (BCA) assay. 30ug of
protein from each sample was loaded and separated by SDS-PAGE. Separated
proteins were transferred to a nitrocellulose membrane and blotted for phospho-

ERK1/2, total ERK or B-actin as a loading control.

The ERK1/2 complex is made up of two proteins, at 44 and 42 kDa respectively.
Figure 5.20A demonstrates that in Ramos cells, of the two anti-CD20 mAb assessed
only the type I mAb ritux induced ERK phosphorylation compared to the type Il mAb
11B8 which did not change from background level. Furthermore we demonstrate that
sIgM stimulation can also lead to ERK 1/2 phosphorylation. The kinetics of ERK
phosphorylation appears to be similar for both sIgM and ritux stimulated cells where
there is no notable increase in band intensity between 2 and 60 minutes. However,
the extent of phosphorylation is markedly different in sIgM stimulated cells compared
to ritux stimulated cells with the latter inducing a lower level of phosphorylation.
Furthermore, ERK2 is phosphorylated to a greater extent than ERK1 (Figure 5 204).

To assess the levels of total ERK1/2, the membranes were stripped using a solution of
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2-mercaptoethanol (2-ME) and SDS for 30 minutes at 50°C (see materials and
methods Section 2.13.1). After several washes of the membrane with TBS-Tween, it
was re-probed for ERK1/2. In Figure 5.20A the intensity of the dual bands
corresponding to ERK1/2 does not change with mAb treatment compared to control
cells, demonstrating that change observed in the phosphorylation of ERK1/2 is not
due to expression levels. Indeed for cells stimulated with sigM a lower amount of
total ERK?2 is apparent, however this reduction may be explained by the large amount
of phosphorylated ERK?2 in the sample possibly hindering mAb binding. To ensure
that equal loading and transfer to the membrane was achieved, the level of B-actin was
assessed for all samples. P-actin is commonly used as a loading control as it is
constitutively and ubiquitously expressed in cells. From Figure 5.20, it is clear that
equal loading and transfer was obtained as the level of B-actin appears similar in all
samples. As a further control we wanted to ensure that phospho-ERK1/2 was
specifically being detected. To this end, the effects of ERK1/2 inhibitor PD98059
were assessed on the level of phospho-ERK1/2 detected. From Figure 5.20B it is
evident that the band observed at 44/42 kDa was phospho-ERK1/2 as in the presence
of this inhibitor no band was detected in contrast to NT and DMSO treated cells.
Furthermore, the use of PD98059 had no effect on the level of total ERK1/2 in the

cell as no major differences were observed between control and treated cells.

To assess whether ERK1/2 phosphorylation was cell line dependent we extended our
analysis to SUDHL4 cells. We demonstrated in Section 5.2.1 that SUDHL4 cells do
not require hyper cross-linking to induce a Ca** flux through CD20. Remaining
consistent with this, the western blot in Figure 5.20B shows cells that were stimulated
with type I (ritux) or type II (11B8) alone. ERK2 appears to be constitutively
phosphorylated in SUDHL4 cells as a band is detected in the non-treated control cells.
However, ERK2 phosphorylation does appear to further increase upon mAb addition
with ritux and SB2H2 (anti-BCR) increasing the level to a greater extent than 11B8.
More interestingly, is the appearance of a weak upper ERK1 phosphorylation band.
From Figure 5.20B it is evident that this band only appears in samples stimulated with
ritux (primarily at 2 minutes) and sIgG (at 2-60 minutes). This result correlates with
the mAb which could induce a Ca** flux shown in Figure 5.2. Both the total ERK and
B-actin loading controls suggest that this is not due to unequal loading of the gel as no

difference was observed between 11B8, ritux or sIgM stimulated samples.
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Figure 5.20: ERK phosphorylation can be induced by type I anti-CD20 mAb. A) Ramos cells were
assessed for ERK phosphorylation as outlined in Section 2.13.1. Briefly, 1x107cells were pre-treated or not
with 10pg/ml ritux or 11B8 for 15 minutes at room temperature. Either [0pug/ml a-sigM (M15/8) or 20pg/ml
MAH (SB2H2) was added to non-pre-treated samples and 20pg/ml MAH was added as a cross-linking agent
to ritux and 11B8 treated samples. Samples were incubated at 37°C until being harvested at the indicated
time points (60 minutes for NT and MAH) and lysed on ice in 0.5% NP40 solution containing phosphatase
inhibitors. After lysis, samples were centrifuged and 30ug of protein was loaded into each well of a 10%
SDS-PAGE gel and was western blotted for pERK (Cell signalling Technology). Membranes were stripped
and re-probed for ERK and f-Actin. Data shown is representative of three independent experiments. B)
Ramos cells were pre-treated or not with either 10uM PD (PD98059, ERK 1/2 inhibitor) or 1% DMSO for
30 minutes at room temperature before addition of 10pg/ml ritux for 15 minutes at room temperature.
Samples were washed, stimulated with 20pg/ml MAH for 15 minutes and treated as outlined in A. C)
SUDHLA4 cells were treated as outlined in A except that no cross-linking of ritux and I 1B8 was performed.
D) Rx3 cells were treated as outlined in A with the addition of a sample treated with 20ng/ml PMA. The
time point shown is 15 minutes.
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Based on our results it appears that mAb which generate a Ca®* signal are efficient
inducers of ERK1/2 phosphorylation. To support the observation that Ca®* flux and
ERK phosphorylation are linked Rx3 cells were assessed as they do not possess
functional sIgM and were shown in Figure 5.12 to be unable to generate a Ca®* flux
through CD20 stimulation. Here we used phorbol 12-myristate 13-acetate (PMA) as a
positive control. PMA is a phorbal ester which is reported to directly stimulate
ERK1/2 phosphorylation *'®, The data in Figure 5.20D demonstrates that the Rx3
cells, with the exception of PMA, cannot induce ERK1/2 phosphorylation.

The earlier Ramos and SUDHL4 inhibitor studies (Section 5.2.9) and ERK
phosphorylation studies detailed above, suggest that ERK1/2 phosphorylation is a
downstream event in the calcium signalling pathway. It would be expected that in
Rx3 cells no ERK phosphorylation is observed in sIgM stimulated cells as these cells
lack that antigen. Importantly however, in Figure 5.20D no ERK1/2 phosphorylation
is observed in type I (ritux) stimulated cells either. As the level of ERK1/2 in Rx3
cells is similar to Ramos cells, it suggests that the inability of anti-CD20 mAb to
induce ERK phosphorylation is linked to their inability to induce a Ca** flux further
upstream in the signalling pathway. Collectively this data presents the idea that type I
anti-CD20 mAb can induce a signalling cascade which results in Ca** flux generation

and the downstream phosphorylation of ERK1/2.

Western blot is an effective method to assess ERK phosphorylation. However, the
results displayed in a western blot are an amalgamation of the results from
approximately 5 million cells and reflect the population as a whole. To assess the
cells on a more individual basis, a flow cytometry assay was employed. For this
assay cells were stimulated with the desired mAb for 15 minutes at 37°C before being
fixed in 2% paraformaldehyde. Samples were then permeabilised in 90% methanol
and labelled for phospho-ERK1/2 using the Alexa-fluor-488 conjugated mAb

(Promega), an increase in FL1 fluorescence was correlated to an increase in phospho-
ERK1/2.
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Figure 5.21: Investigation of ERK phosphorylation by flow cytometry. A) SUDHL4 cells were assessed for
ERK phosphorylation by flow cytometry as outlined in Section 2.13.2. Briefly, 1x10° cells were treated or not
(filled in red) with 10pg/ml type I anti-CD20 mAb (ritux, blue overlay) or type II (11B8, green overlay) or a-sIgG
(SB2H2, purple overlay) for 15minutes at 37°C before fixing in 2% paraformaldehyde for 10 minutes at 37°C.
Saniples were centrifuged and re-suspended in 90% ice cold methanol for 30 minutes on ice before being washed
twice and 10ul Alexa-Fluor-488 conjugated anti-phospho-ERK 1/2 (BD Bioscience), for 60 minutes at room
temperature. Samples were washed and analysed by flow cytometry. Data shown is representative of two
independent experiments. B) Ramos cell were treated as outlined in A except that after the addition of anti-CD20
mAb, samples were washed and treated with 20pg/ml MAH (SB2H2) for 15 minutes at 37°C. Also M15/8 was
used to stimulate cells through sIgM. The values shown are the mean and standard error of two independent
experiments. C) Ramos, BL60 and ARH77 cells were treated as outlined in A except anti-CD20 mAb were
cross-linked by the addition of MAH. All values shown are calculated based on the MFI of NT samples using the
following formula; % of control =[ (MFI —MFI 1 )/MFI]x100

sample
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In Figure 5.21A it is shown that stimulation of SUDHL4 cells with type I (ritux and
1F5) anti-CD20 mAb and anti-sigG mAb, led to an increase in ERK1/2
phosphorylation compared to non-treated control cells. As expected sIgG induced the
highest level of phosphorylation with the FL.1 MFT increasing 110% compared to non-
treated control cells (set at 0%) followed by ritux and 1F5. A low level of ERK1/2
phosphorylation also occurred in type II (11B8 and B1) treated cells. Similar results
were observed in Ramos cells (Figure 5.21B) where cross-linking of type I anti-CD20
mADb and sIgM stimulation resulted in an increase in ERK phosphorylation. Again a
low level of phospho-ERK1/2 was observed in type IT and MAH treated cells. When
the actual MFI value for each sample are compared, this low level induction in type II
and MAH stimulated cells equates to an MFT shift from 5.0 in control cells to 5.5 in
type II treated cells (data not shown) hence we suggest that this event is of no real
consequence. The flow cytometry results in Figure 5.21A and B correlate with the
results obtained by western blot, and demonstrate that anti-BCR and type I anti-CD20
mADb are efficient inducers of ERK1/2 phosphorylation.

Using this method, we next assessed the ability of other B cell lines to induce ERK
phosphorylation. We have shown earlier that B cell lines demonstrate different
abilities in generation of a Ca*" flux through CD20 stimulation (Figure 5.2-5.5).
Furthermore, we have suggested above that ERK phosphorylation is a downstream
consequence of CD20-mediated Ca** flux. To directly link the two we compared the
ability of three cell lines BL60, ARH77 and Ramos to induce ERK phosphorylation
by type I and II mAb stimulation. The data in Figure 5.21C shows that the ability of
B cell lines to induce ERK phosphorylation correlates with their ability to induce a
Ca®* flux upon type I mAb stimulation. Ramos and BL60 were able to generate a
Ca®" flux through ritux stimulation (Figure 5.3 and 5.5) and similarly it is shown here
that they can induce ERK phosphorylation through ERK stimulation. In contrast,
ARH?77 cells were unable to generate a Ca** signal when ritux was cross-linked

(Figure 5.4) and similarly are unable to induce ERK phosphorylation.
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Figure 5.21: Effect of kinase inhibitors on ERK phosphorylation. Cells were labelled with anti-phospho-
ERK 1/2 as outlined in Materials and Methods Section 2.13.2 A) Rx3 cells were stimulated for 15 minutes at
37°C with either 10pg/ml a-sigM (M15/8), 50ng/ml PMA or 20pg/ml MAH or samples were pre-treated with
10pg/ml 11B8 or ritux for 15 minutes at room temperature before being washed and stimulated with 20pg/m!
MAH for 15 minutes at 37°C and assessed by flow cytometry. B) SUDHL4 were pre-treated or not with
either 10pM LY294002 (P1-3 kinase inhibitor), PD98059 (ERK 1/2 inhibitor) or SB203580 (P38 inhibitor) for
30 minutes at room temperature before being stimulated or not with 10pg/ml ritux for 15 minutes at room
temperature and assessed by flow cytometry. The values shown are the mean and standard error of two
independent experiments. C) Ramos cells were treated as outlined in B except that ritux treated samples were
washed and hyper cross-linked by the addition of 20pg/ml MAH for 15 minutes at 37°C. All data shown has
the is adjusted for background by the subtraction of NT. The values shown are the mean and standard error of
two independent experiments.

187



This observation is further supported by the finding that type I induced ERK
phosphorylation does not occur in Rx3 cells. Figure 5.22A mirrors the results we
found in western blot analysis of Rx3 cells. As expected, type II mAb do not induce
ERK phosphorylation and unsurprisingly anti-sIgM in the absence of the BCR, does
not induce phosphorylation. However, it is the inability of type I mAb (ritux) to
induce ERK phosphorylation that once again indicates the importance of the BCR for
certain CD20-mediated signalling pathways. To validate the assay, PMA was used as
a positive control. In PMA treated Rx3 cells ERK phosphorylation occurred as
depicted by the increase in MFI from 0 to 10.

We have shown earlier in Section 5.2.9 that CD20 mediated Ca®* flux can be reduced
by the inhibition of certain intracellular kinases. To test our hypothesis that ERK
phosphorylation is downstream of Ca®" flux generation, the effect of the PI-3 kinase
inhibitor LY294002 was assessed in ritux stimulated SUDHL4 cells. From Figure
5.22B it is evident that in correlation with the Ca®* flux data in Figure 5.12, PI-3
kinase inhibition results in a reduction in ERK phosphorylation. The effect of P38
inhibition was also assessed and found to mirror the Ca** flux data in that it had no
effect on either Ca®* flux generation or ERK phosphorylation. As expected no shift
above background MFI occurred in cells pre-treated with the ERK inhibitor PD98059.

The results in Ramos cells (Figure 5.22C) support the SUDHL4 data. ERK
phosphorylation induced by ritux was again reduced by inhibition of PI-3 kinase but
P38 inhibition had no effect. Furthermore, other work from our laboratory has shown
that in SUDHL4 cells BAPTA-AM, an intra and extracellular calcium chelator, also
reduces the pERK induced by ritux back to background level (M Cragg, personal
communication). Together, this data provides strong evidence to support our theory
that type I anti-CD20 mAb induce a signalling cascade which involves PI3 kinase

activation followed by Ca®* flux generation and the downstream phosphorylation of
ERK1/2.

5.2.17 The effect of anti-CD20 mAb stimulation on NFkB activity

The nuclear factor kappa B (NFxB) family of transcription factors plays a major role

in inflammation, immune and stress responses and has more recently been linked to

188



oncogenesis 2'°. It has been reported that ritux sensitises patients to chemotherapy by
inducing a down-regulation in NF«kB activity Bl (see Section 1.6.5) and therefore we
investigated whether NFxB activity was altered by either type I or II anti-CD20 mAb

stimulation in Ramos cells.

In most resting cells, NF-kB is sequestered in the cytoplasm in an inactive form
associated with IxkB inhibitory molecules such as IkBa, IxB, IxBe, p105, and p100.
Activation of NFkB is achieved through the action of a family of serine/threonine
kinases (IKK) which phosphorylate IkB proteins. This phosphorylation event
separates NFkB from IkB leaving it free to migrate to the nucleus to initiate

s s 219, 220
transcription 19, 220

Phosphorylation of IkBa is commonly used as a measure of
NF«B activity ** #2!. We used western blot analysis and a rabbit anti-phospho IkBa

antibody from Cell Signalling Technology to detect this phosphorylation event.

Because NF«B activation typically occurs in the latter stages of signalling pathways
we extended the time point of our assays to 12 hours. From the data in Figure 5.23 it
is evident that NF«B is constitutively active in Ramos cells with phospho-IkBa being
detected in non-treated cells. The level of phospho-IxBa was not affected by type I
(ritux) or type II (11B8) anti-CD20 mAb. There was however, an apparent reduction
in the level of phospho-IxBa in sIgM stimulated cells after 12 hours which appeared
to be a real event based on the equal loading depicted by the B-actin loading control.
In this experiment, ERK phosphorylation was also assessed and it was found that at 1
hour the results were similar to that reported earlier (Figure 5.20) where both ritux
and sIgM stimulated cells demonstrated ERK phosphorylation. However, no ERK
phosphorylation was found at 12 hours in either ritux or slgM stimulated samples
which is in agreement with Mathas et al °! who demonstrated that in BL60 cells ERK
phosphorylation is induced by ritux mAb within 30 minutes of stimulation but
decreases over time with less than 50% of the initial induction remaining after 8 hours

(longest time point assessed).
These results are in contrast to those published by Jazirehi and colleagues ' who

demonstrated that NFxB activity was decreased upon ritux stimulation of Ramos

cells. However the discrepancy in results may be attributable to the use of ritux alone
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as a stimulating agent in their assays compared to cross-linked ritux in our

experiments.
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Figure 5.23: NFkB activity is not affected by anti-CD20 mAb. 1x10’ Ramos cells were treated or
not with 10pg/ml 11B8 or ritux for 15 minutes at room temperature before being washed. Samples
were then stimulated or not with either 10pg/ml a-sIgM or 20ug/ml MAH (to 11B8 and ritux treated
samples). Cells were maintained at 37°C/5% CO, and after the indicated time points, samples were
harvested and treated as outlined in Materials and Methods Section 2.13.1. Briefly, samples were lysed
in 0.5% NP40, resolved on SDS-PAGE and western blotted for phospho-IxBa (Cell Signalling Tech.).
Membranes were stripped and re-probed for pERK and B-actin.
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5.3 Discussion

The ability of CD20 to deplete B cells upon mAb stimulation has made it a highly
successful target for the treatment of NHL and other B cell malignancies. There have
been a plethora of reports on the effector mechanisms employed by anti-CD20 mAb,
rituximab in particular 36,62, 63, 68 y14wever, not all patients respond to ritux therapy
129 Therefore, there is an obvious need to dissect the signalling pathways induced by

anti-CD20 mAb to maximise the potential of CD20-directed therapies.

Here we demonstrate that CD20 can induce changes in cytosolic [Ca®'] upon mAb
stimulation. On assessment of eight anti-CD20 mAb in SUDHL4 and Ramos B cell
lines we found that only mAb which were found to efficiently redistribute CD20 into
TX-100 rafts (see Chapter Four), could generate a Ca®* flux. In agreement with other
reports we found that hyper cross-linking of CD20 was required to generate a flux in

Ramos cells *% &

. However, hyper cross-linking was not required in SUDHLA4 cells
for flux generation. We found that the reason for the difference in dependency of
hyper cross-linking was shown to be due to the high level of CD20 expressed on the
surface of SUDHL4 cells compared to Ramos cells. When the level of CD20 was
reduced on SUDHL4 cells by silencer RNA, the cells became dependent on hyper
cross-linking, like Ramos cells, to generate a response with anti-CD20 mAb.
Furthermore, on analysis of three other CD20" B cell lines BL60, Raji and ARH77 it
was apparent that the level of Ca”* flux induced was dependent on the level of CD20
expressed on the surface of the cells as the flux decreased with decreasing expression
level. This data supports an early observation by Bubien and colleagues ** who
transfected CD20 into five CD20" cell lines and found that the level of calcium
mobilisation correlated with the level of CD20 expressed on the surface. From this
observation, and the belief that CD20 resides in the membrane in oligomers *> %8, it

was suggested that CD20 itself may act as the ion channel.

Our data and reports by others *® have suggested that CD20 mediates Ca** flux
through store operated channels (SOC). These ion channels mobilise calcium in two
phases; the first phase is the release of Ca** from intracellular stores followed by Ca**
influx from the extracellular domain to replenish the stores. In Ramos and SUDHL4

cells, we demonstrated that the Ca®* flux observed by flow cytometry upon CD20 and
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the BCR stimulation was the composite of the two phases — the first flux from the
release of Ca®" from intracellular stores (as in EGTA chelation conditions) and the
other from the influx of Ca** into the cell from the extracellular domain (as observed

upon the re-introduction of Ca®* by CaCly).

In BCR-mediated calcium signalling the cascade of events involved in the release of
Ca** from intracellular stores upon BCR stimulation has been elucidated (reviewed in
'), However, as it was thought that CD20 may itself act as the ion channel, little
work has been afforded to the investigation of a pathway involved in CD20-mediated
flux. It has been reported that several phosphorylation events occur upon CD20
stimulation with Src family kinases, PKC and PLCy2 all being reported to be

97, 98

phosphorylated upon CD20 mAb stimulation . Furthermore phosphorylation of

61,65 Therefore it is feasible that

CD20 itself is up-regulated upon mAb stimulation
phosphorylation may play a role in the regulation of CD20-mediated calcium

mobilisation.

Here for the first time we demonstrate that CD20 and the BCR utilise the same
signalling pathway for Ca*" flux generation. In Ramos cells we found that inhibition
of Syk resulted in complete ablation of the flux induced by type I anti-CD20 mAb.
Furthermore there was a notable reduction in the CD20-mediated flux with PI-3
kinase inhibition. The same result was observed in SUDHL4 cells. More
importantly, the effect of kinase inhibition was the mirrored in BCR-stimulated cells
with both Syk and PI3K inhibitors notably reducing the flux. As inhibition of Syk
and PI3K resulted in a diminished Ca** flux it implies that the kinases are involved in
the generation of the flux i.e. in the signalling cascade linking the membrane events
(mAb binding) to the release of Ca®" from the endoplasmic reticulum. Furthermore,
we demonstrated that inhibition of Src family kinases (SFK) with the specific
inhibitor PP2, resulted in an elongation of the flux induced by anti-CD20 and -BCR
mADb. This result is in contrast with reports by other who demonstrate that PP2
ablates the flux induced by anti-CD20 mAb ritux and 2H7 in Ramos cells >* %, The
reason for this discrepancy is unclear. We found that PP2 (from two different
suppliers) had the same effect in Ramos and SUDHL4 cells and in both CD20 and
BCR-mediated Ca®" flux. As the initial Ca®" flux can occur, resulting from the release

of Ca’ from intracellular stores, and the FL5/FL4 maximum was not affected by PP2
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we propose that in CD20-mediated Ca** mobilisation, SFK is involved in regulation
of the shutdown of Ca®" influx which occurs after activation of SOC at the membrane.
The involvement of Syk in the CD20-mediated signalling pathway was somewhat

surprising. The intracellular domain of CD20 has no ITAM motifs and contains no

31

tyrosine residues *'. Syk has only been reported to reside within the BCR signalling

complex via interaction of its SH2 domains 222

studies of CD20 have demonstrated that CD20 is linked to members of the SFKs by

. Furthermore, immuno-precipitation

PAG *®. However, no association has ever been reported with Syk. This dependence
of CD20 on Syk for calcium mobilisation suggests that CD20 may be dependent on
BCR-mediated signalling pathways to generate a flux. Furthermore, the calcium
signal initiated upon BCR cross-linking with mAb has been demonstrated to be down-
regulated by Fc receptors 2°'. Here we demonstrate that the same effect is observed in
CD20-mediated calcium mobilisation where in Ramos cells, the absence of the Fc

domain of the stimulating mAb resulted in an increase in the Ca®* flux observed.

Several investigators have linked CD20 and the BCR. In 1993, Bourget et al °2
demonstrated that B1 decreases the expression of IgM at the surface on normal human
B cells and B cell lines. In agreement with this we found that ritux and B1 reduced
slgM and CD38 expression after 24 hours whereas class II, CD37, Fas and CD52
were not affected on Daudi cells (data not shown). In contrast, we found that
stimulation of cells with anti-sIgM mAb resulted in an increase in expression of CD20
(data not shown). Another investigation reported that anti-CD20 and -BCR mAb
induce similar cell death pathways in SUDHL4 and BL60 cells °' (which was

contradicted by a different study in Ramos cells '®°

). Li and colleagues *® directly
linked CD20 and the BCR by the demonstration that Ca** flux induced by BCR
stimulation was decreased in correspondence with a decrease in CD20 expression.
Here we investigated the inverse of this relationship and found that CD20-mediated

Ca®" flux was actually dependent on BCR expression.

The first solid indication that CD20 was dependent on the BCR to induce a Ca®" flux
was from investigation of Rx3 cells. We generated these cells by chronic stimulation
of the BCR in Ramos cells leading to the outgrowth of BCR negative cells with
minimal effect on the expression level of CD20. These Rx3 cells were unable to

generate a Ca>* flux through CD20 stimulation. It could be argued that these cells lost
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their signalling ability due to chronic stimulation however, they were found to
maintain normal CD20 signalling events such as redistribution of CD20 into rafts and
induction of programmed cell death. To gain a more conclusive result we attempted
to reduce BCR expression using silencer RNA in a range of B cell lines using two
different primer sequences targeting CD79b but failed to achieve a significant

reduction in BCR expression (data not shown).

Using a different approach, we investigated four different primary CLL samples.
CLL is a low grade NHL which typically has dim BCR expression as depicted by the
phenotyping shown in Table 5.2. Firstly, we demonstrated that normal B cells
isolated from peripheral blood could mediate calcium mobilisation upon CD20 mAb
stimulation. The analysis was hindered by the 15% of non-B cell in the sample which
we found to interact with the Fc domain of both the primary and secondary antibodies
inducing a non-specific response. Despite this, it is evident from the data in Figure
5.13 that type [ CD20 mAD can generate a Ca** flux above non-specific, background
level. On assessment of the 4 primary CLL cells, we found that even though CD20
was expressed at a sufficient level to induce a Ca** flux, calcium mobilisation did not
occur upon cross-linking of type I mAb bound to CD20. Furthermore no Ca*" flux
was observed when sIgM was stimulated. However by hyper cross-linking sIgM in
Patient D cells, we found that a Ca** flux could be generated. Like CD20, it appears
that the BCR requires a certain threshold of BCR re-arrangement and clustering for
calcium mobilisation to occur, therefore in low expressing cells hyper cross-linking is
required to surpass this threshold. Together these data support our findings in Rx3

cells — CD20 is dependent on BCR expression for generation of a Ca*" flux.

CD20 can be redistributed into lipid rafts upon type I mAb ligation (see Chapter
Four). The significance of this event is unclear although we have suggested that this
redistribution is important for effective CDC activation and lysis by anti-CD20 mAb
6, Using fluorescent microscopy Deans and colleagues " demonstrated that CD20
can constitutively associate with the BCR in lipid rafts but upon BCR stimulation, the
two surface antigens dissociate to allow the BCR to become internalised. We used
FRET to assess the association in real time on live cells. The data presents a different

scenario to what Deans et al ¥’ reported. We found that in Ramos cells, CD20 and the

BCR only associate upon CD20 ligation with type I mAb ritux. This association is
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stable for over the 30 minutes assessed. However, upon hyper cross-linking of CD20,
CD20 and the BCR dissociate. Hyper cross-linking of CD20 had no effect on the
level of CD20 homo-association or BCR homo-association. This dissociation was not
due to internalisation of the BCR and did not appear to involve intracellular kinases
SFK and PI3K which were shown to mediate Ca®" flux generation. Until this event
can be inhibited, the significance of this dissociation remains elusive; it may play an
important role in regulation of the signalling pathway or it may simply be a physical
consequence of tight packing of the CD20 molecules by hyper cross-linking, pushing
the BCR out of the domain.

CD20 only generates a flux when stimulated by type I mAb, furthermore CD20 only
associates with the BCR when ligated with type I mAb. We demonstrated in the
previous chapter that type I mADb effectively redistribute CD20 into TX-100 insoluble
lipid rafts. Taking all of this together, it implies that redistribution of CD20 into lipid
rafts plays an important role in the generation of a Ca®* flux. Other groups have
demonstrated the dependence of CD20-mediated Ca®* flux on raft integrity by the use
of the cholesterol extracting drug MCD ** ¢ © However, these studies failed to
address the possibility that anti-CD20 mAb binding could be lost upon MCD
treatment. In the previous chapter, we demonstrated that MCD treatment can result in
loss of mAb binding (Section 4.2.4) and therefore it is feasible that the observed
reduction in Ca®" flux could be directly attributed to this. To allow for this, we
performed a binding curve analysis to achieve comparable levels of binding of ritux in
control and MCD treated Ramos cells. We found that with comparable mAb binding
levels in control and MCD treated Ramos cells, the Ca®* flux induced by CD20 and
the BCR was visibly reduced in the latter cells. The extent of inhibition with MCD
was different for both CD20 and BCR-mediated Ca®* flux. In BCR stimulated
samples, MCD treatment resulted in a flux similar to that observed in calcium
chelation conditions with EGTA (See Figure 5.8 and 5.17). This suggests that raft
integrity is only required for the Ca®" influx as in extracellular Ca’** chelation
conditions, changes in cytosolic Ca®" can only result from release of Ca?* from
intracellular stores. However, in CD20 stimulated cells, MCD treatment caused a
clear reduction in the overall Ca®* flux in SUDHL4 cells and in Ramos cells treatment

lead to an almost complete ablation of the flux. Taking this data together it indicates
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that the BCR is dependent on rafts primarily for Ca®* influx whereas CD20-mediated

Ca*" flux requires raft integrity for the initial release of Ca*" from intracellular stores.

The effect of MCD on CD20 association with itself and with the BCR was
investigated by FRET analysis. We demonstrated in the previous chapter that
cholesterol depletion had a detrimental effect on the association of type I-bound CD20
with TX-100 insoluble domains (Figure 4.11). Here we show a similar effect by
FRET analysis with the CD20 homo-association decreasing from a FRET value of 30
in control cells to 5 in MCD treated cells. The effect of MCD was negated by the
presence of cholesterol, demonstrating the specificity of the assay. Interestingly
however, the association of CD20 and the BCR was not affected by MCD treatment.
Moreover, CD20 and the BCR still dissociated in the presence of MCD. Therefore
we suggest that the reduction in CD20-mediated Ca* flux is not due to a disruption in
the association of CD20 and the BCR but due to a hindered ability of CD20 to cluster
together. As CD20 and the BCR are shown to only associate when CD20
redistributes into lipid rafts by type I mAb binding, it is surprising that MCD
treatment does not disrupt the association. However, it is possible that MCD disrupts
large rafts breaking them up into smaller domains, depending on the distribution
pattern of the surface antigens and of cholesterol this may have a notable effect on
CD20 homo-associations but the effect may be minimal on CD20 and the BCR

association.

From the study of the Rx3 cells, primary CLL cells and FRET analysis we propose
that CD20 requires the BCR to generate a Ca’" flux. The exact details of the
relationship are not understood. We propose that CD20 is redistributed upon type I
mAb binding into lipid rafts, this redistribution event leads to the association of CD20
with the BCR possibly by entrapping the BCR in the domain. What remains unclear
is which surface antigen signals for the Ca** flux. As the BCR and CD20-mediated
calcium signalling cascade are, from what we observed, virtually identical it is
feasible that the flux generated upon anti-CD20 mAb binding is actually the calcium
signalling pathway induced by the BCR. We postulate that upon type I mAb binding
of CD20, CD20 and the BCR (and its associated molecules e.g. CD79a/B and
intracellular kinases like Syk and SFKs) associate (see Figure 5.24) . When CD20 is

hyper cross-linked, the BCR signalling complexes are brought into close proximity
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mimicking the effect of cross-linking BCR by specific anti-IgM mAb, therefore the
BCR complex transduces a signal resulting in release of Ca®* from intracellular stores.
It is feasible that the slight difference in the kinetics of the flux observed when the
BCR is directly stimulated by mAb could be due to a reduced efficiency of BCR
clustering when induced CD20 mAb. In SUDHL4 cells it is likely that hyper cross-
linking of CD20 is not required as CD20 is expressed at such a high level that
addition of the anti-CD20 type I mAb alone is sufficient to effectively cross-link the

BCR for the induction of a signalling cascade.

As calcium mobilisation is a relatively early event in cell signalling cascades we
investigated downstream kinases for activity. There have been contrasting reports on
the activation of ERK by ritux. One group show that ERK was down-regulated upon

ritux hyper cross-linking in ARL cells 13

0 whereas another group demonstrate that
ERK was up-regulated in SUDHL4 and BL60 cells when stimulated with ritux alone
or cross-linked °'. Our results are in agreement with the latter report. Over a 60
minute time period we found that cross-linked ritux and BCR (M15/8) stimulated
Ramos cells led to a notable increase in the level of phospho-ERK. The level of
phosphorylation remained relatively consistent from 2 to 60 minutes in ritux treated
cells whereas in BCR treated cells, the extent of phosphorylation was greater
compared to ritux stimulated cells and the kinetics were slightly different with a
maximum phosphorylation occurring at 15 minutes. The anti-CD20 type II mAb
11B8 did not induce phosphorylation of ERK in Ramos cells. A similar result was
observed in SUDHL4 cells except that ERK2 appeared to be constitutively
phosphorylated. Therefore, up-regulation in phosphorylation was only apparent in
ERK1 where again cross-linked ritux and BCR (SB2H2) stimulation lead to an
induction in phosphorylation and 11B8 had no notable effect. The extent of

phosphorylation was notably reduced in SUDHL4 cells possibly owing to the inherent

difference between cell lines.

ERK inhibition had no effect on the Ca** flux induced through CD20 or BCR mAb
stimulation. However from analysis of Rx3 cells, it became apparent that ERK
phosphorylation is a downstream event in the CD20 calcium signalling pathway. Rx3
cells failed to induce a Ca™ flux upon anti-CD20 mAb stimulation similarly these

cells did not induce ERK phosphorylation upon mAb stimulation. In agreement with
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this, ERK phosphorylation studies using intracellular staining and flow cytometry
demonstrated that the level of ERK phosphorylation corresponds to the intensity of
the Ca®" flux induced by type I mAb. Of the three cell lines assessed, Ramos and
BL60 generate a similar Ca®" flux and no flux is observed in ARH77 cells when
ligated with ritux and cross-linked. Reflecting these results, Ramos and BL60 induce
ERK phosphorylation through type I mAb stimulation whereas no phosphorylation
was observed in ARH77 cells. In addition, when Ramos and SUDHLA4 cells were pre-
treated with PI3 kinase which was shown previously to diminish the Ca*" flux
induced by anti-CD20 mAb, the level of ERK phosphorylation was notably
decreased. Furthermore, other preliminary work in our laboratory demonstrated that
BAPTA-AM chelation resulted in a decrease in the ERK signal (data not shown).
Taken together this data demonstrates that ERK phosphorylation is a downstream
event of Ca®™ flux generation however, further work is required to establish whether
this is a result of release of Ca** from intracellular stores or from influx of Ca** from

the extracellular domain.

We demonstrate that P38 inhibition had no effect on ERK phosphorylation. P38 is a
member of the MAP kinase family and has been reported to be involved in the down-

regulation of IL-10 induced by ritux stimulation '%.

We found that P38 was not
involved in the calcium signalling cascade induced by type I anti-CD20 mAb as P38
inhibition had no effect on the generation of a Ca® flux or on the ERK
phosphorylation induced by type I mAb. Furthermore we found that P38 itself was
not phosphorylated upon Type I mAb stimulation (data not shown). We also
investigated the involvement of NF«kB activity in the calcium signalling cascade.
Jazirehi and colleagues "' reported that ritux acts as a chemosensitising agent by the
down-regulation of NF«B activity making cells susceptible to programmed cell death.
We used the phosphorylation of the inhibitory IkBa as a measure of NF«kB activity
but found no difference in ritux or 11B8 (cross-linked) treated cells when compared to
the non-treated control. There was a reduction in the phosphorylation when Ramos
cells were stimulated through sIgM for 12 hours. It is interesting to note that ERK

phosphorylation induced by ritux which was present at 1 hour was reduced to

background level by 12 hours indicating a relatively short time span for the signalling

cascade.
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A summary of these results are shown below in Figure 5.24. We propose that type I
anti-CD20 mAb like ritux redistribute CD20 into TX-100 insoluble lipid rafts. This
clustering of CD20 entraps the BCR which upon hyper cross-linking of CD20,
initiates a signalling cascade analogous to the signalling pathway utilised upon BCR
stimulation, involving Syk and PI3 kinase culminating in the release of Ca** from
intracellular stores. This release of Ca* results in activation of Icgrac and opening of
store operated channels allowing Ca*" influx into the cells to replenish the
intracellular stores. This second phase of Ca** mobilisation appears to be regulated
by Src family kinases. ERK phosphorylation occurs downstream of calcium
mobilisation. Further work is required to assign a functional role to this signalling
cascade, some groups have shown that ERK phosphorylation leads to decreased AP-1
binding and a subsequent decrease in Bcl-x;, expression resulting in sensitisation of

cells to apoptosis " %!

. We performed preliminary cell death cell death studies in
Ramos cells and found no difference in the cell death induced by cross-linked ritux

after 24 hours in the presence or absence of ERK inhibitor PD98059 (data not shown).
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Figure 5.24: The signalling cascade induced by type I anti-CD20 mAb. A) CD20 and the BCR
reside in the membrane in a non-clustered formation. B) Upon type I mAb binding like ritux, CD20 is
clustered into TX-100 insoluble rafts on the plasma membrane (red), localising with the BCR on the
membrane. C) We propose that cross-linking of type I bound mAb brings the ITAMS of BCR
complexes associated with CD20 in close enough proximity to initiate signalling through Syk and PI3
kinase. The resultant Ca®* flux is biphasic in nature. Firstly, Ca®* is released from intracellular stores
like the endoplasmic reticulum (ER) which results in the activation of store operated channels (SOC)
(second phase of the flux) allowing Ca** influx into the cell and subsequent ERK phosphorylation. The

Ca™ influx appears to be negatively regulated by Src family kinases such as Lyn.
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CHAPTER SIX
6.0  Investigation of CD20-mediated cell death
6.1  Introduction

CD20 is a successful target for the treatment of NHL and other B cell malignancies and is
now actively being investigated as a therapeutic agent in a range of autoimmune diseases

224
E 223,224

such as rheumatoid arthritis and SL Several effector mechanisms have been

reported to be employed by ritux including; CDC, ADCC and direct induction of cell

8, 118, 129, 14
death or growth arrest 36, 67, 78, 118, 129, 149

. We have shown in Chapter Three that type I
anti-CD20 mAb efficiently mediate complement lysis. Furthermore in Chapter Four and
Five, we demonstrated that these mAb can readily redistribute CD20 into lipid rafts and
induce a calcium flux. In this chapter we assess the ability of type I and II anti-CD20

mADb to induce direct cell death.

Programmed cell death (PCD) was until recently held synonymous with apoptosis.
Apoptosis is a death process defined by morphological changes including condensation
of the cytoplasm and chromatin, exposure of cell surface markers such as phosphatidyl
serine and fragmentation of DNA (see Section 1.6.3). Importantly, apoptosis is a
controlled cellular death program leading to minimal inflammation. Conversely, the other
well known type of cell death, necrosis is not controlled and characterised by cellular
edema and disruption of the plasma membrane, leading to the release of cellular

components and subsequent inflammation '’",

Although apoptosis and necrosis are the
two most studied cell death pathways, it is now becoming apparent that these two cell
death processes are at polar ends of an array of cell death pathways which can occur in
the cell. These PCD processes are often intermediates between apoptosis and necrosis
and are distinct from apoptosis by their lack of clearly defined morphological changes,
where cellular events such as chromatin condensation, nuclear fragmentation and

exposure of PS may or may not occur (see Section 1.6.4 and reviewed in ™).
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Several groups have suggested that upon CD20 ligation with mAb, PCD can be induced
52,56,63,91, 129, 159 However, there are conflicting reports on the involvement of caspases,
the induction of nuclear fragmentation and the involvement of mitochondrial regulation
making the type of cell death pathway induced by CD20 unclear. In addition, these
studies are limited in that generally only one anti-CD20 mAb, namely ritux, is assessed

and a small number of B cell lines examined.

Therefore, we decided to investigate the ability of a large panel of anti-CD20 mAb to
induce cell death in a range of B cell lines. This panel of mAb allowed us to probe the
characteristics of anti-CD20 mAb which are important for the induction of cell death. In
addition, the involvement of the actin cytoskeleton, caspases, mitochondrial regulation,
intracellular kinases and other signalling molecules such as the BCR were investigated in

an attempt to ascertain the cell death pathway engaged by anti-CD20 mAb.

6.2 Results
6.2.1 The ability of anti-CD20 mAb to induce programmed cell death

Initially, we assessed the ability of a panel of anti-CD20 mAb to induce PCD in an array
of B cell lines over 24 hours. To ensure that the cell death observed was due to PCD and
not CDC, the serum used in the media was heat inactivated preventing complement lysis
from occurring (see Section 3.2.1). PCD was analysed by flow cytometry on the basis of
Annexin V-FITC (FL1) and propidium iodide (PI) (FL2) positivity. Annexin V binds to
phosphatidyl serine (PS) on the cell surface which undergoes membrane flipping,
becoming exposed when the cell has entered the cell death pathway. PI is used to
identify non-viable and secondary necrotic cells based on their membrane permeability
where cells only become PI positive when their plasma membrane integrity is

compromised.
The flow cytometry dot plots in Figure 6.1A demonstrate the difference in Annexin V

and PI staining between non-treated (NT) Daudi B cells and Daudi cells treated with the
anti-CD20 mAb B1. After 24 hours, 6% of NT cells are positive for Annexin V
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compared to 38% in Bl stimulated cells. These values are also reflected in the FLI
histogram, with the Annexin V positive cells gated by M1. PI positivity predominantly
occurs in cells with high levels of Annexin V binding. In Figure 6.1A, can be seen that
as the Annexin V/PI negative population found in the lower left hand corner spreads
across in B1 treated cells, the cells only begin to become PI positive when the Annexin V
level is higher than an MFI of 100. This sequence of events is expected as PS flipping is
an early event in PCD pathways whereas loss of membrane integrity and hence PI

positivity occurs at a later stage.

It is evident from Figure 6.1B that anti-CD20 mAb can induce death of Daudi cells but
the extent depends on the mAb. Treatment with B1 and AT80 result in a high level of
cell death (42% and 35% respectively) compared to ritux (17%) or IF5 (13%). The
differences in potency cannot be explained by the mAb isotype as both B1 and 1F5 are

murine [gG2a.

To assess whether the ability of anti-CD20 mAb to induce different levels of cell death
was specific to Daudi cells or could be induced in other cell lines, we extended our
investigation to Raji cells. It is apparent from Figure 6.2A that the hierarchy of potency
remains the same, with B1 and AT80 being the most efficient inducers of cell death
compared to Ritux and 1F5. Next, we extended the investigation to assess whether mAb
potency differs with other B cell lines. To this end, an array of B cell lines were assessed
for their sensitivity to CD20-mediated cell death (Figure 6.2B). From this analysis, it
transpired that the cell lines assessed could be categorised into three distinct groups based
on their sensitivity to CD20-induced cell death; Firstly, highly sensitivity cell lines such
as Raji and Daudi demonstrated the mAb potency hierarchy of B1>AT80>ritux.
Secondly, moderately sensitive cells SUDHL4 and EHRB, in which AT80 induces a
higher level of PCD than B1, and finally cell lines which are insensitive to CD20-induced
death such as MHH Pre B-1 and Tanoue.
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Figure 6.1: CD20 mAb induce varying levels of cell death. A) Illustration of Annexin V/PI method for
measuring the level of cell death. Daudi cells were incubated or not (NT) with 10 pg/ml Bl for 24 hours at
37°C, 5% CO, before being washed and stained with Annexin V/PI for 15 minutes at room temperature in
the dark. Samples were then analysed by flow cytometry. The scatter plots depict the level of cell death
where viable cells were found in the lower left quadrant that is Annexin V/PI negative. As cells begin to
die they became positive for Annexin V (shown by the spreading of the viable cell population into the
lower right quadrant when treated with Bl). Cells that became secondary necrotic and non-viable were
both PI and Annexin V positive (top right quadrant). The corresponding histograms show the Annexin V
positive population, essentially the cells in the top and bottom right hand quadrants. These cells are
expressed as a percentage of the total population to calculate the % cell death B) 2.5x10° Daudi cells were
incubated, or not, with 10 ug/ml mAb for 24 hours at 37°C, 5%CO; and then analysed for cell death using
the Annexin V/PI assay. The value shown in the scatter plot was the % of cells gated by R4, this was taken

as % cell death.
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Figure 6.2 CD20 induced cell death is cell line dependent: A) 2.5x10° Daudi and Raji cells were
incubated, or not, with 10 wg/ml mAb for 24 hours at 37°C, 5% CO, and then analysed for cell death by
Annexin V/PI assay. The data shown above have the background cell death (NT) subtracted. The values
are the mean and standard deviation of three independent experiments. B) The same method was used as
outlined in Materials and Methods Section 2.14.1. The values shown are the mean and standard deviation

of three independent experiments.
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6.2.2  The importance of CD20 expression level on the induction of cell death

The data shown in the last section demonstrated that not all B cell lines are sensitive to
CD20 induced PCD. One of the more plausible explanations for this is the differences in
the expression level of CD20 between the cell lines. Therefore, we assessed whether
there was a correlation with CD20 expression level and the potency of cell death.
SUDHL4 has the highest level of CD20 expressed on its surface as detected by B1 mAb
binding (Figure 6.3), yet in Figure 6.2B it was shown to be only moderately sensitive to
CD20-mediated cell death. Meanwhile, ARH77 cells are insensitive to PCD induced by
anti-CD20 mAb yet the cells express a comparable level of CD20 to Daudi cells which
are sensitive to CD20-induced PCD. As such, there is clearly not a straightforward
relationship between CD20 expression and sensitivity to PCD in the cell lines. There are
a number of mechanisms by which cells can undergo malignant transformation such as
chromosomal translocation of Myc or Bel-2, infection by EBV or P53 mutations '* %
22 These changes can result in the protection of the cell from PCD and so the difference
in sensitivity between the cell lines probably relates to inherent differences between the
lymphoma cell lines. Therefore to more formally examine the dependence of cell death
on the expression level of CD20, we utilised the panel of NS/0 cell line clones which
express varying levels of CD20, detailed in section 3.2.2. The CD20 expression level of
these clones is depicted in Figure 6.3B.

The data shown in Figure 6.3B and C suggest that there is a correlation between CD20
expression level and the amount of cell death induced. Cell death is absent in the low
expressing clones 8 and 5 and then becomes apparent from clone 3 and sustains a
relatively similar level of cell death for clones 26 and 21. Even though the expression
level of CD20 increases linearly from clone 8 to 21, the level of cell death does not
appear to follow the same pattern with no real cell death occurring until clone 3. From
this we suggest that there is a minimum threshold of expression required for cell death to
be induced through CD20 and once this is reached, the level of death becomes
independent of expression level. Furthermore, it is interesting to note that in contrast to

in the complement assays where Bl, a poor inducer of CDC, became effective at
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inducing lysis at higher CD20 expression levels such as in SUDHL4 cells and NS/0
Clone 21 (Chapter 3, Figure 3.4 and 3.5 respectively), ritux does not appear to generate a

significant level of cell death whatever the concentrations of CD20 on the cell surface.
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Figure 6.3: CD20 expression level is a determining factor in the level of cell death induced. A)
Expression level of CD20 was determined by indirect labelling. Briefly, 1x10° cells were incubated with
10 pg/ml Bl mAb, at room temperature for 15 minutes. Samples were then washed twice and incubated
with 50ul 1:40 GAM for 15 minutes at room temperature before being washed and analysed by flow
cytometry. B) 1x10° NS/0 cells were incubated with 10 ug/mi B1 FITC for 15 minutes at room temperature
before being washed and analysed by flow cytometry. Data shown for A and B is the mean and standard
error or two independent experiments. C) 2.5x10° NS/0 cells were incubated with 10 pg/ml mAb for 24
hours at 37°C and then analysed for cell death using the Annexin V/PI assay by flow cytometry. Values
shown are the % cell death induced by the specific mAb minus control (cells incubated without mAb) and
the mean and standard deviation of three independent experiments.
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6.2.3 The role of homotypic adhesion in CD20-mediated cell death

Homotypic adhesion is reported to occur in some PCD pathways 22128 Opservation of
cells by light microscope before harvesting for cell death analysis showed that homotypic
adhesion had occurred with certain anti-CD20 mAb treatments. The extent to which this
adhesion occurred was dependent on both the mAb used and the cell line treated (Table
6.1). The data in Table 6.1 shows that Daudi and Raji cells readily aggregate upon CD20
mAb stimulation and Figure 6.2B demonstrates that they are the most sensitive cells to
CD20-mediated cell death. Furthermore, Tanoue cells are insensitive to CD20-induced
cell death and do not undergo adhesion. When focussing on single cell lines, the anti-
CD20 mAb which were good inducers of cell death are the most potent at inducing cell
aggregation. In Daudi and Raji cells, B1 is the most effective at inducing PCD and
homotypic adhesion followed by AT80 and then Ritux. Moreover, the adhesion resulting
from AT80 ligation was higher than that for B1 in the moderate cell lines such as EHRB
which reflected the higher level of cell death induced with AT80 in these cells (Figure
6.2B). From these observations it appears that the propensity of cells to undergo adhesion

correlates with the sensitivity of the cells to CD20-induced cell death.

Further investigation was required to determine if homotypic adhesion actually plays an
active role in the induction of cell death through stimulation with anti-CD20 mAb, or
whether adhesion is an epiphenomenon that occurs independently of cell death or as a
consequence of it. It has previously been suggested that CD20 mAb stimulation may
induce LFA-1 adhesion *°. LFA-1 is an integrin which is expressed on all leukocytes. It
interacts with intracellular adhesion molecules such as ICAM-1 and is involved in both
adhesion and migration of leukocytes .  Therefore, the expression of LFA-1 was
assessed on a panel of B cell lines using the anti-LFA-1 mAb HB202. It can be seen from
Figure 6.4 that Raji cells are the only cell line positive for LFA-1 out of the cell lines
assessed. Further to this, we attempted to block adhesion on Raji cells using mAb
directed to LFA-1 and found that even though a reduction in adhesion was observed in
cells co-incubated with B1 and HB202 (anti-LFA-1) mAb after 6 hours, the level of cell

death was not reduced (data not shown). These results suggest that homotypic adhesion
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does not play a pivotal role in the induction of PCD. Furthermore, as is evident from

Figure 6.4 the level of LFA-1 on the surface of Raji cells is low and indeed is absent on

most other B cell lines tested suggesting that homotypic adhesion induced by anti-CD20

mADb may be mediated through a different set of integrins.

Cell line
Isotype | Tanoue EHRB | Daudi Raji
NT - - - - T
ATS80 IgGl1 + +/++ ++ ++
2 B1 1gG2a + ++ +++ +++
5 1F5 IgG2a - - + Tt
% ritux Hu IgGl1 +/- + + 4+
11B8 Hu IgGl1 - ++/+ ++/+ ++/+

Table 6.1: Homotypic cellular adhesion occurs upon CD20 mAb stimulation. To assess adhesion,

2.5x10° cells were analysed under a light microscope at low power (4X). Results are representative of

three independent experiments. Adhesion was assessed by the extent and size of cellular aggregates and is

designated with an increasing number of +. Scoring increment on typical number of cells per aggregate; -

=0-2, + =3-6, ++ =6-10, +++=10-15, ++++=>15
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Figure 6.4: The expression level of LFA-1 on B cell lines. 1x10° cells were incubated with 10 pug/m|

HB202 FITC for 15 minutes at room temperature before being washed and analyzed by flow cytometry.

6.2.4 Effect of disruption of actin polymerization on CD20-induced programmed
cell death

The actin cytoskeleton has been implicated in adhesion and cell death 20. 231 Therefore
we assessed whether adhesion and cell death induced by anti-CD20 mAb are effected by
agents which interfere with actin physiology. Polymerisation of actin occurs when
monomeric globular actin (G) is converted to filamentous (F) actin. This process can be
disrupted by the use of Jasplakinolide which is a naturally occurring cyclic peptide from
the marine sponge, Jaspis johnstoni. The mode of inhibition is unusual in that it appears
to enhance actin polymerization and stabilization and therefore inhibit depolymerisation
22 We found Jasplakinolide to be toxic at 24 hours in Daudi and SUDHL4 cells at
concentrations over 10ng/ml (see appendix II). The reason for this is unclear but is
probably due to disruption of normal cellular processes that require actin polymerization
such as cell division. Therefore, we decided to harvest the cells after 6 hours when its

toxic effects at higher concentrations of 50 and 100ng/ml are minimal.

The data in Figure 6.5A shows that in Daudi cells stimulated with B1, 21% of cells
undergo PCD however, in the presence of Jasplakinolide the level of death reduces to

16% with 10 ng/ml of inhibitor to baseline levels in the presence of 50 or 100ng/ml. A
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B)

similar trend is observed in ATS80 treated cells, with 12% PCD being induced in the
absence of Jasplakinolide but this is reduced to background levels when treated with 50
or 100ng/ml inhibitor. This reduction in cell death was reflected in the reduction in the
level of cell adhesion observed (Figure 6.5B). Like the PCD data in Figure 6.5A, BI,
AT80 and Ritux mediated adhesion are all reduced to background after 6 hours

incubation with a Jasplakinolide concentration of 50 ng/ml or higher.
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50ng/ml - - -
100ng/ml - - -

Figure 6.5: Effect of Jasplakinolide on CD20-mediated cell death. A) 2.5x10°> Daudi cells were treated
with 10, 50 and 100 ng/ml Jasplakinolide for 30 minutes before addition of 10 pg/ml anti-CD20 mAb.
Cells were harvested after 6 hours and assayed for cell death by Annexin V/PI assay as outlined in Section
2.14.1. Values shown are the % cell death induced by the specific mAb minus control (cells in medium
only). B) Cell adhesion was scored under a light microscope at low power before harvesting the cells for
A. The degree of aggregation is outlined in Table 6.1. Data is representative of two independent

experiments.



Our analysis of the involvement of actin polmerisation was extended to other cell lines.
Figure 6.6 shows that in SUDHL4 cells, the level of PCD induced by B1, AT80 and
Ritux is notably reduced with 50 ng/ml and 100 ng/ml of Jasplakinolide but 10 ng/ml has
little or no effect. The reduction in cell death was broadly reflected by reduced adhesion
where B1, AT80 and Ritux showed no adhesion after 6 hours when actin polymerization
was disrupted by the presence of Jasplakinolide. However, even though 10 ng/ml can
marginally reduce the cell adhesion induced by anti-CD20 mAb, it failed to effectively
reduce cell death. The data in Figure 6.6 shows that CD20 mediated death of Raji cells is
also reduced upon treatment with Jasplakinolide. Again the reduction in cell death is
mirrored by the change in homotypic adhesion where B1, AT80 and Ritux mediated cell
aggregation are all reduced to background level with an inhibitor concentration of 50

ng/ml or higher.

To determine whether the reduction in cell death was specific to the inhibition by
Jasplakinolide, or whether it was due to disruption of microfilament assembly in general,
the effect of other inhibitors of actin polymerization, Latrunculin A and Cytochalasin D
on CD20-induced PCD were investigated. Cytochalasin D inhibits actin polymerization
by binding to and blocking specific sites at the point of monomer addition on actin
filaments **>. Latrunculin A is isolated from the sponge Negombata magnifica and also
binds to actin monomers sequestering them and hence preventing polymerization 2**,
The data in Figure 6.7A demonstrates that after 6 hours, the ability of B1 and AT80 mAb
to induce PCD in SUDHLA4 cells was ablated upon treatment with either Jasplakinolide
(0.1 pg/ml), Cytochalasin D (1 uM) or Latrunculin A (I uM). With ritux there was an
increase (<10%) in PCD with Latrunculin A. The reduction in PCD in Daudi cells is
mirrored by the reduction in homotypic adhesion shown in the corresponding table in
Figure 6.7A where a low level of adhesion is observed after 6 hours but is completely
abrogated upon actin inhibition. The same results were obtained for Raji cells shown in
Figure 6.7B. Anti-CD20 mAb induced cell death and similarly homotypic aggregation
was reduced to almost baseline when cells are treated with any of the actin inhibitors.

Therefore, we believe that the reduction of CD20-induced cell death is due to disruption

of actin polymerization in general and not due to specific effects of Jasplakinolide.
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Figure 6.6: Effect of Jasplakinolide on SUDHL4 and Raji cells. 2x10° cells were incubated with 10, 50
or 100 ng/ml Jasplakinolide for 30 minutes before addition of 10 pg/ml anti-CD20 mAb. After 6 hours the
cells were harvested for AnnexinV/PI analysis as outlined in Section 2.14.1. Values shown are the % cell
death induced by the specific mAb minus control (cells incubated without mAb) which are the mean and

standard deviation of three independent experiments.
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Figure 6.7: The effect of actin inhibitors on CD20-mediated cell death. A) 2.5x1 0°> SUDHLA4cells were
treated or not with 0.1 ug/ml Jasplakinolide, IpM Cytochalasin D or 1uM Latrunculin A for 30 minutes
prior to addition of anti-CD20 mAb (10 pg/ml). After 6 hours cells were assessed for cell death by
Annexin V/PI assay as outlined in Section 2.14.1. Values shown are the % cell death induced by the

specific mAb minus control (cells incubated without mAb). B) Raji cells were treated as outlined in A.



6.2.4.1 Effect of inhibition of actin polymerisation on the association of CD20 with

TX-100 insoluble domains

As microfilaments associate with the plasma membrane, we decided to investigate if
disruption of actin polymerization with these inhibitors could lead to disruption in the
ability of anti-CD20 mAb to induce redistribution of CD20 into TX-100 insoluble lipid
rafts. We demonstrated in Chapter 4 that certain anti-CD20 mAb could redistribute
CD20 into TX-100 insoluble rafts (See Section 4.2.2). Raji cells were treated using the
same parameters as for the cell death assays as described in Section 6.2.4 but the cells
were harvested for analysis after the 30 minutes incubation with mAb instead of after 6
hours. It is clear from Figure 6.8, that Jasplakinolide, Cytochalasin D or Latrunculin A
had no marked effect on the redistribution of CD20 into TX-100 insoluble domains.
Ritux has previously been shown (see Section 4.2.2) to be a good inducer of CD20
redistribution into TX-100 insoluble domains. As shown in Figure 6.8, the ability of
ritux to redistribute CD20 is not affected by the disruption of actin polymerisation.
Similarly, the inability of B1 to redistribute CD20 into rafts, as seen in Section 4.2.2, is
not changed by the presence of actin inhibitors. Furthermore, the actin inhibitors had no
notable effect on the binding of anti-CD20 mAb (data not shown). These experiments
were also performed in SUDHL4 cells and the same results were obtained (data not

shown).
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Figure 6.8: Actin inhibitors do not affect the association of CD20 with TX-100 insoluble rafts.

2.5x10° Raji cells were treated with 0.1 ug/ml Jasplakinolide, 1uM Cytochalasin D or 1uM Latrunculin A
for 30 minutes at 37°C. 10 pug/ml FITC labelled anti-CD20 mAb (B1 or ritux) were then added for 15
minutes at 37°C before washing and dividing the sample in half. One half was maintained on ice in PBS
whilst the other was treated with 0.5% TX-100 for 15 minutes on ice. Cells were washed once, resuspended
and assessed by flow cytometry as outlined in Section 2.8.2. Raji data is the mean and standard error of

two independent experiments.
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6.2.5 The importance of mitochondrial regulation and caspase activity in CD20-

induced programmed cell death

Programmed Cell death processes such as apoptosis are mediated through a highly
regulated cascade of events. Activation of cysteine proteases known as caspases is often a
pivotal step in the induction of classical apoptotic pathways such as engaged by the Fas
(CD95) antigen or TNF alpha ("** and see Section 1.6.3). In these cases initiator caspase 8
and 10 are critical to the cell death pathway. To investigate if caspase activation is
important in CD20-mediated cell death, cell permeable caspase inhibitors were utilized

such as ZVAD, a pan-caspase inhibitor, capable of inhibiting most caspases *°.

It is
clear from Figure 6.9A that Fas mediated cell death is inhibited with 10uM ZVAD with
no cytotoxicity, demonstrating that ZVAD is active in these cells. In contrast, ZVAD had
no affect on CD20 induced PCD with AT80 in these cells. Subsequently, we used this
concentration of ZVAD to assess the effect of caspase inhibition on cell death induced by
a range of anti-CD20 mAb on Daudi and EHRB cells. In addition we utilised a specific
caspase 2 inhibitor VDVAD, as ZVAD is less potent in inhibiting caspase-2 compared
with other caspases. Figures 6.9B and C demonstrate that the induction of cell death with
anti-CD20 mAb is not dependent on the activation of caspases, neither inhibitor having a
detrimental effect on PCD induced by B1, AT80 or ritux. In Raji cells shown in Figure
6.9B, the same trend in mAb potency as before (Figure 6.2A) with B1 and AT80 mAb
inducing higher levels of PCD than ritux and 1F5. There was no detrimental effect
observed by the presence of either caspase inhibitor. Once again, the assay was validated
by the reduction of Fas mediated cell death from 40 to 6% in the presence of ZVAD.
From this data it seems clear that CD20 does not induce a classical apoptotic pathway as

caspase activation is not required for the induction of cell death.

Mitochondrial proteins are another important mediator in several cell death pathways.
These proteins can be both pro-apoptotic such as Bim, Bad and Bax or anti-apoptotic
such Bel-2 and Bel-xi, the balance between these two groups is believed to be central to
whether cell death is induced or not (reviewed in ") . To assess whether mitochondrial

regulation is important in CD20-induced cell death, cytoplasts were generated.
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Cytoplasts were formed by treating cells with Cytochalasin B followed by high speed
centrifugation though a Ficol gradient to remove the mitochondria and nucleus from the
cells (See Materials and Methods Section 2.14.2.2). To ensure that the cytoplasts lack
mitochondria, DiOC6, an intracellular dye which detects the mitochondrial membranes,
was used to determine the loss of mitochondria. The data in Figure 6.10A demonstrates
that Cytochalasin B treated cells lost DiOC6 staining. These cytoplasts were then
assessed for their ability to undergo cell death when ligated with anti-CD20 mAb. Figure
6.12B-C shows that removal of the mitochondria reduced the level of cell death occurring
in Daudi and Raji cells. In Raji cells, B1 induced PCD was reduced by 15% from 48% to
33%. A similar result was observed in Daudi cells with B1 and AT80-mediated death
being reduced (data not shown). However, although a slight reduction in PCD levels

occurred, it appears that mitochondrial regulation is not crucial to CD20-mediated cell
death.
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Figure 6.9: CD20 mediated cell death is independent of caspase activity. A) EHRB cells were
incubated with various concentrations of ZVAD for 30 minutes at 37°C before incubation or not with
[0pg/ml anti-CD20 (AT80) or Fas (LOB3/11) for 24 hours. Cells were then washed and analysed for cell
death by AnnexinV/Pl assay. B) 1x10° Raji cells were treated with ZVAD-FMK and VDVAD (10uM
each) for lhr before 10pug/ml anti-CD20 mAb were added. Cell samples were harvested after 24 hours and
analysed for cell death via Annexin V/PI assay as outlined in Section 2.14.2. Values shown are the % cell
death induced by the specific mAb minus control (cells incubated with inhibitor in the absence of mAb).

C) EHRB cells are treated and assessed as outlined in B.
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Figure 6.10: Removal of mitochondria influences CD20-induced cell death. A) 10nM DiOC6 was
added to 150ul Raji cytoplasts (open) and control Raji cells (shaded) (both at 4x10° cells/ml) for 15 minutes
at 37°C before being washed and analysed by flow cytometry. B) Raji cells were treated as outlined above.
Cells and cytoplasts were resuspended 5x107 cells/ml and treated with 10 pg/ml anti-CD20 mAb for 18hrs
before being harvested and analysed for cell death by Annexin V staining as outlined in Section 2.14.1.
Values shown have the background (NT) subtracted and are the mean and standard error of two

independent experiments.
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6.2.6 The involvement of intracellular kinases in CD20-mediated cell death

In CD20-mediated PCD, death is initiated by the binding of mAb to a cell surface
receptor which can ultimately lead to the demise of the cell. From immunoprecipitation
studies it has been shown that Src family kinase members, Lyn, Fyn and Lck are linked to
CD20 through an adaptor protein believed to be PAG 97.159 (see Section 1.4.6.1). In the
previous chapter we demonstrated that these kinases were involved in the CD20-
mediated Ca*" flux pathway (Section 5.2.9). Here we assessed whether intracellular
kinases were involved in the transduction of the cell death signal. To investigate whether
Src family kinases play a role in CD20-mediated programmed cell death, specific
inhibitors, PP1 and PP2 and a mock inhibitor, PP3 were employed. PP1 and PP2 are of
similar structure and potently inhibit Src-family tyrosine kinases with high-selectivity
through competitive binding with ATP for its binding site **°. PP3 is structurally very
similar to PP1 and PP2 but does not have an inhibitory effect on Src PTKs. Furthermore,
the involvement of PI3K and ERK were investigated through the use of specific
inhibitors LY294002 and U0126 respectively. These kinases were shown in the previous
chapter to be involved in the CD20-induced signalling pathway (see Section 5.2.9 and
5.2.16). The cytotoxicity curves of PP2 and LY294002 inhibitors in Daudi and Raji cells
are shown in Appendix II. From the data, we decided that a concentration of 10uM was
suitable for each inhibitor as that concentration was not highly toxic to the cells. A
concentration of 20pM U0126 was recommended from other cytotoxicity studies

performed in our laboratory (A. Ivanov, personal communication).

In Daudi treated cells shown in Figure 6.11A, the level of PCD induced by anti-CD20
mAb was similar to the levels shown before in Figure 6.2. Both B1 and AT80 mAb
induced approximately 30% PCD with ritux only inducing 10% PCD. When the cells
were pre-treated with ERK inhibitor U0126, there was no effect on Bl stimulated cells
however in AT80 and ritux stimulated cells there was a minimal increase of 7% and 4%
respectively. When Src kinase activity was inhibited by the action of PP2 again a
minimal response was observed. The results obtained were conflicting with an increase

of 7% in Bl-mediated cell death and a decrease of 6% in AT80 mediated PCD. In
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contrast, Src kinase inhibition had no effect on ritux induced PCD. Even though the
effect of the Src kinase inhibitor is small, the results were found to be repeatable.
Furthermore, the Src kinase mock inhibitor PP3 had no effect. The effect of PI3 kinase
inhibition on PCD is also shown in Figure 6.11A. Treatment of Daudi cells with 10uM
L.Y294002 resulted in a notable reduction in the level of PCD induced by B1 and ATS80.
When PI3K activity was inhibited, B1 induced cell death was reduced from 30% to 15%
and AT80-mediated cell death was reduced from 29% to 13%. No effect was observed in
ritux-induced PCD. As a control, the effect of the solvent DMSO was also assessed and
found to have no effect on the cell death induced by anti-CD20 mAb demonstrating that
the effect of the inhibitors on the PCD was due to the inhibitor alone and not the solvent

they were reconstituted in.

Raji cells were also assessed for the importance of intracellular kinases in CD20-induced
programmed cell death. The results shown in Figure 6.11B are similar to those observed
in Daudi cells. ERK kinase inhibition by U0126 had no effect on the cell death induced
by B1 but it increased the level of PCD induced by AT80 and Ritux by 5% and 10%
respectively. The effect of Src kinase inhibition was different to the results obtained in
Daudi cells seen in Figure 6.11A. In Raji cells treated with PP2, the level of PCD
induced by both B1 and AT80 is reduced with a reduction of 9% and 7.2% respectively.
The effect on ritux-induced PCD was minimal. Similar to Daudi cells, PI3 kinase
inhibition by LY294002 in Raji cells resulted in an approximate 50% decrease in the cell
death induced by B1 and AT80. Again, no effect was observed in ritux-induced PCD.
Furthermore, no effect was observed when cells were treated with the control, DMSO. In
summary these results demonstrate that certain intracellular kinases like Src kinases and
PI3 kinase are important in CD20-induced PCD. The importance of Src kinases does not
appear to be universal in CD20-induced PCD as in Daudi cells inhibition of Src kinase
activity had contrasting effects in B1 and AT80 mAb induced cell death but in Raji cells,
the PCD induced by both B1 and AT80 mAb was reduced. However, PI3 kinase appears
to be important in both Raji and Daudi cells where the cell death induced by Bl and
AT80 mAb was reduced by 50% in the presence of the PI3 kinase inhibitor LY294002.
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Figure 6.11: The effect of kinase inhibitors on CD20-induced PCD. 1x10° Daudi (A) and Raji (B) cells
were treated or not with 0.5% DMSO0, 20uM U0126 (ERK inhibitor), 10uM PP2 (Src kinase inhibitor) or
10pM LY294002 (PI3K inhibitor) for 30 minutes at 37°C before addition of B1, AT80 or Ritux at 10
pg/ml.  After 24 hours, cells were harvested and analysed for cell death via Annexin V/PI staining as
outlined in Section 2.14.1. Values shown have the background cell death subtracted (% cell death induced
by the inhibitor in the absence of mAb). Values are the mean and standard deviation based on three

independent experiments
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6.2.7 The effect of hyper cross-linking on CD20-induced cell death

We demonstrated in Chapter Five that ritux and other type I anti-CD20 mAb were unable
to induce a Ca®" flux in most B cell lines unless they were cross-linked (See Section
5.2.2). Furthermore, several reports which suggest ritux is a good mediator of PCD in B
cell lines have cross-linked ritux in their cell death assays. Therefore, we decided to

assess the effect of cross-linking ritux and 11B8 in Ramos and Raji cells.

As both ritux and 11B8 contain human Fc¢ domains, SB2H2 a mouse anti-human Fc mAb
(MAH) was used to cross-link ritux and 11B8. From Figure 6.12 it is evident that this
mADb on its own induces a low level (3%) of cell death. The level of PCD induced by
cross-linked ritux appears to be an additive effect of the PCD induced by ritux and MAH
alone. However, when 11B8 is cross-linked in Ramos cells, the level of PCD is

dramatically increased from 6% with 11B8 alone to 22% when cross-linked with SB2H2.

In Raji cells, the effect of hyper cross-linking CD20 is more pronounced. SB2H2 alone
does not induce PCD in Raji cells. However, when ritux is cross-linked with SB2H2, the
level of cell death increased four fold from 4% to 16%. Similarly, cross-linking of 11B8

resulted in an increase from 21% to 37%.

DNA fragmentation which is also a marker of programmed cell death induction was
assessed. In Raji cells, B1, 11B8 and ritux induced minimal fragmentation on their own.
However upon hyper cross-linking of 11B8 and ritux with MAH, the level of DNA
fragmentation was notably increased from 17 to 40% and 16 to 60% respectively. In
Ramos cells the level of DNA fragmentation occurring was lower. This correlates with
the sensitivity of these cells to CD20-induced PCD as seen in Section 6.2.1 with Ramos

cells being less sensitive than Raji cells.

Interestingly, we found that B1 alone was as effective at inducing PCD compared to

cross-linked 11B8 and ritux samples (data not shown). However, minimal DNA
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fragmentation occurs in Raji or Ramos cells with B1 indicating that the PCD induced by

mAb cross-linking is mediated through a different pathway compared to mAb alone.

In Chapter Five we demonstrated that hyper cross-linking of CD20 was required in
Ramos and Raji cells for generation of a Ca** flux (Section 5.2.2 and 5.2.3). Here we
have shown that hyper cross-linking enhances cell death induced by ritux therefore we

decided to investigate in the next section whether these two events were directly linked.
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Figure 6.12: The effect of hyper cross-linking on CD20-induced cell death. A) 1x10° Raji or Ramos
cells were stimulated with 5ug/ml ritux or 11B8 for 30 minutes at 37°C before the addition of 25pg/ml
mouse anti-human IgG (MAH). MAH treated cells were treated with 25ug/ml MAH alone. All samples
were harvested after 24 hours and analysed for cell death via Annexin V/P1 staining as outlined in Section
2.14.1. Data shown have the background cell death subtracted. Values are the mean and standard deviation

based on three independent experiments.
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Figure 6.13: Effect of hyper cross-linking on DNA fragmentation: 1x10° cells Raji (A) or Ramos (B)
cells were treated with 10pg/ml B1, 11B8 or ritux or 25ng/ml MAH. For hyper cross-linked samples, cells
were treated with Spug/ml mAb for 30 minutes at 37°C before addition of 25ug/ml MAH. After 24 hours
cells were harvested and assessed for DNA fragmentation by hypo PI staining as outlined in Materials and
Methods section 2.14.1.3. Values shown are the percentage of cells which have undergone DNA

fragmentation. Data shown is representative of two independent experiments.
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6.2.8 The importance of the BCR for CD20-induced cell death

In Chapter Five we demonstrated that the BCR was required to generate a Ca®* flux
through CD20 stimulation (Section 5.2.10). Additionally, in the previous section we
have shown that cross-linking of ritux results in an increase in the level of PCD induced
in Raji cells. To investigate if these two events are linked, the cell line Rx3 was assessed
for its ability to mediate CD20-induced PCD. In Section 5.2.10 Rx3 cells were shown to
lack sIgM expression and failed to induce a Ca®* flux upon CD20 hyper cross-linking.
Therefore, we utilised these cells to determine whether the BCR is required for PCD
induced by CD20. The data in Figure 6.14 demonstrates that Rx3 cells can mediate
CD20-induced cell death in a comparable manner to the parent Ramos cells. Even
though the level of PCD induced by anti-CD20 mAb is slightly lower in Rx3 cells
compared to Ramos cells, the hierarchy of potency in anti-CD20 mAb was the same with
AT80 being the most potent followed by ritux, B1, 11B8 and finally 1F5. This data
demonstrates that the BCR is not necessary for CD20 PCD.

We also examined the effect of hyper cross-linking in these cells. Both Rx3 and Ramos
cells were susceptible to a low level of death (<7% + SD) induced by the cross-linking
mAb SB2H2 (MAH). A cumulative effect was observed in cells treated with ritux and
MAH; the cell death induced by the mAb alone was 7% and 3% respectively compared to
10% cell death when Rx3 cells were stimulated with 11B8 and MAH together. However,
a synergistic effect was observed in Rx3 cells treated with cross-linked 11B8. 11B8 mAb
alone induced approximately 3% PCD in Rx3 cells however when cross-linked with
MAH, the level of PCD increased to 11%. The defining difference between Ramos and
Rx3 cells is that Rx3 cells lack sIgM expression. Therefore as a positive control, the
ability of anti-sIgM mAb to induce cell death in Ramos and Rx3 cell was compared. The
data in Figure 6.14 show that stimulation of sIgM can induce cell death in Ramos cells
however as expected, Rx3 cells are insensitive to anti-sigM mAb stimulation. As Rx3
cells display a lower sensitivity to CD20-induced cell death compared to Ramos cells, it
implies that the BCR is involved in CD20-mediated PCD. However, from the data in
Figure 6.14 it is evident that anti-CD20 mAb maintained the ability to induce PCD in the
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absence of the BCR suggesting that the BCR does not play a pivotal role in the induction
of PCD but may augment the level of PCD induced by anti-CD20 mAb. Furthermore, as
hyper cross-linking ritux in Ramos cells, which can induce a Ca*" flux (Section 5.2.2),
does not augment PCD and a similar result was obtained in Rx3 cells, we suggest that
Ca®" flux does not play an important role in CD20-mediated programmed cell death. As
Rx3 cells have undergone chronic stimulation it is therefore feasible that the normal
signaling cascades could be altered. Furthermore, as these cells have been chronically
treated with sIgM, a potent death stimulus, it is possible that the Rx3 cells have become

more resistant to PCD through selection of resistant clones.

Figure 6.14: The BCR is not crucial for CD20-induced cell death. 1x10° Ramos or Rx3 cells were
stimulated with 10 pg/ml anti-CD20 mAb B1, 11B8, AT80, ritux or IF5 or for hyper cross-linked samples
(+ MAH), cells were treated with 5 pg/ml ritux for 30 minutes at 37°C and 5% CO, before the addition of
25 pg/ml mouse anti-human IgG (MAH). MAH treated cells were treated with 25 pg/ml MAH alone. All
samples were harvested after 24 hours and analysed for cell death via Annexin V/PI staining as outlined in
Section 2.14.1. Data shown have the background cell death subtracted and are the mean and standard

deviation based on three independent experiments

mAb
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6.3 Discussion

51,52, 63,128 animal tumour models ! and

Accumulating evidence from in vitro studies
early clinical trials 129 have suggested that PCD plays an important role in the therapeutic
efficacy of CD20-directed immunotherapy. One of the most convincing studies to date
was performed using a mouse xenograft model in which F(ab’), fragments of the anti-
CD20 mAb BI1 (therefore lacking an Fc domain to activate ADCC or CDC) evoked an

effective therapeutic response 1

However, several unanswered questions regarding
anti-CD20 mAb therapy remain open for investigation. Firstly, why are certain patients
with CD20" malignancies resistant to ritux therapy and secondly what format of

programmed cell death is evoked by anti-CD20 mAb.

Here we demonstrate that not only do cells lines from different haematopoietic origins
have different sensitivities to CD20-mediated PCD but that some anti-CD20 mAb are
more effective inducers of PCD than others. From analysis of the potency of anti-CD20
mAb to induce cell death after 24 hours, it emerged that mAb could be grouped into
either high (for example B1) or low inducers of death (such as 1F5 and ritux). In the
previous three chapters type I anti-CD20 mAb, like ritux and 1F5, were demonstrated to
be good inducers of CDC, redistribution of CD20 into lipid rafts and generators of Ca?*
flux whereas their isotype-matched type II mAb 11B8 and Bl were the antithesis.
However, although B1 and 11B8 are unable to redistribute CD20 into lipid rafts or
generate a Ca®* flux, they are good inducers of programmed cell death in contrast to
isotype-matched type I mAb 1F5 and ritux, respectively. These data indirectly indicate
that calcium flux generation and redistribution into lipid rafts is not important for cell
death induction through CD20 ligation. Although it should be noted that these
characteristics of B1 and 11B8 do not appear to be why type Il mAb are such good
mediators of PCD as based on AT80’s ability to redistribute CD20 into TX-100 insoluble
rafts (see Figure 4.5) we classified this mIgG1 mAb as a type I mAb however it is a good
inducer of PCD. Intriguingly, AT80, a type I mAb based upon its ability to redistribute
into rafts was unexpectedly potent at evoking PCD. These data indicate that some ill-

defined property of anti-CD20 mAb confers the ability to evoke PCD.
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We demonstrated here that from analysis of eight B cell lines, cell lines could be divided
into three groups based on their sensitivity to CD20-induced cell death; low sensitivity
cell lines such as ARH77 and MHH pre-B-1, moderately sensitive cell lines SUDHL4
and EHRB, and highly sensitivity ones such as Daudi and Raji cells. The reason for the
differences in sensitivity of cell lines to CD20-induced PCD remains unclear. One of the
suggested factors in resistance of CLL patients to ritux therapy is due to their low
expression of CD20 195 On comparison of CD20 expression level in the eight cell lines
tested, SUDHL4 had the highest CD20 expression level, yet was only classed as a
moderately sensitive cell line. Daudi and Raji cells, which express less than half the level
of CD20 present on SUDHLA4 cells, were highly sensitive to CD20-induced PCD. From
analysis of transfected NS/0 cells it appears that a critical CD20 expression level is
required for efficient PCD induction. Clones 8 and 5 express very low levels of CD20
and are not sensitive to CD20-induced cell death. In Clone 3 cell death is induced by
anti-CD20 mAb. Even though the CD20 expression level increases linearly from Clone 3
to 21, the level of cell death occurring remains almost constant. This suggests that there
is not a linear relationship between CD20 expression level and sensitivity to CD20-
induced death but that a threshold expression level must be reached. Once the minimum
threshold is overcome, the level of cell death for that particular cell line will depend on
the inherent characteristics of the cells. The B cell lines assessed were from different
haematopoietic origins (see Table 2.1). Studies by our group and others have shown that
expression level of Bel-2 is not an important factor in CD20-mediated PCD % %,
However, there are a range of other molecular alterations that can occur in a cell upon
malignant transformation such as myc up regulation, p50 deregulation and EBV infection
which can all impact on the sensitivity of cells to programmed cell death '% 19> 225,
Hence we suggest that the difference in sensitivity between the cell lines is probably due

to the inherent differences between the lymphoma cell lines.
A close correlation was found to exist between the sensitivity of cell lines to CD20-

mediated cell death and the extent to which cells aggregated. From analysis of four cell

lines, it was apparent that Tanoue cells undergo the lowest level of cell-cell adhesion.
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This level of aggregation was increased in EHRB cells and higher again in Daudi and
Raji cells. The trend of increasing homotypic adhesion was reflected in the sensitivity of
the cell lines to CD20-induced cell death where Tanoue cells were the least sensitive and
Raji were the most sensitive. Not only did the cell lines vary in the extent to which they
aggregated but anti-CD20 mAb also differed in the level of homotypic aggregation that
they induced. The level of adhesion induced was directly correlated to the PCD potency
of the mAb. Bl and AT80 are the most potent inducers of cell death and were found to
induce the highest levels of aggregation compared to poor inducers such as ritux and 1F5.
As B cells can express Fc receptors, it may be postulated that the extent of aggregation
would be related to the mAb isotype. However, this is not the case as both B1 and 1F5
are mlgG2a yet clearly demonstrate different potencies of homotypic aggregation and
programmed cell death.

37

Integrins are the main family of proteins involved in homotypic adhesion 2*”. Integrins

are non-covalently associated a3 heterodimeric cell surface receptors which can bind to

counter-receptors on adjacent cells >**

. LFA-1 dependent adhesion has previously been
linked to CD20 stimulation *°, therefore we assessed whether the blockade of this
receptor with mAb would affect CD20 mediated cell death. Of the 4 cell lines analysed,
only Raji cells were positive for LFA-1. Co-incubation of Raji cells with anti-CD20
mAb and anti-LFA-1 mAb resulted in a reduction in homotypic adhesion occurring over
6 hours compared to cells stimulated with anti-CD20 mAb alone. However no difference
in the level of cell death induced by B1 mAb was observed (data not shown). Hence, we
suggest that homotypic aggregation does not have an active role in PCD induction but is

rather a reflection of the level of cell death occurring.

Cytoskeleton remodelling is known to play an important part in lymphocyte activation

and signalling 2.

We have revealed in this chapter that actin polymerisation plays a
central role in the induction of CD20-mediated cell death. The disruption of actin
polymerisation with three different inhibitors significantly reduced the PCD induced by
anti-CD20 mAb. In Daudi and Raji cells, inhibition of actin polymerisation resulted in

the reduction of B1 and AT80-induced cell death to a baseline level. In agreement with a

232



recent publication by Li et al *, we found that inhibition of actin polymerisation did not
affect anti-CD20 mAb binding to their target or of their ability to redistribute CD20 into
TX-100 insoluble rafts. Furthermore, we found that the inhibition of actin polymerisation
by Latrunculin A did not affect Ca** flux induction by ritux stimulation in Ramos and
SUDHLA4 cells (data not shown). Together with the observation that type Il mAb like B1
are the most potent inducers of PCD and the least potent generators of a calcium signal
and CD20 redistribution (Section 5.2.1 and 4.2.2 respectively) suggests that CD20-
mediated Ca®" flux generation and CD20-induced PCD are mediated by independent
signalling pathways. The Ca* signalling pathway is induced by type I mAb such as ritux,
dependent on CD20 redistribution into rafts and independent of actin rearrangement. In
contrast, type II mAb like B1 are potent inducers of PCD. This pathway is independent

of CD20 redistribution into rafts but dependent on cytoskeleton rearrangement.

The type of programmed cell death pathway induced by anti-CD20 mAb remains unclear.
One of the defining characteristics in what is termed ‘classical’ apoptosis is the

involvement of caspases '** ',

These cysteine proteases have been reported to be
involved in CD20-induced cell death in Ramos and BL60 cells % 6% °!, However, we
found that inhibition of caspase activation by chemical inhibitors ZVAD and VDVAD,
had no effect on the level of PCD induced by B1 or AT80 mAb in EHRB and Raji cells
at a concentration sufficient to induce a notable reduction in the level of Fas-induced cell
death. The reason for the conflicting results between us and those published in the
literature is most likely due to the use of different mAb treatment conditions. For our
assays, cells were treated with anti-CD20 mAb alone. In the other reports, anti-CD20
mAb were cross-linked with a suitable secondary mAb or FcR-expressing cells for 24
hours. In Chapter Five, cross-linking of type I mAb like ritux, as required to generate a
calcium flux in Ramos and BL60 cell lines (Section 5.2.2 and 5.2.3). From the reports
and results shown in this chapter (Figure 6.15), it is evident that ritux alone is not

sufficient to induce high levels of PCD but that cross-linking of the mAb can generate an

effective response.
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Another key event in PCD is its regulation by mitochondrial proteins where a balance
between pro- and anti-apoptotic Bcl-2 family members can determine the fate of the cell
157 Like caspase activation, the involvement of mitochondria in CD20 stimulated cell
death is still debatable. Van der Kolk et al '® demonstrated that even though
mitochondrial regulation and caspase activation are involved in the CD20 death pathway,
they are not pivotal to the execution of cells by anti-CD20 mAb. Another group reported
that in a clinical trial ritux therapy in combination with Bcl, anti-sense siRNA, achieves a
higher overall response than ritux on its own 167240 However, we and other groups have
found that Bcl, expression does not effect the sensitivity of cells to CD20-mediated PCD
%36 In this chapter we assessed the role of mitochondria by comparing the CD20-
induced cell death in normal cells to cells which had their mitochondria removed, known
as cytoplasts. It was demonstrated that the removal of mitochondria resulted in a minor
decrease in the level of programmed cell death occurring in Daudi and Raji cells when
stimulated with B1 or AT80. However, due to the small extent of the decrease it is
suggests that mitochondria do not play a central role in CD20 induced cell death.
Furthermore, during the generation of cytoplasts along with mitochondrial removal, the
nucleus is also removed. As only a minor difference was observed in the cell death
induced in normal cells compared to cytoplasts, it suggests that the death pathway is also

independent of gene transcription

As neither caspases nor mitochondrial regulation appears to play a major role in PCD
induced by anti-CD20 mAb alone, we suggest that a non “classical” apoptotic pathway is
involved in CD20 mediated killing. The theory that anti-CD20 mAb alone do not induce
a classical apoptosis pathway is in agreement with reports that nuclear fragmentation
often does not occur during CD20-induced death >"->>%*! | The exact cell death pathway
employed by CD20 has yet to be defined. However, on the basis of Jaattalias '’°
classification of different PCD pathways, CD20-meditated cell death pathway is probably
a type of apoptosis-like PCD rather than necrotic pathway due to the similarities it shares
with the classical apoptosis pathway. As such, cells undergoing CD20-mediated PCD
can demonstrate phosphatidyl serine flipping (as shown by Annexin V positivity) and

mitochondrial involvement (as demonstrated by the cytoplasts).
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In receptor mediated cell death pathways, activation of intracellular kinases is often
required e.g. Src kinases in BCR receptor signalling " The signalling pathways
associated with CD20 are still not clearly defined. Upon stimulation of CD20 with certain
mADb, it has been reported that CD20 itself can become phosphorylated as well as a range
of cellular proteins such as phospholipase Cyl and PKC 45. 61 6 The tyrosine kinase
activity associated with CD20 is primarily mediated through Lyn kinase, a member of the
Src family protein tyrosine kinases, which is linked to CD20 via an adaptor protein
believed to be PAG *® '*°. To assess the role of such kinase activity in CD20 mediated
cell death, the intracellular inhibitors PP2 was utilised. In Raji cells, both B1 and AT80
mediated cell death was reduced by the inhibition. However in Daudi cells, PP2
treatment did not affect B1-induced PCD and only had a minor effect on AT80-induced
killing. Due to the incomplete abrogation with PP2 and the difference between cell lines,
it indicates that Src family kinases may play a role but are not pivotal to effective
induction of CD20-induced PCD. These results are in contrast to other reports which
demonstrated a clear reduction in the level of PCD occurring in Ramos cells however,

they studied the effects on cross-linked mAb rather than mAb alone %3,

Further to the involvement of Src kinases we demonstrated that PI3 kinase also plays a
role in the promotion of CD20-induced PCD. There was a notable reduction, over 50%
in most cases, in the cell death induced by B1 and AT80 mAb in both Raji and Daudi
cells with PI3 kinase inhibition. However, of the three kinases assessed in this chapter
only ERK kinase appeared to play a possible protective role in AT80 and ritux mediated
cell death. Inhibition of this kinase resulted in a slight increase in the level of PCD
occurring in both Raji and Daudi cells. However no effect was observed in B1-mediated
PCD. The involvement of ERK kinase has been reported by Mathas and colleagues !
who compared the cell death signalling pathways induced by CD20 (hyper cross-linked)
and the BCR. They found that in BL60 cells CD20 and BCR induced PCD showed
similar characteristics with up-regulation of the pro-apoptotic protein Bax, caspase
activation, c-myc down-regulation and ERK phosphorylation. A lot of these

characteristics are in contrast to our findings. However, once again the mAb treatment
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conditions were different, in their report they utilised immobilised anti-CD20 mAb
(IDEC-C2B8, the murine parent of ritux) which essentially results in a cross-linking
effect. Interestingly, in one of their assays soluble and immobilised IDEC-C2B8 were
compared and it was found that in contrast to the result with immobilised mAb, with the
soluble form no down-regulation of c-myc occurred. There has been much dispute over
the effect of cross-linking anti-CD20 mAb on PCD induction. Our group and others have
reported that cross-linking of B1 has no effect on the level of PCD 52,192 However, Shan
and colleagues °! demonstrated that B1 cross-linking in Ramos cells resulted in a notable

increase in the level of PCD.

We suggest that an explanation for why our results differ from most of the published data
on CD20-mediated PCD is that we investigated the ability of mAb alone to induce cell
death whereas others have used anti-CD20 mAb cross-linked with either a polyclonal

>l We found that if ritux and 11B8 mAb were cross-

antibody or Fc expressing cells
linked with a mouse anti-human Fc mAb, the level of PCD induced in Raji cells was
notably increased (with only 11B§ being increased in Ramos cells). Furthermore we
found that cross-linking resulted in DNA fragmentation where minimal fragmentation
was observed in cells treated with mAb alone. As Ramos and Raji cells require hyper
cross-linking for the generation of a Ca** flux (see Section 5.2.2 and 5.2.3) it would seem
an obvious suggestion that the increase in PCD is somehow linked to Ca** flux
generation. There are several reports to support this claim; firstly, PLCy2 which is
involved in calcium signalling has been reported to be involved in CD20-induced PCD ,
secondly, DNA fragmentation has been reported by some groups who use cross-linked
ritux >' and thirdly, caspase activation has also been reported to occur in assays using
hyper cross-linked CD20 ** %!, Finally, It has been reported that rapid influx of Ca**

into the cell can lead to caspase cleavage **2.

Together, these results suggest that the
PCD induced by cross-linked anti-CD20 mAb could be more like classical apoptosis. In
contrast, we found that in B1-mediated cell death minimal DNA fragmentation occurred
and caspase activation was not important. To formally address the question of the
importance of Ca" flux generation we used Rx3 cells. In the previous chapter we

demonstrated that these cells lack sIgM expression and fail to generate a Ca** upon type I
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anti-CD20 mAb stimulation (Section 5.2.10). In contrast to the inability of anti-CD20
mAb to generate a Ca®* flux in these cells, we found that anti-CD20 mAb maintained
their ability to induce PCD, albeit at a lower level than Ramos cells. This reduction may
be due to the chronic stimulation of these cells to achieve a sIgM negative cell line and
therefore selecting a more PCD-resistant clone or it could indicate that the BCR is
important in enhancing CD20-mediated PCD. However, it is clear that unlike CD20-
induced Ca®* signalling, CD20-induced PCD is not entirely dependent on the presence of
the BCR thereby suggesting that these events are mediated through distinct pathways. In
support of this, the type II anti-CD20 mAb B1 is one of the most potent inducers of PCD
yet we have reported in the previous chapter that it did not induce a Ca®* flux. However
it should be noted that it appears likely that different PCD pathways can be evoked
through CD20 stimulation. From conflicting reports in the literature and our results
regarding caspase involvement, DNA fragmentation and mitochondrial regulation, it is
becoming apparent that the PCD induced by anti-CD20 mAb alone and that induced by
cross-linked anti-CD20 mAb may be mediated through two distinct pathways.

In conclusion, anti-CD20 mAb can induce an apoptosis-like PCD in B cell lines. The
extent of PCD depends on the anti-CD20 mAb used and the inherent sensitivity of the
cell line. We demonstrated that the signalling pathway involved was not synonymous
with classical apoptosis as the PCD induced by anti-CD20 mAb was independent of
caspase activation and had minimal dependence on mitochondrial regulation. Dissection
of the signalling pathway involved in the cell’s demise revealed that arrangement of the
actin cytoskeleton, PI3 kinase activation and to a lesser extent, Src kinase and ERK
kinase activity are all involved. Further investigation into the possibility that a para-
apoptotic cell death pathway is utilised in B1 and AT80 mediated cell death, in contrast
to the more classical apoptotic pathway used in cross-linked mAb mediated death is

currently under investigation in our laboratory.
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CHAPTER SEVEN

7.0 Final discussion and further work

CD20 is a 33-37kDa phosphoprotein which is the target for the highly successful
monoclonal antibody drug, Rituximab (ritux). Ritux has been used in the clinic to
treat over half a million patients with NHL and other B cell malignancies and is
actively being investigated for therapeutic effects in other B cell disorders such as
SLE and Rheumatoid Arthritis *****. The ability of ritux to deplete B cells in vivo is
undisputed but the effector mechanisms employed are still being debated. Our
knowledge of the molecular and cellular mechanisms by which anti-CD20 mAb
deplete B cells has recently been extended by the generation of anti-mouse CD20
mAb allowing for the study of murine models *’. Tedder and colleagues have
demonstrated that the effector mechanism employed is dependent on the
microenvironment where B cells in circulation are more rapidly cleared by ADCC
compared to B cells within tissues such as the spleen where depletion is slower and
more dependent on CDC **'*8. However, several questions remain to be addressed
such as how the dynamics of B cell depletion change in the presence of tumour and
whether Fc independent mechanisms such as apoptosis are involved. Furthermore, as
ritux and other anti-human CD20 mAb do not recognise mouse CD20, transgenic
mice expressing human CD20 must be generated to study the effects of the anti-CD20
mAb used in the clinic. Importantly, a recent report by Gong and colleagues *°
support Tedder’s observations in the dynamics of B cell depletion by ritux and 2H7
mAb in tumour free mice. Again it will be interesting to see how the dynamics

change in tumour bearing mice.

In this project we assessed a panel of anti-human CD20 mAb for their ability to evoke
different effector mechanisms in B cell lymphoma cell lines. Our first line of
investigation was to assess a panel of anti-CD20 mAb for their ability to induce
complement lysis. We found that even though all the mAb bound the same target
antigen, they were not all effective at evoking complement lysis. The classical
complement cascade is activated by the binding of C1q to the Fc domains of two or
more juxtaposed surface bound mAb and known to be isotype dependent > '*°. We

found that anti-CD20 mAb could be divided into two groups; Type I mAb such as
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ritux and 1F5 which were good inducers of complement and poor inducers of
complement lysis such as 11B8 and Bl which were classed as Type II mAb.
Importantly, although isotype was a factor in determining the efficacy of the mAb to

give complement lysis, the type of mAb was more critical.

The extent of complement lysis induced by anti-CD20 mAb was found to be
dependent on several other factors. In agreement with Golay and colleagues 18 we
demonstrated that the expression level of CD20 and of complement defence
molecules CD55 and CD59 all regulate the level of CDC. This finding was not
unexpected as firstly, as Clq requires two juxtaposed Fc domains for binding and
activation, the higher the expression level of CD20, the greater the probability of
effective Clq binding. Secondly, both CD55 and CD59 are complement defence
proteins which interject at pivotal points in the complement cascade to hinder lysis.
Therefore, with lower expression levels of CD55 and CD59 higher complement lysis
is achieved by anti-CD20 mAb. These findings however did not explain why anti-
CD20 mAb of the same isotype can mediate such different effects. To further probe
these unexpected observations, we assessed the binding properties of the two types of
mAb. We found that at saturating concentrations, Type I mAb like ritux and 1F5
bound at twice the level compared to their Type II isotype-counterparts, 11B8 and B1,
respectively. The reason for this is currently unclear but may possibly be explained
by the binding mode of the mAb and we are currently exploring this phenomenon.
Interestingly, even when the Type and isotype of mAb are considered, differences in
CDC potency are still evident and so other factors may also serve to regulate CDC.
Other work in our laboratory has shown that 7D8 is more potent than ritux and
suggested that this difference is due to the slower off-rate of 7D8 2%°. It is speculated
that this results in 7D8 interacting more stably with C1q for effective induction of the
complement cascade. However, it is clear that the type and isotype are the two most
critical parameters that largely define the ability of the anti-CD20 mAb to induce
potent CDC. In Chapter Four we potentially provide the explanation for this marked
difference in CDC efficacy between the Type I and Type II mAb; essentially their
differential ability to effectively redistribute and cluster CD20 into TX-100 insoluble

rafts in the cell membrane.
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Lipid rafts are believed to be small micro-domains in the membrane that contain
important signalling molecules such as G proteins and Src family kinases . 7
Partition of receptors in and out of these domains is thought to be important in the
initiation and regulation of some cell signalling cascades 7 Here we demonstrate by
sucrose density gradients, detergent fractionation and a flow cytometric assay that
Type 1 mAb (ritux and 1F5) can effectively redistribute CD20 into TX-100 insoluble
domains whereas Type II mAb (B1 and 11B8) can not. Furthermore, in line with
other reports "> we found that of five surface antigens assessed, CD20 was the only
protein to redistribute into TX-100 insoluble rafts after the addition of mAb alone.
Like CDC potency, we found that within the Type I mAb the extent of distribution
differed slightly where the level of 7D8-mediated redistribution of CD20 into rafts
was higher than other Type I mAb ritux and 1F5. This we suggest relates to the off
rate of the mADb, as 7D8 has a slower off rate compared to the other two mAb and so
may stabilise the raft domain more effectively hence conferring greater overall

resistance to TX-100 solubilisation.

TX-100 is a relatively stringent detergent. A recent report by Li and colleagues 68
suggest that cells which were treated with ‘weaker’ detergents like CHAPS or Brij 58,
found CD20 to be constitutively associated with the insoluble raft domain. Our
results support this observation. In untreated cells lysed in Brij 58, CD20 is found in
the detergent insoluble raft domain. Importantly, CD20 is also found in the raft
domain after Type II mAb treatment suggesting that Type II mAb are not
redistributing CD20 out of rafts. Cholesterol is an important constituent of cell
membranes which is found intercalated between phospholipids. It is believed that
cholesterol plays a pivotal role in the tight-packing of raft micro-domains **. In
further support of the theory that CD20 constitutively resides in mini-rafts, we found
that cholesterol disruption with MCD resulted in loss of CD20 from the raft domains
in untreated cells lysed in Brij 58. We also showed that cholesterol extraction leads to
a reduction in anti-CD20 mAb binding. The extent of the reduction was dependent on
the mAb and the cell line. CD20 is a tetra-span molecule and therefore has two
extracellular domains however it is believed only one loop is available for binding
and within this loop an alanine-x-proline epitope was crucial for the binding of all
anti-CD20 mAb assessed 2. As MCD affects the binding of all anti-CD20 mAb, we

suggest that this epitope is also conformation dependent with the stringency of
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cholestero! holding the CD20 in the optimal orientation in the membrane for mAb
binding. Why some cell lines are more sensitive to cholesterol depletion is unknown
although it possibly relates to the amount of cholesterol already present in the
membrane where cells with high cholesterol may not be as severely affected by MCD
treatment compared to those with lower cholesterol content. Further work is required

to investigate this.

As CD20 (untreated and ligated with Type II mAb) is associated with rafts when
assessed by Brij58 but not when assessed with TX-100, we suggest that the distinction
between Type I and II mAD to redistribute CD20 into TX-100 insoluble domains is
reflective of the ability of Type I mAb to cluster these Brij-58 insoluble mini-rafts
into a stable ‘macro-domain’ which is insoluble to TX-100. On further investigation
into this clustering event we revealed that bivalent binding of mAb to CD20 is not
required for redistribution where ritux and 7D8 Fab fragments effectively translocated
CD20 into TX-100 insoluble domains and importantly bivalent binding was not
hindering the ability of Type II mAb to redistribute CD20. Early cell signalling
events like Src kinase phosphorylation and actin cytoskeleton rearrangement were not
involved in this redistribution event perhaps indicating that Type I mAb induce a
conformational change in CD20 in the plasma membrane which somehow favours
cholesterol rich domains. Alternatively, it is still feasible that a signalling cascade is
involved in this redistribution. Recently it has been suggested that small
microdomains are converted into lipid rafts by the action of acid sphingomyelinase
which hydrolyses sphingomyelin to ceramide "’. These ceramide moieties can then
spontaneously associate to form large raft domains. Interestingly, Bezombes et al
reported that cross-linked ritux generates activated acid sphingomyelinase providing a
possible explanation for the association of Type I bound CD20 with TX-100 insoluble
rafts. However, as redistribution still occurs at 4°C, which is likely to be prohibitive
for an enzymatic reaction and is reversible (M Cragg, personal communication ) we

favour the conformational change hypothesis.

In all of our assays Type II mAb were unable to perform this redistribution event
effectively. Furthermore, to rule out the possibility that Type II mAb were
redistributing CD20 but at a slower rate as to avoid detection within the normal 15-30

minutes assessed, we assessed the cells over a 24 hour period. We found that no
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redistribution of CD20 was observed upon Type II mAb stimulation yet Type I mAb
redistributed CD20 within 15 minutes and held CD20 in the TX-100 insoluble domain
for the 24 hour period.

The existence, size, nature and importance of lipid rafts remains controversial 8
Therefore we used a flow cytometric FRET technique to demonstrate that it is not
necessarily the association of CD20 with lipid rafts which distinguishes Type I from
Type II mAb but the clustering of CD20 together. The FRET assay detects whether
proteins are within 10 nm of each other. This technique has the advantage over the
sucrose density gradients and the TX-100 flow cytometry assay in that analysis can be
performed in real time on live cells and it does not require detergent. From our FRET
analysis it was found that Type I mAb clustered CD20 molecules within 10 nm of
each other whereas Type Il mAb did not. The level of the FRET signal was dependent
on the expression level of CD20 however even in SUDHL4 cells which express three
fold higher levels of CD20 compared to most B-cell lines, B1 could only generate a
low level FRET signal. Furthermore, we suggest this low level FRET is due to the
high expression level of CD20 on the SUDHLA4 cells increasing the probability of
CD20 molecules being sufficiently close to generate a signal without the need for

redistribution.

Clustering of CD20 by Type I mAb was a time and temperature dependent event.
Furthermore, by performing TX-100 lysis and MCD treatments we demonstrated that
this clustering of CD20 by Type I mAb was reflective of the ability of these mAb to
redistribute CD20 into TX-100 rafts.

To support the results obtained from density gradients, TX-100 flow cytometry assay
and FRET we used immuno-electron microscopy to create a more visual image of this
redistribution event at the cell surface upon Type I and Il mAb ligation. The Type I
mADb ritux produced a staining pattern indicating that CD20 (and the bound mAb)
became clustered into groups of 5 or more whereas the Type Il mAb 11B8 generated
a staining pattern indicating that CD20 molecules were primarily found alone or in
groups of two. These results confirm our findings with FRET and detergent assays
that Type [ anti-CD20 mAb like ritux and 7D8 can effectively cluster CD20 into
domains which are TX-100 insoluble whereas Type II mAb like B1 and 11B8 fail to
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effectively cluster CD20 in the membrane. The significance of CD20 translocating
into clusters is still unclear. We have reported that clustering of CD20 by Type I
mAb may explain its unexpectedly high ability to mediate complement lysis
compared to other surface antigens 87 However, lipid rafts are also believed to act as
signalling platforms therefore it is feasible that CD20 redistribution into these

domains is also important for initiation of intracellular signalling cascades.

Further to this suggestion, the FRET analysis suggested that upon redistribution with
Type I mAb, CD20 localises with important signalling molecules such as the BCR
and CD59. This localisation was not found when CD20 was ligated with Type II
mAb. The association with CD359 upon Type I mAb ligation would be somewhat
expected considering CD59 is GPI-linked protein and therefore is constitutively
associated with rafts ", however the BCR is not believed to be constitutively
associated with lipid rafts possibly suggesting that this association is not simply a raft
co-localisation event but may have important signalling consequences. In 1993,
Bubien et al *° demonstrated that CD20 could mediate calcium conductance. They
demonstrated by patch-clamp analysis that different non B-cell lines transfected with
CD20 showed a notable increase in transmembrane Ca”" conductance. Recent work
by Li and colleagues ** demonstrated that CD20 is important for BCR-mediated
calcium flux where it operates as part of a SOC channel response. However, it is still
unknown whether CD20 itself is the SOC channel or whether it regulates one.
Furthermore, limited work has been reported on the ability of anti-CD20 mAb to

62, 63, 65, 221

actually induce a Ca®* flux . For this reason, we investigated the ability of

Type I and II mAb to induce caclium flux.

We demonstrated that only Type I mAb could generate a Ca®* flux. In Ramos cells the
calcium flux required enhanced cross-linking and further investigation of other B cell
lines revealed that the level of Ca®* flux and requirement for cross-linking was
dependent on the expression level of CD20. At very high expression levels of CD20
like in SUDHLA4 cells no hyper cross-linking was required to generate a flux but as
the expression level decreased, cells required hyper cross-linking to generate a flux
and the size of the flux correlated to the expression level of CD20. Interestingly, we
found that when murine NS/0 cells expressing human CD20 (at a higher level than

SUDHL4 cells) were stimulated with Type I mAb no Ca?" flux was observed,
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suggesting that some component required for caclium flux is lacking in the murine
cells. In turn this suggestion implies that CD20 does not act as a simple ion channel
opening after ligation and indicates that CD20 calcium flux requires a signaling

cascade.

Store operated channels (SOC) are thought to be one of the main ion channels in

operation in non excitable cells such as lymphocytes 8

These channels open upon
the intracellular store release of Ca®* which allows calcium entry from the
extracellular space to enter the cell and replenish the stores. We demonstrated that
SOC were involved in both CD20 and BCR mediated Ca*" flux. This finding is in
support of a recent publication by Li and colleagues *8 who reported that CD20 acts as
a SOC for BCR-mediated Ca®* flux in Ramos cells. Little is known about the
regulation of these channels and what the exact signal is required for the opening and
closing of the channel. It appears the level of free Ca®* in intracellular stores is the
deciding factor where the ion channels are open when the intracellular stores are
depleted and closed when the stores are full. One reported regulator in the BCR-
mediated calcium signalling pathway is Fc receptors where FcyRIIB has been shown
to negatively regulate the flux *'>. These receptors are expressed on haemopoietic cell
lineages including B lymphocytes. In SUDHL4 cells, we found that Type I mAb

fragments which lack the Fc domain (F(ab’),) generated a higher flux compared to

Fc-bearing mAb suggesting that Fc receptors also negatively regulate the CD20-

mediated Ca®" flux.

It has been a common theory that CD20 may act as an ion channel based on its tetra-
span structure and ability to oligomerise in the membrane. For this reason little work
has been afforded to the possibility of CD20 mediating Ca®* flux through a signalling
cascade. As CD20 and the BCR calcium signalling pathways showed striking
similarities in their involvement of SOCs and regulation by Fc receptors, we decided
to target important signalling mediators in the BCR-mediated pathway and assess
their effect on CD20-mediated Ca** flux. Our findings demonstrate that in both
SUDHL4 and Ramos B cell lines, the Ca®* flux induced by Type I mAb is mediated
by an intracellular signalling pathway synonymous to that of the BCR calcium
signalling cascade. We demonstrate for the first time that Syk and PI3 kinase are

involved in the generation of a CD20-mediated Ca®* flux and the Src family kinases
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appear to negatively regulate the flux where MAPK, ERK and P38 kinases were not
found to play a role. The involvement of Syk kinase in the signalling pathway is
somewhat surprising considering the intracellular domain of CD20 has no ITAM
motifs and the only kinases reported to be associated with CD20 are Src family
kinases which are linked via an adaptor protein %8 In BCR signalling Syk associates
with the BCR signalling complex via tyrosine motifs in the ITAMs of CD79. Several

23, 2% suggest that Syk is the main kinase necessary for generation of a Ca*

reports
flux generated through sIgM stimulation and as there is no known direct or indirect
association of CD20 with Syk, we suggest that CD20 and the BCR calcium signalling

cascades are linked.

A number of lines of evidence support the hypothesis that CD20-mediated Ca®* flux
is linked to its interaction with the BCR. Firstly, both CD20 and BCR signalling
pathways involved the use of SOCs and appeared to be regulated by Fc receptors.
Secondly, we demonstrated by FRET that CD20 localises with the BCR upon Type I
mAb stimulation and not with Type II mAb. Thirdly, the calcium signalling pathways
induced by CD20 and BCR stimulation appear to be virtually identical as judged by
inhibitor analysis. Hence, we decided to formally address the importance of the BCR
in CD20-mediated Ca®* flux by generating a BCR negative derivative of the Ramos
cell line called Rx3. We found that these cells retained normal CD20 signalling
ability in that Type I mAb could redistribute CD20 and anti-CD20 mAb could induce
PCD to a comparable level to that observed in normal Ramos B cells. However, the
one clear effect of the BCR absence was the inability of these cells to generate a Ca”*
flux through Type I mAb stimulation. To support our theory, primary CLL cells from
a selection of patients were assessed for their ability to mediate Ca** flux generation
by CD20 and BCR mAb stimulation. One common phenotype of this disease is the
dim expression of sIgM 216 1 ike the Rx3 cells, these cells failed to induce a Ca®* flux
upon CD20 stimulation or through sIgM stimulation. Interestingly, we found that like
Ramos cells and cell lines expressing lower levels of CD20, if sIgM was hyper cross-
linked by the addition of a secondary mAb then a Ca** flux could be generated. This
result leds us to postulate that CD20 requires a threshold level of sIgM to generate a
Ca** flux with type I mAb stimulation. Above this threshold, there is sufficient slgM
on the surface to be ‘trapped’ in the cluster formed by the ligation of type I anti-CD20
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mAb which upon hyper cross-linking bring the ‘trapped” BCR complexes in close
enough proximity to signal through their ITAMs.

We also looked at the effect of cholesterol extraction by MCD on the flux generated
through CD20 and BCR stimulation. Previously, we demonstrated that MCD
treatment resulted in the loss of CD20 from the TX-100 insoluble domain. Recent
reports have suggested that CD20 requires raft integrity to generate a Ca®* flux .
Here we found that MCD treatment resulted in a reduced Ca>* flux induced by CD20.
This reduction in flux was not due to a reduced association of CD20 and the BCR but
more so on the ability of Type I mAD to cluster CD20 together. We also found that
upon CD20 hyper cross-linking in Ramos cells, CD20 and the BCR dissociated.
This dissociation was not due to internalisation of the BCR and could not be inhibited
by blocking the Ca** flux using intracellular inhibitors. Interestingly, Petrie et al 47
reported that in Ramos cells, CD20 and the BCR localise together in the membrane
and upon BCR stimulation they dissociate. They reported no dissociation upon anti-
CD20 mAb addition. However, it is noteworthy that the addition of anti-sIgM mAb
alone would be sufficient for Ca** flux generation but for CD20-mediated Ca** flux, a
secondary mAb (as we have shown by FRET analysis) would have been required to
observe the dissociation. As blocking the Ca®* flux has no effect, the significance of

this event is unclear and may simply be a physical consequence of tight packing of the

CD20 microdomains upon the addition of the secondary mAb.

In summary, we believe that Type I mAb cluster CD20 microdomains in the
membrane leading to close localisation or entrapment of BCR complexes within the
clustered domains. Upon hyper cross-linking with a secondary mAb, these clustered
domains are compacted even further, bringing the localised BCR complexes closer
together (possibly mimicking anti-BCR mAb stimulation) allowing for initiation of a
Ca’" signalling cascade at which point the BCR complexes and CD20 dissociate

(Walshe et al, in preparation).

An intracellular change in Ca®’ is a relatively early event in most cell signalling
cascades. We looked for downstream effects of this pathway in the activation of
MAP kinases ERK1/2 and P38 and changes in NF«kB activity. We found that in
Ramos cells ERK1/2 were phosphorylated upon Type I mAb stimulation. This
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phosphorylation was not observed with Type II mAb stimulation. Furthermore, we
found that in the presence of calcium chelators, or kinase inhibitors which reduced
(PI3K) or ablated (Syk) the CD20 mediated flux, the level of ERKI/2
phosphorylation was reduced and in Rx3 cells which are unable to mediate a CD20
Ca*" flux, no ERK1/2 phosphorylation occurs. From these results we suggest that
ERK1/2 phosphorylation is a downstream event in the CD20 mediated Ca** signalling
pathway although more work is required to establish if it is a result of release of Ca*"
from intracellular stores or Ca®" influx from the extracellular domain. In addition,

more work is required to find a downstream consequence of this pathway possibly

activation of AP-1°! or TNF-q '?7.

Anti-CD20 mAb, in particular ritux, are being extensively used in the clinic to treat a
variety of diseases due to their effective depletion of B cells 104,105,283 * We have
already demonstrated that Type [ mAb are efficient mediators of complement lysis. It
is believed that programmed cell death is another mechanism utilised by anti-CD20
mAb in the destruction of B cells >3 ®, Once again, we found a distinction between
Type I and II mAb except this time it was the Type II mAb Bl and 11B8 that
performed more efficiently than their Type I counterparts. The level of cell death
induced by the mAb was dependent on the inherent sensitivity of the cell line. As cell
lines are derived from lymphomas which by their nature are highly heterogeneous in
their mechanism of tumourogenesis, evasion of immune surveillance etc., the
sensitivity of the cell line could depend on a host of factors such as the EBV status,

P53 mutations or chromosomal translocations such as Bcl-2 or Myc!6% 225226,

Rearrangement of the actin cytoskeleton is an important early event in many

. . 24
signalling cascades **.

We found that inhibition of actin polymerisation in three
different cell lines resulted in a significant reduction in CD20-induced PCD. This was
found to be independent of the cell line or mAb used with B1, AT80 and ritux
induced cell death being reduced to background level. Inhibition of polymerisation
however did not affect the ability of Type I mAb to redistribute CD20 into TX-100
insoluble rafts. Furthermore, inhibition of actin polymerisation had no effect on the

Ca*" flux induced by Type I mAb (data not shown). This together with the fact that
Type II mAb (poor redistributors of CD20) are more effective at inducing PCD
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suggests that the signalling cascade involved in PCD induction is distinct from that

involved in the redistribution of CD20 and Ca®" flux generation.

The ‘classical’ apoptotic pathway involves caspase activation and regulation by Bel-2
family of mitochondrial proteins 1 However, the cell death pathway induced by B1
did not show the characteristic signs of classical apoptosis. Firstly we demonstrated
that caspase activation is not required for effective cell death in Daudi or EHRB cells.

160, 180y ho found that even

This is in accordance with reports by us 52 and others
though caspase-3 and other caspases can be cleaved during CD20-mediated PCD they
do not play an critical role in the demise of the cell. Furthermore, by the generation
of cytoplasts (mitochondrial-free cells) we found that the involvement of
mitochondria regulation was minimal in CD20-induced PCD. This supports other
work by us and others who have demonstrated that Bcl-2 over-expression has no

effect on the level of PCD induced by anti-CD20 mAb > ¢,

The involvement of a signalling cascade in CD20-mediated PCD has been
investigated by several groups. Two groups 36.63 have suggested that Src kinases and
calcium signalling may play a role in the PCD induced in Ramos cells. Other reports
have suggested that MAPK kinases are involved in the PCD induced by ritux o1, 246
We investigated the effect of ERK, Src kinases and PI3 kinase inhibitors on the cell
death induced by anti-CD20 mAb B1, AT80 and ritux. We found that inhibition of
Src kinases and PI3 kinase reduced the level of PCD occurring with B1 and AT80
stimulation. The extent of Src kinases involvement in Bl-mediated cell death
appeared to be cell line dependent and only reduced cell death by 20-30% whereas the
effect of PI3 kinase inhibition was observed in both cell lines assessed and reduced
B1 and AT80-mediated PCD by 50% or more. No major effect of PI3 kinase
inhibitors was noted in ritux-mediated cell death. However, it appears that ritux is
only effective in PCD induction when cross-linked using a secondary antibody or Fe-
bearing accessory cells. To consolidate our findings with that of others we compared
the effect of cross-linking on 11B8 and ritux-mediated PCD. We demonstrated that
the level of PCD induced by ritux in Raji cells is notably increased by the presence of
a cross-linking mAb. This effect was also found with 11B8. This result explains
some reports suggesting that ritux (cross-linked) is a good mediator of PCD ! 6% &

compared to results by us and others who assessed ritux alone and found that the level
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of PCD is minimal > ’® '%?. Furthermore, we found that cross-linking ritux lead to the
induction of DNA fragmentation where no fragmentation was observed in Raji or
Ramos cells stimulated with ritux or B1 alone. More work is required to establish
whether the cell death pathway engaged upon cross-linking anti-CD20 mAb is similar
to that employed with mAb alone although the conflicting reports on the involvement
of caspases and our DNA fragmentation results implies that the pathways are

different.

As cross-linking was also required for the induction of a Ca*" flux in Ramos and Raji
cells and reports have shown that calcium chelation reduces the PCD induced by ritux
3. 63 we assessed the sensitivity of Rx3 cells to PCD. These cells are a derivative of
Ramos cells which were incapable of inducing a Ca*" flux upon cross-linking of Type
[ mAb. Despite the apparent inability of these cells to induce a Ca’" flux through
Type I mAb, they maintained their sensitivity to CD20 induced PCD. Furthermore,
these cells have virtually no sIgM suggesting, like others #1160 " that CD20-induced
PCD is not entirely dependent on the BCR. As a small reduction in the sensitivity to
CD20-induced PCD was observed in Rx3 cells compared to Ramos, it is not clear
whether this is attributable to a dependency of the PCD pathway on the BCR or
whether it is due to the chronic stimulation of the cells to achieve a BCR negative cell
line and thereby selecting a more PCD-resistant clone. Further work is required to
establish this possibly by the use of siRNA to reduce sIgM expression. The data from
the Rx3 cells together with the fact that Type II mAb like Bl induce actin
rearrangement but not redistribution of CD20 into lipid rafts suggests that CD20-

directed PCD and calcium signalling are two distinct and separate pathways.

CD20 has no known natural ligand and disappointingly, CD20 knockout mice showed
at best, only a marginal calcium flux defect, with no clear phenotype. Therefore the
physiological importance of this molecule is not clear. However, the success of CD20
as a target for immunotherapy is undisputed with the anti-CD20 mAb, Rituximab,
being used to treat a wide variety of malignancies and stemming from this success is
actively being investigated in the treatment of auto-immune diseases and other B cell
disorders. Since the identification of CD20 in 1980 a large panel of anti-CD20 mAb
have been generated. This project was focussed on elucidating the different signalling

pathways induced by anti-CD20 mAb and understanding why some patients are
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resistant to ritux therapy. From our studies in B cell lines, we demonstrated that anti-
CD20 mAb could be divided into two groups depending on their ability to redistribute
CD20 into TX-100 insoluble rafts (see Figure 7.1).

On the one hand, Type I anti-CD20 mAb like ritux effectively redistributed CD20 in
the membrane. The significance of this event is not fully understood but we believe it
is a pivotal step in the effective activation of the classical complement cascade.
Investigation into the sensitivity of cell lines to complement lysis revealed that the
expression level of CD20 and complement defence molecules CD55 and CDS59
determined the inherent sensitivity of the cells to anti-CD20 mAb induce lysis.
Moreover, we demonstrated that redistribution of CD20 was pivotal for the
association of CD20 with the BCR which lead to the generation of a Ca®* flux. It
appears that CD20 and the BCR-mediated Ca** flux are linked as Type I mAb are
unable to generate a flux in Rx3 cells which lack sIgM or interestingly in primary
CLL cells which have low sIgM expression. We demonstrated that ERK
phosphorylation is a downstream event in this pathway although further work is

required to identify the importance of this signalling cascade.

On the other hand, Type II anti-CD20 mAb like B1 do not effectively redistribute
CD20 into TX-100 insoluble rafts and therefore do not generate a Ca’" flux or
mediate effective complement lysis. However, they are effective inducers of PCD, an
event which appears to be dependent on re-arrangement of the actin cytoskeleton
(actin re-arrangement is not required for redistribution of CD20 into rafts) and on PI3
kinase activation. This cell death pathway is not synonymous with ‘classical’
apoptosis as it was found to be caspase independent and does not involve DNA
fragmentation. Interestingly, Type I mAb on their own are poor inducers of PCD yet
in the presence of a cross-linking mAb they become effective inducers of PCD.
Preliminary work based on DNA fragmentation suggests that the PCD induced by
cross-linked Type I mAb and the PCD induced by Type II mAb alone is different, this

theory is currently under investigation in our laboratory.

7.1 Further Work

From this thesis it is apparent that anti-CD20 mAb can induce different signalling

cascades. However, due to time constraints there were several aspects of the project
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which arose that I was unable to finish. The most pressing of was is the downstream
significance of Type I-mediated Ca”" flux. As NFxB was assessed and eliminated,
based on reports by others the two other factors that could be assessed are activation
of the transcription factor AP-1 *! and the production of TNFa. 27 Microarray studies
are currently being performed in the laboratory to assess this. In addition, further
work is required to establish whether ERK phosphorylation is a consequence of
release of Ca?* from intracellular stores or due to the influx of Ca®" from the
extracellular space. This could be answered by the use of calcium chelators to
segregate the two pathways. Another unfinished area was the inhibitor studies. To
prove that PI3 kinase and Syk kinase are involved in the signalling cascade western
blots should be performed to identify that phosphorylation (and activation) of these
kinases were occurring. Further work is also required to study the association of
CD20 with the BCR. Firstly, it would have been ideal to perform immuno-
precipitation of the BCR before and after CD20 hyper cross-linking to answer
whether the BCR is becoming activated by this cross-linking. Furthermore, to
directly address the requirement of the BCR in CD20 calcium flux, it would be ideal
to knockdown the sIgM using silencer RNA. This was attempted using siRNA
specific to CD79b but was not effective. We are currently taking another approach
which is to knock down sIgM by inducing internalisation with a polyclonal anti-IgM.
As this process should take less than two hours and does not affect the CD20 level, it
should provide further support that sIgM is necessary for CD20-mediated Ca** flux.

One area that requires further work is the suggestion that cross-linked Type I mAb
may induce a more ‘classical’ apoptotic pathway. Ideally, the investigations into
whether anti-CD20 mAb alone utilised caspases, mitochondrial regulation or kinase
signalling inhibitor should be repeated with cross-linked mAb to determine if there is
a difference in cell death pathway. Finally, we demonstrated quite comprehensively
that Type I mAb like ritux effectively redistribute CD20 into TX-100 insoluble rafts.
However, it is not understood how CD20 redistributes, whether a signalling cascade
such as ceramide formation is involved or whether it is a conformational change
which occurs in CD20 upon mAb ligation. Investigation into this may also explain

why Type | mAb have twice the saturation binding level of Type II mAb.
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Figure 7.1: Differential signalling cascades of Type I and Type II anti-CD20 mAb. Anti-CD20
mAb can be divided into two groups depending on their ability to redistribute CD20 into TX-100
insoluble rafts. Type Il mAb do not redistribute CD20 but do induce actin re-arrangement and lead to
programmed cell death. Type I mAb induce redistribution of CD20 into rafts which we believe is
pivotal to effective complement lysis and induction of a calcium signalling cascade which leads to

ERK phosphorylation.

fragmentation and PCD.

Furthermore, it appears that cross-linking of Type 1 mAb leads to DNA

252



1.1 Phenotype of B cell lines

APPENDIX 1

CD20

Cell line B1 1F5 11B8 Ritux Class 11 BCR
Daudi 704.5 1441.1 808.2 13534 2210.0 1457.6*
EHRB 250.4 582.8 259.1 338.9 946.22 836.8*
MHH Pre B-1 464.6 893.3 379.9 593.3 1555.6 469.4%
Raji 4923 865.7 435.5 711.7 2616.8 296.3%
Ramos 379.5 717.8 218.6 465.7 1061.4 705.2*
SUDHLA4 425.3 1039.3 623.6* 1469.1* 900.8 530.7%*
Tanoue 174.9 521.1 195.7 3433 373.2 463.5%

Table 1.1: Phenotype of B cell lines used in this project: Cells were phenotyped by indirect labelling as
outlined in Materials and Methods Section 2.6. Briefly, 1x10° cells were incubated with 10ug/ml mAb for
15 minutes at room temperature and washed X2 in PBA. Samples were treated with the relevant secondary
mAb - GAM for B1, 1F5, Class I and BCR( *ssIgM, $sIgG) of MAH for 11B8 and ritux. Samples were
analysed by flow cytometry. * FITC labelled mAb used instead of indirect, secondary labelled mAb.
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1.2 Phenotype of Rx3 compared to Ramos
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APPENDIX II

2.1 Cytotoxicity curve of Jasplakinolide
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Figure 1: Cytotoxicity of Jasplakinolide. 2.5x10° Daudi or SUDHL4 cells were treated with 10, 50 and
100 ng/ml Jasplakinolide for 30 minutes before addition of 10 pg/ml anti-CD20 mAb. Cells were

harvested after 6 or 24 hours and assayed for cell death by Annexin V/PI assay as outlined in Section
2.14.1.

255



2.2 Cytotoxicity curve of the PI3 kinase inhibitor LY294002
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Figure 2: Cytotoxicity curves of kinase inhibitors LY294002 and PP2. 1x10° Daudi (A) or Raji (B)
cells were incubated or not with various concentrations of LY294002 (PI3K inhibitor) or PP2 (Src kinase
inhibitor) for 24 hours at 37°C. Cells were then harvested and assessed for cell death via Annexin V/PI

assay as outlined in Section 2.14.1.
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