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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF MEDICINE, SCHOOL OF MEDICINE,
DEPARTMENT OF CANCER SCIENCES

Doctor of Philosophy
Manipulation of immunotherapy by targeting the inhibitory Fcy receptor.
Emily Louisa Williams BSc. (Hons)

The inhibitory Fc receptor for IgG, FcyRII (CD32), has been shown to modulate in vivo
cytotoxicity against tumour targets. Usually expressed on monocytes, macrophages and B
lymphocytes, CD32 deficiency enhances the efficacy of some therapeutic mAb.
Unfortunately, suitable reagents capable of specifically and exclusively binding mouse
CD32 have been lacking, leading to an ignorance of how CD32 might be manipulated for
therapeutic benefit in vivo. We generated a panel of mAb which are highly specific for
CD32 that do not cross-react with any other Fc receptors, allowing us to study the potential
of CD32 as a therapeutic target able to alter effector cell function and concurrent

immunotherapy.

In vitro analysis on murine lymphoma cell lines showed that the anti-CD32 mAb fall into
two distinct categories; those which cause tyrosine phosphorylation and subsequent
receptor activation (agonistic) and those which block receptor phosphorylation
(antagonistic). Consequentially, these anti-CD32 mAb exert differing functions in a range
of cellular and biochemical assays. Agonistic mAb trigger programmed cell death whilst
antagonistic anti-CD32 mAb have relatively little effect. Interestingly, the agonistic mAb
are able to block the magnitude and duration of the calcium signalling triggered by BCR
engagement whilst antagonistic mAb potentiate these responses. Furthermore, these mAb
were shown to trigger phagocytosis of antibody coated B-cells by murine bone marrow
derived macrophages (BMDMs) and to enhance the phagocytic potential of BMDMs in
vitro. The ability of these mAb to elicit therapeutic responses in a variety of different
mouse models was however limited. Further study revealed that in wild-type mice the
anti-CD32 mAb are rapidly consumed in comparison with other, similar, mAb. Together
with our observation that the anti-CD32 mAb are internalised in vitro and in vivo, these
data provide the rationale for the inadequate immunotherapy observed in our model

systems.
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CHAPTER 1 Introduction

1.1. Introduction.

Enhanced medical treatment for infectious diseases in the Western world is supporting an
ever increasing aging population. As a result, occurrence of diseases often associated with
an aging population, such as cancer, are becoming more prevalent. Cancer has quickly
become the second leading cause of mortality in the UK; affecting almost 300,000 people
each year'. As a result, medical science is continually searching for improved therapeutics
for the treatment for cancer and although surgery, chemotherapy and radiotherapy have
been successful, they have limitations in preventing tumour recurrence/metastases and

often have severe side-effects.

One of the key criteria of an ideal therapeutic is specificity — an entity capable of binding
to its target (such as a tumour associated antigen (TAA)) without cross-reactivity for other
molecules (for example those on host tissues). These properties would help prevent
deleterious side-effects and is central to the concept of targeted therapy which was first
postulated by Paul Ehrlich over 100 years ago and lead to the notion of the “magic bullet”.
Although the magic bullet was originally proposed as a chemical entity, it was really only
with the discovery of antibodies with their exquisite target specificity in the early 1900’s
that this dream began to be realised®. More specifically, the development of monoclonal
antibody (mAb) technology by Kohler and Milstein in the 1970s reinvigorated the “magic
bullet” concept and has since lead to mAb being successfully applied to the treatment of a
plethora of diseases, from autoimmunity to cancer. In the latter, the aim of mAb treatment
is to induce cell clearance or deletion by specifically targeting antigens preferentially
expressed by tumour cells. Over the last 3 - 4 decades, we have developed a good
knowledge of the mechanisms employed by mAb to delete tumour cells, increasing their
success and leading to the situation today where we currently have 10 different mAb

approved for the treatment of cancer (Table 1).

Perhaps the best example of a type of cancer that has benefitted from the introduction of
therapeutic mAb is B cell lymphoma and more specifically, non-Hodgkin’s lymphoma
(NHL). This particular form of cancer originates from lymphocytes and can be
characterised by transformed lymphoma cells accumulating in lymphoid organs, often with
detrimental effects, such as reduction in the number and quality of other immune cells.

Lymphoma is the 6™ most common cancer in the UK, accounting for 10,000 new cases
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annually with 85% being of B-cell origin’. Lymphoma, like many other cancers, occurs as
a result of genetic mutations that alter normal cellular control and thus leads to
uncontrolled expansion of cells, which will eventually saturate the normal lymphocyte
compartment 4. In 2005, of those diagnosed with lymphoma just under half (4,451 people)
died within 5 years of presentation, as a result of the disease, thus identifying a substantial
need for improved treatment’. Historically, lymphoma has been treated using
chemotherapy and radiotherapy. However, as mentioned, these therapies have
considerable side effects, such as pain, nausea and hair loss. Recent advancements in
lymphoma treatment have both improved tumour clearance and reduced side effects. For
example, the clinical introduction of the anti-CD20 mAb, rituximab, has significantly
improved disease survival (Reviewed in °). Despite these advances, there is still

considerable scope for the enhancement of lymphoma immunotherapy.

This thesis is concerned with the improvement of mAb therapy and although we will
outline current immunotherapeutic strategies, our discussions will focus on therapeutic
mAb. In particular, we will be discussing the role of the Fc gamma receptors (FcyR) in the
induction of anti-tumour responses by mAb, focusing on evidence that points towards the
inhibitory FcyR, FcyRIIb (CD32b) in humans and FcyRII (CD32) in mice as an

immunotherapeutic target for the treatment of cancer.

1.2. Immunotherapy.

Immunotherapy can be defined as the treatment of disease by inducing, enhancing or
suppressing the immune system and is a promising means of cancer therapy as it has the
potential to provide specific tumour targeting without negative side effects. In the case of
cancer, immunotherapy attempts to utilise the patient’s own immune system to reject,
destroy and clear tumour cells and in some cases provide long term immunity against

tumour regrowth.

There are currently two main categories of cancer immunotherapeutic agents employed in
the clinic to target malignant cells. The first are the active immunotherapies, where the
patient’s own immune system is hijacked to stimulate an immune response against tumour
cells. Commonly this is achieved by the administration of vaccine strategies or the
application of immunostimulatory mAb. The second is passive immunotherapy, which
involves the administration of immune components not generated in the patient to directly

target tumour cells, such as cytokines and direct targeting mAb, or adoptively transferred



immune cells, for example T cells or natural killer (NK) cells. Examples of

immunotherapeutic strategies are shown in Figure 1.1.

Passive therapies Active therapies
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Figure 1.1. Methods of immunotherapy.

Immunotherapy can be broadly sub divided into passive and active immunotherapies. The passive
immunotherapies (left) involve the transfer of aspects of the immune system not raised in the patient that are
directed against a specific tumour associated antigen, whilst the active immunotherapies (right) involve
reagents that will stimulate the patient’s own immune system to generate an anti-tumour response.
Reproduced with kind permission from Dr Juliet Gray.

1.2.1. Active immunotherapeutic strategies.

1.2.1.1. Cancer vaccination.

Cancer vaccination commonly involves the immunisation of patient’s with antigenic
peptides derived from the tumour, in the hope of stimulating an immune reaction directed
specifically against the tumour cells®. There are several different ways in which this is
achieved, including the use of peptide loaded dendritic cells (DC), modified tumour cells,
isolated TAA and DNA vaccines (Reviewed in ’). For example, animal studies have
demonstrated that activated DC loaded with synthetic peptide®, tumour lysates’, tumour

RNA' or dying tumour cells'' have been able to produce tumour specific immunity in a
3



variety of animal studies. However, these reagents have demonstrated limited efficacy in
clinical trials in humans and require concurrent vaccine optimization and regulatory T cell

. 12,13
reduction ~

. In addition, tumour vaccines are limited currently in many cancer types by
our knowledge of tumour antigens, thus limiting targets for vaccination. Recently however,
fusions of DC and tumour cells have been used and shown to produce more potent anti-
tumour immunity, possibly as the use of whole tumour cells expands the range of TAA
presented by the DC to T cells. However, even these DC/tumour cell fusions have shown
limited efficacy in phase I/II clinical trials (Reviewed in '*). Alongside this, the use of
autologous cells means that these vaccines have to be individually produced and this leads

to increased cost, commonly associated with other forms of cancer vaccination and other

cell based therapies, which will be discussed in section 1.2.2.

Despite these various drawbacks, a plethora of therapeutic cancer vaccines are currently
being developed for the treatment of a variety cancers, including, breast'”, lung'®, and
prostate'” cancers. These vaccines have been shown to be safe, with few clinical side-
effects, but with limited clinical response. More recently investigations have administered
additional therapeutics, such as electroporation, alongside the cancer vaccine to increase
efficacy, although this is associated with increased side effects'®. It has also been
suggested that cancer vaccines will be of most use where the tumour burden is low, in a

minimal residual disease context'’, such as after surgery or chemotherapy.

An alternative approach to targeting the tumour antigens specifically involves vaccination
against agents that have a strong causative link to cancer development and as such can be
described as prophylactic cancer therapies. For example human papilloma virus (HPV)
infection has been linked to the development of cervical cancer. Patients are vaccinated
against certain serotypes of HPV (HPV-16 and HPV-18) prior to infection with the virus as
a way to prevent cervical cancer development (Reviewed in *°). There are two HPV
vaccines currently licensed for use, Gardasil (Mereck & company) and Cervarix
(GlaxoSmithKline). The latter had 96.9 % efficacy at preventing HPV infections versus
placebo over 4.5 years (p < 0.0001). This was associated with a 98 % efficacy in the
reduction of cervical cancer versus placebo, with only one case of cervical cancer being
recorded out of 5305 participants (Reviewed in *'). Cervarix was approved in September
2007 by the European Union for a national vaccination programme for pre-teenage girls
aged 12-13 and teenage girls aged 17—18 with a hope of reducing cervical cancer cases in
the future. However, although this approach is very cost effective and vaccination being

efficacious, very few cancers have such strong links to viral pathogen.
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1.2.1.2. Immunostimulatory mAb.

An alternative means of stimulating an anti-tumour immune response therefore, is the use
of immunostimulatory mAb. The immunostimulatory mAb aim to stimulate the patient’s
endogenous immune response by directly stimulating key cell surface receptors on immune
cells. These types of mAb often act as surrogate ligands, providing co-stimulation to T
cells to augment ineffectual anti-tumour responses and can elicit a broad immune response
against the tumour. Immunostimulatory mAb achieve this by one of three main
mechanisms; by providing agonistic signalling to co-stimulatory molecules on T cells, by
decreasing inhibitory signalling on T cells that suppresses the immune response, or by
increasing DC licensing to increase antigen (Ag) presentation by these cells**. The
structure of mAb and the development of mAb technology that has lead to the evolution of

these reagents will be discussed in detail in section 1.3.

Molecules on T cells that have been identified as targets for co-stimulation include, CD28,
0X40 and 4-1BB that are expressed at various points of T cell activation. Co-ligation of
these molecules with their respective ligands, expressed by antigen presenting cells (APC)
CD80/CD86, OX40L and 4-IBBL, respectively, induces and enhances T cell activation.
The use of agonistic mAb directed towards co-stimulatory molecules expressed by T cells
has been demonstrated to augment T cell proliferation and survival (Reviewed in 2).
Recent work in this laboratory has demonstrated the generation of CD8+ T cell dependent
anti-tumour immunity after combination treatment with various immunostimulatory mAb

23,24

in vivo in pre-clinical mouse models™“". However, there is limited clinical trials data in

humans concerning the role of the immunostimulatory mAb in human disease.

In contrast, other molecules exist that antagonise T cell activation, such as anti-CTLA-4
(Cytotoxic T-Lymphocyte Antigen 4). In a recent phase III clinical trial a human anti-
CTLA-4 mAb, ipilimumab, was shown to increase the survival of patients with metastatic
melanoma (median survival improved from of 6.4 month to 10.1 months after treatment, p
0.003)*. Unfortunately, although this trail observed improvements in patient survival, it
was demonstrated that treatment with ipilimumab resulted in an increase in immune-
related adverse effects in 10 — 15 % of patient’s compared with only 3 % of the control
population. Therefore use of these mAb in the future would require the establishment of a

fine balance between anti-tumour efficacy and increased autoimmunity against the host.

The development of adverse immune-related side-effects, such as the development of

autoimmunity, is a key area of concern with this class of reagents. An example of such a
5



severe side-effect was demonstrated in the 2006 trial of TGN1412, an anti-CD28 mAb.
This infamous phase I clinical trial resulted in the admission and prolonged stay in the
intensive care unit in Northwick Park, of the six healthy individuals undergoing the trial
due to multiorgan faliure®. It was thought that the adverse effects that resulted due to the

anti-CD28 mAb were due to the initiation of a cytokine storm.

An alternative to mAb targeted against molecules expressed by T cell, is the use of
agonistic mAb against molecules expressed on DCs, that can be used drive the activation
and maturation of DCs. This results in the increased expression of co-stimulation
molecules, as described above, leading to increased T cell activation and thus, further
augmentation of the anti-tumour immune response. An example of such a target on DCs is
CD40. Anti-CD40 mAb mimics the activity of CD40 ligand (CD40L) that is expressed by
activated T cells. Pre-clinical investigations into the use of anti-CD40 mAb by this
laboratory”’ and by others*®**” have shown promising efficacy in animal models of B cell
malignancies. More recently, humanised anti-CD40 mAb have been evaluated in phase I
clinical trials in patients with relapsed multiple myeloma (MM)*!, NHL** and chronic
lymphocytic leukaemia (CLL)*® and have demonstrated favourable safety and some anti-
tumour activity. For example, treatment with dacetuzumab (anti-CD40; SGN-40) resulted
in stable disease in 20 % of MM patients (8/44)*', and 42 % of CLL patients (5/ 12)*.
Objective responses (one complete and five partial) were observed in six (out of 50)
patients after treatment with dacetuzumab for NHL*?. These trials reported no severe
adverse events and those mild and moderate adverse events reported included cytokine
release, fatigue, headaches, anorexia and conjunctivitis. Despite these reports, some of the
largest advances in mAb immunotherapy in recent years have been through the application

of direct targeting mAb, which will be discussed below.

1.2.2. Passive immunotherapeutic strategies.

There are two main branches of passive immunotherapy, direct targeting mAb that have
been raised against specific TAA, which bind to the tumour cells and instigate a plethora of
effector mechanisms (discussed in detail in section 1.3.3) and the adoptive transfer of
immune cells. The latter commonly involves the use of tumour reactive T or NK cells.
There are two approaches typically taken with regards to adoptive transfer of tumour
reactive T cells. Tumour specific cells can be isolated from the peripheral blood of human
leukocyte antigen (HLA)-matched donors or be derived from autologous T-cells and
expanded in vitro. These cells are then adoptively transferred into patients, in order to

target an adaptive immune response against the tumour cells’*.
6



There has been some clinical success using adoptively transferred cytotoxic T lymphocytes
(CTLs), from an appropriately HLA-matched donor. Donor cells are selected in vitro due
to their ability to lyse the patient’s leukaemia cells and inhibit the proliferation of
progenitor cells. Infusion of these cells into the patient leads to suppression of disease
progression, demonstrated by eradication of CML cells in vivo®~°. Adoptive transfer of
CTLs generated in vitro and not from donation has been shown to have clinical efficacy,
where the generated CTLs lines show anti-tumour activity in the patient resulting in

. e . 3738
disease stability or even regression’”

. However these therapies often require the patient
to undergo lymphodepletion prior to T-cell transfer, which has associated side-effects®. In
addition, generation of tumour specific T cells is a lengthy and expensive process and
transplanted cells may have limited in vivo longevity*’. There are however several
advantages to the use of T cell adoptive transfer therapies, including specific targeting of
the anti-tumour response and the potential development of immunological memory against
specific tumour antigens **, although this is more likely however the use of vaccination

strategies.

Although all these approaches have shown potential in pre-clinical and some clinical
studies, to date, they have had limited clinical impact. In contrast, the direct targeting mAb
have had a much greater impact on the clinic in the treatment of many malignancies. This
thesis is concerned with augmenting the efficacy of direct targeting mAb. Next, we will
discuss the structure of mAb, the development of mAb technology, the interactions with
effector systems that allow anti-tumour activity and how these interactions could be

manipulated to enhance therapeutic outcome, focusing of Fc to FcyR interactions.

1.3. Direct targeting mAb immunotherapy.

1.3.1.  Antibody structure.

The structure and endogenous function of antibodies make them ideally suited as a

(13

therapeutic approach that mimics Ehrlich’s “magic bullet”. mAb are immunoglobulins (Ig)
of which there are five Ig classes in mice and humans (IgA, IgD IgE, IgG, IgM). In
general, the Ig are comprised of four separate polypeptide chains, two identical light chains
(1) and two identical heavy chains (), held together by both inter-chain disulfide bonds
and by non-covalent interactions. Both the j and | chain can be further divided into the
constant (C) and the variable (V) domains, which are comprised of several structural Ig

domains. The number of Ig domains varies between Ig classes, for example, the most

commonly used therapeutic Ig, IgG, contains one V and one C domain within the . chain,
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whilst the  chain contains one V and three C domains, wheras IgE and IgM contain four C

. cq - . )
domains within their g chain”.

The Ig molecule can also be divided into two functional domains which provide their
specificity (Fab region) or effector functions (Fc region) (Figure 1.2). The specificity of
mADb derives from the complementarity determining regions or CDRs within the V
domains of the Fab regions, which possess a unique sequence and resultant binding
specificity. In contrast the Fc region is composed of constant domains which are invariant
for Ig of each subclass and provide the interaction with key immune effector systems such
as complement and effector cells. Therapeutic mAb can employ several different
mechanisms to elicit their therapeutic effects. These include Fe-dependent functions such
as antibody-dependent cell-mediated cytotoxicity (ADCC), and complement-dependent
cytotoxicity (CDC), as well as Fc-independent functions such as the induction of direct cell
signalling that can elicit programmed cell death (PCD). Alternatively, mAb can block key

pro-survival signalling in the tumour cells, by Fab regions (Figure 1.3).

There are four IgG subclasses in humans (IgG1, 1gG2, IgG3 and IgG4) and these vary in
their capacity to initiate host defences. Both IgGl and IgG3 can mediate ADCC and also
bind complement, whereas [gG2 and 1gG4 are relatively deficient in these functions, though

41,4243
T As

IgG2 does have some ability to bind complement IgG3 is also more susceptible

44,45.43,46
2T the most

to enzymatic cleavage than IgG1 which would limit it’s half-live in vivo
common therapeutic mAb isotype is IgG1, as it is able to initiate both ADCC and CDC,
key effector systems in anti-tumour clearance by mAb*’. It is thought that the differences
in biological function between subclasses is due to differences in the amino acid
composition and structure of the hinge region, where the more “flexible” hinge region of
IgG1 and extended hinge region of IgG3 allow these molecules to interact more readily
with effector systems, whereas the more rigid hinge region of IgG2 and IgG4 restricts such

43,48

interactions . In mice, the IgG subclasses vary slightly, (mice have IgG1, IgG2a,

IgG2b and IgG3), however IgG2a and IgG2b have been demonstrated to be the most

48,49
(ks

efficient IgG subclasses at engaging complement and inducing ADC , S0 these

isotypes are commonly used in murine therapeutic models.

The anti-tumour mechanisms induced by therapeutic mAb will be discussed in turn in

section 1.3.3. Prior to this the development of mAb technology will be discussed.
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Figure 1.2. The structure of IgG1.

The general structure of an Ig is comprised of four separate peptide chain. They are comprised of two
identical light chains (1) and two identical heavy chains (y). These chains are held together by both inter-
chain disulfide bonds and by non-covalent interactions. Both the heavy and light chain can be divided into
two regions, the constant region (C) and the variable region (V). In addition, the whole IgG molecule can be
divided into two main functional domains, the Fab regions, which contain identical antigen binding sites for
interaction with antigens and the Fc region, which engages and interacts with effector cell systems via Fc
receptors and complement. Ig also contains a hinge region which provides flexibility for the molecule, which
is essential for interactions with antigens. In the case of IgG1, carbohydrates are attached to the Cy2 domain.
These carbohydrates aid the interaction of IgG1 with antigen and effector cells.

1.3.2. Development of mAb technology.

The first mAb were produced from the fusion between murine myeloma cells and
splenocytes from mice previously immunised with a specific foreign substance (the
antigen). These so-called hybridoma cells undergo selection and single cell cloning to
ensure that they produce a single antibody specificity directed to a unique region of the
immunised substance, known as the epitope’®. Although a success in terms of proof of
principle, therapeutically these early mAb were disappointing in terms of the magnitude of
the clinical effects induced. One of the main issues confounding their use was the fact that
these murine mAb elicited human anti-mouse antibody responses, or HAMA, which
resulted in their rapid clearance from the circulation. For this reason and with the advent
of molecular biology, subsequent years saw a concerted effort to make mAb less

immunogenic.

In 1986 Jones et al, working under Greg Winter at the Medical Research Council (MRC)
facilities in Cambridge were successful in producing chimeric murine mAb with human Fc
domains’'. These mAb retained the binding specificity of the original mAb, but with the
benefits of reduced immunogenicity, longer half-life and more efficient engagement of

human effector systems>>. Moreover, in 1988, in what is considered a seminal paper in the



field, Reichmann et al, again working at the MRC, first introduced the concept of
humanisation of murine mAb, where the specific CDRs of the murine mAb was grafted
onto a human framework™. Later, in the early 1990s the same group produced a fully
human anti-TNFa (anti-tumour necrosis factor-alpha) mAb using phage display

technology™*>*

. Phage display technology by-passes the need for animal immunisation
(and therefore issues of self-tolerance i.e. raising antibodies against antigens that already
exist in the host) by using bacteria to express randomly generated human antibody chains

that are then selected through their specific binding properties in vitro >**.

Others have also employed humanisation techniques to more fully humanise rodent mAb
such as CDR grafting’® and alternatively, immunisation of genetically modified mouse
strains carrying human Ig genes to produce similar fully humanised reagents’.

Irrespective of the technique employed, the key features of such antibodies are that mAb
can be raised and targeted against targets expressed by tumour cells which have very little
immunogenicity in patients. Moreover, molecular biology now allows the further
manipulation of these mAb to enhance interaction with specific effector systems (discussed

below), leading to the generation of so-called second and third generation mAb.

As a result of these advances in techniques for mAb generation and the introduction of
these mAb into the clinic improved disease survival and increased the time to progression
of various malignancies has been observed. As a result, mAb immunotherapy probably
reflects the largest advance in the treatment of lymphoproliferative disorders, including
lymphoma, in last 30 years. This is largely due to the clinical introduction of rituximab, a
chimeric mAb that targets the B cell marker CD20. The combined use of rituximab with
chemotherapy regimens (such as CHOP; cyclophosphamide, hydroxydaunorubicin
(doxorubicin), oncovin (vincristine), prednisolone) for the treatment of diseases such as
follicular lymphoma (FL)*® and diffuse large B-cell lymphoma (DLBL)***" has
substantially increased the survival of these patients in comparison to chemotherapy alone.
For example, between 1991 and 1997 mortality due to diagnosis with NHL was increasing
by 1.6 % annually. With the clinical introduction of rituximab in 1997, mortality from
NHL has decreased by 2.8 % annually®'. In terms of patient survival, there was a 42 %
increase in the survival of patients treated with rituximab combined with CHOP in
comparison to CHOP alone®. In addition, rituximab is now being investigated as
maintenance therapy for patients with end-stage, relapsed or refractory disease®.

Moreover, rituximab is currently undergoing clinical trials in autoimmune disorders, such
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as rheumatoid arthritis and with promising results ®*%. Table 1.1 lists examples of other

mAD that are currently being used in the treatment of cancer.

Table 1.1. List of approved anti-cancer mAb and their clinical application.

mAb name Trade Tvpe Taroet Effective in the aYe:};V
name P g treatment of: pelzi'
rituximab Rituxan® Chimeric CD20 non—Hodgkégl 1997
lymphoma
trastuzumab Herceptin®  Humanised ~ HER2/neu breast cancer®’ 1998
gemtuzumab ® . acute myelogenous
ozogamicin* Mylotarg Humanised CD33 leukaemia ( AML)ﬁg 2000
® . chronic lymphocytic
alemtuzumab Campath Humanised CD52 leukaemia (CLL)69 2001
ibritumomab . ® Murine non-Hodgkin
tiuxetan™® Zevalin (IgG1) D20 lymphoma 2002
. % ® Murine non-Hodgkin
tositumomab Bexxar (1gG2a) CD20 lymphoma 71 2003
. .® Chimeric colorectal cancer’” 2004
cetuximab Erbitux (IgG1) EGFR head & neck cancers” 2006
colorectal cancer’* 2004
non-small cell lung
75
. . ® . cancer 2006
bevacizumab Avastin Humanised VEGF-A breast cancer”® 2008
glioblastoma’’ 2009
kidney cancer’ 2009
panitumumab Vectibix® Fully human EGFR colorectal cancer’ 2006
(IgG2)
ofatumumab Arzerra® Fully human CD20 chronic lymphocytic 2009

leukaemia (CLL)"

Table 1.1 shows the mAb currently approved by the FDA for use in cancer treatment along with their
structures, target specificity and disease indications. *indicates mAb that are conjugated to toxins or

radioisotopes.

1.3.3.

Effector mechanism of therapeutic mAb.

As mentioned previously, the direct targeting mAb recruit and employ a range of different

effector systems in order to generate an anti-tumour response in vivo (Figure 1.3). In some

cases, mAb can induce several different effector systems. Currently, a central focus in the

field of mAb immunotherapy is delineating which are the key effector mechanisms
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employed by direct targeting therapeutic mAb We discuss in more detail below the
effector mechanisms employed by the direct targeting mAb.

1.3.3.1. Induction of ADCC.

ADCC is initiated when activatory FcyR, expressed by effector cells such as macrophages
and NK cells, engage with the Fc portion of mAb bound to the target cell and results in the
release of reactive oxygen species (ROS), cytotoxic granules and/or phagocytosis®'. There
are a variety of activatory FcyR in mice and humans, most of which require the associated
gamma (y) chain for surface expression and activity. For example, NK cells engage with
tumour bound antibody via the activatory FcyRIIla (CD16) to induce ADCC through the
release of cytotoxic agents such as ROS, perforin and granzymes®*. In addition, NK cells
can release other cytokines that can directly inhibit cell proliferation, e.g. interferon-
gamma (IFNy)*%. In contrast, macrophages elicit ADCC through phagocytosis (also
known as antibody-dependent cell-mediated phagocytosis) and physical engulfment of the
target cell. In mouse models, it has been shown that ADCC is essential for anti-tumour
functions of mAb as y-chain”™ mice, which lack surface expression of activatory FcyR,
show abrogated tumour clearance®. Many mAb such as rituximab, but also trastuzumab
(Herceptin) an anti-HER2/neu mAb™ and alemtuzumab (Campath), an anti-CD52 mAb™,
used in the treatment of breast cancer and CLL respectively, are able to mediate ADCC at

least in vitro. The FcyR will be discussed in greater detail in sections 1.5.

1.3.3.2. Induction of CDC.

Induction of CDC involves the mobilisation of complement cascades. The complement
system is comprised of three pathways; the classical, mannan-binding lectin (MB-lectin)
and the alternative pathways, which are activated by C1q, mannan-binding lectin and the
spontaneous cleavage of C3, respectively. The result of all of these pathways is the
production of C3 convertase. With regards to mAb mediated CDC, this is initiated when
sufficient numbers of appropriately located Fc regions (of mAb) are bound by Clq,
initiating the classical complement pathway. As a result, a cascade is triggered that
involves the cleavage of intermediate components of the complement system, resulting in
cell lysis through the assembly within the cell membrane of the membrane attack complex
(MAC)"Y. Activation of the C1 complex results in the cleavage of C2 and C4, the products
of which (C2b and C4b) form the C3 convertase complex. This is turn cleaves C3 to yield
C3a and C3b, the latter of which associates with C3 convertase to form C5 convertase.

This shift in enzymatic activity, results in the cleavage of C5 to C5a and C5b, the latter of
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which associates with the cell surface and initiates the assembly of the MAC, by the
binding of first C6, then C7, followed by C8 and finally the recruitment of several C9

molecules to complete the MAC and instigate cell lysis (reviewed in *).

In addition to the induction of cell lysis, a number of complement by-products are
generated that have the potential to enhance mAb therapy. For example, the C3b
fragments produced as a result of C3 cleavage by C3 convertase, leads to opsonisation,
activation and enhanced phagocytic and cytotoxic activity®’. Furthermore, several other
products of the complement cascade such as C3a and C5a are potent chemotactic and
inflammatory agents that could readily enhance the cytotoxicity of effector cells, thereby

providing a link between the two different Fc-dependent effector functions.

1.3.3.3. Signal perturbation (PCD and altered endogenous signalling).

In addition to the Fc-dependent effector functions of mAb, binding to the target antigen
through the Fab regions can also have anti-tumour effects by manipulating intracellular
signalling. These occur mainly through triggering intracellular signalling in the target cell
resulting in growth inhibition or PCD or by blocking the normal pro-tumour function of a
targeted cell surface receptor. Examples of the former include anti-idiotype mAb, which
bind to the unique regions of the B cell receptor expressed by lymphoma cells to elicit
apoptosis, probably by mimicking antigen responses by immature B cells (reviewed in *®).
Examples of the latter include trastuzumab and panitumumab. Trastuzumab (Herceptin®),
is perhaps the most well publicised therapeutic mAb that acts in this way. It targets the
human epidermal growth factor receptor type-2 (ErbB-2), generally referred to as ‘‘HER-
2/neu” that becomes over-expressed in approximately 25-30% of breast cancers®”".
HER2/neu is a known proto-oncogene and its expression correlates with disease

2192 By blocking HER2/neu signalling, trastuzumab has been

progression and severity
show to disrupt downstream proliferation and survival pathways, to inhibit cell cycle
progression and to have anti-angiogenic effects™. For the treatment of HER2/neu positive
metastatic breast cancer, trastuzumab, when combined with a docetaxel chemotherapy
regimes, significantly enhanced the overall response rate (61% vs. 34%; P = 0.0002),
overall survival (median, 31.2 vs. 22.7 months; P = 0.0325), and time to disease
progression (median, 11.7 vs. 6.1 months; P =0.0001) compared with chemotherapy
alone”***. Currently, trastuzumab is used for late and end-stage disease and is generally
well-tolerated although is associated with some toxicity and cardiovascular events, similar

to bevacizumab (see below)’®. Other mAb with a similar mode of action include

panitumumab. Panitumumab targets EGFR which is overexpressed in many human
13



cancers, including those of the colon and rectum and also serves to block signalling leading
to growth, survival, motility and proliferation. Although blocking signalling appears the
main function of these mAb, they can also induce ADCC of antibody bound tumour cells’,

further promoting their anti-tumour effects.

(a) CDC (b) ADCC
C’ activation by Clq binding to mAb FeyR engagement
Release of by macrophages
Release of C3a/4a/5a cytotoxic and NK cells
species
C3b/4b/5b
A
fa
Insertion of MAC s Phagocytosis
mADb blocks
cell surface
receptor
ol
(c) Inhibiting survival signalling (d) PCD
Blocking endogenous molecules/cognate Direct intracellular signalling leading to
receptors cell death and reduction in proliferation
Key:
A oo 8 d! ; N
Activat mAb HER2 Intracellul Cytotoxi
Clq  Complemet  MAC  CD20 ¥ r:cegtr’m et :.l;m}’ - speci;

Figure 1.3. Effector function of mAb therapy.

Therapeutic mAb employ a variety of mechanisms to induce tumour cell clearance. These include (a)
Complement mediated cytotoxicity (CDC) through initiation of the classical complement cascade; (b)
Antibody-dependent cell-mediated cytotoxicity (ADCC) through engagement of FcyR-expressing effector
cells; (c) inhibition of endogenous survival signalling arising from cell surface receptors; (d) induction of
programmed cell death (PCD) by direct signalling. In addition to the mechanisms depicted, therapeutic mAb
can also be employed to elicit anti-tumour effects by interacting directly with the immune system (so-called
immunostimulatory mAb) or block interactions between the tumour and the microenvironment. The prime
example of the latter is bevacizumab, which blocks tumour secreted VEGF from binding to host epithelial
VEGFR thereby preventing neoangiogenesis
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1.3.3.4. Additional anti-tumour functions.

In addition to those detailed above, mAb may also employ a variety of other mechanisms
to prevent tumour growth. These include, the promotion of anti-tumour T cell responses,
by the use of immunomodulatory mAb (briefly discussed in section 1.2.1.2), and the cross
presentation of TAA. In this latter case, engagement of FcyR can indirectly initiate cell-
mediated immune responses to tumour cells by triggering phagocytosis and ADCC,
leading to antigen processing and peptide presentation’ in a process known as cross
presentation’”. Ag presentation in the context of major histocompatibility complex (MHC)
class I induces CTL activation and direct lysis of tumour cell, whereas Ag presentation in
the context of MHC class II can lead to activation of Ty cells, which provide CD40 help to

B-cells, initiating production of endogenous anti-tumour mAb””.

Other additional mechanisms employed by mAb is to block critical host to tumour
interactions. An example of a therapeutic mAb that functions in this way is bevacizumab
(Avastin™), an antibody directed against vascular endothelial growth factor (VEGF).
Bevacizumab has been used mainly in the treatment of colo-rectal cancer, but has also
been implicated for use in the treatment of other solid neoplasms, such as metastatic breast
cancer’®, melanoma'® and renal cell carcinoma’®. VEGF binds to its cognate receptor
expressed on host endothelial cells (VEGFR) and encourages angiogenesis within the
tumour microenvironment, a process known as tumour neovascularisation'”'. This
formation of new blood vessels is a critical step in the growth and progression of solid

192 Tt has been shown that VEGF becomes overexpressed in certain tumours,

tumours
therefore by targeting VEGF bevacizumab blocks the interaction with VEGFR and as such
prevents endothelial cell proliferation and new blood vessel formation. Essentially this
‘starves’ the tumour cells, restricts their growth and by reducing their survival signalling
makes them more susceptible to death'””. Combination treatment of bevacizumab with
chemotherapy has clear clinical efficacy’*. For example, Bevacizumab, when given with
the chemotherapy agents irinotecan, 5-fluorouracil, and leucovorin, termed the “IFL”
regimen, was shown to increase the response rate (44.8% compared to 34.8%, p = 0.004),
progression-free survival (10.6 months vs. 6.2 months, p < 0.001) and overall survival
(20.3 months vs. 15.6 months, p < 0.001) in a phase III randomised trial for the treatment
of colorectal cancer in comparison to IFL treatment alone’®. Other studies have shown
similar enhanced treatment efficacy in metastatic breast cancer'®™ and non-small-cell lung
cancer'”. To date, bevacizumab is not a curative regime and is commonly prescribed in

late-stage colorectal disease to extend patient survival, but is associated with haemostatic

and cardiac problems'®. It is also most commonly used when other, more traditional
15



forms of therapy have failed or when patients present with relapsed disease, due to the
described side effects'”’. In addition, the use of bevacizumab as a maintenance regime has
been shown to be effective and more recently in a phase II clinical trial bevacizumab
showed efficacy in the treatment of carcinoma of unknown primary site, a disease that is

particularly hard to treat '°®.

It is important to remember that the effector mechanisms employed by therapeutic mAb
are not mutually exclusive. For example, although the exact mechanism for the anti-
tumour action of rituximab is still the subject of much debate, it has been shown to engage
ADCC, CDC and PCD, but it is still uncertain which of these are critical in vivo and

.. . . . . . 109
whether the critical mechanism is the same for each disease (reviewed in

). Rituximab
targets CD20, a molecule which is expressed on the surface of normal and malignant B
cells after the pro-B cell stage, but which is absent from plasma cells and haematopoietic
stem cells. This expression pattern is important for the success of rituximab as it allows
for the repopulation of B cells after therapy and allows continued antibody production by
existing plasma cells. Furthermore, even mAb targeting the same receptor have been
shown to work in different ways. For example, rituximab and tositumomab both target

CD20 and yet appear to rely on different effector systems''”.

Rituximab triggers both ADCC and CDC strongly, whereas tositumomab appears to work
through induction of ADCC and PCD with the absence of CDC (reviewed in ''").
Interestingly, the ability to induce CDC seems to be dependent on the redistribution of the
target Ag into lipid raft regions of the plasma membrane''2. For example, tositumomab
does not induce relocation of CD20 into lipid rafts and as a result has been shown not to
bind complement or induce CDC efficiently. The importance of complement in rituximab
mediated anti-tumour effector function has been demonstrated in xenograft models of

lymphoma, where reduced rituximab therapy was observed in complement depleted or

110,113,114 115

deficient mice . However, in other syngeneic models "~ no effect of complement
deficiency was observed and an enhancement of efficacy has been seen in other models®’,
implying that complement activation is a hindrance to rituximab function. For this reason,
current thinking is divided as to the importance of CDC in the efficacy of rituximab in
humans. It has also been proposed that mAb binding of CD20 can directly transmit

intracellular signals that lead to PCD (reviewed in ''"''

), although the evidence for this (at
least with rituximab) on primary tumour samples is not strong. In contrast, good evidence
exists that ADCC plays an important role. In addition to the pre-clinical mouse studies

detailed earlier which highlight the absolute requirement for activatory FcyR in rituximab
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therapy™, studies in humans demonstrate that patients who possess polymorphisms in the
binding domain of their FcyR, specifically FcyRIIla, which display higher affinity

interactions with rituximab demonstrate increased treatment efficacy

(discussed later
in section 1.10.1). For these reasons, it is currently anticipated that ADCC is the

predominant effector mechanism employed by rituximab in humans, at least in FL.

1.3.4. Improving therapeutic mAb efficacy.

Despite all that is know about the abovementioned mAb, it should be noted that the direct
targeting mAb are rarely used alone. Most commonly, these immunotherapeutic are
employed alongside chemotherapy such as CHOP, which is administered alongside
rituximab (section 1.3.2). Part of the reason for the success of therapeutic mAb is that they
have limited side effects, allowing their combination with chemotherapy to increase
treatment efficacy without significantly increasing negative side effects experienced by
patients. Although these therapeutic mAb have made a profound impact on clinical
treatment in certain instances and cancer treatment with mAb has come a long way in
terms of technology and application in the clinic, they are still some way short of the
“magic bullet” effect proposed by Ehrlich. The next goal in the field is therefore to
improve upon these so-called naked mAb and to design mAb with augmented anti-tumour

activities.

1.3.4.1. mAb conjugation.

One way in which to improve mAb efficacy is to link the mAb to toxins or
radioconjugates. Three of the currently FDA approved mAb have taken this approach;
gemtuzumab ozogamicin (Mylotarg®) is an anti-CD33 mAb linked to the cytotoxic
calicheamicin ozogamicin for the treatment of acute myelogenous leukaemia®®,
ibritumomab tiuxetan (Zevalin®) and tositumomab (Bexxar®) both of which are anti-
CD20 mAb for the treatment of non-Hodgkin lymphoma’®’". Although efficacious, these
treatments, in particular the radioconjugates, are more difficult to use clinically and are
typically reserved for use in specialist centres for patients with otherwise refractive
disease. More recent advancements in this field include the anti-CD30 mAb, SGN-35,
which is conjugated to anti-tubulin destabilizing toxin monomethyl auristatin E (MMAE)
and has been demonstrated to be well tolerated and induced objective responses in a

%), Alongside this, there has been recent phase I'** and

majority of patients (discussed in
phase IT'*' clinical success following the use of trastuzumab-DM1 (T-DM1), a mAb-

conjugate that combines the biologic activity of trastuzumab with an anti-microtubule
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agent. DM, belongs to a family of drugs know as maytansinoids, that are derivatives of
the anti-mitotic drug maytansine. These drugs bind to microtubules, such as tubulin,
inhibiting the assembly of these microtubules as a result this abrogates mitosis and cell
growth'?2. The anti-microtubule reagents have shown anti-tumour efficacy and are
undergoing clinical development'>. Specifically, anti-microtubule agents have shown
efficacy when combined with trastuzumab treatment of HER2/neu positive breast cancer in

. . . 124,125,126
pre-clinical and clinical studies “* >

. Further to this, direct conjugation of trastuzumab
to DM1 was shown to increase the efficacy of trastuzumab in xenograft models of
HER2/neu positive breast cancer'>’. As aforementioned, trastuzumab has been shown to
be effective in the treatment of HER2/neu positive breast cancer, however many patient’s
still succumb to their disease, thus these reagents may bridge the gap in treatment of

metastatic breast cancer.

1.3.4.2. Maximising FcyR:Fc interactions.

An alternative approach to those described above has been to use molecular biology and
mAD engineering to maximise interactions with the mAb effector systems, particularly
those governed by FcyR. There are currently two main methods for enhancing beneficial
FcyR:Fc interactions leading to augmented ADCC; artificially modifying amino acids in

128-130

the Fc region of antibodies using random or rational design or removal of fucose

from Fc-linked oligosaccharides13 1-136

. This technology is yet to be perfected; however an
example of a so called glyco-engineered mAb that is currently undergoing phase II/I11
clinical trials is GA101. GA101 has been developed by Roche in association with
Genentech and Glycart and is thought to be a Type II anti-CD20 mAb'*’. In comparison to
the unmodified parent mAb, GA101 induces much more potent ADCC and so it will be
interesting to observe whether it performs better than rituximab in patients'**. By contrast,
an unmodified fully human anti-CD20 mAb, ofatumumab (Arzerra®), was just recently
approved for the treatment of CLL*. Although unmodified, this mAb has a far higher
affinity for CD20 and far higher CDC activity than rituximab, potentially due to unique

binding site, and so it will be interesting to see how it performs compared to both

rituximab and the glyco-modified GA101.
Despite all of these advances, central to the activity of therapeutic mAb are the interactions

between mAb and FcyR. To fully appreciate these effects we next discuss the FcyR family

in detail.
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14. The Fc receptor family.

The Fc receptors (FcR) are a group of type I surface glycoproteins that are the mediators of
antibody-triggered effector functions and play a role in modulating the immune response.
There are specific FcR for each Ig subclass, IgE is specifically engaged by FceRI and
FceRII (CD23), IgG is engaged by the FcyR (reviewed in *%) and IgA is engaged by FcaRI
(CD89) and also by Fco/uR which is specific for both IgA and IgM'*°. In contrast, the
neonatal FcR (FcRn) is a unique FcR and non-classical MHC class I protein, that has been
shown to be involved in transcytosis, the transport of maternal Ig across the placenta and

141

also Ig from colostrum across the infant gut ™. FcRn is also involved in the recycling of

IgG, rescuing it from intracellular degradation and therefore extremely important in

142 With regards to immunotherapy however the FcyR, expressed

extending Ig half-life
predominately by cells of the haemopoietic system, hold the most interest, as almost all

therapeutic mAb are of the IgG class as mentioned earlier (section 1.3.1).

1.5. The Fcy Receptors.

There are four classes of FcyR which have been identified in mice; FcyRI (CD64), FcyRII
(CD32), FeyRIIIL (CD16) and the more recently discovered FeyRIV'*. They can be
broadly classified into two functional groups; the activatory FcyR (FcyRI, III and IV), that
contain immunoreceptor tyrosine-based activation motif (ITAM) within their signalling
domains and the inhibitory FcyR, (FcyRII) that contains immunoreceptor tyrosine-based
inhibition motif (ITIM) within its cytoplasmic domain. In humans, the expression profile
of FcyR is slightly different and although the functional group classification is identical,
additional isoforms of FcyR have been noted in humans, i.e. isoforms of FcyRI (FcyRla,
FcyRIb & FeyRIc) and FeyRII, (FeyRIla and FeyRlIIc) do not exist in mice, whilst FcyRIV
does not seem to be expressed in humans'®. It has however been reported that FcyRIIIa,
expressed in humans is likely to be homologous to the FcyRIV in mice'**, whilst human
145

FcyRlIa is most similar to mouse FcyRIII

has the nomenclature of FcyRIIb (CD32b) to distinguish it from FcyRIla and FcyRllc,

(Figure 1.4). In humans the inhibitory FcyR
whereas in mouse it is referred to simply as FcyRII (CD32).

The FcyR are widely expressed throughout the haematopoietic system'*®, although there is
little evidence of their constitutive expression on T lymphocyte populations'*'**'* Cells
of the innate immune system, such as mast cells, neutrophils and macrophages, co-express
both inhibitory and activatory FcyR and the relative levels of expression of the activatory

150

FcyR also varies between cell types *. For example, in mice, monocytes and macrophages
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express all of the FcyR, whereas in contrast, neutrophils predominately express CD32,
FcyRIII and FcyRIV (Table 1.2). In contrast, other cell types, such as B and NK cells only
express one type of FcyR. B cells in mice and humans only express the inhibitory FcyR,
whereas mouse NK cells only express FcyRIII (CD16). In addition to expression on
haematopoietic cells FcyR expression on other cell types, such as follicular dendritic cells
(FDC), endothelial cells, microglial cells, neural crest cells, osteoclasts and mesangial cells
has also been demonstrated, although, with the exception of FDCs, the roles of the FcyR on

these cell types has not been rigorously tested'* .

The differential expression of the FcyR is also thought to provide a mechanism for “fine-
tuning” the response of particular cell types to IgG engagement, where the balance of
activatory and inhibitory engagement regulates cell activation and effector cell function by
setting cellular activation thresholds (discussed below). This regulation of cell activation
is essential, as, for example, it has been shown that when there is deficiency in the

152

expression of the inhibitory FcyR, there is heightened inflammatory response ° and

increased DC maturation'* in response to immune complex (IC) and an almost completely
abrogated response to IC in cases where there is a deficiency in activatory FeyR'>*'>*,
Alongside this, CD32” mice have been demonstrated to have increased antibody

154, Therefore, this indicates

responses, cytokine production and macrophage activation
that the balance between activatory and inhibitory FcyR determines the magnitude of the

immune response.

Interestingly, there are several reports of alternative ligands for the FcyR, including

19, oxidised low density lipoprotein'>® and

complement-reactive protein (CRP)
complement receptor 3 or MAC-1"". CRP is a produced during the acute phase response
to infection, inflammation, and trauma and binds to FcyRI and FcyRII on the surface of
cells during the inflammatory response, but this is inhibited by prior exposure to IgG'**.
However, in the inflammatory environment binding of CRP to cells, such as macrophages
and neutrophils may enhance tumourcidal activity, by promoting complement binding and

oxidative metabolism'>%'%°

, thus influencing and augmenting the anti-tumour response
mediated through effector cells. In addition, early literature suggests that alternative
ligands for FcyR may be expressed on thymic and bone-marrow derived stromal cells
during embryonic development and engagement by FcyR expressing thymic pro-T cell
with these ligands these result in a skewing of the T cell population, with similar

interactions occurring with pro-B cells'®"'%?,
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Figure 1.4. The FcyR family.

The FcyR show strong family structural homology and in general consist of two extracellular domains (D1
and D2) connected by a hinge region (bent at 50-55%) to a transmembrane domain. FcyRI contains a third
extracellular domain (D3), which has been suggested to enhance Fc interactions. The activatory FcyR are
commonly associated with a common 7y-chain that contains the signalling ITAM residues. In humans
however some FcyR lack the y-chain and contain ITAM within a cytoplasmic tail. In contrast, the inhibitory
FcyR, FeyRII is a single chain molecule which contains an ITIM signalling residue, (Review in '**). Fc
engagement most often occurs in the context of immune complex, again with the exception of FcyRI which
can engage monomeric IgG. It has been demonstrated that the interaction between Fc and FcyR occurs at
domain 2 (D2) of the FeyR receptors, which bind the Cyy2 domains of IgG'®.

1.5.1. FcyR binding affinity for IgG.

As well as being classified by function, i.e. whether an FcyR is activatory or inhibitory, the
FcyR are also classed by their affinity for IgG. All FcyR, with the exception of FcyRI, are
medium to low affinity receptors (10° M) and as such, in most cases, require the formation
of IC in order to interact with the Fc domain of IgG. However, studies have shown that
monomeric IgG in plasma and in intravenous Ig preparations does have sufficient affinity
to bind to FcyRII and FeyRIIT'®. FcyRI, in contrast, is high affinity so will tend to bind
monomeric IgG and as a result has a propensity to be saturated in vivo, where circulating
IgG is readily available. The higher affinity of FcyRI is thought to be conferred through
the additional extracellular Ig-like domain'®, demonstrating that the structure of the FeyR
is also important to their activity. An example of the differing FcyR affinity is shown
through mouse IgG2a which binds to FeyRI with high affinity (10® to 10° M™), with
medium affinity to FcyRIV (10’ M™") and with low affinity to FcyRIII (10® M),

Interestingly, as monomeric IgG is present in serum and has been shown to displace IC

binding'®, it is therefore possible that the low and medium affinity FcyR are in part bound
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by IgG in vivo. The above affinity data does not take this into account, being that these
data are obtained under non-physiological conditions using surface plasma resonance
techniques (see Material and Methods 2.25) and as such, the binding of therapeutic mAb to

FcyR in vivo may differ in the presence of plasma IgG.

The FcyR also display specific binding profiles for IgG subclasses. For example, CD32
and FcyRIII in mice will bind to IgG1, IgG2a and 1gG2b, whereas FcyRIV will only bind
to IgG2a and IgG2b'". Alongside this, the FcyR display variable affinities to the given
IgG isotype that they bind. Table 1.2 summarises the preferential binding of human and

mouse FcyR to IgG subclasses.

As the expression profile of FcyR on different cells varies (Table 1.2), the magnitude of a
cellular response is often determined by the number of activatory FcyR engaged compared
with the number of inhibitory FcyR engaged, or the activatory/inhibitory FcyR ratio,
described below (section 1.5.2), but as indicated above, this is also influenced by the IgG

isotype produced during the immune response.

1.5.2. The activatory-to-inhibitory ratio and its importance in cell activation.

Predominantly, the threshold for FcyR-dependent cell activation is controlled through the
balance between activatory and inhibitory FcyR engagement, described as the activatory-
to-inhibitory (A/I) ratio. This A/I ratio has been shown to be important for antibody-
mediated activation of immune cells'®®. For example, it has been shown that in mice,
murine IgG2a binds with a higher affinity to activatory FcyRI than to CD32'*. This means
that when an IgG2a containing IC engages with a cell expressing both FcyRI and CD32,
the IC will preferentially bind to the activatory FcyR and as such the cell will receive a
stronger magnitude of activatory signal compared to inhibitory signal and thus the cell will
be activated; giving the [gG2a antibody a high A/I ratio. In contrast, murine [gG1

antibodies have a higher affinity for CD32 than for FcyRI'>

, therefore the predominant
signal upon IgG1 containing IC engagement will be inhibitory, thus reducing cell
activation, giving IgG1 a low A/I ratio'®. This has been suggested as the reason why
IgG2a (and IgG2b) mADb are considered more potent recruiters of effector function in mAb

immunotherapy'*’
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Table 1.2. Summary of the expression of FcyR in mice and humans and preferential binding to IgG
subclasses.

Activatory FcyR Inhibitory FeyR
MOUSE FcyRI FcyRIIL FcyRII
FeyRIV
(CD64) (CD16) (CD32)
Affinity High Low/medium Low
Affinity for IgG
| 10" -10° 10° 9x 10°
(Ka, M)
Murine IgG subtype
e ma 2a=2b>>1=3 2b>2a>1>>3 2a & 2b only 1=2b>>2a=3
specificity
@ Mono/mac + + + +
é Neutrophils + +
Q;; NK cells +
o DC + +
g
E B cells N
2 ce
Activatory FcyR Inhibitory FcyR
HUMAN
FeyRI FeyRIla | FeyRlle | FeyRIIIa | FeyRIIIb FeyRIIb
Affinity
High Low/medium Low/medium
Affinity for IgG
" 10’ 10° 10°
(Ka, M™)
Human IgG subtype
o 1=3>11>3>2 | 1=3=4| 3>1>>
specificity'®’ 4 -4 = 4s2 1>3 1=3=4>>2
Mono/mac
2 + + + +
=
.2 .
2 Neutrophils +/- + +
£
5 NK cells + +
g
§ DC + + + +
)
B cells +

Mono/mac; monocytes and macrophages, DC ; dendritic cells. Adapted from '#*!#!150 & 167,

1.5.3.  Structure of the FcyR.

As mentioned previously, the FcyR are type I glycoproteins that belong to the Ig
superfamily (IgSF) of proteins, which, by definition means that they contain at least one
Ig-like extracellular domain. The ectodomains of the FcyR contain either two or three
globular Ig-like domains comprised of approximately 100 amino acids, which, in general
consist of several anti-parallel B-strands, linked by a B-loop arranged in two layers

maintained by a disulphide bridge'®®. These extracellular domains are connected by linker
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regions consisting of nine amino acids, referred to as the hinge region. This hinge region is
bent at an acute interdomain angle (between 50 — 55°) and allows accessibility to the IgG
binding residues of the FcyR (discussed below, section 1.5.4). The Ig-like domains are
denoted D1 (N’ terminus), D2 and D3 (membrane proximal/C’ terminus) on FcyRI and D1
(N’ terminus) and D2 (membrane proximal) on the remaining FcyR (Figure 1.5a). The
membrane proximal domain is attached to a transmembrane domain of approximately 20
amino acids that is helical in structure'®, followed by a C-terminal intracytoplasmic tail,
referred to as the a-chain. The only known exception to this structure is FcyRIIIb which is
anchored into the cytoplasmic membrane by a covalent linked Glyco-Phosphatidyl Inositol
(GPI) moiety that lacks direct signalling residues, but has been shown to “hijack” other
intracellular signalling pathways, such as that mediated by completment receptor 3
(CR3)". The association of FeyRIIIb with lipid raft domains has been shown to be

! and will discussed in section 1.7.4.

essential to it’s activity
The intracellular domains of the FcyR contain signalling residues which confer the
function of the receptor. In the mouse, the activatory FcyR associate with the common v-
chain that contains the 26 amino acid intrinsic signalling domain ITAM, phosphorylation
of which leads to activation of cellular responses. The ITAM consists of two 13 amino
acid segments that contain two repeating Y-x-x-L domains, where x can be any amino
acid. It has been demonstrated that the number and position of these residues is important
to the initiation of FcyR signalling (reviewed in '’?). For example transfection of truncated
FcyRlIIa, which lack these ITAM residues, into COS-1 cells ablated FcyR mediated

phagocytosis in comparison to WT FcyRIIa'”.

The intracellular domains of the human FcyR are however more heterogeneous. Similar to
murine activatory FcyR, human FcyRI and FcyRIIla associate with the common y-chain,
which contains the ITAM signalling residue. In fact, the association of the a-chains of
FcyRI and FeyRIIla with the FcR y-chain is required for cell surface expression of these
receptors''*. It is important to note that depending on the cell type, these adaptor proteins
can differ. For example human FcyRIlIa can be associated with the ITAM-containing CD3
C-chain in NK cells, but often associates with the common y-chain in monocytes and
macrophages'®®. In contrast to FeyRI and FeyRIIIa, the intracellular a-chain of the FcyRII
isoforms FcyRIla and FcyRlIle, contain the ITAM signal-transducing domain and therefore
do not require association with the common y-chain. In both human and mice, the

inhibitory FcyR are single chain transmembrane molecules, which can be distinguished
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from the activatory FcyR as they contain a 13 amino acid ITIM within the a-chain and

diminish cellular responses upon co-ligation with activatory FeyR"**!".

1.5.4. The FeyR:Fc interaction (binding of IgG to FcyR).

It was initially thought that IgG interacted with two FcyR either via an interface region on
both heavy chains of the IgG between Cy2 and Cy3 76177 op by dimerisation of the FcyR
via D2 interactions and binding to the Fc in an asymmetrical manner'’*. However, more
recently, primarily as a result of crystallisation studies, it has been established that IgG and

179

FcyR bind with a 1:1 stoichiometry . To date, only the crystal structures of the

179 180
d

interaction between IgG1 and FcyRIIIa have been resolve (Figure 1.5¢), however, as

a result of the close homology between the FcyR, it has been suggested that the binding of

'8 These studies demonstrated that FcyR

Fc to FcyR can be extrapolated (Figure 1.5b)
interact with IgG via residues within the D2 domain proximal to the hinge region of the
receptor and via residues in the hinge region itself. These residues recognise the hinge
region of the IgG, proximal to the Cy2 domain of both Ig heavy chains. Binding between
these two regions results in a conformational change in the IgG molecule, where the IgG
molecule obtaining a horseshoe like structure'®* (Figure 1.6). This allows interactions
between sugar moieties attached to asparagine 297 (N297) on the IgG with specific
residues on the FcyR, whilst also allowing engagement via CDR regions to specific antigen
on the cell surface'™'*. Alongside this, although specific for the interatction between
FcyRIlla and IgG1, contact occurs in the region between leucine 234 (L234) and proline
238 (P238) within the lower hinge region of IgG1'®’ to the hinge loops between D1 and D2
and at the BC, C’E and FG loops of the B-strand of D2'** (Figure 1.5¢). The
conformational change in the IgG molecule seems to prevent the binding of a second FcyR
and this is in opposition to the earlier models of FeyR:Fc interactions'®, although it should
be noted that the 1:1 stoichiometry model is also supported by earlier binding studies'**'*¢.
To add further complexity, it has been established that the residues of the FcyR to which
IgG bind depends on the receptor and the IgG isotype. For example, mutational studies
have demonstrated that in humans IgG1 and IgG2 bind to diverse regions of the D2

domain of FcyRlIla and it is thought that these variation in FcyR:Fc interactions between

IgG isotypes confers the different affinities of IgG to the different FcyR'™.
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Figure 1.5. Structure of FcyRIIb and the interaction between FcyRIIIa and IgG1.

(a) Stereo ribbon representation of the soluble human FcyRIIb structure, demonstrates the loops supposed to
be important for IgG binding (red) with ball and stick representations of residues within the binding site and
sites of potential N-glycosylation (green balls). The N- and C-terminal are labelled, with the B-strands
numbered consecutively. Adapted from '"®. (b) The structure of the FcyR superimpose upon each other.
Adapted from '*'. (c) The interaction between FeyRIIIa and IgG1, showing D1 and D2 (green) and binding
regions (red) of FcyRIlla (green) and Cy2 and Cyx3 (blue) and lower hinge region (yellow) of IgGl.
Carbohydrate moieties attached to the conserved glycosylation site (N297) are shown in grey. Left hand
figure is the front view of the complex, whilst right had figure is the side view of the complex rotated
approximately 90°. The Fc region of the IgG1 binds at L234 to P238 of the lower hinge region'® to the
hinge loops between D1 and D2 and at the BC, C’E and FG loops of the B-strand of D2'*2. Adapted from '*.
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Figure 1.6. Schematic demonstrating confirmational change in IgG after interaction with FcyR.

The interaction of IgG and FcyR occurs between both Cy2 domains of the IgG molecule via carbohydrate
moieties attached at asparagine 297 of both Cy2 chains (blue circles) with residues in the D2 domain and
with two residues (at asparagine 162) of the linker or hinge region connecting D1 and D2 (yellow circles).
The interdomain angle of the FcyR increases and the IgG bends into a horse-shoe like structure, with the Fab

regions point outwards from the cells, enabling the IgG to continue binding via antigen binding domains'”.

1.5.5. Regulation of FcyR expression.

The expression of the FcyR is controlled by a multitude of factors, including, environment,
cell activation status and cytokine production. Inflammatory mediators, such as LPS or

IFN-y up regulate the expression of the activatory FcyR on both human'®’” and mouse'**'®

monocytes and also on human mast cells'®’ in vitro. In addition, studies have shown that
IFN-a and -B in mice, but not in humans also increases FcyR expression'®”". Conversely,
IFN-y reduces CD32 expression, as does C5a, which was also shown to increase activatory
FeyRIII expression in vitro'®'. This suggests that within a pro-inflammatory environment

FcyR expressing cells are likely to be directed towards an activatory phenotype.

In contrast, other cytokines, such as IL-4, IL-10 and transforming growth factor-p (TGF-p)
produced by Ty2 cells, suppress activatory FcyR expression on innate immune effector
cells and increase CD32b expression. Tridandapani et al (2003) demonstrated that
treatment of human myeloid cells with TGF- resulted in a down-regulation of the
activatory FcyR and associated decrease in FcyR-dependent effector function, i.e.
phagocytosis'”>. Alongside this, it has been established that monocytes and

polymorphonuclear leukocytes (PMN) treated with IL-4 up-regulate CD32b but suppress

193 144,194

expression of FcyRIIa ™, as well as other activatory FcyR . These studies also
confirmed that IFN-y treatment abrogated CD32 expression, but enhanced activatory FcyR

expression. However, IL-4 has differential effects of CD32 expression depending upon the

27



cell type. For example, Rudge et al (2002) demonstrated that whilst IL-4 upregulated
CD32 on myeloid cells, this cytokine down regulated the receptor on activated B cells'”.
It was also established that similar to the effects of IL-4, IL-10 treatment also upregulated

CD32b on myeloid cells'®.

Alongside this, it is important to note that whilst different cytokine profiles alter FcyR
expression, they also induce class switching. For example, IL-4, which up-regulates CD32
on myeloid cells and down-regulates CD32 on activated B cells preferentially induces class
switching of B cells to IgG1 and IgE, whereas TGF-f3 induces switching to IgG2b and
IgA 7% Alternatively, Tyl cytokines such as IEN-y result in an up regulation of the

3! This class

activatory FcyR and also induce class switching to IgG2a, 2b, and
switching of different IgG subclasses that are associated with different affinities for FcyR

provides a further level of fine-tuning of the immune response to Ig.

We next go on to discuss activatory FcyR and BCR signalling, with the aim of later
discussing how both these signalling pathways are manipulated after co-ligation with the
inhibitory FcyR.

1.6. The activatory FcyR.

1.6.1. The function of activatory FcyR.

Activatory FcyR engagement results in the initiation of a variety of cellular responses,
which include cell degranulation and cytokine production by neutrophils and mast cells,
phagocytosis of mAb bound material by neutrophils and macrophages and killing of 1gG-
sensitized target cells by ADCC, as previously described (section 1.3.3) by macrophages

and NK cells (reviewed in '**

). Seemingly, the nature of the response depends on the cell
type and FcyR engaged. For example, Alongside these, activatory FcyR engagement
results in cytoskeletal changes and expression of cell surface proteins associated with
cellular activation, such as up-regulation of co-stimulatory molecules (discussed in section
1.2.1.2)* . Table 1.3 summarises the different functions of FcyR engagement on different

cell types.

The importance of the activatory FcyR function has been demonstrated where genetic
knockout of activatory FcyR expression. In addition, deletion of all activatory FcyR in y-
chain-deficient mice, have been demonstrated to have significant defects in antibody-

dependent effector cell responses such as phagocytosis, ADCC and inflammatory
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responses, but are protected from the pathological consequences of IgG-containing

immune complexes®”'?**®. However, the loss of a single FcyR showed less dramatic loss
of function in response to IgG2a and IgG2b, but notably FcyRIII™, results in ablation of IC
mediated inflammatory responses, clearance of IgG-opsonised cells and reduced ADCC in

Vivo in response to IgG12%+2%2%,

Table 1.3. The outcome of activatory FcyR engagement on different cell types.

Cell Type Outcome of activatory FcyR engagement

Mast cells & basophils = Release of vasoactive substances

= Release of chemoattractants

Neutrophils = Release of chemoattractants
= Release of cytotoxic substances
= Phagocytosis

= (Oxidative burst

Monocytes & * Oxidative burst
Macrophages »  Cytotoxicity (ADCC)
= Release of pro-inflammatory mediators

= Phagocytosis

Dendritic cell = Antigen presentation to T & B cells
= Regulation of peripheral tolerance through modulated cell

activation (involve inhibitory FcyR).

The outcome of activation after FcyR engagement varies depending on the cell type expressing FcyR and the
particular FcyR engaged. This table summarises the outcome of FcyR engagement on different cell types,
adapted from Nimmerjahn & Ravetch (2008)'®.

1.6.2. Activatory FcyR signalling.

The responses of cells after FcyR engagement occur as a result of specific intracellular
signalling cascades, largely transduced through ITAM domains within the cytoplasmic
tails of the receptors (discussed in section 1.5.3). The location of the ITAM varies
depending on the FcyR, but principally engagement of the activatory FcyR initiates
clustering of the receptors, allowing trans-phosphorylation of protein kinases which are
loosely associated with the ITAM domain, such as the Src-family (sarcoma-family)

tyrosine kinase, which have been shown to be associated with resting FeyR**"*%. Again,
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depending on the cell type, the exact Src-protein that becomes activated through

autophosphorylation varies. For example, in monocytes Hck and Lyn are associated with

FeyR1?”, whereas only Hck is associated with FeyRIIa*'

associated with Fgr*''.

and in neutrophils FcyRlIa is

The Src-proteins induce phosphorylation of two residues within the ITAM, which results
in the recruitment of other kinases to the bi-phosphorylated ITAM, such as Syk, leading to
phosphorylation of these proteins, increasing kinase activity and downstream signalling
that commonly results in cell activation®'**">. This recruitment and phosphorylation of
Syk has been shown to be essential to the FcyR signal, where co-transfection (into Chinese
hamster ovary-1 (COS-1) cells) of FcyR and y-chain resulted in abrogated phagocytosis in
comparison to transfectants containing FcyR, y-chain and Syk®'*. Further to this, Syk™
macrophages demonstrated abrogated IgG-mediated phacocytosis®>?'® and Syk™
neutrophils showed impaired production of ROS in response to IgG-opsonised particles in
comparison an intact response to controls®'>. Neutrophils also demonstrated impaired
phagocytosis after treatment with Syk inhibitors®'’. Alongside this, it has been shown that
the initiation of ADCC by NK cells, via FcyRIIla engagement, is reliant of Syk*'®.

The events that occur downstream of Syk phosphorylation to induce phagocytosis, ADCC
or cytokine release have not yet been well defined and can differ between cell type and the
FcyR engaged””. Signalling molecules though to be involved with the dissemination of
FcyR signals include, protein kinase C (PKC), extracellular signal-regulated kinase (ERK),
GTPases such as members of the Rho family and phospholipase Cy (PLCy)1 and PLCy2,
which in turn activate phosphoinositide-3 kinase (PI3K) (reviewed in 200 F igure 1.7

summarises, in general, activatory FcyR signalling.

PI3K converts membrane associated phoshatidylinositol-(3,4)-biphosphate (PIP;) to
phoshatidylinositol-(3,4,5)-triphosphate (PIP;). This results in enzymatic cleavage of PIP,,
releasing inositol triphosphate (IP3) and diacylglycerol (DAG). IP;relocates to the
endoplasmic reticulum of the cell, where it binds to IP; receptors (IP3R) and initiates the
release of intracellular calcium (Ca"), which has been demonstrated to be important for
granule release by NK cells”*'**?. Alongside this, PI3K activation has been demonstrated

to be important for the induction of phagocytosis in macrophages and neutrophils®****. 1

n
addition, it has been shown that another molecule, the Src-homology 2 (SH2) domain-
containing leukocyte-specific phosphoprotein of 76 kDa (SLP-76) is essential for the

release of intracellular Ca*" flux and ROS in neutrophils, where SLP-76"" cells fail to
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propagate FcyR-dependent signalling or production of ROS**. Crosslinking of the FeyR
also activates the mitogen-activated protein kinase (MAPK) signalling pathways, including
ERK1/2, p38 MAPK, and c-Jun N-terminal kinase (JNK)****"°, ERK in particular has
been shown to become activated after Syk phosphorylation®*” and pharmacological
inhibition of ERK has been shown to abolish phagocytosis in macrophages and
neutrophils, but not monocytes”******_ In addition, the GTPase family of molecules,
including Rho, Rac and Cdc42 have also been shown to be essential to the induction of
phagocytosis®’. These proteins are involved in the reorganisation of actin, where absence
231,232,233

of these proteins in transfectants containing the FcyR, attenuates phagocytosis

(Figure 1.7).
Similar to activatory FcyR signalling, the initiation of BCR signalling also utilises ITAM

residues. Having discussed ITAM-dependent signalling in the context of FcyR we next go

on to discuss this with regards to BCR signalling.
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Figure 1.7. Activatory FcyR signalling.

In general, engagement and aggregation of the activatory FcyR by antigen (Ag) containing IC, results in the
bi-phosphorylation (red balls) of the ITAM residues within the associated y-chain of the FcyR by Src-kinases,
such as Lyn. This results in the recruitment and phosphorylation of Syk, leading to the recruitment and
activation of a plethora of downstream signalling molecules detailed above. The outcome of these signalling
cascades is cell activation, resulting in ADCC, phagocytosis, cytokine release and oxidative burst.

1.7. B cell signalling.

It is through BCR engagement that antigen specific humoral responses are mounted. The
BCR is a multiprotein structure that consists of membrane bound immunoglobulin (mlg)
which non-covalently associates with a di-sulphide linked, signal transduction heterodimer
consisting of Ig-a (CD79a) and Ig-B (CD79b), that contain ITAM within their cytoplasmic
tails™*. As a result of antigen binding to the BCR, ITAM:s of Iga and IgB**® become
phosphorylated by Src-family kinases, such as Lyn, leading in turn to recruitment of Syk,

234,236,237

an essential protein for BCR signalling . The outcome of B-cell signalling events is

32



the activation of secondary messengers such as DAG and IP; and increase in intracellular
Ca”" flux; this leads to activation of transcription factors such as NF-xB and other
intracellular signalling, such as the MAPK pathway***** (discussed below). This in turn
leads to cellular proliferation, differentiation and antibody secretion and in some cases cell

anergy. BCR signalling is summarised in Figure 1.8.

1.7.1. BCR-induced cytosolic calcium flux.

Syk recruitment leads to subsequent recruitment of B-cell linker protein (BLNK), which in
turn recruits Burton’s tyrosine kinase (Btk). BLNK targets this newly formed complex to
the inner leaflet of the cell membrane**’ where Btk recruits and activates PLCy through
phosphorylation. Alongside this, a co-receptor of the BCR, CD19, targets PI3K to the
BCR complex upon tyrosine phosphorylation of CD19 cytoplasmic domains by Lyn**'.
CD19 is part of a co-receptor complex (CD21-CD19-CD81) that contains phosphorylation
sites in its cytoplasmic tail which lead to the recruitment and activation of a variety of
BCR signalling molecules*”. For example, CD19 plays a crucial role in stabilising and
amplifying BCR signals by further recruiting and activating PI3K and Btk and as a result

243248 The activated

enhances PLCy activation and aspects of the MAP kinase cascade
form of PI3K is also targeted towards the inner membrane leaflet, where it converts
membrane associated PIP, to PIP;. Btk and PLCy both associate with the membrane by

binding to PIP; via N terminal pleckstrin homology (PH) domains.

The collection of these molecules (BLNK, Btk, PLCy and PI3K) forms the BCR
signalsome®**, within which all molecules are co-dependent on each other for maximal
activation. Without this recruitment of PI3K, e.g. in P13K™” cells, Btk cannot sustain its
recruitment and membrane targeting of PLCy***. Similarly, deficiency in BLNK, Syk or
Btk leads to defective PLCy signalling. The singular loss, by genetic deletion, of Lyn, Syk
or Btk seems to lead to defective but still functional BCR signalling, however if more than
one of the signalsome molecules are absent, i.e. a combination of deficiencies such as Btk”"

245 There is however evidence that some of the

PLCy™ can cause a severe loss of function
BCR-signalling molecules can function independently of the BCR signalsome. For
example, PLCy induced Ca”" release can occur independently of Btk recruitment in Btk™”
mice and is commonly reduced but not ablated in the absence of BLNK (BLNK™)**,

suggesting PLCy can induce Ca®" independently of its recruitment to the signalsome.

As with activatory FcyR signalling, the result of this series of recruitments is the enzymatic

cleavage of membrane associated PIP; to IP; and DAG by PLCy, leading to the release of
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intracellular Ca®". An increase in intracellular Ca®" results in activation of downstream
signalling molecules such as some protein kinase B (PKB) isoforms, JNK and MAPK,
which cause an increase in cell proliferation®**’. DAG plays a different role in B-cell
activation besides induction of Ca** release. DAG remains membrane bound, where it
recruits and activates NF-kB and MAP-kinase pathways via activation of PKC and Raf-1,
with eventual transcription of pro-survival molecules such as B cell lymphoma-2 (Bcl-2)

and Al.

1.7.2. BCR-induced activation of MAP kinase signalling pathway.

Besides DAG production, the Ras-MAPK signalling pathway is primarily activated by the
recruitment of a complex formed by the association of Grb2 and the constitutively bound
SOS to tyrosine phosphorylated Src homology 2 domain-containing (Shc) or the similarly
phosphorylated BLNK after BCR ligati0n248’249. This in turn leads to the activation of

1" (Ras), which associates with the serine/theroine kinase Raf-1, causing the

p2
phosphorylation of MEK 1/2 and sequentially MAPK*****°. The outcome of this pathway
of activation is the phosphorylation of kinases such as JNK, ERK1/2 and p38 MAPK,
which in turn activate transcription factors such as c-jun, c-fos and c-myc; leading

eventually to entry into cell cycle, increased survival and proliferation®®.

1.7.3. BCR-induced activation of AKT.

PI3K mobilisation to the BCR-signalsome enhances the recruitment of PKB (or AKT) by
binding of AKT to the PH domain of PIP; at the plasma membrane. Here, AKT acts to
increase cell survival by inhibiting pro-apoptotic molecules such as caspase-9 *°' and
BAD®?. It has also been suggested that alongside sequestering BAD, AKT binds to BAX
and as a result prevents it’s translocation to the nucleus *** and thus prevents the induction
of permeablisation of the outer mitochondrial membrane and subsequent damage and
release of apoptotic factors. In addition, AKT also promotes cell survival by
dephosphorylating I-kB, leading to the release and translocation of NF-«B and ultimately

.. . . . . 254
transcription of molecules involved in cellular proliferations, such as c-myc “".
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Figure 1.8. B-cell signalling.

Engagement of antigen (Ag) with the BCR (membrane bound Ig, mlg) leads to the recruitment of a set of
signalling molecules, collectively known as the BCR signalsome. These molecules initiated a range of
signalling pathways which result in the transcription of a range of proteins that promote entry into the cell
cycle, increased cell survival and enhanced proliferation. The co-receptor complex CD19:CD21:CD81, that
is located at the cell surface within the plasma membrane, is not shown here, but serves to reduce the
threshold for BCR signalling, prolong BCR association with lipid rafts®> and accordingly augments the

strength and duration of BCR signalling®®.

1.7.4. The important of lipid rafts in ITAM receptor signalling.

Several ITAM containing immunoreceptors, including the FcyR and the BCR, have been
shown to become incorporated within lipid rafts after engagement. It is thought that lipid
rafts, which are regions within the plasma membrane that are rich in sphingolipid and

cholesterol microdomains>, allow the initiation of signalling cascades by providing a
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platform for the recruitment and clustering of adaptor and signaling proteins, leading to the
generation of appropriate intracellular signals.

Recruitment to lipid rafts has been shown to enhance receptor signalling in T-cells> ">
and it seems that lipid raft domains are essential for the transduction of BCR and FcyR
signalling cascades. It has been shown that whilst BCR signalling can occur independently
of lipid rafts, in mature B-cells there is a strong correlation between BCR association with
lipid rafts and an increase in both the strength and duration of activatory signalling through
the BCR**. In the resting cell the BCR seems to be excluded from these lipid raft
domains, but upon engagement with antigen the BCR is rapidly recruited to the lipid raft

2% These clusters of BCRs within the cell membrane and their association with

domains
lipid rafts have been referred to as microclusters®®, which allow localisation of
components of the BCR signalling cascade, in particular elements of the BCR signalsome,
within the intracellular region of the microclusters®®'. It is this clustering of the BCR and

262
. For

signalling components that is thought to promote enhanced BCR signalling
example, it has been demonstrated that this association between the BCR and lipid rafts
enhances ITAM phosphorylation and Syk recruitment and thus augments BCR

. . 263,264
signalling™>"™".

It has been demonstrated that relocation of the BCR and BCR-associated molecules occurs
in part due to rearrangement of the cytoskeleton, in particular through actin
rearrangement”". This process is dependent on Vav; a molecule which has previously
been shown to be essential to BCR signalling. Primarily, Vav causes actin cytoskeleton
rearrangement by activation of the Rho-family of GTPases, which can alter intracellular
structures by hydrolysing components of the cytoskeleton. As a result, it has been
suggested that Vav can promote movement of the BCR and its cognate receptors (see

section 1.5.4.2.1.) into lipid rafts*®

. It has been established that other components of the
signalsome, such as Btk and PLCy are essential for BCR signalling. By demonstrating that
these molecules are also essential for microcluster formation, this strongly suggests
microcluster formation in lipid rafts to be an essential part of BCR signalling?®. This is
with the exception of PI3K, where deficiency in this molecule did not abrogate
microcluster formation, but has been shown to be essential for effective BCR

signalling®*2%

Similar to BCR-induced lipid raft domain clustering of BCR signalling molecules,

comparable processes have been demonstrated to occur with regards to FcyR signalling.
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For example, cross-linking of FcyRIla by antibodies leads to the activation and recruitment
of FcyRIla and the Src-kinase, Lyn within lipid raft domains®®*’*%. In contrast, disruption
of lipid rafts resulted in reduced FcyRIla activation and Lyn recruitment®®-*"°, highlighting
the importance of lipid rafts, in FcyRIla signalling at least. It would also appear that lipid
raft domains are essential to FcyRIIIb GPI-mediated signalling, where disruption of lipid

raft domains abrogated signalling®’".

Co-ligation of either the activatory FcyR or BCR with the inhibitory FcyR has been
identified as an important means of regulating cellular responses. Next we discuss the
importance of CD32 expression and the means through which CD32 signals to regulate

these responses.

1.8. The inhibitory FcyR.

CD32 engagement modulates cell activation by counteracting ITAM-mediated signalling.
This occurs both on cells where it is the only FcyR expressed (B cells) or where it is co-
expressed with activatory FcyR (effector cells), where it provides a counterbalance to cell

activation.

The importance of this counterbalance of inhibitory signalling to activatory FcyR and BCR
signalling has been demonstrated in several in vivo studies, where disruption of inhibitory

FcyR expression leads to augmented IC mediated inflammation and innate immune cell

154,272,273

activation , 1.e. enhanced ADCC and clearance of [gG-opsonised cells in vivo and

augmented type I, I, and III hyper-sensitivity reactions”’*'*2. The consequence of these
augmented immune responses is often pathogenic and can lead to the development of
autoimmune-like phenotypes in these knockout animals. Mice deficient in CD32 have

been shown to have a greater incidence of inducible autoimmune disorders such as

275

collagen-induced arthritis (CIA)™"” and Systemic lupus erythematosus (SLE) (the latter

276

predominately on the C57BL/6 genetic background)”” and show increased levels of

circulating IgG and activated plasma cells®” 2"

272

, potentially due to a lack of CD32-induced
apoptosis™' . It has been shown, that susceptibility to autoimmunity is a function of CD32
deficiency on B-cells. Through targeted cell-specific deletion, it has been shown that mice
lacking CD32 on macrophages did not demonstrate an autoimmune phenotype, whilst mice
lacking CD32 on B cells did display an autoimmune phenotype®’’. In contrast however,
mice lacking CD32 have been shown to have increased resistance to bacterial infections®’

and also reduced susceptibility to malaria®™', suggesting that in certain situations CD32

deficiency may be advantageous.
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In humans, CD32b polymorphisms and a reduction in CD32b levels have also been shown
to be linked to autoimmunity, in particular a single polymorphism (threonine for isoleucine
substitution at position 232, T232I) in the transmembrane domain of CD32b has been

linked to development of SLE#%7%-284285

. This polymorphism in CD32b has increased
prevalence in geographical areas associated with malaria infection and murine studies in
CD32” mice have shown increased disease clearance and reduced disease severity in

281,286,287

models of malaria , again suggesting, that in certain circumstances CD32

deficiency may provide a selective advantage to infectious disease.

1.8.1. Expression of CD32

CD32 is expressed thoughout the haemopoietic system (see Table 1.2) and expression has
also been demonstrated on non-haemopoietic tissues, such as sinusoidal lining cells in the

% and placental villus endothelium™°.

liverzgg, dermal microvascular endothelial cells
The role of CD32 expression on these tissues is not entirely clear, but on placenta villus
endothelium is it thought to transport IgG from the maternal system to the foetus as well as

a scavenge receptor for IC, possibly in conjunction with FcRn*"".

1.8.1.1. Expression of CD32 isoforms.

The inhibitory FcyR exists in a variety of isoforms. Analysis of the CD32b gene

structure indicates that CD32b1 (FcyRIIbl) and CD32b2 (FcyRIIb2) arise by differential

292

mRNA splicing of a 141-bp exon (exon 8)”* and the resultant protein product differs by a

146

47-amino acid insertion within the cytoplasmic tail of the CD32b1 isoform in mice ™. In
humans, the difference between the two isoforms is the insertion of a 19 amino acid
293,294

sequence in the cytoplasmic tail of human CD32b1 up-stream of the ITIM domain
(Figure 1.9). These isoforms result from the translation of two alternative splice variants
for CD32b encoded on chromosome 1 in both humans (1923.3) and mice. In humans, this
gene segment also contains the DNA sequence encoding for the greater that 95 %
homologous FcyRIIa'*. The extracellular and transmembrane regions of the two CD32b
isoforms are 100% homologous™”. In addition, human CD32b1 and CD32b2 share greater

that 60 % homology with their murine counterparts®”.

The two isoforms show very specific patterns of expression. CD32bl1 is predominantly
expressed by B-cells and CD32b2 is mainly expressed by monocytes and
macrophages'****>**. CD32b2 expression on myeloid cells causes signal inhibition by

attenuating activatory FcyR signals, whilst in contrast, CD32b1 expression by B cells
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causes an abrogation of BCR signalling®’. It is thought that these two isoforms have
different functional properties due to differing endocytic capacities of the two splice
variants. CD32b2 is able to undergo rapid receptor endocytosis upon ligation, whilst
CD32b1 has been reported to lack this property”*. A cytoskeleton-binding site, located
within the cytoplasmic tail of CD32b1 lends itself towards different interactions with
cytoplasmic and membrane proteins involved in signal transduction, limits phagocytosis'*.
Specifically, the amino acid insertion in CD32b1 inhibits phagocytosis by preventing

298’299, whereas CD32b2 contains a region within its

accumulation in clathrin coated pits
cytoplasmic domain essential for accumulation in clathrin coated pits. As a result,
CD32b2-dependent phagocytosis ensures effective ligand internalisation and delivery to

298
lysosomes™™".

The distinct structural diversity of CD32b isoforms expression confers functional diversity
of cell inhibition through CD32b engagement on different cell types. Tartour et al (1993)
discussed the potential of increased antigenic processing due to enhanced endocytosis by
CD32b2 engagement300, whereas, a study by Minskoff et al (1998) proposed that the
inability of CD32b1 on the surface of B cells to undergo endocytosis prevented
intracellular processing of Ag and as such inhibition of productive T cell responses through

decreased presentation via MHC class II°°.

A third isoform of CD32b has also been reported, CD32b1” which has been demonstrated
to have a truncated cytoplasmic tail in comparison to CD32b1, but extended in comparison
to CD32b2. Studies by Latour et al (1996) demonstrated that CD32b1” functioned
similarly to CD32bl in terms of inducing surface molecule capping, but not inducing
endocytosis or phagocytosis, but in contrast to CD32b1, CD32b1’ was expressed by cells
of both myeloid and lymphoid lineage®®. In addition, a soluble version of CD32b,
CD32b3 has also been described. Secreted exclusively by myeloid cells this isoform has
yet to be definitively characterised in terms of function, but has been shown to lack the
transmembrane domain of the CD32b isoforms and the intracellular domain of CD32b1°%,

confirming that this is a secreted version of CD32b.

Below we consider how these different isoforms of CD32 effect signalling through other

FcyR and the also the BCR.
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1.8.2. Inhibition of activatory FcyR signalling.

Co-aggregation of CD32 with activatory FcyR results in the phosphorylation of the ITIM
residues located within the cytoplasmic tail of CD32, likely through the activatory FcyR-
associated Src kinases’* ", This phosphorylated ITIM provides docking sites for SH2-
containing tyrosine phophatases such as SHP-1 and also SH2 domain-containing inositol
5-phosphatases, such as SHIP-1°*%_ These molecules dephosphorylate tyrosines on
target molecules, including receptors and effector molecules, such as Syk, resulting in
perturbed early signalling events and downstream signals and temporary arrest of cell

activation, including abrogation of PhagOCytosis307’308.

Increases in SHP-1 activation after FcyR co-aggregation has been shown to decrease
phagocytosis by inhibition of Syk, PI3K and Rac®”. Similarly, over expression of SHIP-1
in macrophages leads to decreased phagocytosis in comparison to cells expressing inactive
SHIP-1. It was also shown that macrophages derived from SHIP”" were more efficient at
phagocytosis than cells derived from WT littermate®. SHIP-1 has been shown to
hydrolise PIP; (to PIP,) and prevent membrane localisation of signalling molecules such as
PLCy’'", both of which have been demonstrated to be involved in activatory FcyR
signalling (section 1.6.2). Alongside this, transfection of CD32a, CD32 and SHP-1 into
COS-1 cells demonstrated attenuated phagocytosis compared with CD32a/SHP-1
transfectants, indicating that CD32 co-ligation is required for adequate inhibitory
signalling. Here, the reduced activation in CD32a/CD32/SHP-1 transfectants
corresponded with an increase in SHP-1 phosphorylation and decrease in CD32a
phosphorylation and Syk activation.’''. Similar results were also observed with
transfectants containing SHIP-1 rather than SHP-1°"". These studies demonstrate that
inhibition of activatory FcyR signalling occurs through processes involving the recruitment
of SHP-1 and SHIP-1, through interaction with CD32, which results in attenuation of

downstream signalling cascades associated with activatory FcyR signalling.

Much like activatory FcyR signalling on effector cells, inhibitory FcyR signalling on these
cells has not yet been fully characterised. As CD32 is the only FcyR expressed by B cells,
signalling cascades occurring as a result of CD32 engagement have been more clearly

defined on this cell type and will be discussed in further detail below.
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1.8.3. Inhibition of BCR signalling.

Despite CD32 signalling on B cells having been more thoroughly investigated and
established than on FcyR expressing cells, the mechanisms by which CD32 inhibits B cell
signalling are still not entirely clear, but here we examine biochemical and genetic data
that try to allude to these mechanisms of inhibition. As mentioned, alone, antigen will
engage the BCR and thus activate B-cell signalling. However, if the antigen is pre-coated
with antibody as part of an IC, then the Fc region of the associated antibody can bind to
CD32 and bring it into proximity with the BCR. The associates CD32 then inhibits B-cell
activation, primarily through cascades induced by ITIM-dependent tyrosine

12,31
13 313

phosphorylation of SHIP- , much like inhibition of activatory FcyR signalling.

Principally, CD32 co-ligation on B-cells leads to a reduction in cytosolic Ca*" leading to a

reduction in cell proliferation and survival and induction of cell anergy314.

Similar to CD32 signalling on effector cells, the initial event of CD32 signalling on B cells
is tyrosine phosphorylation of the cytosolic ITIM residues by the BCR associated Src
kinase, Lyn®"°. This is principally achieved when CD32 is pulled into close contact with
the BCR, where it can associate with Lyn and become phosphorylated'™ (Figure 1.9).

This phosphorylation leads to the recruitment of SHIP-1 and the initiation of three distinct,
but mutually interacting, SHIP-dependent pathways that result in a potent inhibition of
cytosolic Ca®" release, a decrease in the activity of the serine-theronine kinase AKT and an
inhibition of MAPK kinase signalling®'*. SHIP-1 phosphorylation is a pivotal step in
CD32 activation, where deficiency in SHIP-1 abrogates CD32 signalling in B cells®'®***
Alongside this it has been demonstrated that phosphorylation of SHIP-1 by Lyn and the
targeting of this molecule to the inner B cell membrane is essential for the induction of

SHIP-1 dependent events®'’, demonstrating the essential nature of both the Lyn and SHIP-
1 in the initiation of CD32 signalling in B cells.

41



mlg '

\ Il
U I

()

a— @ —ITAM
ITAM —

[ ]
Iga Igp

BCR CD32

Figure 1.9. Schematic to show the co-ligation of the BCR and CD32 by immune complex engagement.
Engagement of antigen (Ag) containing IC with the BCR (membrane bound Ig; mlg) can lead to the co-
engagement of CD32. This co-ligation brings the ITIM-containing cytoplasmic domain of CD32 into contact
with activated components of the BCR signalling cascade, such as Lyn, which phosphorylates the ITIM
residues (red ball), consequently and can activate and phosphorylates SHIP-1, which initiates SHIP-1
dependent downstream signalling cascades®". Similar occurs when CD32 is co-ligated with activatory FeyR
brings the ITIM domain of CD32 into contact with activated components of the activatory FcyR signalling
cascade, leading to the phosphorylation of the ITIM and recruitment of SHP-1 and SHIP-1°%%,

1.8.3.1. CD32 recruitment to lipid rafts after BCR co-ligation.

There are opposing opinions as to whether CD32 is resident within lipid rafts under normal
physiological conditions. However, the consensus is that there is a rapid increase in
mobilisation of CD32 into lipid rafts upon BCR and CD32 co-ligation, where CD32
becomes phosphorylated®®**'®. How recruitment of CD32 into lipid raft domains hampers
BCR signalling is not entirely clear, however one suggested mechanism is that receptor co-
ligation impedes BCR association with the lipid raft domains, an essential step in the

initiation of BCR signallling264’319

. This suggests that inhibition of BCR signalling occurs
independently of CD32 signalling. However, other evidence suggests that CD32
recruitment to the lipid raft induces signalling events resulting in the inhibition of BCR
signalling. It was shown that if the localisation of CD32 to lipid rafts after co-ligation with
the BCR was prevented then ITIM and SHIP-1 phosphorylation decreased and this

correlated with reduced inhibition of BCR signalling®*’, suggesting that CD32 location to
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lipid rafts and the phosphorylation of the ITIM and SHIP-1 are both essential to the
inhibition of BCR signalling.

Moreover, SHIP-1"" mice show abrogation of BCR inhibitory regulation by CD32**! and
an increase in PIP;, Ca*" flux®** and MAPK activation after BCR ligation®". SHIP-1, is
not usually found within lipid rafts under normal physiological conditions, but is recruited
following the co-ligation of the BCR and CD32, where SHIP-1 is exclusively associated
with CD32°'®. Tt is thought that within the lipid raft pSHIP-1 may dephosphorylate PIP;
and as such result in membrane dissociation of other components of the BCR signalling

complex, such as Btk, hereby causing inactivation of PLCy’'*.

Regardless of the mechanism by which CD32 recruitment to the lipid raft inhibits BCR
signalling, evidence suggests that CD32 recruitment is essential for effective inhibition.
Perhaps the best evidence come from the fact that a single point mutation in the
transmembrane domain of CD32 (mentioned above), which is observed with higher
frequency in patients with SLE, abrogates its ability to relocate into lipid rafts and removes

negative modulation of BCR signalling?***%>%.

The inhibition of BCR signalling after co-ligation of CD32 occurs as a result of key

downstream signalling pathways, which are discussed in turn below.

1.8.3.2. Inhibition of BCR-induced cytosolic calcium flux.

The most clearly understood mechanism of CD32 inhibitory effects on BCR activation is
abrogation of BCR-induced cytosolic Ca®" release®>. Tyrosine phosphorylation of SHIP-1
results in the hydrolisation of PIP; and membrane dissociation and inactivation of Btk, Vav
and PLCy; resulting in potent inhibition of BCR-induced Ca®" influx'******** and
inevitably reduction in Ca*" dependent processes, such as activation of PKC

(aforementioned in section 1.7.1)314 (Figure 1.10a).

1.8.3.3. Decreased survival by inhibition of AKT.

A second pathway of BCR signalling regulated by CD32 is AKT activation. AKT has
been reported to protect cells from apoptosis and thus seems to increase cell survival. It
has been reported that AKT activity can be regulated by PIP, and PIP3, but is wholly

326

dependent on PI3K activity””". It was demonstrated that AKT activation was decreased

after co-ligation of the BCR and CD32 compared with BCR aggregation alone and that
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these changes were dependent on SHIP-1 phosphorylation and recruitment®****’. There is
additional evidence that suggests that CD32 activation recruits 3’inositol phosphatase
(PTEN), which is an antagonist molecule of PI3K and consequentially will reduced AKT
activation®®®. These facts demonstrate that CD32 activation after BCR co-ligation can lead

to a reduction in AKT activation and as a result a decline in cell survival (Figure 1.10b).

1.8.3.4. Reduced cell proliferation by inhibition of MAP kinase pathways.

BCR ligation leads to the activation of the MAPK signalling pathway via Shc activation
8 Shc can also interact with tyrosine phosphorylated SHIP-1. It is thought that the
interaction of Shc with pSHIP-1 leads to perturbed association of the Grb2/SOS complex
and as a result, there is an observed reduction in Ras/MAPK activity’>’. Together with
this, it has been shown that Grb2 preferentially binds to pSHIP-1 and other SH2 domain
containing molecules associated with activated ITIM after BCR-CD32 co-ligation®’ and
upon this binding Grb2 becomes dephosphorylated and is rendered inactive™' (Figure
1.10b).

In addition, co-ligation of the BCR with CD32 results in attenuation of the Ras-MAPK
pathway by the binding and activation of the adaptor protein p62° (Dok-1) by SHIP-1,
leading to the inactivation of the Ras and MAP kinases, with resulting reduction in B-cell
proliferation®*?

GAP), which converts active Ras (RasGTP) to an inactive form (RasGDP)**. Alongside

. Dok-1 acts by promoting the activity of GTPase activating protein (Ras-

this, there seems to be an increase in ERK and MAP kinase phosphatase (Pac-1) upon BCR
and CD32 co-ligation. Pac-1 dephosphorylates ERK and other members of the MAPK
signalling cascade and in this way hampers on-going ERK activity’>* and as such leads to

arrest of cell cycle progression and cell proliferation.

Taken together these observations of CD32 activity on B-cells all suggest that CD32
modulation of BCR signalling can lead to cell anergy by abrogating Ca** flux and
subsequent Ca”" dependent signalling processes, by inhibiting cell survival and by
perturbing cell proliferation. Alongside these, aggregation of CD32 in the absence of BCR
co-ligation has been shown to directly induce apoptosis of subsets of B cells (see

discussed).
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a)

b)

Figure 1.10. SHIP-1 mediated inhibition of BCR activity after CD32 co-ligation.

CD32 co-ligation with the BCR (membrane bound Ig; mlg) after engagement with antigen (Ag) containing
IC leads to the activation of SHIP-1 by ITIM phosphorylation. This result in the hydrolisation of PIP; to PIP,
and the membrane dissociation of Btk and PLCy, consequentially, these BCR-signalling molecules can no
longer causes intracellular calcium flux, and as such, calcium dependent processes such a protein kinase B
activation are inhibited (a). Alongside this, PIP; to PIP, hydrolisation leads to the membrane dissociation of
Akt, which will no longer suppress BAD and thus lead to apoptosis (b). SHIP-1 phosphorylation also leads
to the recruitment of PTEN, which inhibits PI3K activity and thus PIP2 can no longer be converted to PIP3
and recruit BCR signalling molecules. Alongside PTEN recruitment, SHIP-1 recruits Dok-1, which cause
phosphorylation and degradation of ERK and thereby inhibits the Ras/MAPK cascade. In addition, SHIP-1
can interfere with the association of Grb/SOS with BLNK (and Shc) and thereby reducing their ability to
activate the Rass/MAPK pathways (b).
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1.8.4. Direct B-cell apoptosis induced by CD32 activation.

A fourth distinct CD32 signalling pathway occurs that is independent of BCR co-ligation,
ITIM phosphorylation and SHIP recruitment™. It has been shown that CD32 aggregation
at the cell surface can induce direct apoptosis. The pro-apoptotic signalling observed is
dependent on an intact transmembrane domain and also on Btk and JNK recruitment,
where direct apoptosis induced by CD32 aggregation is abrogated in DT40 cells deficient
in Btk and JNK in comparison to WT counterparts™". It has also been suggested that this
process has some reliance on the phosphorylation and activation of c-Abl family kinase,
again in an ITIM/SHIP-1 independent manner’>. The role of c-Abl under normal
physiological conditions in B-cells is not well understood. Despite this it has been shown
that c-Abl dysregulation is common in some forms of cancer>>, but may have some role in

apoptotic control.

In addition, the apoptotic response to CD32 cross linking seems to be in part dependent on
members of the Bcl-2 family, in particular Bim, where plasma cells from Bim” mice
showed abrogated CD32-induced apoptosis®’>. The apoptosis observed after CD32
coaggregation therefore, is similar to that induced in response to cell stress, via the intrinsic
cell death pathway®****"*® " Alongside this, there seems to be an increase in mitochondrial
membrane depolarization, cytochrome C release and activation of caspases 3 and 9 after
CD32 aggregation, all of which are effectors of the intrinsic cell death pathway’>>,
supporting the notion that CD32 aggregation leads to apoptosis. Surprisingly, BCR- CD32
co-ligation and the activation of SHIP-1 has been shown to overcome the apoptotic
signalling induced by CD32 aggregation, presumably by leading to the membrane
dissociation of Btk>** and also by the dephosphorylation of c-AbI***.

The physiological reason for such a process of apoptosis on B cells has been suggested to
be important for maintaining peripheral tolerance, particularly in cells that have undergone
somatic hypermutation or down-regulated their BCR, i.e. on germinal centre (GC) B cells
and plasma cells, respectively”'*. During the process of affinity maturation, B-cells will
come into contact with follicular dendritic cells (FDCs) in the GC that capture Ag in the
context of IC. B-cells which bind via their BCR with high affinity to Ag displayed by
FDC will survive and proceed to maturation, whilst B-cells that interact with low affinity
will undergo apoptosis. The Fc portions of the IC will also bind to CD32 on the B cells,
either in the presence or absence of BCR engagement. It is thought that the aggregation of
CD32 by IC on these germinal centre B-cells in the absence of BCR co-ligation can lead to

direct apoptotic signalling”**. This consequently suggests a mechanism that may
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differentially select cells based on their affinity for Ag. Theoretically, high affinity
antibodies that bind to both the BCR and CD32 will show reduced CD32 -induced
apoptosis and favour survival, whereas low affinity antibodies will bind only via Fc to
CD32, leading to CD32 aggregation and induction of apoptosis. However, survival of cells
that have both BCR and CD32 signals is contradictory to the previously described
mechanisms of CD32 activity, where co-ligation of the BCR and CD32 of circulating B
cells leads primarily to modulated cell activation (see section 1.8.3). This perhaps implies
that there is a threshold level at which the balance between BCR and co-signalling of

CD32 may lead instead to cell survival rather than cell anergy.

Similarly, plasma cells, which have lost their BCR but continue to express CD32, also
display apoptosis on CD32 crosslinking, thus providing a mechanism to control plasma
cell persistence, where CD32”" mice showed an increase in the persistence of plasma cells
compared to WT counterparts®’>. However, in this study, crosslinking of CD32 induced
approximately 2 to 5 % greater apoptosis than the control, which considering background
apoptosis was approximately 5 to 10 % this increase was very slight. Alongside this,
Ashman et al (1996) demonstrated similar induction of apoptosis after CD32 crosslinking
in splenic B cells, that could be rescued by blockage (by mAb) or reduced expression (by
IL-4) of CD32%*.

The importance of these processes may be evident in animal models of CD32 deficiency
%0 For example, plasma cells from autoimmune prone mice that demonstrate an SLE-like
phenotype, have an increase in the number and the persistence of bone marrow plasma
cells and also an increase in serum IgG levels. Alongside this, these plasma cells do not
undergo CD32-dependent apoptosis®’>. In addition, GC B cells from WT mice have been
shown to up-regulate CD32, but in contrast, this is not observed on GC B cells from
autoimmune prone mice>*'. Tt is therefore thought that CD32 expression on plasma cells is
essential for control of cell numbers within lymphoid compartments and protection from

autoimmune disorders.

There is a further subset of B cells which has also shown susceptibility to CD32-dependent
apoptosis. Pre-B cells within the bone marrow do not express the BCR at the cell surface,

but do express high levels of CD32°*

and showed CD32-dependent apoptosis and
decreased cell viability upon cross-linking**. However, unlike apoptosis induced in GC B

cells, this process seemed to correlate with SHIP-1 phosphorylation and was reduced in
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pre-B cells from SHIP” mice, suggesting that CD32 signalling for apoptosis may vary at

different stages of B cell development.

It has been proposed, that this mechanism could be utilised to induce apoptosis in CD32-
expressing tumour cells. In support of this, it was demonstrated that cross-linking (using
mADb) of CD32 on myeloma cells can induce significant apoptosis in comparison to similar

myeloma cells that lack CD32%"

. In addition to expression on malignant counterparts of
lymphoid cells, CD32, and the activatory FcyR, have also been reported in a variety of

other malignant contexts, discussed below.

1.9. Expression of FcyR in cancer.

It has been shown that there is abnormal expression of the FcyR on several lymphoid and
non-lymphoid tumours**. Early observations in human and mouse tumours demonstrated

4 . .
3% and form rosettes in their

that tumour cells can absorb sheep red blood cells (SRBC)
presence’*®, methods that are commonly used to determine FcyR expression by cells. In
addition, FcyR expression has also been shown to be increased on peripheral blood
mononuclear cells (PBMCs) in patients with cancer, particularly those with breast cancer.
The increase in FcyR expression on PBMCs correlated both with an increase in tumour
mass and decrease in survival in patients with metastatic disease®*’*®. It was therefore
thought that perhaps the FcyR expressing cells in the tumour mass were tumour infiltrating

lymphocytes or inflammatory cells**’. However, a study by Ran et al (1984) confirmed

that both infiltrating cells and the tumour cells themselves expressed FcyR>™.

The reason for this abnormal expression of FcyR on tumour cells has not yet been
determined, however it has more recently been demonstrated that it is specifically the
abnormal expression of inhibitory FcyR by tumour cells that infers enhanced
tumourigenicity in certain tumours™ >, Alongside this, 3T3 cells transfected with
CD32b1 were more tumourgenic that CD32b1 negative cells. These authors also observed
that if the tumour comprised of CD32 negative and CD32 positive cells, then the CD32
positive tumour cells would dominate the tumour cell population over the CD32 negative
cells in vivo™?. This suggests that CD32 expression provides a selective advantage for
tumour cell growth. However, contrary to this, it was shown that tumours of long latency,
i.e. those which took longer to establish in the mice, showed increased expression of
CD32%' implying that CD32 expression may be gained by tumour cells during the

pathogenic process.
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Analysis of a panel of primary tumours and metastases from those tumours using
immunohistochemistry has demonstrated that etopic CD32 expression is observed in a
variety of other cancers. In melanoma for example, CD32 has been shown to be
overexpressed on metastatic tumour cells in 34 % of cases, with a lower percentage of
ovary, brain and colon tumours (14 %, 5 % & 4 %, respectively) also demonstrating
abnormal CD32 expression in comparison with normal tissue®>. Alongside this, B cell
tumours have also been shown to overexpress CD32 in comparison with normal B cells, as
determined by immunohistochemistry. Similar to the example of metastatic melanoma, in
some cases, an increase in CD32 expression on the B cell tumours has been linked to
tumour transformation and disease progression®>°. Interestingly, Cassard et al (2008) also
observed that CD32b expression correlated with tumour progression, in particular noting
an increased percentage of CD32 expressing tumour cells at various sites of metastasis,
confirming observations observed above that tumours of longer latency express CD32,
suggesting that expression is gained during disease progression. It was discovered that the
highest percentage of CD32b expressing cell could be found within the liver, followed by

lymph nodes, lung and skin®*’

. In addition, examination of tumour biopsy from both
primary and metastatic sites from a single patient during disease development, consistently
demonstrated absence of CD32b in the primary tumour, but expression of CD32b in the
liver and lymph nodes. Taken together, these studies propose that not only does CD32
expression confer a selective advantage for tumour cell growth, but that this is likely to

contribute to disease progression and prognosis.

The how and why of CD32 upregulation on non-lymphoid tumours has not yet been
established, but it has been suggested that environmental factors may play a part, either in
response to IgG (within IC) or as a result of interactions with the tumour
microenvironment™ . The latter is supported by evidence showing that CD32
expression was lost during in vitro culture, but restored after treatment with IFN-y**®. This
is in contrast to what is seen under normal physiological conditions (see section 1.5.5) and
could suggested alter FcyR biology within the tumour environment. In terms of tumour
escape, it has been suggested that CD32 might interfere with the anti-tumour responses and
as a result, protect the tumour cells from the deletion via the immune system®>>%.
Specifically, it has been postulated that CD32 might function by sequestering the Fc

portion of mAb and as such limit FeyR-dependent effector functions®***>

, thereby
allowing the tumour cells to evade the immune system and acquire metastatic potential.

This also has further implications for mAb immunotherapy (discussed below).
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1.10.  FcyR as mediators of anti-tumour immunotherapy.

1.10.1. The role of FcyR in immunotherapy.

Several studies have demonstrated that the anti-tumour mechanism of many therapeutic
mAD rely on FcyR engagement. Murine studies of TA99 (anti-melanoma mAb)*¢'-¢23%
rituximab®** and transtuzumab® have demonstrated that activatory FcyR are required for
effective anti-tumour responses. Absence of the FcyR through genetic knockout or by
blocking FcyR with specific mAb results in reduced tumour cell clearance and

subsequently reduced survival.

Strikingly, human clinical trials examining mAb directed against cell surface tumour Ag
have reported divergent responses correlating with polymorphisms in FcyR. For example,
FL patients with a homozygous polymorphism in the binding domain of FcyRIIIa (158
valine/valine or V/V) confers higher affinity for IgG1 and more effective induction of
ADCC**7% Patients with this polymorphism or a polymorphism in FcyRIla (131
histidine/histidine or H/H) responded significantly better to rituximab treatment in terms of
increased survival time and reduced time to relapse''”''®. Similar results have also been
reported in breast cancer patients, where the 158 V/V polymorphism in FcyRIIla
significantly correlated with favourable objective response rate and disease free survival
after treatment with trastuzumab. Here, the 131 H/H polymorphism in FcyRIIa showed a
trend toward increased objective response rate and disease free survival, again likely

mediated through enhanced ADCC>®’,

In contrast, whilst the activatory FcyR have the potential to enhance anti-tumour mAb
efficacy, it has been demonstrated that engagement with the inhibitory FcyR can attenuate
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immunotherapy, by limiting activatory signals in effector cells™". When there is a

deficiency in CD32 on effector cells an increase in ADCC can be observed®.

1.10.2. Inhibitory FcyR in immunotherapy.

It has been demonstrated that CD32 deficiency can improve cancer immunotherapy. The
seminal paper that describes this was published by Clynes et al (2000). In a xenograft
model of breast cancer, optimal doses of 4D5 and trastuzumab showed complete inhibition
of tumour growth in CD32” mice compared with WT controls®. In addition, antibody
treatment of B16 melanoma (using TA99 mAb) in CD32”" mice completely abrogated
tumour growth compared with WT controls and CD32”" mice without antibody treatment,

suggesting that a deficiency in CD32 expression leads to enhanced anti-tumour mAb
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therapy. This was also the case in a separate human xenograft model, where an anti-E-
cadherin mAb showed enhanced therapy of human colon carcinoma in CD32” mice
compared with WT controls®®. It is presumed that many of these direct targeting therapies
rely on the recruitment of ADCC effector function and that CD32 expression results in
sequestering of the Fc of therapeutic mAb and therefore mAb can no longer recruit effector
functions. These data suggest that targeting of CD32 could lead to manipulation of the

anti-tumour response and as a consequence improve mAb immunotherapy.

In addition, incubation of human dendritic cells with a CD32b blocking antibody was
sufficient to induce DC maturation by immune complexes, demonstrated by the
upregulation of costimulatory molecules®”’. Alongside DC maturation, the enhanced
generation and activation of tumour specific T cells and enhanced immune responses were

12,371
obsevered’'>?’

. This suggests that blocking might be a strategy for generation of stronger,
targeted anti-tumour responses by DC, either by mAb but also in combination with cancer

vaccines.

It has also been proposed that developing therapeutic mAb that has reduced interaction

with CD32 would improve immunotherapy, by enhancing the A/I ratio. There has been
some success in this area, principally by engineering the Fc portion of a human IgG1 to
interact with greater affinity to FcyRIIla and with a lower affinity to CD32b and

consequently enhance activatory FcyR signalling and antibody driven ADCC'*-"2

One of the problems in generating specific anti-CD32b mAb is that human activatory
FcyR, FeyRlIla shares greater than 95 % homology in the extracellular region of the
receptor (discussed in section 1.5). However, recently as anti-CD32b mAb capable of
specifically binding CD32b has been developed and has demonstrated to be efficient at
blocking endogenous IC binding and attenuating CD32 activity and enhancing the activity
of activatory FcyR in vitro®”. Further to this, these human CD32b mAb have been used in
xenograft models of lymphoma, where the anti-CD32b mAb (2B6) was able to induced

direct cell death, resulting in growth inhibition and increased survival’”*

. This study also
demonstrated that the anti-CD32b was able to direct ADCC towards human B-cell

lymphomas in vitro and required intact Fc for its function in vivo®™*.
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1.11.  Project aims.

In light of the evidence that suggests manipulation of CD32 can improve immunotherapy
we intend to study how this could be achieved. Recently, a panel of mAb which are highly
specific for CD32 was generated, allowing me to study the prospective use of anti-CD32

mADb in immunotherapy of lymphoma.

The aims of this project are outlined below.

1) Generate primary lymphomas and associated cell lines, both expressing and

lacking CD32, from the Epu-myc murine model of NHL (see Chapter 3),

2) Assess the ability of a panel of anti-CD32 mAb to regulate the intracellular signals
delivered by the BCR and determine their effects on apoptosis in vitro (see Chapter
4),

3) Determine the effect of the anti-CD32 mAb on normal CD32 expressing cell types

in vitro (see Chapter 5),

4) Assess the ability of the anti-CD32 mAb to manipulate mAb immunotherapy in our

murine models of lymphoma (see Chapter 6).

52



CHAPTER 2 Materials and Methods

2.1. Animals.

Ep-myc mice were supplied by Adrian Ochensberins (Bern, Switzerland) and were
maintained on the C57BL/6 in-bred mouse strain originally obtained from Charles River
Laboratories (Margate, Kent) and maintained in house. The Ep-myc mice underwent
additional breeding with CD32"~ C57BL/6 mice originally supplied by Dr. Sjef Verbeek
(Leiden, Netherlands). CD20 transgenic (Tg) C57BL/6 mice were supplied by Prof. Mark
Shlomchick (Yale, USA). Both the CD32” and CD20 Tg mice were backcrossed onto the
BALB/c background, originally supplied by Harlem UK Limited (Margate, Kent) and
maintained in house, for up to ten generations by Dr. Stephen Beers (University of
Southampton). Human CD32 Tg mice were created in the S129 strain ES cells and back-
crossed onto BALB/c and C57BL/6 backgrounds. The DNA constructs were designed by
Dr. Claude Chan (University of Southampton) microinjected by Drs. Neil Smyth and Bhav
Sheth (University of Southampton). CBA/H mice, used for the A31 sygeneic lymphoma
model, were supplied by Harlan UK Limited (Blackthorn, Oxon, UK). All mice were

maintained in local animal house facilities in accordance with Home office regulations.

2.2. Tissue culture.

The human B cell lymphoma cell lines Raji and Daudi (European Collection of Animal
Cell Cultures (ECACC) Porton Down, UK) were cultured in RPMI-1640 (GIBCO
Invitrogen, Paisley, UK) enriched with 10 % heat inactivated Foetal Calf Serum (FCS)
(Lonza), 2 mM glutamine and 1 mM pyruvate (Invitrogen, Paisley, UK). The murine B
cell lymphoma cells tBCL; were maintained by routine in vivo passage in BALB/c mice
and cultured for up to 30 days in RPMI-1640, enriched as described above with the
addition of penicillin and streptomycin (100 pg/ml each) (Invitrogen, Paisley, UK) and 50
uM 2-Mercaptoethanol (2-ME) (Sigma-Aldrich, Dorset, UK). Cells were cultured at 37

°C, 5 % carbon dioxide (CO,) in tissue culture flasks.

Ep-myc cell lines were generated in house, through this thesis, from primary lymphomas
excised from the Ep-myc mice. The Ep-myc lymphoma cell lines (LCLs) were cultured in
DMEM (Dulbecco’s Modified Eagle Medium) (GIBCO Invitrogen, Paisley, UK) enriched
with 10 % FCS, penicillin and streptomycin (100 pg/ml each), 2 mM glutamine and ImM
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pyruvate (Invitrogen, Paisley, UK), 50 uM 2-ME and 100 uM Asparagine (Sigma-Aldrich,
Dorset, UK). Cells were cultured at 37 °C, 10 % CO; in six well plates. B cells isolated
from murine spleens or from human whole blood were also cultured in enriched DMEM in

the same way.

Murine bone marrow derived macrophages (BMDMs) were isolated from the bone marrow
of the femur and tibia of mice and cultured in RPMI-1640 (GIBCO Invitrogen, Paisley,
UK) enriched with 10 % FCS, 2 mM glutamine and 1 mM pyruvate, penicillin and
streptomycin (each at 100 pg/ml) and 20 % L929 cell conditioned medium (see below).
Cells were cultured at 37 °C, 5 % CO, in 6-well plates, seeded at 5 x 10° cells / well.

Cells were cultured for seven to 14 days prior to use. BMDMs were removed from plates
by first washing with 2 ml PBS prior to 10 - 15 min incubation with 3 ml warmed trypsin-
EDTA (TE) (Lonza, Switzerland) at 37 °C, 5 % CO,. A Pasteur pipette was then used to
forcibly remove the BMDMSs from the plate surface and cells centrifuged at 450 x g for 5

min, before being resuspended in complete RPMI for use.

Murine L929 cells were cultured in RPMI-1640 (GIBCO Invitrogen, Paisley, UK)
enriched with 10 % FCS, 2 mM glutamine and 1 mM pyruvate, penicillin and streptomycin
(each at 100 pg/ml). Cells were cultured at 37 °C, 5 % CO; in tissue culture flasks.
Supernatant (SNT) was collected once cells had reach full confluence, filter sterilised using
a Millex 0.22uM PES membrane filter (Fisher Scientific, UK) and stored at -20 °C. The
supernatant from L1929 cells contains murine macrophage colony stimulating factor (M-

CSF).

2.3. Cell quantification.

Cell concentrations were determined using a Coulter particle counter Z1 according to the
manufacturers’ instruction (Coulter Electronics, Bedfordshire).

24. B cell purification by MACS® separation.

B cells were isolated from murine spleens by negative selection as per the manufacturer’s
instructions; B cell isolation Kit (Miltenyi Biotec, CA. Order No. 130-090-862). Briefly,
cells were incubated for 10 min at 4 °C with the Biotin antibody cocktail (antibodies
against CD43, CD4, Ter-119), then for 15 min with an anti-biotin mAb. Cells were
washed with 0.5 % BSA/PBS (w/v) buffer for 10 min at 450 x g. Cells were resuspended
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in 3 ml 0.5 % BSA/PBS buffer and separated by magnetic separation using an LS column
(Miltenyi Biotec, CA) using magnetic-activated cell sorting (MACS®).

2.5. Lymphoprep of whole blood.

20 ml of heparinised whole blood from healthy human volunteers was diluted 1:1 with
PBS and layered over an equal volume of Lymphoprep solution (Axis-Sheild PoC AS,
Oslo, Norway) and spun at 1800 x g for 5 min with no braking. Using Pasteur pipettes, the
lymphocyte layer (between the lymphoprep and phosphate buffered saline (PBS) layers)
was removed and washed with 50 ml PBS, centrifuging at 450 x g for 5 min with

centrifuge braking. The cell pellet was then resuspended in 5 ml PBS.

2.6. Mouse genotyping by polymerase chain reaction (PCR).

DNA from tail or ear sections of six to ten week old mice was isolated following digestion
of tissue in 0.25 ml DNA Isolation Buffer (50 mM Tris pH 8.9, 12.5 mM magnesium
chloride (MgCl,), 0.5 % Tween-20) and 12.5 ul Proteinase K (20 mg/ml) (Sigma-Aldrich,
Dorset, UK) at 55 °C for at least 16 hr with agitation. The samples were then centrifuged
for 10 min at 15,700 x g. 200 pl of SNT was transferred into a fresh eppendorf, an equal
amount of isopropanol added and samples were centrifuged for 3 min at 15,700 x g. The
SNT was removed and an equal volume of 70 % ethanol was added to the samples before a
further centrifugation for 2 min at 15,700 x g. The remaining SNT was completely
removed before resuspension of the pellet in 0.2 M TES buffer (see Appendix 1) and left at

room temperature for 5 min before being placed on ice or stored at -20 °C prior to use.

Genomic DNA was assessed by PCR. The PCR master mix for each sample contained 1
ul 5° primer (forward primer) and 1 pl 3* primer (reverse primer) both at 100 ng/ml, 16 pl
sterile deionised water (dH,0), 5 ul 5X Green GoTaq buffer (Reaction buffer is at pH 8.5,
and contains 7.5 mM MgCl,) (Promega Ltd, Southampton, UK), 0.5 ul GoTag DNA
polymerase (pH 8.5, contains 7.5 mM MgCl,) (Promega Ltd, Southampton, UK), 0.5 ul
dNTPs (2 mM) (Promega Ltd, Southampton, UK) and 1 pl of purified DNA (from above).
PCR was performed in a PTC-100 Programmable thermal controller (MJ Research,
Waltham, USA) according to the specific protocol for the gene sequence of interest (see
below). A 0.7 to 2 % agarose gel was prepared (w/v with 1X TAE buffer (see Appendix
1), 1:20,000 dilution GelRed Nucleic acid stain (Cambridge BioScience, Cambridge, UK))

and the samples were analyses by gel electrophoresis. The results were obtained by
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exposing the agarose gel to UV light using the GelDoc system from Bio-Rad, UK. All

primers were sourced from Invitrogen, UK.

2.6.1. Myc genotyping.

5’ Myc primer (myc-1): CAGCTGGCGTAATAGCGAAGAG
3’ Myc primer (myc-2): CTGTGACTGGTGAGTACTCAACC

The myc PCR program was as follows: Step 1) 94 °C for 4 min; 2) 94 °C for 40 sec; 3) 55
°C for 30 sec; 4) 72 °C for 60 sec, 5) Repeat steps 2 to 4 30 cycles; 6) 72 °C for 5 min. The
resulting PCR fragment is 900 base pairs (bp) long.

2.6.2. CD327" genotyping.

Two separate PCR reactions per DNA sample were run alongside each other; to detect the
CD32 WT product (using 5° EC1 and 3> EC1) and detect the CD32”" fragment (using the
3> EC1 and Neo). These reactions gave PCR products at 161bp and 232bp, respectively.

5’ECI: 5" AAA CTC GAC CCC CCG TGG ATC 3°
3’EC1: 5 TTG ACT GTG GCC TTA AAC GTG TAG 3’
Neo: 5 CTC GTG CTT TAC GGT ATC GCC 3’

The PCR program to detect CD32”" was as follows: Step 1) 95 °C for 5 min; 2) 95 °C for 1
min; 3) 62 °C for 1 min; 4) 72 °C for 2 min, 5) Repeat steps 2 to 4 30 cycles; 6) 70 °C for 5

min.

2.6.3. y-chain”” genotyping.

Two separate PCR reactions per DNA sample were run alongside each other; to detect the
y-chain product (using 5° y-sense and 5° y-antisense) and the y-chain” product (using the
5’ Neo-sense and 5’ y-antisense). These reactions gave PCR products at 220 bp and 260
bp, respectively.

y-Sense: 5° ACC CTA CTC TAC TGT CGA CTC AAG 3’
v-Antisense: 5 TCA CGG CTG GCT ATA GCT GCCTT 3°
Neo-Sense: 5° CTC GTG CTT TAC GGT ATC GCC 3’

56



The PCR program to detect y-chain” was as follows: Step 1) 95 °C for 5 min; 2) 95 °C for
1 min; 3) 62 °C for 1 min; 4) 72 °C for 2 min, 5) Repeat steps 2 to 4 30 cycles; 6) 70 °C for

5 min.

2.6.4. Bim” genotyping.

A single PCR per DNA sample was run, using two 3’ primers. The Bim product was
detected using PB20 5’ (0.5 ul/ reaction) and PB335a 3” (0.5 pl/ reaction). The Bim”
product was detected using PB20 5 (0.5 pl/ reaction) and PB65 3’ (0.5 pl/ reaction).
These reactions gave products of 400 bp and 540 bp, respectively.

PB20: 5 CAT TCT CGT AAG TCC GAG TCT 3’
PB335a: 5 GTG CTA ACT GAA ACCAGATTAG®
PB65: 5 CTC AGT CCA TTC ATC AACAG ¥

The PCR program to detect Bim™™ was as follows: Step 1) 95 °C for 10 min; 2) 94 °C for
30 sec; 3) 58 °C for 30 sec; 4) 72 °C for 45 sec, 5) Repeat steps 2 to 4 35 cycles; 6) 72 °C

for 10 min.

2.7. Mouse phenotyping by immunofluroscence.

Into an eppendorf that contained approximately 10 pl of Heparin, 20 pl of murine blood
was obtained by tail bleeding. 20 pl of a master mix containing 15 pl FACS buffer (see
Appendix 1), 2.5 ul with fluorescein isothiocyanate (FITC)-conjugated mAb for CD20
(rituximab) or CD32 (AT130-2) and 2.5 pl Phycoerythrin (PE)-conjugated CD19 was
added to 20 pl of heparinised whole blood. This was incubated at 4 °C for 10 min in the
dark before the addition of 500 pul of red blood cell lysis buffer (diluted 1:10 in dH,O)
(AbD Serotec, Oxford, UK) then centrifuged at 450 x g for 5 min. The SNT was removed
and samples washed with 3 ml PBS-BSA-Azide buffer (see Appendix 1) before further
centrifugation at 450 x g for 5 min. SNT was removed for a second time, cells were
resuspended in 200 pl complete DMEM and samples were assessed by flow cytometry
using a FACScan (BD Biosciences-Immunocytometry Systems, CA). Routinely, 7500 cell
events from the lymphocyte gate were collected, as identified by the forward scatter (FSC-
H) and side scatter (SSC-H) threshold parameters. Samples were analysed using CellQuest
Pro Software (BD Biosciences-Immunocytometry Systems, CA). Percentage of CD20 or
CD32 positive cells (FL-1) versus CD19 positive cells (FL-2) was assessed, where a

o : - I for antigen of interest
positive result gave mean fluorescence intensity (MFI) greater than 10" " *"en OHierest
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2.8. Ep-myc mice; tumour generation, processing and characterisation.

Ep-myc mice develop spontaneous Burkitt-like lymphomas, as previously described Harris
etal (1988)°"°. The mice presented with a variety of symptoms, most commonly hunching
with laboured breath. In addition, the mice became withdrawn, unkempt and agitated. In
some instances the mice presented with visible lumps corresponding to tumours in the
location of cervical, axillary and brachial lymph nodes. Upon pre-determined criteria mice
were culled and the size and location of the lymph nodes (LN) were noted. The spleen,
inguinal lymph nodes (ILN), thymus and other obvious tumour masses (including
additional LN) were excised into enriched DMEM. Cell suspensions of the tumour bearing
tissues such as the spleen, ILN and thymus were produced by passing tissue through a 100
um cell strainer (BD Biosciences, Oxford, UK). The cell suspensions were
immunophenotyped using direct flow cytometry analysis (see Materials and Methods
section 2.11), frozen for later use in Ep-myc freeze media (90 % FCS with 10 % dimethyl
sulfoxide (DMSO; Sigma-Aldrich, Dorset, UK) and cultured at 37 °C, 10 % CO; in order
to develop a primary tumour cell line. The Ep-myc tumours and cell lines were denoted
Ep#1 to 20, the Eu—myc/CD32'/' were donated Ep32#1 to 16 and the Ep-myc/CD20 Tg
tumours and cell lines were donated En20#1 to 17. In addition, 1 x 10° tumour cells were

re-passaged intravenously (i.v.) into C57BL/6 mice to assess tumour transplantability.

Other organs including the left kidney, the left lobe of the liver, the heart, lungs and
sternum were harvested into 10% formalin (Sigma-Aldrich, Dorset, UK), as were small
pieces of the spleen, thymus and LN. These were paraffin imbedded and stained with
hematoxylin and eosin (H&E) to examine tumour infiltration and the aforementioned
tingible body macrophages (TBM, “starry sky” macrophages) quintessential of Burkitt’s

lymphoma presentation in humans.

2.9. Antibodies and antibody fragments.

2.9.1. Generation of antibodies.

Details of all antibodies used are shown in Table 2.1. In-house mAb were generated by
Ms. Alison Tutt, Mrs. Christine Penfold and Dr. Claude Chan (University of
Southampton). The generation of the anti-CD32 mAb will be described in detail in
Chapter 4.
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2.9.2. Generation of F(ab’), antibody fragments.

F(ab'), fragments were prepared by pepsin digestion using the methods of Lamoyi and
Nisonoff (1963) with minor modifications as detailed by Elliot et al (1987)°"®. For
digestion of monoclonal rat IgG, the sample was first concentrated to approximately 10
mg/ml, dialysed in 0.2 M TES and adjusted to pH 4.2 by the addition of 2 M sodium
acetate. Pepsin (Sigma chemicals, Poole, Dorset) was dissolved to 10 mg/ml in 0.07 M
sodium acetate containing 0.05M sodium chloride (NaCl) to pH 4.0. The sample was then
digested at 37 °C with 0.1 mg/ml pepsin (1% w/v). At one hour intervals, samples (50ul)
were removed and analysed by High-performance liquid chromatography (HPLC) (Zorbax
GF250 column; Dupont) to monitor the generation of F(ab'),. The digestion was halted by
addition of 1M Tris to pH 8.0, when either less than 10% of the sample remained as I1gG or
when the F(ab'), peak was no longer increasing. For the digestion of the murine anti-CD32
mAD the pH of the reaction mix was reduced to pH 4.0 by the addition of 2 M sodium

acetate, as the digestion of these murine antibodies at pH 4.2 was ineffective.

Digestions usually required 4 - 8 hours to achieve completion. Digestion products were
then separated on 0.2 M TES.0 equilibrated Ultrogel ACA44 (Pharmacia). All products

were dialysed into PBS prior to use.

2.10.  Antibody dialysis.

Dialysis was performed in order to replace the buffer of a mAb. This was commonly
performed in order to substitute the 0.2M TES storage buffer with non-toxic PBS buffer for
in vitro and in vivo experimentation. Buffer replacement was achieved using Slide-a-lyser
dialysis cassettes (Fisher Scientific Ltd, UK). mAb was injected into the cassette using a
needle and syringe and the cassette placed in the buffer of choice at a 1:100 dilution, i.e. 1
ml mAD in cassette dialysed into 100 ml of buffer. The buffer was replaced twice, leaving
at least 1 hr at room temperature between each buffer change. The mAb was removed
from the dialysis cassette using a needle and syringe, quantified on the Nanodrop ND-1000
(Fisher Scientific Ltd, UK) and passed through a 0.22 uM filter prior to use.

2.11. Measurement of surface antigens by immunofluorescence.

Two very similar methods were employed to measure surface antigens; direct
immunofluorescence was used to assess surface antigen expression and indirect

immunofluorescence was used to detect modulation of surface receptors.
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Cells at 1 x 10° cells/ml were incubated at 4 °C for 30 min with FITC-conjugated (for the
direct method) or unlabelled (for the indirect method) mAb of choice (10 pg/ml final
concentration). Cells were then washed once (direct) or twice (indirect) in PBS-BSA-Azide
(PBS, 1 % Bovine Serum Albumin fraction V (BSA; Wilfred Smith Ltd, Middlesex), 20
mM NaN3) and resuspended at approximately 1 x 10° cells/ml. For indirect
immunofluorescence, cells were further incubated for 15 min at 4 °C with either a FITC-
conjugated or a PE-conjugated secondary antibody directed to the first mAb and washed
once in PBS-BSA-Azide before resuspension to 1 x 10° cells/ml and subsequent analysis.
Routinely PE-conjugated anti-mouse Fc F(ab’), fragment (Stratech Scientific Ltd,
Newmarket Suffolk, England) antibody was used. In addition, B cells isolated from
murine or human samples were incubated for 15 min at room temperature with either
Allophycocyanin (APC)-conjugated (in-house) or PE-conjugated mouse CD19 (Stratech,
UK), or FITC-conjugated human CD19 (in house) and washed once with PBS-BSA-Azide

prior to analysis.

Analysis was performed on either the FACScan™ or FACSCalibur™ flow cytometers (BD
Biosciences-Immunocytometry Systems,CA). Routinely, 7500 live cell events were
collected, as identified by the FSC-H and SSC-H threshold parameters. FITC was excited
at 488 nm with emission intensity being recorded in the 515-545 nm wavelength region.
PE was excited at 495 and 545/566 nm with emission intensity being recorded in the 565-
585 nm wavelength region. APC was excited at 650nm with emission intensity being
recorded at 660nm wavelength. Samples were analysed using CellQuest Pro Software™
(BD Biosciences-Immunocytometry Systems,CA). Fluorescence intensities were assessed
in comparison to negative control samples and expressed as histograms of fluorescence

intensity versus cell number.

2.12.  Invitro Apoptosis Assay.

2.12.1. AnV/PI staining of lymphoma and B cells.

200 pl of cells at 1 x 10° cells / ml were incubated with 12.5 pg/ml of each antibody of
interest in 96 well plates (flat bottom) at 37 °C for 24 hr. Cells were examined under the
microscope for homotypic adhesion and harvested into FACS tubes containing 10 pl of
AnV/PI stock; this contains 2.5 mM AnV 100 pg/ml PI of each reagent in 10X binding
buffer (see Appendix 1). AnnexinV (AnV) was produced and FITC labelled in house,
propidium iodide (PI) was reconstituted in dH,O and sourced from Sigma Aldrich (UK).

Cells were incubated for 15 min at room temperature in the dark. AnV/PI allows the
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identification of dead (AnV/PI') and dying/apoptotic cells (AnV'/PI") as AnV binds
phosphatidylserine which is only displayed at the cell surface during apoptosis whilst PI
only leaches into dying cells which have lost their cell membrane integrity. The
percentage of AnV/PI positive cells was assessed by flow cytometry on the FACScan™
and FACSCalibur™ flow cytometers. Cells undergoing apoptosis were identified by FL1-

H versus FL2-H using the appropriate compensation.

2.12.2. AnV/PI staining of BMDMs.

200 ul of cells in enriched RPMI (including 20 % L929 enriched medium) at 1 x 10°
cells/ml in a 48-well plate were incubated with anti-CD32 at a final concentration of 10
pg/ml at 37 °C, 5 % CO, for 24 hrs. Cells were washed with room temperature PBS-BSA-
Azide buffer and then 200 pl enriched RPMI was added. 10 pl AnV/PI (see above) was
added directly to cells for 15 min at room temperature. Cells were removed from the plate
as described in Materials and Method section 2.2 and analysed by flow cytometry as

described above.

Percentage relative cell death was calculated as:

% relative cell death= (% T - % NT) x 100
(100 - % NT)

Where, % NT was the % AnV/PI positive cell without treatment and % T was the %

AnV/PI positive cell after treatment.

2.13.  Calcium flux assay.

1 x 107 cells were centrifuged for 5 min at 450 x g at room temperature and washed twice
in serum free media, either RPMI or DMEM, as appropriate. 2 ul Fluro-3-AM dye (2.25
mg/ml Fluro-3-AM, in DMSO and 10 % pluronic F127) (Sigma-Aldrich, Dorset, UK) was
added to the resuspended cells. 500 pl of serum free media was then added slowly to the
cells. The cells were then incubated for 30 min at 37 °C in the dark. The cells were
washed twice in serum free media, resuspended in 5 ml 5% (w/v) BSA/media and divided

into 250 pl aliquots. These were left to rest in the dark prior to analysis.

Live cell events were collected, as identified by the FSC-H and SSC-H threshold

parameters. In general, each 250 pl sample was assessed by flow cytometry on the
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FACScan™ for 15 sec before the addition of 250 ul of 5 % BSA/media (NT sample) or the
appropriate antibody (in 5% BSA media) at 5 pg/ml final concentration for anti-IgM and
anti-idiotype antibodies and 50 pg/ml for the anti-CD32 mAbs and assessed for a further 2

min 45 sec.

To determine the effect of the anti-CD32 mAb on BCR-induced calcium flux, the anti-
CD32 mAb was added directly to the cell aliquots at final concentration of 50 pg/ml and
incubated in the dark for 12 min at room temperature, then 3 min at 37 °C, before being
assessed by flow cytometry as described above. Analysis was performed using FlowJo

Software™ (BD Biosciences-Immunocytometry Systems,CA).

2.14. Waestern blot analysis.

1 x 10° cells in a volume of 1 ml were treated with antibodies of interest at a concentration
of 10 pg/ml. Duration of incubation varied, but most commonly cells were incubated at
37 °C with the anti-CD32 mAb for 2 min and then with or without anti-IgM or anti-

idiotype for a further 5 min, unless otherwise stated.

After incubation, 1 ml volume was harvested into a 1.5 ml eppendorf on ice. These were
centrifuged at 500 x g for 5 min at 4 °C, washed once with 800 ul PBS and resuspended in
25 ul Onyx lysis buffer (see Appendix 1). The samples were incubated at 4 °C for 30 min
before being spun at 15,700 x g for 15 min at 4 °C. Samples were stored at -20 °C until
needed and quantified by Bradford assay before use.

Between 15 to 25 pg of protein along with reduced loading buffer (see Appendix 1) were
heated to 100 °C for 5 mi. After spinning (1 min at 15,700 x g) the samples were loaded
into precast gels (Invitrogen NuPAGE 10% Bis Tris Gel) and proteins separated by SDS-
Page at 100 V for approximately 1 hr in MOPS buffer (see Appendix 1) using the
Surelock® system (Invitrogen, Paisley, UK) and per the manufacturer’s instructions.
Using the XCell II™ blot module (Invitrogen, Paisley, UK), the proteins were then
transferred onto activated polyvinylidene fluoride (PDVF) membranes (Millipore, UK)
according to the manufacturer’s instructions, at 30 V for 90 min in 1X transfer buffer

(from 20X stock; Invitrogen, UK).

Membranes were blocked in 5 % (w/v) dried milk reconstituted in TRIS buffered Saline
containing 0.05% Tween-20 (v/v) (TBS-T; see Appendix 1) solution for 1 hr at room

temperature. The membranes were washed twice in TBS-T and then incubated with the
62



primary antibody in TBS-T and 0.05 % (w/v) azide solution for 1 hr at room temperature

or overnight at 4 °C. Table 2.2 summarises the primary antibodies used.

The membranes were washed three times (5 min each wash) in TBS-T and incubated for 1
hr at room temperature with the relevant horse radish peroxidise (HRP) conjugated

secondary antibody (GE Healthcare, Buckinghamshire, England)(see Table 2.2) in TBS-T.

The membranes were washed three times (5 min each wash) and then incubated with ECL
reagent (1:1) (Thermo scientific SuperSignal West Pico Chemiluminscent substrate) for 5
min at room temperature. Under darkroom conditions, chemiluminescence films
(Hyperfilm, GE Healthcare, UK) were exposed to the membranes and developed on the
Xograph Compact X4 film processor (Xograph Healthcare Ltd, UK) to detect the proteins

of interests.

Membranes were processed in this way up to four times, including incubation with a
loading control, such as B-actin. It is important to mention that the nature and sizes of the
primary antibodies used required a particular blotting order. The mAb used gave clean,
single bands of different molecular sizes negating the need to strip the membranes in-
between blotting for the different proteins of interest. pCD32 was blotted for first as it
gave a weak band, followed by pSHIP and pSHP and then the loading control, either -

actin or a-tubulin.

2.15. mAb immunotherapy.

1 x 10* fresh murine syngeneic B cell lymphoma, either BCL; or A31 tumour was injected
i.v. into female 8-12 week old BALB/c or CBA/H mice, respectively (day 0). Each mouse
(4 mice / group) received a 500 ug dose (i.v.) of either an isotype control (WR17) or anti-
CD32 mAb (AT130-2 or AT128 m2a) on day 3. On day 4 mice received a 125 pg (i.v)
dose of anti-idiotype mAb (Mc106AS5 or Mc39/16 for the BCL; or A31 tumours,
respectively), the same mice received the 125 g dose of anti-idiotype or isotype control by
intraperitoneal (i.p.) injection on days 5, 6 and 7. Mice were monitored for signs of
sickness as outlined by Home office regulations, in particular signs of enlarged spleens and

then culled appropriately. Survival was assessed by Kaplein Myer curve analysis.
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2.16. Tumour tracking.

2 x 10" fresh BCL; or A31 tumour was injected i.v. into cohorts of female 8 - 12 week old
BALB/c or CBA/H mice respectively (day 0). A dose of 500 pg mAb was administered
1.v. four days after tumour inoculation. On days 2, 4, 6 and 8, two mice per group were
sacrificed and spleens removed. Cell suspensions from these spleens were stained
according to direct FACS protocols (see Materials and Methods 2.10) with FITC-
conjugated anti-idiotype and PE-conjugated CD19 to determine the percentage of anti-

idiotype positive cells within the mice.

2.17.  Exvivo modulation assay.

In order to determine surface bound mAb and antigen expression in vivo of mice treated
with mAb two approaches were taken. To determine surface bound mAb levels, splenic
cell suspensions were incubated with PE-conjugated anti-mouse Fc according to indirect
immunofluroscence protocol (Material and Methods 2.17). To determine antigen
expression after treatment with mAb, splenic cell suspensions were incubated for 30 min at
4 °C in the presence of excess mAb (10 pl at 100pg/ml), washed twice with PBS-BSA-
azide buffer and then incubated with PE-conjugated anti-mouse Fc according to indirect
immunofluroscence protocol as above. Maximal expression of antigen was determined by
incubating splenocytes from WR17 in the same way. Prior to analysis by flow cytometry,

samples were incubated with 10 ug/ml APC-conjugated CD19.

2.18.  Invitro Modulation assays.

200 ul of 1 x 10° /ml cells were incubated with 10 pg/ml mAb for 0, 2, 6 and 24 hr in 96-
well plates for lymphoma and B cells, or in 48-well plates for BMDMs. Cells were stained
in tubes suitable for flow cytometry according to indirect immunofluorescence protocols
(Materials and Methods 2.11). Prior to analysis, cells were incubated for 15 min at room
temperature with APC-conjugated murine CD19 for lymphoma and B cells or APC-
conjugated F480 (BD Biosciences, UK) for BMDMs and washed once with PBS-BSA-
Azide buffer. BMDMs were removed from the plates as previously described (Materials
and Methods 2.2).
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Percentage of total CD32 expression (at 0 hr), as determined by FL-2 MFI, was calculated

for each time point by:

% CD32 expression = (sample MFI — background MFT) x 100
(0 hr MFI — background MFI)

2.19. Alexa-488 quenching Assay.

2.19.1. Alexa-488 labelling of mAb.

1 mg of mAbD at 2 mg/ml (0.5 ml volume) was labelled using the Zenon® Alexa Fluro®
488 Rabbit IgG labelling kit (Invitrogen, SKU# Z-25302) per the manufacturer’s
instructions. Briefly, 1 mg mAb at 2 mg/ml was dialysed into 0.1M sodium carbonate
buffer at pH 9.0 (see Appendix 1). Alexa-488 dye (Invirtogen, UK) was resuspending in
DMSO and added at a dilution of 1:20 dye to mAb and then incubated for 1 hr at room
temperature with constant stiring. This was then fractionated using a Sephadex G-25
Superfine column (GE Healthcare, UK), collecting the separated mAb fraction. The
labelled mAb was then dialysed into PBS, quantified on the Nanodrop ND-100 and passed
through a 0.22 pM filter prior to use.

2.19.2. Quenching assay.

200 wl of cells at 1 x 10° cells/ml were incubated at 37 °C, 5 % CO, for 2, 6 or 24 hrs with
5 ng/ml final concentration of Alexa-488 labelled mAb in a 96-well flat bottomed plate.
Cells were harvested and washed (twice) with 3 ml PBS-BSA-Azide and resuspended in
300 pl enriched DMEM. 100 pl of cells was left untreated (unquenched; NQ) and 100 pl
of cells were added to 2.5 pl anti-Alexa-488 mAb (Invitrogen, Paisley, UK) (Quenched;
Q). Cells were incubated at 4 °C for 30 min. The final 100 ul of washed cells were
examined by light and fluorescence microscopy. Analysis of NQ and Q samples was
performed on FACS Calibur™ flow cytometer. Results were expressed as a percentage of

fluorescence of the NQ samples:

% Quenching = ((NQ - background)-(Q- background)) x 100
(NQ — background)

Where, NQ was the MFI of non-quenched samples and Q was the MFI of quenched (+
anti-Alexa-488 mAb) and background is the MFI of the non-treated sample.
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2.20.  Adoptive transfer of CFSE labelled cells.

2.20.1. CFSE labelling of target and non-target splenocytes.

2 x 107 splenocytes/ml from WT (target cells; T) and CD32" (non-target; NT) BALB/c
mice were stained with 5 uM and 0.5 uM carboxyfluorescein succinimidyl ester (CFSE)
respectively for 10 min at room temperature. FCS of the same volume was then added for

1 min to quench further labelling. Cells were washed twice with PBS (450 x g for 5 min).

2.20.2. Adoptive transfer of target and non-target cells.

Cells in PBS were injected i.v. into BALB/c mice on day -1 ata 1:1 NT:T ratio. WT and
CD32” BALB/c mice (three mice per group) were injected i.v. with either 100 pg of an
isotype control (WR17) or anti-CD32 mAb (AT130-2 or AT128 m2a) on day 0. Mice
were culled on day 1 and splenocytes were stained with APC-conjugated CD19 for 15 min
at room temperature. Analysis was performed on the FACSCalibur™ flow cytometer.
Routinely, the lymphocyte population was identified by the FSC-H and SSC-H threshold

parameters and 5000 CD19 positive events were collected.

The ratio of T to NT was calculated as:

T:NT =%T/%NT

This was normalised for each experiment as:

Normalised T: NT = T:NT / (average of WR17 treated T:NT)

2.21. BMDMs phagocytosis assay.

100 pl of BMDM s at 5 x 10° cells/ml (5 x 10* cells/well) were left to adhere to the bottom
of 96-well plates at 37 °C, 5 % CO; for 2 hr. During this time, B cells from the spleens of
CD20 Tg mice were isolated by MACS® (See Materials and Methods 2.4) and CFSE
stained at 5 pM (See Materials and Methods 2.20.1). The isolated B cells were incubated
with or without anti-CD20 and anti-CD32 mAb at 10 pg/ml for 20 min at room
temperature and then washed twice with PBS (450 x g, 5 min). 100 pl of B cells at 2.5 x
10° cells/ml (2.5 x 10° cells/well) were added in triplicate to the adhered BMDMs and
incubated at 37 °C, 5 % CO, for 1 hour. Cells were washed twice and resuspended in 200
ul PBS-BSA-Azide buffer and incubated for 15 min with 10 ul (1:10 dilution with dH,O)
of APC-conjugated F480. Cells were washed once with PBS-BSA-Azide buffer and left in
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200ul cold (4 °C) PBS-BSA-Azide buffer and incubated for 15 min at 4 °C. Cells were
scrapped with the tip of a pipette, transferred into FACS tubes and analysed on the
FACSCanto™. Routinely, the macrophage population was identified by the FSC-H and
SSC-H threshold parameters and 5000 APC-F480 (FL-4) and CFSE (FL-1) double positive

events were collected. Percentage phagocytosis was calculated as below:

% Phagocytosis = (% F480"CFSE") - (% F480 CFSE + % F480"CFSE") x 100

2.22. ELISA to determine half life in vivo of anti-CD32 mAb.

All incubations were at 37 °C unless otherwise stated. A 96-well immunomaxisorb plates
(Fisher, UK) was coated with 100 pl / well of OX68 F(ab’), at 5 pg/ml in ELISA coating
buffer (15 mM Na,COs, 28.5 mM NaHCO3 at pH 9.6) and incubated for 1 hr at 37 °C,
then at 4 °C overnight. Coating solution was discarded and replaced with 100 pg/ml
CD32-CD4 fusion protein (designed by Dr. Stephen Beers produced by Dr. Claude Chan,
University of Southampton) diluted 1:2 with 1% BSA/PBS and incubated for at least 1 hr.
During this time samples and standards were prepared accordingly. Standard dilution of
the mAb of choice commenced at 100 ng/ml and a standard curve produced through
doubling dilution. Sample dilutions started at 1:100 from neat serum and serially diluted

1:10 down the ELISA plate.

After 1 hr the ELISA plate was washed (three times) with PBS/Tween (see Appendix 1)
using the SkanWasher300 (Cox Scientific, Northants, United Kingdom). The plate was
blanked in wells A1 and B1 with 1% PBS/BSA and 100 pl of the standard curve dilutions
and each sample was dispensed into the appropriate well and incubated for 90 min. The
ELISA plate was then washed (five times) with PBS/Tween using the SkanWasher300.
100 pl / well goat anti-mouse FcyR-HRP (Sigma-Aldrich, Dorset, UK) diluted 1:10000 in
1% BSA/PBA was dispensed into all wells and incubated for a further 90 min. The ELISA
substrate was prepared by dissolving an o-Phenylenediamine tablet (OPD, 200 uM / tablet)
(Sigma-Aldrich, St Louis, USA) in 24.7 ml ELISA citrate (19.2 g/L citrate acid) in the dark
for 15 min, then 25.3 ml ELISA phosphate (28.4 g/L. Na,HPO,) and 50 ml distilled water
was added and stored in the dark until use. Just before use 40 ul 30 % H,0O, was added to

the substrate.

The ELISA plate was then washed again (five times) with PBS/Tween using the
SkanWasher300. Excess buffer was removed and 100 ul/well substrate was dispensed into

all wells and incubated in the dark, at room temperature for 30 min. In order to stop the
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colourmetric reaction 50 ul of 2.5 M H,SO4 was added to each well. The ELISA results
were then read at an absorbance of 495 nm on the Dynatach MR400 plate reader and serum

concentration of mAb was calculated against the standard curve.

2.23.  Production of clodronate liposomes.

Clodronate liposomes can be used to deplete phogocytic cells, in particular macrophages in
vivo®”” and are prepared as follows. Glassware was used for all steps of clodronate
liposomes production, due to the corrosive properties of the chloroform solution.
Cholesterol (Sigma-Aldrich, Dorset, UK) was dissolved in chloroform to prepare a 0.8
mg/ml cholesterol solution. To this an equimolar amount of a 100 mg/ml
phosphatidylecholine (PSC) stock solution (PSC (Sigma-Aldrich P3556 La PSC Type
XVI-E. 99% TLC) dissolved in choloform) was added. The chloroform phase was
removed by gently blowing Nitrogen into the tube for approximately 90 min or until all the

solvent had completely dispersed to leave a thin white layer of PSC.

The phospholipid film was dispersed by gentle rotation of the tube for approximately 10
min in either 10 ml filter sterilised PBS or 10 ml 0.25 mg/ml chlodronate solution
(CI,MBP (Sigma-Aldrich D-4434 Dichloromethylenediphosphonic acid) dissolved in

dH,0). Samples were then submerged in a water bath sonicator for 3 min.

Samples were centrifuges at 10,000 x g for 15 min at 4 °C in anultracentrifuge. The
clodronate-liposomes formed a milky band at the top of the clear solution, whilst the PBS-
liposomes formed a pellet at the bottom of the tube. The non-encapsulated clodronate and

PBS were removed USing a Pasteur pipette- The clodronate and PBS liposomes were resuspended in 20 ml PBS

and washed four times using ultracentrifugation at 25,000 x g for 30 min at 4 °C.

Liposomes were resuspended in 4 -5 ml filter sterilised PBS and stored under nitrogen in a parafilm sealed tube at 4 °C for up to two
weeks, or at -20 °C for up to a month. For in vivo depletion of splenic macrophages inject mice i.v. with 200 pul liposome 48 hr apart.
Depletion occurred within 24 hr and lasted up to seven days, as established by previous investigations by Dr. Stephen Beers (University

of Southampton).

2.24.  Polymerase chain reaction for murine CD32 isoforms.

To assess the expression of CD32 isoforms in murine tissues RNA was extracted from

cells, converted to cDNA and run using standard PCR protocols.
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2.24.1. RNA extraction.

RNA was extracted from the cells using a PureLink " Micro-to-Midi Total RNA
Purification System (Invitrogen) according to the manufacturer’s instructions. RNA was
quantified by spectrophotometry on a Nanodrop ND-1000. RNA was stored at -80 °C for a

maximum of 18 hr prior to conversion to cDNA.

2.24.2. c¢cDNA production.

Equimolar amounts of RNA were converted to cDNA using Superscript II First-strand

synthesis system for RT- PCR (Invitrogen) per the manufacturer’s instructions.

2.24.3. PCR for murine CD32 isoforms.

5" mCD32 and 3’ mCD32 primers were designed by Dr. Claude Chan (Tenovus,
University of Southampton) and provided by Invitrogen Ltd, UK. The PCR reaction gave
products at 335bp for mCD32-1 and 194bp for mCD32-2.

5’ (705) - CCC AAG TCC AGC AGG TCT TTA CCA GTATTG

3’ (869/1010) - TGC TTG AGA AGT GAG TAG GTG ATC GTA TTC

The PCR program to detect murine CD32 isoforms is as follows: Step 1) 95 °C for 5 min;
2) 95 °C for 1 min; 3) 56 °C for 1 min; 4) 72 °C for 2 min, 5) Repeat steps 2 to 4 30 cycles;
6) 70 °C for 5 min.

2.25. BIlAcore analysis to determine affinity of anti-CD32 mAb.

A BIAcore T100 analyser (GE Healthcare, Buckinghamshire, England) was used to
determine mAb affinities for CD32. 10 ug/ml of purified IgG or F(ab’), fragment anti-
CD32 mAb in 10 mM sodium acetate pH 5.5 was immobilised to 1000 response units
(RU) were immobilised to a CMS5 sensorchip (GE Healthcare, Buckinghamshire, England),
using the Amine coupling kit from BIAcore (GE Healthcare, Buckinghamshire, England;
BR-1000-50). Briefly, mAb was covalently bound to the carboxymethylated dextran
matrix on the sensor chip (CMS5, Biacore) by amine coupling using the amine coupling kit
(Biacore) at a flow rate of 5 pl/minute. This involves coupling a carboxy group in the
dextran matrix to an amine group on the fusion protein. The surface of the chip was
exposed to a 1:1 ratio of N-hydroxysuccinimide (NHS) and 1-ethyl-3 (3-
dimethylaminopropyl)-carbodiimide (EDC) coupling solutions for 6 minutes. This
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converts the carboxymethyl groups to ester groups that react easily with amines. 4-1BB-Fc
diluted to 25pg/ml in 10 mM sodium acetate buffer (pH 4.5) was immobilised on the
sensor chip for 6 minutes and then ethanolamine.HCI (Biacore) was run over the surface of
the chip for 6 minutes to block all the uncoupled ester groups. The surface was then
rinsed with 0.1 M glycine.HCl buffer (pH 2.5) for 3 minutes to remove any non-
specifically bound proteins. In order to test mAb kinetics the CD32 fusion protein (R & D
Systems, UK) at various concentrations (80 — 4.5 nM) in 1 x HBS-EP+ buffer (GE
Healthcare, Buckinghamshire, England, BR-1006-69) at 30 pl/min for 600 sec association

and then 300 sec for dissociation.

2.26. Production of immune complexes.

2 mg/ml rabbit anti-ovalbumin (rabaOVA; Nordic Immunological Laboratories, Tilburgi,
The Netherlans) and 100 ng/ml FITC-conjugated ovalbumin (OVA-FITC; Sigma-Aldrich,

UK and fluoresceinated in-house) were incubated at equal volumes for 15 min at 25 °C.
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Table 2.1. Table 2.1: Summary of antibodies.

Clone Specificity Isotype Source/Ref
Mcl106AS5 BCL, idiotype Rat IgG2a Tenovus
Mc39/12 p-specific Rat [gG2a Tenovus
Mc39/16 A31 idiotype Rat IgG2a Tenovus
Goat Anti-mouse IgM p-specific - Stratech, UK
F(ab'), Goat Anti-mouse w-specific i Stratech, UK
IgM
Rabbit Anti-mouse IgM u-specific - Stratech, UK
ATI130-2 FeyRIIb Mouse IgG2a Tenovus
AT130-5 FcyRIIb Mouse IgGl Tenovus
AT128 FeyRIIb Mouse IgG1 Tenovus
2.4G2 FeyRIIb/ FeyRIII Rat IgG ATCC
AT128 m2a FeyRIIb Mouse IgG2a Tenovus
Rituximab CD20 Human IgG1 Tenovus
Rit m2a CD20 Mouse IgG2a Tenovus
Rit y1 CD20 Mouse IgG1 Tenovus
BI CD20 Human IgG2a Tim;?ﬁi’cg:sit‘;my
0X68 CD4 Rat I1gG Tenovus
ID3 CD19 Tenovus
KT3 CD3 Rat IgG2a Tenovus
1.19 IgDh Rat IgG1 Tenovus
Fluozﬁ?ﬁ())i(;l;géGoat IgG - Stratech, UK
RFB9 CD19 Human IgG Tenovus
WR17 CD37 Mouse IgG2a Tenovus
LOB.74 CD40 Human IgG1 Tenovus
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Table 2.2. Antibodies for Western Blotting

Primary Source Working Molecular Sec&‘;‘;igﬁ;ggk
Antibody dilution weight (kDa) antibody
B-actin Sigma Aldrich 1:10000 42 Mouse
pCD32 Cell signalling 1:200 40 Rabbit

technology )
pSHIP Cell signalling 1:500 145 Rabbit
technology '
pSHP Cell signalling 1:500 68 Rabbit
technology ’
a-Tubulin _ Santa cruz 1:1000 55 Mouse
biotechnology Inc.
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CHAPTER 3 In vitro characterisation of the En-myc¢
mouse model

3.1. Chapter introduction.

Dysregulation of the proto-oncogene c-myc is a key step in the development of a variety of
tumours®>~’®. Commonly, translocation of c-myc into the locus of other genes can lead to
changes in cell proliferation, differentiation and cell cycle control. For example, when the
c-myc gene is coupled to the regulatory sequence of mouse mammary tumour virus,
incidence of mammary carcinomas increases . Harris et al (1988) presented a transgenic
mouse model that further developed this principle with regards to lymphoma. They fused
human c-myc to the murine immunoglobulin heavy chain enhancer (Ep) isolated from
mouse plasmacytoma379 and injected the resultant DNA construct into F2 embryos of

(C57BL/6 x SJL/J) mice ***78,

Myc was subsequentially expressed exclusively in B-lymphoid cells and chiefly in the

- 375,380
bone marrow, spleen and lymph nodes of these mice®”™

and would drove proliferation of
B-cells and specifically the development of lymphoma®®'. As a result, more than 95% of
the transgenic mice develop B-lineage tumours within a 6 to 10 months of birth; be these

pre-B-cell, B-cell lymphomas or a heterogeneous population®”*>*!

. The transgenic Ep-myc
model, although not identical to human Burkitt’s lymphoma (BL), mimics its phenotype
and clinical presentation and as such provides a good murine model of the disease; where
the translocation of c-myc into the immunoglobulin heavy chain (Igh) enhancer (Ep) locus
has been shown to be the predominant factor in disease development. Although the
development of other forms of BL are associated with Epstein-Barr virus (EBV) infection
and immune deficiency, such as that caused by HIV infection or treatment with immune
suppressive treatment regimes, the sporadic form of BL has been show to occur as a result

382
. The mouse

of chromosomal translocations into the c-myc gene (8q24) in humans
translocation t(12;15) results in a similar murine disease to the common variant human
translocation t(8;14)(q24;32)***. Remarkably, histological examination of H&E stained
secondary lymph tissue from Eu-myc mice also showed the same tingible body

384 . ..
. This characteristic

macrophages (TBM) commonly associated with human BL
appearance is referred to as “starry sky”” macrophages, on account of the light areas

corresponding to macrophages within the sheet of lymphoma cells.

73



Besides the Epn-myc model mimicking human BL, it was also shown that whilst the over
expression of c-myc in these transgenic mice caused a marked increase in pre-B-cells and a
reduction in B-cells, there was little impairment in immune responses >’
Interestingly, the pre-B-cells under the regulation of the c-myc transgene seem to be in a
pre-malignant state, and the expansion of cells appears to be benign. However, some of
these cells will become malignant as uncontrolled proliferation can lead to a potential gain
of additional genetic changes which are required for progression to full malignancy;
including those of N-ras, C-ras and p53°*~*. Importantly, the nature of this model allows
the serial sampling of blood which can be utilised as an analytical tool to identify the
progression of the circulating B-cells to malignancy and examine the mutations

. 380,386
gained™ .

In recent years variations of the earlier Eu-myc model have been developed™’. Studies
have used the Eu-myc mouse model and its variants to focus on the role of molecules such
as p53 and apoptotic mediators such as Bcl-2 and Bim in haemopoietic oncogenesis and
apoptosis. Bcl-2 has been shown to promote cell survival but not proliferation®®®. Mice
transgenic for both Bcl-2 under the control of the Ep enhancer and Ep-myc demonstrated
high numbers of B-cells that rapidly develop B-lymphomas as tumour cells are not

effectively removed by apoptosis 388-390

. Pro-apoptotic molecules (such as Bim, Puma and
Noxa) have, in a similar way, been shown to participate in effective removal and
maintenance of lymphoid cells; with dysregulation leading to a pro-tumourgenic state

(reviewed in *"")

Regardless of its close parallel to human BL, we wished to employ the Eyu-myc mouse
model to examine the effects of a range of therapeutic antibodies and particular cell
signalling molecules on apoptosis, and mAb therapy. The Ep-myc model has several
advantages over alternative models. Firstly, we are able to generate primary lymphomas
and LCL from the Ep-myc mice that are fully syngeneic and in contrast to heavily re-
passaged tumour models and highly adapted cell lines have less additional oncogenic
mutations and reduced retroviral burdens. Both of these factors can alter the phenotype of
the tumour cells and as such their response to certain anti-cancer drugs. Such changes,
particularly infection with retrovirus, can increase immunogenicity and will therefore also
affect response to therapy, i.e. tumour clearance may occur as a result of immune
stimulation rather than as a result of therapeutic intervention. The Ep-myc model also has
several advantages over xenograft models of human disease. Primarily, these xenograft

models require immuno-compromised animals and as such, they do not mimic the complex
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relationship between the tumour and the tumour microenvironment. Nude and SCID mice,
for example, lack components of the adaptive immune system, but still have some
elements of the innate immune systems. Therefore, the human cancer cells are still likely
to be immunogenic within these mice and the mechanism of anti-tumour activity may be as
a result of immune rejection rather than a specially generated responses. Hence, the
primary tumours and associated primary tumour cell lines that we generate will contain
similar characteristics to tumours occurring in the human population and consequently,
therapy in these primary lymphoma models may better reflect the potential clinical effect

of our reagents.

In addition, as the Ep-myc model is genetically tractable, it also permits the generation of
tumours that lack CD32 and allows the investigation of the importance of the CD32
molecule in tumour development and how it could be utilised for therapeutic benefit. This
was achieved by crossing CD32” mice with the Ep-myc mice of the same genetic
background (C57BL/6). Here we describe the presentation and characteristics of both the
Ep-myc lymphomas and the Ep-myc/CD32”" lymphomas.

3.2. Kaplein Meier survival.

Cohorts of mice were crossed to WT or CD32” C57BL/6 backgrounds in the presence of
the Ep-myc transgene and monitored for signs of tumour. When sick, mice were culled in
accordance to the protocol outlined in Materials and Methods section 2.8 and presence of
tumour confirmed by autopsy. It was shown that mice develop spontaneous lymphoma
from six weeks to six months of age as demonstrated by the generated Kaplan Meier curve
(Figure 3.1), which demonstrates the rate of tumour incidence within the population of
C57BL/6 WT mice, the Ep-myc mice and the Ep-myc/CD32” mice within this facility.
Statistically, both the Ep-myc and Ep-myc/CD327 have a lower survival incidence than
the congenic C57BL/6 WT population (p<0.001 and p<0.002 respectively, by Mantel-Cox
statistical testing). However, there is no significant difference between the incidence of
survival between the two transgenic populations (p = 0.1807 by Mantel-Cox statistical
testing), suggesting that Eu-myc mice which lack CD32 are no more or less susceptible to
developing spontaneous lymphomas compared with those that express CD32. However,
we did observe a small trend towards slower rate of incidence of tumour presentation on
the CD32” background, which supports current literature that CD32 confers poor
prognosis and increased metastatic disease®">***2%_ This was also reflected when

examining the disease presentation between the Ep-myc and Ep-myc/CD32'/ " mice, 1.e.
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presence in metastasis as measure by tumour infiltration in histological sections, discussed

in detail in sections 3.3.2 and 3.3.3.
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Figure 3.1. Kaplan Meier curve of Ep-myc and Ep-myc/CD32”" mice.

Cohorts of mice were crossed to WT or CD32” C57BL/6 backgrounds in the presence of the Ep-myc
transgene and monitored for signs of tumour and when sick in accordance to the protocol outlined in
Materials and Methods section 2.8 mice were culled. Days to tumour was a measure of the incidence, from
birth, of spontaneous tumour development in the Ep-myc (A) and Ep-myc/CD32”" (o) mouse populations at
this laboratory in comparison with congenic C57BL/6 mice (0). Both the Ep-myc and Ep-myc/CD327 have
a lower survival incidence than the congenic C57BL/6 WT population (p < 0.0001 and p < 0.0002,
respectively). However, there was no significant difference between the incidence of survival between the
two transgenic populations (p = 0.1807), there was nonetheless, a trend towards a slower rate of tumour
incidence in the Ep-myc/CD32”" mice.

3.3. Presentation of the primary tumour.

3.3.1. Physical tumour presentation.

Ep-myc mice developed tumours with a variety of symptoms, as previously described
(Materials and Methods section 2.8). On disease manifestation the mice were culled and
the size and location of the LN were noted. The size of an individual LN size was assessed
on a scale of 0 - 5, where zero indicated no or normal LN and five indicated a very large
LN. See Table 3.1 for detailed characterisation of LN size. These findings are in
agreement with those by Harris et al 1988. Figure 3.2 shows a dissected Ep-myc mouse
and the location and size of commonly observed tumour masses of the LN. The weight of
the spleen was also recorded. Table 3.2 and 3.3 show spleen weight and lymph node score
for the Ep-myc and Ep-myc/CD32” tumours, correspondingly. It was observed that the
Ep-myc and Ep-myc/ CD32" tumours presented in the same locations and that there was

no significant difference between the two strains of mice in terms of spleen weight,
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brachial/axillary LN and cervical LN score (p = 0.8681, p =0.5277 and p = 0.0972,
respectively by Student’s t-test). However there was a significant difference in inguinal
LN score (p < 0.01, by Student’s t-test) between the two mouse strains, where the Ep-
myc/CD32”" mice presented with smaller inguinal LN in comparison with the Ep-myc
mice. Figure 3.3 compares the spleen weight and LN size between the Ep-myc and Ep-
myc/CD32'/ “mouse strains. The spleen weight of a WT C57BL/6 ranges between 0.080 g
and 0.120 g (unpublished observations, Dr Ann White, University of Southampton), whilst
the spleen weight of the Ep-myc mouse however ranges between 0.395 g and 1.132 g and
the for the Ep-myc/CD32” mice the range was 0.189 g to 1.050 g. This demonstrates that,
despite there being no significant difference between the spleen weights of the two Epu-myc
strains, the spleens of these mice are enlarged in comparison to healthy WT congeneic

animals.
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Figure 3.2. Size and location of commonly occurring tumours in Ep-myc mice.

(a) Scheme reporting localization of the lymphatic system (see:
www.informatics.jax.org/greenbook/images/13-4.jpg) (b) Midline dissection of an Ep-myc mouse showing
enlarged cervical (indicated top), axillary and brachial (indicated middle) and inguinal lymph nodes
(indicated bottom). This mouse also had an enlarged spleen and thymus (not pictured). The inguinal LNs of
a WT C57BL/6 mouse are less than Imm in diameter. In the En-myc mouse these can become enlarged to
up to 10mm in diameter.
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Table 3.1. Criteria used to determine lymph node size in Ep-myc and Ep-myc/CD32™ mice.

Score Size Description
0 Normal LN not visible or <Imm
1 Small 1 -2mm
2 Small-medium 3-5mm
3 Medium 5 -8 mm
4 Large 8 - 10 mm
5 Very large > 10 mm

Table 3.2. Weight of spleen and size of lymph nodes in Ep-myc mice.

Lymphoma Spleen Inguinal LN Brachialf Cervical LN Thymus
weight (g) Axillary LN
Ep#l ND* ND* ND* ND* ND*
Ep#2 0.54 0 0 0 0
Ep#3 0.426 3 3 4 3
Ep#4 0.400 4 3 2 2
Eu#5 0.520 3 3 4 2
Ep#6 0.580 5 4 4 5
En#7 0.580 4 2 4 4
Ep#8 0.954 3 3 4 5
Ep#9 0.526 3 3 3 0
Eu#10 1.152 2 3 4 0
Ep#l11 0.677 3 1 4 0
Eu#12 0.613 3 0 4 4
Eu#13 0.653 4 0 3 5
Ep#14 1.307 5 4 4 0
Ep#15 1.033 4 2 2 4
Eu#16 0.175 1 1 0 0
Eu#17 0.395 3 4 4 0
Ep#18 0.565 5 5 5 0
Eu#19 0.858 3 3 3 0
Eu#20 0.466 1 0 0 2

The spleens of Ep-myc mice were weighed upon dissection, whilst LN size was categorised according to
scale described in Table 3.1. Statistics relating to differences in spleen weight and LN size between Ep-myc
and Ep-myc/CD32” mice are shown in Figure 3.3. *ND: Not determined as mouse died before signs of
tumour were observed.

78



Table 3.3. Weight of spleen and size of lymph nodes in Ep-myc/CD327 mice.

Lymphoma Spleen Inguinal LN Brachiall Cervical LN Thymus
weight (g) Axillary LN
En32#1 0.556 2 2 2 1
Ep32#2 0.280 1 2 2 2
Eu32#3 0.189 2 2 ND* ND*
Eu32#4 ND* 4 3 4 4
Ep32#5 ND* ND* ND* ND* ND*
Eu32#6 0.702 3 3 2 2
Eu32#7 1.081 3 3 4 3
En32#8 0.341 1 1 5 3
En32#9 0.700 1 3 1 4
En32#10 0.533 3 4 3 3
En32#11 0.533 2 2 2 1
En32#12 0.488 4 4 4 5
Eun32#13 0.667 3 1 1 5
En32#14 0.229 1 2 2 5
En32#15 2.103 0 0 0
En32#16 1.05 0 0 1 0

As in table 3.2., the spleens of Ep-myc/CD32”" mice were weighed upon dissection, whilst LN size was
categorised according to scale described in Table 3.1. Statistics relating to differences in spleen weight and
LN size between Eu-myc and Ep-myc/CD32” mice are shown in Figure 3.3. *ND: Not determined
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Figure 3.3. Comparison of spleen weight and lymph node size between Ep-myc and Ep-myc/CD327
mice.

The spleens from Ep-myc and Ep-myc/CD32”" mice were excised and weighed, whilst the LN from the same
mice were sized according to Table 3.1 upon dissection. There was no significant difference between the two
strains of mice in terms of spleen weight, brachial/axillary and cervical lymph node score (by Student’s t-
test). However there is a significant difference in inguinal LN score (p < 0.01, by Student’s t-test) alluding to
smaller ILN in the Ep-myc/CD32”" mouse.

3.3.2. Histological examination of tissues from tumour bearing mice.

3.3.2.1. Histological examination of lymphoid tissue from the C57BL/6 and Eu-myc mice.

Hematoxylin stains nucleic acids a deep blue-purple colour, whilst eosin stains other
elements of tissues pink in a non-specific manner; meaning the nucleus of the cell stains
blue, whilst the cytoplasm and extracellular matrix of cells stain to varying degrees of pink.
The H&E staining of normal splenic tissue shows dense staining of the white pulp
(Ilymphoid cells) around central arteries, with the less densely stained red pulp surrounding
these. This architecture is evident in the spleen of the WT mouse (Figure 3.4b), but not in

the spleen from the Ep-myc mouse (Figure 3.4e), where tumour cells have replace normal
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tissue architecture. Alongside this, in other lymphoid tissue from the Ep-myc mice there is
complete obliteration of normal tissue architecture, i.e. in the thymus and inguinal LN
(Figure 3.4d & f) in comparison to corresponding tissues from the WT mouse (Figure 3.4a
& c). In all of the lymphoid tissues of the Ep-myc mouse, “starry sky” macrophages can
be observed, similar to that observed in human Burkitt’s lymphoma®®* Interestingly, at the
same X 10 magnification the structure of the LN of the C57BL/6 mouse can be seen in its
entirety, whereas only a section of the Epu-myc LN can be observed. This demonstrates

that there is expansion of the tissue on account of the tumour infiltration.

3.3.2.2. Histological examination of non-lymphoid tissue from C57BL/6 and Eu-myc

mice.

Next we went on to assess the level of tumour infiltration (TT) into other organs of the
mouse. In highly vascular tissues, such as the kidney and liver TI was common (Figure
3.51 & j). Table 3.4 summarises the sites of tumour infiltration in the Ep-myc mice. TI in
other tissues such as the heart and lungs was apparent in some cases, but was less common
(Figure 3.5¢, f & g and Table 3.4). In the peripheral tissues of the Eu-myc mice the
normal tissue architecture was predominately intact, suggesting, as expected, that the

lymphoma cells track to and accumulate predominately in the lymphoid organs®>~"".

3.3.2.3. Histological examination of tissues from the Eu—mvc/CDBZ'/' mice.

As with the Ep-myc mice, tissues were taken from the Ep-myc/CD32" mice and processed
for H&E staining. Similar to the Ep-myec tissue histology of the lymph node, spleen and
thymus there was evidence of tingible body macrophages, but these tissues still retained
normal architecture (Figure 3.6). It was also observed that the TI in the peripheral tissues
of the Ep-myc/CD32”" mouse was less pronounced and at a lower level than in the Ep-myc
mouse, although this was not formally quantified due to histology only being performed on

six Ep myc/CD32”" mice.
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Figure 3.4. Altered histology in the lymphoid organs of En-myc mice.

At dissection, tissues of the Eu-myc mice were harvested into formalin. The tissues were paraffin imbedded
and stained with H&E to examine tumour infiltration and the aforementioned TBM, quintessentially
associated with BL in humans. Compared with WT C57BL/6 tissue (left hand panels) the Ep-myc tissue
shows a loss of normal architecture (right hand panels) and an increase in the physical size of the tissue (all
tissue examined under X 10 magnification). In addition, the tissue from the Ep-myc mice shows “starry sky”
or TBM (arrows). These are macrophages that contain fragments of apoptotic tumour cells and appear as
cleared areas in the layers of identical tumour cells. The histology shown here is similar to that observed in
human BL**. Scale bar equivalent to 100um.
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Figure 3.5. Tumour infiltration of peripheral tissues in the Ep-myc mouse.
As previous, at dissection, tissues of the Ep-myc mice were harvested into formalin. The tissues were

paraffin imbedded and stained with H&E to examine tumour infiltration and the aforementioned TBM,
quintessentially associated with BL in humans. Comparison of H&E stained tissue sections in a WT
C57BL/6 mouse (left hand panel) with Eu-myc mouse after tumour presentation (right hand panels). Areas
of tumour infiltration are stained blue, as indicated by arrow. Scale bar equivalent to 100um.
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Table 3.4. Tumour infiltration in the Eyu-myc mouse.

Lymphoma | Thymus | Spleen LN Heart | Kidney | Lungs | Sternum | Liver
Eu#l ND*
Eu#2 ND*
Ep#3 TBM Y TBM Y Y N N Y
Eu#4 TBM Y - N N N Y Y
Eu#5 TBM Y TBM N N N Y Y
Epu#6 TBM Y - N Y Y Y Y
Eu#7 TBM Y - N Y N N Y
Eu#8 TBM TBM | TBM N Y Y Y Y
Ep#9 - TBM | TBM N Y Y Y Y
Eu#10 - TBM | TBM Y Y N Y Y
Ep#ll - N - N Y N Y Y
Ep#12 TBM Y - Y Y Y Y Y
Ep#13 ND*
Eu#14 ND*
Ep#15 TBM TBM | TBM Y Y Y Y Y
Eu#16 ND*
Eu#17 ND*
Ep#18 ND*
Eu#19 ND*
Eu#20 ND*

Table indicates both the presence of TBM in lymphoid tissues and the occurrence of tumour infiltration in the
non-lymphoid tissues in the Ep-myc mice. Key: *ND: No data; -: no tissue sample taken; TBM: tingible
body macrophages; Y: yes to tumour infiltration; N: no tumour infiltration.

84



Thymus

Spleen

Inguinal lymph node

Figure 3.6 Altered histology in the lymphoid organs of Ep-myc/CD32" mice.

As previous, at dissection, tissues of the C57BL/6 and Ep-myc/CD32”" mice were harvested into formalin.
The tissues were paraffin imbedded and stained with H&E to examine tumour infiltration and the
aforementioned TBM, quintessentially associated with Burkitt’s lymphoma in humans. Compared with WT
C57BL/6 tissue (Figure 3.4) the Ep-myc/CD32"" tissue shows retention of normal architecture but an
increase in the physical size of the tissue at X 10 magnification. Alongside this, the lymphoid tissue from the
Ep-myc/ CD32” mice shows “starry sky” or tingible body macrophages (arrows). Scale bar equivalent to
10um at X4 magnification and 100pum at X100 magnification.
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3.4. Primary tumour characterisation.

3.4.1. Tumour phenotype.

The spleen, ILN, thymus and other obvious tumour bearing organs (including additional
LN) were harvested into complete media. Cell suspensions of the spleen, ILN and thymus
were produced. These were then immunophenotyped using flow cytometry. Tumour cells
were incubated with PE-conjugated anti-CD19 (ID3) and either FITC-conjugated anti-CD3
(KT3), anti-IgM (Mc39/12), anti-IgD (1.19) or anti-IgG (Figure 3.7 and Table 3.5 — Ep-
myc mice). The Ep-myc/ CD32” were also phenotyped for CD32 using a FITC-
conjugated anti-CD32 (AT130-2) (Figure 3.8 and Table 3.6) and analysed by flow

cytometry to confirm the absence of CD32 expression.

Overall, 55% of the Ep-myc primary tumours expressed IgM. Of the 20 Ep-myc primary
tumours harvested, seven were I[gM positive, whilst three showed a mixed population and
one additional cell line showed weak IgM expression. In contrast 77.8% of the Ep-
myc/CD32” primary tumours expressed IgM. Seven of the nine Ep-myc/CD32” tumours
were IgM positive, although three of these tumours showed weak IgM expression. In
addition, five out of the nine (55.6%) Eu-myc/CD32'/ " tumours were IgG positive, whilst
only five of the 20 (25%) Ep-myc tumours were IgG positive and only one of the nine
(11.1%) Eu-myc/CD32'/' tumours were IgD positive, whilst five of the 20 (25%) Ep-myc
tumours were IgD positive. These data imply that the Ep-myc/CD32” tumours are
generally derived from mature/class switched B cell clones in comparison to the Ep-myc

tumours which were derived from a greater proportion of immature B cell clones.
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Figure 3.7. Inmunophenotyping of Ep-myc primary lymphoma cells.

Cells from the spleen of Ep-myc mice were incubated with 5 pg/ml PE-CD19 (1D3) and 10 pg/ml FITC
conjugated CD3, Mc39/12 (IgM), 1.19 (IgD) or IgG antibodies for 30 min at 4°C and analysed by flow
cytometry. 7,500 live lymphocyte events (R1), as identified by FSC-H and SSC-H were collected. The
phenotype of cells within the R1 gate was expressed as PE-CD19 (FL2-H) versus FITC-antibody (FL1-H).
Fluorescence of the CD19 population (FL-2) that was greater that the control (NT) were considered positive
for the particular antigen. Ep#8 (top panels) was characterised as an IgM positive tumour, whereas Ep#9
(bottom panels) was characterised as an IgM negative primary tumour.
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Figure 3.8. Inmunophenotyping of Eu-myc/CD32” primary lymphoma cells.

Cells from the spleen of Ep-myc/CD32” mice were incubated with 5 pg/ml CD19-PE and 10 pg/ml FITC
conjugated KT3 (CD3), Mc39/12 (IgM), 1.19 (IgD), IgG or CD32 (AT130-2) antibodies for 30 min at 4°C
and analysed by flow cytometry. 7,500 lymphocyte events (R1), as identified by FSC-H and SSC-H were
collected. The phenotype of these cells was expressed as PE-CD19 (FL2-H) versus FITC-conjugated mAb.
Fluorescence of the CD19 population that was greater that the control (NT) was considers positive for the

particular antigen. These flow cytometry show the phenotype of Eu32#4; an IgM positive, CD32 negative
tumour.
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Table 3.5. Summary of En-myc primary phenotypes

1° lymphoma CD3 CD19 IgM Igh IgG
Ep#l ND*
Eu#2 - - wk wk wk
Ep#3 - + - - +
Ep#4 - + + - wk
Eu#5 - + - - +
Ep#6 - + + - +
Eu#7 - + mixed - -
Ep#8 - + ++ wk -
Eu#9 - + - - -
Ep#10 - + - - mixed
Ep#l1l - + + wk -
Ep#12 - + mixed - -
Ep#13 - + - - -
Ep#14 - + - - -
Ep#15 - wk + - -
Ep#l6 - + + + -
Ep#17 - + - - -
Eu#18 - + - - -
Eu#19 - + - - -
Ep#20 - + + + -

Cells from the spleen, ILN and thymus of Ep-myc mice were stained with PE-CD19 and a variety of FITC-
conjugated antibodies and analysed by flow cytometry. Results for each tissue were equivalent. *ND: not
determined; -: negative for Ag expression; +: positive for Ag expression; wk: weak expression.
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Table 3.6. Summary of Ep-myc/CD32" primary lymphoma phenotypes

lympiloma CD3 CD19 IegM IgD IgG CD32
Ep32#1 - + wk - - -
En32#2 - + + wk + -
En32#3 - + + - - -
En32#4 - + + - ; -
Eu32#5 - + - - - -
Eu32#6 - + - - + -
En32#7 - + + - + -
Eu32#8 - + wk - + -
Eu32#9 - - wk - - -
En32#10 ND*

Epu32#11 ND*

Eu32#12 ND*

Eun32#13 ND*

Eun32#14 ND*

Eu32#15 ND*

Eu32#16 ND*

Cells from the spleen, ILN and thymus of Eu-myc/CD32” mice were stain and analysed by FACS using
direct immunofluorescence with PE-CD19 and the above relevant FITC conjugated antibody. *ND: not
determined; -: negative for Ag expression; +: positive for Ag expression; wk: weak expression.

3.4.2. Tumour transplantation into WT C57BL/6 mice.

A key feature of a tumour is its ability to infiltrate and establish itself in vivo in a congenic
recipient mouse. Therefore, 1 x 10° primary tumour cells were injected i.v. into WT
C57BL/6 mice to establish if the tumours were transplantable. The cells taken from the
mice after tumour transplantation were denoted T1 tumours. It was shown that in 93.3% of
cases the Epu-myc lymphomas were transplantable, taking a mean period of 21 days to
present where the range is 15 to 28 days (Table 3.7). This is with the exception of Epu#1,
where the mouse died prior to tumour development and Epu#2 which failed to grow in the
WT mice. The Epu#2 tumour cells were CD19 negative and the physical presentation upon
dissection was not in keeping with other tumour observations. Based on this we assume
that the mouse did not die due to tumour development. In contrast, the Ep-myc/CD32”"
tumours did not transplant as successfully. The tumours that did not transplant were still

likely to be tumours as they initially presented with enlarged spleen, lymph nodes and on
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one case with an enlarged thymus. As such, 37.5 % (3 of 9) of the tumours transplanted
failed to grow in the WT recipients. However, of the tumours that did transplant on

average these presented in 26 days, with a range of 16 to 46 days (Table 3.7).

Table 3.7. Tumour transplantability of primary tumours from Ep-myc and Ep-myc/CD327 mice.

1° Lymphoma Days to T1 1° Lymphoma Days to T1
(Ep-myc) presentation (Eu-myc/CD32'/ ) presentation

Ep#l ND* Eu32#1 NG**
Eu#2 NG** Eu32#2 36
Eu#3 21 En32#3 46
Ep#4 20 Eu32#4 21
Eu#5 28 Eu32#5 16
Ep#6 21 Eu32#6 17
Eu#7 20 Eu32#7 18
Ep#8 19 Eu32#8 NG**
Ep#9 15 Eu32#9 NG**
Eu#10 19 En32#10 ND*
Ep#l1 21 Eu32#11 ND*
Ep#12 19 En32#12 ND*
Ep#13 25 En32#13 ND*
Eu#14 16 Eu32#14 ND*
Ep#15 24 Eu32#15 ND*
Ep#16 13 En32#16 ND*
Eu#17 ND*
Eu#18 ND*
Ep#19 ND*
Eu#20 ND*

1x10° primary lymphoma cells were injected intravenously into WT C57BL/6 mice and the time to T1
tumour presentation was noted. On average the Ep-myc tumours presented within 21 days, whilst the Ep-
myc/CD32” tumours presented within 26 days. This difference is not significant, p = 0.1357(by Student’s t-
test). When comparing the percentage of tumours that were not transplantable, only 6.7 % of the Eu-myc
tumour did not transplant, compared with 33.3 % of the Eu-myc/CD327 that were not transplantable. *ND:
not determined (tumour not passaged); **NG: did not in vivo growth.

3.5. Ep-myc and Ep-myc/CD327 cell line characterisation

3.5.1. Eu-myc and Eu-mVC/CD32'/ " cell line growth

Cells taken from the primary tumour suspensions were cultured at 37 °C, 10 % CO; in
order to grow a primary tumour cell line. This process was highly successful for the Ep-

myc lymphomas where 88.9 % (16 out of 18) primary lymphomas were established as
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lymphoma cell lines. This excludes Eu#1 and Ep#2 that were not transplantable so
considered not to be tumours populations. This process appeared to be less successful for
the Ep-myc/CD327 lymphomas, where only 66.7 % (seven of the nine) of the primary
lymphomas were established as primary cell lines in vitro. Eu32#2 and En32#9 did not
grow in culture, but Eu32#2 was transplantable into C57BL/6 mice. Of the tumours that
grew as cell lines, only five were transplantable in WT C57BL/6 mice and as such formally
confirmed to be tumours (Eu32# 3, 4, 5, 6, 7). In contrast, Eu32#1 and Ep32#8 did not
grow in vivo, but were established as primary cell lines. There is a caveat here however, in
that contamination of the C57BL/6 genetic background in the Ep-myc/CD32” mice could
lead to tumour rejection after cells were transplanted to C57BL/6 mice, rather than the
inability of the tumour cells to grow in vivo. Table 3.8 is a summary of the in vitro and in
vivo growth of the Ep-myc/CD32” tumours. However, despite the data presented here that
suggests a difference in the behaviour of CD32 postive and CD32 negative tumours, due to
the limited number of Ep-myc/CD32'/ " tumours analysed in comparison to the Epu-myc
tumours it is difficult to show statistical significant between the two mouse strains,

therefore we suggest that growth was similar between tumours from both mouse strains.

Table 3.8. In vitro and in vivo growth of the Ep-myc/CD32” primary lymphomas.

Ep-myc/CD32 ™ In vitro growth In vivo growth
tumour (cell line) (transplantable)
En32#1 G* NG**
Eu32#2 NG** G*
Eu32#3 G* G*
Eu32#4 G* G*
Eu32#5 G* G*
Eu32#6 G* G*
Eu32#7 G* G*
Eu32#8 G* NG**
Eu32#9 NG** NG**

In vitro growth refers to ability of primary tumour to become established as a cell line. In vivo growth refers
to transplantability and growth of tumour in WT C57BL/6 mice. *G: growth; **NG: no growth.

3.5.2. Changes in IgM expression as cells adapt to culture.

In some instances we observed a change in cell immunophenotype, particularly with

regards to IgM expression during extensive culture in vitro. An example of this is Eu#6,
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where the primary tumour showed a mixed IgM population (Figure 3.9a), but over a period
of several weeks not only did the percentage of IgM positive cells increase, but the MFI
relating to IgM also increased. This suggested that the [gM positive cells were expressing
higher levels of IgM (Figure 3.9b). However when the IgM positive and IgM negative
populations of Eu#6 were sorted by flow cytometry it could be demonstrated that the IgM
negative sort gained an IgM positive phenotype over time (Figure 3.9¢). This is true of a
second cell line Epu#7, which also started as an [gM mixed primary lymphoma (Figure
3.10a) which over a period of several weeks became almost entirely IgM positive (Figure
3.10b). The cell line generated from Eu#7 was also sorted using the same gates as the
Ep#6 IgM negative population, but within two weeks of sorting the cells had reverted to
the pre-sort phenotype (Figure 3.10c), suggesting either that the cells are undergoing
maturation in vitro, or that [gM expression provided an selective advantage for in vitro
growth. However, these experiments do not indicated whether the IgM positive

populations predominate due to increased proliferation or selective pressure.

3.5.3. Response of Eu-myc cell-lines to etoposide or BCR stimulation

If cell line growth was successful, the response to the DNA damaging drug etoposide and
anti-BCR mADb was analysed. These analyses were performed with the intention of using
the cells at a later date to assess the role of the Bcl-2 family of proteins in BCR and
chemotherapy induced apoptosis. Cytotoxic drugs, such as etoposide induce DNA damage
that, alongside inducing apoptosis, can lead to a reduction in cell proliferation through the
induction of tumour suppressor molecules such as p53. Where there is a lack of response
to DNA damage, i.e. low levels of cell death after etoposide treatment, this can, in many

cases, be indicative of p53 mutation™”.

To test for induction of cell death in response to etoposide and BCR stimulation, cells were
incubated with etoposide at 0.04, 0.2 or 1 uM in 200 pl for 6 hr or with anti-IgM
polyclonal goat anti-mouse p chain specific antibody (gam) at 0.5, 2.5 or 12.5 pg/ml for 24
hr. Cells were then incubated with AnV/PI before being analysed by flow cytometry.

Cells that responded to etoposide treatment, i.e. there was an increase in cell death at 6 hr
were considered to be able to respond to DNA damage (typical plot shown in Figure 3.11¢
— Ep#3 T1). Cells that did not respond to DNA damage at 6 hr were considered to be
resistant to DNA damage, likely due to p53 mutation (typical plot shown in Figure 3.11¢c —
Ep#4). Cells that showed increased PCD (greater that 20 % relative cell death) at 24 hr
were considered responsive to anti-BCR induced cell death (typical plot shown in Figure

3.11d — Ep#4), whilst cells that did not show increased PCD at 24 hr were considered
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unresponsive to anti-BCR stimulation (typical plot shown in Figure 3.11d — Ep#3 T1).
The cell death observed in both response to etoposide or anti-BCR was dose dependent,

with increasing dose of either reagent causing increased cell death.

This analysis established the proportion of tumours which were responsive to DNA
damage by etoposide and responsive to anti-BCR treatment. Of the 13 established Ep-myc
cell lines tested, seven (53.8 %) were responsive to DNA damage and eight were
responsive to anti-BCR stimulation (53.3 %) (Table 3.10). The same analysis was
performed on the Ep-myc/CD327 cell lines. Of the six established cell lines tested, three
(50 %) were unresponsive to DNA damage and only one cell line (20 %) was responsive to
anti-BCR stimulation (Table 3.11). It was surprising that the Ep-myc/CD32" cell lines did
not respond to anti-IgM stimulation as the majority of the primary lymphomas expressed
IgM and IgM expression in the Epu-myc cell lines indicated response to anti-IgM
stimulation (Tables 3.10 & 3.11). It is important to note that established cell lines, such as
the murine tBCL,; or human Raji cells tend to have around 5 — 10 % background cell
death. The Ep-myc cell lines in contrast have a high level of background cell death and
this is reflected in the results being calculated as difference to control or background death,
calculated by % relative cell death = ((% T - % NT) / (100 - % NT))*100. where, % NT:
% AnV/PI positive cell without treatment, and % T: % AnV/PI positive cell after
treatment. Table 3.9 summarises the percentage responsiveness of both the Ep-myc and the

Eu-myc/CD32'/ " cell lines to DNA damage and BCR stimulation.

Table 3.9. Percentage responsiveness of the Ep-myc and Ep-myc/CD32” population to DNA damge
and BCR stimulation.

Ep-myc Ep-myc/CD327"
Response to (% response) (% response)
DNA damage 538 50
BCR stimulation 533 20
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Figure 3.9. Changes in IgM expression of Epn#6 primary lymphoma cell lines adapting to culture.

As the Ep-myc primary tumours adapted to cell culture the phenotype of the cells was monitored over time
by flow cytometry (Material and Methods 2.11). It was observed that IgM expression, as shown my staining
with Mc39/12-FITC (IgM), of Eu#6 primary lymphoma was heterogenecous, with IgM positive cells
becoming the dominant phenotype as the cells adapted to culture (top panels). When the IgM negative
population was sorted by flow cytometry and cultured a proportion of these cells gained an IgM positive
phenotype (bottom panels).
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Figure 3.10. Changes in IgM expression of En#7 primary lymphoma cell lines adapting to culture.

As the Ep-myc primary tumours adapted to cell culture the phenotype of the cells was monitored over time
by flow cytometry (Material and Methods 2.11). It was observed that IgM expression, as shown my staining
with Mc39/12-FITC (IgM), of Epu#7 primary lymphoma was again heterogeneous, with the percentage of
IgM positive cells increasing as the cells adapted to culture (top panels). When the IgM negative population
was sorted by flow cytometry and cultured as above, these cells reverted to an IgM positive phenotype
(bottom panels). In fact even more of the cells are IgM positive that in the pre-sort population.
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Figure 3.11. Response to anti-BCR and etoposide treatment.

Cells were treated for 6 hr and 24 hr with the DNA damaging drug etoposide at 0.04, 0.2 or 4 uM or with
anti-IgM polyclonal goat anti-mouse p chain specific antibody at 0.5, 2.5 or 12.5 pg/ml. Percentage relative
cell death was calculated as detailed above, where % death refers to the percentage of cells that were AnV/PI
positive compared to control (R1). This analysis shows the response to DNA damage (6 hr) (a - Ep#4, left,
NT; right, 1 uM etoposide treatment at 6 hr) and response to BCR stimulation (24 hr) (b - Ep#4, left, NT;
right, 12.5 pg/ml gom at 24 hr). The representative Ep-myc cell lines show response to DNA
damage/etoposide at 6 hr by induction of PCD (Eu#3 T1) and an unresponsive cell line (Epu#4) (c).
Response to anti-IgM at 24 hr indicates an IgM responsive cell line (Ep#4), whilst a lack of cell death at 24
hr indicates an IgM unresponsive cell line (Eu#3 T1) (d). Error expressed as standard error of mean (SEM),
where n =3 for each LCL.
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Table 3.10. Summary of Ep-myc lymphoma cell line characteristics.

Cell Line IgM expression :g)l\l/;fvlv)h(l:l)ef ;‘;12; etoplt)):;geg 6 hr CD32 expression

Ep#l ND*

Eu#2 ND*

Eu#3 - 10.89 n/a
Eu#4 + 7.89 30.96
Ep#s ND*

Eu#6 mixed 32.54 N 45.49
Ep#7 + 13.87 Y 49.63
Eu#8 + 45.92 N 39.05
Ep#9 - 4.64 Y 39.29
Ep#10 + ND* N 36.81
Eu#l1 + 41.65 N 67.91
Ep#12 - -1.89 Y 30.14
Eu#13 + 71.27 Y 60.58
Eu#14 - 3.03 Y 48.75
Eu#15 + 61.14 N 28.47
Ep#l6 + 74.90 Y 27.62
Eu#17 ND*

Eu#18 - 17.39 ND* 14.25
Eu#19 + 42.38 ND* 28.12
Eu#20 ND* 59.86 ND* ND*

IgM surface expression was determined by flow cytometry using direct immunofluorescence as outlined in
Material and Methods section 2.11. The % PCD by anti-IgM was the relative cell death of the particular cell
line after 24 hr incubation with at 12.5 pg/ml anti-BCR (polyclonal goat anti-mouse (gam)).
etoposide was determined as an increase in relative cell death in response to stimulation with 1 pM etoposide
for 6 hr in comparison to the control; this established if the cell line was responsive to DNA damage, denoted
Y (yes) or N (no). *ND: no data due to cell lines not growing in culture or experiments not being completed.

These data represent results from three experimental repeats.
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Table 3.11. Summary of Ep-myc/CD32"" lymphoma cell line characteristics.

Cell Line IgM expression % PCD by IgM % PCD by IgM PCD by
(MFI) (IgG) (F(ab”),) etoposide@6h
Epn32#1
10.81 14.44 8.06 Y
En32#2 ND*
Eu32#3 55.38 -22.14 Y
222.67
Eu32#4 -2.00 -3.50 N
23.11
En32#5 -20.07 -20.87 N
17.88
Eu32#6 -3.39 -3.74 N
8.74
En32#7 -8.72 -7.43 N
90.91
Eu32#8 -12.60 -13.70 N
8.71
Ep32#9 ND*

IgM surface expression was determined by flow cytometry using direct immunofluorescence as outlined in
Material and Methods section 2.11. The % PCD by anti-IgM was the relative cell death of the particular cell
line after 24 hr incubation with at 12.5 pg/ml anti-BCR (polyclonal goat anti-mouse (gom)) either whole IgG
or F(ab’), fragment. PCD by etoposide was determined as an increase in relative cell death in response to
stimulation with 1 pM etoposide for 6 hr in comparison to the control; this established if the cell line was
responsive to DNA damage, denoted Y (yes) or N (no). *ND; no data due to cell lines not growing in culture
or experiments not being completed. These data represent results from three experimental repeats.

3.6. Chapter Discussion

Here, we generated a range of primary lymphomas using the Ep-myc mouse model. Our
observations of tumour presentation in the Eyu-myc primary tumours are consistent with

previously published reports®”

. Alongside generating primary tumours from WT Ep-myc
mice we have also produced a range of [gM positive and IgM negative cell lines that will
be of use in characterising in vitro biochemical events in subsequent chapters. In addition,
we also generated primary lymphomas and associated cell lines which lack CD32 which
can be used to assess the importance of this molecule in normal B cell and lymphoma

biology.

It seemed that CD32 expression has no significant effect on the survival rate with regards
to lymphoma development in the Ep-myc mice. Nevertheless, there is a trend towards a
slower rate of tumour presentation in the E u-myc/CD32'/ " (Figure 3.1), supporting previous

333344 On the other hand, it was

reports that CD32 expression increased tumourigenicity
interesting that the Ep-myc/CD32”" mice were not further protected from tumour
development, since CD32 expression is thought to lend itself towards increased
tumourgenecity, surely a CD32”" tumour would be less aggressive, take longer to develop

and thus the mice survive longer before tumour development. Alongside this, CD32"
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mice that lack the inhibitory FcyR will potentially have a more potent activatory FcyR-
dependent anti-tumour response (see introduction section 1.3.3), implying that the Ep-
myc/CD32”" mice are more likely to have heightened defenses against tumour cells and
again it would be expected that Epu-myc mice lacking CD32 would have increased survival
in comparison to their WT counterparts. In our hands however this does not seem to be the
case, implying that CD32 expression by both tumour and endogenous tissues had limited
effect of tumour cell growth, despite reports to the contrary”>>>*. The notion that CD32
expression increases tumourigenicity was however supported by the reduced
transplantabilty of the CD32”" primary lymphoma cells in comparison with the CD32
positive, or WT tumours (Table 3.7). However, it is equally likely that the
Ep-myc/CD32" tumours were rejected upon transplantation due to the initiation of an
immune response towards the genetically mis-matched tumour cells; i.e. the Ep-
myc/CD32” tumours were raised in mice with a mixed C57BL/6 and C57BL/KA

background, but tumours were transferred into C57BL/6 mice.

Alongside the observed trend towards slower tumour development in the Ep-myc/CD327,
tumour presentation differed between the Ep-myc and Ep-myc/CD32” mice. As
aforementioned, tumour cells accumulated in lymphoid organs, such as the spleen and LN
(Figure 3.2). In the Ep-myc and Ep-myc/CD327 mice this accumulation of tumour cells,
as determined by examination of the size and weight of several lymphoid organs, was
comparable, with the exception of ILN (Figure 3.3, Table 3.2 & 3.3). This suggests that
the pathogenesis of lymphoma in both the Ep-myc and Eu-myc/CD32'/ “mice was similar.
In contrast however, histological examination of the lymphoid organs suggested a less
aggressive disease in the Ep-myc/CD32”" mice in comparison with the Ep-myc mice, as
demonstrated by complete obliteration of normal lymphoid architecture in the tissues of the
Ep-myc but not the Ep-myc/CD32”" mouse (Figure 3.4 & 3.6). This suggests that
although lack of CD32 expression did not seem to influence mouse survival, it did seem to

alter disease presentation.

In addition, although it was not formally quantified in the Eu-myc/CD32'/ " due to reasons
previously described, there seemed to be less tumour infiltration in non-lymphoid tissues in
the Ep-myc/CD327" mice in comparison to the Ep-myc mice (Figure 3.5 and Table 3.4),
suggesting that CD32 positive tumours were more aggressive and as a result more likely to
become metastatic. This is supported by reports in the literature that demonstrate CD32

344,347,348

expression on metastatic cells from solid tumours, such as melanoma and suggests

this may also hold true for lymphoma cells. In addition CD32 expression has been
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demonstrated to be increased on both haematological and non-haematological tumour cells
in comparison to normal cells of the same origin®*~>%**°. It can therefore be postulated
that due to its high expression on a range of tumour types and on progressive, metastasised

disease that CD32 would make a good therapeutic target.

The observation that the CD32” tumours did not transplant as well as the Ep-myc tumours
was initially unsurprising as it has been reported that CD32 expression can enhance

344333 This suggests that without CD32 expression these tumours are likely

tumourgenicity
be less tumourgenic and as such will not establish themselves in vivo as efficiently.
However, it was later discovered that the C57BL/6 genetic background of the Ep-
myc/CD32” had been contaminated with the C57BL/Ka genetic background and therefore
was more likely the reason for tumour rejection of the En32 tumours upon transplantation.
As a result of contamination of the genetic background of the Ep-myc/CD327" mice, it was
decided not to continue with the in-depth characterisation of the Eu-myc/CD32'/ " tumours
as was performed with the Ep-myc tumours. However, Kaplein Meier survival and
primary tumour presentation of the Ep-myc/CD32”" mice and tumours, respectively, was
still assessed. It was later decided, that it would be fortuitous to perform retrospective
phenotyping of the Eu-myc/CD32'/ " in order to determine maturation status of the CD32
deficient B cell tumours and transplantability studies to determine how CD32 deficiency

would affect tumour aggression. Unfortunately however, this could not be performed as

samples were lost through freezer malfunction.

During the development of this panel of primary lymphomas and their associated
established cell lines we identified differences between the tumours from the two different
mouse strains (WT and CD32-/- Ey-myc mice). Most striking was the difference in
immunoglobulin (Ig) expression at the cell surface (Table 3.5 & 3.6, Ep-myc and Ep-
myc/CD327, respectively). In general, the CD32” tumours showed a greater incidence of
surface Ig (slg) expression. It has been reported that the tumours arising from the WT Ep-

375 and we

myc transgenic mice are a mixture of pre-B cells, immature and mature B cells
observed an approximate 50:50 split of sIg positive and negative tumours in our cohort.
However, more of the CD32” tumours express IgM at the cell surface, as well as IgD and
IgG. This suggests that the tumours arising in the CD32" mice may have a more mature,
even class switched phenotype compared to the CD32 expressing tumours. It is interesting
that our population of CD32" Ep-myc tumours have a tendency to have a more mature
phenotype as it has been previously reported that the c-myc transgene in this model drives

proliferation rather than maturation of cells®®.
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However, as CD32 expression may be a contributing factor in apoptotic control of clonal
B-cell populations *’, a lack of CD32 may allow a greater proportion of mature B cells to
survive in vivo, thereby providing a larger pool of cells available for accumulating
additional oncogenic mutations. This idea is supported by data shown in this chapter that
illustrates that the Ep-myc/CD32”" tumours are less susceptible to anti-BCR (IgG) induced
apoptosis than the Eu-myc tumours (Table 3.8 & 3.9, Eu-myc and Eu-myc/CD32'/ ',
respectively). Interestingly, the IgM positive CD32” tumours did not frequently respond
to anti-IgM stimulation once they had become established as cell lines, possibly due to
their more mature class switched phenotype. A minority of IgM positive WT Ep-myc
tumours, such as Eu#4, also did not undergo apoptosis following stimulation with anti-
BCR mADb despite retaining IgM expression. The reasons for this are uncertain but may

reflect cell anergy, gained in vivo or an adaptation of the cell line to in vitro culture.

Although most cell-lines retained the same phenotype as their parent lymphoma, on two
occasions differences were observed, such as in the case with Ep#6 and Ep#7 which
showed altered IgM expression whilst adapting to culture (Figure 3.9 and 3.10,
respectively). However it has not been established whether this is due to maturation of the
lymphoma cells in vitro or whether IgM provides a selective advantage for the cells. There
is evidence that suggests the I[gM expression is vital for continued survival of B cells in

- 397,398,399
vivo ¥73%:

and as such IgM positive cells may be preferentially selected due to their
IgM status. Despite this, a potential reason why the cells no longer respond to anti-IgM
stimulation may be that they are continuing to mature and differentiate ex vivo to a more
mature B cell non-responsive phenotype. In addition, it would seem that in our hands,
CD32 may also be important to cell adaptation in culture, as we have observed that the WT
Ep-myc tumours adapted more readily to cell culture than those lacking CD32. Contrary
to this however, it has been reported that cells cultured in vitro may lose CD32
expression®® and in addition, it has been shown that both CD32 positive and CD32

negative tumours display similar levels of in vitro proliferation®*.

In keeping with prior reports*” we observed that a proportion of our Ep-Myc tumours had
defects in their DNA damage response likely due to p53 mutations, although this was
greater that previously described (42.6% compared with the previously reported 28%).
The proportion of possible p53 mutant cell lines was also greater than that observed in
general haematological malignancies™'. Despite this, the incidence of DNA damage
defects was similar in both the WT Ep-myc and Ep-myc/CD32™ populations, 42.6% and
50% respectively (Table 3.8 and 3.9 for Ep-myc and Epu-myc/CD327, respectively).
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We next move on to using the Ep-myc tumours and cells to characterise a panel of unique

murine anti-CD32 mAb.
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CHAPTER 4 In vitro analysis of anti-CD32 mAb on
lyvmphoma cells

4.1. Chapter Introduction.

In recent years the FcyR have been highlighted as important modulatory component of the
immune system through engagement with mAb. It has been demonstrated that FcyR
expression can regulate anti-tumour immune responses; moreover, deficiency in the
inhibitory FcyR, CD32, has been shown to enhance tumour immunotherapy*>~%. In
contrast, the activatory FcyR, in particular FcyRIIla in humans, have been shown to be

essential in order to mount effective anti-tumour responses with therapeutic mAb through

the induction of ADCC33402-404,

In order to boost ADCC in response to mAb therapy one approach that has been taken is to
enhance interaction with activatory FcyR and reduce interaction with inhibitory FcyR
(CD32) through glycoengineering or mutagenesis®’>. An alternative approach that could
be taken involves directly blocking CD32 inhibitory function on effector cells®”".
Unfortunately, suitable reagents capable of specifically and exclusively binding mouse
CD32 have been lacking. A widely used and available reagent, 2.4G2 was identified in the
late 1970s as binding to FcyR on leukocytes, but has since been show to have specificity to
both murine CD32 and FeyRIIT*”. Other anti-CD32 reagents have been used in xenograft
models of cancer, but have been plagued by problems associated with such models as
previously described (Chapter 3.1). Therefore we generated a panel of mAb which are
highly specific for murine CD32 that do not cross-react with any other FcyR, allowing us

to study how CD32 might be manipulated in vivo, with an aim to improve current

immunotherapeutic strategies used for the treatment of lymphoma.

In this chapter we characterise these reagents with respects to their binding properties,
ability to activate or block the receptor and assess their downstream consequences on B-

cell biology.

4.2. Generation of anti-CD32 mAb.

A panel of anti-CD32 mAb were raised by Miss Alison Tutt (University of Southampton)
using a mouse CD32-rat CD4 (domain 3/4) fusion protein designed and produced in 293F
cells by Dr Claude Chan (University of Southampton). The CD32-CD4 fusion protein was
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purified using affinity chromatography with a Sepharose 4B-anti-rat CD4 column.
Immunisation was achieved using an established protocol’”®. Briefly, BALB/c CD32”
mice were immunised with a dose of approximately 10 to 20 pg of the purified fusion
protein in complete Freund’s Adjuvant (Difco, Detroit, MI) at two sites subcutaneously.
After 14 days the immunisation was repeated and a final booster of the CD32-CD4 fusion
protein was injected i.v. in PBS. Spleens from the immunised mouse were fused with NS-
1 myeloma cells three days after the final protein boost. Resultant colonies were screened
11 days later by ELISA against CD32, CD16 and CD64 fusion proteins. Colonies that
gave a positive result against just CD32 but not CD16 and CD64 were screened against
nBCL, cells using indirect flow cytometry analysis. Positive colonies were then cloned
twice, expanded in culture and IgG purified either on Protein A or using ion exchange

chromatography.

An additional anti-CD32 mAb was generated by Dr Claude Chan by molecular
manipulation of the Fc domain of AT128 to create an IgG2a version of this antibody.
AT128 m2a was produced as it has been shown that [gG2a mAb give better therapeutic
responses in Vivo in terms of enhanced ADCC due to a higher A/l ratio, as described by
Nimmerjahn & Ravetch (2005)'%. In addition, AT130-2 was the only IgG2a mAb

generated and thus AT128 m2a acts as an isotype comparison for its activity.

4.2.1. anti-CD32 mAb binding specificity and affinity.

To confirm their specificity, the anti-CD32 mAb were first assessed for binding to WT,
CD16 and CD32” CD19 positive splenocytes by flow cytometry (Figure 4.1). As
expected, the anti-CD32 mAb generated in-house showed specific binding to WT and
CD16™ cells that express CD32, but not to CD32™ cells. This is with the exception of
2.4G2, a commercially available antibody, which retained binding to both CD32”" and
CD16™ cells in keeping with its published ability to bind both CD32 and FeyRIIT*”.

It can also be observed from Figure 4.1 that although AT128 displays binding to CD32, it
was at a lower level than AT130-2 and AT130-5, as demonstrated by its lower
fluorescence. In order to directly compare the binding of the different anti-CD32 mAbD,
CD32 positive Ep-myec cell lines were incubated with the panel of FITC-conjugated
F(ab’), fragments of the anti-CD32 mAb and analysed by flow cytometry. By using
F(ab’), fragments binding by the Fc portion of the antibody to CD32 is avoided. It is
shown that the binding hierarchy of the anti-CD32 mAb is, 2.4G2>AT130-2>AT130-

5>ATI128 (Figure 4.2).
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Furthermore, and to assess if the binding differences observed were due to differences in
binding affinities of the anti-CD32 mAb, the K, and K4 of the mAb were analysed using
surface plasmon resonance techniques using a BIAcore T100. Two approaches were taken
in order to assess the anti-CD32 mAb using the BIAcore T100. The first involved amine
coupling of OX68, an anti-CD4 mAb, to the surface of a sensor chip. To this a CD4-CD32
fusion protein (ligand) was bound. Each mAb (analyte) was then run over the coated chip
dynamically and binding was assessed by plasmon surface resonance*” (Figure 4.3a —
Method 1). However, due to the potential tri-meric nature of the interactions with CD32,
via both Fv and Fc regions of the mAb, it was difficult to obtain an exact affinity,
particularly as the binding of the anti-CD32 mAb did not fit the 1:1 mathematical binding
algorithm. Figure 4.3c shows AT130-2 IgG as an example of the sensorgrams obtained
from the BIAcore using this first method (affinity data not shown).

Therefore, a second approach was taken to obtain more accurate affinity values. This
second method involved amine coupling the anti-CD32 mAb directly to the sensor chip
and then flowing commercially obtained CD32 fusion protein over the chip at various
concentrations (Figure 4.3b). Figure 4.3d demonstrates example sensorgrams for AT130-2
IgG and F(ab’), fragments. This enabled a K to be established for each of the anti-CD32
mAb. Both the IgG and F(ab’), fragments of the anti-CD32 mAb were analysed in this
way and Table 4.1 summarises the Kp of the anti-CD32 mAb, as determined by this second
method of BIAcore analysis. Using the second method the binding of the anti-CD32 mAb
to fusion protein was shown to fit the 1:1 mathematical binding model better. This
suggests that the second method is mimicking 1:1 binding and therefore giving us greater
confidence in the values of Kp obtained from these data. The Kp was calculated using
using the BIAcore T100 Evaluation Software (Version 2.0.1). The BIAcore analysis was
performed by Mr C. Ian Mockridge.

From the BIAcore analysis and determination of mAb affinity, we can again see a
hierarchy of anti-CD32 mAb binding, where, 2.4G2>AT130-2>AT130-5>AT128. More
accurately, by examining the Kp values, 2.4G2 has ten times higher affinity for the fusion
protein than the in-house anti-CD32 mAb. AT130-2 and AT130-5 have a similar
magnitude of affinity and these mAb have approximately six times higher affinity than
AT128. Interestingly, the F(ab’), fragments of these mAb have lower affinity for the
fusion protein than the IgG fragments, suggesting that Fc engagement plays a role in their

binding to CD32.
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Figure 4.1, Binding profiles of anti-CD32 mAb against WT, CD32"" and CD16™ splenocytes.

Cells were incubated with 10 pg/ml FITC-conjugated antibodies for 30 min at 4°C and analysed by direct
flow cytometry protocols. AT130-2, AT130-5 and AT128 show specific binding to WT and CD16™", but not
to CD327, as indicated by an increase in FL1-H MFI (anti-CD32 mAb binding).
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Figure 4.2. FITC-conjugated anti-CD32 mAb labelling of Ep myec cell lines.

Cells were incubated with 10 pg/ml FITC-conjugated F(ab’), antibodies for 30 min at 4 °C and analysed by
direct immunofluorescence protocol. As indicated by an increase in FL1-H MFI, the binding hierarchy is:
2.4G2>AT130-2>AT130-5>AT128. (a) is an example of the binding of the anti-CD32 mAb to Eu#8, (b)
represents the average binding of each anti-CD32 mAb to Ep#6 to 9 and #11 to 14, error expressed as SD,
where n = 3 for each cell line.
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a) Method 1: b)

Method 2:
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Figure 4.3. BIAcore analysis of anti-CD32 mAb.

The BIAcore system provides a unique method for analysing biospecific interactions in real time. Most
commonly, the antigen of interest, in this case CD32 is immobilised onto the surface of a sensorchip by
binding of fusion protein to OX68, that has been amine coupled to the sensorchip. Anti-CD32 mAb is then
passed over the chip in a continuous flow and parameters of binding are determined by plasmon surface
resonance (a). A second method was also used, where anti-CD32 mAb were amine coupled to the plate and a
commercial CD32 fusion protein was passed over the chip at various concentrations (b). The data obtained is
presented as a sensorgram (¢ & d). This is shown as the response units (RU) of binding over time at different
concentrations of mAb (167nM to 0.0407nM) or fusion protein (from 80 nM to 4.5 nM), depending on the
method. The shape of the sensorgram curve is compared alongside known binding models (1:1 binding for
the anti-CD32 mAb, black lines on sensograms) and from a series of kinetic calculations the Kp can be
derived and as such antibody and antigen interactions can be analysed*”®. Here, the sensograms of AT130-2
IgG are given as examples (c; using the first method & d; using the second method). Binding of AT130-2
F(ab’), fragment is also shown by the second method (d) It is clear from these graphs that the second method
more closely represents the 1:1 binding model and as such more confidence is placed in the figures obtained
(Table 4.1).
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Table 4.1. Isotype and affinity of the anti-CD32 mAb.

Antibody Isotype Kp (M)
AT130-2 IgG2a 1.8x10®
AT130-5 IgG1 1.3x10®
AT128 IgG1 1.4x 107
2.4G2 Rat IgG1 8.7x 10"
AT128 m2a IgG2a Not tested
AT130-2 F(ab’), n/a 3.1x10°%
AT130-5 F(ab’), n/a 2.6x10®
AT128 F(ab’), n/a 7.5%x 107
2.4G2 F(ab’), n/a 29x 10"

The value of K was calculated from the 1:1 binding model, by a mathematical algorithm using the BIAcore
T100 Evaluation software.

4.2.2. ldentification of epitope specificity.

As a means of identifying whether the anti-CD32 mAb were binding to the same epitope
on CD32, the ability of the antibodies to block the binding of each other was assessed.
Splenocytes from WT mice were incubated with 50 pg/ml unlabelled anti-CD32 mAb for
15 min at room temperature. Cells were then incubated with 15 pg/ml of the FITC-
conjugated anti-CD32 of interest on ice for 20 min, then with 10 pg/ml PE-conjugated anti-
CD19 for 15 min at room temperature and analysed by flow cytometry. A reduction in the
MFT after pre-incubation with the unlabelled anti-CD32 mAb in comparison to the FITC-
conjugated mAb alone indicated that the unlabelled mAb blocked the binding of the FITC-
conjugate mAb and thus blocked the binding site of that particular anti-CD32 mAb. From
the results it is apparent that there are two patterns of cross-blocking. The binding of
AT130-2 and AT130-5 can be blocked by each other, but not by AT128 or 2.4G2, whereas
the binding of AT128 and 2.4G2 can be blocked by all of the anti-CD32 mAb (Figure 4.4).

4.2.3. The anti-CD32 mAb block immune complex binding.

IgG in the context of IC leads to activation of CD32. We reasoned that in order for the
anti-CD32 mAb to manipulate CD32 activity they should be able to block engagement of
CD32 by IC. To establish whether the anti-CD32 mAb were able to block IC binding,
splenocytes were incubated with 50 pg/ml unlabelled anti-CD32 mAb, either whole IgG or
F(ab’), fragment for 15 min at room temperature and then placed on ice. A rabbit-anti-

OVA/OVA-FITC immune complex were then added to the cells at a ratio of 20:1 antibody
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to antigen and then analysed by flow cytometry. It was determined that all of the anti-
CD32 mAbD blocked IC binding, although AT128 did so with less efficiency than AT130-2,
AT130-5 and 2.4G2 (Figure 4.5a). Interestingly and with the exception of 2.4G2 the CD32
mAD did not block IC binding as F(ab’), fragments (Figure 4.5b). These data indicate that
the Fc domains of AT130-2, AT130-2 and AT128 are binding to the Fc binding grove of
CD32 and as such blocking Fc:CD32 interaction by IC.
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Figure 4.4. Cross-blocking by the anti-CD32 mAb.

WT splenocytes were incubated with unlabelled anti-CD32 mAb or irrelevant control (OKT3) (50 pg/ml) for
15 min at room temperature, before incubation with 15 pg/ml FITC-conjugated mAb for 20 min on ice,
followed by 15 min incubation at 4 °C with PE-CD19 (R2) and then analysis by flow cytometry (a). The
binding of AT130-2 and AT130-5 were blocked by themselves and each other, whereas the binding of
AT128 and 2.4G2 was prevented by all of the anti-CD32 mAb (b). These data represent results from three
experimental repeats, where errors was expressed as standard error of the mean (SEM). MFI is the mean
florescence intensity after binding of FITC-conjugated anti-CD32 mAb.
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Figure 4.5. Anti-CD32 mAb block immune complex binding.

WT splenocytes were incubated with anti-CD32 mAb at 50 pg/ml, either whole IgG (a) or F(ab’), fragments
(b) for 15 min at room temperature and then placed on ice. A rabbit-anti-ova/ova-FITC IC was then added at
a ratio of 20:1. Cells remained on ice throughout and were analysed by flow cytometry. As can be seen, all
of the anti-CD32 mAb, with the exception of AT128 effectively blocked IC binding as whole IgG. In
addition, 2.4G2 also blocked IC binding as a F(ab’), fragment. Data is a representative result from three
repeats

4.3. Activation of CD32.

After establishing the binding profiles of the antibodies we began to determine their

functional characteristics in vitro.

4.3.1. Tyrosine phosphorylation of CD32, SHIP-1 and SHP by anti-BCR antibodies.

CD32 inhibition of BCR signalling has been identified as a distinctive means of regulating
B cell responses. Initially we wanted to determine whether Fc engagement of CD32 on
the surface of lymphoma cells would induce tyrosine phosphorylation of the receptor (a
marker of CD32 activation) and also result in downstream signalling event, such as
phosphorylation of SHIP-1 and SHP*'? (See Introduction section 1.8.3). To address this,
nBCLI1 cells were incubated with 10 ug/ml Mc39/12 (monoclonal anti-IgM) or polyclonal
goat-anti-mouse anti-IgM whole IgG antibody (gom) for 0.5, 2, 5 and 15 min at 37 °C,
lysates produced and samples analysed by Western Blotting for phospho-CD32 (pCD32),
phospho-SHIP-1 (pSHIP-1) and phospho-SHP (pSHP) (see Materials and Methods section
2.14). It was shown that both the monoclonal and polyclonal anti-IgM antibodies were

able to induce tyrosine phosphorylation of CD32, and concurrently increase the tyrosine
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phosphorylation of SHIP-1 and SHP, indicating that the anti-IgM antibodies are co-ligating
with CD32 on the surface of lymphoma cells and activating the CD32 signalling pathway
(Figure 4.6).
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Figure 4.6. Tyrosine phosphorylation of CD32, SHIP-1 and pSHP by anti-IgM antibodies.

nBCLI cells were stimulated for 0.5, 2, 5 or 15 min with 10 pg/ml Mc39/12 or gam, lysates prepared and
examined for pCD32 (40 kDa), pSHIP-1 (145 kDa) and pSHP (68 kDa) by Western blot. Both anti-IgM
antibodies induced phosphorylation of CD32, SHIP-1 and SHP. Data is a representative result from three
repeats.

4.3.2. Tyrosine phosphorylation of CD32 by the anti-CD32 mAb.

Next we wanted to determine whether the anti-CD32 mAb would activate CD32 directly
and so examined the tyrosine phosphorylation of CD32 in the presence of the anti-CD32
mAb. nBCL, cells were incubated with 10 pg/ml anti-CD32 mAb for 30 min at 37 °C,
lysates were produced and the samples analysed by Western blotting. Alongside the anti-
CD32 mAb, n1BCL; cells were incubated with gam IgG (see above) or rabbit anti-mouse
IgG (ram) which contain Fc as positive controls, or with the equivalent anti-IgM F(ab’),
fragment, where the Fc domains are absent, serving as a negative control. In addition, cells
were also incubated with the BCL, specific anti-idiotype mAb (Mc106AS5), serving as
another positive control and potentially a better mimic of IC binding. As expected, only
the whole IgG and not the F(ab’), fragments of the gam IgG reagent elicited tyrosine
phosphorylation of CD32, indicating that Fc engagement of CD32 is required to cause
receptor phosphorylation and consequentially activation. Mc106A5 also engaged and
caused phosphorylation of CD32, albeit to a lesser degree that the gam IgG (Figure 4.7a).
It is thought that this may be due to differences in epitope binding of gam and anti-idiotype
and thus differences in the position of binding stoichiometry of the antibodies in relation to

CD32.

It was shown that alone the anti-CD32 mAb, AT130-2 and AT130-5 also caused tyrosine
phosphorylation of CD32 on nBCL; cells, whereas AT128 and 2.4G2 did not (Figure 4.7a).
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Similar results were observed with Ep-myc cells, with Eu#8 cells used as an example here.
Phosphorylation of CD32 is a marker of activation of the receptor and therefore indicates
that AT130-2 and AT130-5 induce activation of CD32. In contrast, AT128 (IgG1 or
IgG2a) and 2.4G2 do not induce tyrosine phosphorylation or activation of CD32 (Figure
4.7b).

It was observed that alongside the pCD32 specific band (40 kDa), a second band, evident
at approximately 60 — 70 kDa, was detected using the anti-phospho-CD32 antibody for
Western blotting (see Table 2.2). The detection of this band corresponded exclusively with
CD32 phosphorylation, that is to say that when phosphorylation of CD32 occurred, (e.g.
after incubation with AT130-2), this band was also present, but when phosphorylation of
CD32 was absent, (e.g. after incubation with AT128) the 60 - 70 kDa band was not present
(see Appendix 2). Although the identity of this 60 - 70 kDa protein is unclear, its presence

provided a surrogate marker for the activation of CD32 in murine cells.

4.3.3. Tyrosine phosphorylation of SHIP-1 following activation of CD32 by the anti-
CD32 mAb.

In order to assess if the engagement of CD32 by the anti-CD32 mAb was producing
classical activation of the CD32 receptor we further probed for downstream signalling
events, as previously described. In these experiments, tBCL; cells were incubated with
ATI130-2 or AT128 m2a at 10 ug/ml for 0.5, 2, 5 or 15 min before lysates were prepared
and samples analysed by Western blotting. AT128 m2a was used in these experiment
rather than the IgG1 version, AT128 as it provided an isotype comparison to AT130-2. As
well as inducing the phosphorylation of CD32 on nBCL1 cells, AT130-2 induced an
increase in the phosphorylation of SHIP-1 in comparison to the control (Figure 4.8). In
contrast, AT128 m2a did not induce phosphorylation of CD32. Rather incubation of cells
with AT128 m2a seemed to correspond with inhibition of CD32 signalling, demonstrated
by a reduction in phosphorylation of SHIP-1 in comparison to the control (Figure 4.8).
AT128 m2a was used as an isotype comparison for AT130-2 as IgG2a have higher affinity

for CD32, therefore activation of CD32 via Fc engagement could be compared.

This change in pSHIP-1 was also sustained at 15 min with both AT130-2 and AT128 m2a
(Figure 4.8). Interestingly, the levels of pSHIP-1 observed as a result of AT130-2
engagement with CD32 were not as substantial as those observed after incubation with
gam whole IgG (Figure 4.9). In addition, it could be observed that pSHIP-1 levels

decreased with time after gam stimulation, with maximum phosphorylation of SHIP-1
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occurring at 1 min incubation. This confirms that changes in pSHIP-1 occur as early
events in the CD32 signalling cascade with regards to co-engagement between the BCR

and CD32, but also as a result of direct CD32 engagement.
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Figure 4.7. Tyrosine phosphorylation of CD32 by anti-CD32 mAb.

nBCL1 and Ep#8 cells were stimulated for 30 min with the relevant anti-CD32 mAb or anti-IgM, lysates
prepared and sample examined for CD32 and B-actin by Western blot. AT130-2 and AT130-5 cause
phosphorylation of CD32, similar to treatment with polyclonal anti-IgM (gom or ram) whole IgG, but not
gam F(ab’), fragment. Conversely, AT128 m2a and 2.4G2 do not cause phosphorylation of CD32. Data is a
representative result from three repeats.
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Figure 4.8. Tyrosine phosphorylation of CD32 and SHIP-1 by anti-CD32 mAb.

nBCL; cells were stimulated for 30 sec, 2, 5 or 15 min with 10 pg/ml AT130-2 or AT128 m2a, lysated
prepared and samples examined for pCD32 and pSHIP-1 by Western blot. AT130-2 stimulation caused an
increase in pCD32 and pSHIP-1, whilst in contrast, AT128 m2a stimulation did not cause phosphorylation of
CD32 and caused a reduction in pSHIP-1. Data is a representative result from three repeats.
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Figure 4.9. Tyrosine phosphorylation of SHIP-1 by AT130-2 and anti-IgM.

nBCL, cells were stimulated for 1, 5 or 30 min with 10 pg/ml AT130-2 or gom and examined for pSHIP-1
by Western blot. Both AT130-2 and gam stimulation caused an increase in pSHIP-1, although the anti-IgM
induced a greater level of phosphorylation than AT130-2. Data is a representative result from three repeats.

4.3.4. Tyrosine phosphorylation of CD32 by the anti-CD32 mAb whole IgG and F(ab’),

fragments.

Having shown that whole IgG anti-IgM is required to induce tyrosine phosphorylation of
CD32 (Figure 4.6), we were interested to discover if the Fc region of the anti-CD32 mAb
is also required for phosphorylation of CD32 by AT130-2 and AT130-5, or whether
binding of the anti-CD32 mAb F(ab’), fragments alone were capable of causing activation
of the receptor. Alongside this, we were also interested to discover if AT128 m2a and
were able to elicit their inhibitory effects as F(ab’), fragments alone. We also included the
commercial 2.4G2 mAb in these experiments for comparison, as we have previously
demonstrated that the F(ab’), version of this mAb had different effects to the in-house

generated mAb (Figure 4.5).

In these experiments, tBCL; cells were incubated with 10 pg/ml mAb, IgG or F(ab’), at 37
°C for 5 min, lysates prepared and samples analysed by Western blotting. These data again
show that AT130-2 and AT130-5 cause tyrosine phosphorylation of CD32 as whole IgG.
In contrast, when cells are incubated with AT130-2 and AT130-5 F(ab’), fragments,
phosphorylation of CD32 was not observed (Figure 4.10), suggesting that Fc engagement
by both AT130-2 and AT130-5 is essential for their activation of CD32. The BIAcore data
shown in Figure 4.3, indicate that the lack of phosphorylation does not occur through lack

of mAb binding and is presumably therefore due to the lack of Fc engagement.

In contrast, neither the whole IgG or F(ab’), fragments of AT128 m2a or 2.4G2 induced
tyrosine phosphorylation of CD32 (Figure 4.10). As these mAb appear to inhibit
phosphorylation of CD32 it is unclear from these results whether Fc engagement by
AT128 m2a and 2.4G2 is important for function. However, these data suggest that the Fc

115



portion of these mAb did not engage with CD32 directly and as such did not induce
signalling through CD32. Signalling through CD32 by Fc engagement induces inhibition
of BCR signalling, however as CD32 was not activated, this suggests that the F(ab’),
binding regions of AT128 m2a and 2.4G2 have a dominant inhibitory effect on CD32
activity after binding. This implies that changes in CD32 signalling due to engagement of
CD32 with AT128 m2a and 2.4G2 are not through Fc engagement.
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Figure 4.10. Effect of whole IgG or F(ab’), fragment CD32 mAb on tyrosine phosphorylation of CD32.

nBCL, cells were incubated with 10 pg/ml anti-CD32 mAb, either IgG or F(ab’)2 (F2) at 37°C for 5 min,
lysates prepared and samples analysed for pCD32 and B-actin by Western blot AT130-2 and AT130-5 whole
IgG alone cause tyrosine phosphorylation of CD32, whilst AT128 m2a and 2.4G2 (IgG and F(ab’),) and
AT130-2 and AT130-5 F(ab’), do not cause tyrosine phosphorylation of CD32. Data is a representative
result from three repeats.

4.3.5. Co-ligation of CD32 by AT130-2 and AT130-5 is in a cis fashion.

Having established that AT130-2 and AT130-5 required an Fc region in order to induce
phosphorylation of CD32 and SHIP-1, we next wanted to determine whether co-ligation of
CD32 was occurring on the same cell (Cis) or on different cells (trans). This would
indicate whether CD32 was being phosphorylated due to co-ligation of the receptor on the
same cell, or by Fc engagement of the anti-CD32 mAb with FcyR on the surface of
adjacent cells (Figure 4.11). To address this, tBCL, cells were cultured at increasing
concentrations (2, 0.4 and 0.1 x 10° cells/ml) with 10 pg/ml IgG mAb at 37 °C for 5 min,
images were captured by bright field microscopy, lysates prepared and samples analysed
by Western blotting techniques. If the co-ligation of CD32 on the same cell was resulting
in phosphorylation of the receptor then pCD32 would be consistent at all cell
concentrations. Alternatively, if pCD32 was occurring due to CD32 engagement on
adjacent cells then as the cell concentrations decreased so would the level of pCD32. As
the cell concentrations increase the cell density also increases, the cells are closer together

and the likelihood of cell contact increases, making trans interaction more likely, whereas
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at lower cell concentrations there is less chance of cell to cell contact, making it is more
likely that cis interactions are causing phosphorylation. Figure 4.12 demonstrates
consistent phosphorylation of CD32 at all cell concentrations by the anti-CD32 mAb
AT130-2 and AT130-5. This suggests that co-ligation of CD32 that resulted in
phosphorylation of CD32 by the anti-CD32 mAb was occurring as a result of a Cis
interaction. Interestingly, it would seem that at the lowest cell concentration (1 x 10°
cells/ml) phosphorylation of CD32 by the anti-idiotype mAb was reduced. This may
suggest that anti-idiotype mAb co-ligates CD32 in a trans fashion, but may also reflection
poor protein loading, as the B-actin is less intense in this lane (Figure 4.12). In addition,
anti-idiotype phosphorylation of CD32 appeared to be of the same magnitude as
phosphorylation by the anti-CD32 mAb, however this was not usually observed (Figure
4.7).
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Figure 4.11. Schematic demonstrating the cis and trans engagement of CD32 by anti-CD32 mAb on
CD32 expressing cells.

Engagment of CD32, resulting in phosphorylation of the receptor, could occur on the same cell (Cis) or on
different cells (trans). Phosphorylation of CD32 at different cell concentrations would indicate whether
CD32 was being phosphorylated due to co-ligation of the receptor, or by Fc engagement by the anti-CD32
mAb with other FcyR, either another CD32 molecule or the other activatory FcyR, on the surface of adjacent
cells.
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Figure 4.12. Tyrosine phosphorylation of CD32 is cis-acting rather than trans-acting.

nBCL, cells were cultured at 2, 0.4 and 0.1 x 10° cell/ml with 10 ug/ml AT130-2, AT130-5 and Mc106A5
IgG mAb at 37 °C for 5 min, protein lysates prepared and samples analysed for pCD32 and B-actin by
Western blotting. Cell densities were demonstrated by bright field microscopy, X10 magnification (scale bar
is equal to 10 pm) (a). It was shown that at varying cell densities phosphorylation of CD32 was similar with
all the mAb, indicating that co-ligation of CD32 by Fc was occurring in cis fashion on the same cell (b).
Data is a representative result from three repeats.
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4.4. Ability of the anti-CD32 mAbD to affect calcium flux.

The previous data established that the anti-CD32 mAb were able to elicit differential CD32
signalling. Next we wanted to discover whether these different signalling properties of the
anti-CD32 mAb would affect cell physiology. On B cells, CD32 acts to inhibit BCR-
induced Ca®" flux via phosphorylation of SHIP-1 and subsequent hydrolysis and

143

inactivation of molecules important to BCR signalling (Reviewed in

assessed the ability of the anti-CD32 mADb to influence BCR-induced Ca”" flux by

). Therefore, we

labelling cells with the Ca*" reporter Fluo-3-AM and then stimulating these cells with anti-
BCR antibodies alone or after pre-incubation for 15 min with CD32 mAb. The reporter
dye, Fluo3-AM, emits a fluorescent signal when excited by intracellular Ca** flux,
consequently the magnitude and duration of the BCR-induced Ca®" flux and the effects of

the CD32 mAb can be determined by flow cytometry.

4.4.1. Fc engagement by anti-idotype mAb reduces the magnitude of anti-idiotype Ca*"

flux.

To first ascertain if CD32 engagement was able to manipulate (inhibit) BCR-induced Ca®*
flux we compared the Ca®" flux induced by the anti-idiotype mAb, Mc106A5 as, either an
IgG or F(ab’), fragment. If co-engagement of BCR and CD32 by anti-idiotype mAb leads
to inhibition of cell activation the observed Ca*" flux with the IgG mAb should be less than
that of the F(ab’), mAb. To assess this, tBCL; cells stained with the intracellular dye,
Fluo-3-AM were analysed by flow cytometry in the presence of Mc106AS5 IgG and F(ab’),
and recorded over a period of 3 minutes versus FL1-H, where Ca>" flux was measured as
changes in FL1-H fluorescence (Figure 4.13a). Results were analysed using FlowJo
Software™. Both Mc106A5 IgG and F(ab’), were able to induce a Ca** flux in
comparison to untreated cells (Figure 4.13b), with the F(ab’), fragment giving an increased
Ca®" flux in terms of magnitude and duration in comparison to the whole IgG mAb. These
data suggest that co-ligation of CD32 and BCR via Fc interactions does in fact inhibit
BCR-induced Ca®" flux, as previously described’”. However, the trend towards increased
Ca”" flux on cells stimulated with anti-BCR F(ab’), fragment was not significant (by
Student’s t-test) when the total area under the curve was analysed using the FlowJo

Software™ (Figrue 4.13c¢).
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Figure 4.13. Engagement of CD32 by the Fc domain of anti-idiotype mAb reduces the magnitude of
anti-idiotype Ca’" signalling.

nBCL, cells were stained with the intracellular dye, Fluo-3-AM which becomes excited upon increased
levels of intracellular Ca**. Cells were then analysed by flow cytometry for 15 sec to establish a baseline and
then stimulated with buffer alone or 5pug/ml Mc106AS5 (anti-idiotype) IgG or F(ab’), for a further 2 min and
45 sec. Live cell events as identified by FSC-H and SSC-H were recorded over a period of 3 minutes versus
FL1-H (measure of Ca®" flux) (a). Whilst untreated cells gave no Ca*" flux, Mc106A5 IgG and F(ab’), both
induced a Ca" flux (b). Here, Mc106A5 F(ab’), gave an amplified magnitude of Ca®" flux than Mc106A5
IgG, indicating that Fc engagement with CD32 by anti-IgM antibodies inhibited Ca*" flux. Although there
was a trend towards increased Ca’" flux when cells were stimulated with anti-idiotype whole F(ab’),
fragment, this was not a significant increase (by Student t-test) (c). Area under the curve was calculated
using FlowJo software. Data is a representative result from four repeats.

4.4.2. Effect of anti-CD32 on anti-idiotype induced Ca*' flux.

Having established that Fc engagement of CD32 inhibits BCR-induced Ca®" flux on
nBCL, cells, we next went on to investigate whether the anti-CD32 mAb were able to
manipulate BCR-induced Ca”" flux. First, Fluo-3-AM stained cells were analysed by flow
cytometry for 15 seconds and then stimulated with 50 pg/ml anti-CD32 mAb for a further
2 min and 45 sec to discover if the anti-CD32 mAb alone had the potential induce a Ca*".
Again it was demonstrated that Mc106A5 IgG induced a Ca>" flux, however there was no

discernible Ca** flux when the nBCL, cells were stimulated with the anti-CD32 mAD alone
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(Figure 4.14a). Next, to establish the effect of the anti-CD32 mAb on BCR-induced Ca*"
flux, tBCL cells stained with Fluo-3-AM were pre-incubated with 50 pg/ml AT130-2,
AT130-5, AT128 m2a or 2.4G2 for 15 min, analysed by flow cytometry for 15 seconds to
establish a baseline and then stimulated with 5 pg/ml Mc106A5 IgG for a further 2 min

and 45 sec.

Despite the anti-CD32 mAb not inducing their own Ca*" flux, pre-incubation with the anti-
CD32 mAb did alter Mc106A5 induced Ca>* flux. Both AT130-2 and AT130-5 inhibited
the magnitude and duration of BCR-induced Ca®" flux (Figure 4.14b), whereas AT128 m2a
and 2.4G2 potentiated the BCR-induced Ca”" flux (Figure 4.14c), primarily by inducing an
earlier Ca>" flux of increased magnitude, presumably by decreasing the activation

threshold of the B cells.

4.4.3. Effect of anti-CD32 mAb on anti-IgM induced Ca* flux.

We have demonstrated that anti-idiotype and anti-IgM (anti-p) activated CD32 to different
extents and we considered this related to the different binding epitopes of the antibodies.
Previous observation in this laboratory have demonstrated that mAb that bind closer to the
cell surface, such as the anti-IgM, Fcp mAb (Mc39/12) initiated more potent intracellular
signals than mAb that bind further away from the cell surface, such as anti-idiotype™®’. As
the activatory signal received by cells after stimulation with anti-IgM Fcpu mAb would be
stronger, we wanted to determine whether signalling through CD32 by our anti-CD32 mAb

would be sufficient to inhibit this more potent signal.

Cells were prepared and analysed as above, cells were however stimulated with anti-IgM
(Mc39/12) instead of anti-idiotype. It was shown that anti-IgM BCR-induced Ca*" flux
can be manipulated similarly to anti-idiotype BCR-induced Ca®" flux, where AT130-2 and
AT130-5 inhibit anti-IgM Ca”" flux (Figure 4.15a), although the inhibition occurring as a
result of pre-incubation with these mAb appeared to be reduced in comparison to their
effect on anti-idiotype Ca®* flux. However, potentiation of Ca®* flux by AT128 m2a or
2.4G2 was not observed after anti-IgM stimulation (Figure 4.15b), potentially as the anti-

IgM Ca®* flux is already maximal.
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Figure 4.14. The effect on anti-idiotype induced calcium flux by pre-incubation with CD32 mAb.

Cells were stained with the intracellular dye, Fluo-3-AM which becomes excited upon contact with increased
levels of intracellular Ca**. Cells were pre-incubated with 50 pg/ml AT130-2, AT130-5, AT128 m2a or
2.4G2 for 15 min and analysed by flow cytometry for 15 sec to establish a baseline and then stimulated with
5 pg/ml Mcl106AS (anti-idiotype) for a further 2 min 45 sec. Live cell events, as identified by FSC-H and
SSC-H, were recorded over a period of 3 min versus FL1-H and analysed using analysed using FlowJo™
software, where cells greater than the background threshold over the first 15 seconds are plotted as an
average fluorescence. Alone, the CD32 mAb did not elicit a Ca®* flux (a). However, pre-incubation of the
nBCL, cells with AT130-2 and AT130-5 inhibited anti-idiotype Ca®* flux (b), whereas in contrast, pre-
incubation of the TBCL, cell with AT128 m2a and 2.4G2 potentiated anti-idiotype Ca*" flux (c). Data is a
representative result from three repeats.
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Figure 4.15. The effect on anti-IgM, Fcp induced calcium flux by pre-incubation with CD32 mAb.

Cells were stained with the intracellular dye, Fluo-3-AM which becomes excited upon contact with increased
levels of intracellular Ca*". Cells were pre-incubated with 50 pg/ml AT130-2, AT130-5, AT128 m2a or
2.4G2 for 15 min and analysed by flow cytometry for 15 sec to establish a baseline and then stimulated with
5 pg/ml Mc39/12 (anti-IgM) for a further 2 min and 45 sec. Live cell events, as identified by FSC-H and
SSC-H, were recorded over a period of 3 min versus FL1-H and analysed using FlowJo™ software, where
cells greater than the background threshold over the first 15 seconds are plotted as an average fluorescence.
It was observed that AT130-2 and AT130-5 blocked anti-IgM (Mc39/12) induced calcium flux. However
there is no observed increase in Ca®" flux following pre-incubation with either AT128 m2a or 2.4G2. Data is
a representative result from three repeats.

4.4.4. Effect on anti-idiotype induced Ca*' flux by the anti-CD32 mAb whole 1gG and

F(ab), fragments.

Having discovered that whole IgG is required to induce tyrosine phosphorylation and
activation of CD32 by AT130-2 and AT130-5, we next sought to discover if whole IgG
anti-CD32 mADb was required to inhibit anti-idiotype induced Ca** flux. Cells were pre-
incubated with either whole IgG or F(ab’), of the anti-CD32 mAb and analysed as
previously described. These data show that F(ab’), fragments of AT130-2 (Figure 4.16a)
and AT130-5 (Figure 4.16b) have a greatly reduced ability to inhibit Ca®" flux than whole
IgG. However, AT128 IgG and F(ab’), (Figure 4.16¢) seem to act the same in terms of
potentiating BCR-induced Ca’" flux, as does 2.4G2 (Figure 4.16d), although the
potentiation of anti-idiotype induced Ca®" flux is slightly reduced with AT128 m2a F(ab’),.
These data suggests that AT128 m2a and 2.4G2 do not require engagement via the Fc
portion of the antibody with CD32 to obtain an effect, whereas AT130-2 and AT130-5 do

require Fc domains.
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Figure 4.16. Effect on BCR-induced Ca’** flux by IgG and F(ab’), fragment CD32 mAb.

Cells were stained with the intracellular dye, Fluo-3-AM. Cells were then pre-incubated with 50 pg/ml
CD32 IgG or F(ab’), for 15 min and analysed by flow cytometry after the addition of 5 pg/ml Mc106AS
(anti-idiotype). Live cell events were recorded over a period of 3 min versus FL1-H and analysed using
FlowJo™ software as previously detailed. F(ab’), fragments of AT130-2 and AT130-5 do not inhibit Ca*"
flux (a), whereas AT128 m2a and 2.4G2 functioned similarly when cells were incubated with either IgG or
F(ab’),. Data is a representative result from three repeats.

4.5. Induction of programmed cell death.

Next, we went on to determine whether the manipulation of B cell signalling by the anti-
CD32 mAb, as described in the previous two sections, would lead to changes in functional
physiology and whether this could be correlated with the differences between AT130-
2/AT130-5 and AT128/AT128 m2a/2.4G2.

124



4.5.1. Induction of programmed cell death by the anti-CD32 mAb.

One of the reasons the Ep-myc and Ep-myc/CD32” LCL were generated was to facilitate
the study of CD32 and the effects of the anti-CD32 mAb on CD32 and BCR biology.
Initially, in order to determine if the anti-CD32 mAb would affect cell viability, tBCL1
cells were incubated with the anti-CD32 mAb at 10 pg/ml for 24 hr at 37 °C, then
harvested and stained with AnV/PI for 15 min, in the dark, at room temperature and

analysed by flow cytometry, as described in Materials and Methods section 2.12.

The percentage relative cell death was calculated as a percentage of non-treated (NT) cell
death as described in Materials and Methods section 2.12.1. In these experiments, both
AT130-2 and AT130-5 induced robust PCD of the tBCL, cells in comparion to irrelevant
isotype controls (p < 0.05 for both by Student’s t-test), whereas AT128, AT128 m2a and
2.4G2 induce limited and a non-significant level of PCD in comparion to irrelevant isotype
controls (Figure 4.17a). On the tBCL, cells, AT130-2 and AT130-5 induced greater than
30 % PCD and AT128, AT128 m2a and 2.4G2 induced less than 10 % PCD (Figure
4.14a). A significance difference in levels of PDC between AT130-2 and AT130-5 and
their isotype counterparts (AT128 m2a and AT128, respectively) was demonstrated for the
nBCL,; cell line, p < 0.05 cells for both AT130-2 versus AT128 m2a and for AT130-5
versus AT128 (by Student’s t-test). These experiments were repeated on the Ep-myc cell
lines. In these experiments, AT130-2, AT130-5 and AT128 induced robust PCD of the
Ep-myc cells in comparion to irrelevant isotype controls (p < 0.0001 for both AT130-2 and
AT130-5 and p < 0.05 for AT128, by Student’s t-test), whereas AT128 m2a and 2.4G2
induce limited and a non-significant level of PCD in comparion to irrelevant isotype
controls (Figure 4.17b). On the Ep-myc cell lines, AT130-2 and AT130-5 induce greater
than 40 % PCD, whereas the other anti-CD32 mAb induced less than 5 % PCD (Figure
4.17b). A significance difference in levels of PDC between AT130-2 and AT130-5 and
their isotype counterparts (AT128 m2a and AT128, respectively) was also demonstrated on
the Ep-myc LCL, where p <0.0001 on Ep-myc LCL for both AT130-2 versus AT128 m2a
and for AT130-5 versus AT128 (by Student’s t-test).

Alongside this, in order to demonstrate the variability in the Eu-myc cell lines response to
anti-CD32 mAb we show here the relative cell death in response to incubation with
AT130-2 for each of the responsive Ep-myc cell line. Response to CD32 was measured by
the induction of PCD by anti-CD32 mAb compared with the non treated control sample,
where >20 % induction of cell death was considered as a response. Here, it was

demonstrated that on the Ep-myc cell lines, with one exception, incubation with anti-CD32
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mAD resulted in the induction of PCD, albeit to varying degrees (Figure 4.18a). Variation
in PCD recorded was unsurprising, as the level of CD32 expression on the Eu-myc
lymphoma cell lines was heterogeneous (Table 4.2). Using this assay we were also able to
confirm that the Ep-myc/CD32” cell lines would not respond to anti-CD32 mAb. The
Ep-myc/CD32”" cell lines showed a relatively small or completely absent response to
CD32 stimulation in comparison to the Ep-myc LCL, as would be expected of cells
lacking CD32 (Figure 4.18b) (Table 4.2). This corroborates that AT130-2 was inducing
PCD through engagement of CD32.
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Figure 4.17. Induction of programmed cell death by anti-CD32 mAb.

The Ep-myc cell lines (Ep#6, 7, 8, 9, 11, 12, 13, 14 and 15) (left) and the =BCL, cell line (right) were
incubated with mAb at 10 pg/ml for 24 hr. Where death refers to the percentage of cells that were AnV/PI
positive (R2), % relative cell death was calculated as a percentage of the non-treated sample (NT) as detailed
in Material and Methods. AT130-2 and AT130-5 induced robust cell death whilst AT128, AT128 m2a and
2.4G2 have relatively little effect on PCD in comparison to irrelevant isotype contols (Irr). For the Epu-myc
cell lines, the AnV/PI assay was performed on three separate occasions for each cell line, the average of the
three repeats was calculated and the data pooled, where n=9. Error for the Eu-myc cell lines is expressed as
SD. For the aBCL,, cells the AnV/PI assay was performed on three separate occasions with the average of
the three repeats calculated, error expressed as SEM. *p<0.05 and **p<0.0001.
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Figure 4.18. Programmed cell death induced by AT130-2 (anti-CD32 mAb) on the Ep-myc and Ep-
myc/CD32” cell lines.

Cells were treated for 24 hr with anti-CD32 mAb (AT130-2) at 10 pg/ml. Percentage relative cell death was
calculated as detailed in Material and Method 2.12. Data represents the average of three separate repeats for
each cell line, with the exception of * where n=1 and ** where n =2, error bars represent SEM. A majority of
the Ep-myc cell lines (a) responded to stimulation by anti-CD32 mAb, as indicated by induction of cell
death, albeit to varying degrees. In contrast, there was no induction of PCD in response to anti-CD32 mAb
stimulation of the Ep-myc/CD327 cell lines (b).
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Table 4.2. Induction of programmed cell death on cell lines from Ep-myc and Ep-myc/CD327 mice.

1° Lymphoma % PCD by CD32 1° Lymphoma % PCD by CD32
(Ep-myc) anti-CD32  responsive (Ep-myc/CD32-/-) anti-CD32  responsive

Ep#l *ND Eu32#1 13.93 N
Ep#2 *ND En32#2 *ND
Eu#3 En32#3 -29.97 N
Ep#4 4.58 N En32#4 -6.90
Ep#5 *ND Eu32#5 -20.75 N
Ep#6 35.81 Y Eu32#6 10.57 N
Ep#7 46.21 Y Eu32#7 -12.93 N
Ep#8 48.04 Y En32#8 -16.15 N
Ep#9 33.35 Y En32#9 *ND
Eu#10 *ND
Ep#l1 51.62 Y
Ep#12 27.41 Y
Ep#13 40.02 Y
Eu#14 46.57 Y
Ep#15 14.27 N
Eu#16 62.62 Y

If the induction of PCD in response to AT130-2 was greater than 20 % these cell lines were considered
responsive to anti-CD32 stimulation, as denoted with a Y (yes). If PCD following anti-CD32 stimulation
was less that 20% these were denoted N (no). *ND: not determined. These data represent the average result
from three experimental repeats.

4.5.2. Correlation between PCD and CD32 expression.

It was speculated that if the anti-CD32 mAb were inducing cell death by activation of
CD32 then perhaps PCD would correlate with the surface expression of CD32. To assess
the level of surface CD32, a panel of Ep-myc LCLs responsive to anti-CD32 mAb
stimulation were stained with FITC-conjugated AT130-2 and AT130-5 whole 1gG, washed
with PBS-BSA-Azide buffer and analysed by flow cytometry. The resulting MFI
(equivalent to the surface expression of CD32 for each cell line) was plotted against the
percentage relative PCD induced by the same anti-CD32 mAb (shown in Figure 4.18).
Here, surface expression of CD32 as demonstrated by FITC-AT130-2 and FITC-AT130-5
(Figure 4.19a) correlated with percentage relative cell death, with R* = 0.7477 (p = 0.0026)
and R* = 0.6825 (p = 0.0061), for AT130-2 and AT130-5, respectively by linear regression
analysis. These data indicate that PCD is linked to CD32 expression, suggesting that PCD

is occurring through direct receptor activation (Figure 4.19b).
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Figure 4.19. Correlation between CD32 expression and programmed cell death.

Ep-myc cell lines (Ep#4, 6, 7, 8, 11, 12, 13, 14, 15) were incubated at 4 °C for 30 min in the dark with 10
pg/ml FITC-conjugated AT130-2 or AT130-5. Samples were washed once with PBS-BSA-Azide buffer and
analysed by flow cytomotery. The example flow cytometry plots shown in (a) demonstrate the staining of
AT130-2 and AT130-5 on the Epu-myc cell line, Eu#6. MFI was plotted against % relative cell death (b). It
was shown that CD32 expression positively correlated with % relative cell death (R* = 0.7397 for AT130-2
and R?=0.6829 for AT130-5). Each dot represents the average of three repeats on a single Ep-myc cell line.

4.5.3. Induction of PCD by anti-CD32 mAb by whole IgG and F(ab), fragments.

Our previous data indicated that AT130-2 and AT130-5 require whole IgG to induce
phosphorylation of CD32 and inhibition of BCR-induced Ca*" flux. Therefore, we next
assessed the ability of the anti-CD32 mAb to elicit PCD as IgG and F(ab’), fragments,
using the AnV/PI assay detailed earlier. AT130-2 and AT130-5 F(ab’), fragments show a
reduction in PCD induced (p < 0.001 and p < 0.05, respectively), whilst there was
relatively no change in PCD induced by 2.4G2 and AT128 m2a regardless of whether
whole IgG or F(ab’), fragment is used (Figure 4.20). Surprisingly, AT128 also seems to
require Fc engagement as there was a significant difference (p < 0.05) between the relative
cell death elicited by IgG and that induced by F(ab’), of this mAb. Again however, the
amount of cell death induced by AT128 was not substantial in comparison with AT130-2
and AT130-5 (Figure 4.19). Regardless, these data confirm that AT130-2 and AT130-5
require Fc engagement with CD32 in order to fully activate CD32 and elicit downstream
effector activities. In contrast, AT128, 2.4G2 and AT128 m2a do not require their Fc
portions to elicit their effects on CD32 activity.
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Figure 4.20. Effect of whole IgG and F(ab’), fragment on CD32 induced PCD.

Ep-myc LCL (Ep#6, 7, 8, 9, 11, 12, 13, 14 and 15) cells were incubated with mAb, either whole 1gG or
F(ab’), fragment, at 10 pg/ml for 24 hr. The percentage cell death was calculated, where % death refers to the
percentage of cells that were AnV/PI positive compared to control. AT130-2 and AT130-5 whole IgG alone
induced PCD, whilst AT128, AT128 m2a and 2.4G2 (IgG and F(ab’),) and AT130-2 and AT130-5 F(ab’),
had reduced effect on PCD. **p<0.001, *p<0.05. These data represent results from three experimental
repeats, errors expressed as SD.

4.6. In vitro effect of anti-CD32 mAb on anti-BCR activity.

4.6.1. Correlation between CD32 and BCR expression.

As aforementioned, CD32 engagement by other mAb, such as the anti-BCR antibodies
affects their ability to activate cells. We speculated that, as the function of the BCR and
CD32 are linked perhaps then surface expression of BCR and CD32 would correlate. Ep-
myc LCLs were incubated for 30 min at 4 °C with FITC-conjugated 2.4G2 for
quantification of CD32 expression and FITC-conjugated Mc39/12 for quantification of
BCR expression, washed once with PBS-BSA-Azide buffer and analysed by flow
cytometry (Figure 4.21a). 2.4G2 was selected as the CD32 mADb to use for staining as it
showed the highest binding to CD32 and although it cross reacts with CD16, B cells do not
express this FcyR and therefore the MFI recorded will be due to CD32 binding alone.
These data are the average of three repeated experiments. Intriguingly, levels of CD32 and
BCR on the Ep-myc cell lines correlated, R? = 0.6536 (Figure 4.21b). This implies that as
levels of BCR expression increase so does expression of associated regulatory proteins,

such as CD32.
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Figure 4.21. Correlation between BCR and CD32 expression on Eu-myc LCLs.

Ep-myc cell lines (Ep#4, 6, 7, 8, 11, 12, 13, 14, 15) were incubated at 4 °C for 30 min in the dark with 10
pg/ml of either FITC-conjugated Mc39/12 (anti-IgM) or FITC-conjugated 2.4G2 (anti-CD32). Samples were
washed once with PBS-BSA-Azide buffer and analysed by flow cytometry. MFI after staining was
compared to an untreated sample (a). The example flow cytometry plots represent the Ep-myc cell line,
Eu#8. It was shown that IgM expression positively correlated with CD32 expression (R? = 0.6536) (b). Each
dot represents the average of three repeats on each Eu-myc LCL.

4.6.2. Effects of BCR expression on CD32 induced cell death.

Knowing that BCR and CD32 expression correlated, next we went on to determine
whether the presence of the BCR affects CD32-induced PCD. To assess this, data from
Figure 4.17 was separated into Epu-myec cell lines that expressed the BCR (IgM positive)
and those that did not (IgM negative). The Eu-myc LCL responsive to CD32 induced
PCD were classed as IgM positive when surface staining of the cells with FITC-conjugated
Mc39/12 was greater than 20 (i.e. greater than irrelevant control) (see Table 3.8). These
data show that although the PCD induced on the IgM negative cell lines by AT130-2 and
AT130-5 was marginally less than on the IgM positive Ep-myec cell lines, there was no
significant difference observed between the two groups (Figure 4.22). This indicates that
PCD induced by the AT130-2 and AT130-5 occurred independently of BCR expression
and signalling and was most likely due directly to engagement of CD32 on the surface of

the cells rather than due to modification of the BCR signals. There was also no significant
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difference between PCD induced by AT128, AT128 m2a or 2.4G2 between the [gM
positive and IgM negative cell lines (Figure 4.22).
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Figure 4.22. Comparison of relative cell death of IgM positive and IgM negative Ep-myc LCL.

IgM positive Ep-myc LCL (Ep#6, 7, 8, 11, 13 and 15) and IgM negative LCLs (Ep#9, 12 and 14) were
incubated with mAb at 10 pg/ml for 24 hr. Where death refers to the percentage of cells that were AnV/PI
positive then % relative cell death was calculated as a percentage of the NT sample as detailed in previously.
On both the IgM positive and IgM negative cell lines AT130-2 and AT130-5 induce PDC, whilst AT128,
AT128 m2a and 2.4G2 have shown relative little effect on PCD on either the IgM positive or IgM negative
LCLs. Where there is no significant difference between PCD induced by each of the anti-CD32 mAb on IgM
positive and IgM negative cell lines as determined by Student t-test. These data represent results from three
experimental repeats, errors expressed as SD.

4.6.3. Additive effect of anti-IeM and anti-CD32 on PCD.

Although the anti-CD32 mAb were able to trigger cell death independent of BCR
expression it was speculated whether simultaneous signalling through the BCR might
augment or inhibit anti-CD32 induced cell death. The IgM positive Epu-myc cell line Eu#8
was incubated with CD32 mAb with the addition of increasing concentrations of
polyclonal anti-IgM IgG (gam IgG) (0.5, 2.5 and 12.5 pg/ml). Cells were incubated for 24
hr under tissue culture conditions, harvested, incubated with AnV/PI as previously
described and analysed by flow cytometry. Alone, gam IgG caused an increase in PCD in
a dose dependent manner, indicating that BCR stimulation alone results in cell death. In
combination, an increasing dose of gam IgG and a single dose of AT130-2 or AT130-5
showed a trend towards increasing PCD of Eu#8 cells, although the additive effect

observed was not statistically significant. Interestingly, 2.4G2 seemed to exhibit a slight
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reduction in anti-IgM induced PCD on the Epu#8 cell line, but again this was not significant

(Figure 4.23a).

In order to determine if the additive effect observed by stimulation with both anti-IgM and
anti-CD32 mAb was a specific effect of BCR involvement, the above described assay was
performed on the IgM negative cell line Eu#14. By comparing an IgM positive cell line
(Ep#8) with an IgM negative cell line (Ep#14), it can be demonstrated that the additive
effect observed is a specific effect of BCR involvement, as the IgM negative cell line did
not show enhanced PCD with the addition of gam IgG (Figure 4.23b). In order to confirm
that the additive effect observed was due to BCR stimulation and not Fc engagement of
CD32 by the Fc region of the gam whole IgG, the assay was repeated using an equivalent
gam F(ab’), fragment. The additive effect observed was similar whether an goam IgG or a
gam F(ab’), fragment was used (Figure 4.23c), suggesting that engagement of CD32 by

the Fc region of gam IgG was not the reason for an increase in PCD with anti-IgM alone.
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Figure 4.23. Additive effect of anti-CD32 mAb and anti-BCR stimulation on PCD.

Cells were incubated for 24 hr with 10 pg/ml AT130-2, AT130-5, AT128 m2a or 2.4G2 alone or in the
presence of 0.5, 2.5 or 12.5 pg/ml anti-IgM, gam whole IgG or F(ab’), fragments and then stained with
AnV/PI as outlined in Materials and Methods section 2.12.1 to determine % relative death. The Ep#8 LCL
demonstrated an additive effect, where the PCD induced by the anti-CD32 mAb was increased with the
addition of gam whole IgG (a) and F(ab”), fragments (c). The Ep#14 LCL, an IgM negative LCL, did not
demonstrate an increase in PCD with the addition of anti-IgM (b), suggesting that there was a trend towards
increased PCD due to combination between the anti-BCR and anti-CD32 mAb. These data represent results
from three experimental repeats, errors expressed as SEM.
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4.7. Chapter discussion.

The potential of CD32 as a therapeutic target able to modulate effector cell function and
concurrent immunotherapy has, until now, been uncharacterised due to the lack of suitable
reagents. However, our newly generated panel of murine specific anti-CD32 mAb are now
able to facilitate such investigations. It was postulated that an antibody towards CD32
would function to block CD32 activity and thus augment anti-tumour responses, imitating
enhanced immunotherapy observed in CD32 genetic knockout models®. Before the in

vivo efficacy of these mAb was assessed, these mAb were first characterised in vitro.

The antibodies demonstrated specific binding to CD32 on WT and FeyRIII” splenocytes,
but not to CD32”" splenocytes (Figure 4.1). Further to this, analysis of mAb to CD32 by
flow cytometry demonstrated that the anti-CD32 mAb displayed different levels of binding
to the receptor (Figure 4.2) and this was confirmed, by BIAcore analysis, to be as a result
of diverse antibody affinities (Figure 4.3 and Table 4.1). Further to this, AT130-2 was
shown to bind specifically to CD32-CD4 fusion protein, but not to FcyRI-CD4, FcyRIII-
CD4 or FcyRIV-CD4 fusion proteins by ELISA (Appendix 3).

Once the specificity and affinity of the anti-CD32 mAb had been established, initial
characterisation, through a range of in vitro cellular and biochemical assays (summarised
in Table 4.2.) on the Ep-myc and nBcl-1 murine lymphoma cell lines demonstrated that the
anti-CD32 mAb fall into two distinct categories; those which caused tyrosine
phosphorylation and subsequent activation of the receptor (agonistic anti-CD32 mAb;
AT130-2 and AT130-5) and those which block receptor phosphorylation, (antagonistic
anti-CD32 mAb, AT128, AT128 m2a and 2.4G2) (Figure 4.7).

The phosphorylation observed with the anti-CD32 mAb, AT130-2 and AT130-5 was
similar to that detected by co-ligation of the BCR and CD32 by anti-BCR whole 1gG
(Figure 4.6 & Figure 4.7), supporting the agonistic activity of these mAb. Alongside this,
only whole IgG and not the F(ab’), fragment of the agonistic anti-CD32 mAb were able to
induce phosphorylation of CD32 (Figure 4.10), suggesting that Fc engagement of CD32 by
these mAb is required for activation of the receptor. It is not clear at this point whether Fc
engagement by the antagonistic mAb was required as these mAb do not phosphorylated the
receptor and therefore we could not monitor their activity by Western blot analysis (Figure

4.10).
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In addition to phosphorylation of CD32, the agonistic and antagonistic function of the anti-
CD32 mAb was further demonstrated by their effect on the phosphorylation of SHIP-1, an
essential downstream signalling molecule of CD32 activation, becoming phosphorylated
after CD32 activation®'?. Both the anti-BCR antibodies and the agonistic anti-CD32 mAb
increased the phosphorylation of SHIP-1 (Figure 4.6, Figure 4.8 & Figure 4.9), where, on
the contrary incubation of lymphoma cells with the antagonistic anti-CD32 mAb reduced
SHIP-1 phosphorylation. However, pSHIP-1 was also detectable in cells that had not
received stimulation through the BCR and CD32 or through CD32 alone. It is thought that
there may be constitutive activation of SHIP-1 in unstimulated cells, despite undetectable
phosphorylation of CD32. Although SHIP-1 is brought into the BCR:CD32 complex by

the activation of CD32, it is phosphorylated by its association with Lyn®'’

. Lyn, unlike
CD32, has been reported to demonstrate some basal activation in the absence of BCR
signalling®®. In addition, tonic BCR signalling, occurring independently of antigen
engagement, has also been demonstrated to occur®® and this tonic signalling is sufficient to

result in ITAM activation (Reviewed in *'°

), which might propagate low levels of Lyn
signalling. In this way it is possible that tonic BCR signalling could lead to activation of
Lyn and as a result elicit basal SHIP-1 phosphorylation. Regardless, changes in pSHIP-1
as a result of incubation with the anti-CD32 mAb were consistent and regardless of tonic
SHIP-1 phosphorylation, the divergent agonistic/antagonistic activity of the anti-CD32
mADb is supported by the current knowledge in the literature relating to SHIP-1 activation

after CD32 engagement® "

The effect of the IgG1 isotypes on SHIP-1 phosphorylation status was not established on
malignant cells. Nevertheless, presuming that AT128 m2a, AT128 and 2.4G2 act similarly
and AT130-2 and AT130-5 act similarly as suggested by other in vitro assays performed,
we extrapolated that AT128 m2a and 2.4G2 activation acts to abrogate SHIP-1 activity,
whereas AT130-2 and AT130-5 augment pSHIP-1. Taken together with the
phosphorylation data, we were able to demonstrate that the agonistic and antagonistic mAb
had divergent functional affects. Fc co-ligation of the BCR with CD32 by the anti-idiotype
(Mc106A5) mAb results in a reduced Ca®" flux (Figure 4.13). Next we ascertained that the
agonistic mAb were able to block the magnitude and duration of Ca®" signalling triggered
by BCR engagement (Figure 4.14b and Figure 4.15a), whilst the antagonistic mAb are able
to potentiate these responses (Figure 4.14c). This again was in keeping with an agonistic
function of AT130-2 and AT130-5, as CD32 engagement has been demonstrated to inhibit
BCR induced Ca*" flux®>. Alongside this, we once again established the role of the Fc
portion of the agonistic anti-CD32 mAb, where the F(ab’), fragments of both AT130-2 and
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AT130-5 were unable to inhibit Ca** flux (Figure 4.16a & b). Together with this, we were
also able to demonstrate that the function of the antagonistic anti-CD32 mAb did not
require Fc engagement with CD32, as the F(ab’), fragments of these mAb were able to
augment BCR-induced Ca®" flux (Figure 4.16¢ & d). Alongside these data and to further
confirm the agonistic and antagonistic roles of the downstream signalling of the anti-CD32
mADb, we attempted to examine SHIP-1 phosphorylation after incubation with whole IgG
or F(ab’), fragments of the anti-CD32 mAb. Unfortunately, due to technical difficulties

with the detection of pSHIP-1 we were unable to complete these Western blots.

In conjunction with these alterations in Ca®" flux, the agonistic anti-CD32 mAb were
shown to trigger PCD, whilst the antagonistic anti-CD32 mAb have relatively little effect
on PCD (Figure 4.17). Again it was determined that Fc engagement by the agonistic, but
not the antagonistic mAb was required for the induction of lymphoma cell PCD (Figure
4.20). We were able to determine that the induction of PCD by the agonistic mAb was
occurring as a direct result of CD32 engagement and that CD32-induced cell death was
proportional to and correlated strongly with the level of CD32 expression (Figure 4.19). In
addition, we were able to show that the agonistic anti-CD32 mAb were inducing PCD
through direct CD32 signalling, as opposed to involvement of BCR co-ligaition. This was
illustrated in several experiments. The PCD evoked by agonistic mAb was potentiated by
anti-BCR stimulation (Figure 4.23a), but comparisons between IgM positive and IgM
negative En-myc LCLs showed that the agonistic anti-CD32 mAb induced PCD
independently of BCR expression (Figure 4.22) or co-ligation of the BCR and CD32
(Figure 4.23b & c). Previously, it has been demonstrated by others that co-ligation of
CD32 on the surface of target cells, in particular, GC B cells will lead to the induction of

333272 Here, we have demonstrated that this is also

apoptosis independent of BCR ligation
true for the co-ligation of CD32 on the surface of LCLs. Somewhat interestingly, BCR
and CD32 expression correlated (Figure 4.21), suggesting that not only is the activity of
CD32 linked to the BCR, but also its level of expression. A caveat here is that the
correlation between CD32 and BCR expression could be explained by differences in cells
size. For instance, a larger cell will have more receptors expressed at the cell surface than
a smaller cell. However, analysis of the FSC-H versus SSC-H flow cytometry plots of
each Ep-myc cell line revealed negligibly difference in cell size between the different
lymphomas and that smaller and larger cells of the same population expressed similar, if

not identical levels of both CD32 and BCR (data not shown). Therefore it is expected that

the difference in CD32 and BCR expression was not due to differences in cell size.
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It was demonstrated that the anti-CD32 mAb block IC engagement with CD32 as whole
IgG, but not as F(ab’), fragments, albeit to different extents. This is with the exception of
2.4G2 that can block IC binding as a F(ab’), fragment (Figure 4.5). The ability of these
mADb to block Fc engagement by IC is thought to be advantageous in terms of
immunotherapy. If co-administered with another therapeutic mAb, such as anti-idiotype
for example that utilises FeyR-mechanisms for tumour clearance”’, then the anti-CD32
mADb could potentially block the interaction of the anti-idiotype via Fc domains in vivo, as
such reducing inhibitory signalling on effector cells and augmenting the anti-tumour

response.

Epitope mapping of the anti-CD32 mAb via their Fc suggested that AT130-2 and AT130-5
were able to block binding of each other, but not the binding of the other mAb, whilst the
other anti-CD32 mAb were able to block all the anti-CD32 mAb (Figure 4.4). This
distinct pattern of cross blocking suggests that the agonistic and antagonistic mAb bind to
different epitopes on CD32. More recently, surface plasma resonance experiments on the
BIAcore has successfully been employed in epitope mapping of a panel of anti-41BB mAb
that were again generated in-house. It is hoped that a similar assay could be implemented

to confirm the epitope specificity of the anti-CD32 mAb.

Altogether, data presented here suggests that AT130-2 and AT130-5 bind outside of the Fc
binding domain and cross link the receptor by engaging other CD32 molecules via the Fc
domain of AT130-2 and AT130-5 through their Fc binding cleft. In contrast, AT128,
2.4G2 and AT128 m2a do not appear to require similar Fc engagement with CD32,
however they do block IC binding, suggesting they bind within the Fc binding cleft of
CD32 (Figure 4.25). This is confirmed by CD32 phosphorylation studies on tBCL; cells
at decreasing cell concentrations, where regardless of cell density, phosphorylation of
CD32 was comparable with AT130-2 and AT130-5 (Figure 4.12), suggesting that the
agonistic anti-CD32 mAb co-ligate via their Fc is a Cis orientation rather than a trans

orientation.

In terms of potential immunotherapys, it is proposed that both types of anti-CD32 mAb
would have a function in vivo to enhance anti-tumour immunotherapy. The agonistic mAb
would induce PCD of lymphoma cells, whilst the antagonistic anti-CD32 mAb could block
CD32 function on effector cells and enhance ADCC. It has been previously demonstrated
that anti-human CD32 mAb require Fc engagement with effector cells to successfully

374

mediate anti-tumour ADCC both in vitro and in in vivo xenograft models” ™. Therefore
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cross linking of CD32 through Fc:CD32 interactions may limit engagement of effector
cells by AT130-2 and AT130-5. On the other hand, the Fc domain of AT128 m2a and
2.4G2 does not engage CD32, therefore the Fc domain of these mAb is available to direct
anti-tumour ADCC as well as enhance ADCC though their inhibitory activity.

Having determined the activity of the panel of anti-CD32 mAb in vitro on malignant B-

cells we next investigate their activity on normal B cells and macrophages, in particular the

ability of the anti-CD32 mAb to induce effector cell responses.

139



Table 4.3. Summary of anti-CD32 mAb activity on lymphoma cells in vitro.

mAb pCD32 pSHIP-1 Effce;;f;]lij Induction of PCD
AT130-2 4t T | et
AT130-5 +++ 1 ! ++
AT128 ; | 1 ;
2.4G2 ; | 1 ;
AT128 m2a - l 1 +

Key; 1: increase; |: decrease; +++: high levels of pCD32 or PCD; ++: medium levels of PCD; +: low levels
of PDC; -: no induction of pCD32.

a)
Proposed binding of
AT130-2/AT130-5
5
Key:
ITIM
Fc binding cleft
Tyr phosphorylation
b) O D32b domains
Proposed binding of
2.4G2/AT128

° ©

Figure 4.24. Proposed binding of agonistic and antagonistic anti-CD32 mAb.

It is proposed that AT130-2 and AT130-5 bind externally to the Fc binding cleft via CDR regions, engaging
CD32 within its Fc binding cleft via their Fc binding domain of Cy2 (a). This leads to tyrosine
phosphorylation of SHIP-1. In contrast, AT128, 2.4G2 and AT128 m2a do not require similar Fc
engagement with CD32, however, as they do block immune complex binding, suggesting they bind via CDR
regions within the Fc binding cleft of CD32 (b).
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CHAPTER 5 In vitro analysis of anti-CD32 mAb on
B cells and macrophages

5.1.  Chapter introduction.

In the previous chapter we demonstrated that our panel of anti-CD32 mAb had unique
properties with regards to their agonistic and antagonistic activity in lymphoma cells. In
vivo however, the anti-CD32 mAb would not exclusively bind to tumour cells. Therefore
it is important to ascertain the functional effects of receptor engagement on other cell types
that express CD32, principally normal B cells and macrophages. In addition, if the anti-
CD32 mADb induce cell death of B cells and macrophages in similar ways to lymphoma
cells this may lead to unhelpful side effects, such as the patient becoming
immunocompromised and being unable to mount an effective anti-tumour response.
Consequentially, a good therapeutic agent would ideally be able to target the deletion of
tumour cells, but not alter significantly the physiology of the endogenous cells (at least in a
negative capacity). It has been suggested that reducing the endogenous function of CD32
on effector cells by either blocking CD32 or through an appropriate mAb isotype selection
would facilitate enhanced effector cell responses by reducing the inhibitory effects of this

receptor™.

Hence, we next went on to establish whether the anti-CD32 mAb would have similar
activity on normal B cells, isolated from the spleens of C57BL/6 and BALB/c mice and
also on BMDMs. Assays were performed on cells from both C57BL/6 and BALB/c
backgrounds as it was intended to subsequently assess the anti-CD32 mAb in the Ep-myc
(C57BL/6) and tBCL; (BALB/c) in vivo models of lymphoma. We performed similar
experiments to those previously described in Chapter 4 in order to assess the effect of the
anti-CD32 mAb on normal murine cells in vitro. In addition, we sought to discover if the
anti-CD32 mAb were able augment effector cell activity, such as those required for an

anti-tumour responses, i.e. phagocytosis.

5.2. In vitro effects of anti-CD32 mAb on normal B cells.

In order to examine the in vitro effects of the anti-CD32 mAb on normal B cells, B cells
were isolated by MACS® separation as previously described (Materials and Methods
section 2.4). The purity of the B cell yield was assessed by flow cytometry by staining
with FITC-conjugated IgM (Mc39/12) and PE-conjugated CD19 (ID3). MACS separation
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yielded a greater than 95 % pure B cell population as demonstrated by CD19 and IgM dual
positivity (Figure 5.1a). In addition, it was also shown that the purified B cells expressed
CD32, as shown by staining with FITC-conjugated AT130-2 and PE-conjugated CD19.
The expression of CD32 on B cells was equivalent to CD32 expression on the Ep-myc

LCLs (Figure 5.1b).
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Figure 5.1. Purification of splenic B cells and their expression of CD32.

B cells from the spleen of C57BL/6 and BALB/c mice were purified using negative selection MACS®
separation. The purity of the B cell population was assessed by direct flow cytometry, approximately 1 x 10°
cells were incubated for 15 min, in the dark at room temperature with 10 pg/ml FITC-conjugated Mc39/12
(IgM) and PE-conjugated CD19 (a) The derived B cell population, as demonstrated by CD19 and IgM dual
positivity, was greater than 95 % of the total cells recovered from MACS® separation. The expression of
CD32 on B cells was also assessed by direct flow cytometry using FITC-conjugated AT130-2 (b). The
CD32 expression on the purified B cell population was equivalent to the CD32 expression on lymphoma
cells.
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5.2.1. Tyrosine phosphorylation of CD32 and SHIP-1 on normal B cells.

Having established that normal B cells express CD32 and that this expression is at
equivalent levels to lymphoma cells, we next went on to examine the signalling properties
of the anti-CD32 mAb on normal B cells isolated from BALB/c and C57BL/6 mice. 2.5 x
10° purified B cells / ml (in 2 ml) were cultured at 37 °C, 10 % CO, with 10 pg/ml anti-
CD32 for 0.5, 2, 5 and 15 min, lysates prepared and analysed by Western Blotting. On B
cells purified from BALB/c mice, AT130-2 and AT130-5 induced phosphorylation of
CD32 at 0.5 min and this was sustained until 15 min, where in contrast neither AT128 m2a
or AT128 induced phosphorylation of CD32 (Figure 5.2). Equally, on B cells purified
from C57BL/6 mice, AT130-2 and AT130-5, but not AT128 m2a or AT128 induced
phosphorylation of CD32 at 0.5 min and this was sustained at 15 min (Figure 5.3).
Previously we observed that, AT130-2 and AT130-5 caused tyrosine phosphorylation of
CD32 on lymphoma cell lines (Figure 4.7). These data show that AT130-2 and AT130-5
induced similar tyrosine phosphorylation of CD32 and with similar kinetics to those
observed on the lymphoma cell lines. Similarly, AT128 did not induce phosphorylation of
CD32. It must be noted that phosphorylation with AT130-5 appear greater than with
AT130-2 on these blots (Figure 5.2 & 5.3). This is likely due to differences between the
membranes, i.e. differences in protein transfer or in exposure time upon development in the
Xograph Compact X4 film processor. When samples for AT130-2 and AT130-5 were run
alongside each other, on the same Western blotting gel, the intensity of CD32

phosphorylation was equivalent (data not shown).

Previously we also observed that in lymphoma cells the agonistic mAb demonstrated an
increase in SHIP-1 phosphorylation and the antagonistic mAb inhibited SHIP-1
phosphorylation (Figure 4.8). The result with normal B cells regarding the observations of
SHIP-1 phosphorylation were more difficult to interpret. On lymphoma cells we observed
changes in pSHIP-1 after 0.5 min and these changes were maintained at 15 min
stimulation, with both AT130-2 (increased pSHIP-1) and AT128 m2a (decreased pSHIP-
1). In C57BL/6 B cells AT130-2 increased pSHIP-1 after 0.5 min, but this increased
further at 2 min and had decreased again by 15 min. In contrast to AT128 m2a stimulation
on lymphoma cells, AT128 m2a treatment of C57BL/6 B cells resulted in an increase in
pSHIP-1 at 2 min, sustained at 5 min, but returned to background pSHIP-1 levels at 15
min. Therefore, although the trend of activation with AT130-2 and relative cell signalling
with AT128 m2a was observed, the kinetics were clearly altered. In BALB/c B cells,
activation of pSHIP-1 occurred more slowly, observed only after 2 min stimulation and

returned to less than the NT level of phosphorylation by 15 min (Figure 5.4). In addition,
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the inhibition observed with AT128 m2a stimulation in normal B cells is less marked than
in lymphoma cells and in B cells there seems to be an increase rather than a decrease in
SHIP-1 phosphorylation. This suggests that the anti-CD32 mAb induce similar signalling

in lymphoma and B cells, but to different extents and with different kinetics.

- = pCD32 [ S
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Figure 5.2.Tyrosine phosphorylation of CD32 in C57BL/6 splenic B cells.

B cells were isolated from the spleens of C57BL/6 mice using MACS® separation. Cells were plated at 2.5
x 10° cells / ml and incubated with the relevant anti-CD32 mAb at 10 pg/ml for the above stated period,
lysates prepared and samples analysed by Western blot. AT130-2 and AT130-5 induced phosphorylation of
CD32, whilst AT128 m2a and AT128 did not cause phosphorylation of CD32. Data is a representative result
from three repeats.
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Figure 5.3. Tyrosine phosphorylation of CD32 in BALB/c splenic B cells.

B cells were isolated from the spleens of BALB/c mice using MACS® separation. Cells were plated at 2.5 x
10° cells /ml and incubated with the relevant anti-CD32 mAb at 10 pg/ml for the above stated period, lysates
prepared and samples analysed for pCD32 and B-actin by Western blot. AT130-2 and AT130-5 induced
phosphorylation of CD32, whilst AT128 m2a and AT128 did not cause phosphorylation of CD32. Data is a
representative result from three repeats.
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Figure 5.4. Tyrosine phosphorylation of CD32 and SHIP-1 in C57BL/6 and BALB/c splenic B cells.

B cells were isolated from the spleen of C57BL/6 and BALB/c mice using MACS® separation. Cells were
plated at 2.5 x10° cells / ml and incubated with the relevant anti-CD32 mAb for the above stated period,
lysates prepared and samples analysed for pSHIP-1, pCD32 and B-actin by Western blot. AT130-2 causes an
increase in pCD32, whilst AT128 m2a does not in both C57BL/6 and BALB/c splenic B cells. However,
both cause an increase in tyrosine phosphorylation of SHIP-1 in C57BL/6, albeit to different extents and with
different kinetics. In BALB/c splenic B cells AT130-2 increased pSHIP-1, whilst AT128 m2a decreased
SHIP-1. Data is a representative result from three repeats.

5.2.2. Effect of anti-CD32 mAb on BCR-induced Ca*" flux.

Next, we went on to examine the effects of pre-incubation with the anti-CD32 mAb on
BCR-induced Ca*" flux. In these experiments, purified B cells were stained with Fluo-3-
AM, pre-incubated with 50 pg/ml AT130-2, AT130-5, AT128 m2a or 2.4G2 for 15 min,
then analysed by flow cytometry for 15 sec to establish a baseline, before stimulation with
5 ng/ml Mc39/12 1gG for a further 2 min and 45 sec. On normal B cells BCR stimulation
with Mc39/12 induced a sustained Ca®" flux. However, unlike in lymphoma cells, there
was no effect on the BCR-induced Ca®* flux when cells were pre-incubated with the anti-
CD32 mAb (Figure 5.4); i.e. AT130-2 and AT130-5 did not inhibit BCR-induced Ca*" flux
and AT128 m2a and 2.4G2 did not augment BCR-induced Ca®". These data, alongside the
tyrosine phosphorylation of SHIP-1 suggests that the anti-CD32 mAb induce different

signalling and functional effects in normal B cells in comparison to lymphoma cells.
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Figure 5.5. The effect of anti-CD32 mAb on BCR-induced calcium flux in normal splenic B cells.
Purified B cells from the spleen of C57BL/6 mice isolated by MACS, were stained with the intracellular dye,
Fluro-3-AM and pre-incubated with 50 pg/ml AT130-2, AT130-5, AT128 m2a or 2.4G2 for 15 min and
analysed by flow cytometry for 2 min 45 sec after the addition of 5 pg/ml Mc39/12 (monoclonal anti-IgM)
and results were analysed using FlowJo™ software. None of the anti-CD32 mAb had a substantial effect on
BCR-induced Ca**. Data is a representative result from three repeats.

5.2.3. Induction of programmed cell death on B cells by anti-CD32 mAb.

Subsequently, we wanted to discover how the differences in manipulation of pSHIP-1 and
Ca’" flux would affect the induction of PCD in normal B cells. As previously described, 1
x 10° purified B cells / well were incubated with 10 pg/ml anti-CD32 mAb at 37 °C, 10%
CO, for 24 hr, stained with AnV/PI and assessed by flow cytometry and the percentage
relative death calculated. It was observed that AT130-2 induced low levels of PCD (7 to
15 %) in both splenic B cells from C57BL/6 and BALB/c mice. However, the induction of
PCD by AT130-2 on normal B cells was not significantly different than that induced with
the isotype counterparts, AT128 m2a (by Student’s t-test). In these experiments AT130-5
did not induce cell death in B cells from either C57BL/6 or BALB/c mice. Alongside this,
the antagonistic anti-CD32 mAb, AT128, AT128 m2a or 2.4G2, induced negligible PCD
(Figure 5.6a).

For comparison, the levels of PCD induced in tBCL; cells was compared with the PCD
induced in B cells from BALB/c mice (Figure 5.6b) and PCD induced in the LCL Epu#8
was shown together with PCD in B cells from the C57BL/6 mice (Figure 5.6¢). It was
shown that there was a significantly higher PCD induced by the agonistic anti-CD32 mAb
in the lymphoma cell in contrast with normal splenic B cells (AT130-2; p < 0.05 and p <
0.01 for nBCL, versus BALB/c B cells and Eu#8 versus C57BL/6 B cells, respectively and
for AT130-5; p <0.01 for both comparisons). Altogether these data indicate that splenic B

cells are less susceptible to PCD induced by CD32 engagement than lymphoma cell lines.
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The properties of the anti-CD32 mAb on normal B cells are summarised in Table 5.1

(C57BL/6) and Table 5.2 (BALB/c).
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Figure 5.6. Induction of programmed cell death by the anti-CD32 mAb in normal splenic B cells and
comparison with lymphoma cell lines.

B cells isolated from BALB/c and C57BL/6 mice or the tBCL, and Eu#8 LCLs The were incubated with
mAb at 10 pg/ml for 24 hr and PCD assessed using the AnV/PI assay. The percentage PCD was calculated
as the % AnV/PI positive compared to control. In these experiments, the anti-CD32 mAb hade relatively
little effect on PCD in normal splenic B cells, although there is some induction of PCD by AT130-2 (a). In
nBcl; (b) and Ep#8 (c) cells AT130-2 and AT130-5 induced PCD whilst AT128, AT128 m2a and 2.4G2
have relative little effect on PCD. The induction of PCD by AT130-2 on normal splenic B cells was
significantly less than the induction of PCD on nBCL; and Ep#8 LCLs; * p < 0.05; ** p <0.01; n.s.: no
significance by Student’s t-test. These data represent results from three experimental repeats, errors
expressed as SEM.
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5.2.4. Summary of anti-CD32 mAb activity in splenic B cell.

Table 5.1. Summary of anti-CD32 mAb properties in normal splenic B cells from C57BL/6 mice.

pSHIP-1 N
mAb pCD32 Alter BCR Ca PCD
(@ 2 mins)

AT130-2 ' 1 NC T
AT130-5 0 ND NC NC
ATI28 NC ND NC NC
2.4G2 NC ND NC NC
ATI128 m2a NC 0 NC NC

Key; 1: increase; NC: no significant change; ND; no data.

Table 5.2. Summary of anti-CD32 mAb properties in normal splenic B cells from BALB/c mice

pSHIP-1 -
mAb pCD32 Alter BCR Ca PCD
(@ 2min)
AT130-2 1 ) ND 1
AT130-5 0 ND ND NC
AT128 NC ND ND NC
2.4G2 NC ND ND NC
ATI128 m2a NC l ND NC

Key; 1: increase; |: decrease; NC: no change; ND; no data.

5.3. In vitro effect of anti-CD32 mAb in BMDM:s.

As well as establishing the affects of the anti-CD32 mAb on normal B cells, it is also
important to assess the direct targeting effects the anti-CD32 mAb will have on effector
cells, such as macrophages. Macrophages were isolated from the bone marrow of
C57BL/6 and BALB/c mice, denoted bone marrow derived macrophages or BMDMs. The
BMDMs were cultured at 37 °C, 5 % CO; in the presence of L929 cell supernatant, which
contains M-CSF as described in Materials and Methods section 2.2. After approximately 7
days in culture a differentiated macrophage population was observed, as indicated by
changes in cell morphology (Figure 5.7). First, we assessed the expression of CD32 on
these macrophage populations. We were able to establish that the anti-CD32 mAb were
able to bind to both C57BL/6 and BALB/c macrophages (Figure 5.8), by flow cytometry
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and that the level of expression of CD32 on BMDMs is similar to that on lymphoma and B
cells (Figure 5.1).
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Figure 5.7. BMDM differentiation during adaption to culture

5 x 10° cells isolated from the bone marrow of C57BL/6 mice were culture in enriched RPMI-1640 and 20 %
L929 cell conditioned medium (see Material and Methods section 2.2) in 6-well tissue culture plates. Bright
field microscopy images were obtained at X10 magnification to demonstrate changes in cell morphology
over a seven day period, demonstrating differentiation from small, round cells (day 1) to fully confluent flat,
elongated cells (day 7). Scale bar represents 10 pm.
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Figure 5.8. Expression of CD32 on C57BL/6 and BALB/c BMDMs.

1 x 10° BMDM from C57BL/6 and BALB/c mice were incubated for 15 min, in the dark at room temperature
with 10 pg/ml APC-conjugated F480 and 10 pg/ml FITC-conjugated anti-CD32 mAb, washed once with
PBS-BSA-Azide buffer and analysed by flow cytometry. Again, the expression of CD32 on BMDMs was
similar to CD32 expression on lymphoma cells and splenic B cells.

5.3.1. Tyrosine phosphorylation of CD32 and SHIP-1 in BMDMs.

Next we wanted to determine whether the anti-CD32 mAb would cause activation of CD32
similar to that demonstrated on lymphoma and B cells. To assess this, 2.5 x 10° cells / ml
BALB/c BMDMs were incubated with 10 pg/ml anti-CD32 mAb for 0.5, 2, 5 and 15 min,
lysates prepared and samples analysed by Western blotting (Figure 5.9). Here, the
agonistic mAb (AT130-2) induced tyrosine phosphorylation of CD32 whilst the
antagonistic mAb (AT128 m2a) did not, similar to that observed on both normal B cells
and lymphoma cell lines. However, in contrast with the lymphoma and normal B cells, the

phosphorylation of CD32 was much more transient in BMDMSs. On cells of lymphoid
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lineage CD32 phosphorylation was sustained at 15 min, however on BMDMs CD32
phosphorylation had decreased to almost background levels by 15 min. SHIP-1
phosphorylation on the BMDMs follows the same pattern as CD32 phosphorylation, which
is again transient in comparison to that observed on the lymphoma cell lines. Furthermore,
the agonistic mAb increased phosphorylation of SHIP-1 and the antagonistic mAb
decreased phosphorylation of SHIP-1 (Figure 5.9); similar to the action of these mAb on

lymphoma cell lines.
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Figure 5.9. Tyrosine phosphorylation of CD32 and SHIP-1 on BMDMs.

BMDMs derived from BALB/c mice were plated at 2.5 x 10%ml and incubated with the anti-CD32 mAb for
0.5, 2, 5 or 15 min, protein lysates prepared and samples analysed for pCD32 and pSHIP-1 by Western blot.
AT130-2 induced phosphorylation of CD32 and SHIP-1, whilst AT128 m2a did not cause phosphorylation of
CD32 and SHIP-1. Data is a representative result from three repeats.

5.3.2. Induction of programmed cell death on BMDMs by anti-CD32 mAb.

We next went on to ascertain whether the anti-CD32 mAb induced PCD of BMDMs.
Briefly, 2 x 10° cell/ml in a 48-well plate were incubated for 24 hr under tissue culture
conditions with 10 pg/ml anti-CD32 mAb. NB; in these experiments 2.4G2 was excluded
as this mAb also interacts with CD16 expressed by macrophages. Cells were stained in the
tissue culture plate with AnV/PI as previously described, harvested by incubation with TE
for 10 min at 37 °C, assessed by flow cytometry and the percentage relative cell death
calculated. Surprising, the induction of PCD by the agonistic and antagonistic mAb in the
BMDMs was equivalent. Here, all the anti-CD32 mAb induced comparable levels of PCD
in the BMDMs and there was a trend towards greater induction of PCD on BMDMs than
that observed in normal B cells (Figure 5.10). However, the induction of PCD on BMDMs
was not significantly different to that induced on normal B cells. We would suggest that

this may be because of variation between experimental repeats.
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Figure 5.10. Induction of PCD by the anti-CD32 mAb on BMDM:s.

200 pl of BMDMs at 2 x 10° cell/ml in a 48-well plate were incubated for 24 hr under tissue culture
conditions with 10 pg/ml anti-CD32 mAb. Cells were stained with AnV/PI as previously described,
harvested by incubation with TE for 10* at 37 °C, assessed by flow cytometry and the percentage relative cell
death calculated. The agonistic and antagonistic anti-CD32 mAb do not show differential activity and induce
equivalent levels of PCD on BMDMs. The level of PCD induced in BMDMs (n = 4) appears to be greater
than that induced on normal B cells (n = 3), although this was not significant (by Student’s t-test),
presumably due to variation between experiments for the BMDMs. These data represent results from four
experimental repeats for BMDMs and three experimental repeats for B cells, errors expressed as SEM.

5.4. The anti-CD32 mAb induce phagocytosis of opsonised B cells by BMDMs.

Macrophages have been demonstrated to be key regulators of the anti-tumour response in
Vivo, particularly in response to mAb therapy (see Introduction section 1.3.3). Having
determined that the anti-CD32 mAb were able to engage with CD32 on the surface of
cultured BMDMs, but that they did not induce high levels of PCD, we went on to establish
whether target cells coated with anti-CD32 mAb were able to interact with effector cells.
Here we used phagocytosis as a measure of macrophage engagement, as this is one of the
major mechanisms by which effector cells, such a macrophages aid in the clearance of

tumour cells.

5.4.1. The anti-CD32 mAb induce phagocytosis of opsonised B cells.

In order to measure phagocytosis, we cultured 5 x 10* BMDM / well in 96-well plates at 37
°C, 5 % CO, for 2 hr. Concurrently, CD20 Tg B cells were purified, stained with 5 uM
CFSE and opsonised by incubation for 20 min at room temperature with 10 ng/ml anti-
CD32 mADb or anti-CD20 mADb (as a positive control). 2.5 x 10° purified, CFSE labelled
and opsonised CD20 Tg B cells were then incubated with the BMDMs for 1 hr under the
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same tissue culture conditions. These were then harvested, stained with APC-conjugated
F480 to identify macrophages for 15 min at room temperature, washed, before being
harvested and analysed by flow cytometry for the percentage of dual positive (F480 and
CFSE) cells. A schematic of the phagocytosis assay is shown in Figure 5.10. Routinely,
viable cell lymphocyte and macrophage events were collected, as identified by the FSC-H
and SSC-H threshold parameters and 5000 macrophage (APC-conjugated F480") cells

were collected for analysis (Figure 5.11).

CD20 Tg B cells were used for the phagocytosis assays as previous work in our laboratory
has demonstrated that the anti-CD20 mAb, such as B1, rituximab and rit m2a, are able to

364 o
and served as positive controls for the assay.

induce phagocytosis of opsonised B cells
The phagocytosis assays were performed using BMDMs and purified CD20 Tg B cells on

the BALB/c background.

There were no double positive events recorded when BMDMs were not incubated with B
cells and there was a low level of double positive events recorded when non-opsonised B
cells were incubated with the BMDMs (Figure 5.12a & ¢). In contrast, these data
demonstrate specific engulfment of CD20 Tg B cells opsonised with both anti-CD20 and
anti-CD32 mAb, with the exception of AT128 m2a. Together, these data indicated that
most of the anti-CD32 mAb were able to directly target the B cells towards the BMDMs.
However, the level of phagocytosis induced by the anti-CD20 mAb was greater than that
induced by the anti-CD32 mAb. In the case of AT128 m2a, we have previously shown
that this mAb binds CD32 weakly and has a low affinity for CD32 and this is a likely
explanation as to why AT128 m2a was unable to induce a significant amount of
phagocytosis. Phagocytosis can also be examined microscopically, as demonstrated by
Figure 5.12b, where an unlabelled BMDM can be seen engulfing CFSE labelled B cells
(Figure 5.12b; courtesy of Dr Stephen Beers, University of Southampton).
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Figure 5.11. Schematic of the phagocytosis assay.

5 x 10° BMDM / well were incubated in 96-well plates at 37 °C, 5 % CO3 for 2 hr before the addition of 2.5
x 10° purified, CFSE labelled and opsonised CD20 Tg B cells for 1 hr under the same tissue culture
conditions. These were then harvested, stained with 10 pl of 1:10 diluted APC-conjugated macrophage
marker F480 for 15 min at room temperature, washed once with PBS-BSA-Azide buffer before being
harvested and analysed by flow cytometry.
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Figure 5.12. The anti-CD32 mAb are able to induce phagocytosis of opsonised B cells.

5 x 10* BMDM / well were incubated in 96-well plates at 37 °C, 5 % CO3 for 2 hr before the addition of 2.5
x 10° purified, CFSE labelled and opsonised CD20 Tg B cells for 1 hr under the same tissue culture
conditions. These were then harvested, stained with APC-conjugated F480 for 15 min at room temperature,
washed once, before being harvested and analysed by flow cytometry for presence of double positive cells
(F480'CFSE")(a). Confocal examination of BMDMs shows engulfment of CFSE labelled B cells opsonised
with rituximab. For confocal microscopy, samples were mounted in Vectashield (VectorLaboratories) and
images collected equentially on a Leica TCS SP5 (LeicaMicrosystems). Images were acquired using Leica
software (LAS-AF v2) and processed using Adobe Photoshop CS2 Version 9.0.2. (b). The anti-CD32 mAb,
AT130-2 and AT130-5 were able to induce a significant level of phagocytosis of opsonised B cells in
comparison to non-opsonised B cells (no mAb) (* p < 0.01, by Student’s t-test). The induction of
phagocytosis by the anti-CD32 mAb was less than that induced by the anti-CD20 mAb in comparison to non-
opsonised B cells (no mAb) (** p < 0.001, by Student’s t-test) (c).
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5.4.2. The anti-CD32 mAb induce phagocytosis of opsonised B cells in a dose

dependent manner.

The relative expression levels of CD32 and CD20 differs on the surface of B cells. There
are more CD20 molecules per cell than CD32 molecules; therefore it is plausible that more
anti-CD20 mAb will bind to the surface of the cell and be accessible for engagement with
activatory FcyR on BMDMs. In order to determine whether it was the expression level of
CD32 on B cells that is limiting the amount of phagocytosis observed with anti-CD32 mAb
in comparison to the anti-CD20 mAb, a titration of mAb binding and phagocytosis was
performed. Unlabelled CD20 Tg B cells were incubated with 10, 3, 1, 0.3 or 0.1 pg/ml
anti-CD32 or anti-CD20 mAb for 20 min at room temperature and processed according to
indirect immunofluorescence protocols (Materials and Methods section 2.11) (Figure
5.13a). Alongside this, CFSE labelled CD20 Tg B cells were opsonised with 10, 3, 1, 0.3
or 0.1 pg/ml anti-CD32 or anti-CD20 mAb as previously described prior to incubation
with BMDMs and then levels of phagocytosis were assessed by flow cytometry (Figure
5.13b). These data show that there is a titration effect on the binding of the anti-CD20
mAb and AT128 m2a, where a lower concentration of mAb results in reduction in the
detectable mAb bound to CD20 Tg B cells (Figure 5.13c). The titration effect on mAb
binding correlates with the level of induction of phagocytosis (Figure 5.13d). In contrast
however, there was no titration effect with regards to mAb binding or phagocytosis with
AT130-2; both binding of the mAb and induction of phagocytosis seemed to alter little
across the dose range, meaning that CD32 on the B cell surface was most likely saturated

with mAb and that we were observing maximal phagocytosis induced by AT130-2.

From these data it was also observed that at 0.3 pg/ml and 3 pg/ml, where Rit m2a and
AT130-2, respectively, demonstrate comparable surface binding, as determined by MFI,
there is not a significant difference between the percentage of phagocytosis (p = 0.2613 by
Student’s t-test). These data indicate that the anti-CD20 mAb and the anti-CD32 mAb
have equivalent abilities to induce phagocytosis of opsonised B cells, but that this is
limited with regards to the lower expression level of CD32 in comparison to CD20. To
explore the role of mAb isotype in these assays, we also included the mouse IgG1 Rit y1
mADb in these assays. Although it demonstrated similar binding levels by MFI to Rit m2a,
Rit y1 was relatively poor at inducing phagocytosis. It has previously been reported that
murine IgG1 has lower affinity for the activatory FcyR than the other IgG subclasses'®® and
as a consequence the IgG1 isotype mAb may not induce efficient effector cell responses.

These data allude to a dependence on activatory FcyR engagement for the induction of
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phagocytosis in response to surface bound mAb. Therefore, we subsequently went on to

determine the extent of this phenomenon.
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Figure 5.13. Induction of phagocytosis is dependent on mAb binding.

Unlabelled CD20 Tg B cells were incubated for 20 min at room temperature with 10, 3, 1, 0.3 and 0.1 pg/ml
of either anti-CD20 or anti-CD32 mAb, washed twice, incubated for 15 min at room temperature with 10
pg/ml PE-conjugated anti-mouse Fc, washed once and analysed by flow cytometry (a) Phagocytosis was
measured as previously described (b). mAb binding to CD20 Tg B cells showed a titration effect (c) and this
correlated with the level of phagocytosis induction (d). mAb binding to CD32 on the B cells showed a
titration effect, but induction of phagocytosis was similar at all concentrations of mAb. However, at
comparable mAb binding levels Rit m2a (0.3 pg/ml) and AT130-2 (> 0.1 pg/ml), the mAb induced
comparable induction of phagocytosis, indicating that the level of phagocytosis induced by the anti-CD32
mAD is limited by CD32 expression of B cells.
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5.4.3. CD32” BMDMs induce an enhanced level of phagocytosis than WT BMDMs and

this is dependent on the presence of activatory FcyR.

To confirm the requirement of activatory FcyR for the induction of phagocytosis in our
assays we next examined the response of y-chain”” BMDMs to opsonised B cells. The y-
chain” mice lack the common y-chain molecule that associates with extracellular domain
of some human and all mouse activatory Fc receptors and is required for their function'*.
Alongside this and in order to assess the induction of phagocytosis in mice lacking
inhibitory signals, we also examined the phagocytic ability of CD32”" BMDMs. As
previously mentioned (Introduction section 1.5.2), the balance between the activatory and
inhibitory FcyR will determine the magnitude of cell activation. If cells are lacking the
inhibitory FcyR, then the predominant signal induced by Fc engagement will be activatory.
It is therefore expected that phagocytosis induced in CD32”- BMDMs will be increased in
comparison with the WT BMDMs.

WT, y-chain'/ “and CD32”" BMDMs were cultured and assessed for phagocytosis of
opsonised B cells as previously described. Rituximab and rit m2a were both able to induce
phagocytosis of target B cells by WT and CD32”- BMDM, but this was not observed with
the y-chain™ BMDMs (Figure 5.14a), confirming that induction of phagocytosis in our
assay is dependent upon activatory FcyR. In addition, these data demonstrate that BMDMs
that lack CD32 show no increase in background phagocytosis (no mAb), but show
enhanced phagocytic properties in the presence of anti-CD20 mAb opsonised B cells
(Figure 5.14a) (p < 0.05, by Student’s t-test) and in a dose dependent manner (Figure
5.14b). This is also true when B cells are opsonised with anti-CD32 mAb (Figure 5.14a —
only AT130-2 shown here). These data suggest that CD32 deficiency leads to increased
activation potential on BMDMs. Next we went on to determine whether this enhanced

activation potential could be recapitulated using our anti-CD32 mAb on WT BMDMs.
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Figure 5.14. Phagocytosis is dependent on expression of activatory FcyR and is enhanced in CD32”"
BMDMs.

5x 10 WT, CD32” or y-chain'/ "BMDM / well were incubated in 96-well plates at 37 °C, 5 % CO» for 2 hr
before the addition of 2.5 x 10° purified, CFSE labelled CD20 Tg B cells opsonised with 10 pg/ml mAb (a)
or 10, 3, 1, 0.3 or 0.1 pg/ml mAb (b) for 1 hr under the same tissue culture conditions. These were then
harvested, stained with 10 pl of 1:10 diluted APC-conjugated macrophage marker F480 for 15 min at room
temperature, washed once with PBS-BSA-Azide buffer before being harvested and analysed by flow
cytometry. Activatory FcyR are required for mAb-induced phagocytosis by the anti-CD20 mAb (a), whilst
the absence of CD32 results in enhanced levels of phagocytosis by anti-CD20 and anti-CD32 mAb in
comparison to BMDM s that express CD32 (a). The induction of phagocytosis on WT and CD32"- BMDMs
was in a dose dependent manner (b). * p < 0.05, ** p <0.001. ND; no data.
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5.4.4. Pre-treatment of macrophages with anti-CD32 mAb enhances phagocytic activity
of WT BMDMs.

Having determined that the anti-CD32 mAb were capable of binding to target B cells and
inducing phagocytosis, we next went on to determine whether the anti-CD32 mAb would
influence the activity of BMDMs directly. In order to accomplish this, prior to incubation
with CFSE labelled, opsonised (with rituximab or rit m2a) CD20 Tg B cells, the BMDMs
were incubated with 10 pg/ml AT130-5 or AT128 m2a IgG or F(ab’), or relevant isotype
controls (LOB.74 — human IgG1, WR17 — mouse IgG2a) for 1 hr under tissue culture
conditions, washed once and media replaced with complete RPMI. Here, phagocytosis
induced by non-opsonised B cells was equivalent in all conditions. After BMDMs were
pre-incubated with the isotype control, AT128 m2a IgG or F(ab’),, there is no significant
difference in phagocytosis (by Student’s t-test). However, treatment with AT130-5 IgG
but not F(ab’), increased phagocytosis of Ritux and rit m2a opsonised B cells. (p = 0.0114
and p = 0.0465, respectively by Student’s t-test) (Figure 5.15a).

In addition, comparable experiments were performed using CD32” and y-chain” BMDMs
(Figure 5.15b and c, respectively). These data demonstrate that the enhancement in
phagocytosis observed after AT130-5 IgG treatment of WT BMDMs is specific to
blocking CD32 Fc engagement in conjunction with activatory FcyR engagement on the
BMDMs, as there is no observed enhancement of phagocytosis in the CD32™ or y-chain™
BMDMs in these assays. The properties of the anti-CD32 mAb on BMDMs are

summarised in Table 5.3.
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Figure 5.15. Treatment of BMDMs with anti-CD32 mAb leads to augmented phagocytosis.

5x 10* WT, CD32™ or y—chain'/ "BMDM / well were cultured in 96-well plates at 37 °C, 5 % CO> for 2 hr,
then incubated with 10 ug/ml AT130-5, AT128 m2a IgG or F(ab’), or isotype controls (LOB7.4 or WR17),
washed once, then incubated with 2.5 x 10° purified, CFSE labelled CD20 Tg B cells opsonised with 10
pg/ml rituximab or rit m2a for 1 hr under the same tissue culture conditions. These were then harvested,
stained with APC-conjugated macrophage marker F480 for 15 min at room temperature and washed once,
before being harvested and then analysed by flow cytometry. Only AT130-5 IgG significantly augmented
(*p < 0.05) phagocytosis in WT BMDMs to both rituximab and rit m2a opsonised B cells (a). There were no
observed effects of anti-CD32 mAb treatment of CD32”- BMDMs (b) and y—chain'/' BMDMs (c¢).
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5.4.5. Summary of anti-CD32 activity on BMDMs.

Table 5.3. Summary of anti-CD32 mAb properties on BALB/c BMDMs.

Phagocytosis of Effect on phagocytic
mAb pCD32 pSHIP-1
opsonised B cell ability of BMDMs
ATI130-2 i 1 + ++ (data not shown)
ATI130-5 ND* ND* + +
ATI128 ND* ND* ND* ND*
2.4G2 ND* ND* ND* ND*
ATI128 m2a l l - -

Key; 1: increase; |: decrease; ++: medium effect; +: low effect; -: no effect

5.5. Chapter discussion.

The aim of this chapter was to establish the possible effects of the anti-CD32 mAb on key
CD32 expressing cells of the immune system, with the aim of determining any potential
detrimental effects of anti-CD32 mAb therapy. We have focused on splenic B cells and
BMDMs, although the expression of CD32 has been reported on a much wider range of
cells, including epithelial cells'®. Initially, we demonstrated that the anti-CD32 mAb
bound both splenic B cells and BMDMs and that the expression levels of CD32 on these

tissues were similar to CD32 expression on lymphoma cells (Figure 5.1 & Figure 5.8).

We next examined the ability of the anti-CD32 mAb to elicit tyrosine phosphorylation. It
was observed that the agonistic anti-CD32 mAb were able to induce tyrosine
phosphorylation of CD32 on normal B cells, (Figure 5.2 & 5.3) and BMDMs (Figure 5.9),
albeit with slightly different kinetics to those observed on lymphoma cells (Figure 4.8),
whereas the antagonistic anti-CD32 mAb did not induce phosphorylation of CD32, as
previously seen on lymphoma cells. A caveat here is the lack of an isotype control in the
experiments on the BMDMs. However, mAb of the same isotype were assessed on the
same membranes and a differential phosphorylation pattern was still observed between the
angonistic and antagonistic anti-CD32 mAb, suggesting that there were limited non-
specific interactions on these cells. The differential phosphorylation of CD32 was
consistent between both C57BL/6 and BALB/c mouse strains. This is important as the
C57BL/6 and BALB/c mice were both to be used for examination of in vivo effects on the
anti-CD32 mAb in both the Ep-myc and BCL; syngeneic tumour models. Alongside this,
we were able to demonstrate that SHIP-1 phosphorylation in the BMDMs at least was
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similar to that on lymphoma cells, where the agonistic anti-CD32 mAb enhanced pSHIP-1
and the antagonistic anti-CD32 mAb reduced pSHIP-1 (Figure 5.9; BMDMs & Figure 4.8;
lymphoma cells). The phosphorylation of SHIP-1 on splenic B cells however was different
to that observed on lymphoma cells in terms of the kinetics of phosphorylation and the fact
that pSHIP-1 was induced after incubation with the antagonistic anti-CD32 mAb (Figure
5.4). On the lymphoma cells, the differential phosphorylation of CD32 and SHIP-1 seems
to correlate with contrasting functional activity, i.e. differences in Ca®* flux. However, the
anti-CD32 mAb did not inhibit (agonistic) or augment (antagonistic) Ca®" flux on normal
B cells from C57BL/6 mice (Figure 5.5; normal B cells & Figure 4.14; lymphoma cells), in
fact it was evident that the anti-CD32 mAb had no effect on BCR-induced Ca>" flux on
normal B cells. The Ca”" flux in lymphoma cells appeared to be transient, rather than
prolonged as in the normal B cells. This would suggest that BCR-induced signalling
between B cells and lymphoma cells is distinct. Observations by Dr Kathleen Potter
(University of Southampton) have also demonstrated this. Unpublished data from her
laboratory has previously shown that purified B cells show extend Ca>" flux, whilst cell
lines demonstrate a transient Ca>* flux, similar to that observed through this thesis
(personal communication). Alongside this, it was suggested that the phosphorylation of
CD32 was greater on cells from BALB/c mice compared with those from C57BL/6 mice
and therefore the strength of signal mediated by the anti-CD32 mAb on cells from
C57BL/6 mice would be less than that on cells from BALB/c mice, meaning that inhibition
of BCR-induced Ca®" flux would be more difficult to detect. Densitometry analysis of the
Western blots in Figure 5.2 and Figure 5.3 revelled this not to be the case (Appendix 4). In
addition, we did not assess the effect of the anti-CD32 mAb alone on Ca*" flux on normal
B cells so can not conclude that the anti-CD32 mAb alone would not have an effect on

Ca’" flux.

In conjunction with this signalling assay, we observed that neither AT130-2 nor AT130-2
induced a significant level of PCD in the WT B cells, from either C57BL/6 or BALB/c
mice (Figure 5.6), unlike on lymphoma cells where these mAb did induce PCD (Figure
4.18). Much the same as the observations on lymphoma cells, the antagonistic mAb did
not induce PCD on normal B cells. This suggests that the induction of direct cell death of
normal B cells in vivo by the anti-CD32 mADb will be limited, which is promising for their
use in vivo and may allow tumour selectivity. Altogether these data indicate that splenic B
cells are less susceptible to PCD induced by CD32 engagement that lymphoma cell lines,
although there is a significant if small induction of AT130-2 induced cell death on
C57BL/6 splenic B cells. However, we have only analysed the effect of the anti-CD32
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mAb on splenic B cells and it is not implausible that the anti-CD32 mAb would have
detrimental effects on other B cell subsets, such as circulating naive, memory B cells or
plasma cells. Alongside this, there was a trend towards greater induction of PCD induced
by the anti-CD32 mAb on BMDMs than on B cells, however, this was less than on the
lymphoma cell lines (Figure 5.10). Taken together, these data therefore indicates that
despite differences in CD32 and SHIP-1 activation, perhaps the agonistic and antagonistic
mADb do not demonstrate differential function on normal B cells and BMDMs as they do on

lymphoma cell lines and as such are unlikely to deplete CD32 expressing cells in vivo.

Having established that the effects of direct PCD on CD32 expressing cells in vivo are
likely to be relatively small, we next went on to establish if the anti-CD32 mAb had the
potential to affect the function of CD32 expressing effector cells, in particular
macrophages in vivo. As previously mentioned, FcyR expressing effector cells are a key
components of the anti-tumour response, by instigating ADCC and phagocytosis of
opsonised tumour cells. This process is regulated by co-ligation with the inhibitory FcyR,
CD32, where CD32 engagement dampens anti-tumour responses. Our anti-CD32 mAb
therefore have two potential means of augmenting anti-tumour responses through effector
cells in vivo; by engaging the activatory FcyR, much as any other mAb, inducing ADCC
and phagocytosis or by blocking CD32 on the effector cells and therefore limiting
inhibitory signalling. We were able to assess these activities via the use of a phagocytosis
assay, described in Figure 5.11. It was shown that the anti-CD32 mAb were able to induce
phagocytosis of opsonised B cells, although to a lesser extent than other therapeutic mAb,
1.e. the anti-CD20 mAb (Figure 5.12). Alongside this, we were able to demonstrate that
the difference in the extent of phagocytosis was on account of mAb binding, where the use
of lower concentrations of anti-CD20 lead to equivalent levels of cell surface binding of
the AT130-2 mAb and equivalent phagocytosis (Figure 5.13). This suggests that the anti-
CD32 mAb alone or in combination with other clinically relevant mAb
immunotherapeutics would be able to interact with effector systems and provide further
focus to the anti-tumour response. A caveat here however is that we were unable to
determine whether B cells underwent phagocytosis or merely clustering with the
macrophages via FcyR interactions. In order to rule this out, a cell surface marker, such as
B220 or CD19 conjugated to PerCP could be used to detect B cells within the
F480+/CFSE+ population. If the B cells were being engulfed then minimal B220 staining
would be observed, but if clustering of opsonised B cells with BMDMs was occurring then
B220 staining would be evident. Regardless, these phagocytosis assays determined the
phagocytic potential of the mAb of interest.
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Specifically and as described by others®, we were able to further demonstrate the
requirement of the activatory FcyR and Fc receptor engagement in the initiation of these
phagocytosis, where deficiency in either abrogated the phagocytosis observed (Figure
5.14). Alongside this we were also able to show that CD32 deficient BMDMs
demonstrated augmented phagocytosis of opsonised B cells in comparison to WT BMDMs
(Figure 5.14). This suggests that CD32 expression abrogates BMDM activity in vitro and
presumably in vivo. However, it could be suggested that the augmented phagocytic
response of the CD32”" BMDMs may be due to altered activatory FcyR expression on
these cells in comparison to WT BMDMs. In order to address this, the FcyR profile of WT
and CD32” BMDMs would need to be established. Up until recently we have not had
access to a full panel of anti-FcyR mAb and currently, as a result of the MHV infection in
the Tenovus Biomedical Research Unit, resulting in a lack of the required animals, we

were are unable to address this issue through this thesis.

After establishing that the anti-CD32 mAb were able to induce phagocytosis we next went
on the confirm reports that the use of anti-CD32 mAb augment effector cell responses’’>.
Pre-incubation of BMDMs with the antagonistic anti-CD32 mAb resulted in no significant
change in levels of phagocytosis. However, treatment with agonistic anti-CD32 mAb
increases phagocytosis of opsonised B cells (Figure 5.15). This is intriguing, as on
lymphoma cells agonistic anti-CD32 mAb led to an increase in CD32 activation and
antagonistic anti-CD32 mAb led to a reduction in CD32 activation. In theory, this would
lead to an increase and decrease in CD32 activation, respectively, if the mAb were acting
the same way on BMDMs. However, we previously demonstrated that, in terms of PCD at
least, the anti-CD32 mAb do not have the same activity on BMDMs as on lymphoma cells.
It is therefore proposed that, rather than inducing changes in CD32 signalling on BMDMs,
the agonistic anti-CD32 mAb are blocking Fc engagement between CD32 on the surface of
BMDM and the anti-CD20 mAb. As a result, the predominant signal received by the
BMDMs after Fc engagement will be activatory. In this way, blocking of CD32 augments
phagocytosis, as observed (Figure 5.15).

Taken together, all these data suggest that the agonistic anti-CD32 at least, have potential
to augment anti-tumour responses but without negative effects on normal CD32 expressing
cells. We next go on to examine the effects of the anti-CD32 mAb in our B cell lymphoma

murine models.
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CHAPTER 6 Manipulation of immunotherapy by
anti-CD32 mAb.

6.1. Chapter introduction.

CD32 has been shown to modulate in vivo cytotoxicity against tumour targets; where
CD32 deficiency seems to enhance therapeutic mAb anti-tumour responses™>. There are
two potential mechanisms by which anti-CD32 mAb may improve anti-tumour activity,
first by enhancing effector cell activation, i.e. ADCC, by blocking CD32 inhibitory
function on effector cells and secondly by inducing direct apoptosis on CD32 expressing
target cells. Anti-human CD32b monoclonal antibodies (mAb) have been shown by some
to have anti-tumour effects®”* but can show cross-reactivity, as CD32 is greater than 95 %
homologous to the activatory FcyR, FeyRIIa (CD32a)**'. Our murine anti-CD32 mAb
have been show to be specific to murine CD32 (mice lack the CD32a member of the FcyR
family) and can be used to study the in vivo potential of anti-CD32 mAb, alone or in

combination with other known immunotherapeutics.

In Chapter 4 we established that there are two types of anti-CD32 mAb. The agonistic
anti-CD32 mAb (AT130-2 and AT130-5) induced phosphorylation of CD32 and SHIP-1,
caused an inhibition of BCR-induced Ca®" and induced PCD in LCLs. All of these
functions require an Fc portion for CD32 cross-linking. On the other hand, the
antagonistic anti-CD32 mAb (AT128, AT128 m2a and 2.4G2) do not cause
phosphorylation of CD32, block phosphorylation of SHIP-1, potentiate calcium flux and
have relatively little effect on PCD. In chapter 5 we established that the anti-CD32 mAb
induce only small amount of PCD in B cells and BMDMs and in addition, it was shown
that the agonistic anti-CD32 mADb, at least, were able to induce phagocytosis of opsonised
B cells and enhance the phagocytic capacity of BMDMs. The properties of the anti-CD32
mADb described in both chapters 4 and 5 elucidate the potential use of these antibodies in

Vvivo as immunotherapy modulatory reagents.

Here, we wished to ascertain the in vivo efficacy of the anti-CD32 mAb and assess their

374,372
. W

potential to enhanced anti-tumour responses, similar to that described by others e

compared only AT130-2 and AT128 m2a as these are both IgG2a isotype, which has been

shown to have a greater therapeutic effect with regards to mAb treatment in vivo*''.

Mouse IgG2a is equivalent to human IgG1 which preferentially engages the activatory

FcyR in comparison to the inhibitory FeyR'®.
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6.2. Manipulation of Immunotherapy in vivo.

6.2.1. Anti-idiotype immunotherapy in WT and CD32”" BALB/c mice.

Initially we wished to recapitulate previously published data ** and confirm the original
hypothesis, that CD32”" mice display increased survival following administration of
tumour and subsequent mAb immunotherapy. We compared BCL, anti-idiotype
immunotherapy in BALB/c WT and CD32”" mice. Mice were injected i.v. with 1 x 10
fresh BCL, cells on day 0. The mice were then treated on days 4 to 7 or on days 7 to 10
with a total of 0.5 mg (125 pg/day) anti-idiotype (Mc106A5), as previously described”’. In
both mouse strains anti-idiotype therapy improved survival in comparison to the non-

treated mice (p < 0.05, by Mantel-Cox statistical testing).

In these experiments the WT mice that were left untreated succumbed to disease within
approximately 21 days. Treatment with anti-idiotype increased survival of animals in
these groups to between 28 and 32 days, which was significantly different in comparison to
the untreated mice (p < 0.05, by Mantel-Cox statistical testing). The survival in WT mice
was equivalent whether anti-idiotype mAb was administered from day 4 until day 7 or if
treatment was from day 7 to day 10; i.e. there was not significant difference between the
different treatment regimes (Figure 6.1). Likewise, the survival of untreated CD32" was
approximately 21 days and the survival of mice treated with anti-idiotype was also
increased to a significant level (p < 0.05, by Mantel-Cox statistical testing) in both
treatment groups. Although there was a trend towards increased survival in the CD32”
mice as a result of anti-idiotype treatment from day 4 to day 7, there was no significant
difference between the survival of WT and CD32"" mice treated from day 4 to day 7 with
anti-idiotype. Nevertheless, in the CD32”" mice that were treated from day 7 to day 10
there was a significant increase in survival compared with the same treatment in WT mice
(p<0.05, by Mantel-Cox statistical testing), (Figure 6.1). This indicates that CD32
expression or lack of expression can alter immunotherapy; in part confirming previously
published literature that shows improved immunotherapy in CD32"" mice **. We next

went on to examine this potential using anti-CD32 mAb in our models of lymphoma.
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Figure 5.16. Anti-idiotype BCL, immunotherapy shows improved efficacy in CD32” mice compared
with WT mice.

Mice were inoculated with 1 x 10 BCL, cells on day 0 and then treated with 125 pg/day (total 0.5 mg) anti-
idiotype on days 4 to 7 (circle) or days 7 to 10 (diamond). Arrows indicated the anti-idiotype treatment
regime. There is an increased survival with anti-idiotype treatment compared with the untreated mice
(square) in both WT (closed) and CD32” (open) mice and this survival is significantly increased in the
CD32" mice (open) treated day 7 to 10 (<) (p= 0.0224) (b) but not when treated day 4 to7 (o) (p= 0.0628)
(a), although there was a clear trend towards increased survival in these mice. Data is a representative result
from three repeats, where n =4 mice per group.

6.2.2. Invivo efficacy of anti-CD32 mAb on anti-idiotype therapy.

In order to examine in vivo efficacy of the anti-CD32 mAb we examined long term
survival of WT BALB/c mice that were inoculated with the syngeneic BCL; tumour and
then treated with anti-CD32 mAb alone or in combination with anti-idiotype mAb. Mice
were inoculated i.v. with 1 x 10* fresh BCL, cells on day 0. Mice were then treated with a

0.5 mg dose of irrelevant control (WR17), AT130-2 or AT128 m2a i.v. on day 3 and then
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treated on day 4 through to day 7 with 125 pg/day (0.5 mg total mAb) anti-idiotype or
irrelevant control (Mc39/16) (Figure 6.2).

Anti-idiotype treatment improved survival in comparison to the untreated mice (p =
0.0023, by Mantel-Cox), as seen in Figure 6.1. When administered as a single therapeutic
agent, AT130-2 and AT128 m2a had no effect on increasing survival compared with
irrelevant control (Figure 6.2a), as determined by Mantel-Cox statistical testing. In
combination with anti-idiotype therapy AT130-2 and AT128 m2a also had no significant
effect on increasing survival in comparison to anti-idiotype treatment alone (Figure 6.2b).
These results indicate that in this BCL; lymphoma model the anti-CD32 mAb did not

improve therapy.
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Figure 5.17. Effect of anti-CD32 mAb alone and in conjunction with anti-idiotype therapy of BCL,
tumour.

WT mice were inoculated with 1 x 10 BCL, cells on day 0, 0.5mg AT130-2, AT128m2a or irrelevant
control (WR17, Irr) on day 3 (dotted arrow) and 125ug of anti-idiotype (Mc106A5) or irrelevant control
(Mc39/16) per day on days 4 to 7 (solid grey arrows). AT130-2 and AT128m2a alone did not significantly
increase survival (a). Anti-idiotype therapy alone did improve survival in comparison to the untreated
controls (p = 0.0023, Mantel-Cox). However, the anti-CD32 mAb did not improve survival with anti-
idiotype immunotherapy (b). Data is a representative result from three repeats, where n =4 mice per group.
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6.2.3. Effect of anti-CD32 mAb on tumour growth.

The data from Figure 6.1 indicates that deficiency in CD32 can lead to improved
immunotherapy and implies that this might be mimicked with anti-CD32 mAb. However,
the data in Figure 6.2 indicates that the anti-CD32 mAb have negligible effect on survival
alone or in combination with anti-idiotype therapy. This is an extreme assessment of mAb
efficacy, therefore we next examined whether the anti-CD32 mAb were able to slow
tumour growth we next went on to examine the effects on the CD32 mAb in short term in

Vvivo tumour growth assays, using two syngeneic tumour models of lymphoma, BCL,; and

A3177,

In these experiments, BALB/c mice were inoculated with 2 x 10’ BCL,; cells or CBA/H
mice were inoculated with 2 x 10" A31 tumour (day 0). Mice were treated on day 4 with
0.5 mg mADb, either irrelevant control (WR17), anti-idiotype (Mc106AS5 or Mc39/16 for
BCL, and A31, respectively), AT130-2 or AT128 m2a. The spleens were harvested from
two mice per treatment group on day 6 and day 8 (48 hr and 96 hr post treatment,
respectively). Using a Coulter counter the total number of cells per spleen was established
and the percentage tumour cells per spleen determined, by flow cytometry after staining
with FITC-conjugated anti-idiotype and PE-conjugated CD19 (ID3), as outlined in the
Material and Method section 2.12.1. From the percentage of anti-idiotype/CD19 positive
cells and the total spleen cell number the total number of tumour cells per spleen was

calculated.

As one of the mAb treatments in this experiment included the anti-idiotype mAb used for
detection of tumour cells, we initially needed to establish whether the binding of anti-
idiotype mAD to the tumour cells in vivo was blocking detection of tumour cells ex vivo in
the anti-idiotype treated animals, CD19 positive cells were plotted against FSC-H. In all
treatments, a population of large (FSC-H high) CD19 positive cells (lymphoma cells) were
detected and this corresponded with detection of a CD19/anti-idiotype double positive
population. This provided confidence that we were detecting the tumour cell population

correctly (Figure 6.3a, top panels).

In both the BCL; and A31 tumour tracking experiments (Figure 6.3b and 6.4, respectively)
treatment with anti-idiotype significantly reduced tumour growth (p < 0.05). In
comparison with the other treatment groups, anti-idiotype treatment resulted in smaller
spleen size and fewer tumour cells, both in terms of total number and percentage per

spleen. In contrast, AT130-2 and AT128 m2a had no significant effect on tumour growth.
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Figure 5.18. BCL, tumour tracking assay.

WT mice were inoculated with 2 x 107 fresh BCL, cells i.v. on day 0. Mice were treated i.p. on day 4 with
0.5 mg AT130-2, AT128 m2a, anti-idiotype or irrelevant control (WR17). Spleens were harvested on days 6
and 8. Splenocytes were counted using the Coulter cell counter (see Materials and Methods section 2.3) and
stained with 10 pg/ml PE-conjugated CD19 and FITC-conjugated anti-idiotype. Lymphocyte events,
including tumour cells, as identified by FSC-H and SSC-H were collected. The percentage of tumour cell
within the live cell gate were collected and expressed as CD19 (FL2-H) versus anti-idiotype (FL1-H). The
data shown in (a) represents the typical flow cytometry results obtained from day 8 of these experiments, four
days post mAb treatment. The percentage of tumour cells per spleen was calculated as ((total cell
number/100) x % CD19/anti-idiotype positive cells (R2)). Typically, treatment with anti-idiotype slowed
tumour growth (p < 0.05) (b) and although AT130-2 seems to reduce the number of tumour cells this is not
significant compared with the control or anti-idiotype treatment which showed fewer total cells per spleen (p
> 0.05) (b). AT128 m2a however seemed to enhance tumour growth, although again this was not significant
(p > 0.05). CDI9 positive cells were plotted against FSC-H to show that the antibodies were detecting a
specific tumour cell population (a — top panels). These data represent five independent experiments, with two
animals per experiment.
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Figure 5.19. A31 tumour tracking assay.

CBA/H mice were inoculated with 2 x 107 fresh A31 cells i.v. on day 0. Mice were treated i.p. on day 4 with
0.5mg AT130-2, AT128 m2a, anti-idiotype (Mc39/16) or irrelevant control (WR17). Spleens were harvested
on days 6 and 8. Splenocytes were counted using the Coulter cell counter (see Materials and Methods
section 2.3) and stained with 10 pg/ml PE-conjugated CD19 and FITC-conjugated anti-idiotype. The
percentage of tumour cells per spleen was determined and calculated as described above. Anti-idiotype
treatment significantly reduced the number of tumour cells in the spleen four days after treatment (p < 0.05)
and although AT130-2 and AT128m2a seems to reduce the number of tumour cells compared with the
control this is not significant (p > 0.05). These data represent three experiments, with two animals per
experiment.

6.3. In vivo consumption of mAb.

6.3.1. Invivo consumption of mAb in BCL, and A31 treated mice.

Previous published experiments have demonstrated increased mAb immunotherapy in
CD32"" mice in comparison with similar therapy in WT mice’’* and our own data has
confirmed these findings in the BCL; immunotherapy model (Figure 6.1). However, there
was little or no effect on survival in animals treated with the anti-CD32 mAb. Given these
unexpected findings we considered several possible reasons for the failure of the anti-
CD32 mAb to improve therapy. First we wished to establish whether there was adequate
mAD in the serum of treated mice as we considered it possible that the amount of mAb
given may not be sufficient to elicit an effect, particularly in the short term, high tumour
load experiments. To assess consumption of mAb in the BCL; tumour model we
performed a cellular bioassay using mouse serum from tumour bearing mice described in
the previous experiments at 48 hr and 96 hr post treatment (Figure 6.3 & 6.4). Here, serum
was diluted to an appropriate level and incubated with tBCL; cells for 30 min at 4 °C in
the dark, washed twice with PBS-BSA-Azide buffer and incubated with 10 pg/ml PE-
conjugated anti-mouse anti-Fc. Alongside these a standard curve of doubling dilutions was
performed for each of the mAbD (i.e. anti-idiotype, AT130-2 and AT128 m2a). All samples

were analysed by flow cytometry and the concentration of serum mAb was calculated from
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the appropriate linear area of the standard curve. Using the equation from the relevant
linear area of the standard curve (Figure 6.5b) the mAb concentration is calculated from

the MFI of the bound serum (Figure 6.5¢).

Our results clearly demonstrated that whilst levels of anti-idiotype remained high at both
48 hr and 96 hr post treatment, the CD32 mAb were rapidly consumed in vivo within 48 hr
of administration (Figure 6.5¢). However through these experiments we observed
difficulties with the cellular bioassay, mainly in obtaining a good and consistent standard
curve for the anti-CD32 mAb, in particular AT128 m2a. It would seem that the lower
affinity of this particular anti-CD32 mAb posed a problem when trying to establish a
standard curve and serum mAb concentrations in that at 10 pg/ml, usually a saturating dose
of mAb, a plateau of mAb binding had not been achieved and as such, the linear portion of
the curve could not be established. Therefore, an alternative method to that previously
described was therefore used to determine serum mAb levels. We utilised an ELISA based
method to determine serum concentrations of the anti-CD32 mAb, as outlined in Materials
and Methods section 2.22. In brief, immunomaxisorb 96-well plates were coated with a
F(ab’), rat anti-CD4 mAb (OX68) at 5 pg/ml, then with a CD32-CD4 fusion protein (in
house, Dr Stephen Beers) and incubated with the diluted serum and mAb standards before
the addition of a goat anti-mouse HRP reagent and ELISA substrate (Figure 6.6). This
method was used to establish the serum mAb levels in tumour bearing WT and CD32”"

mice, discussed below.

6.3.2. Invivo consumption of mAb in WT and CD32” mice.

By examining the serum levels of the anti-CD32 mAb in tumour bearing WT and CD32™"
mice we can ascertain the extent to which endogenous CD32 expression limits serum mAb
levels and as a result could limit mAb immunotherapy. Serum from WT and CD32™
tumour bearing mice treated for 48 and 96 hr with 0.5 mg AT130-2 was obtained and then
analysed by this ELISA method. The ELISA results plainly show that serum mAb levels
were dissimilar at 48 hr post treatment in the WT and the CD32” mice. There was trend
towards increased serum mAb in the CD32”" mouse compared to the WT mouse, although
there was a significant difference in mAb serum levels between the two mouse strains at 96
hr (p <0.05, by Student’s t-test) (Figure 6.7b). There was a dramatic difference in
consumption by 96 hr post treatment. AT130-2 was undetectable in the serum of WT
mouse at 96 hr, whilst the serum level of this mAb remained reasonably unchanged at 96
hr in the CD32” mouse (no significant difference between serum levels at 48 and 96 hr

post treatment in the CD32"" mice, by Student’s t-test) (Figure 6.7b). This suggests that
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anti-CD32 mADb is rapidly consumed within the WT, but not the CD32”" tumour bearing
mouse. On top of this, a photograph of an immunomaxisorb 96-well plate from a
completed ELISA assay clearly demonstrates that there is a dramatic difference in the
colour reaction in the WT and CD32™" at 96 hr post treatment. The titrations from the 96
hr time point from the serum of WT mice show a weak colour development, whilst the
titrations of serum from the 96 hr time point of the CD32” mice show a deep colour
development (Figure 6.7a) These data further supports the implication that the rapid
consumption of mAb may account for a decrease efficacy in therapy in our BCL,; long

term survival and tumour tracking experiments.
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Figure 5.20. Antibody serum levels in WT mice after inoculation with BCL,; and treatment with mAb.
Blood was taken and serum prepared from mice inoculated with 2 x 107 fresh BCL, cells on day 0 and
sequentially treated i.p. on day 4 with 0.5 mg AT130-2, AT128 m2a, anti-idiotype or irrelevant control for 48
and 96 hr. 10 pl of diluted serum was added to 90 ul tBCL; cells at 1 x 10° cells / ml and incubated for 30
min in the dark at 4 °C before staining by indirect immunofluorescence and analysis by flow cytometry.
Example flow cytometry plots are shown for the standard curve of anti-idiotype, which was run along the
serum samples (test serum) (a). A standard curve for each mAb was established and this was used to
determine the serum concentration of each mAb (b). The graph represents the average of duplicate mice for
each condition, from two separate BCL; tumour tracking experiments (c). It shows that serum levels of anti-
idiotype (Mc106A5) remained high, whereas serum levels of AT130-2 and AT128 m2a were reduced to
almost undetectable levels. .
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Figure 5.21. Schematic for anti-CD32 mAb detection in murine serum by ELISA.

(1) A 96-well immunomaxisorb plate was coated with 100 pl / well of OX68 F(ab’), at 5 pg/ml in ELISA
coating buffer and incubated for 1 hr at 37 °C, then at 4 °C overnight. (2) Coating solution was discarded
and replaced with 100 pg/ml CD32-CD4 fusion protein diluted 1:2 with 1% BSA/PBS and incubated at 37
°C for at least 1 hr. (3) Standard dilution of the mAb of choice commenced at 100 ng/ml and a standard
curve produced through doubling dilution, with sample dilutions starting at 1:100 from neat serum and
diluted 1:10 down the ELISA plate and incubated at 37 °C for 90 min. (4) 100 ul / well goat anti-mouse
FcyR-HRP diluted 1:10000 in 1% BSA/PBA was dispensed into all wells and incubated for a further 90 min.
(5) In order to stop the reaction 50 pl of 2.5 M H,SO,4 was added to each well. The ELISA results were then
read at an absorbance of 495 nm and serum concentration of mAb was calculated against the standard curve.
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Figure 5.22. Serum levels of AT130-2 in BALB/c mice inoculated with 2 x 10’ BCL,.

The serum of WT and CD32"" mice from the tumour tracking experiments, described previously (Figure 6.6),
was serum levels of AT130-2 were determined by ELISA as described in Figure 6.7. At 48 hr post treatment,
serum levels of AT130-2 are greater in the CD32”" mice than in the WT mice. At 96 hr post treatment, there
is no detectable AT130-2 in the WT mice (*), whereas levels of AT130-2 in the CD32”" mice remained
comparable to those at 48 hr post treatment. Data represents the average of four mice from two experiments,
error expressed as SD.
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6.3.3. Comparing the rate of AT130-2 consumption in WT, CD32"" and y-chain'/ " mice.

Having established that there was a difference in the mAb consumption between WT and
CD32” mice we next wished to determine the rate of anti-CD32 mAb consumption in non-
tumour bearing mice. As activatory FcyR are also capable of binding mAb we also
performed these experiments in y-chain” mice which only express CD32. This allowed us
to directly measure mAb consumption by CD32 and determine the contribution of the
activatory FcyR to this process. In these experiments, mice were injected i.v. with 0.5 mg
AT130-2 and tail bled on days 1, 2, 7 and 14. Serum was obtained and serum mAbD levels
were determined by ELISA, as previously described (Section 6.3.1). In addition, we also
included an anti-CD20 mAb (rit m2a) for comparison to determine the half-life of other
murine [gG2a mAb. This data was courtesy of Dr Stephen Beers (University of
Southampton)***. We compared the serum levels of rit m2a in WT, CD20 Tg and CD20
Tg/y-chain” mice, with the aim to address consumption when the mAb doesn’t bind to its
target antigen (WT), when it does bind to its target antigen (CD20 Tg) and consumption of
mADb through activatory FcyR engagement (CD20 Tg/y-chain'/ ).

In the WT mouse AT130-2 was consumed rapidly within 48 hr and was undetectable by
day 7. In comparison AT130-2 was still detectable in the serum of CD32” mice at day 14
(p <0.0001, by ANOVA statistical test). Consumption of AT130-2 in the y-chain'/ " mouse
was identical to that in the WT mice, indicating that it is exclusively CD32 expression in
the WT mouse that is responsible for anti-CD32 mAb consumption in vivo (Figure 6.8a).
When examining the data obtained from the CD20 Tg experiments the picture is very
different. In WT, CD20 Tg or CD20 Tg/y-chain'/ " mice rit m2a was still detectable after 14
days and even at 28 days (data not shown), although the levels of rit m2a are slightly less
in mice expressing CD20, there was no significant difference between these groups (p =
0.4721, by ANOVA statistical test) (Figure 6.8b). This was in stark contrast to the rapid
depletion of serum levels of AT130-2, suggesting that the precipitously lose of anti-CD32
mADb in mice expressing CD32 is a unique property of these antibodies and the receptor.

We next endeavoured to discover whether this loss of mAb could be overcome.
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Figure 5.23. Serum mAb levels of AT130-2 in WT, CD32"" and y-chain™ mice and rit m2a in WT,

CD20 Tg and CD20 Tg/y-chain™ mice.

Mice were injected i.v. with 0.5 mg AT130-2 or rit m2a on day 0. Serum was then obtained and the levels of
AT130-2 present were determined by ELISA and serum levels of rit m2a determined by cellular bioassay
(section 6.3.1). ATI130-2 was rapidly consumed in the WT and y-chain” mice after 24 hr and was
undetectable by day 7. In contrast, AT130-2 serum levels were maintained up to 14 days in the CD32"" mice
(p <0.0001, by ANOVA statistical test) (a). This is in stark contrast to the gradual depletion of serum mAb
in CD20 Tg expressing mice, where CD20 Tg expression did not significantly change mAb consumption (p =
0.4721, by ANOVA statistical test) (b). Data is a representative result from three experimental repeats,
where n = four animals per group, error is expressed as SEM.
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6.3.4. Repeated doses of AT130-5 in vivo.

We were interested to determine whether repeated doses of mAb would increase the
longevity of mAb in the serum of WT mice and as such provide a potential means to
improve immunotherapy. Mice were given one, two or three doses of AT130-5 (0.5 mg,
1.v.) and tail bled 1, 2, 4 and 7 days after the final dose of the mAb. It was determined that
multiple doses of mAb could marginally increase the longevity of the mAb in the serum,
but this was still far less than in the CD32”" mouse, as shown by comparison 2 days after
the final dose of mAb. Although there was an observable difference between the serum
mAD levels in the WT mice administered different doses of AT130-5 on day 1 (Figure
6.9a), there was no significant difference between serum mAb irrespective of dose by day
2 (Figure 6.9b). However, there was a significant difference between the serum mAb
levels in the CD32”" mouse after a single 0.5 mg dose of AT130-5 in comparison to single,
double or triple i.v. doses in the WT mouse (p < 0.001, p <0.001 and p <0.05,

respectively).

6.3.5. Tissue specific consumption of mAb in vivo.

Given the remarkable consumption of anti-CD32 mAb in our previous experiments we
were interested to establish which tissues were responsible for the consumption of the anti-
CD32 mAb in vivo. CD32 is predominately expressed by B cells and macrophages,
although other cell and tissue types such as FDCs have also been shown to express
CD32', therefore we postulated that rapid mAb consumption could be reduced, if not
completely diminished, by depletion of B cells and macrophages. To examine this we
depleted B cells from CD20 Tg BALB/c mice using a single, 250 pg dose of the type II
anti-CD20 mAb, FGM6 (Tenovus). This mAb completely depleted CD20 Tg B cells from
the spleen and peripheral blood seven days post treatment and depletion was maintained
for up to a month. To demonstrate B cell depletion, the spleens of B cell depleted mice
were stained with Peridinin-chlorophyll-protein complex (PerCP)-conjugated B220 (BD
Biosciences, UK) and APC-conjugated CD19 and analysed by flow cytometry (Figure
6.10a).

In order to deplete macrophages clodronate liposomes were prepared as described in
Materials and Methods section 2.23 and administered by i.v. injection to WT BALB/c
mice. These liposomes are artificially prepared spheres, consisting of concentric
phospholipid bilayers, separated by aqueous compartments. During formation of the

vesicles, small molecules such as clodronate can become encapsulated within these
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structures and this facilitates the uptake of such small molecules that otherwise would not
be engulfed by phagocytic cells*'>. The i.v. injection of clodronate containing liposomes

has been shown to deplete phagocytic cells in both the spleen and liver within 24 hr*"’.

Cells are depleted after clodronate liposomes accumulate within the phagocytic cells,
where the clodronate induced irreversible metabolic damage and resulting apoptosis*'*.
Clodronate itself is not toxic and when released from apoptotic cells has a relatively short

half life in vivo*!

. Importantly, apoptosis does not induce inflammation in surrounding
tissues, so depletion of phagocytic cells in this way should be fairly innocuous to the
animal and most importantly should not activate the immune system. PBS liposomes were
prepared alongside the clodronate liposomes as a control for macrophage depletion.
Macrophage depletion was detected in the clodronate liposome treated mice, but not in the
PBS liposome treated mice, three days post injection and was maintained for at least seven

days, as determined by splenic staining with PE-conjugated CD11b and APC-conjugated
F480 and analysis by flow cytometry (Figure 6.10b).

Having depleted both B cells or macrophages, mice were then injected with 0.5 mg i.p.
AT130-2 and tail bled on days 1, 2, 4, and 7, serum prepared and sample analysed by
ELISA. As previously described (section 6.3.1 & 6.3.2), AT130-2 in the WT mouse was
rapidly consumed, with less than 50 ng/ml detectable after 2 days (Figure 6.10c &d). In
contrast, serum levels of AT130-2 in CD32”" mice remains high, even after 7 days (p <
0.0001, by ANOVA statistical testing) (Figure 6.10c & d). When B cells were depleted
serum levels of AT130-2 persisted at high levels in comparison to WT mice at day 1 and 2
(approximately 200 pg/ml in the CD20 Tg mouse versus approximately 80 pg/ml in the
WT mouse at day 1 and approximately 150 pg/ml versus approximately 30 pg/ml by day
2; p=0.0007, by ANOVA statistical test), but these had rapidly depleted at day 4, similar
to levels of serum AT130-2 in WT mice (Figure 6.10c). Similarly, macrophage depletion
also resulted in increased serum AT130-2 levels at days 1, 2 and 4 in comparison to both
WT and PBS liposome treated mice (p < 0.0001 for both, by ANOVA statistical testing)
(Figure 6.10d), however serum levels of AT130-2 were undetectable by day 7. PBS
liposome treated mice shown similar consumption of AT130-2 to WT mice (p = 0.3970, by
ANOVA statistical test), suggesting that the PBS liposomes had little effect on mAb
consumption (Figure 6.10d). These data suggest that both B cells and macrophages are
involved in the consumption of anti-CD32 mAb in vivo and depletion of these cell subsets

would lead to increased serum longevity of these mAb.
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Figure 5.24. Serum mAb levels of AT130-5 in WT mice injected with multiple 0.5 mg doses of anti-
CD32 mAb.

WT mice were injected i.v. with one, two or three shots of AT130-5, serum was obtained after the final dose
of mAb and serum mAb levels determined by ELISA. These data show that although serum levels of
AT130-5 were greater with multiple doses of the mAb at 24 hr after the final dose (a) there is no significant
different by day 2 irrespective of mAb dose (b) and serum mAb was undetectable by day 7 in all cases. In
contrast, a single dose of anti-CD32 mAb resulted in maintained serum mAb which was significantly greater
at day 2 in the CD32”" mouse in comparison with the WT mouse receiving either one, two or three doses of
AT130-5 (p < 0.001, p < 0.001 and p < 0.05, respectively) (b). Data is a representative result from two
experimental repeats, where n = three animals per group, error is expressed as SEM.
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Figure 5.25. Serum mADb levels of AT130-2 in WT, B cell and macrophage depleted mice.

CD20 Tg mice were depleted of B cells by administration of a 250 pug dose of FGM6.WT mice were depleted
of macrophages by administration of clodronate liposomes, 200 ul i.v. day — 3 and -1. B cell (a) and
macrophage (b) depletion was determined by flow cytometry on day 7. Mice were then injected i.v. with 0.5
mg AT130-2 day 0, serum obtained day 1, 2, 4 and 7 and serum mAb levels assessed by ELISIA (previously
described). Here, AT130-2 was rapidly consumed from the serum of the WT (¢ & d — black squares) and
PBS liposome treated controls (d- grey diamonds). As previously seen, serum levels of AT130-2 were
sustain in the CD32”" mice (p < 0.0001, by ANOVA) (c & d — grey circles). Both B cell (c) and macrophage
(d) increased serum longevity of AT130-2 compared to the appropriate controls (p = 0.0007 & p < 0.0001,
respectively, by ANOVA). Data are the result from one experiment, where n = four animals per group, error

is expressed as SEM.
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6.4. In vivo antigenic modulation of CD32.

6.4.1. In vivo antigenic modulation of CD32 in the WT mouse.

Having established that the anti-CD32 mAb were rapidly consumed in vivo, leading to a
precipitous loss from the serum we next went on to determine how exactly this
consumption was occurring. Other work in this laboratory has recently discovered that
anti-CD20 mADb can become internalised and consumed in vivo, thus limiting its
immunotherapeutic capacity (*** & unpublished observations). B cells incubated with the
type I anti-CD20 mAD lose surface CD20 expression and this has been demonstrated to be
due to receptor and mAb internalisation. It was speculated that this may also be true for
the anti-CD32 mAb, where CD32 and bound anti-CD32 mAb maybe be internalised and as

such reduce serum mAb levels.

In order to assess CD32 modulation on normal B cells we treated non-tumour bearing WT
BALB/c mice with 0.5mg AT130-2 and AT128 m2a i.v. for 48 hours. Splenocytes were
assessed for CD32 levels using indirect immunofluorescence methods as outlined in
Material and Methods section 2.7. Briefly, the spleen from mice that had been treated with
irrelevant mAb (WR17) were incubated with excess (10 ug/ml final concentration),
ATI130-2 or AT128 m2a to establish the maximal binding of the antibodies to untreated
cells. The spleens of mice treated with, AT130-2 or AT128 m2a were processed in two
ways. Cells were left untreated to assess surface bound mAb after treatment, or the cells
were incubated with mAb in excess to determine antigen expression after treatment. Cells
from mice treated with AT130-2 were incubated with AT130-2 at 10 pg/ml and cells from
mice treated with AT128 m2a were incubated with AT128 m2a at 10 pg/ml. It was shown
that splenocytes from WT mice treated with mAb demonstrated a down regulation of
CD32 on splenocytes with AT130-2 treatment and with AT128 m2a treatment (Figure
6.11). Itis also apparent from these data that there is some divergence between the total
amount of mAb bound on untreated splenocytes and the surface bound mAb after
treatment, suggesting that by some, as yet undetermined process, mAb is being removed
from the cell surface. We were somewhat perplexed by the observed changes in CD32
expression after treatment with the anti-CD32 mAb as the CD32 isoform predominately
expressed on B cells (CD32b1) has been reported to lack endocytic properties, supposedly
due to a nineteen amino acid insertion in the transmembrane domain of the human

receptor””

and a 47 amino acid insertion in the murine receptor in comparison to the
endocytic isoform (CD32b2) expressed in macrophages and as such, should not become

internalised upon engagement.
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Figure 5.26. In vivo antigenic modulation of CD32 in WT mice.

WT mice were injected i.v. with 0.5 mg AT130-2 or irrelevant control (WR17). 48 hr after treatment the
spleens of these mice were excised. 100 pl of splenocytes were incubated with or without excess mAb (10
pg/ml) and incubated for 30 min at 4 °C in the dark and stained according to indirect immunofluorescence
protocol (Materials and Methods 2.11). These were then incubated with APC-conjugated CD19 for 15 min
before being washed once and analysed by flow cytometry. Live B cell events were collected as identified
by FSC-H versus SSC-H (R1) and CD19 positivity (R2) (a). CD32 expression was expressed as cell number
versus FL-2 fluorescence. Total CD32 expression is shown in the black histogram, these were WR17 treated
splenocytes incubated with excess anti-CD32 mAb. The mAb retained at the cell surface is shown in the
green histogram and CD32 expression after treatment with mAb is shown in the purple histogram (b). Here,
in both the AT130-2 and AT128 m2a there is a reduction in surface bound mAb (green histograms) and a
decrease in CD32 expression after treatment (purple histograms). Data is a representative result from three
experimental repeats.
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6.4.2. Loss of surface CD32 in vivo is not a result of FcyR-dependent macrophage

shaving.

One potential mechanism that could lead to loss of CD32 binding after anti-CD32 mAb
treatment in Vvivo is macrophage shaving as described by Beum et al (2006). During
shaving, CD20 is lost from the surface of B cells due to the removal and uptake of
rituximab/CD20 complexes by effector cells (in this case THP-1 monocytes differentiated
to a macrophage-like phenotype using retnoic acid). Beum et al (2006) illustrated that
macrophage shaving was an Fc dependent function that leads to the removal of antibody
bound receptors from the surface of the cell membrane after Fc engagement with

activatory FcRs (in particular FcyRI) on macrophages *'°.

To address whether, in our assays, macrophage shaving was a plausible mechanism leading
to changes in CD32 levels after treatment with the anti-CD32 mAb, we analysed CD32
expression after administration of AT130-2 or AT128m2a to WT and y-chain” BALB/c
mice. As y-chain'/ “mice lack activatory FcyR macrophage shaving of mAb/CD32
complexes cannot occur. CD32 expression was measured by indirect
immunofluorescence, as previously described. Almost identical modulation of CD32
expression occurred in WT and y chain” mice treated for 48 hr with AT130-2 or AT128
m2a; where treatment with the anti-CD32 mAb results in a reduction in CD32 expression
(Figure 6.12). This suggests that the process by which we see a reduction in CD32 surface
levels is independent of activatory FcR engagement and therefore not due to macrophage
shaving. In addition there is a loss of surface bound mAb, suggesting that the process of
CD32 expression loss could be through antigenic modulation. In order to address this we
next examined in vitro changes in CD32 expression after treatment with the anti-CD32

mADb.
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Figure 5.27. In vivo antigenic modulation of CD32 on B cells from WT and y chain™ mice after
treatment with anti-CD32 mADb.

WT and y-chain” mice were injected i.v. with 0.5 mg AT130-2 or irrelevant control (WR17). 48 hr after
treatment the spleens of these mice were excised. 100 pl of splenocytes at approximately 1 x 10° cells / ml,
from both the irrelevant and anti-CD32 mAb treated mice were incubated with or without excess AT130-2 or
ATI128 m2a (10 pg/ml), incubated for 30 min in the dark at 4 °C, stained according to indirect
immunofluorescence protocols and analysed by flow cytometry. Live B cell events were collected as
identified by FSC-H versus SSC-H (R1) and CD19 positivity (R2) (a). CD32 expression was expressed as
cell number versus FL-2 florescence. Total CD32 expression is shown in black, mAb retained at the cell
surface is shown in green and CD32 expression after treatment with AT130-2 is shown in green. In both the
WT and y-chain”™ mice surface mAb is reduced after treatment, as is CD32 expression. These data
demonstrate that surface bound mAb and CD32 expression decreased after 48 hr of treatment with AT130-2
(b) or AT128 m2a (c) and these are identical in both WT and y-chain” mice, indicating that FcyR dependent
shaving is unlikely the explanation for loss of CD32 expression after treatment. Data is a representative
result from three experimental repeats.
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6.5. In vitro antigenic modulation of lymphoma cell lines and WT B cells.

The previous data suggested that antigenic modulation was not due to macrophage
shaving, leaving the possibility that the anti-CD32 mAb was binding to target cells and
then being internalised. We went on to examine the effect of anti-CD32 mAb treatment on
various B cell types in vitro. Cells from either lymphoma cell lines or B cells isolated from
BALB/c and C57BL/6 spleens were incubated for 2, 6 or 24 hr with 10 pg/ml mAb and
then stained with excess (10 pg/ml) mAb prior to incubation with an anti-mouse Fc PE-
conjugated mAb. It was shown that AT130-2 causes a down regulation of CD32, whilst
surprisingly AT128 m2a caused an up regulation of CD32. The change in CD32
expression followed similar trends on WT B cells from BALB/c and C57BL/6 mice
(Figure 6.13), Ep-myc LCLs and n1BCL; cells (Figure 6.14). The modulation occurred
independently of the BCR, as the Ep#14, IgM negative cell line, showed similar
modulation of CD32 to the IgM positive cell line, Ep#8 (Figure 6.14). In addition, we
assessed the modulation capacity of the entire panel of murine anti-CD32 mAb on iBCL,
cells (Figure 6.15). It was observed that the agonistic mAb (AT130-2 and AT130-5)
down-regulated CD32 expression, whilst the antagonistic mAb up-regulated CD32
expression, again confirming that there are two distinct sub-types of anti-CD32 mAb and

they seemingly act in opposition to each other.
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Figure 5.28. In vitro modulation of CD32 on WT B cells.

B cells were isolated from BALB/c and C57B1/6 mice by MACS® separation as described in Materials and
Methods section 2.4. Purified B cells (200 ul of cells at 1 x 10° cells / ml) were incubated with 10 pg/ml
Mc39/12 (anti-BCR (p)), AT130-2 or AT128 m2a for 2, 6 or 24 hr.
accordance with indirect immunofluorescence protocols and then incubated with 10 pg/ml APC-conjugated
CD19. Live B cell events were collected as identified by FSC-H versus SSC-H (R1) and CD19 positivity
(R2) (a). FL2-H MFI versus cell number was taken as a measure of antigen expression and expressed as a
percentage of total antigen expression at 0 hr. Mc39/12 and AT130-2 showed a down-regulation of antigen
expression over time, whilst AT128 m2a showed increase antigen expression over time (b). This is true for
both mouse stains. These data represent results from three experimental repeats for BALB/c mice and four

experimental repeats for C57BL/6 mice, error expressed as SEM.

AT128 m2a
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Figure 5.29. In vitro modulation of CD32 on lymphoma cell lines.

1 x 10°/ml cells were treated with 10 ug/ml Mc39/12, AT130-2 or AT128 m2a for 2, 6 or 24 hr with NT
control being used to determine normal physiological antigen levels. Cells were stained in accordance with
indirect immunofluorescence protocols. Antigen levels were determined as described above. Mc39/12 and
AT130-2 showed a down-regulation of antigen expression over time, whilst AT128 m2a showed increase
antigen expression over time (b). This is true for all three cell lines examined. These data represent results
from three experimental repeats for Ep#4 and Eu#8 LCL and four experimental repeats for tBCL; cells,
error is expressed as SEM. *Not determined as Ep#14 is an IgM negative cell line.
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Figure 5.30. The agonistic and antagonistic anti-CD32 mAb show divergent CD32 modulation on
nBCL; cell in vitro.

nBCL, cells were treated with 10 pg/ml Mc39/12 or anti-CD32 mAb for 2, 6 or 24 hr with NT control being
used to determine normal physiological antigen levels. Cells were stained in accordance with indirect
immunofluorescence protocols. 10,000 live cell events were collected as identified by FSC-H and SSC-H
(a). FL2-H MFTI versus cell number was taken as a measure of antigen expression and expressed as a
percentage of total antigen expression at 0 hr. Mc39/12 and AT130-2 showed a down-regulation of antigen
expression over time, whilst AT128 m2a showed increase antigen expression over time (b). This is true for
all three cell lines examined. These data represent results from three experimental repeats, error expressed as
SEM.

6.6. Alexa-488 quenching assays demonstrate internalisation of CD32 by agonistic

anti-CD32 mAb in vitro.

In order to verify that AT130-2 was becoming internalised at the cell surface we used an
Alexa-488 quenching assay. This assay uses Alexa-488 labelled mAb which lose
fluorescence when bound by a quenching anti-Alexa-488 mAb reagent. If Alexa-488
conjugated mAD is retained at the cell surface the Alexa-488 fluorescence becomes
quenched by anti-Alexa-488 and is therefore detected as a decrease in FL1-H fluorescence
when analysed by flow cytometry. In contrast, if an antigen is internalised (modulated) it
will be protected from anti-Alexa-488 quenching and will retain FL1-H fluorescence.
Samples were therefore analysed before and after the addition of the anti-Alexa-488 mAb
and this allowed an assessment of the percentage of Alexa-488 conjugated mAb that was
internalised. Prior work within this laboratory has shown that CD20 becomes internalised
on CD20 Tg B cells using this assay when bound by the CD20 mAb rituximab, but not by

364

another CD20 mADb, tositumomab (tosit)". Therefore, to provide both positive and
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negative controls, CD20 Tg B cells were examined, with rituximab and tosit anti-CD20

mAb, acting as comparisons for CD32 quenching by AT130-2 and AT128 m2a.

It was found that AT130-2 was protected from quenching, much like rituximab, indicating
it becomes internalised. Conversely, AT128 m2a became quenched in these assays, much
like tosit, implying retention at the cell surface (Figure 6.16). This conclusion was
confirmed by fluorescence microscopy. Here, AT130-2 and rituximab were seen to form
punctate clusters whilst AT128 m2a and tosit remained diffusely stained on the cell
surface, although the latter is not clear from the produced images probably due to the low

level of binding of AT128 m2a mAb (Figure 6.17).
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Figure 5.31. Alexa-488 quenching of C57BL/6 CD20 Tg B cells by anti-CD20 and CD32 mAb.

B cells isolated by MACS® separation were incubated with Alexa-488 labelled mAb at Spug/ml for 2, 6 or 24
hr. Unquenched and quenched (+anti-alexa-488) samples were analysed by flow cytometry. Live B cell
events were collected as identified by FSC-H and SSC-H and CD19 staining. FL1-H MFI was taken as a
measure of Alexa-488 labelling. Percentage quenching was calculated by (((MFI unquenched sample —
background MFI)-(MFI quenched sample-background MFI))/( MFI unquenched sample — background MFI)).
AT130-2 and ritux showed a reduction in fluorescence after quenching as shown by a decrease in percentage
quenching, indicating internalisation, whereas AT128 m2a and tosit show no decrease in fluorescence after
quenching as shown by a smaller decrease in percentage quenching, indicating continued cell surface
expression, even at 24 hr. These data represent results from four experimental repeats, where each sample
was performed in duplicate, error is expressed as SEM.
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Figure 5.32. Fluorescence microscopy of CS7BL/6 CD20 Tg B cells stained with anti-CD20 and CD32
mAb.

CD20 Tg B cells were isolated by MACS® separation were incubated with Alexa-488 labelled mAb at 5
pg/ml for 2, 6 or 24 hr. Unquenched samples were examined by fluorescence microscopy after two washes
with BSA-PBS-Azide. Irreverent staining is shown in A. Rituximab (B) and AT130-2 (D) show punctate
staining, whereas tosit (C) and AT128m2a (E) show diffuse staining with Alexa-488 at 24 hr. Staining with
irrelevant and AT128 m2a conjugated mAb was very weak and required gain of the microscope had to be
increased to see any labelling of the cells. These data are a representative result from three experimental
repeats.

6.7. CD32 modulation on non-B cells (BMDM:s).

6.7.1. Modulation of CD32 on BMDMs in vitro.

We next went on to determine if CD32 on macrophages was modulating in a similar
fashion to CD32 on lymphoma and B cells. In the macrophages this becomes more
difficult as there is the compounding factor of activatory FcyR, which will bind to the Fc
portion of the CD32 mAb and potentially undergo endocytosis through endogenous
pathways associated with activatory FcyR signalling. We therefore performed our

experiments in both WT (BALB/c and C57BL/6) and y-chain” BMDMs.

Similar to the results with B cells, we observed that on WT and y-chain'/' BMDMs there is
a decrease in CD32 expression after AT130-2 treatment and an increase in CD32
expression after treatment with AT128 m2a, demonstrating that the anti-CD32 mAb can

modulate CD32 expression on both B cells and macrophages (Figure 6.18). However,

surprisingly the IgG1 isotype mAb (AT130-5 and AT128) showed different effects
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between WT and y-chain”” BMDMs. On WT BMDMs incubation with AT130-2 resulted
in a decrease in CD32 expression and incubation with AT130-5, AT128, or 2.4G2 resulted
in an increase in CD32 expression. However, incubation with AT128 m2a had relatively
little effect on CD32 expression. On y-chain” BMDMs, incubation with both AT130-2
and AT130-5 resulted in a decrease of CD32 expression, whereas pre-incubation with
AT128, 2.4G2 or AT128 m2a resulted in an increase in CD32 expression. On B cells
incubation with AT130-5 caused a decrease in CD32 expression, whilst AT128 caused an
increase in CD32 expression. This is true for CD32 on y-chain” BMDMs, but not on the
WT BMDMs. Therefore the interaction of the Fc of the [gG1 mAb with the activatory
FcyR is affecting the modulation of CD32 on BMDMs. Presumably this indicates that
there is an effect of isotype on CD32 modulation on macrophages. On the WT
macrophages, the Fc portion of the anti-CD32 mAb will engage with the activatory FcyR
on the surface of these cells. As IgGl mAb have a higher affinity for the activatory FcyR
than the IgG2a mADb, it is expected that the interaction between the activatory FcyR and the
IgG1 anti-CD32 mAb and not the interaction between activatory FcyR and the IgG2a mAb

will regulate the internalisation of CD32 observed on B cells or y-chain”” BMDM s in vitro.
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Figure 5.33. In vitro modulation of CD32 on BMDMs.

2 x 10°/ml cells in a 48-well plate were treated with 10 ug/ml anti-CD32 mAb for 2, 6 or 24 hr or untreated
to determine normal physiological antigen levels. Cells were stained in accordance with indirect
immunofluorescence protocols, then stained with APC-conjugated F480 before analysis by flow cytometry.
Live macrophage events were collected as identified by FSC-H and SSC-H and F480 positivity. FL2-H MFI
was taken as a measure of antigen expression and expressed as a percentage of total antigen expression of the
untreated sample. On WT (a) and y-chain” (b) BMDMs AT130-2 showed a down-regulation of antigen
expression over time, whilst AT128 m2a showed increased antigen expression over time. In contrast
however, the IgG1 anti-CD32 mAb show divergent effects on WT and y-chain” BMDMs and this was also
different to changes observed on lymphoma cell lines and normal B cells. These data represent results from
four experiments, where error is expressed as SEM.

6.8. B cells express the CD32b1 isoform and macrophages express the CD32b2

isoform.

We were surprised that CD32 on the surface of B cells was able to internalise. It was
reported by Minstkoff et al (1989) and confirmed by others’*>** that the CD32b1 isoform,

predominantly expressed on cells of lymphocyte lineage, did not undergo endocytosis upon
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engagement by IC, whilst the CD32b2 isoform, predominately expressed by cells of
myeloid lineage, underwent endocytosis upon engagement by IC in both humans and mice.
We were therefore surprised that we consistently demonstrated that CD32 on the surface of
cells of lymphocyte lineage, both normal B cells and lymphoma cells, internalised CD32
upon engagement. In order to confirm that our B cells and BMDMs were expressing the
expected isoforms of CD32 we performed a PCR as described in Materials and Methods
section 2.24.3. Briefly, RNA was isolated from purified splenic B cells and BMDMs from
both BALB/c and C57BL/6 mice and tBCL cells, converted into cDNA before PCR was
performed using primers that had been to detect both CD32 isoforms. PCR products were
separated by gel electrophoresis, giving products of 335 bp for mCD32b1 and 194 bp for
mCD32-2. The PCR primers were designed flanking the sequence for the intracellular tail
of CD32, where there is an extension of 19 amino acids in murine CD32b1, resulting in a
larger product for this particular isoform (Figure 6.19). These data demonstrate that, as in
accordance with the literature cells of lymphocyte origin predominately express CD32bl
and cells of monocyte origin express CD32b2. However, these data also show that B cells
express the CD32b2, whereas macrophages do not seem to express CD32b1. In addition, a
third isoform, apparent between the products of CD32bl and CD32b2 was also observed.
This is believed to the CD32b1’ isoform as described by Latour et al (1996) and was
demonstrated to have similar properties to the CD32b1 isoform and is a splice-form of
CD32 which contained an extension in the cytoplasmic domain shorter than that observed

in CD32b1.
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Figure 5.34. Expresssion of CD32 isoforms in normal murine B cells, macrophages and lymphoma
cells.

RNA was extracted from approximately 5 x 10° normal murine B cells (B), BMDMs (M®) and nBCL; cells
using the PureLink™ Micro-to-Midi Total RNA Purification System. RNA was quantified and converted to
c¢DNA. Primers, designed by Dr. Claude Chan (University of Southampton) were used to give PCR products
of 335bp for mCD32-1 and 194bp for mCD32-2. These data show that B cells, including lymphoma cells in
this instance, predominately express mCD32-1, whilst C57BL/6 macrophages at least, express mCD32-2;
confirming previously published reports on isoform expression. A third PCR product was also visible after
electrophoresis, it is believed this was the CD32-1’ isoform as described by Latour et al (1996).
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6.9. The effects of anti-CD32 mAb in adoptive transfer assay.

6.9.1. The anti-CD32 mAb can deplete target B cells in adoptive transfer depletion assays

in CD32"" but not WT recipients.

Having determined that anti-CD32 mAb immunotherapy was limited by mAb consumption
as a result of receptor internalisation in vivo we next wanted to compare the ability of WT
and CD32”" mice to deplete CD32 positive target cells and thus demonstrate the affect that
these two factors may have on anti-CD32 mAb therapy. To address this, we performed an
adoptive transfer experiment of CFSE labelled splenocytes into WT and CD32”" mice and
treated these mice with anti-CD32 mAb. In order to distinguish between our non-target
(NT) and target (T) populations, CD32" splenocytes (NT) were labelled with 0.5 uM
CFSE to give low FL-1 fluorescence and WT (CD32 positive) splenocytes (T) were
labelled with SuM CFSE to give high FL-1 fluorescence (Figure 6.20a). These cells were
injected 1.v. into mice at a 1:1 NT:T ratio on day -1 and treated on day 0 with 100pug mAb,
either WR17, AT130-2 or AT128 m2a. After a further 24 hr the spleens of these animals
were excised, processed and stained with APC-conjugated CD19. The percentage of non-
target (NT) and target (T) cells was determined and expressed as a normalised NT:T ratio
(outlined in Materials and Methods section 2.20.2). In the WT and CD32” mice there was
no deletion of target cells when mice were treated with an irrelevant mAb, nor was there
deletion of target cells in the WT mice treated with anti-CD32 mAb. However, in the
CD32" recipients there was approximately 50 % deletion of target B cells with either of
the anti-CD32 mAb used (Figure 6.20b). These data indicate that anti-CD32 mAb
consumption in the WT mouse limits the capacity of these mAb to deplete CD32 positive

target cells in vivo.
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Figure 5.35. Depletion of target cells by anti-CD32 mAb in WT and CD32"" recipients.

WT (target) and CD32" (non-target) splenocytes were labelled with 5 uM and 0.5 uM CFSE, respectively
and injected i.v. into WT and CD32” BALB/c mice. After 24 hr 100 pg AT130-2, AT128m2a or irrelevant
control (Irr) was administered i.v. After a further 24 hr the spleens of these animals were excised, processed
and stained with APC-conjugated anti-CD19. The percentage non-target (NT) and target (T) cells was
determined (a) and expressed as a normalised NT:T ratio as described in Materials and Methods section
2.20.2 (b). In the WT mice there was minimal deletion of target cells, in comparison with the same
experiment in the CD32” mice, where there was approximately 50 % deletion of cells with either of the anti-
CD32 mAb used. Data represents the results from three repeats, with three mice per group per experiment.

In other work performed by Dr Ruth French in our laboratory, CD20 Tg (target) cells and
WT cells (non-target) were transferred into WT and CD20 Tg recipients. In a similar
series of experiments examining CD20 as a target antigen and the capacity of antigen
expression by endogenous cells to limit deletion of target cells it was shown that
expression of the target receptor on endogenous cell in the recipient mice, in this case
human CD20, reduced the efficacy of the mAb (rituximab) with regards to depletion of
CD20 positive target cells (Figure 6.21). However, the disparity in target cell deletion due
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to endogenous antigenic expression in the CD20 system is much less prominent than in the
CD32 system, presumable due to the larger range of cell types that express CD32 in
comparison to CD20, especially as the observed depletion was achieved with only a tenth
of the anti-CD32 mAb dose. These data also indicate that the consumption of the anti-
CD32 mAD observed in mice expressing CD32 prevents effective deletion of target cells

and that this is specific to these mAb.
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Figure 5.36. Target cells depletion by the anti-CD20 mAb is greater than that by the anti-CD32mAb.
CD20 Tg (target) and WT (non-target) splenocytes were labelled with 5 uM and 0.5 uM CFESE, respectively
and injected i.v. into WT and CD20 Tg BALB/c mice. After 24 hr 10 pg rit m2a or tosit was administered
i.v. or mice were left untreated (NT). After a further 24 hr the spleens of these animals were excised,
processed and stained with APC-conjugated anti-CD19. The percentage non-target (NT) and target (T) cells
was determined and expressed as a normalised NT:T ratio as described in Materials and Methods section
2.20.2. Here, both rit m2a and tosit depleted target cells expressing human CD20, although tosit was more
efficient at this that rit m2a. Transfer of cells into mice expressing human CD20 on endogenous cells
resulted in a small reduction in target cell depletion. Data represents the results from three repeats, with three
mice per group per experiment. Data courtesy of Dr Ruth French (University of Southampton).

6.10.  Effect of anti-CD32 mAb consumption on CD32 expression in vivo.

We have discerned that the rate of mAb consumption in vivo is less rapid in the CD32”
mouse than in the WT mouse and that this consumption diminishes the therapeutic
potential of the anti-CD32 mAb to deplete target cells. In order to ascertain the extent to
which CD32 modulation affects mAb consumption we further analysed the target cell
population from the CFSE transfer experiments. To ascertain the extent of CD32
modulation of CD32 positive target cells in the WT and CD32"" recipients we performed
the ex vivo antigenic modulation assay (described in section 6.5) and gated on the target B

cells from the adoptive transfer assays. Target cells transferred into the WT recipients
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demonstrated no surface bound mAb but did express measurable levels of CD32. This is
in contrast to the target B cells transferred into the CD32” mice. In these mice there was
no cell surface bound mAb or CD32 expression after treatment, indicating total modulation
of the receptor in the CD32”" mice (Figure 6.22b). These results were entirely in keeping
with a very low level of mAb gaining access to the target cells in the WT recipients and
thus limiting depletion of target cells in these mice. In addition, the reduction of CD32
expression on the CD32 positive target cells in the CD32” recipients after treatment means
that the target antigen was no longer expressed. In order for a mAb to elicit a response it
must first bind to its target Ag. Receptor internalisation in these assays consequently limits
the efficacy of the anti-CD32 and suggests, that in these assays at least, AT130-2 and
AT128 m2a have a maximal depletion potential of 50% in the CD32"" recipients. This
level of direct target cell death is reflected in the death detected in vitro on lymphoma cell
lines (Figure 4.17).

Alongside this, it was shown that the non-B cell target population (CFSE HI and CD19
negative) did not bind anti-CD32 mAb or express the receptor and nor was this modulated
in these assays (Figure 6.22c). Although this does not elucidate whether CD32 is
modulated on non-B cell populations in vivo, this does confirm that the only cells in the

CD32"" mice capable of binding anti-CD32 mAb were the target B cells.

We postulated that a 100 pg dose of anti-CD32 mAb in the WT mouse was insufficient to
reach the target cells in vivo due to the mAb being consumed by endogenous tissues prior
to its binding to the target cells. We therefore increased the dose of AT130-2 in our
adoptive transfer assay to 500 pg per mouse, to determine whether this would induce the
deletion of target cells. Interestingly, even when the dose of mAb was increased to 500 ug
per mouse (only AT130-2 was tested) target cell deletion was not any more efficient in
either the WT or in the CD32"" recipients (Figure 6.23). These data indicates in the first
instance that consumption of mAb in the WT mouse in these experiments was still too
great to facilitate depletion of the target cells, providing a clear rationale as to why we see
no therapeutic effect on our BCL; tumour model. Secondly these data indicate that the
maximal amount of depletion achievable by AT130-2 in the CD32” mouse is
approximately 50 %, most likely due to complete modulation of CD32 on the target cells
after treatment, based on the assumption that 100 % of the target B cell population
expressed CD32 (Figure 6.23). We therefore have been able to elucidate that the
therapeutic potential of the anti-CD32 mAb is limited by both mAb consumption and

receptor modulation.
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Figure 5.37. Antigenic modulation on target cells in adoptive transfer experiments in WT and CD32™"
mice.

100 pl of splenocytes at approximately 1 x 10° cells / ml, from the adoptive transfer experiments were
incubated with or without excess anti-CD32 mAb (10 pg/ml), incubated for 30 min in the dark at 4 °C,
stained according to indirect immunofluorescence protocols and analysed by flow cytometry. Target B cell
events were collected as identified by FSC-H versus SSC-H (R1) and CD19 positivity (R2) (a). CD32
expression was expressed as cell number versus FL-2 florescence. Total CD32 expression is shown in black,
mAb retained at the cell surface is shown in green and CD32 expression after treatment with AT130-2 is
shown in purple. These data indicate that in the WT recipient anti-CD32 mAb did not bind to the target cells
and as a result CD32 is not modulated on the cell surface. In contrast, there is total modulation of CD32 in
the target cells within the CD32” recipient mice, resulting in removal of mAb from the cells surface (b).
Alongside this, these data indicate that in the WT and CD32”" recipient anti-CD32 mAb did not bind to then
non-B cell targets, confirming that the only target within the CD32” mice for the anti-CD32 mAb were the
target B cells in the adoptive transfer experiments (c). Data is a representative result from three repeats.

200



1.24 O "
o _Q_ Ww
=
£ LOj é— #
o v v
; 0.8 = x
2 0.6
S | -%— w
g
2 0.4' v
0.2
0.0 ) ) ) ) ) )
% % % % % %
SO OO
< g N RN N N4
& G & &
> > > >
BALB/c CD327-

Figure 5.38. Increasing the dose of AT130-2 does not increase deletion of target cells in adoptive
transfer experiments in WT or CD32”" mice.

WT (target) and CD32”" (non-target) splenocytes were labelled with 5 uM and 0.5 uM CFSE respectively
and injected i.v. into WT and CD32"" BALB/c mice. After 24 hr 100 pg or 500 pg AT130-2 irrelevant
control (Irr) was administered i.v. After a further 24 hr the spleens of these animals were excised, processed
and stained with anti-CD19 conjugate to APC. The percentage non-target (NT) and target (T) cells was
determined and expressed as a normalised NT:T ratio. In the WT mice there was minimal deletion of target
cells, even with the increase in mAb dose, in comparison there was approximately 50% deletion of cells with
either of the anti-CD32 mAb in the CD32" recipients, although this level of target cell depletion was
increased with the larger 500 pg AT130-2 dose. . Data represents the results from three repeats, with three
mice per group per experiment.

6.11.  Anti-CD32 mAb immunotherapy in CD32” mice inoculated with BCL.

In order to demonstrate the magnitude to which mAb consumption affects the
immunotherapeutic potential of the anti-CD32 mAb we again employed the syngeneic
BCL, lymphoma model and examined the survival of mice treated with AT130-2 alone or
in combination with anti-idiotype (Mc106A5) in WT or CD32” mice. WT and CD32™
mice were inoculated with 1 x 10* BCL, cells on day 0 and treated with either no mAb or a
single, double or triple 0.5 mg dose of AT130-2 administered i.p. on days 2, 4 and 6 (total
0.5 mg/1 mg/1.5 mg depending on dosage regime) and either no mAb or 125 pg / day anti-
idiotype from day 4 to day 7. In the WT mice the AT130-2 alone or in combination with
anti-idiotype gave no increase in survival compared to non-treated or anti-idiotype treated
mice alone (Figure 6.24a). As previously observed (Figures 6.1 & 6.2), anti-idiotype
treatment increased the survival of WT mice by approximately 7 to 10 days (p = 0.0011, by
Mantel-Cox test) (Figure 6.24b). In contrast to that which was observed in the WT mice,

AT130-2 treatment in the CD32”" mice increased survival as a single therapeutic agent and
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in a dose dependent manner, i.e. single dose p = 0.0143, double dose p = 0.0082, triple
dose p = 0.0047 (Mantel-Cox test) (Figure 6.24c). Alongside this, survival of the CD32”
mice also increased when treated with AT130-2 in combination with anti-idiotype compare
to anti-idiotype treatment alone (p < 0.05, by Mantel-Cox test) (Figure 6.24d). In fact, in
one of the experimental repeats of this particular BCL, therapy, 50 % (2 of 4) of mice
treated with 1.5 mg AT130-2 in combination with 0.5 mg anti-idiotype survived, tumour
free for over 100 days. When rechallenged with 1 x 10" fresh BCL, cells i.v. these mice
succumbed to the tumour within 21 days. This again demonstrates that the anti-CD32
mAD alone or in combination with another therapeutic agent e.g. anti-idiotype, do have
potential to augment immunotherapy if the compounding factor of mAb consumption

demonstrated previously in this chapter could be overcome.
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Figure 5.39. Anti-CD32 mAb improve survival alone and in combination with anti-idiotype therapy in
CD327 mice.

WT and CD32” mice were inoculated with 1 x 10* BCL, cells on day 0, then administered either a single,
double or triple dose 0.5mg AT130-2 i.p. on day 2, 4 and 6 and 125 pg of anti-idiotype (anti-id; Mc106A5)
per day on days 4 to 7. In the WT mice AT130-2 did not significantly increase survival as a single
immunotherapeutic (a) or in combination with anti-idiotype (b), although anti-idiotype therapy alone did
improve survival in comparison to the untreated controls (p = 0.0011, Mantel-Cox). In contrast however, in
the CD32" mice AT130-2 either single, double or triple dose increased (single dose p = 0.0143, double dose
p = 0.0082, triple dose p = 0.0047 by Mantel-Cox test) alone (¢) and in combination with anti-idiotype
therapy (d). These data indicate the potential of the anti-CD32 mAb if the issue of mAb consumption could
be overcome. Data is a representative result from three repeats.

6.12.  Depletion of B cells and macrophages in the BCL; model of lymphoma.

Having earlier established that depletion of B cells and macrophages can increase levels of
serum mAb (section 6.3.5), we next went on to determine whether similar depletion would
improve immunotherapy in the WT mouse by limiting mAb consumption. Although
previously we have discussed that such depletion would be detrimental to patient’s
immune response to cancer we still wished to establish whether mAb could be overcome to
provide effective immunotherapy alone or as a boost to existing regimes. Depletion of B
cells is currently used in the treatment of B cell cancers, for example the use of human
anti-CD20 mAb in combination with CHOP in the treatment of NHL®? and as such these
experiments would provide a rational towards use in combination with anti-CD20 therapy.
In addition, depletion of macrophages does not completely obliterate the effector cell
compartment. Commonly, NK cells remain in the circulation after clodronate depletion as

these cells do not partake in phagocytosis. NK cells have, by some been demonstrated to
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have anti-tumour activity in vitro, where NK cell can induce ADCC of mAb coated tumour
cells*'"*!® Therefore, B cells and macrophages were depleted from CD20 Tg and WT
BALB/c mice, respectively as previously described in section 6.5.4 by the administration
of 250 pg i.v. human anti-CD20 (FGM6, day -7) or two 200 pl i.v. doses of clodronate
liposomes (days -3 and -1). Mice were inoculated with 1 x 10*BCL, cells on day 0, then
treated with either irrelevant (WR17) or 0.5 mg AT130-2 administered i.p. on days 2 , 4
and 6 (total 1.5mg dose) and anti-idiotype 125 pug from day 4 to day 7 (Figure 6.25).

In this experiment, there was no statistical difference in survival in the irrelevant treated
mice in any group (p = 0.1226, by Mantel-Cox statistical test). As previously
demonstrated, anti-idiotype treatment prolonged survival in the WT mice and this survival
(p =0.0100 by Mantel-Cox statistical test) was not increased by co-administration of
ATI130-2 (p =0.1266, by Mantel-Cox statistical test) (Figure 6.25a). This was also similar
in the WT mice pre-treated with PBS liposomes (p = 0.6186, by Mantel-Cox statistical test,
irrelevant versus anti-idiotype/AT130-2) (Figure 6.25d). In this experiment however,
treatment with anti-CD32 mAb alone also seemed to improve mouse survival in both the
WT and PBS liposome treated mice, although this was not significant in either case. In the
CD327 mice, irrelevant mAb did not improved survival and was comparable to survival of
irrelevant treatment in the WT mice. In the CD327 mice, treatment with AT130-2
significantly improve survival of mice greater than the control (p = 0.0069, by Mantel-Cox
statistical test), as did treatment with anti-idiotype (p = 0.0082, by Mantel-Cox statistical
test), although the latter seemed improved survival to a greater extent than the former (p =
0.0058, by Mantel-Cox statistical test). Again and as previously observed, treatment with
AT130-2 and anti-idiotype increased survival more than treatment with either AT130-2 or
anti-idiotype alone (p = 0.0058 & 0.0414, respectively, by Mantel-Cox statistical test)
(Figure 6.25b).

This pattern of improved survival was also observed in the B cell depleted CD20 Tg mice,
where AT130-2 in combination with anti-idiotype treatment improved survival beyond
treatment and as a single therapeutic mAb (p = 0.0062 & p = 0.0388, respectively, by
Mantel-Cox statistical test) (Figure 6.25¢). There was no significant difference between
improved survival in both the CD32”" and CD20 Tg mice with combined anti-idiotype and
AT130-2 treatment (p = 0.5457, by Mantel-Cox statistical test). These data indicate that B
cell depletion improves immunotherapy in this model, similar to that observed in the

CD32™".
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Alongside this, WT mice pre-treated with clodronate liposomes, resulting in the depletion
of macrophages, also showed improved survival under all treatment conditions. Although
the survival in these mice with combined anti-idiotype and AT130-2 treatment did not to
appear to be as great as that demonstrated in the CD32” or B cell depleted mice, there was
no significant difference between survival between CD32”" or CD20 Tg mice after
treatment with anti-idiotype and AT130-2 (p = 0.2662 & 0.4371, respectively, by Mantel-
Cox statistical test) (Figure 6.25¢). These data indicate that macrophage depletion

improves survival of AT130-2 treated mice, presumably due to reduced mAb consumption.

Alongside this and to reiterate, anti-idiotype and AT130-2 treatment in CD327, CD20 Tg
B cell depleted mice and clodronate liposome treated mice significantly improved survival
compared to that observed in WT mice (p = 0.0416, 0.0389 & 0.069, respectively, by
Mantel-Cox statistical test). These data therefore suggest that both B cells and
macrophages are important in mAb consumption and depletion of either cell type can
significantly improve survival after anti-CD32 mAb combination therapy with anti-

idiotype.
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Figure 5.40. The effects of B cell and macrophage depletion on anti-CD32 mAb therapy in
combination with anti-idiotype therapy.

WT mice were depleted of macrophages by administration of clodronate liposomes, 200 ul i.v. day — 3 and -
1. CD20 Tg mice were depleted of B cells by administration of a 250 pg dose of FGM6. All mice were
inoculated with 1 x 10 BCL, cells on day 0, then either left untreated or administered a triple 0.5mg dose
AT130-2 ip. on day 2, 4 and 6, and 125 pg of anti-idiotype (anti-id; Mc106AS5) per day on days 4 to 7.
Treatment with AT130-2 in the WT, PBS liposome treated or CD20 Tg mice did not significantly increase
survival, however, AT130-2 treatmetn in the CD32” or clodronate liposome treated mice did significantly
improve survival (p = 0.0069 & 0.0091, respectively. Further to this, anti-idiotype and AT130-2 treatment in
CD32", CD20 Tg B cell depleted mice and clodronate liposome treated mice significantly improved survival
compared to that observed in WT mice (p = 0.0416, 0.0389 & 0.069, respectively, by Mantel-Cox statistical
test).

6.13.  Chapter discussion.

In this chapter we sought to establish the efficacy of our panel of anti-CD32 mAb in a
range of immunotherapy models of B cell lymphoma. By examining the survival of WT
and CD32”" mice inoculated with BCL, tumour cells and treated with specific anti-idiotype

mAb we were able to demonstrate that survival was significantly augmented in the CD32”"
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mice (Figure 6.1). This indicates that CD32 expression can alter immunotherapy; in part
confirming previously published literature that shows improved immunotherapy in CD3 2"
mice®. These data also highlight the potential of anti-CD32 mAb therapy. However,
when WT mice were treated with anti-idiotype mAb in combination with anti-CD32 mAb
there was no significant increase in survival (Figure 6.2). This was also reflected in
preliminary data gained in a second lymphoma model (CBA/H mice inoculated with the
A31 B cell tumour and treated with anti-CD32 mAb in combination with the specific A31
anti-idiotype (Mc39/12))(data not shown).

Alongside this, we showed that the anti-CD32 mAb had no direct effect on tumour growth
in the BCL; model (Figure 6.3). Treatment with anti-idiotype mAb led to a reduction of
tumour growth, demonstrated by reduced total number and percentage of tumour cells and
also a reduction in spleen size and weight. However, the anti-CD32 mAb did not
significantly reduce tumour growth in either short-term tumour growth assays or in a long

term survival experiments.

Our initial results, in the CD32”" mice mirrored previously published data. Clynes et al
(2000) showed that mAb therapy of B16 melanoma with TA99 and BT474MI human
breast cancer cells by 4D5 and trastuzumab in CD32”" mice almost completely abrogated
tumour growth compared with WT controls. There are however several problems
associated with the models used. For example, B16, although of mouse origin is an
established tumour line which has been subject to extensive re-passage both in vitro and in
vivo. As previously described (Chapter 3.1) such tumour models are likely to develop a
range of additional oncogenic mutations and are commonly retrovirally infected. As such,
these models have increased immunogenicity. Asides from this, treatment of the B16
tumours occurs on the same day as administration of the tumour load, where in contrast we
attempt to treat established tumours, again making it harder to treat the tumours in our
model. In addition the tumour growth in the B16 model is only examined after day 14,
where the authours examined the number of tumour metastases in the lungs, rather than
overall animal survival. It would have been interesting to establish the effect of the mAb

in WT and CD32”" on actual animal survival in these studies.

The second model Clynes et al (2000) used was a xenograft model of human breast cancer
where cells are injected subcutaneously into nude mice and treated with 4D5 or
trastuzumab. Again they demonstrated an almost complete reduction in tumour growth in

the treated CD32” mice compared to WT counterparts. However there are also issues with
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the use of xenograft models. Primarily these models require immuno-compromised
animals and as such, they do not mimic the complex relationship between the tumour and
immune system. Nude and SCID mice lack components of the adaptive immune system,
but still have some elements of the innate immune systems. Therefore, the human breast
cancer cells are still likely to be immunogenic within the mouse, by stimulating
components of the innate immune system. Furthermore, it is not yet clear whether the
human breast cancer cells receive the same stromal microenvironment support in the
mouse. Alongside this and as described with the B16 model, treated occurred on the same
day as tumour innoculation, again this is in comparison with our model that attempts to
treat a systemic, non-immnuogenic established tumour, that is more closely reminiscent of

the situation in humans.

Interestingly however, others have demonstrated little improvement in mAb therapy in
CD327 mice*"’. Takade et al (2004) treated TNF-related apoptosis-inducing ligand
(TRAIL) sensitive 4T1 murine mammary carcinoma with an anti-mouse anti-DR5 mAb
(MD5-1). They showed that MD5-1 almost completely abrogated tumour growth in WT
mice, but that this therapy was not improved in CD32”" mice. However, MD5-1 mAb is a
hamster mAb and unpublished observations in this laboratory (Dr Stephen Beers) have also
demonstrated that the hamster anti-mouse BCL, idiotype, AT65, did not shown enhanced
immunotherapy in the CD32” mice. It is possible that hamster mAb do not interact with
murine CD32 and if not, the level of immunotherapy observed in the WT mouse will be
maximal and not improved in the CD32” mouse. This theory could be tested using the
BIAcore analyser to assess the ability of AT65 and Mc106AS5 (anti-rat anti-idiotype) to

interact with recombinant CD32.

Despite this, we were unable to demonstrate increased efficacy in our models of lymphoma
by using an anti-CD32 blocking mAb. Nevertheless, our tumour tracking experiments did
provide a useful tool for examining what was happening to the anti-CD32 mAb. It was
demonstrated, by cellular bioassay, that serum levels of the anti-CD32 mAb dropped
rapidly and become almost negligible in comparison to anti-idiotype mAb serum levels,
suggesting that the anti-CD32 mAb may be limited by its consumption from the serum
(Figure 6.5). Further to this, we were able to demonstrate that there was a dramatic
difference in serum mAb levels between the WT and CD32” mouse strains. Serum
longevity of AT130-2 was improved in the CD32” mice 48 hr and 96 hr post-treatment
compared with levels in the WT mice (Figure 6.7). The complete loss of mAb in the WT
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mice offers a potential explanation as to why anti-CD32 mAb efficacy was limited in these

animals.

It was plausible that the other FcyR were consuming anti-CD32 mAb through Fc:FcyR
engagement. We were able to rule this out by examining the serum mAbD levels of AT130-
2 in y-chain” mice, which lack activatory FcyR, but still express CD32. When comparing
serum longevity of AT130-2 in WT and y-chain” mice we were able to demonstrate that
the consumption of mAb was identical, with sustained serum levels of the mAb only
evident in the CD32”" mice as previously demonstrated (Figure 6.8a). This precipitous loss
of mAb in mice expressing the endogenous receptor was not seen in the CD20 Tg system
(Figure 6.8b), alluding to the fact that there was something unique about CD32
engagement by the anti-CD32 mAb in vivo. In the CD20 Tg serum the half life of anti-
CD20 mADb (rit m2a) in WT, CD20 Tg and CD20 Tg/y-chain” was comparable and
changed little with expression of the CD20 Tg. In comparison, the half life anti-CD32
mAb was greatly extending in mice lacking CD32 expression in comparison to WT or y-
chain” mice, suggesting that there was something particular about CD32 expression that
leads to rapid mAb consumption. Furthermore, as CD32 on placenta endothelium cells has
been shown to transport and recycle IgG it is plausible that CD32 may also function in a
similar manner on other tissues. Therefore, it could be suggested that as binding of
monomeric IgG in vivo to CD32 leads to recycling of the IgG (possible in co-operation
with FcRn*’) and at high serum IgG levels or in the presence of IC, IgG is internalised and
degraded, binding by the anti-CD32 mAb could potentially mimick the binding of IC,

thereby accounting for the rapid consumption of mAb in CD32 expressing animals.

Recently, Dr Sonya James (University of Southampton) has stained murine tissue,
including haemopoietic and non-haemopoietic tissues, for their expression of CD32.
These experiments have highlighted CD32 expression in tissues, such as the liver
(sinusoidal lining cells), colon (lamina propria) and ileum (lamina propria and peyers
patches), further confirming and identifying early literature that demonstrates widespread
expression of CD32 in non-haemapoietic tissues™**. In the case of the transgenic CD20,
this antigen is only expressed by B cells. Therefore it is possible that the consumption of
anti-CD32 mAb in WT mice is greater that the consumption of anti-CD20 in the CD20 Tg

mouse, due to the greater quantity of tissues in the WT mouse that express CD32.

We next theorised that due to the extensive expression of CD32 on a variety of tissues and

cells within the mouse'*’ perhaps a repeated dose of mAb would overcome this problem of
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rapidly diminishing mAb levels. Repeated administration of AT130-2 in the WT mouse
did not improve overall serum mAb longevity, although initially it did seem that mAb
levels were improved 24 hr after the final dose of mAb was administered, however this
was not sustained and was again rapidly abridged by 48 hr (Figure 6.9). Furthermore, we
were able to demonstrate that depletion of two of the main cell types that have been
reported to express CD32, B cells and macrophages, increase serum longevity of mAb, but
again this was not to the levels seen in the CD32”" mouse (Figure 6.10). One point that
must be made about this experiment is that mAb was administered i.p. due to occasional
adverse reaction in mice administered i.v. with AT130-2 at the time of these particular
experiments being performed. This may have limited the serum mAb detectable.
However, work by Dr Ruth French (University of Southampton) has previously
demonstrated that serum mAb levels are comparable 24 hr after administration by a range

of injection routes, including i.p., i.v. and s.c. (unpublished observations).

As a result of our observations, we went on to determine the method by which the anti-
CD32 mAb were being consumed in vivo. We determined that after treatment with anti-
CD32 mAbD (either AT130-2 or AT128 m2a) there was diminution of CD32 expression
both in vivo (Figure 6.11). Having established that anti-CD32 mAb and CD32 were not
being removed from the cell surface by FeyR-dependent shaving*'® (Figure 6.12), we were
able to determine that CD32 was being modulated from the cell surface both in vivo
(Figure 6.11 & 6.12) and in vitro (Figure 6.13 & 6.14) by internalisation. We could
confirm the absence of FcyR-dependent shaving as half-life experiments in WT and y-
chain” mice showed identical rate of mAb consumption (Figure 6.8), indicating that the
process of mAb consumption was not dependent on FcyR, suggesting that anti-CD32 mAb
was being lost from the serum by mechanisms aside from those dependent on FcyR, further
confirming that modulation of CD32 as a candidate for this process. In Figure 6.12 due to
the low affinity of AT128 m2a it was difficult to ascertain whether CD32 was being
modulated after treatment with AT128 m2a in the y-chain” mice. To overcome this,
another anti-CD32 mAb, such as AT130-2 could be used to detect CD32 expression before

and after treatment in vivo with AT128 m2a.

Interestingly, we observed that in vitro as least, the anti-CD32 mAb demonstrated distinct
effect on CD32 expression. The agonistic mAb decreased receptor expression, whilst the
antagonistic mAb increased receptor expression (Figure 6.13, 6.14 & 6.15). This did not
correlate with the observations that AT130-2 and AT128 m2a lead to a decrease in CD32

in vivo, but we do expect the in vitro observation to also be correct as they were consistent

210



between both mouse strains and in three repeats for the BALB/c B cells and four repeats
for the C57BL/6 B cells, where samples were run in duplicate each time. This suggests
that perhaps, for AT128 m2a at least, there are different mechanisms of modulation
occurring in vivo and in vitro as increase in CD32 after AT128 m2a treatment was not
observed in vivo. This further corroborates data obtained in Chapter 4 that suggests that
the two types of anti-CD32 mAb affect lymphoma cells in different way with regards to
CD32 phosphorylation, affect of BCR-induced Ca*" flux and induction or not of cell death.
We were able to verify that CD32 was being internalised after AT130-2 treatment, but not
after treatment with AT128 m2a though comparisons with CD20 modulation by
performing Alexa-488 quenching assays on CD20 Tg B cells (Figure 6.16 & 6.17).
Alongside this we confirmed that our murine lymphoid cells predominantly express the

CD32-1 isoform and that murine myeloid cells express the CD32-2 isoform®**

(Figure
6.19), further refuting claims that the CD32 on B cells does not undergo endocytosis. In
addition, a third PCR product, which separated during electrophoresis between the two
expected PCR products, was also visible. We believe this product to be CD32b1°, as
described by Latour et al 1996. Sequencing of this PCR product would confirm that B

cells also express CD32b1°.

Examination of CD32 modulation on BMDMs showed that these cells also modulated
CD32 in response to anti-CD32 mAb stimulation, similar to our lymphoid cells (Figure
6.18). There were however difficulties with these BMDMs assays in terms of consistency
between batches of BMDMs and even between different periods of ex vivo growth.
Regardless, these data do suggest that macrophages modulate CD32 and as such confirm
that these cells would consume mAb in vivo. In the previous chapter we demonstrated that
pre-incubation of macrophages with the anti-CD32 mAb increased the phagocytic ability
of these cells (Figure 5.11). It seems reasonable, in light of the modulation data, that
increased phagocytosis may be due to the down regulation of cell surface CD32. However,
due to the short pre-incubation period (1hr) of the BMDMs with anti-CD32 mAb prior to
the phagocytosis assays it is possibly more likely that simple blocking of the inhibitory
receptor enhances BMDMs.

In summary, our data indicate that CD32 on B cells and macrophages is capable of
endocytosis when engaged by mAb. This was in stark contrast to several reports in the
literature that show that the isoform predominately expressed on B cells has been reported

294,302,298

to lack endocytic properties and therefore we expected that anti-CD32 mAb and

CD32 was not being internalised by the splenic B-cells in vivo. We anticipate that we
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observe differences in reported behaviour of the two isoforms due to differences between
engagement of IC and mAb. In the initial studies that described the contrasting endocytic
properties between the CD32b1 and CD32b2 isoforms, IC, formed from heat agglutinated
human IgG was used to engage CD32. IC, in this case would have bound exclusively to
CD32 via Fc:FcyR interactions. Conversely, the agonistic anti-CD32 mAb (which cause
receptor internalisation), as demonstrated in Chapter 4, bind to an epitope on the receptor
and then crosslinks the receptors on the cell surface by Fc engagement. As endocytosis (or

lack of) has been demonstrated by others in the context of IC****%

, we would suggest that
the induction of endocytosis in our assays may be as a direct result of antibody engagement
alone and therefore differs from that previously reported. We have also examined
internalisation of CD32 at longer time points (2, 6 and 24 hr) to those previously reported
(up to 30 mins), suggesting that the kinetics of receptor internalisation may vary between
the two isoforms and the earlier publish literature does not account for this. This could be
in part to the aspects of the cell membrane with which the two isoforms associate with

(CD32bl contains a cytoskeletal binding site, whereas CD32b2 contains a domain that

associates with clathrin coated pits).

In addition, it is unclear from the published literature whether CD32 on murine cells lack
the endocytic properties described in human cells. Early papers do suggest that murine
CD32bl lacks endocytic properties, however, most of the published data is in human and
transgenic mouse cell lines or murine cells transfected with CD32 isoforms. There is a
subtle difference between the structures of murine and human CD32b1, demonstrated by a
shortened cytoplasmic tail of the human receptor'”®. Perhaps this is enough to account for
the proposed differences in endocytic properties between the species. For example, it has
however been reported that levels of CD32b expression do not alter in human lymphoma
cell lines in vivo after treatment with a humanised anti-CD32b mAb*"*. Therefore, the
modulation we detect on the murine lymphoma cells after treatment with murine CD32b
mADb both in vitro and in vivo may be a species dependent observation. There are human
anti-CD32 mADb available to us (AT10 (Tenovus), IV.3**! and KB61**%) that could be used
to address this inconsistency between species and determine whether similar modulation of
CD32b occurs in vitro on human cell lines in our hands. In fact, initial data has determined
that the human anti-CD32 mAb do not induce modulation of CD32b in vitro on human cell
lines and also in CD32 Tg mice models. This is part of a continuing project in the
laboratory to determine the differences between modulation of the murine and human
CD32 isoforms. In addition, it could be suggested that as B cells express both isoforms of

CD32 (see Figure 6.19) then crosslinking by anti-CD32 mAb could be inducing
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internalisation of CD32b2 and cosequentually CD32bl1 is being interanlised in complex
with CD32b2 and may be being internalising independently. This theory could be tested
by co-transfection of both isoforms, with either one of the isoformed conjugated to FLAG
tag, YFP or GFP to look at the locations of the isoforms at the cell surface and within

intracellular compartments.

However, despite having determined the limitations of anti-CD32 mAb therapy in the WT
mouse we still wanted to determine the extent to which the consumption of anti-CD32
mAb affected immunotherapy. In order to establish if the anti-CD32 mAb had the
potential to deplete cells in vivo we performed adoptive transfer assays of CFSE labelled
target and non-target splenocytes and established the level of target cell depletion in WT
and CD32" mice. When recipient mice lacked endogenous expression of CD32, then there
was a 50 % depletion of target splenocytes after treatment with the anti-CD32 mAb. This
was in contrast to no depletion of target cells in WT mice (Figure 6.20), even with a five
times larger dose of mAb (Figure 6.23). Again, with reference to the CD20 Tg systems,
where endogenous CD20 expression limited but did not completely abolish depletion of
target cells (Figure 6.21), endogenous CD32 expression entirely abrogated the activity of
the anti-CD32 mAb. Furthermore, we were able to demonstrate in our transfer
experiments that the activity of the anti-CD32 mAb was limited in the CD32" by
modulation of CD32 on target cells (Figure 6.22).

We were also able to determine how the absence of anti-CD32 mAb consumption would
effect long term survival in the CD32” mice. It would seem that in the absence of mAb
consumption the anto-CD32 mAb are able to significantly increase mAb immunotherapy,
i.e. in the CD32"" mice as a single therapeutic, but more impressively in combination with
anti-idiotype (Figure 6.24). Indeed, in one repeat of this experiment we observed that 50
% of the animals treated with anti-CD32 and anti-idiotype mAb exceeded 100 days
survival. Re-challenge of these mice with BCL, resulted in the animals succumbing to
their disease, suggesting that survival occurred through direct mAb effect rather than

development of a memory response against the tumour.

Alongside this we were also able to demonstrate that removing B cells and macrophages in
vivo extended the half live of AT130-2 in the WT mice, although plasma longevity of mAb
was still less than in the CD32” mice (Figure 6.10). When this was extrapolated into
therapy, we were able to demonstrate that depletion of B cells gave increased survival of

mice inoculated with BCL, similar to that seen in the CD32”" mouse (Figure 6.25). In fact
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the survival of CD20 Tg mice with B cell depletion and CD32”" mice that were treated
with a combination of anti-CD32 and anti-idiotype was almost exactly the same.

However, some cautious must be taken interpreting these results, as B cells in the CD20 Tg
mouse were depleted using administration of mAb, which utilises a variety of mechanisms
as described in introduction section (1.3.3). The type II anti-CD20 mAb used, specifically

engages with FcyR-dependent mechanisms to deplete B cells''?

and as such will already by
mediating cellular clearance prior to treatment with anti-CD32 mAb. The anti-CD32 mAb
will therefore target these already activated cells towards the tumour, rather than initiating
a specific anti-tumour response. In contrast, depletion of macrophages could limit the
induction of FcyR-dependent mechanisms. However, NK cells, which have been
demonstrated to be involved in mAb mediated anti-tumour ADCC in the therapeutic
setting are not depleted after clodronate liposome treatment as they are not phagocytic and
as such will be able to mediate anti-tumour responses. Interestingly, two days after
administration of AT130-2, there is approximately 120 pg/ml more mAb in the CD20 Tg
mice versus the WT mice and approximately 90 pg/ml more mAb in the clodronate treated
mice versus the WT mice. This indicates that approximately 210 pg/ml mAb could be
rescued from consumption with both B cell and macrophage depletion in comparison to the
WT mouse. This is comparable with levels of mAb observed in the CD32" mice (220
ng/ml) two days after mAb administration. It would be interesting to examine serum mAb
levels in mice depleted of both B cells and macrophages to determine whether mAb

consumption could be completely rescued under these conditions. This would also limit

the role of CD32 expressing tissues in mAb consumption.

In conclusion, we have successfully demonstrated the potential of our anti-CD32 mAb in
models of B cell lymphoma, although alongside this we have also demonstrated that, in our
models at least, consumption of anti-CD32 mAb by receptor internalisation limits the
therapeutic efficacy. However, this can be overcome by limiting the expression of
endogenous CD32, either by depletion of cell subsets or genetic knockout and can lead to

long-term animal survival.
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CHAPTER 7 Concluding remarks and future directions

Through a range of cellular and biochemical assays we were able to establish that a panel
of novel murine anti-CD32 mAb could be categorised into two types with regards to their
activity of LCL, the agonistic and antagonistic anti-CD32 mAb. The agonistic mAb, as the
name would suggest, activate CD32 as seen through phosphorylation of the receptor and
also the downstream signalling molecule SHIP-1, correlating with inhibition of BCR-
induced Ca”" flux and interestingly induction of PCD. In contrast, the antagonistic mAb
inhibit CD32 activation as seen through inhibition of SHIP-1 phosphorylation and
augmented BCR-induced Ca*" flux.

It has been reported that co-aggregation of CD32 leads to induction of direct PCD through
mechanisms independent of SHIP-1 phosphorylation, but dependent on the membrane

33333 Here, in contrast to this published

dissociation of Btk in murine lymphoma cell lines
data, we observed a correlation between SHIP-1 phosphorylation and induction of PCD in
our lymphoma cell lines. Despite our data refuting previous reports, other B cell subsets,
such as pre-B cells, demonstrate that CD32-dependent PCD does correlate with

phosphorylation of SHIP-1**

, suggesting that in some instances pSHIP-1 does play a role
in the induction of PCD after CD32 coaggregation. The anti-CD32 mAb did not however
seem to induce significant levels of PCD in normal splenic B cells and BMDMs, an
advantage for their use as immunotherapeutic agents. The success of rituximab therapy
has come from its ability to specifically deplete CD20 positive cells. CD20 is expressed by
B cells throughout B cells development, excluding haematopoietic stem cells and plasma
cells*”. This enables targeted depletion of cells whilst retaining both immunological
memory and the ability to reconstitute the B cell population, meaning that the patient does

not suffer from an impaired immune system**. Therefore, it is of great advantage that our

anti-CD32 mAb do not seem to deplete normal B cells and macrophages.

Alongside this, studies in melanoma models support the potential induction of direct PCD
by signalling through CD32 by the agonistic anti-CD32 mAb in our models of lymphoma.
It was shown that the use of murine anti-GD2 in the treatment of melanoma was not
limited by CD32 expression”. It has been proposed that crosslinking between GD2 and
CD32 via Fc interaction by anti-GD2, induced cell signalling that leads to growth
inhibition, through activation of SHP-2 and associated signalling pathways®”’. Potentially,

this is what is occurring with the agonistic anti-CD32 mAb on B lymphoma cells were
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crosslinking by Fc is providing inhibitory signalling to the lymphoma cells, resulting in

growth inhibition and subsequent death.

It would therefore be interesting to dissect out the signalling pathways leading to PCD in
our LCL to determine the contribution of pSHIP-1 and proteins involved in downstream
signalling pathways, in this process. For example, compare PCD in WT cells with SHIP™
cells or cells containing truncated CD32, lacking cytoplasmic domains, both of which will
result in abrogated CD32 signalling. Further to this, examination by Western blot for
downstream signalling proteins, such as Btk and the use of specific inhibitors towards

these proteins would further tease out pathway leading to PCD in lymphoma cells.

The Ep-myc LCLs generated are heterogeneous and as such we possess lymphomas
arising at different stages of B cell development. It would therefore also be interesting to
examine the differences in SHIP-1 signalling and PCD at these various stages of B cell
development, with the expectation that the signalling involved in the induction of PCD in
pre-B cell lymphomas may differ from that observed in mature B cell or class-switch
lymphomas, as previously described for normal B cell subsets™> ****’*3*  However, our
current data in lymphomas from the Ep-myc model demonstrates that pre-B cell

lymphomas respond similarly to anti-CD32 mAb induced PCD as B cell lymphomas.

It has also been shown that PCD occurs through apoptotic pathways involving Bim, where
CD32-induced PCD was reduced in plasma cells from Bim™ mice. Preliminary data from
this laboratory examining PCD induced by the anti-CD32 mAb in splenic B cells from WT
and Bim”™ mice has shown that there was a significant reduction in PCD, although PCD in
WT C57BL/6 B cells was only approximately 10 %. Bim becomes up-regulated in
response to cellular stress; either withdrawal of growth factors or with the addition of drugs

or stimuli (i.e. treatment with anti-IgM)**"**°

. Signalling through the MAPK pathway (i.e.
Ras/Rafl) and ERK1/2 have been indicated in leading to a reduction in Bim. A splice
variant of Bim, Bimg contains an exon that encodes the ERK1/2 docking domain and

425

phosphorylation site (at Ser69)""". As a result, activation of ERK1/2 leads to the

phosphorylation and subsequent ubiquintation and protesomal degradation of
BIM**#27438  Therefore it is plausible, that as CD32 signalling has been implicated in the
diminution of MAPK signalling®***°, CD32 coaggregation would limit ERK 1/2 targeting
of Bim and therefore Bim would accumulate in the cell and mediate PCD. Again, this

signalling pathway could be investigated through Western blot analysis. Preliminary data
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suggests that after CD32 coaggregation (using AT130-2) Bim is not phosphorylated, unlike
that observed after BCR ligation (anti-IgM) (data not shown).

Alongside the induction of PCD on LCL by the anti-CD32 mAb in vitro, we were also able
to demonstrate that the anti-CD32 mAb had further anti-tumour activity, the ability to
induce phagocytosis of opsonised B cells. Altogether, the anti-CD32 mAb showed
promising in vitro activity on LCL. However, this was not extrapolated into our in vivo
models. Despite our observations that in CD32”" mice, anti-idiotype immunotherapy
significantly increased survival in comparison with WT mice, combination therapy of the
anti-CD32 mAb and anti-idiotype mAb did not have any influence on survival in WT
mice. Having established this was through mAb consumption, which we presume is
occurring as a result of CD32 internalisation and not FcyR-dependent shaving, we were
able to partly overcome this. Where there is limited consumption, i.e. in macrophage or B
cell depleted animals, therapy is comparable to that seen in the CD32” mice and the anti-
CD32 mAb have measurable impact on therapy. Further to this, this laboratory has
recently obtained conditional CD32 knock-out animals, where CD32 has been selectively
deleted from either B cells or macrophages. Therefore, the impact of mAb consumption by
B cells and macrophages could more easily be investigated, without the compounding
issues mentioned earlier, i.e. the anti-CD32 mAb potentially utilising already activated
effector systems as a result of B cell depletion by anti-CD20 mAb. A caveat to the use of
this system however in that in vitro at least, CD32” BMDMs have heightened
phagocytosis of opsonised B cells, suggesting that survival in BCL, therapy in a
macrophage-specific CD32”" animal might occur as a result of enhanced activation (on

account of a lack of CD32) and not due to reduced mAb consumption.

Impressively however, the anti-CD32 mAb improved survival in the CD32” mice in
comparison to untreated animals, similar to that which was observed in combination with
anti-idiotype in the CD32” mice. This suggests that in these animals, the anti-CD32 mAb
are working to either induce PCD of tumour cells or recruit anti-tumour effector systems
towards anti-CD32 mAb coated cells via Fc engagement with activatory FcyR expressing
cells. This confirms the observations by others that anti-CD32 mAb have potential as

therapeutic agents®’*.

When combined with anti-idiotype therapy, there are various potential mechanisms by
which anti-CD32 mAb may be augmenting therapy. Anti-CD32 mAb may be improving

the presentation of Fc to activatory FcyR expressing effector cells in two ways. Firstly by

217



blocking anti-idiotype engagement with CD32 via Fc interactions, or secondarily, by
increasing the total amount of surface bound mAb, and consequentially the number of Fc
presented. Both of these will enhance the number of Fc available for engagement with
activatory FcyR expressing cells, thus augmenting effector cell function. This second
mechanisms is particularly attractive, as human anti-CD32b mAb have been demonstrated

by others to direct anti-tumour FeyR-dependent effector function®”*.

In order to dissect out whether the anti-CD32 mAb are acting to simple block CD32
engagement with therapeutic mAb or acting to recruit effector cells a N297Q mutated anti-
CD32 mAbD could be used. As the asparagine residue at 297 has been implicated in the
binding of Fc to FcyR, mutation in this amino acid (replacing it with a glutamine) perturbs
this interaction. As such, the anti-CD32 mAb will be able to bind to CD32 on the surface
of the tumour cell, but will not be able to engage the activatory FcyR on effector cells. We
would favour this method over the use of a F(ab’), fragment as our in vitro studies
advocated that the F(ab’), fragment version of the agonists anti-CD32 mAb did not
function in the same way as the IgG, presumably by crosslinking the receptor. However,
the N297Q mutation would also prevent this crosslinking, but will retain the structural
integrity of the [gG. We would hope that this would be sufficient for the function of the
mAb. A flow cytometry assay could then be employed to determine the relative
interaction of the anti-idiotype mAb with activatory FcyR fusion proteins in the presence
or absence of the un-mutated and N297Q mutated anti-CD32 mAb, thus determining the
amount of Fc available for effector cell interaction in vivo. The effective use of these
combinations could also be employed in a therapeutic setting depending on the outcome of

these preliminary experiments.

Other work within this laboratory has demonstrated that interactions by therapeutic mAb
(rituximab) with CD32, limit its efficacy by increasing internalisation of the receptor and
bound mAb. It would be proposed to investigate the affect of CD32 engagement with anti-
idiotype on modulation of the BCR and how this could be altered by blocking CD32 with
anti-CD32. This could be investigated using the Alexa-488 quenching assay, as previously
discussed, (Materials and Methods section 1.19). Through examining modulation of
Alexa-488 labelled anti-idiotype in the presence and absence of anti-CD32 mAb we would
be able to determine the contribution of CD32 to BCR internalisation, with implications for

therapy.
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Alongside this and having demonstrated in vitro that these anti-CD32 mAb have a least
two potential anti-tumour mechanisms, either through direct PCD or through phagocytosis,
we would next aim to use the recently generated complete FcyR knockout mice produced
from crossing the y-chain” with CD32”" mice (denoted FcyR™) to evaluate the contribution
of these two anti-tumour mechanisms for the anti-CD32 mAb immunotherapy of BCL;.
The FcyR'/ “mice will not suffer from mAb consumption (due to lack of CD32) and as a
result of lacking the activatory FcyR expressed by effector cells such as phagocytes, we
would be able to tease out the contribution of FcyR dependent anti-tumour mechanisms

(discussed in Introduction section 1.3.3) to this BCL; immunotherapy.

Preliminary data from these animals initially suggested that the predominant mechanism of
anti-tumour effect was through activatory FcyR engagement, as the FeyR™™ mice showed
almost completely attenuated survival (similar to that seen in the WT mice) in comparison
to the CD32” mice. However, when this experiment was repeated the attenuation of
survival after anti-CD32 mAb was diminished. Although survival was not comparable to
that seen in the CD32” animals, this suggested that in this case anti-tumour effect was
occurring through PCD and activatory FcyR-dependent mechanisms, rather than in the
initial experiment where anti-tumour effect seemed to be occurring through activatory
FcyR-dependent mechanism. This, of course, needs further exploration, but hopefully in
combination with the abovementioned investigations will delineate the potential anti-
tumour mechanisms of our anti-CD32 mAb. During the second experiment using the
FcyR'/ " our animal house became infected with mouse hepatitis virus (MHV), which may
have affected the outcome of this particular experiment. As a result the animals needed to
be re-derived through an external company and the animal house facilities were
quarantined. Therefore, we were lacking mice and the facilities to repeat this experiment.
The MHYV infection may also account for the differences observed between experimental
repeats, although the extent to which MHV affects immunotherapy has not been fully
reported.

Further to this, having mention in introduction section 1.3.3.2 the importance of CDC in
the function of therapeutic mAb we have not, through this thesis, elucidated the potential
of complement involvement in the anti-tumour response mediated by the anti-CD32 mAb.
We would suggest, given the modulation of the anti-CD32 mAb from the cell surface after
treatment, it is unlikely that complement activation would be a major anti-tumour effector
mechanism in reponse to our anti-CD32 mAb, primarily as this modulation would prevent

sufficient accumulation of complement at the cell surface for effective induction of CDC.
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In addition, using the example of the anti-CD20 mAb, complement activation seems to be
dependent of accumulation of the CD20 molecule within lipid rafts, where the type II anti-
CD20 mAb do not accumulate in lipid raft domains nor do they induce CDC, whilst in
contrast the type I anti-CD20 mAb do accumulate in lipid rafts and consequentially induce
CDC'"'%. Preliminary studies in this laboratory using Triton X-100 insolubility assays to
assess raft-associated antigen have demonstrated that the anti-CD32 mAb are excluded
from lipid rafts domains. This suggests that the anti-CD32 mAbD are likely to induce
limited amounts of CDC.

The mouse models used and the experiments performed do not determine the affects of the
anti-CD32 mAb on CD32 expressing effector cells in vivo. It has been postulated and
demonstrated by others that anti-CD32 mAb reagents are able to attenuate CD32 activity
on effector cells and sequentially enhance activatory FcyR activity in vitro®”*>"*. We have
been able to demonstrate in vitro that the anti-CD32 mAb augment FcyR-dependent
phagocytosis and we would assume that this would also be true in vivo, although we do
not, at this time have a system in which we could test this theory, i.e. a CD32” mouse with

conditional expression of CD32 only on effector cells.

Despite the set-backs we have encountered in investigating the use of anti-CD32 mAb in
our murine models of lymphoma, the research of this thesis has highlighted many areas for
future investigation. Included in this, would be establishing the similarities in CD32
modulation between species, discussed at length in Chapter 6 (section 6.13). For example,
here we have shown that CD32 on murine cells is differentially modulated depending on
the anti-CD32 mAb used. This is contrast to the observed lack of CD32b1 internalisation

298.299.294302 " preliminary data from this laboratory and others®’*, have

observed by others
demonstrated that CD32b expression in human lymphoma cell lines is not significantly
altered after incubation with human anti-CD32b mAb. As mentioned, establishing the
differences between modulation of the murine and human CD32b isoforms is part of an
existing project in this laboratory. Preliminary data from this project has demonstrated that
modulation of CD32 after incubation with anti-CD32 mAb is consistent irrespective of the

isoform expressed by lymphoma cells, suggesting that modulation of CD32 was as a result

of engagement by mAb rather than by IC. This does however require further investigation.

Alongside this, work by Dr Sean Lim within this laboratory has shown that on human B
cell malignancies, CD32 expression correlates with modulation of CD20 after rituximab

treatment and this may have clinical impact for rituximab treatment (Manuscript
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submitted). We know that CD32 expression limits immunotherapy in many cases, the
example of rituximab being just one. Therefore co-administration of anti-CD32 mAb in a
situation where CD32 expression hampers therapy may be advantageous, particularly if
modulation as seen in our in vivo murine models reduces CD32 expression alongside
blocking the Fc interaction with CD32 on the surface of tumour cells. In addition,
consumption of anti-CD32 mAb would be limited in patients treated with rituximab as a
result of systemic B cell depletion. However, we first would need to establish if
modulation of CD32 and consumption of anti-CD32 mAb holds true for the human system
and human anti-CD32 mAb. As published data has shown anti-tumour efficacy in human

129.372.373.374 ¢ would be expected that this would not be the case.

pre-clinical models
However, a limitation to these studies is that human CD32b was expressed on specific cell
types and not systemically, as observed in our mice with murine CD32. We would suggest
that if we are able to elucidate that human CD32b isoforms modulate in a similar manner
to the murine CD32 isoforms as a result of mAb engagement, then the rate of mAb
consumption in patients would need to be assessed before the instigation of clinical trials,

particularly as work within this laboratory has shown that human CD32b is expressed by a

plethora of non-haemopoietic tissues.
In conculsion, although the data in this thesis had highlighted the possible complications of

using anti-CD32 mAb, we have also demonstrated the potential of these reagents in

augmenting mAb immunotherapy of cancer.
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APPENDICES.

Appendix 1: Common Stock buffers

Tail lysis buffer:

Requires: 50 mM Tris (pH 8.0)
200 mM NacCl
0.5 % SDS
5 mM EDTA

For 100 ml of stock:
— 1 M Tris: 5ml
— 5MNaCl: 4 ml
— 0.5g SDS or 5 ml of 10 % SDS solution (5 g SDS in 50 ml dH,0).
— 500 mM EDTA: 1 ml of warmed solution.

Buffer should be autoclaved after preparation.

0.2M TES buffer
Consists of:
— 0.2 M Tris base
— 10 mM Na;EDTA, in ultrapure water, and titrated to pH 8.

PBS-BSA-AZIDE (FACS wash):

Phosphate buffered saline (PBS) was made up of:
— 8.768 g NaCl, 2.3 g Na,HPO4
— 0.456 g NaH,POy per litre dH,O.

With the addition of:
— 1% w/v BSA
— 0.1 % w/v sodium azide

AnV/PI stock:
— AnV: 50 ul of a 50 mM stock solution.
— PI: 100 pl of a 1 mg/ml stock solution

Made up in 1 ml sterile PBS or FACS binding buffer (see below). Add 10 ul AnV/PI stock
to 200 pl of cells.

FACS binding buffer:
10X stock buffer consists of:

— 100 mM Hepes buffer, pH 7.4
— 1.4 M NaCl
— 25 mM CaCl,

Onyx Lysis Buffer:
223



100 ml of stock buffer consists of:
—1 M Tris
—5 M NaCl
-1M Mng
-1 MEGTA
— 1 ml Triton-X 100
— 10 ml Glycerol

Made up to 100 ml with dH,0

For use, an aliquot of was made containing specific inhibitors and placed immediately on
ice.
To 3ml of above add:
— Protease inhibitor PI: 6ul (1:500)
— Phosphatase inhibitors NaF: 150 pl (1M, 41.99mg/ml) and NaV: 7.2 pl
(700mM, 36.8mg/ml NazVOy)

4 X Loading Buffer for Western blot:
— 5ml 0.5M Tris HCI pH 6.8
— 4 ml glycerol
— 4 ml 20% SDS solution or 0.8 g SDS
— Bromophenol blue , until solution turns blue or at 1%
- MQW to 10mls.

For use (reduced):
— 900 ul 4x LB plus 100 pl 2-ME. Can be stored at RT.

NuPAGE® MOPS SDS running buffer (Invitrogen system):
— 50 mM MOPS
— 50 mM Tris base
- 0.1 % SDS
- 1 mMEDTA

For 500 ml of 20x stock:
— 104.6 g MOPS
— 60.6 g Tris base
- 10gSDS
- 3.0gEDTA

Made up to 500 ml with dH,O. 1x stock made up with 100 ml 20X buffer with1.9 L dH,O.

TBS-Tween (TBS-T) 0.05%
In dH,O this buffer consists of :
— 150 mM NacCl
— 50 mM Tris
— 0.05 % Tween 20

50X TAE buffer
1 L of 50X buffer contains,
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— 242 g Tris
— 57.1 ml glacial acetic acid
— 100 ml 0.5 M EDTA (pH 8.0)
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Appendix 2: 60 — 70 kDa band detected by Western blot associated with
phosphorylation of CD32.

As mentioned in Chapter 4, section 1.3.2, alongside the pCD32 specific band (40 kDa), a
second band at approximately 60 — 70 kDa, was detected using the anti-phospho-CD32
antibody for Western blotting. The detection of this band corresponded exclusively with of
CD32 phosphorylation and provided a surrogate marker for the activation of CD32 in
murine cells. This was valuable for analysis of the Western blot data as the anti-phospho-
CD32 specific antibody was specific for detection of human CD32, specifically the
intracellular domains of the receptor, which differed between species'*®*****. As a result,
the detection of pCD32 in our murine cells was sometimes limited and the surrogate
marker therefore indicated whether CD32 has been phosphorylated. Below are detailed

two examples.

Ep#8
110 kDa ———
80 kDa '
60 kDa — 60 — 70 kDa band
40 kDa ——— b | pCD32
B-actin
~ &N wn oo o
Z & & Q9 0
SRS I
= = < o
< <

Appendix figure 1: Tyrosine phosphorylation of CD32 by anti-CD32 mAb and detection of a surrogate
marker for pCD32 in Ep-myc cells.

Ep#8 cells were stimulated for 30 min with the relevant anti-CD32 mAb, lysates prepared and sample
examined for CD32 and B-actin by Western blot. The use of the anti-phospho-CD32 antibody for detection
of pCD32 in murine cells also resulted in the detection of a surrogate marker for pCD32 at approximately 60
-70 kDa. Where, we observed a phosphorylation of CD32 by ATI130-2 and AT130-5, we observed a
dramatic increase in the intensity of this band compare to instances where we did not observe
phosphorylation of CD32, such as after incubation with AT128 m2a and 2.4G2.
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nBCL,

110 kDa —'
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60 kDa ———

40 kDa ——— -» . pCD32
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Appendix figure 2. Effect of whole IgG or F(ab’), fragment anti-CD32 mAb on tyrosine
phosphorylation of CD32 and detection of surrogate marker of pCD32.

nBCL, cells were incubated with 10 pg/ml anti-CD32 mAb, either IgG or F(ab’)2 (F2) at 37°C for 5 min,
lysates prepared and samples analysed for pCD32 and B-actin by Western blot. When the entire membrane
exposure is examined, again we can clearly see an increase in intensity of the surrogate marker of CD32
phosphorylation.
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Appendix 3: Binding of anti-FcyR mAb to FcyR fusion proteins by ELISA.

Further to the generation of specific murine anti-CD32 mAb, reagents were also raised by
Miss Alison Tutt against the other FcyR. The specificity of these reagents to their specific
FcyR was assessed by ELISA. Briefly, an immunomaxisorb 96-well plate were coated
with 10 pg/ml anti-FcyR mAb at 37 °C for 1 hr. A 1:15 dilution of normal mouse serum to
fusion protein was incubated overnight at 4 °C before 100 ul added to the plate and
incubated at 37 °C for 2 hrs. In order to detect bound fusion protein, 100 pl of a 1:4000
dilution of HRP-conjugated anti-CD4 (OX68) was added to the plate and the reaction
stopped by the addition of 5 M sulphuric acid. Results were read at a wavelength of 495
nm. It was demonstrated that the anti-FcyR mAb had specific binding to the relevant FcyR
fusion protein. In particular, the anti-CD32 mAb bound only the CD32 fusion protein and
did not demonstrate binding to FcyRI, FcyRIII or FcyRIV.

Binding to FcyRI-CD4 fusion protein Binding to CD32-CD4 fusion protein
39 31
T
2- 2
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Appendix figure 2. Binding of anti-FcyR mAb to FcyR fusion proteins byELISA.

Immunomaxisorb 96-well plate were coated with 10 pg/ml anti-FcyR mAb at 37 °C for 1 hr, these were then
incubated at 37 °C for 2 hr, before incubation with HRP-conjugated anti-CD4 (OX68). Here, it has been
shown that the anti-FcyR mAb bind specific FcyR fusion proteins. For example, the anti-CD32 mAb only
bind to the CD32 fusion protein and not to the FeyRI, FcyRIII or FcyRIV.
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Appendix 4: Densitomerty analysis of Figure 5.2 and Figure 5.3.

In order to demonstrate whether the lack of inhibition of BCR-induced Ca*" flux by the
anti-CD32 mAb on C57BL/6 cells was due to differences in CD32 activation
(phosphorylation) densitometry analysis was performed on the Western blots from Figures
5.2 & 5.3 using Photoshop C4S histogram analysis and normalised against the actin control
(see below tables). Here, the densitometry analysis demonstrates that for AT130-2 the
level of phosphorylation was more significant on B cells from the BALB/c mice than on
cells from C57BL/6 mice (p = 0.01, by Student’s t-test), but that there was no significant
difference between phosphorylation of CD32 by AT130-5 on cells from the different
mouse strains (by Student’s t-test). This suggests that the lack of anti-CD32 mAb
inhibition of BCR-induced Ca*" flux was unlikely due to lack of CD32 activation.

Sample C57BL/6 BALB/c
NT 0.01 0.09
AT130-2 0.5 min 0.51 1.48
AT130-2 2 min 0.51 1.35
AT130-2 5 min 0.56 0.81
AT130-2 15 min 0.48 0.87
AT128 m2a 0.5 min 0.14 0.11
AT128 m2a 2 min 0.09 -0.02
AT128 m2a 5 min 0.04 -0.06
ATI128 m2a 15 min 0.01 -0.07

Sample C57BL/6 BALB/c
NT 0.46 1.35
AT130-5 0.5 min 1.43 1.75
AT130-5 2 min 1.59 1.86
AT130-5 5 min 1.44 1.83
AT130-5 15 min 1.14 2.20
AT128 0.5 min 0.32 0.43
ATI128 2 min 0.17 0.17
AT128 5 min 0.08 0.04
ATI128 15 min 0.04 0.01
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