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Monoclonal antibodies (mAbs) are therapeutic agents that have revolutionised the treatment of
many diseases, particularly cancer. Most therapeutic mAbs rely on effector functions mediated by
their Fc region. The work in this thesis focuses on the impact of alterations to this Fc region, and the
consequence upon the efficacy of the antibody.

The role of different Fc regions on antibody binding and effector function was first analysed using
different IgG subclass formats. Differential binding to target antigen for certain but not all
specificities was clearly demonstrated, likely linked to the ability of the target to cluster in the
membrane. Subsequently in effector assays of CDC, ADCC and ADCP, IgG1 and IgG3 were seen to be
the most effective, with 1gG2 and 1gG4 being less able to engage direct depletion mechanisms.

To explore the potential consequences of lipid modifications on IgG functionality two different
processes were examined- malondialdehyde and carboxyethylpyrrole. Both of these were
performed on IgG1 mAbs in order to replicate potential in vivo processes that could occur to
therapeutic mAbs. Assessment of the functional capabilities of these modified antibodies were
carried out, and it was found that these lipid modified antibodies were indeed compromised in
functionality.

As antibody Fc glycosylation is required for Fc effector function, and is known to vary both within
health and disease as well as in vitro production, this modification was also explored using a series of
enzymatic modifications. To probe their effects on Fc mediated effector mechanisms, anti-CD20
mAbs with distinct glycoforms were generated and tested for effector function. It was found that
increasing the level of galactosylation and sialylation resulted in increased complement engagement,
whilst not effecting FcyR mediated effector functions.

Finally, a novel method to assess the Clq binding property of mAbs was developed and
characterised. This method, developed around a Clq affinity column, was shown to recapitulate the
same hierarchies of C1q binding specificities as seen from cell based Clq recruitment and
complement dependent killing assays using biologically relevant samples. As such, IgG3 showed the
strongest binding to the Clq column, whereas IgG2 and IgG4 showed little specific binding.
Furthermore, increasing levels of galactosylation and sialylation increased the binding to the column,
and IgG mutants with altered C1q binding showed the anticipated shifts in column binding. These
data suggest that the C1q column would be readily suited to high throughput screening of the
binding of antibody mutants, subclasses or glycoforms to Clq.

Together, the work described in this thesis demonstrates the importance of the Fc region to
antibody effector functions, their sensitivity to modifications, and ultimately to their efficacy as
therapeutics.
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Chapter 1

Chapter 1: Introduction

1.1 Immune System

The human body is continuously exposed to a broad host of environmental threats. These include
a vast array of pathogenic organisms and particles that have the potential to induce significant
harm. In addition, inappropriate or dysregulated bodily responses can themselves become the
cause of disease. In order to maintain health and defend against these threats, the human body
has at its disposal an equally vast armoury of tools to counteract potential causative agents of
disease. These mechanisms are chiefly encapsulated within the host immune system, and broadly

fit into two categories, innate and adaptive immunity.

1.1.1 Innate Immunity

The innate immune system is a network of cells and mechanisms that is present from birth, and in
contrast to adaptive immunity, does not have the capacity to significantly alter its response to a
given pathogen upon repeated challenge®. It is therefore characterised as having much broader
specificity than the adaptive immune system, and is typically based upon the recognition of
invariant molecules?. These molecules are generally expressed on pathogens or are host
molecules that indicate potential damage, and are referred to collectively as pathogen or damage
associated molecular patterns (P/DAMPs), which are in turn recognised by germline encoded
pattern recognition receptors (PRRs) of the innate immune system3. These PRRs can take the form
of surface expressed markers, such as Toll Like Receptors (TLRs) or soluble molecules, such as Clq
(described in detail in Section 1.4.2)* Innate immunity acts as an immediate interceptor to foreign
pathogens, positioned in situ around the body®. In the case of infections that the innate immune
system cannot clear, it acts to control the infection while the adaptive immune response develops

a more specific and potentially curative response?.

The complement system of serum proteases is one example of the innate immune system, which
acts upon recognition of PAMPs, and engages a series of effector mechanisms to directly lyse the
target cell/bacteria, recruit immune cells or target the molecules for engulfment by phagocytes®®.

Various different PRRs are compatible with the complement system, allowing it to recognise and
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act upon a broad variety of targets, including bacteria, viruses, immune complexes, apoptotic
cells, and opsonised targets®’. This latter mechanism, facilitated by C1q mediated recognition of
antibody coated targets, is an example of how adaptive immunity (Section 1.1.2) has evolved to
utilise the effector mechanisms of the innate immune system, and is discussed in detail in Section

1.4.2.

There are a number of cell types involved in innate immunity, of which most are of the myeloid
lineage?. Neutrophils are a major effector cell of the innate immune system, and are the most
frequent leukocyte present in the blood acting as a first line of defence against any infections that
have breached the physical barriers of the skin or mucosa®. Although typically short lived, on the
scale of a few hours, they are able to survive longer at sites of infection®. They act as phagocytes
to engulf foreign pathogens and particles, produce inflammatory cytokines, and can release

cytotoxic granules and DNA nets to trap microbes in a process termed NETosis>*°.

Another important cell type of the innate immune system are the monocytes. These cells emerge
from precursors in the bone marrow to circulate in the blood, and have the capacity to carry out
phagocytosis and release inflammatory cytokines!!. Monocytes also have the capacity to
extravasate out of the circulation into the tissues at sites of inflammation, where they can

differentiate into other effector cells, such as macrophages and dendritic cells'?.

Macrophages are tissue resident cells that are specialised for phagocytosis, and are able to engulf
large numbers of target cells!. They express a broad spectrum of PRRs, including various TLRs,
complement receptors, and also receptors specific for antibodies, Fc receptors (FcRs)3. This
expression of FcRs is another example of the interaction between the innate and adaptive
immune systems. Macrophages possess a degree of plasticity, and can act in a pro- or anti-
inflammatory manner, depending on their environment and type of stimulation!4. Anti-
inflammatory macrophages (sometimes called M2 macrophages and typically associated with
interleukin (IL)-4/13) are involved in wound healing and angiogenesis, and can become recruited
into tumours to promote growth as part of the tumour microenvironment®®. In contrast, pro-
inflammatory macrophages (sometimes called M1 macrophages and typically associated with
lipopolysaccharide (LPS)/interferon (IFN) y) are highly phagocytic, expressing high levels of
activatory Fc gamma receptors (FcyRs)'. However, it should be noted that these states represent
the two extremes and a vast array of different macrophage activation states can be evoked

according to the complex milieu of stimulation they receive?’.
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Dendritic cells (DCs) are another type of myeloid cell that are highly heterogeneous, consisting of
various subtypes with a range of different functions®®. A major responsibility of DCs is to take up
and present antigen to activate T lymphocytes, in order to facilitate their activation (described
below in Section 1.1.2.1)*. DCs can also produce a myriad of cytokines in order to direct the

immune response as well as act in an anti-inflammatory manner to promote immune tolerance?.

DCs, as well as macrophages, monocytes and B cells (see later) are referred to as professional
antigen presenting cells (APCs)™. This involves the uptake up foreign particles, including bacteria
and cells, often by phagocytosis, and the display of antigens on the surface of the cell, in the
context of a class |l major histocompatibility complex (MHC-II) protein?’. As described below

(Section 1.1.2.1), this allows presentation of the antigen to T cells, activating them.

Another cell type involved in the innate immune response are natural killer (NK) cells. These cells
are lymphocytes, but unlike B and T lymphocytes (discussed below) they are not part of the
adaptive immune system, and don’t possess antigen specific receptors??. Instead, NK cells rely
upon a number of PRRs expressed on their cell surface, known as killer inhibitor receptors (KIR)?3.
These receptors bind to ligands on the surface of host cells, for example MHC-I proteins, and act
to prevent killing of the host cells?*. Any non-host or infected host cell that has downregulated
MHC-I, do not bind to KIRs on the NK cell surface, and are therefore targeted for death by the NK
cell®. NK cells contain lytic granules consisting of perforins and granzymes, which upon activation

are released and elicit apoptosis of the target cell?.

The effector mechanisms of the innate immune system provide an immediate defence network
against invading pathogens. However, due to the limited nature of their antigen recognition
apparatus (PRRs), the system is vulnerable to the much faster rates of evolution of microbes,
meaning selection for pathogens that are difficult or impossible for the innate immune system to
detect and clear. Therefore, additional mechanisms are required to deal with rapidly evolving

pathogens, which are provided by the adaptive immune system.

1.1.2 Adaptive Immunity

The adaptive immune system acts in a complementary manner to the innate immune system.
Whereas the innate immune system is a broad acting, immediate defence network, the adaptive

response takes time to develop upon initial exposure to a pathogen?’. The adaptive response
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undergoes a period of selection, to adapt to the new pathogen, and then responds through a
number of mechanisms®. After the infection is resolved, the components of that specific response
die back, but the information required to respond to that same pathogen if encountered again is
retained - a process known as immunological memory?’. Accordingly, if the same pathogen is
encountered again, the adaptive response is launched far more rapidly and often with a greater
magnitude to protect against the pathogen/infection (the so-called secondary response) and yet
with the same exquisite specificity displayed when the pathogen was first encountered (the

primary response)?®,

The cell types that mediate the adaptive immune response are lymphocytes that develop in the
bone marrow and undergo further differentiation either in the bone marrow (B cells), or migrate
to the thymus and differentiate into T cells?°. Both of these cell types are characterised by their

expression of a receptor on their cell surface which carries a unique specificity.

1.1.2.1 T Cells

For T cells, this antigen receptor is known as the T cell receptor (TCR), and is composed of two
peptide chains, an a and a B chain, each containing a constant domain and a variable domain
coupled together by a disulphide bond*°. The aBTCR associates with a cluster of differentiation
(CD) 3 complex and a homodimeric Z chain which contributes to intracellular signalling

downstream of the receptor3?.

The TCR in each cell is generated from a diverse set of gene segments that are recombined
randomly to generate an enormous range of specificities®. These segments are classified into
three groups, termed variable (V), diversity (D) and joining (J) segments, which differ in nucleotide
sequence®. In the alpha chain, a single V and J segment are recombined and linked to the a chain
constant (C) region, whereas the TCRp chain also contains D segments, resulting in a VDJ segment
combined with the B chain C region3. This process is highly similar to that for B cell receptor (BCR)

generation, described below (Section 1.1.2.2).

After TCR generation, T cells under a process of thymic selection, where self-antigens are
presented to naive T cells on MHC molecules, and cells expressing TCRs that bind self-antigens
strongly are deleted or edited through further TCR mutation, in order to prevent the release of

anti-self T cells into the periphery which would could attack the host**. TCRs that are non-
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functional are also deleted at this stage, as they make no interactions with MHC molecules,

preventing them from becoming functional immune cells®.

The T cells that leave the thymus are classified as naive, and have not yet encountered foreign
antigen3®. Importantly, T cells only bind to antigen in the context of a peptide presented in an
MHC molecule, either MHC-Il on antigen presenting cells, or MHC-I, which is expressed on all
cells®”38 However, antigen alone is insufficient to activate a naive T cell, and a second, co-
stimulatory signal is required simultaneously for initial activation- such as engagement of CD80
(B7.1), 4-1BB (CD137) or OX40 (CD134)3*1, Once activated, T cells require only to bind their

cognate antigen in the context of MHC molecules to respond.

T cells are broadly split into two types, as determined by the presence of CD4 or CD8 on the T cell
surface. CD4 expressing cells are termed T helper cells and consist of many subtypes each with
different transcription factors *2. These cells generally act by producing cytokines in response to
antigen binding on MHC, and this can contribute to various phenomena ranging from assisting
activation of CD8 T cells, assisting in maturation of other immune cell, to production of anti-

inflammatory cytokines (such as IL-10) by so-called regulatory T cells (Tregs)****.

CD8 cells are known as cytotoxic or killer T cells. These cells, once activated, recognise their
antigen in the context of MHC-I, and kill the expressing cell through release of perforin and
granzymes, similarly to NK cells, and also produce inflammatory cytokines such as IFNy*. Both
CD8 and CD4 T cells contain subsets that are long lived, and supply the memory capacity to the
adaptive response, as they are able to rapidly proliferate upon encountering their antigen,

therefore avoiding the lag period seen with the initial antigen exposure®.

1.1.2.2 B Cells

B cells express a surface receptor, the B cell receptor that imparts upon the cell the capacity to
detect a specific antigen. Each BCR is unique to that specific B cell clone and is largely generated
through a complex process that takes place in the bone marrow before antigen is detected*’. The
BCR consists of two signalling chains, CD79a and CD79b, and a surface bound immunoglobulin
(slg) molecule that contains the antigen recognition regions*. Upon antigen binding to slg, CD79
transduces this signal into the B cell through immunoreceptor tyrosine activation motifs (ITAMs)

present in their intracellular domain®.
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As for the TCR a and B chains (Section 1.1.2.1), the BCR is composed of two chains, heavy (H) and
light (L) chain, encoded by a large number of different segments, broken down into the same
three classes: variable (V), diversity (D) and joining (J) segments, each present in multiple copies
that differ from one another in nucleotide sequence®. They also differ in the number of segments
in the H and L chains. For the H chain, one of each segment is joined together in a specific order
(VDJ) through two recombination events, which can be used to define the progression of B cell
development (Figure 1-1). Firstly, a particular D segment is joined to a particular J segment, then
combining the DJ segment with a particular V segment!. This occurs by a process involving DNA
looping utilising specific DNA repeat sequences to ensure the appropriate order of DNA cutting

and joining®2.

Bone Marrow Peripheral Lymphoid Tissue
Memory B Cell
Precursor Pre- Pro- B Pro-B Large Pre- Small Pre- Immature Mature B
Cell Cell B Cell B Cell B Cell Cell
a
O C C C Plasma Cell
S
D-J H chain V-DJ H chain V-J Lchain Antigen
IgM IgM & IgD
recombination recombination recombination Exposed
CD20
CD19
slg
B220
CD40
CD21
CcD10
CD23

Figure 1-1 B Cell Development

B cells undergo progressive recombination events to generate a surface immunoglobulin, initially of the
IgM isotype. The recombination events define various stages of B cell development, further indicated by
differential expression of specific surface markers. Adapted from?’.
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At the joining sites between the different segments there is also random addition or deletion of
nucleotides by DNA repair mechanisms, which generates further variability®. The end result is a
VDI region that is unique in each B cell, and which forms the variable region of the H chain?’. This
VDJ region is located in close proximity to the constant region genes of the H chain, and is
transcribed along with these gene segments to form an mRNA encoding the entire H chain®l. The
same process takes place for the L chain, with its own V and J segments, although there are no D
segments>3, This mature L chain is then produced as above, and two H chains associate with two
L chains, through disulphide bonding further increasing the receptor diversity as two separate
recombination events have occurred (one in the L chain and one in the H chain)?’. The BCR is

essentially a membrane bound form of an antibody (described further in Section 1.2).

B cells leave the bone marrow expressing their specific BCR on the cell surface, in the form of a
surface bound IgM molecule (Figure 1-1)*’. Once a B cell encounters antigen, it becomes activated
and begins a period of rapid proliferation in regions of peripheral lymphoid organs known as
germinal centres®. In the germinal centre, B cells are able to undergo affinity maturation, through
a process of somatic hypermutation®. This is a process where further mutations are introduced
randomly into the variable regions through a process of double stranded DNA breaks and error
prone repair mechanisms, thought to involve the enzyme activation induced cytidine deaminase
(AID)®®. B cell clones that generate an antigen receptor with improved affinity for antigen are
selected during this process, as they best compete for antigen binding and accompanying survival
signals®”°8. B cells can then differentiate into antibody secreting plasma cells, some of which
reside in the bone and are long lived, contributing to the memory component of the adaptive
immune response through continuous production of antibody, while others survive only during
the immune response®L, Alternatively, they can differentiate into long-lived memory B cells

which proliferate upon rechallenge with antigen to provide the secondary response®?.

Initially this antibody will be of the IgM or IgD isotype. However, B cells can undergo a
phenomenon called isotype or class switching in the germinal centre, in which irreversible
genomic rearrangement results in a change in antibody isotype by relocating the VDJ region to a
different constant region encoding another antibody isotype®>°®%3, It is this process that leads to
the production of antibodies of the IgG, IgA or IgE isotype. Importantly, a class switched antibody
retains the same binding specificity encoded by the VDI regions but differs only in the isotype®.
Together, these various isotypes impart humoral immunity with the roles for each discussed

below.
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1.2 Antibodies

1.2.1 Antibodies

Immunoglobulins (Ig), or antibodies, are soluble glycoproteins produced by plasma cells that
recognise macromolecular targets with a high degree of specificity. As detailed above, they are
capable of recognising a vast number of different targets and are responsible for the humoral
branch of the adaptive immune response, providing specificity and recruiting elements of the
innate immune system®. The specific target an antibody recognises is known as an antigen, and
the specific location on the antigen to which an antibody binds is referred to as its epitope.
Antibodies are able to bind to these epitopes on the surface of foreign particles, microbes,
viruses, parasites and non/altered self-structures such as those that can be found on diseased or

cancerous cells.

Antibodies play an important role in the adaptive immune response to infections and their
properties have been exploited therapeutically both through induction via vaccinations and by
passive transfer from an immunologically healthy patient to an immunocompromised patient®*%°,
More recently recombinantly produced antibodies have also been used in the treatment of a
number of diseases including cancer, autoimmunity, as well as anti-venom agents®®®’. Antibodies
are one of the fastest growing families of drugs and have been steadily increasing as a proportion
of total biopharmaceuticals®. Therapeutic antibodies made up six of the top ten earning
biopharmaceuticals in 2017 and have swelled in number, with 69 approved and currently in use in
the USA at the time of writing® 7%, Therapeutic antibodies have also been extremely profitable,

with total sales from monoclonal antibody based products totalling almost $75 billion in 2013 and

predicted to reach $125 billion by 20207,

A major breakthrough in antibody technology came in 1975, that earned the Nobel Prize for
Physiology or Medicine in 1984. Kéhler and Milstein developed a technique that enabled fusion of
immunised spleen cells with myeloma cells, forming immortal hybridomas capable of producing
antibody’2. This production from a single clone of antibody producing cells is known as
monoclonal antibody (mAb) technology, with the resultant mAbs all identical at the protein level

and recognising the same antigenic epitope’3. Purification of antibodies from an immunised
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animal was previously used to generate antibodies that recognised the same antigen, but these
were directed to different epitopes (polyclonal antibodies). As such, mAb production allows the
function of antibodies to be studied much more precisely, allowing for the production of highly
specific, controlled antibody preparations more suited for therapeutic and research use. Antibody
production is now routinely carried out in mammalian cells, for example Chinese Hamster Ovary
(CHO) cells, amenable for large scale production of glycosylated antibodies. This ability to produce
large quantities of broadly homogeneous reagents is essential, as in 2013 nearly 10 tonnes of

mAb products were produced’?.

1.2.2 Antibody Structure

Antibodies are a soluble form of the BCR containing the same variable regions, made up of two
heavy and two light chains, each of which folds into a number of immunoglobulin domains; the
heavy chain contains four or five (depending on the isotype) and the light chain contains two
(Figure 1-2 and Figure 1-3)*. There are five different immunoglobulin isotypes, each with a unique
heavy chain; IgA- a chain, IgD- & chain, IgE- € chain, IgG- y chain, and IgM- u chain (Figure 1-3).
The majority of the antibody specificity is centred within three regions of high sequence
variability, known as complementarity determining regions (CDRs), that form loops that can

interact with the target epitope (red loops in Figure 1-2).

There are two different classes of light chain, kK and A, which pair up with a heavy chain through
formation of a disulphide bond and non-covalent interactions between the immunoglobulin
domains®. Two of these heavy-light chain molecules then come together to form the tetrameric

antibody with a stoichiometry of H2L2.

Antibodies are able to bind both to their target antigen but also to specific antibody receptors and
effector molecules. This is achieved through spatial separation of the antibody binding ‘Fab’
region and the ‘Fc’ region of the antibody. These regions are so-named because cleavage of I1gG
with the protease papain was found to produce two functionally distinct fragments; one of which
is able to bind to antigen (Fragment antigen binding- Fab) and one which was readily amenable to
crystallisation (Fragment crystallisable- Fc) as shown in Figure 1-27°. Use of another protease,
pepsin, results in a different fragment, a so called F(ab’), fragment, that retains the bivalency of
the parent IgG antibody, but does not have the Fc region and thus lacks many of the interactions

that full length 1gG possesses’®.
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Figure 1-2 Antibody Structure (IgG1)

Schematic representation of an IgG antibody. IgG consists of two four domain heavy chains (blue) of
approximately 50kDa each. Three of these domains are of a constant sequence specific to their class,
while the amino terminal domain is of variable sequence. These heavy chains are each disulphide
bonded to a light chain (light blue) of approximately 25kDa which consists of one constant domain and
one variable domain. The variable regions of each chain combine to form the antibody binding regions,
containing the hypervariable CDR loops (red). Antibodies are stabilised by disulphide bonds between the
heavy chains located in the flexible hinge region (found between CH1 and CH2 as an unstructured linker)
and by extensive non-covalent interactions between paired domains VH-VL, CH1-CL and CH3-CH3. In
addition to amino acids, mature IgG also display sugar residues attached to asparagine 297 in their CH2
domain. CH2 domain pictured in white to show Fc glycans (blue square- N-acetylglucosamine, green
circle- mannose).

1.2.3 Antibody Isotype

Antibodies fall into 5 distinct isotypes, or classes, distinguished by the identity of the heavy chain
constant region: IgA (a heavy chain), IgD (6 heavy chain), IgE (€ heavy chain), IgG (y heavy chain),
and IgM (i heavy chain), as shown in Figure 1-3%. The structure of these different heavy chains
varies slightly, in particular with regard to the size and structure of the hinge region connecting
the Fab to the Fc. In IgA, IgD, and IgG this hinge region takes the form of a flexible linker chain
that contains disulphide bonds between H and L chains that differ in number between different

isotypes and subclasses, whereas in IgE and IgM, there exists a fifth immunoglobulin domain
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within this region that limits the flexibility of the hinge region (Figure 1-3)”’. There are also
differences in the hinge region of the antibodies IgA, IgD and IgG, for example IgG has a shorter

hinge region than IgA and IgD (Figure 1-3).

Although some antibodies function as monomers, such as IgG, IgD and IgE, others are active in
higher order complexes, such as secretory dimeric IgA and pentameric IgM (Figure 1-3)”’. These
polymeric structures contain an additional component, known as a joining or ‘)’ chain, that
attaches to two of the Fc regions within the structure, and can also carry a secretory component

(SC) if they have been transported by the polymeric immunoglobulin receptor (plgR)’.
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Figure 1-3 Immunoglobulin Isotypes and Subclasses

Humans possess five different isotypes of immunoglobulin, IgA, 1gD, IgE, IgG, and IgM, which take a
range of forms and are specialised for specific functions. Heavy and light chains are shown in dark and
light blue respectively. Disulphide bridges are indicated by black lines.
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1.2.4 Immunoglobulin M

IgM is active as a polymer and is commonly found as a pentamer in serum, although hexamers are
also found”. The 5/6 IgM molecules disulphide bond to one another in their CH4 domain, while 2
of the 5 CH4 domain tails present in the IgM pentamer are also disulphide bonded to a J chain,

which enables their transport across mucosal layers’.

The different antibody classes are thought to have been selected for specific roles within the
immune response. IgM for example is the first antibody class produced during an immune
response and despite having a typically lower binding affinity is highly efficient at activating the
complement cascade to elicit destruction and/or opsonisation of the target’®. This is thought to
be achieved through the hexameric structure of IgM enabling a high avidity interaction with the
hexameric head groups of C1q, the initiator of the classical complement cascade®. In addition to
the secreted polymeric form of IgM, monomeric surface IgM (slgM ) is also important as it
functions as the first B cell receptor expressed on immature B cells to detect antigen (Section
1.1.2.2). This form of slgM contains a short additional tailpiece necessary for integration into the

membrane (provided by a transmembrane sequence) and a short KVK intracellular motif®.

1.2.5 Immunoglobulin A

Although IgA is present in the serum at lower levels than IgG, IgA is the most abundantly
produced antibody isotype®. This is because IgA is highly prevalent at mucosal surfaces and in
bodily secretions, where it acts to defend mucosal surfaces through binding to pathogens and
toxins preventing their access to the body®. IgA at these mucosal surfaces is dimeric, with a J
chain attached via a single disulphide bond to one of the heavy chains of each IgA Fc, as shown in

Figure 1-3%4,

The J chain is necessary for transport across mucosal surfaces, where the complex interacts with
plgR, during which the extracellular domain of the plgR is cleaved off and remains attached to IgA
as the secretory component, forming secretory IgA (slgA)®. In contrast to dimeric IgA, serum IgA
is monomeric and does not interact with the J chain or contain the amino terminal tail piece

necessary for J chain binding. Serum IgA is able to bind to several surface receptors and elicit
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immune effector mechanisms such as antibody dependent cell mediated cytotoxicity and

phagocytosis, but does not activate the classical complement cascade®®8789,

There are 2 subclasses of IgA, IgA1 and IgA2. IgA1 has an extended hinge region resulting from an
insertion of a 16 amino acid stretch, and this hinge contains a number of O-linked glycosylation
sites®%9, Despite partial protection from proteases given by the glycans, IgA1 is more susceptible

to degradation than IgA2, which is far more common at mucosal surfaces than IgA1%2.

1.2.6 Immunoglobulin E

IgE is present at the lowest levels of all antibody classes, but despite this is highly active®2. This
high activity is due to the high affinity IgE receptor (FceRl), present on eosinophils, basophils, mast
cells and Langerhans cells®2. This high affinity means that these cells can be coated in IgE even in
the absence of antigen, resulting in rapid degranulation when antigen is encountered 3. IgE is
thought to be primarily involved in response to parasitic infections (e.g. helminths) and allergic
responses to innocuous antigens such as pollen and house dust mite faeces, through release of

soluble factors such as histamine, and leukotrienes®.

1.2.7 Immunoglobulin D

IgD is present in the serum at low levels but is not strongly associated with any particular function
and so its effects remain obscure. It is able to bind to certain microbes, such as Moraxella
catarrhalis via a specific IgD binding protein (MID)?. IgD is also important as a membrane bound
molecule on the B cell surface, where it acts as an antigen receptor in addition to, or instead of,

surface IgMB. Unlike the other Ig isotypes, there are no recognised IgD receptors.

1.2.8 Immunoglobulin G

IgG is the most prevalent form of antibody in the serum, and is typically the predominant form of
antibody produced in an immune response after the initial IgM®. IgG antibodies are generally high

affinity and efficient at recruiting and engaging immune effector cells, as well as activating
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complement and directly causing effects through their antigen binding’®. As a result of their
importance and effectiveness in combating a range of pathogens in vivo, almost all current

therapeutic antibodies in the clinic are of the IgG isotype®®.

IgG antibodies can be further subdivided into 4 subclasses, IgG1 — 4, based on their prevalence in
serum (with 1gG1 being the most common and IgG4 the least)®’. IgG subclasses are highly
homologous (over 90%) but primarily differ within the hinge region and upper CH2 domain (Figure
1-3), and in their affinities for the various FcyRs (discussed in Section 1.3) and C1q’*%. IgG
subclasses also differ in their ability to elicit different effector functions, with IgG1 and 1gG3 being
the most pro-inflammatory, strongly inducing complement and FcyR mediated responses’#%,
IgG2 antibodies are commonly directed against carbohydrate antigens but are less able to engage
complement and FcyRs, as are IgG4 which are often generated in response to repeated or chronic

antigens0%101,

1gG2 and IgG4 have slightly shorter hinge regions than IgG1, which reduces their flexibility
slightly®2. The 1gG2 hinge region contains more disulphide bonds (4) than IgG1 and IgG4 (2 each),
which further reduces its flexibility’*. The pattern of these disulphide bonds can shift, allowing
IgG2 to exist in two different forms, termed A and B, depending on the orientation of these
disulphide bonds!®. The A and B forms of IgG2 have been reported to be functionally distinct in
certain circumstances, for example in their ability to act as superagonists to, among other

receptors, the costimulatory molecule CD40%4,

Due to 1gG4 specific residues in the hinge region, disulphide bonds within the IgG4 hinge region
are able to form intramolecularly, resulting in heterodimeric HL structures (compared to the
normal H2L2)'%1%_ These HL structures can randomly combine with others of a different
specificity, resulting in the formation of H2L2 IgG4 antibodies that are monovalent and bispecific

107

in nature®’. Mutation of the serine residue at position 229 to a proline residue (as is found at the

analogous position in IgG1) prevented this Fab arm exchange!®.

In contrast, IgG3 has the largest hinge domain, which gives it greater flexibility than the other
subclasses, but may also make it more susceptible to degradation by proteases, partly explaining
its greatly reduced half-life (~7 days vs ~21 days) compared to the other IgG subclasses'®. As 1gG3
is the most pro-inflammatory IgG subclass, this short half-life may help to limit excess

inflammation.
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This long serum half-life of IgG is mediated by binding to the FcRn receptor, as described below
(Section1.3.1), which is able to rescue IgG taken up into a cell from degradation and return it to

the serum?%.

1.2.9 Antibodies as Glycoproteins

All antibodies are glycoproteins and as such carry covalently linked glycans which can make up a
large proportion of the molecular mass of some antibodies, such as IgE and IgD°. The location
and number of the glycans differ between isotypes and subclasses, and can be either N-linked or
O-linked, present in different degrees of processing (such as complex or oligomannose)!'°. These
glycans are only present on the heavy chains of the antibodies, but during somatic hypermutation
it is possible that further glycosylation sites can be introduced randomly on either chain - for
example, approximately 15% of IgG contain N-glycans in their Fab regions despite the lack of a
germ line encoded glycosylation sites'?. The germ line encoded glycans of the human

immunoglobulins are shown in Figure 1-3.

1.3 Fc gamma Receptors (FcyR)

1.3.1 FcyR Biology

Human IgG antibodies bind antigen through their Fab regions, but many of their effects arise from
the IgG Fc region binding to specific FcyRs (Figure 1-4). Humans express 6 FcyRs: FcyR |, lla, llb, llc,
llla and llIb*2, These receptors also have designated cluster of differentiation names; CD64,
CD32a-c, and CD16a-b, respectively. These FcyRs can be grouped into those that transduce an
activatory signal after IgG binding, and those that transduce an inhibitory signal*'?. FcyRIIb is the
only inhibitory FcyR, with the remainder all transducing activatory signals with the possible
exception of FcyRIlIb3, FeyRIlIb is unlike the other FcyRs in that it is linked to a
glycophosphatidylinositol (GPI) anchor in the cell membrane rather than having a transmembrane
region and an intracellular domain, and as such is typically referred to as a neutral receptor!!“.
There are also structural differences within the FcyRs, with FcyRI being the only receptor that has

three extracellular domains, the rest all having two (Figure 1-4)°,
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The activatory FcyRs transduce their intracellular signals via immunoreceptor tyrosine-based
activation motifs. In the case of FcyRlla and FcyRllc, these ITAMs are present within the
intracellular domain of the FcyR!e. However, FcyRI and FeyRIIl lack this intracellular ITAM in their
cytoplasmic tail and instead rely on association with the ITAM containing common y chain (FcRy)
for signalling®'”1*8, This FcRy chain is also required for stable production and surface expression of
these FcyRs. The inhibitory FcyRllb contains within its intracellular domain an immunoreceptor
tyrosine-based inhibitory motif (ITIM) that is able to initiate inhibitory signalling downstream of

IgG binding!?®.

Although humans can express 6 FcyRs, these are not all expressed in all people. FcyRlic is only
expressed in a subset of people due to a specific polymorphism in the third exon of the gene
encoding a stop codon which prevents transcription, with only approximately 18% of the
European population expressing the gene!®2°, Only alleles without this polymorphism are
expressed. Furthermore, while FcyRI (the product of the gene FCGR1A) is expressed in humans

the closely related genes FCGR1B and FCGR1C are not'?%,

Another molecule that is capable of binding to 1gG Fc is the neonatal Fc receptor (FcRn). This
receptor was first discovered in neonatal rats, but it is now known to be expressed in many cell
types in adult organisms and in other species, including humans!??. It was discovered due to its
role in transporting maternal IgG across the small intestine epithelium in neonatal rats, but is now
known to transport antibodies from mother to foetus in humans to impart a degree of passive
protection to the foetus!?*'*, Unlike the FcyRs, FcRn is structurally related to MHC-I proteins,
consisting of a 45kDa a chain formed of three domains that associates with the 12kDa [3,-
microglobulin for correct protein folding and IgG binding (Figure 1-4)'2>126_ FcRn binds to a distinct
region at the CH2-CH3 interface of the Fc as compared to the classical FcyRs mentioned
previously'?’. Furthermore, its ability to bind to IgG Fc in a pH dependent manner allows it to
facilitate the recycling of endocytosed IgG back into the blood, protecting the IgG from
proteasomal degradation?. FcRn only binds to IgG below pH 6.5, when histidine residues in the
IgG Fc become protonated, for example in acidified endosomes, and releases the bound IgG
extracellularly at a more neutral pH, returning it into the serum?. This is the mechanism
responsible for the long serum half-life of IgG (~21 days), and an equivalent mechanisms is
present in mice as inactivation of mouse FcRn decreases the half-life of mouse IgG by up to

80%130_132.
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Figure 1-4 Fc Gamma Receptors (FcyR)

Human IgG bind to FcyRs through their Fc region. Humans express several FcyRs with varying structures,
expression patterns and IgG affinities. All of the FcyRs consist of two or three (in the case of FcyRI)
extracellular immunoglobulin domains, a transmembrane region (or a lipid anchor in the case of
FcyRIlIb) and an intracellular domain. FcyRIl also possesses an intracellular signalling domain, containing
either an immunoreceptor tyrosine-based activation motif (ITAM) or, in the case of the inhibitory
receptor FcyRllb, an immunoreceptor tyrosine-based inhibitory motif (ITIM). FcyRI and FcyRllla do not
have intracellular signalling domains and instead signal through the common FcRy chain, which itself
contains ITAMs. FcyRlic is a rarely expressed Fc receptor that consists of the extracellular Fc binding
domain of FcyRllb (cyan) combined with the intracellular signalling domain of FcyRlla (dark blue). FcRn is
a non-classical FcR that is capable of binding to IgG as well as to other antibody subclasses via a unique,
non-overlapping region of the antibody Fc.

1.3.2 FcyR Distribution

The different FcyRs expressed in humans described above exhibit specific patterns of cell
expression, with some being highly cell-specific and others being quite widely distributed (Table
1-1). Some cells only express a single type of FcyR, for example B cells express only FcyRIlb and NK
cells only express FcyRllla (and FeyRllc in people with the appropriate genotype)'*3. However,
many myeloid cells express multiple FcyRs, some of which can be upregulated during an immune
response (Table 1-1)13%, T cells are not thought to express any FcyRs, although some evidence for
surface expression has been found in mouse T cells'*®. FcyRlllb, the only GPI linked receptor, is
found on neutrophils and has also been reported to be present on basophils3®. FcyRs can also be
expressed by non-haematopoietic cells, for example liver sinusoidal epithelial cells express

FcyRIIb™7,
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On many cell types, for example macrophages, both activatory and inhibitory FcyRs are expressed
(Table 1-1). Furthermore, different IgG subclasses have differing affinities for FcyRs. This is well
exemplified by the mouse IgG1 and IgG2a subclasses. Mouse IgG1 has a higher affinity for mFcyRlI
(the mouse inhibitory FcyR) than for the activating mFcyRs, whereas the opposite is true for
mouse 1gG2a'*®. As a result, a much greater activatory response is induced to the same antigen
using a mouse lgG2a compared to a mouse IgG1 antibody®. This can be quantified by calculating
the ratio between the affinity of an antibody subclass for activatory and inhibitory receptors, and
is referred to as an activatory:inhibitory ratio (A:l ratio)**. This ratio can also be used to take into
account the relative expression pattern of the different FcyRs - for example polarising human
macrophages to increase the level of FcyRIlb expression would decrease the A:l ratio compared to
a non-polarised cell*®. Antibodies with a higher A:l ratio are predicted to be more active at
inducing an FcyR dependent response than those with a low A:l ratio, and this has been found to
be the case in vivo, for example in deleting target cells'4%-1%3,
Cell Type Expression Pattern

FcyRl | FeyRlla FcyRIlb FcyRllc  FeyRllla | FoyRillb

B cell - - + - - -

T cell - - - - - -

..... Hﬁ'ﬁﬁéﬁém " " . . .
[ Macrophage + + + - + -
" Neutrophil |+ + - - - +
DC - + + = = =

......... NKcell . . . ) .\

Table 1-1 Expression Pattern of FcyR on Human Immune Cells

FcyR expression patterns on a number of leukocytes is shown. FcyR expression varies between different
cells, with some cells expressing multiple FcyRs (such as macrophages), others expressing just a single
FcyR (for example B cells which only express FcyRIlb) and some cells express no detectable FcyRs (such
as T cells, which under most circumstances express no FcyRs). (+) indicates FcyRlIc is only expressed in a
subset of humans with the appropriate polymorphism, * and has also been reported on B cells!** (table
modified from?33).

1.3.3 FcyR Affinities

As well as differing in structure, signalling mechanism and cell distribution, one of the key

differences between the FcyR family members is their affinity for IgG Fc. The FcyRs can broadly be
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grouped depending on their affinity for IgG, with the only high affinity member being FcyRl,
although FcyRllla can also bind to monomeric IgG3 (Table 1-2)%. As FcyRl is the highest affinity
receptor, and also the only receptor with three immunoglobulin domains (Figure 1-4), it is
possible that the extra domain may contribute to the high affinity binding in some way, although
crystallography evidence argues against a direct interaction with this third domain®®. Other
studies have suggested that a specific leucine residue from FcyRI may insert into a hydrophobic

pocket on the surface of IgG, explaining the increased affinity4>1,

Bruhns et al. examined the binding of monomeric and aggregated IgGs with all the FcyRs, and
reported Ka values®®. The high affinity FcyRI had a Ka of approximately 30-60nM for IgG1, 1gG3 and
IgG4, with 1gG2 having a much reduced affinity. The next highest affinity receptor, FcyRllla, has
affinities in the order of 100nM- 10uM, with 1gG3 being the most strongly bound subclass. FcyRlla
binds all four IgG subclasses, with the highest affinity for IgG1, while FcyRIIb is the lowest affinity
receptor for IgG, with affinities lower than that for FcyRlla. FcyRIllb is of slightly lower affinity than
FcyRllIa%.
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Receptor IgG
~ Monomeric Aggregated
IgG1 IgG2 IgG3 | I1gG4 IgG1 1gG2 IgG3 IgG4
FcyRI + - ++ ++ +++ - +++ +++
FcyRIla w131 - - - - +++ ++ +++ ++
FcyRIla 131 - - - - +++ + +++ ++
FcyRlIlb - - - - + - ++ +
FcyRllic = = = = + - ++ +
FcyRIlla viss - - ++ - +++ + +++ ++
FcyRIlla r1s8 = = + - ++ - +++ -
FcyRlIllb - - - - +++ - +++ -

Table 1-2 FcyR Affinities for IgG Subclasses

The affinities of the FcyRs for monomeric and complexed IgG. Monomeric IgG is only bound strongly by
FcyRI, and to an extent by FcyRllla, with the V158 polymorphism binding better than the F158
polymorphism (see below). IgG that has been multimerised with F(ab’); anti-human Fab exhibits a much
broader binding pattern with binding to almost all FcyRs seen. Nonetheless subclass differences remain
with 1gG2 showing the lowest binding and 1gG3 the highest binder to most FcyRs. Table modified from®.

134 FcyR Polymorphisms

There are a number of polymorphisms in the human FcyR genes, some of which have been found
to have functional impacts upon IgG binding and FcyR mediated functions (Table 1-2). FcyRlla has
a polymorphism at position 131, which contains either a histidine or an arginine (H131 or
R131). This polymorphism has an effect on the affinity of FcyRlla for 1IgG2, with the H131

polymorphism having an approximately four fold greater affinity4&8,

FcyRllla also has a polymorphism that effects the IgG binding properties of the receptor, with
position 158 of the receptor containing either a valine or a phenylalanine (V158 or F158)°. The
V158 polymorphism has increased affinity for IgG1 and IgG3 over the F158 form®. FcyRllla
expressing NK cells are thought to be one of the mediators of antibody mediated killing, through
antibody dependent cell mediated cytotoxicity (ADCC- see Section 1.4.3), and as such it has been

reported that tumour bearing patients who have V158 alleles of FcyRllla exhibit a greater
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response to antibody therapy*®

. Associations with H131 and improved response to antibody
therapy have also been reported, but are less well understood as both V158 and H131 have been
associated with increased progression free survival in follicular lymphoma treated with rituximab
or an anti-idiotype antibody®*!52, Although many studies have suggested a link between FcyR
polymorphisms and better response to antibody therapy, contradictory findings have also been

reported®®3, Certainly, patients with the low affinity alleles can still benefit from antibody therapy.

A single nucleotide polymorphism found in FcyRIlb causes an 1232T mutation in the
transmembrane region®®*. This mutation reduces the ability of FcyRIIb to translocate into lipid
rafts after binding to IgG and can therefore reduce the signalling induced by the ligation of this

receptor®®,

FcyRIllb is also polymorphic, with at least three different alleles being expressed in humans. These
alleles, designated FCGR3B*01, 02 and 03, are quite similar with respect to their IgG binding
properties, although may have some effect on FcyRIllb mediated functions such as neutrophil

phagocytosis of pathogens®°®.

FcyRs can also be further regulated by the presence of copy number variation of particular
receptors, which can result in increases and decreases in the number of genes for various
receptors. This can have important functional implications, for example comparison of NK cells
from donors with a deletion in the gene for FcyRllla with those from donors with 2-3 copies of the
same gene revealed decreased protein expression and ADCC activity in the former donors*®’. Copy
number variations have also been found to be associated with increased risk of autoimmune
disorders, including systemic lupus erythematosus (SLE) in multiple different human

populations!?%:1%8,

1.4 Antibody Effector Functions

mAbs were first used as therapeutic agents in 1986, with an anti-CD3 (OKT3) antibody being
approved to treat kidney transplant rejection, although issues with toxicity and anti-drug
responses were apparent?®*1®1, |n the years that followed, many more antibodies with superior
properties have been assessed with an increasing number approved for a broad range of

indications from autoimmunity to oncology and macular degeneration, with several of these
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molecules achieving substantial economic and therapeutic success, becoming listed on the World
Health Organisation (WHO) list of essential medicines®®7%%2, While a great deal of research has
gone into delineating the effector functions of these therapeutic mAbs, in many cases the exact
contributions of different mechanisms are not fully understood, and many patients undergo

163, More recently, a new trend in mAb therapy has

relapse or become resistant to therapy
emerged with the development of so-called immunomodulatory antibodies that earned to 2018
Nobel Prize in Physiology or Medicine for James Allison and Tasuku Honjo®*. These antibodies,
rather than depleting target cells, act to alter the immune system in order to elicit their effect!®.
The first of these agents to be approved is the cytotoxic T lymphocyte associated protein-4 (CTLA-
4), ipilimumab, for the treatment of metastatic melanoma?®®%’, This new class of antibody has
shown that it can be highly effective when combined with existing chemotherapy treatments,
achieving cures in previously hard to treat diseases, but there are still many patients that do not
respond?®®. Further study of the mechanisms of action of these antibodies is thus of vital

importance to fully optimise their evident therapeutic potential.

14.1 Direct Effects of Antibody Binding

When IgG antibodies bind to their cognate antigens on the surface of target cells, they can have
numerous effects. Some of these effects depend on interaction with other molecules in the serum
or with effector cells expressing specific FcyRs, but others are caused simply by the antibody
binding to its target (Figure 1-5). In the case of binding to bacteria or viral pathogens, the binding
of antibody is often able to prevent actions of the pathogen that are necessary for infection, such
as cell attachment or invasion. Antibodies can also increase pathogen uptake by immune cells by

forming immune complexes, binding multiple pathogens®.

Antibodies being used to treat human disease often target cell surface receptors (e.g CD20,
CD52)”°. When binding to cell surface receptors, antibodies generally have one of two effects,
being either agonistic or antagonistic. An antagonistic antibody is an antibody that prevents
signalling through a particular receptor, by binding to it but not inducing signalling in the way that
the natural ligand (which is blocked from binding the receptor) does. Therapeutic IgG antibodies
targeted against growth factor receptors often function through this mechanism, for example the
anti-human epidermal growth factor receptor (HER) 2 antibody trastuzumab (Herceptin) which

has been used effectively to treat HER2+ breast cancer, and the anti-epidermal growth factor
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receptor (EGFR) antibody cetuximab (Erbitux) which is used in the treatment of colorectal cancer
among others engage this mechanism?!%17°, Agonistic antibodies work in the opposite way to
antagonists in that they bind to the surface receptor and induce signalling, typically in the absence
of ligand binding. This can transduce a strong signal to the target cells which can be utilised for
therapeutic effect. One class of agonistic antibodies are directed to specific death receptors on
the cell surface, and give a strong apoptotic signal to the cell (Figure 1-5)*". These death
receptors include tumour necrosis factor (TNF)-related apoptosis-inducing ligand receptors

(TRAILR), which has been targeted by the antibodies mapatumumab and lexatumumab?’2,

An emerging use of agonistic and antagonistic antibodies is to try and boost immune cell function,
through agonism of stimulatory receptors and antagonism of inhibitory receptors. These agents
are referred to as immunomodulatory antibodies. These receptors, also known as immune
checkpoints, include inhibitory molecules such as CTLA-4 and programmed cell death protein 1
(PD-1), as well as stimulatory receptors including CD27, CD40, and CD134 (0X40)*”3. Antibodies
targeting these molecules have achieved success in the clinic in treating several tumours and the
antibodies ipilimumab (Yervoy- anti-CTLA-4) and pembrolizumab (Keytruda- anti-PD-1) have

achieved FDA approval for use in melanoma treatment?67:174,

All of these activities depend on exquisite target specificity — binding a single particular
receptor/antigen. Other antibody functions require specific elements of the immune system, such

as complement (discussed next).
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Figure 1-5 IgG Effector Functions

IgG antibodies can elicit a range of effector functions. Top left- complement dependent cytotoxicity is
initiated by binding of 1gG to the target cell. Top right- antibody binding to cell surface molecules can
have direct effects, such as inducing death signals or blocking ligand binding. Bottom right- antibody
dependent cellular phagocytosis is initiated by IgG binding to target cells and engaging FcyRs on
phagocytes, such as macrophages. Bottom left- antibody dependent cellular cytotoxicity is initiated by
IgG binding to target cells and engaging FcyRs on cytotoxic cells, such as NKs as shown.
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1.4.2 Complement Dependent Cytotoxicity

One mechanism by which antibodies can cause target cell destruction and generate inflammatory
signals is through activation of the complement cascade (Figure 1-5) - a series of serum proteins
and zymogens which require cleavage for activation and then act in a feed-forward mechanism to
amplify their own activation®. IgG and IgM antibodies predominantly activate the classical arm of
the complement cascade, which can result in cell lysis, augmented phagocytosis and release of

anaphylatoxins (Figure 1-6).

The first protein complex involved in the classical arm of the complement pathway is the C1
complex. This complex is responsible for recognising opsonised targets labelled by antibodies,
through the C1q subunit of the C1 complex, and triggers activation of the rest of the cascade’.
Clq is made up of 6 copies of three different polypeptide chains, Clqa, Clqb and Clqc, encoded
on chromosome 1, forming an 18 polypeptide molecule with a total mass of approximately
460kDa'’®. C1q is primarily produced by macrophages, but can also be made by immature

dendritic cells as well as mast cells'”’.

Each subunit contains both a collagen like helical region and a globular region, at the carboxyl
terminus®’®. The globular head groups of the C1q subunits form into a heterotrimeric domain, and
it is these heterotrimers that binds to antibodies and other ligands, while the collagen like regions
coil into a helix to bind the domains together”. This structure is further strengthened by a
disulphide bond between a Clga and a C1gb subunit, and these heterotrimers are then bound
into dimers through an additional disulphide bond between adjacent C1qc subunits'®. Three of
these dimers made up of C1q heterotrimers assemble into a complete C1q structure containing 6
heterotrimers, often described as an ‘Eiffel Tower’ or ‘Bunch of Flowers’ structure (depending on
the orientation) because of the helically coiled tail at one end and the spread head groups at the
other end®®!. While the globular head groups are responsible for the broad ligand binding
properties of C1q (not only limited to antibodies, but including some bacterial and viral surfaces,
as well as apoptotic cells, amyloid and prion proteins), the serine proteases C1r and C1s associate

with the helical region of the complex8+18¢,

Clg has many important functions in the immune system beyond acting as the initiator protein
for the classical arm of the complement cascade. It also acts to help label apoptotic cells for
phagocytosis in the absence of antibody opsonisation, through binding to various surface ligands

such as phosphatidyl serine and DNA and being recognised by surface receptors, such as the
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globular C1q receptor (gC1gR) and calreticulin, expressed on macrophages®®’-1°1, This helps their
clearance by macrophages to avoid the release of intracellular cytotoxic substances and limits

inflammation®?2.

Clqis also known to be important in autoimmunity. Individuals with genetically reduced C1q have
a 90% chance of developing the autoimmune condition SLE, and C1q knockout mice develop a
similar condition spontaneously, while SLE patients can also develop antibodies against their own
C1qg'®3. It is thought that this loss of C1q, whether genetic or antibody mediated, reduces the
ability of C1q to help clear apoptotic cells in a non-inflammatory way, and could prevent it from

carrying out other tolerogenic mechanisms!91%,

Clq binds to antibodies, namely IgG and IgM, through their upper Fc regions, (CH2 for IgG, CH3
for IgM), with several residues known to be important for this interaction on human IgG1. It was
shown with the anti-CD20 IgG1 antibody rituximab that the residues D270, K322, P329, and P331,
when mutated to alanine, significantly reduced the binding to C1q, whereas the mutation of
residues E318 and K320 (which are important for mouse 1gG2b interaction with C1q) had no effect

on the human antibody?%.

The corresponding binding site on the globular C1g head group has also been analysed, with
several residues thought to be important, across all three subunits. The IgG- Clq interaction is
known to be ionic in nature, and modification of charged residues on the globular head group was
found to block C1q binding!®”*%8, Recombinant production of the individual C1q globular subunits
was achieved and allowed for the investigation of the influence of mutations on individual
residues!®®. Such mutations of individual arginine and histidine residues on all three subunits were
found to have an effect on Clq binding, although individual subunits were also found to have

different ligand preferences®%.

The crystal structure of the C1q head group confirms the modular structure of the heterotrimers,
and further supports the idea that residues from different subunits can co-ordinate binding to the
same ligand, owing to the tightly packaged nature of the head group®. These results, coupled to
atomic resolution modelling, all suggest that these charged residues on the C1q head group are
important for the binding to IgG, and that multiple subunits can be involved in binding a single
ligand, as is thought to be the case for IgG, although C1gb may be the most important and contact
IgG the most?®2, Furthermore, the presence of a calcium ion at the apex of the C1q head group

was reported to be required for binding to various ligands including IgG and IgM, as its removal by
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EDTA decreased the ligand recognition of the head group?®. The binding sites for IgM are less well
defined, but are thought to overlap at least partially with that of IgG, based on studies using anti-

Clq antibody fragments and mutated C1g***®.

This interaction of C1q and IgG Fc is very low affinity, in the millimolar range, so as to avoid
binding of antibody to C1q in solution and inappropriate activation of the complement cascade
which could cause damaging immune activation®2%®2%7 |nstead, the interaction of C1q with
antibody is driven through avidity, and takes place at the surface of cells or bacteria that are
opsonised with antibody. In this context, a high concentration of antibody Fc regions are present,
allowing for multiple interactions to occur with the 6 heterotrimeric head groups of Clq, allowing

for efficient recruitment of the C1q molecule to the opsonised target surface®.

IgM is known to recruit C1g more efficiently than IgG, most likely due it its conformation as an
oligomer, containing 5 or 6 pre-arranged Fc regions®. In order to avoid a high avidity interaction
with Clq in solution, IgM requires a conformational change that only occurs upon target binding
to allow for binding to C1g2%. Interestingly, IgG has recently been reported to form an Fc hexamer

at the target cell surface to enable efficient interaction with the hexameric C1q%.
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Figure 1-6 Classical Complement Cascade Activation by IgG

The classical complement cascade is initiated by binding of IgG (as shown) or IgM on a target cell
surface, enabling recruitment of C1q. C1q bound proteases are then activated resulting in a sequential
cascade of enzymatic steps resulting in formation of a membrane attack complex (C9 pore- red) that
disrupts plasma membrane integrity. In addition, soluble fragments of several complement proteins are
produced that can act as anaphylatoxins to recruit and activate immune cells such as macrophages?®.
Products of the cascade deposited on the cell surface can also act as opsonins resulting in phagocytosis
of the target cell?'°,
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Clq is associated with 2 copies each of the serine proteases C1r and Cls, and binding of Clq to
surface bound Fc results in a conformational change in C1q that enables autocatalytic cleavage of
C1r to become active, followed by C1r cleaving and thereby activating C1s?'%. C1s is then able to
cleave other, soluble components of the complement system. C4 (yellow- Figure 1-6) is the first
molecule to be cleaved (into C4a and C4b), and the resulting C4b fragment contains a reactive
thioester bond which facilitates its deposition onto the cell surface in the immediate vicinity of
C1g%*2. Surface bound C4b is able to bind the next protein in the cascade, C2 (blue- Figure 1-6),
which is also cleaved by C1s (into C2a and C2b)?!3. C2a, the larger fragment, is an active serine

protease and forms a complex with surface bound C4b, generating the C3 convertase C4b23a%3.

The C3 convertase is able to bind to C3 (purple- Figure 1-6), another soluble complement protein,
and cleave it into C3a and C3b, the latter of which anchors to the cell surface via a thioester
bond?!. The C3 convertase can cleave large numbers of C3 molecules, resulting in amplification of
the cascade and generation of large numbers (up to 1000) of C3b molecules on the cell surface®.
Soluble C3a is able to act as an anaphylatoxin, recruiting and activating immune effector cells and
increasing the level of inflammation through binding to surface receptors on those cells?®. As well
as its role in formation of the C3 convertase, C3b can also act as an opsonin by binding to
complement receptors on phagocytic cells such as macrophages and DCs, triggering phagocytosis

of the opsonised particle?!®16,

C3b is able to bind to the C3 convertase and in doing so forms the C5 convertase C4b2a3b?Y’. C3b
binds the next soluble complement protein, C5 (dark green- Figure 1-6), allowing C2a to cleave C5
into C5a and C5b?!8. C5a is a highly active anaphylatoxin, whereas C5b triggers the late stages of
the complement cascade?. C5b then binds to C6 (grey- Figure 1-6) followed by binding to C7
(dark red- Figure 1-6) and induces a structural change in C7 that allows it to insert into the cell
membrane??, C8 (light green- Figure 1-6) binds to the complex and similarly undergoes a
structural change to reveal a hydrophobic region that inserts into the membrane. Finally, C8 is
able to bind to the last protein in the complement cascade, C9 (red- Figure 1-6), and cause it to
polymerise and insert into the cell membrane??. 10-16 molecules of C9 can insert into the
membrane and form an amphipathic pore approximately 100A in diameter which disrupts

membrane integrity and can lead to cell death???,

As well as activation through antibody Fc binding, the complement cascade can also be activated
by two other mechanisms, known as the lectin binding pathway and the alternative pathway

(Figure 1-7). The lectin binding pathway is largely analogous to the classical Fc mediated pathway,
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but instead of being initiated by C1q binding to antibody Fc it is initiated by various different
activating molecules, including collectins and ficolins, that all bind to Fc and a glycan based
target??3, The best characterised of these is mannan-binding lectin (MBL), which binds to specific

224

sugar residues found primarily on pathogens and recruits antibodies***. MBL is similar to C1q in

that it has a collagen like structure with six head groups, each of which is capable of binding to a

site on the target surface??®

. MBL complexes with MBL associated serine proteases (MASP), which
are related to and functional equivalents of C1r and C1s%?® 227, These MASPs then cleave the same
complement proteins in the same order, generating the same C3 convertase (C4b2a) resulting in

the same downstream effects (Figure 1-7)%%,

The final complement activation pathway, the alternative pathway, is initiated in a different
manner. It relies on spontaneous cleavage of the thioester bond of serum C3 by water molecules
forming C3(H,0), which then binds to another complement protein Factor B (grey- Figure 1-7)?%.
This complex is then cleaved by Factor D (blue- Figure 1-7) to generate the fluid phase C3
convertase C3(H,0)Bb?%°. This complex can then cleave serum C3 and generate C3b which can
anchor to nearby surfaces (within 60um) before hydrolysis by water molecules®¥232, C3b that
deposits on a cell surface can then bind Factor B again, before cleavage by Factor D to generate
the surface bound C3 convertase C3bBb®. This complex can than cleave large amounts of C3 in the
same manner as the other 2 pathways. C3b binding to the C3bBb complex generates the C5
convertase of the alternative pathway, C3b,Bb, which is able to bind C5 through C3b as for the
classical pathway?33. This complex cleaves C5 which is able to trigger formation of the membrane

attack complex (MAC) as for the classical pathway.

The alternative pathway C3 convertase is also formed at the site of initiation of both the classical
and lectin pathways, as C3b binds to the cell surface and can bind Factor B. In this way, the
alternative pathway acts as an amplification loop, greatly increasing the amount of C3b that is

generated (Figure 1-7)%4,

Page 31



Chapter 1

Lectin Alternative

pathway ﬁ pathway ﬁ

Surface bound cleavage products

Complement ﬁ

proteins

C4b C3 convertase

% MBL | Membrane anchor
O O MASP a o Soluble cleavage products

A Carbohydrate
e Factor B/D i
C5 convertase C3 convertase

Figure 1-7 Lectin and Alternative Complement Pathways

C3 (H,0)

The lectin pathway of complement activation is highly analogous to the classical pathway, albeit with a
different initiator. Proteins such as MBL recognise markers of foreign cells or pathogens and associated
MASPs cleave C4 and C2 as in the classical pathway, generating the same C3 convertase C4b2a. The
alternative pathway is activated by spontaneous formation of C3(H,0) and the fluid phase C3 convertase
C3(H,0)Bb. The cell bound C3bBb C3 convertase formed as part of the alternative pathway can also be
formed during the classical and lectin pathways and causes amplification of the signal through
generation of large amounts of C3b.
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Healthy host cells need to avoid initiation of the complement cascade, for example by aberrant
deposition of a C3 convertase, or by spontaneous activation of the alternative pathway in close
proximity to their surface. This is achieved by a number of complement regulatory proteins,
termed complement defence proteins®. Some of these are expressed on the cell surface and
others are soluble factors. Complement defence proteins such as CD55 (decay accelerating factor)
and CD59 (protectin) are commonly found on healthy cells to prevent complement mediated
death of the cell®*. CD55 is a glycophosphatidylinositol anchored membrane bound protein that
acts to accelerate the decay of the C3 and C5 convertases of the classical and alternative
pathways by promoting dissociation of Bb from C3bBb and C2a from C4b2a, respectively,
preventing further signalling?>>23¢, CD59 is another GPl anchored membrane protein, and it acts to
prevent MAC formation by blocking plasma membrane insertion and polymerisation of C9,
thereby maintaining cell membrane integrity?*”238, CD55 and CD59 have been reported to be
important predictors of complement sensitivity for B cell malignancies targeted with mAb on both

clinical samples and cell lines, with blocking of these molecules when present restoring CDC*.

143 Antibody Dependent Cellular Cytotoxicity

An alternative mechanism of action of mAbs is antibody dependent cellular cytotoxicity (Figure
1-5)2%, This is direct killing of the opsonised cell by FcyR bearing immune cells, thought primarily
to be NK cells, but can also be carried out by monocytes, macrophages and potentially
neutrophils?*¥243, NK cells express FcyRllla, and in some cases FcyRllc (Section 1.3), which can bind
to the Fc region of target bound antibodies?**. Binding of Fc to activatory FcyRs results in
phosphorylation of the ITAMs in the FcRy chain (or intracellular region of FcyRlIc) by Src family
kinases such as Lck/Yes novel tyrosine kinase (Lyn)?*. This is followed by recruitment to the FcyRs
of Src homology 2 (SH2) domain containing spleen tyrosine kinase (Syk), which binds to the

phosphorylated tyrosine residues and becomes active?*.

Syk is then phosphorylated causing its further activation, and this is followed by a series of Syk-
mediated phosphorylations and subsequent recruitment of adaptor proteins such as LAT and
Grb2%¥. This can trigger further signalling, for example through activation of phospholipase C,
leading to increased calcium mobilisation and protein kinase K activation, which can trigger
effects such as exocytosis of cytotoxic granules?*®, These granules contain a number of cytotoxic

proteins such as perforin, multiple different types of granzymes and granulysin?®. These proteins
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then act upon the target cell, forming pores in the plasma membrane, allowing the caspase like

granzymes to initiate the caspase cleavage cascade, leading to apoptosis of the cell?*.

One branch of evidence supporting NKs as effector cells of mAb therapy is the finding that
patients with the V158 allele of FcyRllla have been reported to respond better to mAb therapy in
several studies™®?42%0_ As NK cells frequently express only FcyRllla, an improvement in response
to mAb linked to the high affinity allele of this receptor suggests that NK cells are important
effectors of mAb therapy. NK cells are also present in the blood which may facilitate their activity
against haematological malignancies, whereas macrophages for example are tissue resident.
Furthermore, degranulation markers, such as CD107a, were found on NK cells from a whole blood
assay of antibody mediated lysis which was reported to correlate with target lysis?*. Depletion of
NK cells from whole blood in this system was found to abrogate target cell lysis further supporting
the key role of these cells in ADCC in the blood. However, as shown in Table 1-1, monocytes and
macrophages also express FcyRllla, therefore conclusions about the role of NK cells based purely
on FcyRllla binding are not entirely accurate. Furthermore, as macrophages are not present in the
blood, their role in some in vitro blood bases effector assays is under represented. It has been
shown in several models that deletion of NK cells in vivo does not prevent mAb mediated target

depletion®%%3,

1.4.4 Antibody Dependent Cellular Phagocytosis

Another effector mechanism of IgG antibodies is antibody dependent cellular phagocytosis
(ADCP- Figure 1-5), carried out largely by macrophages- although neutrophils and monocytes are
also capable of inducing antibody mediated phagocytosis®®*%>. In contrast to NK cells,
macrophages express several FcyRs (I, Ila, Ilb and llla) and are able to phagocytose opsonised
particles that interact with their activatory FcyRs?*®. The ratio of these receptors, in particular the
ratio of activatory receptors to the inhibitory receptor (FcyRIlb) has been shown to be important
for the ability of macrophages to efficiently phagocytose opsonised targets, with different

macrophage phenotypes having been described to have differing A:| ratios™®.

Binding of multiple target molecules by IgG antibodies results in a large number of IgG Fc regions
available for binding to FcyRs. Multiple Fc-FcyR interactions are needed to enable a stable

interaction between the target cell and the macrophage®*’. Binding of these Fc regions is thought
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to cluster the FcyRs on the macrophage surface, as has been found for IgE receptors®®. This
clustering is also associated with phosphorylation of the tyrosine residues within ITAMs present in
the FcyR intracellular domain (FcyRlla) or in the common FcRy chain (FcyRl, ll1a), as described in

Section 1.4.3, leading to actin remodelling and engulfment of the opsonised target®.

Fusion of the membrane extensions around the opsonised target forms a vacuole containing the
target, termed the phagosome?>°. The phagosome then matures through fusion with early and
late endosomes, and eventually lysosomes, to form the phagolysosome?®. The phagolysosome is
a vesicle that becomes acidified (pH ~4.5) due to the action of the vacuolar adenosine
triphosphate (ATP)ase pumping protons into the phagolysosome?®!. The phagolysosome contains
numerous digestive enzymes/hydrolases (such as cathepsins and lysozyme), antimicrobial
peptides (such as defensins and cationic antimicrobial peptides) and has a highly oxidative
environment due to the formation of reactive oxygen and nitrogen species by NOX2 oxidase and
inducible nitrous oxide synthase, respectively?®%263264 |n addition to the engulfment and
destruction of the opsonised target, macrophages also produce proinflammatory cytokines and
can present antigen processed from phagocytosed cells to T cells, helping to initiate an adaptive
immune response®*°. All of these components combine to kill the phagocytosed target cell that
was opsonised with antibody. ADCP of opsonised B cells is thought to be the most important
effector mechanism for target cell depletion using the anti-CD20 mAb rituximab (discussed

below).

1.5 CD20 as a Monoclonal Antibody Target

1.5.1 CD20 Biology

One of the first targets for therapeutic antibodies was the pan B cell marker CD20%%°, CD20 is a
surface protein expressed exclusively on B cells but not haematopoietic stem cells or most/all
plasma cells (Figure 1-1)?%¢, Furthermore, CD20 is also expressed on the surface of malignant B
cells found in both lymphomas and chronic lymphocytic leukaemias?®’. This cell distribution
profile makes CD20 an excellent and highly specific target for various B cell malignancies, allowing
for reconstitution of the B cell population after therapy has been completed?®’. In addition, bone

marrow resident plasma cells are able to survive anti-CD20 mediated depletion and continue to
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produce antigen specific antibodies, maintaining a degree of humoral memory?®8. CD20 contains
four membrane spanning regions with two postulated extracellular loops, one much larger than
the other, where the majority of anti-CD20 antibodies bind (Figure 1-8)%¢°27°, CD20 forms homo-
tetramers on the B cell surface that can associate with the B cell receptor. Although CD20 function
is not fully understood it is thought to be involved in the regulation of calcium flux downstream of

BCR signalling®’*.
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Figure 1-8 2D Schematic of CD20 Structure

Simplified diagram of CD20. Each residue is represented by a single circle. Amino and carboxyl termini
are located within the cell cytoplasm and shown in blue, transmembrane helices are shown in olive and
extracellular loops are shown in yellow. Approximate binding locations of the anti-CD20 antibodies
ofatumumab (which makes contacts with both extracellular loops), rituximab and obinutuzumab are
indicated by arrows. Disulphide bind between residues 167 and 183 is shown as a red line with the
cysteine residues highlighted with a black perimeter.
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1.5.2 Anti-CD20 Antibodies

Due to the specific presence of CD20 on B cells and on many B cell lymphoma and leukaemia cells,
CD20 represents a good target for antibody based therapy?’2. Many antibodies recognising CD20
have been generated, and several have been granted approval for use in the clinic (Table 1-3).
Although not the first anti-CD20 antibody to be used in humans, the most successful antibody
thus far is the chimeric antibody rituximab, generated by cloning mouse variable regions (from
the parent antibody 2B8) onto a human IgG1 backbone?”. Rituximab has been approved for the
treatment of a number of lymphomas, including follicular lymphoma and diffuse large B cell
lymphoma, as well as a front line therapy in conjunction with chemotherapy for chronic

lymphocytic leukaemia (CLL)?"4.

Antibody Trade Format Manufacturer Stage of
Name Development
Rituximab Rituxan Chimeric Genentech Approved 1997
Ofatumumab | Arzerra | Fully Human Genmab Approved
2009
Obinutuzumab | Gazyva | Humanised Roche Approved 2013
Tositumomab Bexxar Mouse GlaxoSmithKline Approved
2003%
Ocrelizumab Ocrevus | Humanised Genentech Approved 2017
Veltuzumab - Humanised | Immunomedics | Phase II Trials

Table 1-3 Anti-CD20 Antibodies

Many therapeutic antibodies have been developed that target CD20. A selection of these are listed with
their trade names (where available), format, manufacturer and current stage of development. *
Tositumomab was approved for use in follicular non-Hodgkin lymphoma in a radiolabelled form (lodine
131) but was discontinued for commercial reasons in 201427, Velutuzumab is currently in clinical trials
for Immune Thrombocytopenic Purpura (ITP), clinical trial NCT0O0547066. Trade names and stage of
development refer to these antibodies in the USA. Table modified from?76,
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Since the advent of rituximab, several other anti-CD20 antibodies have been developed to try and
improve anti-CD20 therapy (Table 1-3). One example of this is the fully human IgG1 antibody
ofatumumab, which has a different binding epitope to that of rituximab (and most other anti-
CD20 antibodies) in that it appears to bind also within the smaller membrane proximal
extracellular loop of CD20 (Figure 1-8)*””. This membrane proximity has been linked to the greater

complement activating potential of this antibody as compared to rituximab?’2.

Another anti-CD20 antibody that has recently been approved for use in the treatment of CLL is
obinutuzumab (Gazyva) 2’°. Obinutuzumab is a glycoengineered antibody that is designed to have
an increased affinity for FcyRllla to augment its ADCC inducing potential 2%°. Obinutuzumab has
been shown to be superior to rituximab in its ability to induce ADCC and ADCP in vitro
(particularly in the presence of non-specific background IgG, as is the case in blood), and induces
greater whole blood depletion than rituximab in healthy controls and CLL patients?%-282,
Furthermore, obinutuzumab induced greater tumour control and regression in tumour xenograft
models and was shown to cause enhanced B cell depletion in the blood, spleen and lymph nodes
of human CD20 transgenic mice and cynomolgus monkeys compared to rituximab?®9281.28  As well
as having enhanced binding for FcyRllla, obinutuzumab also has increased binding for the closely

related FcyRlllb, and has been reported to induce neutrophil activation and phagocytosis through

this receptor to a greater extent than rituximab?8228,

In clinical trials for CLL obinutuzumab combined with chlorambucil was reported to produce
greater progression free survival and overall survival than rituximab combined with chlorambucil,
and was subsequently approved in combination with chlorambucil for treatment of previously
untreated CLL?®>%5 More recently, obinutuzumab has also been approved for the treatment of

follicular ymphoma, where a significant improvement in response was observed?’.

In addition to indications in the field of oncology, anti-CD20 antibodies have also been approved
for treatment of autoimmune disorders, including rheumatoid arthritis (rituximab) and relapsed-
remitting multiple sclerosis (ocrelizumab), and are being investigated for several other conditions,

such as SLE%882°1,

1.5.3 Type | vs. Type Il Antibodies

As well as being glycoengineered, obinutuzumab differs from rituximab in its classification, being

a type Il anti-CD20 antibody whereas rituximab is a type | anti-CD20 antibody. Class | anti-CD20
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antibodies are identified as antibodies that bind and redistribute CD20 into detergent insoluble
lipid rafts in the cell membrane?2. Class | antibodies are associated with increased levels of
antibody binding per CD20 molecule as compared to class Il antibodies, with twice as many class |
antibodies binding to a cell as class 112%3. Comparison of type | and type Il F(ab’), regions bound to
a CD20 mimetope may help explain this phenomenon as they reveal a difference in binding angle,
which may preclude binding of more than one type Il antibody to a CD20 tetramer, whereas two

type | antibodies could bind?*,

Type Il antibodies have been shown to be less efficient at inducing complement mediated cell
death than type | antibodies, likely due to their lack of CD20 clustering potential and reduced
recruitment into lipid rafts 2°3. However, type Il antibodies have been found to be less prone to
internalisation than type | antibodies, resulting in longer maintenance of the antibodies at the cell
surface and subsequent greater engagement of FcyR dependent functions such as ADCP 229
Finally, type Il antibodies have been reported to induce homotypic adhesion of target cells,

causing clumping and non-apoptotic cell death, more potently than type | antibodies 2962%7,

As described above, obinutuzumab is a type Il antibody with the characteristic binding
stoichiometry and engagement of effector functions. In addition, it contains a glycoengineered Fc
region with a reduced fucose content in order to increase specific effector functions (described
further below). A number of studies comparing obinutuzumab to the gold standard anti-CD20
antibody rituximab have reported improved effector functions, and have resulted in approval of
obinutuzumab for several indications as detailed above®®%’, However, comparisons between
rituximab and obinutuzumab are complicated due to the fact that the antibodies differ both in
their classification, i.e. rituximab is a type | antibody and obinutuzumab a type Il antibody, and
their Fc region as obinutuzumab, but not rituximab, is glycoengineered. As such, the contribution
of each factor to the overall increase in efficacy of obinutuzumab over rituximab is not always

apparent. Antibody glycosylation will be considered in the following sections.

1.6 Glycosylation

Protein glycosylation, the attachment of carbohydrate glycan chains, is an essential process in all

eukaryotes, and exhibits a great degree of heterogeneity. Two forms of glycosylation exist and
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differ in the nature of the glycan structures attached, organelle in which attachment occurs, as

well as the amino acid residues that they decorate.

1.6.1 O-linked Glycosylation

O-linked glycosylation involves the attachment of glycans to the oxygen atom of the hydroxyl
group of serine and threonine residues?®®. O-linked glycans are typically short (3-4 glycans) and
highly variable in the sugars they contain®®. In contrast to the N-linked glycans (see below), O-
linked glycans are added to the serine/threonine residue a single sugar at a time, with each step
catalysed by a single highly specific enzyme?®°. O-linked glycosylation usually begins with addition
of an N-acetylgalactosamine residue (termed mucin-type glycans) being transferred onto the
serine/threonine residue, although other sugars such as fucose can also be added, after the
protein is produced?®. Further sugars can be added to this N-acetylgalactosamine residue, such as
galactose and sialic acid, in the golgi. O-linked glycans are found on several antibody isotypes
(Figure 1-3), but are not found on human IgG1, the subject of the work presented below, and thus

are not further discussed.

1.6.2 N-linked Glycosylation

N-linked glycosylation involves the attachment of sugar residues to a nitrogen atom of asparagine
residues within proteins. N-linked glycans are often large and multi-branched, and their formation
and processing involves many different enzymes and is important for many functions. N-linked
glycans fall into one of three categories, high (oligo) mannose, complex or hybrid (Figure 1-9).
However, I1gG Fc are almost exclusively populated by complex biantennary glycans. The pathway

of N-linked glycan synthesis and processing is described below.
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Figure 1-9 N-linked Glycosylation Structures

N-linked glycans fall into three different categories: complex (A), oligomannose (B) and hybrid (C).
Complex glycans are the most highly processed, with oligomannose the least processed and most closely
resembling the lipid linked oligosaccharide precursor (see text). Hybrid glycans contain elements of both
complex and oligomannose glycans, with the a-1,6 arm containing the mannose residues (see below).
The sites of cleavage of several de-glycosidase enzymes are also shown, with their substrate specificity
differing across the glycan types.

Eukaryotic N-linked glycosylation begins in the cytoplasm with the synthesis of a lipid linked
oligosaccharide (LLO) carrier (Figure 1-10). The lipid upon which this glycosylation substrate is
synthesised in eukaryotes, dolichol, is an isoprenoid molecule of species specific length formed by
the cis-prenyltransferase catalysed addition of 5 carbon isoprenoid groups onto a
farnesylpyrophosphate molecule3®. This dolichol lipid is first phosphorylated by dolichol kinase,
making it able to accept a transferred N-acetylglucosamine (GlcNAc) residue from cytoplasmic
uridine diphosphate (UDP)-GIcNAc, catalysed by the ALG7 (asparagine linked glycosylation)
protein, forming dolichol pyrophosphate bonded to GIcNAc and releasing uridine monophosphate
(UMP)301302 A second GIcNAc is added from cytoplasmic UDP-GIcNAc via an enzyme complex
consisting of ALG13 and ALG14, releasing UDP3%%, Next a mannose residue is added in a B-1,4

glycosidic bond from cytosolic guanosine diphosphate (GDP)-mannose via the ALG1 subunit of the
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ALG1, 2, 11 complex®. The branching a-1,3 and a-1,6 chains are then formed with addition of
mannose by the ALG2 subunit with the a1,3 mannose added first3%>3%, ALG11 then adds two

further a-1,2 mannose residues to the a-1,3 arm3°7306,

The resulting product of these reactions is a dolichol pyrophosphate GIcNAc2 Man5 glycan
present on the cytoplasmic face of the endoplasmic reticulum (ER) membrane. For further
processing and transfer onto substrate proteins this molecule must be transferred to the luminal
face of the membrane (Figure 1-10). This translocation reaction is believed to be carried out by
the enzyme RFT1, as mutation of the corresponding gene results in loss of N-linked glycosylation
and accumulation of the glycan precursor on the cytoplasmic face of the ER3%. As well as
translocation of the growing polysaccharide chain, activated dolichol phosphate linked glucose
and mannose residues (produced from free nucleotide activated sugars and dolichol phosphate)
are also flipped across the membrane by a protein mediated, ATP independent mechanism to act

as substrates for further extensions of the glycan precursor3%%:310311,

Once inside the ER lumen, the polysaccharide chain, substrates and enzymes are all anchored to
the luminal face of the ER membrane. Addition of further mannose residues is catalysed by ALG3
(forming an a-1,3 glycosidic bond) and then by ALG9 (forming an a-1,2 glycosidic bond)312313, A
branch is formed when a further mannose is added by ALG12 via an a-1,6 glycosidic bond, and
completed by addition of another a-1,2 linked mannose by ALG93'4313, Once this oligomannose
polysaccharide has been formed, there are further additions of glucose by ALG6, 8 and 10

resulting in an a1,2 linked glucose capping the glycan tree31>316317,

The entire 14 glycan unit is transferred en bloc from the LLO to the amide group of an asparagine
residue within the N-X-S/T sequon (where X is any amino acid except proline) of the nascent
polypeptide as it translocates (co-translationally) into the ER through the secretory pore, before
protein folding occurs (Figure 1-10)3*8, This transfer is catalysed by the membrane bound enzyme
oligosaccharyltransferase (OST), which in eukaryotes is a multisubunit complex but in certain
prokaryotes exists as a single active subunit3!°. STT3 is the catalytic subunit and various other
subunits are involved in complex formation and specific substrate recognition3!°. OST is able to
transfer the glycan unit onto a wide variety of polypeptide substrates that contain the N-X-S/T
sequon, although a preference exists for sequons containing threonine over serine32321, |n

addition, rare sequences containing a cysteine in place of a serine or threonine can also be

glycosylated®??. The 14 unit glycan now linked to the Asn residue of the nascent protein then acts
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as a substrate for a number of processing glycosylases and glycosyltransferases present within the

ER and, downstream, in the golgi (Figure 1-11).
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The N-glycan precursor, the lipid linked oligosaccharide, is synthesised piecemeal by a number of
enzymes in the cytoplasm and endoplasmic reticulum. Synthesis of the lipid linked oligosaccharide
begins on the cytoplasmic face of the endoplasmic reticulum membrane (top left) but is completed on
the luminal face (right hand side). After its completion, the entire 14 unit molecule is transferred from
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the membrane carrier onto an asparagine residue of the nascent protein in a co-translational manner as
the polypeptide chain feeds though the translocon pore into the endoplasmic reticulum. This reaction is
carried out by the multi-subunit oligosaccharyltransferase complex.

Within the ER lumen this 14 unit glycan is processed by sequential removal of the glucose
residues by a glucosidase-I (removes the first a-1,2- linked glucose) and -Il (removes the
subsequent pair of a-1,3- linked glucose residues), and a mannose residue from the a-1,6 arm by
a mannosidase-l (Figure 1-11)32%323324_ At this stage the heavy and light chains assemble into the
complete IgG molecule. This molecule is transferred to the cis-golgi, where further mannose
removal occurs, prior to the addition of a GIcNAc residue to a core mannose, catalysed by further
al-2 mannosidases and N-acetylglucosaminyltransferase-|, respectively3?23?>, This addition of a
GlcNAc residue commits the glycan to either the complex or hybrid form. Next the molecule
moves to the medial-golgi, the 2 remaining terminal mannose sugars are removed by a
mannosidase-ll and a second GIcNAc sugar is added by N-acetylglucosaminyltransferase-Il to yield

the core biantennary heptasaccharide GlcNAc2Man3GIcNAc2326327,
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Figure 1-11 N-Glycan Processing

The N-glycan precursor (LLO) is transferred from a dolichol phosphate isoprenoid lipid carrier (red) to
the Asn-297 residue of the IgG CH2 domain. This precursor is then processed down to a 7 unit core
heptasaccharide (red box) prior to addition of various sugars up to and including the fully processed
forms shown at the bottom of the figure. The levels of these different glycoforms vary significantly in
serum IgG (see below). ER- endoplasmic reticulum.
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Various further modifications can occur to this core glycan in the trans-golgi to yield a range of
different glycan chains. For example, fucose can be added to the asparagine linked GIcNAc by al,6
fucosyltransferase, a bisecting GIcNAc can be added by N-acetylglucosaminyltransferase—lll,
galactose and sialic acid can be added to the GIcNAc antennae by galacto/sialyltransferases,
respectively (Figure 1-11)328329330 Aq 3 result of the range of different glycan chain modifications
that can occur in the golgi, the glycan profile of antibody in the serum is extremely
heterogeneous, with any of 32 different glycoform structures potentially present on each Asn-
297119, However, the order of action of the different glycosyltransferases can impact the final
glycoform present on a given molecule. For example, if addition of a bisecting GIcNAc residue
occurs prior to the addition of fucose, then fucosylation cannot occur®3!. A schematic glycan is
shown in Figure 1-12 representing all potential saccharide residues that can be added, with their

most common linkages.

4 a2-6 {f) B1-4. B1-2 O A
A\
al-3

al-6

H-OR -
SOk N

Fucose
N-acetylglucosamine

Mannose

Galactose

L JONON N -

Sialic Acid

Figure 1-12 Complex N-linked Glycan Structure

Serum IgG contain a highly heterogeneous mix of glycans, with varying levels of terminal galactose and
N-acetylneuraminic acid, and the presence or absence of a bisecting GIcNAc and core linked fucose. A
schematic N-linked complex type glycan is shown bearing all known modifications, with the most
common glycan linkages indicated (for example, in rare cases sialic acid can be linked to galactose via an
al-3 linkage). Empirically measured levels of the different glycoforms are discussed below.

Page 47



Chapter 1

1.7 IgG Glycosylation

IgG antibodies are glycoproteins that contain an asparagine linked glycan attached at residue 297,
present within the CH2 domains of the Fc region. These glycans are present within the core of the
Fc structure and are thus not readily exposed (Figure 1-13), which may explain the reduced level
of highly processed sialylated glycans present on these glycans compared to other glycosylated
molecules (see below). The role(s) of these Fc glycans are complex and not completely
understood, but they are essential for certain Fc driven effector functions of I1gG (discussed
below). Their position between the two CH2 domains fills the intramolecular space and makes
significant interactions with the protein backbone and the glycan of the opposite heavy chain
(Figure 1-13). Although present in all IgG molecules, there is a great deal of heterogeneity with

regard to IgG glycosylation, which is described next.
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Chain1

Chain 1 Carbohydrates

Chain 2

Chain 2 Carbohydrates

Top View a-1,3 arm

a-1,6arm

Figure 1-13 IgG Fc Glycosylation

The crystal structure of the I1gG Fc region (heavy chains in cyan and red) shows the position of the Fc
glycans in the interior of the Fc. Asn297 (labelled) is positioned towards the top of the CH2 domain and
the glycans (shown as spheres- green and yellow) protrude downwards and along the CH2 backbone.
Image generated using PyMol. Structure from Protein Data Bank: 4BYH332,

1.7.1 IgG Glycosylation in vivo

Combining various forms of chromatography and mass spectrometry has allowed analysis of the
entire IgG-Fc glycan pool in healthy adult humans. Although these results are complicated by the

degree of heterogeneity in the IgG glycan pool, the different combinations of these glycans on the
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two heavy chains (yielding over thirty distinctly glycosylated IgGs), subclass differences and
changes associated with pathology and physiological changes, some consistent trends are
apparent. In general, 1gG Fc glycans are complex, biantennary, highly fucosylated (over 90% of
IgG) molecules that have either 0, 1 or 2 galactose molecules (Table 1-4). Some reports suggest
that the levels of sialic acid linked by an a- 2,6- linkage are extremely low, but more recent, large
scale glycan analysis has suggested it may be present more than initially thought33%334, A relatively
low level of bisecting GIcNAc is also found in some complex glycans (~18%). Levels of hybrid and
oligomannose glycans present at the Asn-297 N glycan are very low. Interestingly, levels of these
lesser processed glycans present in the homologous position of other Ig isotypes can be much
higher. For example, IgE contains an oligomannose glycan that is essential for binding to its

receptor, raising the prospect of targeting this glycan with specific enzymes to treat allergy®®.

Glycoform Median

Galactose Go 37%

Galactose G1 42.6%

Galactose G2 19.17%

Fucose 95.77%

Sialic Acid (1 or 19.71%
2SA)

Bisecting GlcNAc 17.76%

Table 1-4 Serum IgG Glycan Profile

Glycosylation profiles of serum 1gG from the Croatian Island of Vis (n = 915), modified from334,
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Analysis of IgG glycans is often carried out by mass spectrometry of peptide-N-glycosidase
(PNGase) F treated IgG (Figure 1-9). This enzyme cleaves off the entire N-linked glycan from IgG,
and these are then purified and analysed. While this allows the quantification of different glycan
forms from an IgG population, any differences between IgG subclass are lost when the glycans are
removed. Several groups have circumnavigated this problem by performing trypsin digests of the
IgG, coupled with certain purification steps, to allow analysis of the IgG glycans present on

different IgG subtypes by mass spectrometric analysis of the glycopeptides33®.

These reports indicate that there are in fact differences in glycosylation between the IgG
subtypes. For example, IgG2 has been found to have an even greater degree of fucosylation than
total IgG, coupled with lower levels of galactosylation®3. IgG4 had lower levels of galactosylated
molecules, and higher levels of fucose and bisecting GIcNAc. IgG1 had higher levels of
galactosylation. Changes in the glycosylation present on different subclasses have also been found
in hepatitis C virus induced liver cirrhosis and hepatocellular carcinoma, with increased levels of
agalactosylated glycans bearing glucose across all subclasses®¥. In contrast, levels of galactose

and sialic acid have been found to increase on all IgG subclasses during pregnancy338,

1.7.2 1gG Glycan Function

Fc glycans are positioned within the Fc stem between CH2 domains (Figure 1-13) and mediate
carbohydrate to carbohydrate interactions that help stabilise these domains®*°. The a1,6 arm of
the Fc glycan is oriented perpendicular to, and makes extensive contacts with, the Fc protein
backbone, whereas the a1,3 arm protrudes further into the cavity between CH2 domains and
contacts the a1,3 arm from the other heavy chain (Figure 1-13)3%°. The stabilising effect of the
glycan interactions is thought to contribute to stability in the lower region of the hinge (which
contains the binding site for FcyRs and C1q) possibly enabling the transient formation of several
different structures in this region®*3%2, This has been suggested to contribute to FcyR binding as

these different structures could interact with differing affinities to various receptors3*.

Removal of the Fc glycan results in a shift in the conformation of the IgG CH2 region (discussed
above), which reduces FcyR and C1q binding34®343, This highlights the structural role of the Fc
glycans which sit in the space between the two CH2 domains (which unlike the other IgG domains
do not extensively pair up) and mediate their interaction3**. Furthermore, it has been suggested

that removal of the Fc glycan may disrupt the tight packing of Fc regions seen in immune
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complexes, the natural state in which most IgG subclasses are recognised by FcyRs (Section

1.7.5)%.

It has been shown that antibodies bearing different glycoforms have differing activities in vitro
and in vivo, and that removal of the glycan chains, for example by digestion with endoglycosidases
(Figure 1-9) or site directed mutation of Asn-297 to GIn, abrogates certain antibody effector
functions®#, Aglycosylated antibodies have been shown not to bind to activating or inhibiting
FcyRs, and also do not bind and activate C1g33%344342, As such, efficient antibody dependent
cellular cytotoxicity, antibody dependent cellular phagocytosis or complement dependent

cytotoxicity are not induced in the absence of the Fc N-glycan.

It was not previously thought that the Fc glycan chains make direct contact with the protein
backbone of the FcyRs; instead the glycan location, adjacent to the FcyR binding region in the
lower hinge was thought to contribute to stability and proper conformation of the lower hinge to
enable receptor binding3¥’. The more open structure of glycosylated IgG compared to non-
glycosylated IgG and the increased susceptibility to certain proteases supports this
suggestion34+346:348 |n addition, mutation of the residues that make contacts with the glycans
result in a loss of activity comparable to removal of the glycan*°. However, more recent work (as
discussed below) has demonstrated that the Asn-297 glycan mediates carbohydrate to
carbohydrate interactions with the N-linked glycans present on at least two FcyRs (FcyRllla and
FcyRllIb, Figure 1-14)3%°, This does not appear to be the case for the other receptors, where the
receptor residues (protein and glycan) do not extend far enough down to interact with the Fc

glycans.

Page 52



Chapter 1

Fc Chain 1

Fc Chain 2

FcyRllla

Figure 1-14 Fc-FcyRllla Interaction

The structure of the interaction between FcyRllla and IgG Fc has been solved by X-ray crystallography.
IgG Fc (heavy chains in red and cyan) interacts with FcyRllla (green) in the hinge/upper CH2 domain.
Glycan (shown as spheres) of the cyan H chain interact with glycans on the FcyRllla. Fucose (yellow) is in
the centre of this interaction and its removal results in a shift in the proximity of the glycan residues,
yielding enhanced affinity. Protein structure- PDB 35GJ3°°,
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A number of studies have examined the influence of different Fc glycan structures on particular Fc
effector functions. It has been shown that a lack of fucosylation of the Asn-297 linked GIcNAc
increases the binding affinity of IgG1 Fc for the FcyRllla receptor present on NK cells, as well as
monocytes and macrophages (discussed further below)®>%352, As NK cells typically only express
this receptor and are the main effector in blood, this receptor is thought to be primarily
responsible for the induction of ADCC333, As various therapeutic antibodies targeting malignancies
aim to induce ADCC, it may be anticipated that these antibodies would be afucosylated - however,
in its native form, rituximab and trastuzumab are mostly fucosylated. In addition to the reported
effects on obinutuzumab discussed above, glycoengineering to remove the fucose sugar from
rituximab has yielded increased FcyRllla binding in vitro which is anticipated to result in increased
ADCC in vivo®*. Afucosylation does not seem have an effect on C1q affinity or the induction of

complement dependent cytotoxicity3>°.

With regards other glycans, high levels of oligomannose glycans can be a marker of incomplete
glycan processing in the ER/golgi, for example in the case of N-acetylglucosaminyltransferase-|
inactivation, and are therefore afucosylated (Figure 1-9). IgG bearing oligomannose glycans are
reported to have 2-3x increased binding to FcyRllla (compared to fucosylated complex
biantennary IgG) and are superior at inducing ADCC compared to complex type fucosylated

antibodies, while also exhibiting reduced C1q binding3>>.

Although removal of the Fc glycan chain has been shown to abrogate the interaction with
activating and inhibitory FcyRs, it does not appear to affect binding of FcRn (discussed previously)
or protein A/G which are known to bind to a distinct section of the Fc region at the CH2-CH3

domain interface34%:346:3%6

1.7.3 Afucosylation

As discussed above, native antibodies have multiple glycosylation states. Currently used clinical
mAbs are no different and some glycosylation forms are not optimal for antibody effector
functions. This provides a potential opportunity for improving antibody effector functions through
glycan engineering. A prime example of the potential benefits of glycoengineering on antibody
function is the type Il anti-CD20 antibody obinutuzumab, glycoengineered to contain reduced

fucose levels in order to increase FcyRllla affinity and ADCC (Section1.5.2). This antibody has
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recently been approved for the treatment of chronic lymphocytic leukaemia and follicular
lymphoma, as discussed above?®”*’, This has been achieved by production of the antibody in CHO
cells that have been engineered to overexpress the glycomodification enzymes B-1,4 N-
acetylglucosaminyltransferase Il (GnT Ill) and golgi a- mannosidase Il - resulting in highly bisected,

mostly afucosylated antibody?°.

Obinutuzumab is not the only antibody approved for use in humans that has been
glycoengineered. The anti CC chemokine receptor 4 (CCR4) antibody mogamulizumab is a fully
afucosylated 1gG1 antibody approved for use in relapsed/refractory CCR4* adult T cell leukaemia-

lymphoma, peripheral and cutaneous T cell ymphoma in Japan®®

. Mogamulizumab was produced
in CHO cells in which the FUT8 gene has been knocked out, meaning the level of fucosylation of
antibodies produced within the system is extremely low*®°. As for obinutuzumab, the lack of
fucose present in anti-CCR4 antibodies results in increased affinity for FcyRllla and increased
ADCC3¢%36! The approval of obinutuzumab and mogamulizumab may pave the way for other

glycoengineered antibodies to reach patients®*,

Recently, the anti-IL-5R mAb benralizumab, which is also glycoengineered to contain no fucose

(produced in CHO cells that do not express FUT8), was approved by the FDA for the treatment of
severe eosininophillic asthma323%3, Benralizumab binds to the a chain of the IL-5R on eosinophils
and both blocks their activation and causes them to be depleted from the circulation (through its

increased binding to FcyRllla) and the tissues, relieving asthma symptoms36436>,

Finally, another anti-CD20 mAb employing glycoengineering is also is phase Il clinical trials,
ublituximab?®®. This antibody is produced in YB2/0 cells and contains reduced fucose, and exhibits
increased ADCC and CDC compared to conventional anti-CD20 therapies (rituximab)3¢7-368,
Ublituximab has been found to be safe and efficacious in phase Il trials in combination with

standard therapy for chronic lymphocytic leukaemia3®°.

1.7.4 Sialylation

Another glycan modification strongly linked to a particular function is terminal sialylation, which is
linked to suppression of immune responses3’°. This can be demonstrated by considering
intravenous immunoglobulin therapy (IVIg), in which pooled healthy serum IgG is given to

patients with autoimmune conditions to reduce their symptoms®”%. To be effective, IVIg has to be
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given at very high doses (grams per kg). However, when the pooled serum is enriched for
sialylated 1gG, the efficacious dose drops 10x in a mouse model of arthritis3’2. Further supporting
this is the complete loss of function seen when sialylated antibody is removed from IVIg, or when
terminal sialic acid moieties are removed enzymatically®’2. Sialylated Fc domains are thought to
elicit this function not by interacting with FcyR (as this affinity drops), but instead with the lectin
DC-SIGN on regulatory macrophages via sialic acid induced changes in the IgG structure!®®, It is
thought that interleukin-33 release from DC-SIGN expressing macrophages and DCs causes
basophil release of IL-4, which is known to cause an increase in the level of the ITIM containing
inhibitory FcyRIllb on effector macrophages (thereby decreasing the A:l ratio- discussed above),

resulting in more ITIM signalling and less activation in response to IgG binding37%373374:110,

However, it should be noted that these effects may be model dependent, and recent evidence has
suggested that sialylation and basophils are not essential for IVIg activity, but that Fc regions are.
In mouse models of rheumatoid arthritis, IVlg was effective at reducing symptoms even after
depletion of basophils or enzymatic removal of sialic acids®’>. However, IVIg F(ab’) regions did not
cause symptom reduction, suggesting that this is an Fc dependent phenomenon®’#, Furthermore,
in vitro studies on human monocyte derived macrophages has suggested that sialylation has no
effect on phagocytosis, as increasing the proportion of sialylated IgG did not alter the efficiency of
phagocytosis®’®. This group also demonstrated that the presence of dimers within IVIg may be
responsible for its therapeutic effect suggesting increased avidity may be important. The
mechanism of action of IVIg in humans is still unclear. It has also been reported that the
sialylation state of Fc has no impact on Fc binding to DC-SIGN, suggesting that this molecule may
not be a functional receptor for sialylated Fc3”’. Interestingly, increased effector function and FcyR
binding for sialylated Fc has been reported (discussed below), casting further uncertainty on the

role of sialylation and its anti-inflammatory activity.

Indirect support for the anti-inflammatory role of sialic acid is the finding that sufferers of
autoimmune disorders, notably rheumatoid arthritis, have decreased levels of sialylated and
galactosylated antibodies®’®. In comparison, levels of sialylation and galactosylation are reported
to increase during pregnancy. Interestingly, the severity of symptoms of rheumatoid arthritis
decrease during this period, although some reports have questioned the role of sialic acid in this
effect and suggested that galactosylation is more important3’93%, This more anti-inflammatory
glycan pool may help reduce the chances of any anti-foetal immune response, and in doing so also

dampens the autoimmune response of rheumatoid arthritis.
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A further glycan modification is the presence/absence of a bisecting GIcNAc sugar attached to the
heptasaccharide core mannose residue by a -1,4- glycosidic linkage (Figure 1-12). The presence
of this sugar also results in a significantly increased affinity for FcyRllla compared to non-bisected
otherwise identical glycoforms, and consequently a more potent ADCC response3®:382_ very few
reports have been published on the effect of the bisecting GIcNAc residue, although it seems to

have less of an influence than the absence of fucose.

1.7.5 IgG Glycan Removal

Removal of the Fc glycans by mutation or the action of glycosidases is well known to abrogate IgG
function by the loss of binding to FcyRs and C1g3. The prevailing theory as to how this occurs is
based upon crystal structures of Fc domains with and without glycosylation. These structures
suggest that the loss or truncation of the Asn297 linked glycans results in a collapse of the CH2
domains toward each other into the space previously occupied by the glycans®®. It is proposed that

this ‘closure’ of the Fc blocks efficient binding of the FcyRs and Clq.

However, not all Fc crystal structures exhibit this trend®3. Some structures of non-glycosylated Fc
have reported an apparently more open structure than is seen with some glycosylated Fc domains
(Braden, PDB 3DNK). To try and reconcile the differences between non-glycosylated crystal
structures, one group performed small angle X-ray scattering (SAXS), a technique that determines
structural information about a protein in solution®4. This group reported an increased radius of
gyration for aglycosylated (Escherichia coli produced) IgG Fc compared to glycosylated IgG Fc,
indicating an increased average size of soluble conformations and a more open structure. This

indicates that loss of glycans does not definitively cause collapse of the CH2 domains.

Furthermore, another group has analysed the structure of I1gG Fc with/without glycosylation using
single molecule Forster resonance energy transfer (smFRET), measuring the distance between a

385 When comparing glycosylated and PNGase F deglycosylated

labelled atom in each CH2 domain
Fc they reported a single non-zero peak for glycosylated Fc, but a peak representing more energy
transfer after PNGase F treatment. The latter peak was also considerably broader than the
former, suggesting that the deglycosylated Fc was more flexible and could take many different
structures. This may help explain the contradicting crystal structures, as the single structure

formed in a crystal could be just one form of many that non-glycosylated Fc can take. Interestingly

Page 57



Chapter 1

the same group also deglycosylated Fc with Endo S, an enzyme from Staphylococcus pyogenes
that cleaves the glycan chain after the first GIcNAc residue, as opposed to PNGase F that cleaves
off the entire glycan chain (Figure 1-9). The resulting antibody Fc displayed smFRET peaks
characteristic of both glycosylated and PNGase F deglycosylated Fc®. This could be due to
incomplete deglycosylation or, as the authors suggest, a stabilising effect on the structure from

the remaining GIcNAc (+ fucose).

1.7.6 FcyR Glycosylation

As well as IgG being glycosylated, some of its receptors are also glycosylated, and this has been
shown to affect the Fc-FcyR interaction, particularly in relation to FcyRllla and b. FcyRllla contains
five glycosylation sites at residues-38, 45, 74, 162 and 169. Binding studies of 1gG to different
glycoforms of this receptor have revealed that these glycans play a role in IgG binding, and in
particular are involved in binding to non-fucosylated antibodies®*®’. As mentioned above, non-
fucosylated antibodies bind to FcyRllla with a higher affinity than fucosylated antibodies. This
increase was shown to be lost if the receptor was deglycosylated, back to almost the affinity of
native 1gG (which increases slightly for non-glycosylated FcyRllla)3¥. Structurally this has been
suggested to be dependent on interactions between the carbohydrates on the Fc and receptor, as
well as between the carbohydrates and protein backbones (Figure 1-14). A model based on the
structure of Fc in complex with FcyRllla has suggested that a small (2.6A) movement of the
FcyRllla carbohydrate due to the steric clash with Fc fucose disrupts/weakens the intermolecular

interactions, causing the reduced affinity3>°.

Mutation of the various N glycosylation sites within FcyRllla has shown that while Asn-162 is
required for higher affinity interactions with non-fucosylated antibodies, the other four
glycosylation sites (particularly Asn-45) are inhibitory to Fc interaction®®. As such, the highest

affinity for non-fucosylated antibodies was obtained for FcyRllla glycosylated only at Asn-162.

As detailed above (Section1.3.2), FcyRllla is expressed on both NK cells and
macrophages/monocytes. Although the primary structure of these proteins is identical between
the 2 cell types, a difference has been found in the affinity for IgG1 and 3 between the 2 cell
types, as measured by 1gG Fc engagement blocking the binding of an anti-FcyRllla antibody3®. This

work reported that NK cells had a greater affinity for IgG1 and 1gG3 and could bind the

Page 58



Chapter 1

monomeric form of this antibody better than monocyte/macrophages. Interestingly, different
glycan chains have been found on FcyRllla in the different cell types®. FcyRlIlla on NK cells is
reported to have high mannose glycans with some complex type, whereas
monocytes/macrophage FcyRllla did not contain high mannose glycans and carried predominantly
complex glycans. Recent work in this area has confirmed these findings, indicating that the
glycans on FcyRllla from NK cells contain large proportions of hybrid and oligomannose glycans,
whereas recombinant FcyRllla contained largely complex glycans3%. This difference in
glycosylation affected the binding of IgG1, with oligomannose bearing FcyRllla binding 1gG1 with
12 times greater affinity than FcyRllla with complex glycans®®°. Furthermore, FcyRllla bearing
oligomannose glycans were shown to bind to various IgG1 glycoforms with up to 50 fold increased
affinity compared to FcyRllla with complex glycans, and this increased affinity was entirely

dependent on the glycan at position N162 of FcyRIlla®,

Recombinant human FcyRllla produced by different cells also varies in glycosylation, with the
same protein expressed in HEK and CHO cells displaying altered glycans3®2. HEK produced receptor
carried mostly complex biantennary glycans terminating in GalNAc with core and antennary
fucose (although around a quarter were hybrid glycans), whereas CHO derived receptor carried
complex bi- and triantennary glycans with core fucose, terminating in galactose or sialic acid.
These differences in receptor glycosylation could potentially affect the affinity for Fc, although
structural modelling of the FcyRlIlla — Fc interaction has suggested that the first 2 glycans at the
Asn-162 site may be responsible for most of the interaction, and these monosaccharides do not

appear to vary between HEK and CHO cells3>0392:284,

FcyRIllb is very closely related to FcyRllla, having over 95% homology in its ligand binding
domain??, It differs in the fact that it is linked to the membrane by a glycophosphatidylinositol
anchor and its expression is restricted to neutrophils and basophils. FcyRIlIb displays a similar
increase in affinity for non-fucosylated compared to fucosylated antibody, which is not surprising
given the similarity in the ligand binding domains?. Interestingly, one report into FcyRIlIb binding
suggested that removal of the Asn-163 glycosylation site resulted in increased affinity for IgG
(greater than removing all glycosylation), suggesting that differential glycosylation may also have

a role to play in the function of this FcyR too3%.
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1.8 Glycan Engineered Antibodies

Building on the emerging knowledge of the importance of IgG Fc glycosylation new therapeutic
antibodies have been designed that have altered glycan profiles suited to their intended function
(see above)3®*. The first glycoengineered antibody to receive approval for the treatment of human
disease was mogamulizumab, an anti-CCR4 antibody, in Japan 20123%%3%, This was followed in
2013 by the approval of obinutuzumab, and in 2018 by the approval of benralizumab, by the US

Food and Drug Administration (FDA)?79357:362,

1.8.1 Glycan Engineering Methods

There are a number of methods for manipulating the glycans that are attached to an antibody,
ranging from changes in cell culture conditions to the use of genetically modified cell lines for
antibody production®**. Glycan engineering is of particular importance for therapeutic mAbs
because changes in the production method of therapeutic antibodies during scale up can cause
changes in the glycans attached, which can consequentially have an impact upon the mAb
function in vivo. As a result, when therapeutic antibodies are produced, a balance must be struck

between maximum protein yield and the optimal level of glycan processing.

1.8.2 Culture Conditions

One method of manipulating the glycans is decreasing the culture temperature, from 36.5°C to
32°C. This caused an increase in specific productivity of therapeutic antibody, increased stability
and amount of H chain mRNA and increased cell viability, but decreased cell metabolism, the level
of glycosyl transferases (protein and mRNA), the level of nucleotide sugar donors (NSDs) and the
proportion of glycans that are highly processed (levels of agalactosylated antibody increase)39®.
The slowdown in cell metabolism was suggested to have allowed for channelling of the cells
resources toward production of the recombinant therapeutic antibody rather than toward cell
growth. Furthermore, a decrease in glucose uptake and tricarboxylic acid (TCA) cycle flux was
seen, possibly explaining the reduced levels of NSDs as these are derived from TCA cycle

intermediates. A similar observation has been made when producing IgG in CHO cells under
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varying nutrient levels, with lower levels of glutamine or glucose early on during culture being

linked to an increase in highly processed glycans*’.

A number of parameters have been reported to effect N-linked glycosylation in a range of
recombinantly produced proteins, including therapeutic antibodies. For example, addition of
manganese to cell culture caused an increase in the level of galactosylation and sialylation of
recombinantly produced erythropoietin (EPO), and also favoured biantennary glycans rather than
tri or tetra-antennary>%8. Mn?* is an important cofactor for several glycosyltransferases including
B-1,4- galactosyltransferase and N-acetylglucosaminyltransferase-l and —Il, and as a result
increased Mn?* may enable further glycan processing. Mn?* addition has also been reported to
reduce the level of high mannose IgG production by CHO cells3>*. Addition of Cu?* has also been
reported to increase the level of sialylation, possibly by decreasing the level of desialylation that

can occur during cell culture and glycan purification*%401,

Build-up of ammonia in culture media has been suggested to impair high level glycan processing.
A high ammonia level has been demonstrated to cause a decrease in expression of 3-1,4-
galactosyltransferase and a-2,3- sialyltransferase in the golgi “°* and has also been found to cause
a decrease in terminal sialylation and galactosylation of EPO produced in CHO cells*®3. However,
the role of ammonia, and other by-products of cell metabolism such as lactate, is not fully

understood and appears to vary between different cell types and proteins*®.

1.8.3 Cell Lines

The overwhelming majority of therapeutic antibodies are produced in mammalian cell lines, most
often hamster or mouse derived lines or hybridomas, in order to allow for proper post
translational modification®®. The few that are produced in non-mammalian hosts are generally
antibody fragments and do not require the proper processing of the N linked glycan in the Fc
region. Therapeutic antibodies produced in different cell lines can display different glycosylation
patterns. For example, as discussed below, mouse cell lines can incorporate different features into
the N linked glycan than are found in human antibodies. Comparison of a number of marketed
therapeutic mAbs produced in CHO cells or mouse myeloma cell lines has suggested that IgG
produced in CHO cells has a lower level of galactosylation compared to those produced in mouse

myeloma cell lines*®. Further to this, mouse cell lines incorporate a different sialic acid to
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humans, namely N-glycolylneuraminic acid (as opposed to N-acetylneuraminic acid), and can also

produce a galactose a- 1,3- galactose linkage.

Neither of these moieties are found in humans and thus can be immunogenic. Although there are
extremely few reports of immune responses vs antibodies attributed to these non-human
modifications, they have been described. The therapeutic antibody cetuximab, when produced in
NSO (mouse) cells, has been reported to incorporate these immunogenic glycans and has caused
anaphylactic shock in a small number of patients who already had circulating anti- galactose-a-
1,3-galactose IgE antibodies®>. Production of cetuximab in CHO (hamster) cells did not cause this

side effect.

The recent findings that changes in glycosylation can change the affinity of IgG for FcyRs and thus
effect antibody dependent functions has resulted in a desire to produce IgG with specific glycans.
To this end, a number of modified cell lines have been produced that, for example, do not express
particular glycosyltransferases. One example (discussed above in relation to the glycoengineered
antibody mogamulizumab) is CHO cells in which the a- 1,6 fucosyltransferase (fut8) has been
knocked out (by removal of the start codon), meaning IgG produced in this cell line are
afucosylated, and therefore have a higher affinity for FcyRI11a3>°. This technology has been
developed in Japan and has been used to generate several afucosylated antibodies, the most

successful of which is mogamulizumab, discussed above.

1.84 Enzymatic Modification

One drawback of changing the cell lines used to produce therapeutic antibodies or altering the
media or growth conditions is the complexity of such changes and the effects they could have on
other metabolic processes within the cell. Cell culture processes used in production of therapeutic
antibodies are highly refined and optimised to give maximum yield of antibody, and by changing
this process the yield could drop, increasing costs. As such an attractive alternative option that
has been explored is in vitro glycan engineering using recombinant glycosyltransferases and
substrates to achieve the desired glycan structures. This approach allows for the production of
antibody to continue in its fully optimised form, while allowing for more controlled and complete

manipulation of the N-linked glycans. Potential manipulation has been investigated by both
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modification of existing glycans to removal of entire glycans and replacement with new pre-

formed glycans3>44%,

The potential power of this technique has been demonstrated with the reengineering of existing
mADbs to give vastly different functions. Cleavage of the Fc glycan of the anti-CD20 antibody
rituximab achieved with EndoS was followed by transglycosylation from oxazoline-glycan donors
with a mutant Endo$S exhibiting minimal product hydrolysis®***. This method was used to generate
fully galactosylated, defucosylated rituximab that exhibited higher affinity for both allelic variants
of FcyRllla, without increasing affinity for FcyRllb, consistent with what has been reported for
non-fucosylated antibodies. Furthermore, this technique was also used to fully sialylate Fc in IVIg,
predicted to improve the therapeutic benefit of IVlg in mouse models of autoimmune
disorders®’2. Another recent report using enzymatic modification to generate fully galactosylated
and sialylated glycoforms reported increased binding to FcyRlla and llla, as well as increased
ADCC*®, It is interesting to note that these reports suggest increased effector function and FcyR
binding, although sialylated IgG is reported to be important for the anti-inflammatory effect of

IVIg (as discussed earlier).

It has also been demonstrated that the localisation of glycomodification enzymes within the golgi
can significantly affect the function of these enzymes and the final glycoform of the antibodies.
This finding highlights the interacting roles of glycomodification enzymes and the order in which
they act (described above). The action of certain glycomodification enzymes must occur prior to
the action of others, whilst in a similar way the action of some enzymes can reduce/block the
action of others (fucosylation blocked by bisecting GIcNAc). Consequently, when engineering cells
to produce certain glycoforms the location of recombinant enzymes must be taken into
consideration. For example, transfection of wild type GnT Ill enzyme into CHO cells resulted in
highly bisected and mostly fucosylated Fc glycans, but transfection with a modified Gnt Il (with
the golgi localisation domain of a- 1,2- mannosidase Il) resulted in bisected Fc glycans bearing
almost no fucose?”4%, Action of GnT Ill prevents the action of a- 1,6- fucosyltransferase and of a-
1,2- mannosidase Il, blocking fucosylation and the trimming off of mannose residues necessary for

conversion of hybrid glycans to complex glycans*®%.
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1.9 Fab Glycosylation

In addition to the glycosylation at Asn297 of the Fc region, the Fab domain of IgG can also be
glycosylated®®®. Whereas glycosylation of the Fc is essential for IgG function and is present in all
serum IgG, only about 20% of 1gG are glycosylated in their Fab regions 1. The N-linked
glycosylation sequon (Asn-X-Ser/Thr) is not present in the germline Fab sequence, but it is
thought that it can be introduced during somatic recombination during B cell maturation. This
explains why only a proportion of antibodies have this Fab glycosylation. The function of this Fab
glycosylation has received less study than that of the conserved Fc glycosylation, but there have
been reports that it can contribute to the affinity of the antibody for its target epitope, as well as
affecting antibody half-life and stability!+#1%411 Unlike the Fc glycan it is not involved in binding to

FcyRs or Clq.

Fab glycans have been shown to be more processed than their Fc counterparts, which has been
suggested to be due to their greater availability to glycosyl transferase enzymes compared to the
Fc glycan that is buried within the two CH2 domains, as Fab glycans can often be found on loops
within the variable region!. This suggestion is supported by the finding that location of the Fab
glycan can have a major effect on its processing*'?. Fab glycans are slightly less fucosylated (~70%)
than Fc glycans, and also have a greater level of bisecting GIcNAc (~45%). Fab glycans are also
much more highly sialylated than Fc glycans, with monosialylation (40%) and bisialylation (52%)

seen at high levels.

1.10 Glycan Regulation

It has been found that in some autoimmune conditions the autoantibodies have a different glycan
profile compared to the total IgG pool. This suggests that there is regulation over what type of
glycans are attached to IgG in particular plasma cells. Reduced levels of galactose and sialic acid
on autoantibody glycans have been found in serum and synovial fluid from rheumatoid arthritis
patients, compared to total serum IgG*'>*!4, Furthermore, immunization of pre-sensitized mice
with sheep IgG resulted in a 50-60% reduction in the level of sialylated anti-sheep IgG antibodies,

compared to only 40% in total IgG3’%. This suggests a mechanism where a steady state is
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maintained with high levels of sialic acid and low inflammation, which can change in response to

antigen to yield 1gG with less sialic acid, facilitating a pro-inflammatory response.

Currently it is not well understood how this mechanism functions, for example the levels of glycan
modifying enzymes may be regulated. However, it has been shown that certain signals can
influence the glycan profiles of antibody produced by plasma cells. For example, it has been
shown that IL-21 is able to increase the level of galactosylation of Fc linked glycans whereas all-
trans retinoic acid causes a decrease in the levels of sialic acid and galactose, and that this
response was maintained for five days*'®. IL-21 is known to induce differentiation of B cells into
antibody secreting plasma cells, but this study suggests it could have an additional role in
controlling the glycosylation status of the antibodies produced by a particular plasma cell**.
Exposure to these, or other as yet unknown signals, could result in a change of the glycan profile
and thus the immune response generated. It has been suggested that the microenvironment of
the B cell during its activation and differentiation could play a key role in glycan profile selection,
and that the type and amount of neighbouring cells will also affect this through production of

different signals. This could mediate particular niches or plasma cell subsets producing IgG with

different glycoforms*®.

1.11 Hypothesis and Aims

1.11.1 Hypothesis

It is known that the Fc region of an antibody is responsible for many of its functions. It is
hypothesised here that modifications to that Fc region will affect the Fc mediated effector
functions engaged. Although work has been carried out in this area, this thesis aims to investigate
the effect of various Fc modifications in the format of a well-characterised model of antibody
function, primarily using the anti-CD20 mAb rituximab. This approach will allow antibody
specificity to be maintained, reducing the experimental variables, and allowing direct comparisons
to be made. Primarily the work in this thesis will investigate the modification of antibody Fc
through the alteration of the N-linked glycans and through addition of lipid molecules.

Furthermore, the effect of different Fc regions in the context of different IgG subclasses will be
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examined, and an affinity column produced for testing IgG binding to C1q, to determine the

potential of various mAb forms to induce complement.

In order to test this hypothesis the following aims were set:

1) Determine the relative efficacy of all four 1gG subclasses to elicit effector functions on an anti-

CD20 backbone.

A- characterise the level of surface binding of anti-CD20 mAbs of different I1gG subclasses.

B- determine the relative efficacy of antibody induced effector functions of anti-CD20

mAbs in assays reflecting their in vivo mechanism of action.

2) Assess the impact of lipid modification to IgG mAbs targeting CD20.

A- develop a protocol to modify mAbs with lipid chains based on malondialdehyde and

carboxyethylpyrrole.

B- determine the functional impact of these lipid modification on the effector functions of

lipid modified rituximab.

3) Analyse how Fc glycosylation modulates the Fc mediated effector functions of anti-CD20 mAbs

using in vitro glycoengineering.
A- generate and characterise glycomodified formats of anti-CD20 mAbs.

B- analyse the effect of different glycoforms on the effector functions of anti-CD20 mAbs.

4) Produce a high performance liquid chromatography (HPLC) based method for studying the

interaction between IgG Fc and Clg.

A- generate and optimise conditions for a C1q affinity column based on a single chain

form of the C1q globular head group.
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B- determine the specificity of the Clq affinity column for IgG and other Clq ligands.

C- validate the column findings with biologically relevant samples with known Clq

binding, and confirm in cellular based assays of C1q binding and CDC.
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Chapter 2: Materials and Methods

2.1 Cell Culture

2.1.1 Cell Culture Materials

Media for cell culture was prepared as follows: Complete Roswell Park Memorial Institute (cRPMI)
and complete Dulbecco’s Modified Eagle’s Medium (cDMEM) were prepared by addition of 2mM
glutamine, 1mM sodium pyruvate, 100U/ml streptomycin, 100ug/ml penicillin (all from Gibco,
ThermoFisher Scientific) and 10% foetal calf serum (FCS, Sigma Aldrich). Phosphate buffered
saline (PBS) was bought from Severn Biotech. Disodium ethylenediaminetetraacetic acid (EDTA)
was purchased from Sigma Aldrich. Macrophage-colony stimulating factor (M-CSF) was produced
in house (Protein production group, Somers, Southampton General Hospital, Dr. P. Duriez). All

tissue culture plates and flasks were purchased from Corning.

2.1.2 Cell Lines

Raji (CCL-86), Ramos (CRL-1596), SUDHL4 (CRL-2957), Jurkat (TIB-152), Chinese hamster ovary
(CHO)-K1 (CCL-61) and MDA-MB-453 (HTB-131) cell lines were purchased from American Type
Culture Collection (ATCC).

2.13 Maintenance of Cell Lines

Raji, Ramos and SUDHL4 cells were cultured in cRPMI at 37°C using T25 or T75 tissue culture
flasks. These cells were cultured in a humidified incubator maintained at 5% CO,. Cells were

resuspended in fresh media 3 times a week and seeded into flasks at ~0.5x10° cells per ml.

Chronic Lymphocytic Leukaemia peripheral blood mononuclear cells (CLL PBMCs) were cultured at
high density (1x107 cells/ml) in cRPMI in 6 well plates after thawing (thawed as below), and

incubated at 37°C, 5% CO; for at least 1 hour before use.
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CHO-K1 cells were cultured in cRPMI at 37°C using T25 or T75 tissue culture flasks. These cells
were cultured in a humidified incubator maintained at 5% CO,. Cells were scraped, resuspended

in cRPMI, and split 1 in 3 into a T25 or T75 flask, 3 times a week.

214 Cell Freezing

Cells were centrifuged at 450g for 5 minutes and resuspended in freeze media (90% FCS, 10%
DMSO). Cells were aliquoted 1ml per vial at a concentration of 5x10° cells/ml into cryo vials
(ThermoFisher Scientific) and frozen at -80°C in a polystyrene box for at least 48 hours. Vials were

then transferred to liquid nitrogen storage.

215 Cell Thawing

Cryo vials were removed from liquid nitrogen storage and thawed in a 37°C water bath. Cells were
then immediately transferred into a 20ml universal tube containing warm cRPMI. This was then
centrifuged at 450g for 5 minutes and the supernatant completely removed before resuspension
in cRPMI. Cells were then seeded into a T25 tissue culture flask and cultured as above (Section

2.1.3).

2.1.6 PBMC Isolation

Anonymised leukocyte cones residual from leukapheresis were collected from Southampton
General Hospital NHS Blood Donation Centre. The blood was drained into 50ml tubes and diluted
1in 5 with PBS (2mM EDA, 10% FCS). The blood was then layered over lymphoprep and
centrifuged at 800g for 20 minutes with the brake turned off. The buffy coat layer was harvested
and washed 4 times in PBS 2mM EDTA at 400g for 5 minutes. The PBMCs were then resuspended
in 10mls cRPMI, 2 drops of Zap-oglobin (Beckman Coulter) added and counted using a coulter

counter (Beckman Coulter).
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2.1.7 Differentiation of Monocytes into Macrophages

PBMCs were resuspended at 1x107 cells/ml in RPMI supplemented with penicillin, streptomycin,
glutamate, sodium pyruvate and 1% human AB serum (Sigma Aldrich). 2x107 cells were aliquoted
per well of a 6 well plate and incubated for 2 hours at 37°C and 5% CO,. Cells were washed in PBS
twice, 2mls of cRPMI added per well and the cells incubated overnight at 37°C and 5% CO,. The
following morning, 2ul of 100ug/ml M-CSF was added per well. Cells were fed every 2 days by
removing 0.85mls of media and adding 1ml of cRPMI with 1pl of 100ug/ml M-CSF. Monocytes

were considered to have differentiated into macrophages by day 7 and were used on days 7-10.

2.1.8 Serum Collection

2.1.8.1 Collection of Human Serum

Blood was collected from healthy donors directly into syringes in the absence of any anti-clotting
factors. Blood was then transferred into glass centrifuge tubes and stirred with a wooden
applicator. Blood was left to clot for 30-60 minutes and then centrifuged at 1000g for 20 minutes
at 4°C. Serum was collected into glass storage tubes and the blood centrifuged again to allow

collection of further serum. Serum was stored at -80°C until use.

2.1.8.2 Collection of Mouse Serum

Mice were warmed to 37°C and analgesia (lidocaine — Centaur Services, AmerisourceBergen)
applied to the tail tip. The very tip of the tail was removed using a scalpel blade and blood was
collected into 0.5ml microfuge tubes (Starlab) in the absence of any anti-clotting factors from the
mouse tail. Blood was left to clot overnight at 4°C and centrifuged at 5,000g for 5 minutes to

pellet out the clotted blood. Serum was removed by pipetting and stored at -20°C.
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2.2 Protein Assays

2.2.1 Antibodies

All antibodies used in this work were purchased from supplier as indicated, or produced and
quality controlled in house by the Antibody and Vaccine Antibody Production Group, or kindly

gifted by Biolnvent International AB or Hoffman La Roche.

2.2.2 Dialysis

Proteins were dialysed using Slide-A-Lyzer dialysis cassettes of appropriate volume (ThermoFisher
Scientific) with a 7kDa molecular weight (MW) cut off. Protein in solution was added to these
cassettes and dialysed into 1L of appropriate buffer at 4°C at a ratio of 1 part protein to 100-1000
parts diluent, with frequent exchange of diluent up to 5 times. Protein was removed using a
needle and syringe of appropriate size and sterile filtered using a 0.2um syringe filter (Merck

Millipore).

223 Antibody Concentration and Buffer Exchange

Antibodies were concentrated by centrifugation in Amicon Ultra Centrifugal Filter Units with a
10kDa molecular cut off (Merck Millipore) at the manufacturer recommended speed of 4000g for
20 minutes. When using spin columns for changing antibody buffer, the antibody was
concentrated down to a volume of ~100ul, and re-diluted in 10ml of the required buffer. This

process was performed 3 times, to ensure complete buffer exchange.

2.2.4 Protein Concentration Assay

Protein was serially diluted 1 in 2 in Milli-Q (MQ) H,0 across Nunc MaxiSorp 96 well plates
(ThermoFisher Scientific). Bovine serum albumin (BSA) was used as a standard to determine the

concentration of unknown samples, at a range of approximately 2mg/ml to 1ug/ml. Protein assay
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reagent (Biorad) was diluted 1 in 5 with MQ H,0, and 250ul added to each well. Plates were read
using an Epoch microplate reader (Biotek) at 570nm. The concentration of protein was

determined using the linear range of the BSA standard (between 0.6mg/ml to 1ug/ml) according
to the equation below, and multiplied by the appropriate dilution factor. Data were analysed on

Microsoft Excel 2016 and GraphPad PRISM v7.
X=(Y-C)/M

Where X is the concentration of protein, Y is the mean absorbance of two measurements of the

protein sample, C is the baseline absorbance and M is the gradient of a linear standard line.

2.2.5 Protein A Purification

Antibodies were purified using a 1ml HiTrap Protein A HP column (GE Healthcare) that was
connected to a peristaltic pump and Unicord 280nm reader linked to a tracer. The pump and
tubing were sterilised in 0.5M NaOH for 30 minutes and then washed through with Tris NaCl
(20mM HCI, 2mM EDTA, 0.2M NaCl, Fisher Chemicals and 40mM Tris, Sigma Aldrich) until the pH
returned to 8. 10 column volumes of Tris NaCl were pumped through the column (pump set to
1ml/minute), followed by 1 column volume of glycine pH 2.5 and then 5 column volumes of Tris

NaCl buffer. This wash was repeated with another column volume of glycine pH 2.5.

Antibody samples were prepared for column purification by addition of 0.2 volumes of 5x Tris
NaCl and then loaded onto the column. The sample was followed through with 5 column volumes
of Tris NaCl before elution with 1 column volume of glycine pH 3.0. Eluting antibody was collected
as the A280nm reading increased. The column was washed twice with alternating glycine pH2.5

and Tris NaCl as above between samples.

2.2.6 Native Gel Electrophoresis

Antibody samples were run on a native polyacrylamide gel (Sebia Hydragel (Sebia)) according to
manufacturer’s instructions to confirm purification of antibody from flowthrough. Antibodies
were stained with Amidoschwarz Amidoblack (Sebia) at the manufacturer recommended

concentration.
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2.2.7 Size Exclusion Chromatography

20ul antibody samples were injected onto a Zorbax GF-250 column (Agilent) on a high
performance liquid chromatography system running at 0.4ml/min and the absorbance at 280nm

(A280) recorded using a Unicord 280nm reader linked to a tracer.

2.2.8 Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assays were performed, as described below, to detect the level of
antibody present with a particular sample, or to determine the relative binding of a detection

antibody to known concentrations of antibody.

2.2.8.1 Mouse Serum IgG Enzyme-Linked Immunosorbent Assay (ELISA)

Nunc MaxiSorp ELISA plates (Thermo Fisher Scientific) were coated with goat anti-human y chain
antibody (Sigma Aldrich) diluted to a final concentration of 5ug/ml in coating buffer (Na,CO3
15mM/L, NaHCO; 35mM, Fisher scientific) for 2 hours at 37°C or 1 hour at 37°C and then
overnight at 4°C. Plates were then blocked with PBS 1% BSA for 1 hour at 37°C. Plates were then
washed three times with PBS Tween (0.05%) using a Skanwasher 300 plate washer (Skatron).
Standards and serum were then diluted 100 fold in PBS 1% BSA and added to the plate in a serial
dilution. Standards consisted of the same antibodies that had been injected into the mice,
measured in duplicate on the ELISA plates for the corresponding serum sample. Samples were
incubated for 1.5 hours at 37°C, and washed five times with PBS Tween (0.05%) using a plate
washer. Horseradish peroxidase (HRP) labelled goat anti-human Fc antibody (diluted 1 in 20,000
in PBS 1% BSA, Jackson Immunoresearch) was added for 1.5 hours at 37°C. Plates were washed
five times with PBS Tween (0.05%) using a plate washer. A single o-Phenylenediamine
dihydrochloride (OPD) tablet (Sigma Aldrich) was dissolved in 24.7mls Citrate (91mM Citric Acid
Fisher Scientific) and 25.3mls phosphate (200mM Na,;HPO, ThermoFisher Scientific), and 50mls of
distilled water. Prior to use, 40ul of 40% H,0, (Merck) was added to the ELISA substrate, and
100ul added per well. ELISA plates were incubated at room temperature for 20 minutes, and after
sufficient colour change had occurred, 50ul 2.5M H,S04 (VWR) added. Plates were then read on

an Epoch microplate reader (Biotek) at 450nm. The level of human IgG present with each sample
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was determined using the linear range of the standards (between 30 and 1ng/ml) according to the
equation below, and multiplied by the appropriate dilution factor. Data were analysed on

Microsoft Excel and GraphPad PRISM v7.
X=(Y=C)/M

Where X is the concentration of antibody, Y is the mean absorbance of two measurements of the

antibody sample, C is the baseline absorbance and M is the gradient of a linear standard line.

2.2.8.2 Human IgG ELISA

In order to check that the different IgG subclasses bound equally to the ELISA plate when testing
the anti-kappa light chain ELISA (Section 2.2.8.3Anti-Kappa Light Chain ELISA), the goat anti-
human Fc antibody (as for Section 2.2.8.1) was used to detect the level of each antibody subclass.
IgG subclasses were bound directly onto the ELISA plate in a serial dilution from 1ug/ml in coating
buffer for 2 hours at 37°C or 1 hour at 37°C and then overnight at 4°C. Plates were then blocked
and binding detected as for Section 2.2.8.1. Data were presented as absorbance (at 280nm)

against known mAb concentration.

2.28.3 Anti-Kappa Light Chain ELISA

2.2.83.1 Soluble Anti-Kappa Light Chain Antibody ELISA

Human mAbs with the kappa light chain were immobilised directly to ELISA plates, blocked and
washed as in Section 2.2.8.2 at 1pug/ml. Anti-Kappa light chain antibody (MHK-49, Biolegend) was
added to the plate after blocking at the indicated concentration and serially diluted across the
plate, and incubated for 1.5 hours at 37°C. ELISA plates were then washed 5 times with PBS
Tween (0.05%) with a plate washer. Bound anti-Kappa light chain antibody was detected through
the use of an HRP conjugated Rabbit anti-mouse antibody (Jackson Immunoresearch, diluted 1 in
2,000 in PBS 1% BSA), added for 1.5 hours at 37°C. ELISA plates were washed five times with PBS
Tween (0.05%) using a plate washer, and the level of bound HRP conjugated antibody detected as
for Section 2.2.8.1. Data were presented as absorbance (at 280nm) against known mAb

concentration.
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2.2.8.3.2 Plate Bound Anti-Kappa Light Chain Antibody ELISA

Anti-Kappa light chain antibody was bound directly to the plate in coating buffer (as in Section
2.2.8.2) at a final concentration of 0.1ug/ml for 2 hours at 37°C. Plates were blocked and washed
as in Section 2.2.8.1. Antibody samples were then added at a serial dilution from 1pg/ml, in PBS
1% BSA, for 90 minutes at 37°C. Bound antibody was detected using the HRP conjugated goat
anti-human Fc antibody as for Section 2.2.8.1. Data were presented as absorbance (at 280nm)

against known mAb concentration.

2.2.9 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) was carried out using a Biacore T100 system (GE Healthcare).
Recombinantly produced human FcyRs (I, lla, Ilb, llla, and Illb) were purchased from R&D Systems,
while buffers and reagents (Glycine pH 2.0, 10mM Acetate pH 5.0, (HBS-EP), Amine Coupling Kit,
and NaOH) were purchased from GE Healthcare. Series S sensor CM5 chips (GE Healthcare) were
used for ligand coupling. Approximately 2000 response units (RU) of antibody were immobilised
to CM5 sensor chip flow cells via amine chemistry using the GE Healthcare Amine Coupling Kit to
prepare the surface, and antibody at 200pg/ml. Fresh HBS-EP and MQ H,O were prepared prior to
kinetic analysis. FcyRs were prepared at 1-1000nM (for FcyRlla and llla), 1-100nM (for FcyRI) and
200nM (FcyRlIlb and lllb) in fresh HBS-EP. Kinetic analysis was performed using a Biacore Method
file according to the following parameters: sample on/off times 300 seconds at a flow rate of
30ul/min with 30 seconds regeneration with 30ul/min 10mM Glycine pH 2.0. FcyRs were flowed
through all flow cells simultaneously and a blank reference flow cell subtracted from antibody
containing flow cells. Kinetic analysis and steady state affinity calculation were performed using

Biacore Evaluation software (GE Healthcare).

Relative binding intensity was determined as follows: response values (peak of association curve)
were normalised to the amount of each antibody bound on the chip (in RU) by dividing the peak
response value by the final response (from antibody immobilisation) after subtraction of the blank
flow cell, e.g. galactose relative response/(final response of galactose post immobilisation — blank
flow cell). The relative response (in RU) was then calculated for the maximum concentration of
each FcyR tested (100nM for FcyRI and 1000nM for FcyRlla and llla), and taken as a percentage of

the value for native, unmodified antibody, e.g. normalised RUmax galactosylated/normalised RUmax
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native * 100. Calculations were done in Microsoft Office Excel 2016 and graphs produced in

GraphPad Prism Version 7.

2.2.10 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Antibody samples were prepared in Laemmli sample buffer (Abcam) and boiled at 95°C for 5
minutes. Samples were loaded onto a 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE, NUPAGE Bis Tris, 1.5mm, Thermo Fisher Scientific) gel and run at 110V
for 2hrs. After running, gel was transferred to dH,0 and stained with Coomassie blue (Sigma
Aldrich, 60mg/ml, in 10% acetic acid (v/v)) for 30 minutes. After staining, gel was de-stained with
10% ethanol/10% acetic acid (both v/v), changing periodically until the gel was no longer blue,

and then imaged.

2211 Glycan Analysis

Antibody glycan analysis was performed at Hoffman La Roche (Penzberg, Germany). The methods
used, previously published by Roche, are briefly described below*'”*!8, Samples of glycomodified

antibodies were prepared in PBS and shipped at 4°C to Roche (Penzberg, Germany).

2.2.11.1 Mass Spectrometry

Samples were treated with IdeS (Fabricator, Genovis) to cleave the IgG within the hinge region*!8.
Fragments were denatured and reduced using 6M Guanidine HCL and 0.11M tris(2-
carboxyethyl)phosphine (TCEP), before being analysed by mass spectrometry following separation
by HPLC on a Zorbax 300 Diphenyl RRHD 2.1x100mm 1.8um column. The mass of the Fc fragment
containing various glycans was calculated and peaks at the corresponding mass/charge ratios

summed together to generate relative proportions of each glycan.

Page 77



Chapter 2

2.2.11.2 Instant Aminobenzamide (AB) Labelling

Samples were treated with Rapid PNGase F (NEB) to cleave the N-linked glycans off of the
antibody Fc*Y’. Released glycans were then labelled with Glykoprep Instant AB (prozyme) to
rapidly label them, and then washed with CU cartridges. Labelled glycans were analysed by UPLC-
FLR using a Waters BEH-Glycan Separations Technology column (1.7 um, 150 x 2.1 mm). Relative

glycan composition was then calculated from the resulting chromatograms.

2.3 Cell Based Assays

23.1 Flow Cytometry
23.1.1 Direct Staining

Surface staining using directly labelled antibody was carried out according to the following
method. Cells were resuspended in either cRPMI or PBS at 1x10° cells per ml. Antibodies were
generally added at a final concentration of 10ug/ml (unless otherwise specified), according to
manufacturer’s instructions or diluted from manufacturer’s instructions according to previous
experience. Staining was typically carried out for 15 minutes at room temperature or for 30
minutes at 4°C. Cells were washed using 3mls fluorescence activated cell sorting (FACS) flow and
centrifuged at 450g for 5 minutes, dragging the FACS tubes along a FACS rack to resuspend the
cells in the residual buffer. Tubes containing residual volume after washing were acquired on a
FACS Calibur flow cytometer, with addition of FACS flow if the volume was too low to allow for

collection of sufficient events. Data were analysed using FCS Express v3 and GraphPad PRISM v7.

2.3.2 Antigen Binding

Target antigen expressing cells were resuspended in cRPMI in 1x10° cells/ml. 1x10° cells were
transferred into FACS tubes and stained with the relevant antibody at 10pg/ml for 15 minutes at
room temperature. Cells were washed twice with 3mls of FACS wash at 450g for 5 minutes. Cells

were stained with 1pl/ml of secondary antibody for 30 minutes at 4°C. Cells were washed once in
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FACS flow at 450g for 5 minutes, and acquired on a FACS Calibur flow cytometer. Data were

analysed FCS Express V3 and GraphPad PRISM v7.

233 Antigen Blocking

Target antigen expressing cells were resuspended in cRPMI at 1x108 cells/ml. 1x10° cells were
transferred into FACS tubes. Relevant antibody was added at 10ug/ml for 30 minutes at 4°C. Cells
were washed with 3mls of FACS wash at 450g for 5 minutes. Fluorescein isothiocyanate (FITC)
labelled competitor antibody directed to the same target was added for 30 minutes at 4°C. Cells
were washed with 3mls FACS flow at 450g for 5 minutes and acquired on a FACS Calibur flow

cytometer. Data were analysed FCS Express V3 and GraphPad PRISM v7.

2.3.3.1 Indirect Staining

When secondary staining was being carried out, cells were washed after primary staining (Section
2.3.1.1). Secondary antibody was added to the residual volume in the FACS tube (assumed to be
approximately 100ul) after washing at a concentration according to manufacturer’s instructions
or diluted from manufacturer’s instructions according to previous experience. Secondary staining
was carried out at 4°C for 30 minutes, and afterwards cells were washed once in 3mls FACS flow
at 450g, dragging the FACS tubes along a FACS rack to resuspend the cells. Further antibody
staining was carried out in the same fashion as for secondary staining, and cells acquired as for

primary stained cells. Data were analysed using FCS Express v3 and GraphPad PRISM v7.

234 Clq Binding Assay

Cells were resuspended in cRPMI at 1.1x10° cells/ml and 5x10* seeded into a 96 well flat bottom
plate containing 50ul of 2x concentrated antibody or media, and incubated at room temperature
for 15 minutes. 50ul of 24ug/ml human purified C1q (Abcam) was then added per well and

incubated at 37°C for 15 minutes. The plate was then put on ice and the cells transferred to FACS

tubes and washed twice with 3mls FACS wash at 450g for 5 minutes at 4°C. 10ul of 1 in 10 PBS
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diluted anti-C1qg-FITC antibody (Abcam) were then added to each tube, and incubated for 30
minutes at 4°C. Cells were then washed once more with 3mls FACS wash at 450g for 5 minutes at
4°C, and acquired on a FACS Calibur flow cytometer. Data were analysed using FCS Express v3 and

GraphPad PRISM v7.

2.3.5 Complement Dependent Cytotoxicity (CDC) Assay

Cells were resuspended in cRPMI at 1x10° cells/ml and 1x10° cells seeded into a 96 well flat
bottom plate containing 50ul of 2x concentrated antibody or media, and incubated at room
temperature for 15 minutes. Freshly thawed human serum (Section 2.1.8.1) was added to wells to
give a final concentration of 30%, and cells incubated at 37°C for 15 minutes before being placed
on ice. For data gathering, cells were transferred to a FACS tube and stained with 2 drops
(approximately 100pl) of 10ug/ml propidium iodide before acquisition on a FACS Calibur flow

cytometer. Data were analysed using FCS Express v3 and GraphPad PRISM v7.

2.3.6 Direct Cell Death (DCD) Assay

Cells were resuspended in cRPMI at 2x10° cells/ml and 1x10° cells seeded into a 96 well flat
bottom plate containing 50ul of 2x concentrated antibody or media. Cells were incubated for
24hrs at 37°C, 5% CO,, in a humidified incubator. Cells were then placed on ice and transferred to
FACS tubes. Tubes were stained with 2 drops (approximately 100ul) of 10ug/ml propidium iodide
before acquisition on a BD FACS Calibur. Data were analysed using FCS Express v3 and GraphPad
PRISM v7.

2.3.7 Antibody Dependent Cellular Cytotoxicity (ADCC) Assay

Target cells were resuspended in PBS at 1x10’ cells/ml and labelled with calcein AM (Life
Technologies) at 10pg/ml for 30 minutes at 37°C with periodic mixing. The labelled target cells
were washed 3 times in PBS containing 10% FCS at 300g and resuspended at 1.6x10° cells/ml in

cRPMI. 5x10* labelled target cells were seeded per well of a round bottom 96 well plate
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containing 50ul of 2x concentrated antibody or media for 15 minutes at room temperature.
Purified PBMCs (Section 2.1.6) were adjusted to 4x107 cells/ml and 4x10°® PBMCs, media or 4%
Triton X-100 added per well. The plate was briefly pulsed and then incubated at 37°C for 4 hours.
The plate was then centrifuged at 200g for 5 minutes and the supernatants transferred to a white
walled plate and read on a VarioSkan plate reader (excitation at 494nm, emission at 515nm). Lysis
was calculated as a percentage of maximum once background was removed according to the

equation:
% of Max Lysis = (X - background)/(Max Lysis - background)

(X=a given well, background is the mean of 3 wells containing only PBMCs and non-opsonised
targets, and max lysis is the mean of 3 wells of target cells lysed with 4% Triton X-100). Data were
analysed and presented using Microsoft Office Excel 2016 and GraphPad PRISM Version 7. This

basic method was performed with minor adjustments for specific experiments as detailed below.

23.7.1 ADCC Assay with Competing IgG

To examine the effect of competing IgG, the assay was carried out as above, with addition of human
polyclonal IgG added at cell opsonisation stage at a final concentration of 10mg/ml during antibody

opsonisation and 5mg/ml during co-culture.

2.3.8 Antibody Dependent Cellular Phagocytosis (ADCP) Assay

MDMs were generated as detailed earlier (Section 2.1.7), washed twice with PBS and the media
replaced with cold PBS for 15 minutes on ice. Macrophages were then scraped with a cell scraper
and resuspended in cRPMI at 1x10° cells/ml. 1x10° cells were added per well of a flat bottom 96
well plate, and the plate was incubated at 37°C for 2 hours. Target cells were resuspended in PBS
at 2x107 cells/ml and labelled with 5uM CFSE (Life Technologies) for 15 minutes in the dark at
room temperature. After labelling, 1ml of FCS was added for 1 minute, and then the cells were
washed twice with cRPMI and resuspended at 2.5x10° cells/ml. 2.5x10° target cells were seeded
per well of a round bottom 96 well plate containing 2x concentrated antibody or media for 30

minutes at 4°C. Media was removed from macrophages and replaced with 100ul fresh media.
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100yl of target cells was then transferred into the macrophage plate and incubated at 37°C for 1
hour. 1ul per well of anti-CD14 (eBioscience clone 61D3) was then added and cells incubated at
room temperature in the dark for 15 minutes. Media was flicked off and 200ul of cold FACS wash
added to the cells, which were placed on ice for 15 minutes. Cells were scraped using a P200
pipette tip and transferred to a FACS tube for acquisition on a FACS Calibur flow cytometer. Data
were analysed using FCS Express v3 and GraphPad PRISM v7. Phagocytosis was defined as

macrophages (CD14 +ve) that were also positive for CFSE (target cells).

2.3.9 FcyR Binding

CHO-K1 cells transfected with FcyRI, FcyRlla (R131), FcyRlIlb, FcyRllla (V158), FcyRllla (F158) or
mock transfected controls (generated by Dr. R. Oldham*®) were incubated in PBS + 2mM EDTA for
10 minutes, scraped to remove from flasks and washed. 1x10° cells were added per FACS tube
and target antibody added for 30 minutes at 4°C. Cells were washed once in FACS wash at 4°C for
5 minutes at 450g. Cells were stained with 1l tube of PE labelled polyclonal F(ab’); anti-human Fc
(Jackson ImmunoResearch) for 30 minutes at 4°C. Cells were washed with FACS wash at 450g for 5
minutes and acquired on a FACS Calibur flow cytometer. Data were analysed FCS Express V3 and

GraphPad PRISM v7.

2.3.10 FcyRIlb/c Reporter Assay

Jurkat T cells containing an nuclear factor of activated T cells-response element (NFAT-RE)/uc2
reporter fusion (Promega) can be used to detect nuclear factor (NF) kB signalling, for example in
response to binding of surface molecules, through the use of a luciferin containing substrate
(Promega). FcyRIlb and c are highly related molecules and contain identical extracellular
domains*?. As such FcyRllc can act as a surrogate to study FcyRllb binding in this system, and was
transfected into these Jurkat reporter cells (Dr. Richard Stopforth, unpublished data). Although
FcyRllb contains an ITIM, FcyRllc instead contains an ITAM. This ITAM can trigger activation of
NFkB, resulting in transcription of the luciferase enzyme, meaning luciferase production, and

therefore activity, can be used as a measure of FcyRlic (and therefore FcyRllb) signalling.
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In order to present IgG Fc regions to the FcyRllc expressing Jurkat cells, Raji cells were opsonised
with target antibodies for 15 minutes at room temperature. Opsonised Raji cells were then
washed in cRPMI prior to 6 hour incubation with FcyRlIc transfected Jurkat cells at a 1:2 (Raji to
Jurkat) ratio in a white walled plate. After incubation, 75ul 2x concentration luciferin containing
substrate was added to wells and luminescence measured immediately using a VarioSkan plate
reader at the recommended range of wavelengths. Media containing wells were subtracted from
experimental values and data were analysed using Microsoft Office Excel 2016 and GraphPad

PRISM v7.

2.4 Animal Methods

2.4.1 Animals

Wild type C57BL/6 mice were bred in the Biomedical Research Facility at the University of

Southampton.

2.4.2 Ethics

All animals used were maintained by the Biomedical Research Facility at the University of
Southampton in accordance with Home Office Regulations. All procedures carried out were
approved by the local ethics committee and performed in accordance to the Animals (Scientific

Procedures) Acts 1986, as set out in the Project Licence: PB24EEE31.

243 Antibody Half-Life Experiment

25ug of sterile antibody in 200ul of PBS was injected into the tail vein of pre-warmed animals
after application of analgesia (lidocaine). Mice were checked shortly after injection to confirm
there were no adverse events. Blood samples were collected from the tail vein 24hrs, 48hrs and
168hrs (7 days) following antibody administration for serum isolation as outlined in Section

2.1.8.2.
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2.5 Clq Column Methods

2.5.1 Column Production
2.5.1.1 Cl1q Production and Biotinylation

Single chain C1q (scClqg) was produced at Hoffman La Roche and kindly gifted for this project.
scClg was produced in HEK293 cells by linking of the genes for the Clq globular head groups into
a single chain in the order C1gA-C1qB-C1qC. scClq was biotinylated using the Bulk BirA: BirA
biotin-protein ligase bulk reaction kit (Avidity) according to manufacturer’s recommendations.
Biotinylated scC1q was dialysed, as described in Section 2.2.1, into 20mM NaH,P0,*H,0, 150mM
NaCl, pH 7.5, (Merck Millipore).

25.1.2 Streptavidin Coupling

Streptavidin coated sepharose beads (GE Healthcare) were poured into a sintered funnel in a
buchner flask and connected to a vacuum pump. Sepharose was washed with 15 funnel volumes
(approximately 5mls) of MQ H,0, followed by 10 funnel volumes of 20mM HEPES (Merck
Millipore), pH 7.4. 1.1g of washed sepharose was then transferred to a 50ml Falcon tube
(Eppendorf), and placed on a shaking rack. Biotinylated scC1q was added dropwise to the shaking
tube from a 1ml syringe and needle. scC1q and sepharose were incubated at room temperature

with periodic mixing for several hours to allow ligation.

2.5.1.3 Column Packing

Biotinylated scClqg-sepharose slurry was packed into 4.6 x 50mm chromatography columns
(Tricorn 5/50, GE Healthcare) by injection from a 1ml syringe through a syringe adaptor into a
water filled column. After all the biotinylated scClg-sepharose slurry was added, the column was

sealed with a filter at the top end and locked in place with a screw cap.
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2.5.14 Blank Column

Blank columns (lacking C1q) were produced by packing mock treated sepharose into an HPLC

column, using the same method as detailed above in Section 2.5.1.3.

2.5.1.5 Column Storage

Columns were stored at 4°C in 20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).

2.5.2 Clq Column HPLC Operating Conditions

The Clq affinity column was operated on a Shimadzu 10A HPLC system with in-line degasser.
Absorbance at 280nm was used for sample detection. The autosampler was maintained at 4°C
and the column maintained at 25°C. Prior to injection of samples, running buffer was injected to
equilibrate the column followed by two injections of 25ug of anti-HER3 human IgG1 as a standard.
25-100pg of samples were typically injected at Img/ml in Eluent A from Chromacol glass sample
vials (ThermoFisher Scientific), with a buffer flow rate of 0.5ml/min. 100% Eluent B (20mM HEPES,
500mM NacCl, Merck Millipore, pH 7.4) was used to regenerate the column during each run,
according to the gradients described in Chapter 6:. Chromatograms were generated and
processed using Chromeleon v 7.2 SR4 (ThermoFisher Scientific) and Microsoft Office PowerPoint

and Excel, both 2016.
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Chapter 3: Influence of IgG Subclass on mAb Effector

Function

3.1 Introduction

Therapeutic mAbs are approved for use in the treatment of many different conditions including
cancers (such as breast cancer and chronic lymphocytic leukaemia) and autoimmune disorders
(such as rheumatoid arthritis and multiple sclerosis)*?!. The majority of the targets for these
antibodies are cell surface proteins (including CD20, CD52, HER2 and programmed cell death (PD)-
1), whilst a smaller number target extracellular soluble components such as Factor IXa, for the

treatment of haemophilia A and Clostridium difficile enterotoxin B for C. difficile infection??>4%4,

Historically most therapeutic mAbs have acted in a depleting manner (also called direct targeting
mAbs). Direct targeting mAbs, such as rituximab function by opsonising the targeted cell and
triggering cell death/removal through cell intrinsic or immune mediated effector functions (such
as CDC, ADCC and ADCP)**>. A smaller number of mAb based agents that have also been approved
carry a toxin, termed a payload, which is specifically delivered to the tumour cells through the
specificity of the antibody moiety, such as trastuzumab emtansine and ozogamicin conjugates

gemtuzumab and inotuzumab*?,

More recently, a major revelation in the field of immunotherapy has been the discovery of mAbs
known as checkpoint blockers or immunomodulatory antibodies*?”4?, These antibodies, like
direct targeting antibodies, bind to surface molecules on their target cells. However, unlike direct
targeting antibodies, the cells targeted by this class of mAbs are usually immune cells, and the aim
of therapy is not to deplete these cells, rather to activate their immune effector functions®. This
can include blocking inhibitory receptors such as CTLA-4 on the surface of T cells, or activating

immunostimulatory receptors such as CD40 and CD27 on various immune cells#29-431,

Targeting effector cells of the immune system rather than targeting the tumour requires a
different therapeutic approach, as depletion of immune cells within a tumour is not the desired
outcome. As such, the use of standard human IgG1 antibodies with their well-known pro-
inflammatory functions is potentially harmful. Some IgG1 mutations that reduce antibody effector

function have been produced that decrease the Fc mediated effector functions, potentially
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sparing immune cells from depletion**2. Other approaches to decrease target cell depletion could
involve selecting target epitopes which induce less effective cell targeting, as both target epitope
and membrane proximity of the target epitope have been shown to be important for the efficacy

and mechanism of depletion*33434,

Classically, mAbs approved for use in the clinic contain the IgG1 heavy chain. However, more
recently other heavy chain IgG subclasses have been used in the clinic. Nivolumab and
pembrolizumab (formerly known as lambrolizumab) are both PD-1 targeting mAbs that contain a
human 1gG4 heavy chain®*>%3¢, These show little to no Fc-mediated effector function on the
targeted T cells, instead acting to release these cells from PD-1/PD-L1 induced exhaustion.
Furthermore, two of the above-mentioned toxin conjugated mAbs gemtuzumab- and
inotuzumab-ozogamicin are also of the 1gG4 subclass, and the anti-epidermal growth factor
receptor mAb panitumumab (formerly known as ABX-EGF), approved for the treatment of

colorectal cancers, is of the IgG2 subclass**743,

Although IgG1 is the most abundant IgG subclass in human serum, 1gG2, IgG3 and IgG4 are also
found and are reported to have differing effector functions and characteristics**. IgG1 and IgG3
are generally reported to be highly active in inducing Fc-mediated effector functions, whereas

IgG2 and 1gG4 are thought to be less active in these capabilities®44°,

Despite the reported characteristics of these IgG subclasses to be either highly pro-inflammatory
(IgG1 and 1gG3) or moderately pro-inflammatory (IgG2 and IgG4), there have been conflicting
reports in the literature regarding some of these subclasses, notably IgG2, which has been
reported to potentially be active in depleting target cells**%442, With the increasing diversity of
mAbs of different human IgG subclasses entering the clinic and in clinical trials, it is of great
importance to fully understand the relative activity of these different IgG subclasses. Comparisons
of different IgG subclasses are sometimes based on different antibody specificities on different
subclasses, making the interpretation of results difficult. In order to properly characterise the
differences between IgG subclasses we used the same antibody specificity on the four IgG
subclasses to remove any variables coming from different binding affinities or epitopes. We
undertook a detailed investigation into the effector function of the well studied anti-CD20 mAb
rituximab, produced on each of the 4 human IgG subclass backbones, as well as the more recently
approved type Il anti-CD20 mAb obinutuzumab (produced in-house without glycoengineering as

BHH2) produced as a human IgG1 and 1gG2.
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3.2 Target Binding of Anti-CD20 mAb IgG Subclasses

Firstly, anti-CD20 antibodies were tested to see whether the different constant domains of the
human IgG subclasses influenced the ability of the Fab domains to bind the antigen. IgG
subclasses were tested by size exclusion HPLC to confirm they did not contain high degrees of
aggregation (Figure 8-3). As all of the subclasses contain the same variable regions it was
anticipated that the antigen binding would also be the same. To do this, Ramos cells were
opsonised with 10pg/ml of the respective antibody and excess antibody washed off. Bound
antibody was detected with a polyclonal anti-human Fc specific phycoerythrin (PE) conjugated
F(ab’), (Figure 3-1B), and analysed by flow cytometry to compare the binding level of each

antibody.
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Figure 3-1 Binding of Rituximab and BHH2 IgG Subclasses to Ramos Cells

Chapter 3

Ramos cells were opsonised with anti-CD20 antibodies at 10ug/ml. The level of surface bound antibody
was detected using a polyclonal anti-Fcy specific PE labelled F(ab’),. A- gating of anti-CD20 opsonised
Ramos cells, gated on viable cells and the geometric mean of the signal in the FL-2 channel taken. B-
schematic diagram showing experimental setup. C- overlaid histograms of antibody subclasses binding
to Ramos cells. D- geometric means of antibody subclass surface binding. Mean + range of duplicate
measurements from a single experiment presented. E- direct comparison of IgG1 and I1gG2 for both

rituximab and BHH2.
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However, testing the level of antibody on the surface of opsonised Ramos cells using a polyclonal
labelled F(ab’), recognising human IgG Fc indicated differing levels of antibody subclass at the
target surface (Figure 3-1). Binding of rituximab IgG2 to the Ramos cells was greatly reduced
compared to the other subclasses, whilst rituximab IgG3 showed increased surface binding when
compared to IgG1, and 1gG4 remained similar to IgG1. BHH2 1gG2 also showed reduced binding
when compared to I1gG1, but the decrease was of a smaller magnitude than seen for rituximab
subclasses (Figure 3-1E). Overall binding of rituximab IgG1 was greater than seen for BHH2 IgG1,

as expected for a type | anti-CD20 antibody vs. a type Il, respectively.

Next, to confirm that the differences in anti-CD20 binding seen for IgG1 vs. 1gG2 in Figure 3-1
were independent of antibody concentration, the level of antibody at the surface of Ramos cells
was titrated from 10ug/ml to 0.04ug/ml for each of the different IgG subclasses. Bound antibody
was then detected using the same concentration of polyclonal labelled F(ab’); secondary which

recognised human IgG Fc as performed previously.
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Figure 3-2 Anti-CD20 Antibody Binding Subclass Titration

Ramos cells were opsonised with anti-CD20 antibodies at a range of concentrations. The level of surface
bound antibody was detected using a polyclonal anti-Fcy specific PE labelled F(ab’),. A- gating of anti-
CD20 opsonised Ramos cells, gated on viable cells and the geometric mean of the signal in the FL-2
channel taken. B- schematic diagram showing experimental setup. C- overlaid histograms of antibody
subclasses binding to Ramos cells at 10pg/ml. D- geometric means of antibody subclass surface binding

at the indicated concentrations. Mean + range of duplicate measurements from a single experiment
presented.
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As seen in Figure 3-1, the level of IgG1 bound at the cell surface was greater than I1gG2 both for
rituximab and, to a lesser extent, for BHH2 (Figure 3-2C). This difference was maintained at all

concentrations tested, from 10ug/ml to 0.04pug/ml, for both rituximab and BHH2.

The ability of the anti-CD20 mAb subclasses to block the binding of a second anti-CD20 antibody
was then assessed, as another means to determine the relative level of the different subclasses at
the cell surface. Ramos cells were opsonised with the different IgG subclasses of the anti-CD20
mAbs and unbound antibody washed off. A FITC labelled rituximab IgG1 antibody was then added

to each sample, and the cells acquired by flow cytometry (Figure 3-3B).

A No Ab No Ab Rituximab IgG1 10pg/ml
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120- KEEE XEERE
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Figure 3-3 Assessment of the Ability of Anti-CD20 IgG Subclasses to Mask CD20

Ramos cells were opsonised with anti-CD20 IgG subclasses and the remaining available CD20 detected
by the addition of a second anti-CD20 mAb (rituximab IgG1), directly labelled with FITC. A- live cells were
gated on and the level of signal in the FL-1 channel determined. B- schematic diagram of the assay
setup. C- geometric mean of the level of rituximab FITC binding detected after initial opsonisation with
anti-CD20 subclasses at 10ug/ml. Data shown represent mean plus range of triplicate technical repeats
of a single experiment. Statistics calculated by One Way ANOVA, **** p<0.001.
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The binding of rituximab FITC after opsonisation of Ramos cells with anti-CD20 subclasses is an
indication of the level of available CD20 and/or the ability of the rituximab IgG1 FITC to out-
compete the initially bound anti-CD20 mAb. The absence of primary antibody (No Ab in Figure
3-3C) results in maximal binding of rituximab FITC. The presence of bound IgG prior to the
addition of rituximab FITC reduced this binding for all subclasses tested. Rituximab IgG1 showed
the biggest effect for blocking the rituximab FITC. In contrast, rituximab IgG2 shows the smallest
effect. The same trend was seen for BHH2 IgG1 and IgG2, but the difference was smaller than
seen for rituximab 1gG1 and IgG2. Rituximab IgG3 and IgG4 showed an intermediate effect, with

rituximab 1gG3 blocking more rituximab FITC than rituximab IgG4.

It was next confirmed whether the trend of reduced CD20 binding for IgG2 subclasses was
maintained beyond Ramos cells. Two further B cell lines, Raji and SUDHL4, were opsonised with
anti-CD20 mAbs on multiple IgG subclasses, and the binding detected with the same F(ab’); anti-

human Fc PE used in Figure 3-1.
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Figure 3-4 Anti-CD20 IgG Subclass Binding to CD20 Expressing Cell Lines

The binding of anti-CD20 mAbs rituximab and BHH2 on different IgG subclasses. Cells were opsonised by
anti-CD20 mAbs on different human IgG subclasses at 10ug/ml, and the level of bound antibody
detected with a polyclonal anti-Fcy specific PE labelled F(ab’),. Cells were gated as shown in Figure 3-1.
A-C- level of IgG subclasses of rituximab and BHH2 bound to Ramos (A), Raji (B) and SUDHL4 (C) cell
lines. Data shown are mean plus range of duplicate technical repeats of a single experiment.
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As shown in Figure 3-1 and Figure 3-2, rituximab IgG2 demonstrated reduced binding compared
to rituximab IgG1 on Ramos cells, and BHH2 1gG2 showed reduced binding compared to BHH2
IgG1, albeit with the difference less pronounced. This same trend was maintained on both Raji
and SUDHLA4 cells, with 1gG2 showing reduced binding compared to IgG1 for both rituximab and

BHH2, with a greater difference seen with rituximab (Figure 3-4).

CD20 is known to redistribute into lipid rafts upon binding with a type | anti-CD20 antibody, such
as rituximab?°2%3, As the reduction in the level of binding of IgG2 was much less for BHH2 than for
rituximab it was possible that differences in CD20 redistribution could be a potential factor.
Therefore Ramos cells were fixed at different stages during the opsonisation and detection
protocol and checked to see if the differences in the level of antibody at the cell surface was
effected. By fixing the target cell with paraformaldehyde the level of CD20 redistribution in the
Ramos cell membrane should be reduced. In addition, the effect of fixing opsonising antibodies

before washing unbound antibodies was tested.
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Figure 3-5 Anti-CD20 Antibody Subclass Binding After Target Fixation

Ramos cells were opsonised with anti-CD20 antibodies at 10ug/ml and fixed with paraformaldehyde at
different stages during the opsonisation method. The level of surface bound antibody was detected
using a polyclonal anti-Fcy specific PE labelled F(ab’),. A- gating of anti-CD20 opsonised Ramos cells,
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gated on viable cells and the geometric mean of the signal in the FL-2 channel taken. B- overlaid
histograms of antibody subclasses binding to Ramos cells fixed at various timepoints. C- geometric
means of antibody subclass surface binding to Ramos cells fixed at various timepoints, grouped by
antibody. Mean + range of duplicate measurements from a single experiment, representative of two
independent experiments.

Fixation of target cells prior to opsonisation decreased the binding of all anti-CD20 antibodies
except rituximab 1gG2 (Figure 3-5). Fixation of Ramos cells after opsonisation caused an increase
in the level of binding of all anti-CD20 antibodies, with rituximab 1gG2 perhaps showing the
largest increase. Fixation after staining with the polyclonal anti-Fc F(ab’); resulted in little change
in the level of binding of all antibodies. BHH2 antibodies seemed less sensitive to changes in
fixation than did rituximab, with pre-opsonisation fixation reducing the binding of both IgG1 and

1gG2 similarly.

All of the antigen binding assays performed thus far utilised a polyclonal anti-lgG Fc secondary.
Due to differences in the 1gG subclass backbones it was possible that the lower levels of 1gG2
detected was an artefact of the detection reagent having different affinities towards the different
IgG subclass Fc backbones. In order to test this theory the opsonisation procedure was repeated
on Ramos cells and the level of surface antibody detected using a FITC conjugated anti-idiotype
antibody specific for the variable region of rituximab (Figure 3-6B), which was the same for all of
the subclasses tested, at 10ug/ml and excess antibody was washed off prior to analysis by flow

cytometry.
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Figure 3-6 Anti-CD20 Surface Binding to Ramos Cells Detected by Anti-ldiotype

Ramos cells were opsonised with rituximab 1gG subclasses at 10ug/ml. The level of surface bound
rituximab was detected using a FITC labelled anti-idiotype mAb (clone MB2A4) at 10ug/ml. A- gating of
rituximab subclass opsonised Ramos cells, gated on viable cells and the geometric mean of the signal in
the FL-1 channel taken. B- schematic diagram showing experimental setup. C- overlaid histograms of
rituximab subclasses binding to Ramos cells. D- geometric means of rituximab subclass surface binding.

Mean + range of duplicate measurements from a single experiment, representative of two independent
experiments.
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Detection of surface binding of rituximab IgG subclasses with the anti-idiotype mAb MB2A4
reveals the highest binding of antibody subclass for rituximab IgG2 (Figure 3-6D)*3, Rituximab
IgG4 was the second highest binder, with rituximab IgG1 and IgG3 the lowest. This was in contrast
with the previous measurements of surface binding, in which rituximab IgG2 had the lowest level

of surface binding.

In order to clarify the discrepancy in surface binding as measured by the anti-idiotype and the
anti-Fc detection methods, the level of surface binding for each of the respective IgG subclasses
was tested using an anti-kappa light chain detection antibody. As each IgG subclass contained the
same kappa light chain this should bind equally to all of the antibodies independently of the heavy
chain constant domain. Ramos cells were opsonised with anti-CD20 antibodies at 10ug/ml and
excess antibody washed off. The level of surface bound antibody was detected with 0.4ug/ml PE
conjugated anti-Kappa light chain (clone MHK-49), and the level of surface bound antibody

detected by flow cytometry (Figure 3-7B).
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Figure 3-7 Anti-CD20 IgG Subclass Binding Detected by Anti-Kappa Light Chain Antibody

Ramos cells were opsonised with anti-CD20 IgG subclasses at 10ug/ml. The level of surface bound
antibody was detected using a PE labelled anti-kappa light chain mAb (clone MHK-49). A- gating of
antibody subclass opsonised Ramos cells, gated on viable cells and the geometric mean of the signal in
the FL-2 channel taken. B- schematic diagram showing experimental setup. C- overlaid histograms of
anti-CD20 antibody subclasses binding to Ramos cells. D- geometric means of anti-CD20 antibody
subclass surface binding. Data points from a single experiment representative of two independent
experiments presented.
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When detecting the level of surface antibody binding on opsonised Ramos cells using an anti-
kappa light chain mAb a similar trend to that seen in Figure 3-1 was observed (Figure 3-7).
Rituximab 1gG2 binding was only weakly detected by the anti-kappa light chain antibody, whereas
a strong signal was seen for rituximab IgG1 and IgG3. Rituximab 1gG4 binding was intermediate
between rituximab 1gG1/3 and rituximab IgG2 (Figure 3-7D). BHH2 1gG2 also showed reduced cell
surface binding as compared to BHH2 IgG1, but as before (Figure 3-1) the magnitude of the
difference in binding was smaller for BHH2 (~3.5 times more IgG1 than IgG2) than that between
rituximab 1gG1 and 1gG2 (~32 times more IgG1 than 1gG2).

Although all of the rituximab and BHH2 IgG subclasses used in this work contain the kappa light
chain, differences in the overall conformation of the different IgG subclasses could be masking the
detection epitopes recognised by the anti-kappa antibody. In order to determine whether the
anti-kappa light chain antibody could recognise the different subclasses equivalently, the binding
of the anti-kappa antibody to the IgG subclasses was assessed in an ELISA format, where an equal

amount of each IgG subclass could be tested.

The anti-kappa light chain mAb was tested both in solution and immobilised (Figure 3-8A and B,
respectively). For solution testing, rituximab IgG subclasses were coated onto maxisorb plastic 96
well plates in a serial dilution from 1ug/ml, and non-bound antibody washed off. Anti-kappa light
chain mAb was then added at 0.1pg/ml in solution, and non-bound antibody washed off. Bound
antibody was detected through the use of a polyclonal anti-mouse IgG1 specific antibody
conjugated to HRP, and substrate added. After an appropriate period of time the reaction was
guenched with 2.5M H,S0,, and the absorbance of the samples measured at 490nm on a plate

reader.

For testing in plate bound form, anti-kappa light chain was coated directly onto maxisorb plastic
96 well plates at 0.1pg/ml, and non-bound antibody washed off (Figure 3-8B). Rituximab
subclasses were then added at a serial dilution from 1pg/ml, and non-bound antibody washed off.
Bound antibody was detected through the use of a polyclonal anti-human IgG Fc antibody

conjugated to HRP and measured using the same substrate method described above.

As an additional control to confirm similar amounts of each IgG subclass bound to the plate,
rituximab subclasses immobilised as above were detected with a polyclonal, HRP conjugated anti-
human IgG Fc antibody, and the level of antibody detected using the same substrate method as

above (Figure 3-8C).
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Figure 3-8 Anti-CD20 IgG Subclass ELISA

A- rituximab 1gG subclasses (blue IgG) were coated onto maxisorb plastic 96 well plates at the indicated
concentrations and then bound by anti-kappa light chain (green IgG) antibody at 100ng/ml. The binding
of anti-kappa light chain antibody was detected by an anti-mouse Fc antibody (brown IgG) conjugated to
horseradish peroxidase. OPD based peroxidase substrate was added to determine the level of anti-
kappa light chain antibody. Mean of duplicate data points shown. Schematic of the assay setup shown
on the right. B- 100ng/ml anti-kappa light chain antibody was coated onto maxisorb plastic 96 well
plates and rituximab subclasses added onto these wells. Polyclonal anti-human Fc antibody (pink 1gG)
conjugated to horseradish peroxidase was added to bind the rituximab subclasses and detected by
addition of OPD based peroxidase substrate. Mean of duplicate data points shown. Schematic of the
assay setup shown on the right. C- rituximab IgG subclasses were coated onto maxisorb plastic 96 well
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plates at the indicated concentrations and then bound by a polyclonal anti-human IgG Fc antibody
conjugated to horseradish peroxidase. The binding was then detected by addition of OPD based
peroxidase substrate. Mean of duplicate data points shown. Schematic of the assay setup shown on the
right. D- key of antibodies used in the ELISAs.

The binding of rituximab IgG subclasses by the anti-kappa light chain antibody in the context of an
ELISA indicates that the anti-kappa light chain antibody does not bind to the IgG subclasses
equivalently (Figure 3-8). IgG3 was detected most strongly in both formulations of the ELISA,
irrespective of whether the anti-kappa light chain antibody was added to IgG subclasses
immobilised on the ELISA plate (Figure 3-8A) or if the anti-kappa light chain antibody itself was
immobilised to the ELISA plate and soluble IgG subclasses were added (Figure 3-8B). Similarly,
binding to IgG2 was the weakest in both ELISA formats. Binding to 1gG1 and 1gG4 was
intermediate between that seen for IgG3 and 1gG2, and the respective strength of binding
appeared to be dependent on the ELISA format. When the rituximab subclasses were immobilised
onto the plate, then IgG4 binding was equivalent to IgG3 binding whereas IgG1 binding was more
similar to 1gG2 (Figure 3-8A). However, when the anti-kappa light chain was immobilised to the

plate, IgG1 binding was greater than IgG4 (Figure 3-8B).

The overall level of each IgG subclass bound to the plate was checked using a polyclonal anti-
human IgG Fc specific horseradish peroxidase conjugated antibody. This antibody appeared to

bind to the four IgG subclasses similarly (Figure 3-8C).

As this anti-human Fc HRP conjugated polyclonal antibody appeared to bind to all the IgG
subclasses equivalently by ELISA, this antibody was tested by flow cytometry to see if it could be
used to detect target cell bound IgG. As the polyclonal anti-Fc antibody is generally used for
ELISAs it is conjugated with HRP, which is not detectable by flow cytometry. As such, a three-
tiered staining protocol for detection of target bound cells was employed (Figure 3-9B). SUDHL4
cells were selected for these experiments because of their high expression of CD20, increasing the
potential for detectable binding being maintained through the washing steps. SUDHL4 cells were
opsonised with primary anti-CD20 antibody subclasses at 10pg/ml, with excess non-bound
antibody washed off. Anti-Fc antibody was then added at a final dilution of 1 in 100, and excess
antibody washed off. Bound antibody was then detected by the addition of a FITC labelled anti-

HRP antibody at 30ug/ml and analysed by flow cytometry.
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Figure 3-9 Anti-CD20 IgG Surface Binding Detection by Anti-Fc HRP

SUDHLA4 cells opsonised with rituximab IgG1 or an IgG1 isotype control were probed with the polyclonal
anti-human IgG Fc HRP conjugated antibody from Figure 3-8. Bound antibody was then detected by an
anti-HRP FITC conjugated antibody. A- gating of rituximab/isotype IgG1 opsonised SUDHL4 cells, gated
on viable cells and the geometric mean of the signal in the FL-1 channel taken. B- schematic diagram
showing experimental setup. C- overlaid histograms of rituximab 1gG1 (red) and an 1gG1 isotype (black)
binding to SUDHL4 cells.

Rituximab IgG1 binding to SUDHL4 cells could be detected using a polyclonal anti-human IgG Fc
antibody that is conjugated to HRP through the use of an anti-HRP antibody labelled with FITC, as
seen by the greatly increased binding of the rituximab opsonised SUDHL4 cells over the 1gG1

isotype control opsonised SUDHL4 cells (Figure 3-9).
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Having determined that the anti-IgG Fc HRP conjugated antibody was suitable for use in flow
cytometry, the relative binding of the different IgG subclasses of the anti-CD20 antibodies was

assessed using this anti-Fc antibody method on two cell lines.
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Figure 3-10 Anti-CD20 IgG Subclass Surface Binding Detected by Anti-Fc HRP Conjugate

SUDHL4 and Ramos cells opsonised with anti-CD20 IgG Subclasses were bound with the polyclonal anti-
human IgG Fc HRP conjugated antibody from Figure 3-8. Bound antibody was then detected by an anti-
HRP FITC conjugated antibody. A- gating of I1gG subclass opsonised SUDHL4 cells, gated on viable cells
and the geometric mean of the signal in the FL-1 channel taken. B- schematic diagram showing
experimental setup. C- overlaid histograms of IgG subclasses binding to SUDHL4 cells. D- geometric
means of anti-CD20 antibody subclass surface binding to SUDHL4 cells. Mean plus range of technical
duplicate data points from a single experiment. E- geometric means of anti-CD20 antibody subclass
surface binding to Ramos cells, analysed as for SUDHL4 cells. Mean plus range of triplicate technical
repeats from a single experiment.
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The detection of anti-CD20 IgG subclass surface binding to SUDHLA4 cells with the anti-IgG Fc HRP
antibody demonstrated the same trend as seen with the with the polyclonal anti-IgG Fc F(ab’),
(Figure 3-1) and the anti-kappa light chain antibody (Figure 3-7). Rituximab 1gG3 showed the
highest surface binding (although this was similar to IgG1 on Ramos cells) with rituximab IgG2 the
lowest on both cell lines (Figure 3-10). Rituximab IgG1 displayed greater surface binding than
IgG4. For BHH2, greater surface binding was again seen for IgG1 than for IgG2. As seen previously,
a smaller decrease in surface binding was seen between IgG1 and IgG2 for BHH2 than for

rituximab on both SUDHL4 cells and Ramos cells.

3.21 Comparison of IgG1 and 1gG2 Subclass Binding for Different Target Specificities

Having analysed the surface binding levels of rituximab and BHH2 IgG subclasses by several
methods it was determined that the levels of these subclasses differ at the target cell surface for
this target, CD20. Differences in the level of surface binding of different IgG subclasses targeting
different antigens was therefore assessed, in order to see if this was a general property of IgG
subclasses or something restricted to the anti-CD20 antibody panel. Several mAbs against T cell
antigens available as multiple IgG subclasses with the same binding epitope were assessed. These
reagents were tested for surface binding to target expressing cells with the different detection

methods used for the anti-CD20 mAbs described above.
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Figure 3-11 Surface Binding of 1gG Subclasses to Transfected Target Cells

Surface binding of different IgG subclasses binding to TNFR superfamily targets OX40 and 4-1BB. A and
B- dot plots provided show gating of viable cells based on forward vs. side scatter, followed by the
binding of the detection antibody in the FL-2 channel. Overlays show the binding of no antibody (black),
IgG1 (red), IgG2 (blue) and IgG4 (cyan). A- human 293F cells transfected with human OX40 stained with
10pg/ml of anti-OX40 antibodies or irrelevant isotypes on the human IgG1, 1gG2 and IgG4 subclasses.
The level of surface bound antibody was detected using a polyclonal anti-Fcy specific PE labelled F(ab’),,
a schematic of which is shown in the top right. B- Jurkat cells transfected with human 4-1BB (CD137)
stained with three different anti-4-1BB mAbs at 10ug/ml or irrelevant isotypes on the human IgG1 and
IgG2 subclasses. The level of surface bound antibody was detected in the same way as for the anti-OX40
mAbs. Data shown are representative of duplicate technical repeats of a single experiment, displayed as

geometric mean.
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Figure 3-12 Surface Binding of I1gG Subclasses Directed to T Cell Antigens on Jurkat T Cells

Jurkat T cells stained with 10pg/ml anti-CD3, anti-CD27, anti-CD28 or irrelevant subclasses, as indicated,
on the human 1gG1 (red), IgG2 (blue) and 1gG4 (cyan, 1gG1 and IgG2 only for anti-CD27) subclasses,
gating as shown in Figure 3-11. The detection method used is indicated by the schematic diagram shown
at the top of each column, either F(ab’), anti-human Fc PE, anti-kappa chain PE or anti-HRP FITC (left to

right). Data shown are representative of duplicate technical repeats of a single experiment, displayed as
geometric mean.

Several different antibody specificities were tested in multiple human IgG subclasses. Antibodies

directed against OX40 were detected using the polyclonal PE labelled F(ab’); method (used for

Figure 3-1) directed against human IgG Fc. These antibodies showed no differences in binding

between the IgG subclasses tested (Figure 3-11A). Subsequently, three different anti-4-1BB

antibodies were tested as human IgG1 and 1gG2 subclasses for binding to Jurkat cells expressing
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4-1BB (Figure 3-11B). Although these antibodies all target the same molecule, they have different
binding epitopes. However, they all showed the same trend whereby binding of the IgG1 and IgG2
subclasses showed an equal level of binding when detected using the polyclonal PE labelled

F(ab’), method (used for Figure 3-1) directed against human IgG Fc (Figure 3-11B).

Subsequently, a panel of antibodies binding human CD28 were assessed on Jurkat cells (Figure
3-12). The anti-CD28 antibody displaying the human IgG2 subclass appeared to show slightly
lower binding compared to the other subclasses as detected by the polyclonal PE labelled F(ab’),
directed against human IgG Fc (Figure 3-12). However, the anti-light chain antibody and the anti-
human Fc-HRP antibody detection methods (used for Figure 3-9 and Figure 3-7, respectively)
showed no differences in the surface binding level of the different IgG subclasses (Figure
3-11D/E). An anti-CD3 series of mAbs were assessed on Jurkat T cells. The anti-CD3 antibodies
showed a trend towards slightly reduced surface binding for the I1gG4 subclass when detected by
the polyclonal PE labelled F(ab’); directed against human IgG Fc and the anti-human Fc-HRP
antibody detection methods, but not with the anti-light chain antibody detection method (Figure
3-12). Finally, examining a series of anti-CD27 antibodies, the IgG1 subclass showed a slight trend
towards greater binding as detected by all three detection methods (Figure 3-12). However, the
differences seen between the IgG1 and IgG2 subclasses were not as pronounced and clear as seen

for the anti-CD20 antibodies BHH2 and, particularly, rituximab.

3.3 Impact of IgG Subclass on Engagement of Effector Mechanisms by

Anti-CD20 mAbs

3.3.1 Direct Cell Death

Having determined that the anti-CD20 antibodies show differences in surface binding, the relative
activities of these subclasses were subsequently determined in a series of in vitro assays
measuring antibody effector function. Firstly, the level of antibody mediated direct cell death
induced by the binding of these antibodies to the target cell surface was assessed. Target cells
were opsonised with antibody at the indicated concentrations and incubated at 37°C, 5% CO, for

24 hours. Cells were stained by the addition of propidium iodide and detected by flow cytometry.
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Figure 3-13 Antibody Induced Direct Cell Death of Anti-CD20 Antibodies of Varying Subclass

Target cells were opsonised with anti-CD20 or isotype control IgG subclasses at the indicated
concentrations in a 96 well plate for 24 hours at 5% CO, and 37°C in a humidified incubator, before
being stained with 10ug/ml propidium iodide for analysis by flow cytometry. A- data was analysed by
gating out debris and determining the level of PI (FL-2) positive cells. The level of cell death of non-
antibody treated cells (left) was subtracted from the antibody treated samples (for example, left) to give
the antibody induced cell death. B and C- mAb induced cell death of Raji (B) and SUDHL4 (C) cells
incubated for 24 hours with indicated antibodies. Mean + SD of three independent experiments each
measured in triplicate. Statistics calculated by One Way ANOVA, * p<0.05, ** p<0.01, *** p<0.01, ****

p<0.001, ns = not significant.
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Type Il anti-CD20 monoclonal antibodies, such as BHH2, are known to induce greater levels of
direct cell death than type | antibodies, as confirmed here (Figure 3-13)2°%27, BHH2 and
obinutuzumab induce almost identical levels of DCD, indicating that DCD occurs independently of
the glycans attached to the IgG Fc, as these are the only difference between these two antibodies.
BHH2 IgG1 induced significantly greater DCD than did the 1gG2 subclass at all concentrations
tested. In contrast, for rituximab, IgG1 induced the lowest level of DCD, with 1gG2, 1gG3 and IgG4
all causing approximately 2-3 times as much direct cell death in both cell lines tested, although
this trend did not reach statistical significance (Figure 3-13B and C). Rituximab IgG2 induced the
highest level of direct cell death at 10ug/ml, although this did not reach the levels induced by the

type Il anti-CD20 mAbs and was concentration dependent as little DCD was seen at 1ug/ml.

Having seen differences in the level of direct cell death induced by these antibodies on cell lines,
they were tested to see if they were able to induce direct cell death on primary CLL PBMCs.
Frozen CLL PBMCs were thawed out and opsonised with anti-CD20 mAbs for 24hrs as for Figure
3-13.
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Figure 3-14 DCD of CLL PBMCs

CLL PBMCs were rapidly thawed in a 37°C water bath and rested at 37°C in a humidified incubator at 5%
CO; for an hour. Cells were then opsonised at the indicated concentration with anti-CD20 mAbs for 24
hours, stained with propidium iodide and analysed by flow cytometry. A- data was analysed by gating
out debris and determining the level of PI (FL-2) positive CLL PBMCs. B and C- mAb induced cell death of
CLL PBMCs treated with type | (B) and type Il (C) anti-CD20 mAbs and incubated for 24 hours. Mean +
range of triplicate repeats of a single experiment, representative of two experiments.
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In contrast to the effect on cell lines (Figure 3-13), with the exception of the IgG1 BHH2 mAb,
neither type | or type Il anti-CD20 mAbs were able to induce significant levels of direct cell death

in primary CLL PBMCs (Figure 3-14).

3.3.2 Complement Dependent Cytotoxicity

Next, the Fc mediated effector functions of the anti-CD20 mAbs were assessed, looking first at the
complement activating ability of the IgG subclasses. For these experiments rituximab was
assessed, as type Il anti-CD20 mAbs do not induce complement activation. Initially the ability of
the different rituximab IgG subclasses to recruit C1q to the surface of an opsonised target cell was

determined®*.

For the Clq recruitment assays Ramos cells were opsonised with titrating concentrations of the
rituximab 1gG subclasses. After washing, human purified C1q was added to the cells at 8ug/ml
and, after washing, bound C1q was detected with a polyclonal FITC conjugated anti-C1qg antibody

followed by flow cytometry.
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Figure 3-15 C1q Recruitment of Rituximab IgG Subclasses

Ramos cells were opsonised with rituximab IgG subclasses at the concentrations indicated. Human Clq
was added to the opsonised cells and detected with a polyclonal anti-Clq FITC labelled antibody. A-
gating of rituximab (bottom) and isotype control (top) IgG opsonised Ramos cells , gated on viable cells
and the geometric mean of the signal in the FL-1 channel taken. B- geometric means of Clq binding to
Ramos cells opsonised with the indicated antibodies. Mean + SD of three independent experiments,

each measured in triplicate. Statistics calculated by one-way ANOVA with multiple comparisons
correction, ** p<0.01, **** p<0.0001.
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Clq binding was specific to rituximab, as no increase was seen with an irrelevant isotype control
(Figure 3-15A/B). Rituximab 1gG2 and 1gG4 showed no recruitment of C1q to the surface of the
opsonised Ramos cells. Rituximab IgG3 showed the highest level of recruitment of Clq to the
target cell surface, with rituximab IgG1 also showing Clq recruitment, albeit less than that of
rituximab 1gG3 (Figure 3-15B). Whether the levels of Clq recruitment matched the level of
complement dependent cytotoxicity (CDC) induced by these antibody subclasses was then

assessed.

For the CDC assays, target cells were opsonised with the indicated concentrations of rituximab
subclasses or an irrelevant IgG isotype, and non-bound antibody washed off. Healthy human
serum was added to a final concentration of 30%, and cells were stained with propidium iodide to
assess membrane permeabilisation through membrane attack complex formation. Data were
acquired by flow cytometry. A serum alone control was included to assess the effect of potential

spontaneous complement activation on non-opsonised cells in the presence of serum alone.
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Figure 3-16 Rituximab IgG Subclass Complement Dependent Cytotoxicity

Target cells were opsonised with the indicated antibodies and incubated with 30% normal human
serum. Propidium iodide staining was used to detect complement induced cell death. A- gating of target
cells. Top- debris from serum (right) gated out (see Section 8.1)Figure 8-1. Bottom- propidium iodide
staining of isotype (left) and rituximab 1gG3 (right). B- complement induced cytotoxicity of Raji (left) and
Ramos (right) cells treated with rituximab 1gG subclasses. Mean + SD of three independent experiments,
each measured in triplicate. Statistics calculated by one-way ANOVA with multiple comparisons
correction, *** p<0.001, **** p<0.0001.

CDC induction by anti-CD20 mAbs did not appear to cause complete destruction of the cells, as no

increase in debris was seen in the rituximab IgG3 treated cells compared to the isotype treated
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cells (Appendix Section 8.1). The levels of CDC induced by the rituximab IgG subclasses matched
the respective levels of C1qg binding (shown in Figure 3-15). Rituximab 1gG2 and IgG4 showed no
CDC on either Raji or Ramos target cells. Rituximab IgG3 induced the highest level of complement
dependent cytotoxicity on both Ramos and Raji cells, greater than rituximab IgG1. These
responses were titratable, decreasing as the level of rituximab was reduced. Greater levels of CDC
were observed in Ramos cells compared to Raji cells, reflecting the decreased expression of

complement defence molecules found on these cells**>446,

3.33 Antibody Dependent Cellular Cytotoxicity

Having determined the abilities of the IgG subclasses to induce complement activation, it was
next sought to determine the ability of the IgG subclasses to mediate FcyR-dependent
mechanisms of action; first testing their effectiveness in an assay of antibody dependent cell

mediated cytotoxicity.

Target cells were harvested (in the case of CLL cells, thawed) and labelled with 10ug/ml calcein
AM. Upon target cell permeabilisation and death, calcein will be released from the cell. After
washing, target cells were opsonised with the indicated concentrations of anti-CD20 mAbs and
non-bound mAbs washed. Opsonised, labelled target cells were co-cultured with PBMCs purified
from healthy human donors by lymphoprep density gradient centrifugation, at a 1:50 ratio for 4
hours at 37°C in a humidified incubator at 5% CO,. Because of the high effector to target cell ratio
required, NK cells were not purified from the PBMCs, but are known to make up approximately
10% of the total cell number, giving an approximate ratio of 5 NK cells per target cell. After the co-

culture, the fluorescence of the supernatant was read in a plate reader at 490nm.

In order to calculate the percentage of maximum lysis achieved for each antibody, calcein labelled
target cells were lysed with 4% triton X-100 and the fluorescence measured as above. Labelled
non-opsonised target cells were also incubated with PBMCs in order to determine the level of
background cell death, potentially induced by cross donor anti-lymphocyte effects. The
background value was subtracted from all other samples, which were then calculated as a
percentage of the triton X-100 lysed cells. Both Raji cells and CLL PBMCs were tested in order to
determine the effect of these mAbs on both a cell line and primary patient material from a

disease that would be treated with these antibodies in the clinic.
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Figure 3-17 Antibody Dependent Cell Mediated Cytotoxicity of Anti-CD20 IgG Subclasses

Calcein labelled target cells were and co-cultured with effector PBMCs for 4 hours, and the supernatants
measured for released calcein. Calcein release is normalised to spontaneous release and calculated as
the percentage of release from total cell lysis. Antibody dependent cell mediated cytotoxicity of Raji
cells (A) and CLL cells (B) treated with anti-CD20 IgG subclasses. Mean + SD of independent experiments
plotted, each measured in triplicate. 10ug/ml (n=3), 1ug/ml (n=2) 0.1pg/ml (n=1). Statistics calculated
for 10pg/ml using one-way ANOVA with multiple comparisons, * p < 0.05, *** p < 0.001.
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Rituximab 1gG2 and IgG4 were unable to induce ADCC on either cell type tested (Figure 3-17).
Rituximab 1gG1 induced ADCC on both Raji cells and, to a lesser extent, CLL PBMCs (approximately
50% of max lysis vs. 15%, respectively, at 10ug/ml). Rituximab IgG3 induced greater ADCC than
rituximab 1gG1 on both Raji cells (approximately 70% of max lysis vs. 50%, respectively, at
10pg/ml) and CLL PBMCs (approximately 35% of max lysis vs. 15%, respectively, at 10pg/ml); and
mediated greater killing of Raji cells than CLL PBMCs (approximately 70% of max lysis vs. 35%,
respectively, at 10pug/ml). Obinutuzumab induced greater ADCC compared to its non-
glycomodified comparitor mAb, BHH2, on both target cells (75% max lysis vs 60%, respectively, on
Raji cells, 55% vs. 30%, respectively, on CLL PBMCs, at 10pg/ml), thereby evidencing the

importance of the IgG Fc glycan contribution to FcyRllla binding and ADCC350-352,

Interestingly, rituximab IgG3 induced a similar level of maximal lysis as obinutuzumab on Raji cells
(approximately 70-75% max lysis at 10pg/ml), with lower ADCC seen for rituximab 1gG3 on CLL
PBMCs (approximately 35% max lysis vs. 55%, respectively, at 10ug/ml). BHH2 1gG2 also failed to
induce any ADCC on either target cell, whilst the 1gG1 version of BHH2 did (approximately 60% of
max lysis on Raji cells and 25% on CLL PBMCs, at 10pg/ml). In addition, BHH2 1gG1 induced
greater ADCC on both target cells than rituximab IgG1, indicating that the type Il nature of this
antibody was also important for increased ADCC (approximately 60% of max lysis vs. 50%,
respectively, on Raji cells, at 10ug/ml, and approximately 25% of max lysis vs. 15%, respectively,
on CLL PBMCs at 10ug/ml). In summary, although Raji cells showed increased sensitivity to ADCC

compared to CLL PBMCs, they displayed identical trends of response.

334 Antibody Dependent Cellular Phagocytosis

As well as ADCC, the other key mechanism for mAb induced target cell depletion is antibody

dependent cell mediated phagocytosis.

To assess this, monocytes were isolated from healthy donor blood by lymphoprep density
gradient centrifugation, and differentiated into macrophages with M-CSF for 7-10 days. CLL
PBMCs were thawed and labelled with CFSE and opsonised with anti-CD20 mAbs at the indicated
concentrations. Target cells were then co-cultured with macrophages at a 5:1 target to effector

ratio for 1 hour at 37°C and assessed by flow cytometry.
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Debris and target cells were gated out, and macrophages identified by CD14" staining (Figure

31

8A). The percentage of phagocytosis was defined as the percentage of macrophages that were

also positive for CFSE. Background phagocytosis in the absence of antibody was determined

through the co-culture of CFSE labelled, but not opsonised, CLL PBMCs with macrophages.
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Figure 3-18 Antibody Dependent Cell Mediated Phagocytosis of CLL PBMCs with Anti-CD20 IgG

Subclasses

CLL PBMCs were labelled with CFSE and opsonised with anti-CD20 IgG subclasses, and co-cultured for 1
hour with monocyte derived macrophages. A- cells were gated on forward vs side scatter (left), and then
on CD14 (centre) to identify macrophages. The percent of phagocytosis was determined as the
percentage of macrophages that are FL-1 (CFSE) positive (right). B- phagocytosis of CLL PBMCs of anti-
CD20 IgG subclasses. Data presented as mean + SD of four independent experiments each measured in
triplicate. Statistics calculated by one-way ANOVA with multiple comparisons, ** p<0.01, *** p<0.001,

*%%% 0<0.0001.
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Rituximab 1gG2 and BHH2 1gG2 showed no target cell phagocytosis (Figure 3-18B). Rituximab IgG3
showed the greatest level of ADCP (approximately 30% phagocytosis at 5ug/ml). Rituximab 1gG1
and 1gG4 showed intermediate levels of phagocytosis (approximately 25% phagocytosis at 5ug/ml
for rituximab IgG1, and 22% phagocytosis at 5ug/ml for rituximab IgG4). Although rituximab 1gG4
showed similar levels of phagocytosis to rituximab IgG1 at the top concentration tested, the level
of phagocytosis for rituximab 1gG4 titrated away more rapidly than for rituximab 1gG1 (at
0.05ug/ml rituximab 1gG1 induced 15% phagocytosis, whereas rituximab 1gG4 induced no
phagocytosis above the isotype control). BHH2 IgG1 induced similar levels of phagocytosis to

rituximab 1gG1 (approximately 28% phagocytosis vs. 25% phagocytosis at 5ug/ml,).

3.4 Discussion

Human IgG consists of four subclasses which differ in their constant regions. All four subclasses
are found in human serum, with IgG1 being the most prevalent, followed by IgG2, 1gG3, and with
IgG4 the least prevalent*®, Class switching that occurs within plasma cells allows for the
production of the same antibody variable regions (and therefore antigen/epitope specificity) on
different IgG subclass backbones*"’. This provides for a level of immune regulation based upon
the different IgG subclasses having differing properties, for example in their ability to recruit
immune effector mechanisms or persistence in the serum**. For example, the serum half-life of
human IgG3 has been reported to be approximately 7 days, a third of the half-life compared to

the other IgG subclasses®,.

Over the last 20 years many mAbs have been approved for the treatment of disease, with the vast
majority being of the human IgG1 subclass (some chimeric, some humanised). In more recent
years, and particularly with the increase in the interest in immunomodulatory therapeutic agents,
there has been more attention paid to alternative IgG subclasses with different properties. In light
of the increasing prevalence of these alternative IgG subclasses in the clinic, here the differences

between them was assessed with regards binding and effector functions.

IgG1 and IgG3 are generally considered to be pro-inflammatory IgG subclasses, with strong
binding to FcyRs and the ability to bind C1q and activate the complement cascade. In contrast,
IgG2 and IgG4 subclasses are thought to be less pro-inflammatory, with lower binding to the

FcyRs and little to no activation of complement?®*, Differences in the relative abilities of these
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antibodies to cause direct effects following cell surface binding have been described**. However,
these studies typically have compared these functions in the context of different V region
specificity and so there is a need to study the four subclasses together in the same well-controlled
system to allow for a relative comparison of their respective effector functions where subclass is

the only variable.

The attractiveness of IgG2 and IgG4 subclasses for immunomodulatory agents centres around
their ability to bind to the antigen, but not induce strong immune effector functions leading to
deletion or death of the targeted cell. This is desired when the target cells are tumour specific
cytotoxic T cells for example, as is the case with the recently approved PD-1 and CTLA-4 targeting
antibodies, of which two anti-PD-1 antibodies are of the IgG4 class (pembrolizumab and
nivolumab). The use of these fully human, non-mutated IgG heavy chain subclasses also gives
other benefits. For example, humanisation of mouse antibodies is known to reduce, but not fully
abrogate therapeutic mAb immunogenicity, and repeated administration results in a decreased
half-life and increased incidence of adverse events; the use of mutated IgG to obtain specific
characteristics is likely therefore to exacerbate this problem*°4>2, Furthermore, wild-type IgG
subclasses retain full pH dependent binding to FcRn, the intracellular Fc receptor responsible for

IgG recycling and therefore exhibit the long half-life of IgG antibodies (for IgG1, IgG2 and 1gG4)’.

Although similar, the IgG subclass backbones do differ, and this certainly effects the functions of
the antibody. Due to the differences in mechanism of action of different antibodies, it is quite
possible that simply swapping the variable regions of one antibody onto a different IgG subclass
may not be equivalent to doing so for another antibody, considering potential differences in

mechanism of action, antigen affinity and epitope characteristics.

In this chapter the relative level of each IgG subclass binding to the target cell surface was
studied. As the subclasses differ in protein sequence, several different detection methods were
employed in order to reach a consensus conclusion. Of the methods tested, three indicated a
dramatically lower level of surface binding for rituximab 1gG2 as compared to the IgG1 subclass of
the same antibody. These methods included detection of both the heavy and light chains to try to
account for any potential bias in affinity of the detection reagents for the different subclasses.
Furthermore, rituximab 1gG2 was the IgG subclass least able to block the binding of a second anti-
CD20 mAb. The only method that did not show this result was the use of the rituximab anti-

idiotype antibody, which recognises the variable region of the antibody (Figure 3-6).
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Interestingly, this method actually indicated the highest signal for rituximab IgG2, with IgG1 and
IgG3 having the lowest signal - the opposite finding to the other detection methods. A possible
explanation to this finding is that the IgG2 antibody may bind to the cell surface in a different
manner whereby the variable regions were more accessible for binding by the anti-idiotype than
when the Fab regions were presented in the IgG1 or IgG3 backbone. The proposed mechanism of
binding for the anti-idiotype is through a single Fab arm, with the remaining arm binding to the
cell surface (Figure 3-6B). 1gG2 has a shorter hinge region containing more inter-chain disulphide
bonds than IgG1 or 1gG3, which has a very elongated hinge®3. This shorter hinge makes IgG2 the
least flexible subclass, as it also contains a poly proline helix!??. This rigidity may preclude the 1gG2
antibody from binding the surface in the same conformation as the other subclasses, or possibly
reduce the tendency to bind in a bivalent manner, potentially leaving an exposed Fab arm for the
anti-idiotype to bind to. IgG1, and IgG3 in particular, has a longer hinge region, and this flexibility
may facilitate a higher degree of bivalent binding, therefore reducing detection with the anti-
idiotype but yielding higher levels of binding overall due to greater stability (due to bivalent

engagement) as detected by the other methods.

As well as rituximab, BHH2, a type Il anti-CD20 mAb that does not induce localisation of CD20 into
lipid rafts, was also explored as an IgG1 and 1gG2?%. Using these same detection methods it was
consistently found that I1gG2 exhibited reduced surface binding as compared to I1gG1, and
displayed a reduced ability to block a second anti-CD20 mAb. However, although the same trend
was seen, the magnitude of the difference was less than seen for rituximab. Due to its nature as a
type Il anti-CD20 mAb BHH2 does not bind as many molecules per cell, but despite this, the
difference in binding of IgG1 and 1gG2 was clear?®®. BHH2 contains a key mutation within its hinge
region that is linked to its ability to induce direct cell death and changes the flexibility of the hinge
region. It is possible that this additional impact on the hinge flexibility may reduce the impact of
the difference in hinge flexibility between IgG1 and 1gG2, thereby reducing the difference seen in

the binding levels.

It is interesting to note that fixation of Ramos cells prior to the binding of rituximab IgG subclasses
reduced the binding of all subclasses except IgG2. Fixation of the cell membrane would reduce the
ability of CD20 molecules to redistribute within the plasma membrane (for example into lipid
rafts). This finding, coupled with the much smaller difference in binding between IgG1 and 1gG2

seen with the non-CD20 redistributing BHH2 as compared to the CD20 redistributing rituximab,
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raises the possibility that the redistribution of CD20 into lipid rafts could also be contributing to

the different levels of binding observed between IgG1 and 1gG2 antibodies.

If rituximab 1gG2 is less able to bind bivalently, this may explain the reduced clustering. IgG2
binding would not be able to cluster CD20 molecules together as they could only bind to a single
molecule, whereas IgG1, binding bivalently, may be able to bring more CD20 molecules together.
As discussed above, the reduced flexibility of IgG2, imparted by the disulphide bonds in the hinge
region, could be responsible for the monovalency of IgG2 binding. 1IgG2 may be less able to flex to
bind a second CD20 molecule with its free Fab arm after initial binding. Therefore, bivalent
binding would require a second CD20 molecule to be present in a more restricted number of
conformations, reducing the frequency of bivalent binding. This would thereby reduce the avidity
of the antibody binding, making it more likely to disengage from the CD20 and be more
susceptible to loss during the washing stages necessary for experimental analysis. This
observation would also explain why 1gG2 binding was higher following fixation, as less

monovalently bound mAb would be lost during wash steps.

If IgG2 were less able to induce CD20 redistribution into lipid rafts it may be more likely to bind in
a monovalent fashion due to the lack of antigen clustering, potentially coupled to limited hinge
flexibility as discussed above. The latter effect could explain the difference in binding seen with

BHH2 IgG1 and IgG2.

We tested several other antigens to see if this was an intrinsic property of IgG1 and IgG2 (Figure
3-11 and Figure 3-12), but found no clear evidence of significant differences between the levels of
surface antibody between the different subclasses for multiple other mAb specificities. As
detailed above, one of the characteristic features of CD20 is the redistribution into lipid rafts that
that this molecule undergoes upon binding with certain antibodies (type I). This is not a feature
common to all molecules, and it would be interesting to test antibodies to other surface antigens
that undergo similar clustering. One potential target that could be tested is FcyRIIb*“. It would be
of interest to see if IgG1 and 1gG2 subclasses of anti-FcyRllb antibodies displayed the same effects
as observed for rituximab. Moreover, within the laboratory there are agonistic anti-FcyRIlb mAb
that cluster the receptor in the plasma membrane (E. Sutton, personal communication) and

antagonistic anti-FcyRllb mAb that do not, allowing us to test this hypothesis.
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Having determined the level of surface binding of these anti-CD20 antibodies differed between
IgG subclasses, it was then of interest to determine whether these differences were consequential

for their effector functions.

Interestingly the IgG2 subclass of rituximab induced a higher level of antibody induced cell death,
despite lower levels of surface binding detected by flow cytometry. This finding potentially
supports the idea that 1gG2 binds to the cell surface in a different manner to IgG1. Conversely, the
IgG2 subclass of BHH2 was less active than the IgG1 subclass in terms of antibody induced cell
death. It is well known that type Il anti-CD20 mAbs are much more active at inducing direct cell
death than type | antibodies?®®*%%’, Type Il antibodies bind to CD20 in a different orientation
compared to type | antibodies, perhaps suggesting that the differential hinge flexibility or target
clustering characteristics of 1gG2 have opposing effects on the functions of type | and type
subclasses in this context. Rituximab IgG3 induced a similar level of cell death to 1gG2, despite the
large difference in the level of surface binding of these two IgG subclasses. This may again suggest

that differences in the mechanism of binding to the cell surface account for the difference in DCD.

Another characteristic of type Il anti-CD20 mAbs is that they do not induce CDC, whereas type |
anti-CD20 mAbs do. Complement activation by IgG antibodies is mediated through recruitment of
the Clq protein complex interacting with the Fc regions of up to six target bound IgG. It has been
shown that the target bound IgG form into hexameric clusters of monovalently bound IgG with
the Fc regions available for interaction with the six C1q head groups®. This finding is unexpected,
as it had previously been assumed that antibodies bind in a bivalent manner to targets to most

effectively induce effector functions’®.

The induction of complement dependent cytotoxicity was tested for the four IgG subclasses of
rituximab on target cells expressing CD20. In order to get a better comparison of the relative
ability of the subclasses to trigger complement induced death, the antibody concentration was
titrated. This aimed to identify if lower levels of IgG at the cell surface differentially affected the
ability to induce CDC, perhaps linked to differences in flexibility between the subclasses. The
concentration of serum was maintained at 30% across all antibody concentrations tested. This
was intended to mimic the situation in vivo where the level of complement factors available
would be expected to be fairly stable. However, depletion of complement components after
administration of mAb has been reported®®. It is possible that by decreasing the level of

complement available, differences in the ability of the IgG subclasses to recruit complement
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components when they are the limiting factor may be observed. This would be of interest to test

for these antibody subclasses in the future.

Neither the 1gG2 or 1gG4 subclasses of rituximab recruited C1q to the target cell surface, and
consequently induced no CDC. Rituximab 1gG3 recruited the highest amount of Clq to the target
cell surface and induced the most lysis. With the engagement of other molecules to drive CDC, a
direct relationship to the level of antibody at the cell surface could not be determined, as the
binding of the IgG subclasses to C1g may not be the same (as shown using the Clq affinity
column, Figure 6-15). It is interesting to note that rituximab IgG2 induced no Cl1q recruitment or
CDC, despite the apparent requirement for monomeric binding in order to facilitate C1q binding.
However, whether or not there is enough rituximab 1gG2 at the cell surface, potentially non-
clustered, to efficiently bind C1q makes it hard to conclude from this whether I1gG2 is binding
monovalently or not. Theoretically the ability of rituximab 1gG2 to bind to CD20 monovalently
could be tested by SPR, using CD20 immobilised in the system, and then seeing if the addition of
further, soluble CD20 further increased the mass signal bound in the system. If there was an
increase in mass upon injection of soluble CD20 it would suggest there was a Fab arm available for
antigen binding, indicating monovalent binding. In practice however, there is currently no

accurate soluble form of CD20, due to its nature as a transmembrane, tetraspan protein.

Finally, the ability of these IgG subclasses to engage FcyR dependent effector functions was
assessed. Neither rituximab IgG2 or BHH2 1gG2 were able to induce any killing through ADCC or
ADCP, despite the IgG1 subclasses of these antibodies being active in both mechanisms. Once
again, whether this reflected an inadequate level of antibody on the target cell membrane to
efficiently trigger sufficient FcyR engagement on immune effector cells, or whether the 1gG2
subclass was inherently weaker at binding to the FcyRs involved in these assays is difficult to tell.
However, the fact BHH2 1gG2 also induced no ADCC or ADCP, despite there being only slightly
reduced surface binding compared to the IgG1 subclass, which was very active, suggests that it is

likely an inherent difference in FcyR binding of the 1gG2 subclass.

This is consistent with the reported relative binding of IgG subclasses to FcyRs, as shown in Table
1-2°8, 1gG2 showed the weakest binding to the FcyRs, which matches the finding that rituximab
and BHH2 IgG2 antibodies were unable to induce FcyR mediated effector functions, namely ADCC
and ADCP. Furthermore, IgG4 has lower binding to FcyRs, and rituximab 1gG4 also induces
reduced ADCC and ADCP than rituximab IgG1 and IgG3. ADCC is largely thought to be mediated by
NK cells, which only express FcyRllla (Section 1.3 and Section 1.4.3). Accordingly, 1gG4, which does
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not bind to one allele of FcyRllla (F158) and shows some binding to the other (V158), and IgG2
which binds only weakly to the V158 allele, induced very little ADCC. In contrast, rituximab 1gG4
induced notable levels of ADCP (albeit less than rituximab IgG1 and 1gG3), which is mediated by
macrophages that also express FcyRI and FcyRlla, to which I1gG4 shows binding. IgG1 and IgG3 are
reported to have the highest binding affinities for FcyRs of the IgG subclasses, and this is
consistent with the ability of rituximab IgG1 and rituximab 1gG3 to potently engage both ADCC
and ADCP.

It has recently been reported by some groups that human IgG2 antibodies were similar, or even
superior, in terms of target cell depletion to the equivalent IgG1**. In this work, CTLA-4 was the
target antigen and it was shown in a co-incubation assay with human macrophages and human
SupT1 T cells expressing mouse CTLA-4, that a human IgG2 was similarly effective to a human
IgG1, despite it also being shown that 1gG2 had reduced binding to FcyRs compared to IgG1. In
vivo comparison of IgG1 and IgG2 in multiple tumour models also showed similar efficacy for both

subclasses.

In the work presented in this thesis, the only effector function of IgG2 that is not decreased
compared to IgG1 is directly induced cell death. As shown in Figure 3-14, direct killing had very
little impact upon primary cells and therefore may not be a major mechanism of IgG therapeutic
activity in vivo. Fc effector functions, which have repeatedly been shown to be essential for IgG
antibody mediated target cell depletion, were essentially inert for the 1gG2 subclasses of
rituximab and BHH2. The reports of IgG2 being active did use different antibody targets and
experimental systems to those used here; CTLA-4 and human SupT1 T cells transfected with
mouse CTLA-4, compared to natively expressed CD20 on CLL cells and B cell lines. This may
potentially explain why IgG2 appears to effectively deplete target cells in their systems, whereas

we see no activity of the IgG2 subclass in this work.

Rituximab IgG3 induced greater ADCC and ADCP than did any of the other rituximab IgG
subclasses, matching its increased level of CDC and DCD (relative to IgG1). This increased activity
of the rituximab IgG3 subclass in all effector functions tested suggests that it should be explored
further; for example, in animal studies to determine its relative activity compared to the well-
studied rituximab IgG1. Despite the increased activity of the IgG3 subclass, there are no IgG3
based therapeutics approved for human treatments’®. The reasons for this are largely based
around the practicalities of working with IgG3. As mentioned previously, it has a significantly

shorter serum half-life as compared to 1gG1, and does not bind well to protein A, necessitating the
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use of protein M for its purification. In spite of these issues, the increased activity of IgG3 in these
effector assays raises the possibility that IgG3 could be a potentially useful therapeutic agent. Its
shorter serum half-life could be of use in conditions where long-lived antibody activity is not
desired, such as in the treatment of acute conditions or infections. Furthermore, antibody
engineering approaches could be attempted to improve the serum half-life of IgG3. Alternatively,
molecular biology approaches could be used to determine which parts of the IgG3 molecule are
responsible for its enhanced effector function and short serum half-life. It may be possible to
transfer portions of other I1gG subclasses into an IgG3 molecule (or vice-versa) to produce a hybrid

IgG with the optimum properties in terms of Fc-mediated activity and serum half-life.

A report from Natsume et al. details a systematic approach to identify the regions of the IgG1 and
IgG3 Fc domains that are responsible for the increased functionality*®. This group were able to
generate antibodies containing the CH1 and hinge region of IgG1, with the Fc domain of IgG3
(referred to as variant 1133). This variant, among others, displayed the highest CDC of all
antibodies tested, (including the 1gG1 and 1gG3 wild type versions of this antibody), whilst
maintaining the highest level of ADCC detected in their systems. Further engineering of this
construct allowed for production of an antibody variant that also had protein A binding properties

similar to IgG1, whilst maintaining comparable CDC and ADCC to the 1133 variant.

Another report, from Stapleton et al., demonstrated the possibility of antibody engineering to
improve the serum half-life of IgG3 through mutation of the R435 residue to a histidine, matching
the equivalent residue in IgG1, 1IgG2 and 1gG4*’. This mutation, also found in the G3m(s,t)
allotype of 1gG3 which has a half-life akin to I1gG1, resulted in equivalent binding to FcRn even in
the presence of 1gG1, as well as rescuing 1gG3 from lysosomal degradation. Furthermore, this 1gG3
R435H mutant was more protective than IgG1 or IgG3 in protection vs. pneumococcal infection,

and appeared to show similar initial clearance to the IgG1 antibody.

In another report, an antibody targeting the porin A from Neisseria meningitides was produced on
the four IgG subclasses®*. This group found that IgG1 and 1gG3 were similar in their ability to
induce complement mediated killing of the bacteria, 1gG2 showed greatly reduced killing and IgG4
induced no killing at all. IgG3 was found to induce the most phagocytosis of heat-killed bacteria,
whilst IgG2 and IgG4 were relatively inactive. This report supports that the trends observed in our

cancer immunotherapy models are applicable to other disease models.
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Human IgG subclasses clearly have different properties in terms of effector function engagement,
and dependent on the antigen can also differ in the level of surface binding. It is therefore
important to fully evaluate an antibody that has been class switched onto an alternative IgG

subclass backbone, as many of its inherent properties and effector functions may have changed.
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Chapter 4: Antibody Lipid Modification

4.1 Introduction

Antibodies are glycoproteins produced by plasma cells that are highly specific for target antigens.
After somatic hypermutation and affinity maturation are complete and a particular B cell selected,
all antibodies produced by that B cell and its progeny plasma cells are identical at the gene level,
and consequently have identical sequences and primary structures. However, post-translational
differences are found on antibody molecules that are not uniform. Glycosylation is an excellent
example of this heterogeneity and up to 30 different glycoforms of an antibody can be found*,
Therapeutic antibodies are produced in vitro, and differences in the glycosylation between
different antibodies have been found*®. These antibodies elicit their activity at the tumour site,

mediated through FcyRs, complement, and also direct effects through target binding*®%.

Although post-translational in nature, glycosylation was typically thought to be a predominantly
cellular event, occurring in a sequential manner through the endoplasmic reticulum and golgi
apparatus (Section 1.6). However, recently evidence of enzymatic acellular glycomodification has
been reported®®. Here, antibody sialylation is reported as occurring after antibody molecules
have left the parent plasma cell. This demonstrates the possibility of antibodies being modified by
enzymes once in the serum, suggesting the notion that the activity of antibodies could be

modulated following their secretion from plasma cells.

The tumour microenvironment is a highly specialised region that is immunosuppressive and
contains many cell types, including tumour cells, stromal cells, macrophages and tumour
infiltrating lymphocytes*®. Tumour associated macrophages, among other cell types including
tumour cells themselves, produce large amounts of reactive oxygen and nitrogen species
(ROS/RNS) that contribute to the highly oxidising potential of the tumour microenvironment?®¢?,
These oxidative products can be involved in the generation of lipid adducts from polyunsaturated
phospholipids. Although this is a natural phenomenon and lipid oxidation products are important
in wound healing and homeostasis, very high levels of these have been found at tumour sites
462,463 |n addition to this, oxidative and lipid modifications have been found on plasma proteins at
increased levels in patients with age related macular degeneration (AMD)** . It is possible that

these lipid oxidation products, which accumulate at the tumour location, can be generated on
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antibody molecules, which could be one reason why tumours do not always respond to antibody

therapy despite the presence of the target antigen®®?,

Given this observation that oxidative modifications can be found on plasma proteins in AMD,
cancer and are increased at sites of chronic inflammation and apoptotic cells, it was decided to
investigate whether such modifications on antibody molecules would impact upon their effector
functions. Lipid oxidised antibodies were generated and the effect of such modifications on

antibody mechanisms was investigated in vitro.

4.2 Generation and Characterisation of Malondialdehyde Modified

Rituximab

4.2.1 MDA Modification of Rituximab

Oxygen free radicals (such as the hydroxyl radical -OH ) can react with polyunsaturated fatty acids
(PUFAs) to generate lipid radicals through abstraction of an H- radical*®. These lipid radicals can
then react with oxygen to give a lipoperoxyl radical*®®. This lipoperoxyl radical can then react with
another lipid to generate a further lipid radical and a lipid hydroperoxyde. Lipid hydroperoxydes
are unstable and can react to generate further radicals or decompose into secondary products,
such as malondialdehyde (MDA)*®. These reactive aldehydes are sometimes referred to as
secondary messengers of lipid peroxidation, due to their increased stability and ability to diffuse

from their site of formation and cross cell membranes*®’

. MDA can be generated from the
peroxidation of PUFAs that contain 3 or more double bonds, such as arachidonic acid (20:4) or

linolenic acid (18:3), following cleavage of the lipid hydroperoxydes*®,

In order to try and generate MDA modified antibodies it was necessary to first produce MDA itself
(Figure 4-1). MDA is highly hygroscopic and can’t be stored for long periods of time, so for use in
modifying antibodies, MDA was generated by acid hydrolysis of the MDA precursor 1,1,3,3-
Tetramethoxypropane (Sigma Aldrich) using 2M HCI (Figure 4-1). After acid hydrolysis the pH was
adjusted back to 7.4 with 1M NaOH and the concentration of MDA adjusted to 1.07M by the

addition of 0.5M sodium phosphate buffer.
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A) B)

H3C CH- ) 0

Figure 4-1 Chemical Structure of Malondialdehyde and its Precursor

Chemical structure of A) 1,1,3,3-Tetramethoxypropane and B) malondialdehyde. Structures drawn using
website https://web.chemdoodle.com/demos/sketcher/

For MDA modification of the anti-CD20 antibody rituximab, the antibody was first dialysed into
0.5M phosphate buffer using Slide-A-Lyzer 10K MW cassette (ThermoFisher) at room
temperature. 8.4 nanomoles of rituximab was added to 0.16 moles of MDA in a glass vial and the
reaction was incubated at 37°C for 5hrs. A control reaction was set up in which rituximab was
incubated alongside but without the MDA agent added. After this incubation rituximab was
dialysed into PBS using Slide-A-Lyzer 10K MW cassette at 4°C. After dialysis, MDA modified
antibody (but not the mock treated antibody) maintained a pale yellow colour, as has been
reported previously*®®. This change in spectral properties prevented the use of light absorbance at
280nm as a means of determining antibody concentration. As such, the concentration of antibody

was quantified using a colorimetric assay as described in methods (Section 2.2.4).

4.2.2 Assessment of MDA Modification of Rituximab

In order to determine whether MDA adduction had occurred, the MDA treated rituximab was run
on a 10% SDS-PAGE gel along with MDA control treated, and untreated rituximab to see if any
change in mass had occurred. Figure 4-2 shows that the MDA treated rituximab, compared to the
MDA control treated rituximab, had a much larger apparent molecular weight with no bands
present at the position that would be expected for the antibody individual heavy and light chains.

This indicates that all of the molecules have been modified by the MDA treatment.
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Figure 4-2 MDA Modification of Rituximab

Rituximab that was modified with MDA, mock treated or untreated was boiled in Laemmli buffer and
analysed on a 10% SDS-PAGE gel for 2 hours at 110V. The gel was then fixed and stained with Coomassie
Brilliant Blue prior to destaining and imaging. Heavy (H) and light (L) chains are indicated.

4.3 Functional Assessment of MDA Modified Rituximab

43.1 Antigen Binding

In order to see whether rituximab MDA was still functional, its ability to bind to its target antigen,
CD20, was assessed using flow cytometry. Raji and Ramos cells were opsonised with rituximab
MDA, mock treated rituximab, unmodified rituximab or an irrelevant isotype control, and

detected with a labelled anti-IgG F(ab’),. As shown in Figure 4-3, rituximab MDA showed reduced
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binding to both Raji and Ramos cells, whereas mock treated rituximab maintained equivalent

binding to untreated rituximab.
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Figure 4-3 Ability of Rituximab MDA to Bind to Target Cells

Raji (A) and Ramos (B) cells were opsonised with 10pug/ml of untreated rituximab (MabThera), mock
treated rituximab, rituximab MDA or an irrelevant control antibody. After washing, antibody binding

was detected using a labelled polyclonal secondary F(ab’), specific for human IgG Fc. Cells were acquired
by flow cytometry and gated on live cells as shown.

Next, in order to confirm that MDA modified rituximab was actually binding to CD20 on the target

cell surface, MDA modified rituximab was tested to see if it was able to block binding of non-
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modified rituximab to CD20 on Ramos cells. Ramos cells were opsonised with rituximab, mock

treated or MDA modified rituximab, and after washing off unbound antibody, FITC labelled

rituximab was added to the cells (Figure 4-4).
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Figure 4-4 Ability of Rituximab MDA to Block Secondary Rituximab Binding

Ramos cells were opsonised with untreated rituximab, mock treated rituximab, rituximab MDA or an
irrelevant control antibody (at concentrations indicated in key) and unbound antibody washed off. A
FITC-labelled anti-CD20 antibody (rituximab) was then added at 10ug/ml to bind any free CD20. Excess
antibody was washed off and the cells acquired by flow cytometry gated on live cells. A- example data of
rituximab FITC binding to cells pre-opsonised with the indicated treatment. B- Data shown represent a
single measurement of the geometric mean of rituximab FITC binding to pre-opsonised cells,

representative of two independent experiments.
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MDA treated rituximab bound to Ramos cells was able to partially block the binding of a labelled
secondary anti-CD20 antibody (see Figure 4-4). To confirm this, and quantify how much MDA
treated rituximab was functional, the level of binding of MDA treated rituximab was compared to
a titration of untreated rituximab, with the level of bound antibody detected by a PE labelled anti-

Fc F(ab’)?(Figure 4-5).

When compared to a dose titration with untreated rituximab (MabThera) as the primary
antibody, the level of blocking seen with 10ug/ml MDA modified rituximab was approximately
equal to that seen with 0.625ug/ml untreated rituximab (Figure 4-5). This result, coupled with the
reduced CD20 binding seen in Figure 4-3 and the reduced blocking capacity seen in Figure 4-4 ,
suggests that only a portion of the MDA treated rituximab is still functional and capable of binding

to CD20.

Page 137



Chapter 4

B

A O
= 5000 -
1S
=
D
=
o)
[0,
&)
(®)]
£
5
£
m
o)
@
£
§ 0 T - T 1
2 03 5 10

© Rituximab (ug/ml)

B
g
© 5000-
% B 10pg/ml
'*é 40004 5ug/ml
9 2. 5pg/mil
& 30004
= 1.25ug/ml
5 20007 B 0.625ug/ml
D 40004 0.313pg/ml
]
£ I B 0.156ug/ml
A : = 0078“9/ |
= ) @ 0 0 o dfoug/m
o ‘\°?. o,éQ _‘-55& .{'_\(‘\0 %9

N ~ ~ ®
© & & &
L) () SF
39 &
<&

Figure 4-5 Determining Relative Concentration of Functional Antibody for Rituximab MDA

Compared to Unmodified Rituximab

Ramos cells were opsonised with a 2x serial dilution of rituximab (MabThera) starting at 10ug/ml.
Unbound antibody was washed off and bound antibody detected using a labelled polyclonal secondary
antibody specific for human IgG Fc. Cells were acquired by flow cytometry. A- binding of rituximab MDA
(10pg/ml, red dot)) compared to untreated rituximab (MabThera, black dots). The apparent
concentration of rituximab MDA at 10ug/ml (0.53pg/ml) was calculated from the linear region of the
standard curve (shaded region). B- binding of 10ug/ml rituximab MDA relative to a titration of untreated
rituximab (10pg/ml-0.08ug/ml), from a single experiment, representative of 2 independent
experiments.
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4.3.2 FcyR Binding of MDA Modified Rituximab

Next, it was of interest to investigate whether MDA treatment of rituximab affected its ability to
interact with FcyRs. This was performed using CHO cells transfected with various human FcyRs
(personal communication- Robert Oldham). Antibodies were incubated with transfected CHO cells
at 20ug/ml for 30 minutes, and after washing the bound antibody was detected using a labelled

polyclonal F(ab’), recognising the human IgG Fc region.

MDA treated rituximab did not bind to untransfected CHO-K1 cells indicating no non-specific
interaction was occurring due to the presence of MDA modifications (Figure 4-6B). MDA modified
rituximab showed very similar binding to both untreated and mock treated rituximab for FcyRllla
(V158 and F158). MDA treated rituximab showed reduced binding to FcyRI compared to that seen
with both untreated and mock treated rituximab. The biggest difference was seen with FcyRlla
(R131) and FcyRIIb, where MDA modified rituximab showed substantially increased binding to

both receptors compared to both untreated and mock treated rituximab.
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Figure 4-6 Ability of Rituximab MDA to Bind FcyRs Expressed on CHO Cells

Unlabelled rituximab MDA (red), mock treated rituximab (blue), untreated rituximab (MabThera, black)
and an isotype control were applied at 20ug/ml to CHO-K1 cells stably transfected with human FcyRs |,
Ila (R131 allele), Ilb, and llla (both V158 and F158 alleles) as well as to untransfected CHO-K1s in order to
assess binding. After washing bound antibodies were detected using a labelled secondary F(ab’), specific
for human IgG Fc, and cells acquired by flow cytometry and gated on live cells. A- gating of live CHO-K1
cells. B- overlaid histograms of the relative binding of rituximab, mock treated rituximab and rituximab

MDA to CHO-K1 cells transfected with the indicated FcyR. Data from a single experiment, representative
of two independent experiments.

4.3.3

Effector Functions of MDA Modified Rituximab

Having determined that MDA treated rituximab was capable of binding to both its target antigen

and also to FcyRs, albeit at different levels to that of untreated and mock treated rituximab, next

we sought to investigate the effects of MDA modification on rituximab Fc mediated effector

functions in vitro.
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43.3.1 Complement Dependent Cytotoxicity

Firstly the effect of MDA modification on the induction of complement dependent cytotoxicity
death was analysed. Raji cells, which express certain complement defence molecules such as

CD55, were used and, as shown in Figure 4-7, rituximab MDA was unable to elicit complement
mediated killing at any dose, whereas over 60% killing was seen with both untreated rituximab

(MabThera) and MDA mock treated rituximab when applied at 10ug/ml.
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Figure 4-7 Ability of Rituximab MDA to Initiate CDC on Raji Cells

Raji cells were opsonised with various concentrations of rituximab, mock treated rituximab, rituximab
MDA or an isotype control as indicated prior to a 30 minute incubation with 30% human serum.
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Complement activity was detected by staining with propidium iodide followed by flow cytometry. A-
debris from serum was gated out and complement dependent cytotoxicity was identified by propidium
iodide (PI) staining, seen as an increase in the FL-2 signal of cells that have been permeabilised by the
formation of the MAC. B- treatment of Raji cells with isotype, rituximab, mock treated rituximab or
rituximab MDA. C- data shown represent the mean plus range of triplicate technical repeats of a single

experiment.

The complement activation of rituximab MDA was also tested on CDC sensitive Ramos cells. A
similar result was found with Ramos cells as with Raji cells, but with a greater level of killing
reflecting the increased sensitivity of these cells (Figure 4-8). As such, some cell death can be seen
with 10pg/ml Rituximab MDA, but this is less than the killing seen with 100x less untreated or

mock treated rituximab, indicating some low level residual activity of rituximab MDA.

1001 - -
Bl 10ug/ml
Q
37 Tug/ml
o B 0.1ug/ml
=

Figure 4-8 Ability of Rituximab MDA to Induce CDC on Ramos Cells

Ramos cells were opsonised with varying concentrations of rituximab MDA, mock treated rituximab,
untreated rituximab or an isotype control prior to a 30 minute incubation with 30% human serum and
complement dependent cytotoxicity killing was identified by Pl staining. Mean plus range of triplicate
repeats of a single experiment are shown.

As demonstrated in Figure 4-3, rituximab MDA showed reduced binding to target cells. It is likely

therefore that the reduced CDC seen in Figure 4-7 and Figure 4-8 was due to reduced antibody
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binding when compared to untreated and mock treated rituximab. In order to try and investigate
whether MDA treatment reduces CDC through reduced functional antibody, or whether the
functional antibodies themselves are also less able to activate the complement pathway, the dose
of rituximab MDA was adjusted to give approximately the same level of functional Fc at the cell
surface. This was calculated from comparison of the detectable free Fc of rituximab MDA to a
titration of rituximab (see Figure 4-5). This suggested that binding of 10pg/ml of rituximab MDA
was approximately equivalent to 0.5ug/ml of untreated rituximab in terms of detectable Fc

regions.

Accordingly, 20ug/ml of rituximab MDA would give a concentration approximately equivalent to
1ug/ml of untreated rituximab. When Ramos cells were treated with this adjusted concentration
of rituximab MDA, complement mediated death was seen (see Figure 4-9). The level of
complement killing seen with this dose of MDA treated rituximab was approximately 20% lower
than that seen with 1ug/ml mock treated rituximab or untreated rituximab. This suggests that
either the dose correction was not entirely accurate, or that the MDA modified antibodies able to

bind to CD20 may not all be able to bind to Clq as efficiently as unmodified antibody.
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Figure 4-9 Ability of Rituximab MDA to Exhibit CDC at Equivalent Effective Binding Concentrations
as Unmodified Rituximab

Ramos cells were opsonised with various concentrations of rituximab MDA, mock treated rituximab,
untreated rituximab or an isotype control as indicated prior to a 30 minute incubation with 30% human
serum and complement dependent cytotoxicity was identified by PI staining. Rituximab MDA doses
were adjusted to correct for the 20 fold reduced target binding in order to give comparable levels of
functional Fc to untreated rituximab, according to Figure 4-5 and as described in the main text. Mean

plus range of triplicate repeats of a single experiment.

4.3.3.2 Antibody Dependent Cellular Cytotoxicity

Having determined that MDA modification impaired the ability of rituximab to activate CDC, its

effect on FcyR mediated effector functions was investigated; namely antibody dependent cellular

cytotoxicity and antibody dependent cellular phagocytosis.
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Figure 4-10 Ability of Rituximab MDA to Induce ADCC at Equivalent Effective Binding

Concentrations as Unmodified Rituximab

Calcein labelled Ramos cells were opsonised with various concentrations of rituximab MDA, mock
treated rituximab, untreated rituximab or an isotype control as indicated. Opsonised targets were co-
cultured with freshly purified human PBMCs at a ratio of 50 PBMCs per target cell for 4 hours at 37°C,
and the supernatants analysed for released calcein by measuring their emission at 515nm. Max lysis was
calculated as percentage of maximum once background (non-opsonised targets and effectors) was
removed according to the equation % of Max Lysis = (X — background)/(Max Lysis — background)*100.
Rituximab MDA doses were adjusted to correct for the approximately 20 fold reduced target binding in
order to give comparable levels of functional Fc to untreated rituximab. Data presented are the
combined means + SD of 3 independent experiments using different PBMC donors.

Rituximab MDA was able to induce similar levels of ADCC as compared to untreated and mock
treated rituximab when the dose correction to give approximately similar levels of antibody
binding was applied; i.e. 40ug/ml rituximab MDA induced a similar level of killing as did 2ug/ml

untreated rituximab which has approximately the same level of functional Fc (Figure 4-10).
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4333 Antibody Dependent Cellular Phagocytosis

Evidence from in vivo experiments have indicated that the primary mechanism of action of
rituximab is via phagocytosis of target cells by macrophages?3#7°, Accordingly, the effect of MDA
modification on rituximab induced ADCP was tested using MDMs and Ramos target cells.
Rituximab MDA was able to induce phagocytosis of opsonised target cells but only to

approximately two thirds of the level achieved by untreated rituximab (Figure 4-11).
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Figure 4-11 Ability of Rituximab MDA to Induce ADCP at Equivalent Effective Binding

Concentrations as Unmodified Rituximab

Ramos cells were labelled with CFSE and opsonised with various concentrations of either Rituximab
MDA, mock treated rituximab, untreated rituximab or an isotype control. Opsonised cells were co-
cultured with MDMs for 1 hour, macrophages stained for CD14 and acquired by flow cytometry.
Rituximab MDA doses were adjusted to correct for the 20 fold reduced target binding in order to give
comparable levels of functional Fc to untreated rituximab. A- Representative flow cytometry plots
showing gating strategy used. The percentage of macrophages that had phagocytosed a target cell was
calculated as a percentage of CD14+ cells. B- example data showing phagocytosis of isotype and
rituximab opsonised Ramos cells. C- Combined results showing mean + SD of three independent
experiments using different MDM donors, each measured in triplicate. Statistics calculated by one-way
ANOVA with multiple comparisons, ** p<0.01.
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4.4 Optimisation of MDA Modification Method

4.4.1 Titration of MDA Modification

It was shown that rituximab MDA was still capable of binding to target cells and FcyRs, and able to
induce Fc mediated effector functions, albeit to a lesser extent than unmodified antibody (Section
4.3). MDA modification of rituximab resulted in a dramatic increase in the size of the antibody
when measured by SDS-PAGE (Figure 4-2). This shift in mass could be due to adduction of MDA
molecules onto lysine residues within rituximab, thereby increasing its mass. However, as MDA is
a dialdehyde with 2 aldehyde functional groups (Figure 4-1), it is possible for a single MDA
molecule to bind to 2 different lysine residues either on the same IgG molecule, or on different
IgG molecules in an intermolecular fashion. This could potentiate the formation of aggregates of
antibody, which could also explain the increased size of rituximab MDA seen in Figure 4-2.
Moreover, a large proportion of the MDA-modified material had evidently lost the ability to bind

to the CD20 target, indicative of over-modification and destruction of the Fab binding site.

As such, it was desirable to generate antibodies that were less extensively modified in order to try
and investigate the effect of MDA modification alone, separately from the effect of antibody
aggregation. This would also be more likely to reflect the situation in vivo where such extensive
modifications would not be expected*’®. In order to try and achieve this, MDA modification was
repeated but with different concentrations of MDA and using different incubation periods, to see

if monomeric modifications could be produced.

MDA solutions of varying concentrations were made and then mixed with antibody according to
Table 4-1. In addition to varying the MDA concentration, an intermediary time point was taken
after 2.5 hours to see how far the reaction had progressed by this stage. After 2.5 hours a subtle
shift in colour could be seen between the highest MDA concentration (MDA 1) and the lowest
MDA concentration and controls (Figure 4-12). Half of the antibody product was removed after
2.5 hours and dialysed into PBS using Amicon Ultra-4 Centrifugal Filter Units (Merck Millipore)
spun at 3200g. The remaining antibody was incubated for another 2.5 hours before being dialysed
into PBS in the same manner. All antibodies were filter sterilised and their concentrations

assessed by a protein concentration assay as described in the methods.
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Solution MDA 1 MDA 2 MDA 3 MDA 4
Concentration (mM) 747 374 187 93
mmoles added 168 84 42 21
Ratio of MDA:IgG 13.3x10° 6.67x10° 3.33x10° 1.67x10°

Table 4-1 Rituximab MDA Modification Conditions

Various concentrations of MDA were used to give a decreasing ratio of MDA per IgG molecule.

MDA 1 MDA 2 MDA 3 MDA 4 MDA Untreated
Control

Ohrs

2.5hrs

MDA Concentration

Figure 4-12 Image of MDA Samples Collected at Intermediary Time Point

Images of rituximab antibody modified with different concentrations of MDA at Ohrs (top) and 2.5hrs
(bottom).
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4.4.2 Assessment of MDA Modification Titration

Antibodies were analysed on a 10% SDS-PAGE gel and stained with Coomassie Brilliant Blue as
previously (Figure 4-13). The majority of the staining in the MDA modified rituximab lanes was
towards the top of the gel. Faint bands could be seen further down the gel, matching the Hand L
chain bands seen in the control lanes (9 and 10), for the lower MDA concentrations MDA 3 and

MDA 4 for the 2.5hr time point.

MDA Conc:

Lane:

1- MDA 1, 2.5hrs
2- MDA 2, 2.5hrs
3- MDA 3, 2.5hrs
4- MDA 4, 2.5hrs
5- MDA 1, Shrs
6- MDA 2, Shrs

7- MDA 3, 5hrs Heavy Chain
8- MDA 4, Shrs
9- MDA control, 5hrs
10- Untreated rituximab
Light Chain

Timecourse: 2.5 hours 5 hours

Figure 4-13 MDA Modification Time Course Assessed by SDS-PAGE

Rituximab was incubated for 2.5 or 5 hours with various concentrations of MDA (Table 4-1), and buffer
transferred into PBS before analysis by SDS-PAGE on a 10% gel under reducing conditions, and imaged
by Coomassie Brilliant Blue staining. Mock treated and untreated rituximab were included as controls
for unmodified antibody.
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4.5 Functional Characterisation of MDA Modification Titration

45.1 Antigen Binding

The functionality of the different MDA samples detailed above (Section 4.4) was tested by
analysing the proportion of antibody that was still able to bind to target cells, as performed
previously (Figure 4-3). Figure 4-14 shows that a trend can be seen whereby the lower
concentrations of MDA used for rituximab modification resulted in increased levels of target
binding. This trend was seen for both time points, with an overall higher level of binding seen for
the 2.5hr (black) time point compared to the 5hr time point (grey). None of the MDA modified

samples showed as much surface binding as mock treated rituximab (either 2.5 or 5hr samples).
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Figure 4-14 Ability of MDA-Modified Rituximab Preparations to Bind Ramos Cells

Ramos target cells were opsonised with 10pg/ml of rituximab treated with MDA, or mock treated, at
different concentrations for 2.5 or 5 hours. Excess antibody was washed off and bound antibody
detected using a labelled secondary F(ab’), specific for human IgG Fc, and cells acquired by flow
cytometry and gated on live cells. Data presented as mean + range of two independent experiments
each measured in triplicate.
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4.5.2 Antibody Dependent Cellular Cytotoxicity

In order to further check the functionality of these MDA modified antibodies, they were tested in
an ADCC assay as performed previously (Figure 4-10). Figure 4-15 shows the results of this assay.
As in Figure 4-14, a trend was seen with decreasing MDA concentration causing an increased
ADCC back to a level comparable to that seen with untreated rituximab. Again, this trend was
evident at both 2.5hrs and 5hrs, and seen at both 10pg/ml and 3.33ug/ml. Compared to the mock
treated rituximab at each time point, the MDA treated rituximab shows similar or even slightly
superior ADCC at 10ug/ml. MDA treated rituximab samples showed a greater decrease in the level
of ADCC induction upon titration to 3.3ug/ml than did the mock treated (or untreated rituximab),

and the size of the decrease was greater with the samples exposed to higher concentrations of

MDA.
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Figure 4-15 Ability of MDA-Modified Rituximab Preparations to Elicit ADCC

Calcein labelled Ramos cells were opsonised with various concentrations of differentially modified
rituximab MDA, mock treated rituximab, untreated rituximab or an isotype control as indicated.
Opsonised target cells were co-cultured with freshly purified human PBMCs at a ratio of 50 PBMCs per
target cell for 4 hours, and the supernatants analysed for released calcein by measuring their emission
at 515nm. Max lysis was calculated as percentage of maximum once background (non-opsonised targets
and effectors) was removed according to the equation % of Max Lysis = (X — background)/(Max Lysis —
background)*100. Data presented are the means + range of two independent experiments each
measured in triplicate.
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In the work described above, MDA modifications that have been reported to occur in vivo have
been shown to modify the effector functions of rituximab. In order to expand upon this as a
potential in vivo influence on therapeutic mAbs, we next sought to determine the effect of
another lipid modification that has been found in vivo, carboxyalkylpyrroles, on the effector

functions of mAbs.

4.6 Generation and Characterisation of Carboxyethylpyrrole Modified

Rituximab

4.6.1 Carboxyethylpyrrole Background

Another by-product of lipid oxidation are the carboxyalkylpyrroles (CAPs), a group of products
that are generated from the oxidation of polyunsaturated fatty acids and found in human plasma
proteins®’2. These structures consist of a carboxylic acid head group, a linking alkyl chain and a
pyrrole ring which can attach to available nitrogen atoms, such as those in lysine side chains
(Figure 4-16). The length of the alkyl chain that links the pyrrole ring to the carboxylic acid group
varies between different members of the CAP family and depends on the species of
polyunsaturated fatty acid that the CAP is generated from. For example, carboxyethylpyrroles
(CEPs) contain an ethyl chain (as shown in Figure 4-16) and are formed from the oxidation of
docosahexaenoyl containing phospholipids*’2. Docosahexaenoyl containing phospholipids are
relatively minor components of membranes and lipoproteins in most cells, but are highly
abundant in cells of the brain and retina, constituting up to 80% of the phospholipids in the

membranes of photoreceptors in some rod cells*’3.
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Lysine

®
N /\///<OH
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Figure 4-16 Structure of Carboxyethylpyrrole

General structure of a carboxyalkylpyrrole. Molecule consists of a pyrrole ring and a carboxylic acid
functional group linked by an alkyl chain of varying length (blue brackets). The length of the chain
determines the specific name of the molecule- here is shown carboxyethylpyrrole. Structure drawn
using website https://web.chemdoodle.com/demos/sketcher/

CEP adducts are generated naturally in the body and a transient increase is seen at the site of
injury, with the level of CEP adducts peaking 3 days after injury and then dropping down to
background levels*®?. CEP adducts have been reported to play a role in angiogenesis by inducing
endothelial cell migration and adhesion in a vascular endothelial growth factor (VEGF)
independent manner that is thought to be driven through TLR2 signalling via MyD88 and NF-kB*62,
In this same report the authors showed that administration of CEP-adducts could promote
vascularisation in a mouse hind limb ischemia model. CEP adducts and their precursors are also
thought to be important in the homeostasis of rod photoreceptor cell disk membranes, acting as
markers of oxidative damage and facilitating endocytosis of the outermost disk membrane

sections by retinal pigmented endothelial cells*’*,

High levels of CEP adducts have been found in the eyes and blood of patients with AMD compared
to healthy controls, with the combination of a high abundancy of docosahexaenoyl containing
phospholipids in the eye and a highly oxidising environment likely the driving factors*’>476,
Autoantibodies to CEP adducts have been found in AMD patients and CEP is capable of binding to
surface receptors and may act as a DAMP*’®%”7 Immunisation of mice with CEP adducts has been
shown to increase the level of anti-CEP antibodies and increase the sensitivity of mice to
developing dry AMD with a development of drusen under the retinal pigmented epithelium,

suggesting CEP adducts could contribute to the formation of drusen in this form of AMD*’8, CEP

adducts have also been shown to be capable of inducing similar levels of corneal vascularisation
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after laser induced injury as VEGF, highlighting their potential role in wet AMD, caused by

increased vascularisation and blood vessel leakage in the eye*’®.

Increased levels of CEP adducts have been found in melanoma in both mouse and human
tumours, as well as in aging tissues**2%. The importance on the angiogenic potential of CEP
adducts as mentioned above was further demonstrated in this same work with the finding that
treatment with anti-CEP antibodies reduced tumour size and vascularity in a melanoma model

(B16-F10)“2.

CEP adduct clearance has recently been attributed to its binding to the scavenger receptor CD36,
as well as TLR2, expressed on the surface of macrophages, as knocking out these receptors almost
completely abrogated the macrophages’ ability to scavenge CEP modified proteins*®.
Macrophages that fall into the M2, anti-inflammatory class were shown to be more important for
CEP adduct clearance. Furthermore, CEP has been shown to contribute to inflammation by acting
synergistically with low dose TLR2 ligands to increase cytokine production of TNFa and IL-12a, and
contribute to M1 macrophage skewing*!. In light of these immunomodulatory properties of CEP,
we decided to generate CEP modified rituximab in order to determine the effect this had on the

effector functions.

4.6.2 Generation and Assessment of CEP Modification of Rituximab

Phospholipids containing the polyunsaturated docosahexaenoyl fatty acids can be oxidised to
form oxidised phospholipids with active aldehyde functional groups (Figure 4-17). These aldehyde
groups can then react with the epsilon amino group of lysine residues, followed by lipolysis of the
intermediate oxidised phospholipid, leaving behind the CEP adduct on the lysine amino group*”3.
In order to replicate this in vitro, chemical intermediates that are able to generate CEP structures
on proteins of interest are used. Accordingly, 3mg of CEP intermediate was dissolved in 600ul of
rituximab (8.4nmol) to form a solution. This CEP-rituximab mixture was incubated at room

temperature on a shaker for 14 days, and was then dialysed into PBS and filler sterilised.
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Figure 4-17 CEP Formation

CEP adducts are formed in vivo by oxidation of specific fatty acid chains. A- 1-palmityl-2-
docosahexanoyl-sn-glycerophosphocholine (PD-PC) is a membrane phospholipid that contains a
docosahexaenoyl fatty acid. Reaction of the docosahexaenoyl fatty acid with oxygen generates oxidised
glycerophosphocholine containing 4-hydroxy-7-oxohept-5-enoic acid (HOHA-PC). B- reaction of this
oxidised phospholipid adduct with a lysine residue and subsequent cleavage of the phospholipid forms
the CEP-protein adduct. Figure modified from*76,

In order to assess the presence and degree of CEP modification that had been achieved, the
rituximab sample was analysed by SDS-PAGE on a 10% gel, as for rituximab MDA. The gel was

then stained with Coomassie Brilliant Blue and imaged.
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Figure 4-18 CEP Modification of Rituximab

Rituximab that was modified with CEP, mock treated or untreated was reduced in Laemmli buffer and
analysed on a 10% SDS-PAGE gel for 2 hours at 110V. The gel was then fixed and stained with Coomassie
Brilliant Blue prior to destaining and imaging. Heavy (H) and light (L) chains are indicated.

Figure 4-18 shows the resulting gel, and reveals that there was a small increase in mass for both
the H and L chains of rituximab upon treatment with CEP compared to the mock treated sample.
The top of the lane containing CEP treated rituximab appears darker than in the mock treated
rituximab lane (Figure 4-18), suggesting the presence of a degree of aggregated antibody present
within the sample, as was the case for rituximab MDA (shown in Figure 4-2). It appears from
Figure 4-18 that all of the H chain has been modified as the entire band had shifted, as have the
bands further up the gel which are most likely antibody molecules that have not been fully

reduced. The L chain band appears to have also increased in size but is too close to the bottom of
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the gel to be sure that the entire band has moved, or whether only a proportion of the L chain

was modified.

4.7 Functional Assessment of CEP Modified Rituximab

47.1 Antigen Binding

To determine whether the rituximab CEP was still functional, its ability to bind to cells expressing
target antigen was assessed (Figure 4-19). Rituximab CEP was able to bind to both Raji and Ramos

cells, but at a lower level than was seen with mock treated rituximab or untreated rituximab.
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Figure 4-19 Ability of Rituximab CEP to Bind Target Cells

Raji (A) and Ramos (B) cells were opsonised with 10ug/ml of untreated rituximab, mock treated
rituximab, rituximab CEP or an irrelevant control antibody. Unbound antibody was washed away and
bound antibody was detected using a labelled polyclonal secondary F(ab’), specific for human IgG Fc.
Cells were acquired by flow cytometry and gated on live cells as shown.

To confirm that this binding to target cells was antigen specific, the ability of rituximab CEP to
block the binding of unmodified rituximab was tested, as performed for the MDA modified
antibodies in Figure 4-4. Rituximab CEP was able to block the binding of FITC labelled rituximab to

target antigen, but to a lesser extent than the same concentration of unmodified and mock

Page 160



Chapter 4

treated rituximab (Figure 4-20). This finding, as in Figure 4-19, implied that rituximab CEP retains

specific target antigen binding, but to a lesser extent than unmodified rituximab.
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Figure 4-20 Ability of Rituximab CEP to Block Secondary Rituximab Binding

10pg/ml
Sug/ml
2.5ug/mi
1.25ug/ml
0.625ug/ml
0.313pg/ml
0.156pg/ml
0.078ng/ml

Ramos cells were opsonised with untreated rituximab, mock treated rituximab, Rituximab CEP or an
irrelevant control antibody (concentrations as indicated) and unbound antibody washed off. A labelled
anti-CD20 antibody (rituximab) was then applied at 10ug/ml to bind any free CD20. Excess antibody was
washed off and the cells acquired by flow cytometry gated on live cells. A- example data of rituximab
FITC binding to cells pre-opsonised with the indicated treatment. B- Data shown represent a single
measurement of the geometric mean of rituximab FITC binding to pre-opsonised cells, representative of

two independent experiments.
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As for rituximab MDA shown above, given the observed reduction in binding, it was more useful
to compare rituximab CEP to unmodified rituximab when an equivalent level of Fc was present at
the cell surface for each antibody. As such, rituximab CEP binding was compared to a titration of
unmodified rituximab. Figure 4-21 shows the titration experiment carried out with rituximab CEP,
and reveals that the level of detectable Fc present following opsonisation with 10ug/ml rituximab
CEP was approximately equal to that seen with 1pg/ml untreated rituximab, suggesting that

rituximab CEP was binding at approximately 1/10%" of the amount of untreated rituximab.
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Figure 4-21 Determining Relative Concentration of Functional Antibody for Rituximab CEP

Compared to Unmodified Rituximab

Ramos cells were opsonised with a serial dilution of rituximab (MabThera) starting at 10ug/ml. Unbound
antibody was washed off and bound antibody detected using a labelled polyclonal F(ab’), secondary
specific for human IgG Fc. Cells were acquired by flow cytometry. A- binding of Rituximab CEP (10ug/ml,
red dot) compared to untreated rituximab (MabThera, black dots). The apparent concentration of
rituximab CEP at 10pg/ml (1.044pg/ml) was calculated from the linear region of the standard curve
(shaded region). B- binding of 10pg/ml rituximab CEP relative to a titration of untreated rituximab
(10pg/ml — 0.08ug/ml) from a single experiment, representative of 2 independent experiments.
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4.7.2 FcyR Binding of CEP Modified Rituximab

Next, the ability of rituximab CEP to bind to FcyRs was tested using CHO-K1 cells stably
transfected with various FcyRs. As can be seen from Figure 4-22 rituximab CEP showed some non-
specific binding to non-transfected CHO-K1 cells. This makes assessing the binding to FcyRs

difficult to interpret, but there did appear to be an increase in the binding of rituximab CEP for

several of the FcyRs, most notably FcyRI and FcyRllb.
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Figure 4-22 Ability of Rituximab CEP to Bind to FcyRs Expressed on CHO Cells

Rituximab CEP (red), mock treated rituximab (blue), untreated rituximab (MabThera, black) and an
isotype control were applied at 20ug/ml to CHO-K1 cells stably transfected with human FcyRs |, lla (R131
allele), llb, or llla (both V158 and F158 alleles) as well as to untransfected CHO-K1s in order to assess
binding. After washing away unbound antibody, bound antibodies were detected using a labelled
secondary F(ab’); specific for human 1gG Fc, and cells acquired by flow cytometry and gated on live cells.
A- gating of live CHO-K1 cells. B- overlaid histograms of the relative binding of rituximab, mock treated
rituximab and rituximab CEP to CHO-K1 cells transfected with the indicated FcyR. Data from a single
experiment, representative of two independent experiments.
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4.7.3 Complement Dependent Cytotoxicity

Next the effect CEP modification had on the ability of rituximab to function via its Fc domain was
assessed. Firstly its CDC inducing potential was determined (Figure 4-23). Even accounting for its
reduced binding (a 10x dosage compensation was applied — calculated from Figure 4-21),

rituximab CEP induced very little CDC compared to untreated or mock treated rituximab.

Effective
Concentration
100+ B 10pg/ml
3.33pug/ml
1. 11ug/mi

0.37ug/ml
50+ == 0.12pg/ml

% Pl +ve

Figure 4-23 Ability of Rituximab CEP to Induce CDC at Equivalent Effective Binding Concentrations
as Unmodified Rituximab

Ramos cells were opsonised with various concentrations of rituximab CEP, mock treated rituximab,
untreated rituximab or an isotype control as indicated prior to a 30 minute incubation with 30% human
serum and complement dependent cytotoxicity was identified by propidium iodide staining. Rituximab
CEP doses were adjusted to correct for the approximately 10 fold reduced target binding in order to give
comparable levels of functional Fc to untreated rituximab, according to Figure 4-21 and as described in
the main text. Mean plus range of triplicate repeats of a single experiment are shown.
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4.7.4 Antibody Dependent Cellular Cytotoxicity

The effect of CEP modification of the FcyR dependent effector functions ADCC and ADCP of
rituximab was next assessed. Figure 4-24 shows the results for the ADCC experiments. Rituximab
CEP gave a broadly similar level of ADCC to that of the dose matched level of unmodified
rituximab- i.e. 20ug/ml CEP modified rituximab gave a similar level of ADCC to 2ug/ml unmodified
rituximab. However, the ADCC effect of rituximab CEP titrated more sharply than that observed

with unmodified or mock treated rituximab.
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Figure 4-24 Ability of Rituximab CEP to Induce ADCC at Equivalent Effective Binding

Concentrations as Unmodified Rituximab

Calcein labelled Ramos cells were opsonised with various concentrations of rituximab CEP, mock treated
rituximab, untreated rituximab (MabThera) or an isotype control as indicated. Opsonised targets were
co-cultured with freshly purified human PBMCs at a ratio of 50 PBMCs per target cell for 4 hours, and
the supernatants analysed for released calcein by measuring their emission at 515nm. Max lysis was
calculated as percentage of maximum once background (non-opsonised targets and effectors) was
removed according to the equation % of Max Lysis = (X — background)/(Max Lysis — background)*100.
Rituximab CEP doses were adjusted to correct for the approximately 10 fold reduced target binding in
order to give comparable levels of functional Fc to untreated rituximab. Data presented are the
combined means + SD of 3 independent experiments using different PBMC donors.
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4.7.5 Antibody Dependent Cellular Phagocytosis

Rituximab CEP was next tested for its ADCP inducing potential, using MDMs differentiated from
peripheral blood. Dose corrected CEP modified antibody exhibited reduced phagocytosis
compared to unmodified and control treated rituximab, although statistical significance was not
reached (Figure 4-25). ADCP with CEP modified rituximab did not titrate over the concentrations

tested, but was significantly greater than that seen with the isotype control, indicating that

phagocytosis was indeed occurring.
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Figure 4-25 Ability of Rituximab CEP to Induce ADCP at Equivalent Effective Binding

Concentrations as Unmodified Rituximab

Ramos cells were labelled with CFSE and opsonised with various concentrations of either Rituximab CEP,
mock treated rituximab, untreated rituximab (MabThera) or an isotype control. Opsonised cells were co-
cultured with MDM s for 1 hour, macrophages stained and acquired by flow cytometry. Rituximab CEP
doses were adjusted to correct for the approximately 10 fold reduced target binding in order to give
comparable levels of functional Fc to untreated rituximab. The percentage of macrophages that had
phagocytosed a target cell was calculated as a percentage of CD14+ cells. Data plotted are mean + SD of
three independent experiments using different MDM donors, each measured in triplicate. Statistics
calculated by one-way ANOVA with multiple comparisons, * p<0.05, ** p<0.01.
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4.8 Discussion

In this chapter the generation and characterisation of two separate potential chemical
modifications to antibodies was assessed, namely malondialdehyde and carboxyethylpyrrole.
Oxidation specific epitopes have been recognised as being important for recognition of oxidised
and apoptotic cells, and can act as DAMPs in order to recruit elements of the innate immune
system?®?, Natural antibodies of the IgM class that bind to these oxidation specific epitopes such
as MDA have been found in both mice and humans, including those of foetal origin*®3. Apoptotic
cells can have an increased level of oxidation specific epitopes on their surface that can promote
phagocytosis by nearby macrophages through scavenger receptors such as CD36, as well as being
a target for antibodies*’”*84. MDA modified proteins have also been found to be able to induce

485

inflammatory responses in immune cells*~. Moreover, MDA modifications can be found on serum

proteins and at the site of tumours*®2,

In this work MDA was used to modify the anti-CD20 antibody rituximab to see what impact this
had on antibody functionality. Modified antibodies could indeed be generated (Figure 4-2) with
an increased molecular weight compared to untreated controls. The lack of unmodified H or L
chains on SDS-PAGE analysis suggests that all antibody molecules had been modified by the MDA
treatment. The level of modification cannot be judged accurately from Figure 4-2, but the location
of the staining at the top of the gel suggests that there may be highly crosslinked and or

aggregated antibody present.

Such extensive modification is unlikely to occur in vivo under physiological conditions as it has
been reported that the plasma concentration of MDA is in the micromolar range, compared with
the millimolar levels used here*’*. Furthermore, the in vivo time scale for MDA modification is
likely to be far longer than the 5hrs used in Figure 4-2. It was previously demonstrated that using
different MDA concentrations and time courses influences the level of MDA modification that

occurs*’?

. Millanta et al. suggested that the use of millimolar MDA concentrations produces
qualitatively different modifications to those generated with micromolar levels of MDA, although
convincing differences were not demonstrated. Regardless, as a proof of concept that MDA
modification of antibodies can alter their efficacy, the approach used in this chapter is of

relevance.

It is not surprising that such a harsh treatment of antibody that causes a major change in their size

had a profound effect on their ability to function. However, functional antibody molecules that
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were still able to bind to their target antigen remained (Figure 4-3). Judging from Figure 4-2 it
appears that all antibody molecules were modified, implying that the fraction of functional
antibodies that remained were indeed modified. MDA modification preferentially targets the
epsilon amino group of lysine residues, which are present throughout the primary structure of
antibodies (Figure 4-26). As shown below in Figure 4-26, rituximab does not contain any lysine
residues within its CDRs, but does in the framework regions of its variable domains. The lack of
lysine residues present in the CDR loops does not protect rituximab’s target binding properties
following modification, as seen through reduced binding to CD20 compared to controls (Figure
4-3). This is potentially due to structural changes and antibody aggregation caused by MDA

modification of lysine residues throughout the rest of the molecule causing secondary structural

effects.

A __
Cetuximab EGFR IgG1
Trastuzumab HER2 IgG1 32 13
Rituximab CD20 IgG1 36 13
Alemtuzumab  CD52 IgG1 32 15
Ipilimumab CTLA4 IgG1 31 11
Pembrolizumab PD1 IgG4 31 12
Nivolumab PD1 IgG4 29 11
Natalizumab a4 integrin  IgG4 30 13
Evolocumab PSCKg IgG2 29 12
Denosumab RANKL IgG2 32 11
Panitumumab EGFR IgGz 29 13

;N Antibody | Target |Isotype |Framework |CDRs |
Cetuximab EGFR IgG1 8 0
Trastuzumab  HER2 IgG1 8 1
Rituximab CD2o IgG1 13 0
Alemtuzumab  CD52 IgG1 3
Pertuzumab HER2 I1gG1 0
Panitumumab EGFR IgGe 9 o]

Figure 4-26 Lysine Residues of Clinically Approved IgG

Panel showing the number and position of lysine residues within the primary sequence of a number of
therapeutic antibodies. A) Shows the number of lysine residues in individual heavy and light chains for a
number of clinically approved IgG antibodies of different isotypes. B) Shows the number of lysine
residues present in the framework and CDR regions of a number of clinically approved antibodies.
EGFR- epidermal growth factor receptor, CTLA4- cytotoxic T-lymphocyte associated protein 4, PD-1-
programmed death 1, RANKL- receptor activator of nuclear factor kappa-B ligand, PSCK9- proprotein
convertase subtilisin/kexin type 9, HER2- human epidermal growth factor receptor 2. Figure modified
from?8e,
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MDA modified antibody was able to bind to all FcyRs tested (Figure 4-6), with similar binding to
mock treated antibody for FcyRllla (V158 and F158), reduced binding to FcyRI, and increased
binding to both FcyRlla (R131) and FcyRllb. It is difficult to be sure whether or not these
differences are due to the level of aggregation of the antibody and the relative differences in
binding of monomeric vs. aggregated antibody for different FcyRs, or whether the MDA
modifications themselves are affecting the Fc region recognised by the FcyRs. Residues 234-237
(Leu-Leu-Gly-Gly) of IgG1 are important for interactions with FcyRs**2. However, as for the CDRs
mentioned above, MDA modification to lysine residues elsewhere in the hinge/CH2 domain (of
which there are several) could impact the FcyR binding region structure or flexibility. Indeed, the
regions of IgG that are most important for FcyR binding, the hinge region and upper CH2 domain,
are exposed to the environment to facilitate FcyR binding, thereby increasing the chance that

lysine residues present will be modified*8”-48,

A consequence of alterations in FcyR binding could be changes in the efficacy of the antibody to
elicit Fc mediated effects. As well as FcyRs, I1gG Fc also interacts with C1q, the initiator of the
classical complement cascade. C1qg binds to an overlapping but distinct epitope on the lower
hinge region of 1gG, and it is likely that if MDA modifications have altered the secondary structure
around where the FcyRs bind then the binding of C1g would also be affected. Furthermore, it has
been reported that several residues are important for human IgG1 binding to Clq, one of which is
a lysine (Lys322), with another lysine residue present at position 320 that is important for mouse
IgG2b binding to C1q, but plays no role in the binding of human 1gG1'%®. Another lysine residue
(Lys326) in the same region can be mutated to increase CDC, and lysine residues are also present
at position 317, 334, 338 and 340*94%°, As such, MDA modification of available lysine residues in

this region may be expected to impact upon the antibodies ability to elicit CDC.

This was shown to be the case, with rituximab MDA giving no complement dependent cytotoxicity
compared to an equivalent dose of mock treated rituximab that gave efficient killing (Figure 4-7
and Figure 4-8). Complement activation is thought to be based upon antibody Fc clustering on the
target surface, and as such, IgM is the most efficient antibody at inducing CDC due to its high
number of Fc domains®. It could be suggested that aggregation of IgG molecules by MDA
treatment would increase the number of Fc regions present at the target surface. However, the
clearly decreased level of CDC would indicate that this potential increase in the number of
available Fc regions did not enhance CDC. The abundance of lysine residues in and around the Clq

binding area suggests that it is highly likely some of these solvent accessible residues have been
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modified, which may explain why complement mediated killing was decreased. In addition,
aggregation of rituximab by MDA crosslinks may affect the orientation of the antibodies and

affect their ability to form the hexameric structures necessary for C1q interaction®°.

Although reduced compared to mock treated rituximab, rituximab MDA did show specific target
binding (exemplified by its ability to block rituximab binding (Figure 4-4)). Attempting to scale the
dosage of rituximab MDA to get equivalent levels of functional Fc on the target cell surface allows
for a more direct comparison between the ability of unmodified and MDA modified antibody to
induce complement mediated killing. Figure 4-9 showed that there was a restoration of CDC when
a dosage correction was applied, but it did not completely rescue CDC to the level of untreated
rituximab. As discussed, a subpopulation of rituximab MDA that is able to bind to CD20 but is
modified in its C1q binding domain could be responsible for this difference. Whether rituximab
MDA is reduced in its capacity to bind to Clq or form hexameric structures, or at another stage in
initiating the complement cascade, is not clear. In order to resolve this C1q binding to rituximab

MDA and mock treated rituximab would need to be measured.

MDA has been shown to bind to complement factor H in a manner that protects MDA modified
proteins from uptake by macrophages*'. Complement factor H is a serum protein that would be
present in the assays performed in this chapter when serum is added to the opsonised target
cells, which could result in blockage of the C1q molecule binding to MDA modified rituximab. To
determine if this is happening, C1q binding in the presence and absence of complement factor H

could be measured.

Syngeneic in vivo mouse models using immunocompetent mice have suggested FcyRs as being
essential for rituximab mediated target depletion, rather than complement*’°. Accordingly,
rituximab MDA was also evaluated for its FcyR dependent effector functions. Examination of
rituximab MDAs ADCC inducing potential revealed a decrease in antibody efficacy, which could be
mostly restored by dosage compensation to give approximately similar levels of functional
antibody Fc at the cell surface (Figure 4-10). Rituximab MDA was also evaluated for ADCP, and
was found to be poorer at ADCP than mock treated rituximab even with dose compensation
(Figure 4-11). This was surprising, given the finding that the binding of MDA modified rituximab to
FcyRlla was greater than that of untreated rituximab, and this receptor is expressed on
macrophages. In contrast, MDA modified rituximab had equal binding to FcyRllla compared to

untreated rituximab and performed as well in ADCC after dose compensation (Figure 4-6). ADCC is
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mediated via NK cells, which express FcyRllla but typically no other FcyRs**2. Therefore, it would

be expected that rituximab MDA would perform as well in ADCC but better in ADCP.

A possible explanation for this discrepancy could be that the FcyR binding was done in the
absence of target antigen, so the proportion of the antibody that binds to FcyRs that is also able
to bind to target antigen is unknown. Rituximab MDA also displayed increased binding to the
inhibitory FcyRllb, which is also expressed on macrophages, which could explain the reduced
ADCP. Furthermore, although FcyRs all bind to the same region of IgG they bind in slightly
different ways- as exemplified by the finding that FcyRllla interaction with IgG1 involves the sugar
residues present on the receptor and that the presence of fucose on the N-linked glycan of the
IgG disrupts this interaction by pushing molecules further apart®°. As such, subtle differences in
the FcyR binding between FcyRlla and FcyRllla could explain the relative differences in the binding

of rituximab MDA compared to the functionality.

It was shown that decreasing the concentration of MDA could also reduce the level of MDA
modification that occurred- as could shortening the reaction time (Figure 4-13). A dose response
effect could be seen using these antibodies for both target binding (Figure 4-14) and ADCC (Figure
4-15). However, it is not possible to deduce from these results whether the less reduced
functionality of these modified antibodies is due to a reduced number of MDA modifications per
antibody or a population of non-modified antibody that increases with the reduced MDA
concentration and shorter incubation. As such, the differences in target binding and ADCC seen in
Figure 4-14 and Figure 4-15 may simply reflect the amount of unmodified antibody present in
each sample. For example, similar ADCC was seen with 10ug/ml and 1.1pg/ml unmodified
rituximab, so if 10% of the rituximab MDA is unmodified it could be this subgroup of the antibody
that is responsible for the comparable level of ADCC to untreated rituximab. This unmodified
antibody would be expected to decrease when incubated for longer or with a higher level of MDA,

which could explain the decreased ADCC seen with 3.3ug/ml rituximab MDA.

In order to try and resolve this issue and generate monomeric modified antibodies, several
approaches are possible. One method could be to try and purify monomeric antibodies from MDA
modified rituximab using size exclusion chromatography and collecting the peak (if present)
corresponding to monomeric antibody. However, MDA is a small molecule and antibody
molecules carrying only a few MDA adducts will be very similar in size to unmodified molecules,
which may make them very difficult to separate. This could also be complicated by the shift in

absorbance caused by MDA modification which could make it difficult to identify when peaks are
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coming off of the column. Purified monomeric antibodies could then be checked via SDS-PAGE to
see if the H and L chains have increased in size compared to untreated rituximab H and L chains,
which would suggest MDA modification. Alternatively, anti-MDA antibodies could be used to see
if MDA modification has occurred. Another method could involve purifying functional antibody by
using a rituximab anti-idiotype antibody affinity column®*. This would recognise the variable
region of rituximab, which would have to be relatively unmodified in order to bind to the anti-
idiotype antibody and to its target antigen. This would enable the purification of only those
antibodies capable of binding to the target, but they would not necessarily be monomeric or
capable of binding to FcyRs. Once again, purified antibodies could be checked for modification by

SDS-PAGE or with anti-MDA antibodies.

CEP modification of proteins is known to have an important physiological role in wound healing
and has been reported to be present at high levels in some tumours*®2, Therefore it is feasible
that therapeutic monoclonal antibodies directed against tumour antigens could be modified by

the tumour microenvironment.

Work in this chapter has shown that it is possible to modify IgG antibodies with CEP adducts
(Figure 4-2). As discussed above for rituximab MDA, it is likely that the conditions used to carry
out this modification are more harsh and extreme than those encountered by antibody molecules
in vivo, but represents a useful starting point to try and identify if these oxidative modifications

could in principle affect antibody efficacy at what are likely supraphysiological levels.

Rituximab CEP was capable of binding to target cells, as shown in Figure 4-19, albeit at a reduced
level compared to unmodified or mock treated rituximab. Furthermore, the target binding
specificity of these antibodies was maintained (Figure 4-20) after CEP modification, as these
modified antibodies could block the binding of other anti-CD20 antibodies. Rituximab CEP showed
non-specific binding to CHO-K1 cells even in the absence of FcyRs, which made interpretation of
FcyR binding difficult, although some binding to FcyRIl and llb was evident (Figure 4-22). Binding to
the high affinity FcyRl is not surprising but binding to the lowest affinity receptor FcyRllb is less
expected. It is possible from looking at the SDS-PAGE gel that there was some aggregation of
Rituximab CEP, and this aggregated antibody could be responsible for the increased binding to
FcyRllb (although would also be expected to increase binding to other FcyRs). As detailed above,
CEP adducts have been reported to interact to several surface proteins, including TLR2 on

macrophages and endothelial cells, as well as scavenger receptors including CD36 also expressed
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on macrophages*®**8° Whether CEP is binding to such a molecule on the surface of the CHO-K1

cells is unknown.

CEP modification of rituximab was analysed to see if there was an effect on Fc mediated effector
functions. Firstly, the CDC inducing potential of rituximab CEP was tested. Figure 4-23 showed
that even when the dose was corrected to give an equivalent level of Fc to unmodified rituximab,
rituximab CEP induced less CDC. As for Rituximab MDA, this is likely due to CEP modifications
within, or in the vicinity of, the C1q binding site of rituximab. There are several lysine residues
within this binding site which could have been modified by CEP. In addition, the faces of rituximab
that pack together to form the hexameric structure required for efficient complement binding

could also be modified by CEP molecules, which may affect the tight hexameric packing®.

FcyR dependent effector functions ADCC and ADCP were also investigated to see what effect CEP
modification of rituximab had. Both of these effector functions were reduced compared to
unmodified and mock treated rituximab, even after dose correction was applied (Figure 4-24 and
Figure 4-25). Once again, in a similar manner to MDA modification discussed above, CEP
modifications are likely present near to or within the FcyR binding site of rituximab, or are having
an effect on the structure of this only partially ordered region. Figure 4-2 suggests that all H chain
molecules have been modified, meaning that those molecules that still bind to target do have CEP
modifications on their H chains somewhere, and that these could fall within the lower hinge and
upper CH2 regions, that interact with FcyR. Furthermore, it is possible that the CEP adducts could
interact with other molecules on the surface of the effector cells, for example CD36 or TLR2 on

the MDMs.

In summary, lipid modification of the anti-CD20 mAb rituximab in the form of MDA adduction and
CEP adduction was assessed and shown to reduce all of its principle functions: binding to its target
CD20, as well as its ability to induce the effector functions of CDC, ADCC and ADCP. As mentioned,
although the chemical in vitro approach taken here is supraphysiological, it provides the
possibility that similar modification within the tumour microenvironment (or at other sites) would
diminish the activity and efficacy of therapeutic mAbs. Therefore, it would be important to study
these mAbs ex vivo to see if, and to what extent, these modifications are found and how they
impact the effector functions of the mAb. This could then be used as a model system in which to

assess the effectiveness of different mechanisms for protecting mAbs from such modifications.
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Chapter 5: Antibody Glycosylation

5.1 Introduction

As discussed earlier (Section 1.7.2), the N-linked glycosylation site of the Fc region of IgG1,
Asn297, has been shown to be essential for effective IgG function. For example, treatment of
hybridoma cells with tunicamycin, which blocks formation of the N-glycan precursor, resulted in
the production of aglycosylated mouse IgG that retained their ability to bind to target antigen and

protein A, but showed no activation of complement, binding to macrophage FcyRs or ADCC*34%4,

Different glycoforms of human IgG1 have been linked to different functions, some pro-
inflammatory and some anti-inflammatory. For example, antibodies with reduced fucose content
have an increased FcyRllla binding affinity and induce more effective ADCC, whereas sialylated
antibodies are proposed to be an important component of the anti-inflammatory properties of
IVlg and have also been reported to increase during pregnancy, associated with the reduction of
symptoms of rheumatoid arthritis patients observed during pregnancy>>137237°, The heterogeneity
of IgG glycans both natively in vivo and of recombinantly produced IgG have complicated the
analysis of the influence of these different glycoforms on antibody effector function, and leave
unanswered the question of what glycoforms are most appropriate for therapeutic monoclonal
antibodies. Generating antibodies of highly pure glycoforms would help to study the functional

roles of these different glycans and potentially produce more effective mAb therapeutics.

There are various methods that can be employed to generate IgG with different glycan
compositions. One such method is the use of genetically modified cell lines for production, as is
the case for the glycomodified clinically approved antibodies mogamulizumab, benralizumab and
obinutuzumab?’93623% This method of production has the advantage of offering a high degree of
control over the homogeneity of product glycosylation achieved- for example producing
antibodies in a cell line that has had the fucosyltransferase (FUT8) knocked out will not contain
any fucose residues®°. However, a disadvantage of this method is that it requires the production
of antibodies in the specific engineered cell lines, which may have a reduced yield or may require
different media or growth conditions compared to other cell lines optimised for high efficiency

antibody production.
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A potential method of alleviating this problem, while maintaining a high level of homogeneity of
glycosylation, is to produce the antibodies in a standard cell line, optimised for high yield
production, purify them as normal and then perform in vitro glycoengineering. In this method, the
glycans are modified using recombinantly produced glycosyltransferases in order to achieve the
desired glycoforms. This method in theory allows for both high yield production of antibody, and

a high degree of control over the degree of heterogeneity of glycosylation present.

In this chapter in vitro glycoengineering using recombinant glycosyltransferases was used to
generate monoclonal antibodies with defined glycoforms, which were tested in a series of assays

to determine the effect of the glycoengineering on their Fc mediated effector functions.

5.2 Generation of Glycomodified Antibodies

In order to see what effect this post-production enzymatic method of glycomodification has on
the efficacy of therapeutic antibodies, the well characterised anti-CD20 antibody rituximab was
selected. This antibody was subjected to glycomodification using the recombinant enzymes B- 1,4
galactosyltransferase and a- 2,6 sialyltransferase, combined with their respective activated
nucleotide sugar substrates uridine 5 UDP-Gal and cytidine 5’ phospho-N-acetylneuraminic acid

(CMP-NANA).

The first step was to buffer exchange rituximab into the reaction buffer (10mM MnCl,, 100mM
morpholineethanesulfonic acid (MES) (both Sigma Aldrich), pH6.5) using centrifugal filter units.
UDP-Gal was made up in the same reaction buffer. The Galactosylation reaction was performed as
follows: 10.75mM UDP-Gal, 31.2uM rituximab and 658nM B- 1,4 galactosyltransferase were
incubated at 37°C for 24 hours, and the reaction was stopped by freezing at -20°C. These
concentrations were chosen to give an approximate ratio of 5ug of B- 1,4 galactosyltransferase
per mg of rituximab. A mock treated control was incubated for the same time course with the

same concentrations of substrates but no enzyme.

In order for the a- 2,6 sialyltransferase enzyme to catalyse the addition of sialic acid residues on
to the N-linked glycan, it requires that the arms of the glycan bear terminal galactose residues
(Figure 5-1). Consequently, the sialylation reaction is carried out on the highly galactosylated

product of the previous galactosylation reaction (Figure 5-1).
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The sialylation reaction was initiated as follows: 1.81mM CMP-NANA, 24uM rituximab and
1.97uM a- 2,6 sialyltransferase were incubated at 37°C for 24 hours, and the reaction was
stopped by freezing at -20°C. These concentrations were chosen to give an approximate ratio of

17ug of a- 2,6 sialyltransferase per mg of rituximab.

UDP-Galactose

CMP-Sialic Acid
B- 1,4 a 2,6
galactosyltransferase sialyltransferase

ORn o mo S m O ¢

- = N-acetylglucosamine
O = Mannose
O = Galactose

@ -sialic Acid

Figure 5-1 N-linked Glycosylation Modification Workflow

Schematic representation of enzymatic glycomodification workflow. Left- a typical core linked glycan
consisting of the 7 conserved sugar residues. Addition of the glycosyltransferase - 1,4
galactosyltransferase and its substrate, UDP-Galactose, catalyses the addition of galactose residues onto
the GIcNAc residues of the biantennary arms. Treatment of this fully galactosylated glycan with the
glycosyltransferase a- 2,6 sialyltransferase and its substrate, CMP-sialic acid, catalyses the addition of
terminal sialic acid residues to the galactose residues of the biantennary arms of the glycan. The donor
sugar molecule of each nucleotide sugar substrate is highlighted in a red circle.

After the glycomodification reactions, the glycomodified rituximab was purified to remove the
glycosyltransferase enzymes and substrates in order to prevent any back reactions from
occurring. This was achieved using protein A chromatography as described in Materials and
Methods, and the capturing of maximal IgG was confirmed by performing native gel

electrophoresis on the elution fraction as well as the flow through and wash fractions to confirm
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all IgG had been recovered (Figure 8-2). This technique was used as it has been reported that even
in the complete absence of the N-linked glycosylation it does not prevent the ability of protein A
to bind to IgG. This is most likely because protein A binds to the CH2-CH3 interface region of IgG,

whilst the glycan chain is buried in between the CH2 domains of the two heavy chains*®.

Antibodies were purified and dialysed into PBS and analysed by size exclusion HPLC to confirm
that the modification process had not caused aggregation (Figure 8-3). Next it was necessary to
determine the extent of glycomodification that had been achieved, both for the galactosylation
and sialylation stages. Samples of each treatment, as well as the mock treated antibody, were
sent to Hoffman La Roche, Penzberg, for analysis of the attached glycans by intact mass analysis

of IdeS digested antibody.

Glycan Control Galactose Sialic Acid

| A (o8 | | A om0 | A OB 0¢

nze7 —lHE-O nzo7 —HI-Q n2o7 —IHIH@ ‘ Fucose

| on | o®80 | o8O0

. N-acetylglucosamine
FGo 52% - - O Mannose
I'G1 0% - -
4 O Galactose

FG2 7% 100% 28%
FG2S1 - - 50% 0 Sialic Acid
FG2S2 - - 13%

Table 5-1 Results of Rituximab Glycomodification

The results of the glycoanalysis of enzymatically glycomodified rituximab as determined by IdeS digested
intact mass spectrometry. Rituximab treated with B- 1,4 galactosyltransferase alone, B- 1,4
galactosyltransferase followed by a- 2,6 sialyltransferase, or mock treated (control) were analysed by
mass spectrometry to determine the effect on glycosylation. Glycan diagrams represent the main
species present within each condition. F= fucose, G= galactose= S= sialic acid.

As shown in Table 5-1 control, mock treated rituximab was completely fucosylated, as is typical
for 1gG produced in CHO cells, and was entirely absent of sialic acid**. Control, mock treated
rituximab showed some heterogeneity with regard to the level of galactose present, with the
majority of antibodies containing 0 (52%) or 1 (40%) galactose residue. Addition of galactose by B-
1,4 galactosyltransferase was found to be highly efficient, generating a homogeneous product
with 100% of antibodies containing 2 galactose residues. In contrast, addition of sialic acid

showed a high degree of heterogeneity. Whilst 59% of antibodies subjected to sialylation carried a
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single sialic acid, only 13% were found to contain 2 sialic acid residues, and 28% of these antibody

molecules contained no sialic acid residues and were still of the FG2 glycoform.

In order to produce a greater yield of bi-sialylated antibody, changes were made to the sialylation
protocol. Also, an additional antibody was included in the workflow to determine whether there
were differences in the efficiency of glycomodification of different antibodies: the type Il antibody
obinutuzumab (which already contains a degree of glycoengineering from the cell line it is
produced in). A higher ratio of a- 2,6 sialyltransferase per mg of antibody was used to achieve a
higher level of sialylation- an approximate ratio of 27ug of a- 2,6 sialyltransferase per mg of
antibody, compared to the 17ug of a- 2,6 sialyltransferase per mg of antibody used previously
(Table 5-1). The sialylation reaction was incubated for 10 hours at 37°C as opposed to 24hrs
previously used, to try and prevent any back reaction occurring which may decrease the level of

sialylation (personal communication- Hoffman La Roche).

Antibodies were buffer exchanged and galactosylated as previously, and a proportion of the
galactosylated antibodies were used as substrate for the second sialylation reaction. Reactions
were set up as follows: 27.3uM obinutuzumab, 4.1mM CMP-NANA and 3.7uM a- 2,6
sialyltransferase. Rituximab was set up as follows: 14uM rituximab, 2.8mM CMP-NANA, 2.22uM
a- 2,6 sialyltransferase. Antibodies were purified by protein A chromatography as above and

samples sent to Hoffman La Roche for glycoanalysis as before using the intact mass following IdeS

digestion.
Glycan Control Galactose Sialic Acid
| A o | A o®o | A (o8 OTn
nze7 —lHE-O nzo7 —HI-Q n2o7 —IHIH@ ‘ Fucose
| oa | om0 | om0
. N-acetylglucosamine
FGo 45% - - O Mannose
I'G1 % - -
Sa O Galactose
FG2 11% 100% 21%
FG2S1 - - 66% @ sialic Acid
FG2S2 - - 13%

Table 5-2 Results of Rituximab Glycomodification

The results of the glycoanalysis of enzymatically glycomodified rituximab as determined by IdeS digested
intact mass spectrometry. Rituximab treated with B- 1,4 galactosyltransferase alone, - 1,4
galactosyltransferase followed by a- 2,6 sialyltransferase, or mock treated (control) were analysed by
mass spectrometry to determine the effect on glycosylation. Glycan diagrams represent the main
species present within each condition. F= fucose, G= galactose= S= sialic acid.
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Table 5-3 Results of Obinutuzumab Glycomodification

Glycan Control Galactose Sialic Acid
N297 ) N297 ) w2e7 —{IHE-O—
| om | | o &0 | o el
hM5B/hM4G1B 11% 6% -
GoB 30% - -
GOBF 41% - -
G1BF 18% - -
G2B - 30% -
G2BF - 53% -
hM5G1B - 11% -
hM4G1BS1 - - 5%
hMs5G1BS1 - - 8%
G2BS1F - - 20%
G2BS1 - - 15%
G2BS2F - - 20%
G2BS2 - - 15%
2 Glycan e Glycan
Abbreviation Structure Abbreviation Structure
A Fucose
o3 .
hM5B —naé_pg - N-acetylglucosamine hM5G1B —nd§°
@ Mannose
hM4G1B macs QO cGalactose hM4G1BS1 ‘mcw
@ Ssialic Acid
o3
GoB -asom hM5G1BS1 =
o-80¢
GOBF 41@-:. G2BFS1 4%
G1BF -sacs G2BS1 -ascE
G2B R G2BFS2 RIS
r; o800
G2BE Sncm o G2BS2 -sscm

The results of the glycoanalysis of enzymatically glycomodified obinutuzumab as determined by IdeS
digested intact mass spectrometry. Obinutuzumab treated with B- 1,4 galactosyltransferase alone, B- 1,4
galactosyltransferase followed by a- 2,6 sialyltransferase, or mock treated (control) were analysed by
mass spectrometry to determine the effect on glycosylation. Glycan diagrams represent the main
species present within each condition. B= bisecting GIcNAc, F= fucose, G= galactose= S= sialic acid, M=

mannose.
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As indicated in Table 5-2, mock treated rituximab once again consisted of completely fucosylated
glycans, mostly bearing 0 or 1 galactose residues, consistent with the findings from the previous
experiment (Table 5-1). Also consistent with the previous experiment was the 100% success of the
galactosylation treatment for producing complete galactosylation of all glycans. In terms of
sialylation, similar results were also obtained despite the increased amount of a- 2,6
sialyltransferase and shorter incubation time, with 13% bi-sialylation and 66% mono-sialylation

achieved. As previously seen, 21% of non-sialylated glycans were still present.

For obinutuzumab, the results were more complex. In the mock treated starting material,
although primarily of the complex type, 11% of the glycans present on obinutuzumab were of the
hybrid type containing multiple mannose residues (Table 5-3). Of the complex glycans, all those
detected carried a bisecting GIcNAc residue that was not seen in the rituximab glycans.
Furthermore, there was a reduced level of fucosylation as compared to rituximab, with
approximately 59% of total glycans (66% of complex glycans) containing fucose compared to the
complete fucosylation seen with rituximab glycans. The trend of low galactosylation as seen with
rituximab was also seen with obinutuzumab, with 71% of total glycans containing no galactose
and 18% carrying a single galactose residue. No sialic acid containing glycans were detected within

obinutuzumab, similar to that seen with rituximab (Table 5-1).

Enzymatic galactosylation was also highly successful for obinutuzumab (Table 5-3). There were no
detected complex glycans that were not fully galactosylated, with the fully galactosylated species
being split by the presence/absence of fucose. The appearance of the hM5G1B species and
concomitant decrease of hM5B/hM4G1B suggests that there has been galactosylation of the
available GIcNAc within the hM5B species.

Sialylation of obinutuzumab showed a degree of heterogeneity similar to that seen upon
sialylation of rituximab. Interestingly, no non-sialylated glycan products were detected. Glycans
containing 1 or 2 sialic acid residues were detected for both fucosylated and non-fucosylated
glycans. For both mono and bi-sialylated species, there were more fucosylated than afucosylated
glycans present. There were, however, equal amounts of mono and bi-sialylated species of both
fucosylated and afucosylated glycans, suggesting that the fucose residue has no impact on the

addition of sialic acid by a- 2,6 sialyltransferase.

In order to try and further increase the efficiency of the sialylation step, the CMP-NANA substrate

was used at a ratio of 0.5ug per pg of IgG, and was made up in MQ H,0 instead of reaction buffer
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as used previously (personal communication, Hoffman La Roche). Antibodies were buffer

transferred into reaction buffer and galactosylated as before. The ratio of a- 2,6 sialyltransferase

per mg of IgG was also increased, to 50ug of a- 2,6 sialyltransferase per mg of IgG. The anti-HER2

antibody trastuzumab (Herceptin), also an IgG1 antibody, was included as another target for

glycomodification. Reactions were initiated as follows: 41.3uM rituximab, 4.85mM CMP-NANA,

and 7.64uM a- 2,6 sialyltransferase; 29.3uM obinutuzumab, 3.44mM CMP-NANA, and 5.42uM a-

2,6 sialyltransferase; 29.3uM trastuzumab, 3.44mM CMP-NANA, 5.42uM a- 2,6 sialyltransferase.

After protein A purification and dialysis into PBS, samples of antibody were sent to Hoffman La

Roche for glycoanalysis.

Glycan Control Galactose Sialic Acid
| A o-n | A o-®o0 | A oO-B09¢
nze7 —HIHO w207 —lHE-Q nze7 —IHIE-Q
| om | omo | omO
FGo 45% - -
FG1 45% - -
FG2 10% 100% 20%
FG251 - - 61%
FG2S2 - - 19%

Table 5-4 Results of Rituximab Glycomodification

L AONON N 2

Fucose
N-acetylglucosamine
Mannose

Galactose

Sialic Acid

The results of the glycoanalysis of enzymatically glycomodified rituximab as determined by IdeS digested
intact mass spectrometry. Rituximab treated with B- 1,4 galactosyltransferase alone, B- 1,4
galactosyltransferase followed by a- 2,6 sialyltransferase, or mock treated (control) were analysed by
mass spectrometry to determine the effect on glycosylation. Glycan diagrams represent the main

species present within each condition. F= fucose, G= galactose= S= sialic acid.

Glycan Control Galactose Sialic Acid
| A o-n | A om0 | A
nze7 —HIHO w207 —lHE-Q nze7 —IHIE-Q
| on | o®80 | o8O0
FGo 48% - -
FG1 45% - -
FG2 7% 100% 21%
FGaSs1 - - 60%
FGaS2 - - 10%

Table 5-5 Results of Trastuzumab Glycomodification

L AONCN B <

Fucose
N-acetylglucosamine
Mannose

Galactose

Sialic Acid

The results of the glycoanalysis of enzymatically glycomodified trastuzumab as determined by IdeS
digested intact mass spectrometry. Trastuzumab treated with B- 1,4 galactosyltransferase alone, - 1,4
galactosyltransferase followed by a- 2,6 sialyltransferase, or mock treated (control) were analysed by
mass spectrometry to determine the effect on glycosylation. Glycan diagrams represent the main

species present within each condition. F= fucose, G= galactose= S= sialic acid.
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Table 5-6 Results of Obinutuzumab Glycomodification

Glycan Control Galactose Sialic Acid
| : oa | : O&®0 \
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G2BS2F = = -
G2BS2 - - 18%
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Chapter 5

The results of the glycoanalysis of enzymatically glycomodified obinutuzumab as determined by IdeS
digested intact mass spectrometry. Obinutuzumab treated with B- 1,4 galactosyltransferase alone, B- 1,4
galactosyltransferase followed by a- 2,6 sialyltransferase, or mock treated (control) were analysed by
mass spectrometry to determine the effect on glycosylation. Glycan diagrams represent the main
species present within each condition. B= bisecting GIcNAc, F= fucose, G= galactose= S= sialic acid, M=

mannose.
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The results of the glycoanalysis of rituximab were found to be similar to previous attempts at

glycomodification, with mock treated control rituximab containing mostly GO and G1 glycans and
100% galactosylation achieved after enzymatic addition (Table 5-4). Sialylation was again broadly
similar to previous experiments, with the major population seen being mono-sialylated, with 19%

bisialylated and the remaining 20% containing no sialic acid.

A similar trend was observed for trastuzumab, which is not overly surprising considering it is also
a human IgG1 antibody that is produced recombinantly in CHO cells. Mock treated trastuzumab
contained mostly GO and G1 glycans, and was completely fucosylated (Table 5-5). Galactosylation
of trastuzumab generated a homogenous G2 containing population, as seen with rituximab.
Sialylation of trastuzumab resulted in a similar level of modification as seen with rituximab, with
21% non-sialylated, 69% mono-sialylated and 10% bi-sialylated, thereby confirming the

reproducibility of this approach.

Obinutuzumab was also glycomodified under these same conditions. The mock treated control
sample of obinutuzumab contained very similar glycans to the previous experiment using
obinutuzumab, with GO and G1 glycans the most prevalent and all species carrying a bisecting
GIcNAc (Table 5-6). Fucose was present on approximately 60% of the glycans, and 12% of the
obinutuzumab derived glycans contained hybrid species. Treatment with the - 1,4
galactosyltransferase once again caused a dramatic shift in the glycans present, with the
appearance of G2 bearing glycans in both the fucosylated and afucosylated forms. However, a
small proportion (8%) of glycans carried only a single galactose, and these glycans were all
afucosylated. The sialylation reaction once again generated species containing 1 or 2 sialic acid
residues. However, lower levels of sialylation were seen compared to the previous experiment
(Table 5-3), with no bi-sialylated glycans with fucose detected. In addition, 10% of the glycans

contained no sialic acid.

Despite using identical reagents and highly similar reaction conditions to those recommended by
Hoffman La Roche, high levels of sialylation could not be achieved. As compared to Roche, these
reactions were done on small batches of antibody in order to reduce the total amount of enzymes
and substrates required. As such, small samples of antibody were sent for analysis of the resulting
glycans present. The IdeS digestion mass spectrometry method is suited for this as it requires only
small amounts of starting material for detection of the major glycans present. However, the

ionisation process during injection of the sample into the mass spectrometer can have an effect
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on the sample and can cause in source fragmentation which could potentially result in an

underestimate of the level of sialylation of a sample*®®.

An alternative method for analysing glycans is to label them using a fluorescent label, such as 2-
aminobenzamide (2-AB) or 2-aminobenzoic acid. This labelling boosts the spectral absorption of
the glycans, enabling their detection by HPLC systems measuring at an emission wavelength of
330nm. Glycans are first cleaved off using enzymes such as PNGase F, and then labelled with 2-
AB. A variation of this method that is suitable for use with small amounts of sample material uses
extremely rapid cleavage and labelling steps, allowing sample preparation to take place in less
than an hour and minimising the potential loss of sialic acids during acidic incubation®'’. This
method of analysis, Instant AB Labelling (described in Section 2.2.11.2 and Reusch et al.*'’), was
applied to the sialylated rituximab sample prepared in Table 5-4 to measure the level of sialylated

glycans present (Table 5-7).
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Glycan Control Sialic Acid
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Table 5-7 Results of Rituximab Glycomodification by Instant AB Labelling

Rituximab glycomodified with B- 1,4 galactosyltransferase followed by a- 2,6 sialyltransferase, or a mock
treated (control) were deglycosylated and the released glycans labelled with Instant AB dye, prior to
analysis by HILIC HPLC. This detection method allows for detection of low abundance glycans including
afucosylated and oligomannose structures. Glycan diagrams represent the main species present within
each condition. F= fucose, G= galactose, S= sialic acid, M= mannose.
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Instant AB labelling followed by fluorescent detection HPLC detected a larger number of
glycoforms present at low levels in the rituximab sample than could be detected using mass
spectrometry following IdeS digestion. For example, trace amounts of hybrid mannose 5 glycans
and afucosylated glycans were detected using this method, highlighting the heterogeneity of
glycosylation present (Table 5-7). The main trends seen with this method of analysis were the
same as for the mass spectrometry method, with mock treated glycans containing mostly
fucosylated species with 0 or 1 galactose residues. As shown in Table 5-7, Instant AB labelling
detected a higher degree of sialylated glycans compared to that detected by mass spectrometry
of IdeS digested antibody (Table 5-4). The biggest difference was seen for the level of bi-sialylated
structures, with 19% detected by mass spectrometry and 34.9% detected by Instant AB labelling.
Perhaps more relevant, Instant AB labelling detected very low levels of glycans that contained no
sialic acid (less than 3% of total glycans with no sialic acid), compared to the mass spectrometry
method (20% of total glycans with no sialic acid), suggesting that in-source fragmentation may
indeed be occurring and artificially increasing the level of non-sialylated glycans being detected by

mass spectrometry.

After further consultation with collaborators at Hoffman La Roche, it was suggested that the
presence of the B- 1,4 galactosyltransferase enzyme during the sialylation reaction may be
contributing to the low levels of sialylation being achieved by competing for the galactosylated
ends of the bi-antennary glycan. In order to prevent this from happening, an additional protein A
purification step was included after the galactosylation reaction in order to remove the - 1,4
galactosyltransferase enzyme. Following this the antibody was buffer exchanged into MQ H,0
prior to sialylation, as a lower buffer concentration had been suggested to increase sialylation
yields (personal communication, Hoffman La Roche). The reaction was initiated under the
following conditions: 24uM rituximab, 2.87mM CMP-NANA (both in MQ H,0) and 2.96uM a- 2,6
sialyltransferase, and incubated for 4 hours at 37°C. This gave a ratio of 75ug of a- 2,6
sialyltransferase per milligram of antibody- increased from 50ug per mg of 1gG used previously.
Purified and PBS dialysed antibody samples were sent for glycoanalysis by both intact mass

spectrometry of IdeS digested IgG and by Instant AB labelling of released glycans.
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Glycan Control Galactose Sialic Acid
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Table 5-8 Results of Rituximab Glycomodification by Intact Mass Spectrometry

The results of the glycoanalysis of enzymatically glycomodified rituximab as determined by IdeS digested
intact mass spectrometry. Rituximab treated with B- 1,4 galactosyltransferase alone, B- 1,4
galactosyltransferase followed by a- 2,6 sialyltransferase, or mock treated (control) were analysed by
mass spectrometry to determine the effect on glycosylation. Glycan diagrams represent the main
species present within each condition. F= fucose, G= galactose= S= sialic acid.

As shown in Table 5-8, the results of the glycoanalysis reproduced the previously seen pattern of
low galactosylation in the mock treated control, and the complete success of the galactosylation.
Analysis of the level of sialylation by intact mass spectrometry suggested that there was a slight
enhancement of the level of sialylation achieved, with 28% of the glycans now bearing 2 sialic acid

residues, 57.7% being mono-sialylated and just 14% non-sialylated species.

As was seen previously (Table 5-4 and Table 5-7), Instant AB analysis of this sample suggested a
higher degree of sialylation had been achieved than the mass spectrometric method, as well as
revealing a number of minor species (Table 5-9). Mock treated rituximab was confirmed to be
mostly containing fucosylated glycans with 0 or 1 galactose residues. Galactosylation once again
proved highly efficient, with nearly 95% of glycans carrying 2 galactose residues. Sialylation using
this method (75ug of a- 2,6 sialyltransferase per mg of IgG after purification of the antibody post-
galactosylation) was more efficient than in previous experiments, with only trace amounts of
glycans present that contained no sialic acid, and slightly more mono-sialylated than bi-sialylated

glycans present.
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Glycan Control Galactose Sialic Acid
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Table 5-9 Results of Rituximab Glycomodification by Instant AB Labelling

Rituximab glycomodified with B- 1,4 galactosyltransferase alone, B- 1,4 galactosyltransferase followed
by a- 2,6 sialyltransferase, or mock treated (control) were deglycosylated and the released glycans
labelled with Instant AB dye, before being analysed by HILIC HPLC. This detection method allows for
detection of low abundance glycans including afucosylated and oligomannose structures. Glycan
diagrams represent the main species present within each condition. F= fucose, G= galactose, S= sialic
acid, M= mannose.

In summary, the in vitro glycoengineering approach was found to be suitable for consistently
altering the Fc glycans of several antibodies, with both the level of galactose and sialic acid being

modifiable. Two anti-CD20 mAbs with altered glycan profiles were generated using recombinant
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human glycosyltransferases. Clinical grade rituximab (Mabthera) and obinutuzumab (Gazyvaro)
displayed heterogeneous glycosylation with a trend towards low levels of galactosylation and an
almost complete lack of sialylation. Obinutuzumab also contained a range of hybrid glycans,
displayed a lower level of fucosylation than rituximab and also contained a bisecting GIcNAc.
Enzymatic galactosylation using the human enzyme B- 1,4 galactosyltransferase was highly

efficient, producing both rituximab and obinutuzumab with fully galactosylated glycans.

Enzymatic sialylation using the human enzyme a- 2,6 sialyltransferase was less efficient compared
to the galactosylation reaction. Initial attempts at sialylation appeared to produce glycans with
low levels of sialylation that still contained antibodies completely lacking in sialic acid. Modifying
the reaction conditions appeared to have little effect on overall sialylation efficiency. However,
when the glycans were analysed by a chromatography based method, Instant AB labelling, higher
levels of sialylation were detected, suggesting that efficient sialylation may have taken place.
Having generated antibodies with different glycoforms, it was of interest to determine if the

antibody characteristics were effected.

5.3 Antibody Effector Functions of Glycomodified Antibodies

5.3.1 Antigen Binding

The effect of the glycomodifications performed in Section 5.2 were investigated to see if any
changes in the antibody properties could be determined. Firstly, glycomodified rituximab was
tested to see if its antigen binding properties had been affected by the addition of galactose or
sialic acid. Raji cells were opsonised with the glycomodified antibodies at 10pg/ml and binding
detected using a labelled secondary antibody specific for human IgG Fc (SB2H2). The results,
shown in Figure 5-2, indicate that the incubation and purification process had not reduced the
ability of rituximab to bind to CD20, as the mock treated rituximab (red) had very similar binding
to that of stock rituximab (MabThera, grey). Furthermore, Figure 5-2 shows that the addition of

galactose (blue) and sialic acid (green) did not impact upon the antigen binding of rituximab.
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Figure 5-2 Glycomodification of Rituximab Does Not Affect Binding to CD20

Raji cells were opsonised with unmodified rituximab (MabThera, grey), mock treated rituximab (red),
galactosylated (blue) or sialylated (green) rituximab, or an isotype control (black) at 10ug/ml. Unbound
antibody was washed away and bound antibody detected using a FITC labelled anti-Fc antibody (SB2H2).
A- live cells were gated using forward vs. side scatter. B- histogram showing relative binding of different
rituximab glycoforms. Final composition of the glycomodified antibodies used is available in Table 5-4.
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5.3.2 FcyR Binding of Glycomodified Rituximab

Depleting or direct targeting antibodies such as rituximab and obinutuzumab elicit most of their
effects in vivo through activatory FcyR mediated effector functions, ADCC and ADCP. As such, it
was of interest to investigate whether the addition of galactose or galactose and sialic acid to the

antibodies had an effect on their ability to bind to FcyRI, FcyRlla and FcyRllla.

Binding to FcyRs was measured using surface plasmon resonance (SPR) via a Biacore T100 (GE
Healthcare). Mock treated, galactosylated or sialylated forms of rituximab were immobilised to
one flow cell of a Series S sensor CM5 chip using amine chemistry, with a blank flow cell for
reference. Recombinant soluble FcyRs were flowed over these immobilised antibodies in parallel
across a range of concentrations (starting from 100nM for FcyRl and 1000nM FcyRlla and
FcyRllla). Representative binding curves for FcyRI, FcyRlla and FcyRllla binding are shown in Figure
5-3. Sialylated rituximab showed the highest level of binding to each receptor at several
concentrations tested. No major differences in binding affinity were apparent between the
different glycoforms (Table 5-10). Analysis of the binding affinity of galactosylated and sialylated
rituximab was determined using a 1:1 binding model and the results are shown in Table 5-10. A
small increase in affinity for all FcyRs tested was seen on increasing glycosylation, with sialylated
rituximab generally showing the highest affinity for each receptor, but the differences observed
were only small (Table 5-10). Indications of the fitting of the data to the 1:1 modelling used is

shown in Section 8.3.
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Figure 5-3 SPR analysis of Glycoengineered Rituximab Binding to FcyRs

SPR analysis of mock treated or glycomodified rituximab binding to recombinant FcyRI (A), FcyRlla (B)
and FcyRllla (C). The receptor was flowed over immobilised antibodies at a 1 in 5 titration from 100nM
(FcyRI) or 1000nM (FcyRlla and llla). Sialylated rituximab (green), galactosylated rituximab (blue), mock
treated rituximab (red). Representative SPR results shown for multiple glycomodification batches.
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Preparation 1

Preparation 2

Receptor |Glycoform KD (M) KD (M)
FeyRI Control 8.49E-10 1.09E-09
Galactose 6.66E-10 8.77E-10
Sialic Acid 4.50E-10 5.39E-10
FcyRIIa  |Control 2.01E-06 1.65E-06
Galactose 1.88E-06 1.61E-06
Sialic Acid 1.58E-06 1.31E-06
FcyRIIIa |Control 6.09E-07 3.89E-07
Galactose 4.63E-07 3.42E-07
Sialic Acid 3.83E-07 6.17E-07|

Table 5-10 Binding Affinities of Glycomodified Rituximab for FcyRs

Chapter 5

Affinities of mock treated, galactosylated and sialylated rituximab were determined using SPR. Antibody

was immobilised to a Biacore binding chip and recombinant FcyRs passed over at several

concentrations. Affinities were determined using a 1:1 fit binding model. Preparation 1 (rituximab
preparation detailed in Table 5-2) was measured twice and the average of the values obtained are
presented. Preparation 2 (detailed in Table 5-4) was measured once.

Thomann et al. previously reported differences in the binding of glycomodified IgG1 for FcyRlla

and FcyRllla using a similar enzyme based method for the addition of galactose and sialic acid*°.

The data in that paper was presented as relative binding normalised to the level of binding seen

with non-engineered rituximab. In order to see whether this trend was compatible with the data

presented here the same method of analysis was applied. Figure 5-4 displays the results of this

analysis, and shows a similar trend to that reported in the literature - that sialylated and

galactosylated rituximab have a slightly increased binding to FcyRlla and FcyRllla compared to

non-engineered/control rituximab, and that there is no effect on FcyRI binding for either

glycomodification.
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Figure 5-4 Glycoengineering of Rituximab has an Effect on FcyR Binding

SPR analysis of immobilised mock treated or glycomodified rituximab binding to recombinant FcyR.
Receptor was flowed over immobilised antibodies at 100nM (FcyRI) or 1000nM (FcyRlla and FcyRllla)
and the maximum binding determined after normalising to the amount of each antibody bound to the
chip. The binding of each glycovariant was then determined as a percentage of the mock treated
rituximab for that receptor. Data shown represent mean and range of combined data from 2 separate
preparations of antibody.

The affinity of glycoengineered rituximab for FcyRIlb was also tested by SPR, but only low levels of
binding were seen with the concentrations used, due to the low affinity of FcyRIlb for monomeric
IgG. In order to get an indication as to whether sialylation (or galactosylation) had an effect on the
binding of 1gG to FcyRllb, a cell based assay system was used. Jurkat T cells transfected to
expresses FcyRllc (which shares its extracellular domain with FcyRIlb), and an NFAT-RE/uc2
reporter fusion were used to assess FcyRIlb binding. Mock treated rituximab, and rituximab
bearing increased galactose and sialic acid were incubated with the transfected Jurkat T cells.
Binding of Fc to FcyRllc on the Jurkat cells results in transcription of the firefly luciferase enzyme,
and addition of the luciferin substrate allows the amount of cell activation to be determined by

the amount of luminescence detected (Figure 5-5).
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Figure 5-5 Glycomodification of Rituximab Does Not Affect FcyRIIC/B Binding

Raji cells were opsonised with various concentrations of mock treated, galactosylated or sialylated
rituximab or an isotype control as indicated and co-cultured for 6 hours with Jurkat T cells transfected
with FcyRIlc and an NFAT-REluc? reporter fusion. Cells were lysed and luciferin substrate added. Relative
Luminescence Units were measured using a VarioSkan plate reader as recommended by Promega. Data
presented plus SD.

Figure 5-5 shows the results of the FcyRllc binding assay. Non-modified rituximab showed Jurkat
cell activation that saturated at approximately 74ng/ml of antibody used for target cell
opsonisation. Both galactosylated and sialylated forms of rituximab showed almost identical levels
of Jurkat cell activation to the mock treated rituximab, and saturated at the same level. This
suggests that the glycomodified antibodies were equivalent in binding to FcyRllc as was the mock

treated rituximab. No Jurkat activation was seen with an irrelevant isotype control antibody.

5.3.3 FcyR Mediated Effector Function

5.3.3.1 Antibody Dependent Cellular Cytotoxicity (ADCC)

In order to investigate whether the small increases in binding to activatory FcyRlla and FcyRllla

were meaningful, the impact of glycomodification on FcyR mediated effector functions was
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investigated. ADCC by NK cells has long been thought to be important for the clearance of tumour
cells during antibody therapy. Freshly purified human PBMCs from leukocyte cones were used as
effector cells, containing approximately 10% NK cells (CD56 '°¥ CD16 "&"), giving a final ratio of 5
NK cells per target cell. These CD56 '°“ CD16 "&" NK cells are the primary cytotoxic subset of NK
cells*7’, CD20 expressing B cell lines (Raji and Ramos) were used as target cells for these assays.
The cells were labelled with the cytoplasmic dye calcein, and then opsonised with antibody. The
cells were then co-cultured with PBMCs at a ratio of 1 target cell per 50 PMBC effectors
(approximately 5 NK cells). Target cells killed during the assay release calcein, which is collected in
the sample supernatants and provides a method for assessing the level of cell death induced by
the PBMCs in the presence of antibody. Comparing the reading to a relevant control allows (as
described in Methods) for the calculation of the maximum potential target cell lysis achieved in

each condition.
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Figure 5-6 Antibody Dependent Cellular Cytotoxicity of Glycomodified Anti-CD20 Antibodies on B

Cell Lines

Calcein labelled target cells (Raji or Ramos cell lines) were opsonised with various concentrations of
mock treated or glycoengineered antibody, or an isotype control, as indicated. Opsonised cells were co-
cultured with purified human PBMCs for 4 hours and supernatants measured for calcein release. A and
C- Raji (A) and Ramos (C) cell lines treated with glycomodified rituximab from Table 5-4. B and D- Raji (B)
and Ramos (D) cell lines treated with glycomodified obinutuzumab (Table 5-6Table 5-3). Data shown are
means plus range of triplicate repeats of a single experiment, representative of two independent
experiments using different PBMC donors. Statistics calculated by one-way ANOVA with multiple
comparisons, ** p <0.01, *** p <0.001, **** p <0.0001.

As has been reported in the literature, obinutuzumab was superior to rituximab at inducing ADCC,
causing 2-3x as much killing of both Raji and Ramos cells at 10pg/ml (Figure 5-6). The increased
ADCC of obinutuzumab over rituximab has been reported to be due to the reduced fucosylation
of obinutuzumab, and potentially is also due to its type Il nature as compared to the type |
antibody rituximab. As highlighted in Figure 5-6, glycomodification of obinutuzumab or rituximab
did not have an effect on the ability of these antibodies to induce ADCC, either in a positive or
negative fashion, on either cell line. In order to confirm these findings on more biologically
relevant target cells, ADCC experiments were carried out using CLL target cells (consisting almost
entirely of tumour B cells). These cells were labelled with calcein, as was done for Raji and Ramos

cells above.
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Cytotoxicity with Glycomodified Anti-CD20

Calcein labelled target cells (human patient CLL cells) were opsonised with various concentrations of
mock treated or glycoengineered antibody, or an isotype control, as indicated. Opsonised cells were co-
cultured with purified human PBMCs for 4 hours and supernatants measured for calcein release. A-
glycomodified rituximab from Table 5-1 (rituximab 1) and Table 5-2 (rituximab 2). B- glycomodified
obinutuzumab (Table 5-3) and BHH2. Data shown are means plus range of triplicate repeats of
independent experiments (n=1 for obinutuzumab at 10ug/ml, n=2-3 for remaining antibodies) using
different PBMC and CLL donors. C-F- comparison of relative ADCC of different glycoforms of anti-CD20
antibodies at the indicated concentration across independent donors of PBMC and CLL cells.

As has been reported in the literature and in Figure 5-6, obinutuzumab was superior to rituximab

at inducing ADCC, causing up to twice as much killing at 10ug/ml (Figure 5-7). The increased ADCC

of obinutuzumab over BHH2 is likely due to the reduced fucosylation of obinutuzumab. As

highlighted in Figure 5-7C-F, glycomodification of obinutuzumab, rituximab or BHH2 did not have
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an effect on the antibodies ability to induce ADCC of CLL target cells, either in a positive or

negative fashion.

The previous assays were performed in the absence of human serum IgG. In order to check
whether background serum IgG had any effect on the ADCC inducing potential of galactosylated
or sialylated antibody, ADCC experiments using Raji cells were repeated in the presence

polyclonal human 1gG (plgG; produced in-house).
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Figure 5-8 Effect of Polyclonal IgG on ADCC of Different Glycoforms of Anti-CD20 Antibodies

Calcein labelled Raji target cells were opsonised with various concentrations of mock treated rituximab
(A) or obinutuzumab (B), glycomodified forms of these antibodies or an isotype control, and then
incubated with freshly purified human PBMCs for 4 hours and the supernatants measured for calcein
release to assess killing as above. plgG was included from opsonisation onwards, at a final concentration
of 5mg/ml during co-culture. Data shown are means of triplicate repeats of 2 independent assays using
different PBMC donors, error bars indicate data range.
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The effect of polyclonal IgG on ADCC is shown in Figure 5-8. The overall level of ADCC seen with
both rituximab (Figure 5-8A) and obinutuzumab (Figure 5-8B) was decreased in the presence of
non-specific IgG, as reported in the literature?®®?84 The affect appeared more pronounced for
rituximab than for obinutuzumab. Whilst all antibodies, mock treated, galactosylated and
sialylated exhibited reduced ADCC, there did not appear to be any difference in the extent of

reduction for any particular glycoform.

5.3.3.2 Antibody Dependent Cellular Phagocytosis (ADCP)

In vivo cell depletion experiments have indicated macrophage mediated phagocytosis as the
major effector mechanism of rituximab?®>%%, Accordingly, the effect of galactosylation and
sialylation on ADCP was also investigated for both rituximab and obinutuzumab. In these assays
target cells were labelled with the fluorescent dye carboxyfluorescein succinimidyl ester. They
were opsonised with antibody before co-culture with macrophages for one hour, during which
macrophages phagocytose opsonised target cells. Macrophages are then stained with anti-CD14
to allow for separate identification of macrophages and target cells. Cells are analysed by flow
cytometry and the proportion of macrophages, identified by CD14 staining, that are also CFSE

positive indicate the number of phagocytic cells

Figure 5-9 shows the results of ADCP experiments using CLL cells as targets for phagocytosis with
human MDMs as effectors. As shown in Figure 5-9, obinutuzumab induced efficient phagocytosis,
and neither glycomodification through galactosylation or sialylation appeared to have an effect on

this process.

Similar results were found when rituximab and its glycovariants were tested in ADCP. As shown in
Figure 5-10, similar levels of phagocytosis were seen for mock treated, galactosylated and
sialylated rituximab across several doses tested. Two batches of glycomodified rituximab gave

similar results. Direct comparison of these glycoforms indicates no consistent differences in ADCP.
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CFSE labelled human CLL cells were opsonised with various concentrations of mock treated
obinutuzumab, glycomodified obinutuzumab or an isotype control as indicated, and co-cultured with
MDMs for 1 hour. A- macrophages were identified by forward vs side scatter and CD14 expression via
flow cytometry on a BD FACS Calibur, and the percentage of macrophages that were CFSE positive
calculated (far right). B- data shown are means of samples from triplicate wells from a single donor,

error bars represent range.
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Figure 5-10 Effect of Glycomodification of Rituximab on ADCP

CFSE labelled human CLL patient cells were opsonised with various concentrations of mock treated
rituximab, glycomodified rituximab or an isotype control as indicated, and co-cultured with MDMs for 1
hour. Macrophages were gated as in Figure 5-9. A- phagocytosis of CLL cells opsonised with rituximab
glycoforms. Data shown are means plus SD of three independent experiments using MDMs and CLL cells
from different donors, each measured in triplicate. . B- comparison of relative ADCP of different
rituximab glycoforms at S5ug/ml. Statistics calculated by one-way ANOVA, ns = not significant.

5.3.4 Complement Mediated Effector Function

5.3.4.1 Clqg Binding

Having determined that glycomodification may have a small influence on binding affinities to
activatory FcyRs but does not appear to effect FcyR dependent effector function, the ability of
these glycomodified antibodies to induce complement mediated cell lysis of tumour cells was
investigated. IgG1 antibodies are strong activators of the classical complement cascade, and early
work on therapeutic anti-CD20 antibodies suggested CDC as an important effector function?3%2%,
The first step of the classical complement cascade that therapeutic mAbs induce is recruitment of
the C1 complex to the opsonised cell surface, through binding to the C1q component. In order to
test the relative ability of glycomodified rituximab to recruit C1q to the surface of the cell, Ramos
cells (which lack FcyRIllb which could contribute to increased IgG at the cell surface) were
opsonised with mock treated or glycomodified rituximab, or an isotype control. Unbound

antibody was washed off the cells and C1q was added. Bound C1q was detected with a FITC

labelled anti-C1q antibody, and the data acquired by flow cytometry.
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Figure 5-11 Clq Binding of Glycomodified Rituximab

Ramos cells opsonised with rituximab glycoforms at 10ug/ml were incubated with Clg, and bound Clq
was detected with a FITC labelled anti-C1q antibody, and detected by flow cytometry. A- data shown
represent mean plus SD of triplicate repeats of 3 independent experiments. Statistics calculated by one-
way ANOVA with multiple comparisons of samples at 10ug/ml, ** p>0.01, *** p>0.001. B- data shown
as individual points representing the mean of triplicate repeats of 3 independent experiments.
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Rituximab displayed robust recruitment of Clq to the cell surface, whereas no signal was seen
when an irrelevant, IgG1 control antibody was tested. Interestingly, galactosylated rituximab
displayed significantly higher C1qg recruitment than mock treated rituximab. Furthermore,
sialylated rituximab recruited slightly more Clq than galactosylated rituximab. Although this trend

did not reach statistical significance, it was consistent across all concentrations tested.

5.3.4.2 Complement Dependent Cytotoxicity (CDC)

We then sought to determine whether these differences in C1q recruitment translated to
differences in the ability of the glycomodified antibodies to elicit CDC. In order in investigate this,
target positive cell lines were opsonised with antibody and then incubated in the presence of 30%
human serum in order to replicate the serum level present in vivo. Cells that were dead or had
become permeabilised by the formation of MACs in the cell membrane were detected by PI

staining.

Figure 5-12 shows the results of glycomodified rituximab (detailed in Table 5-2) in inducing CDC.
Treatment of Raji cells with rituximab caused CDC in a dose dependent manner, reaching
approximately 35% complement-mediated lysis at 10ug/ml. Galactosylated rituximab induced
greater CDC than the mock treated rituximab at all doses tested, reaching approximately 55%
killing at 10pg/ml. Sialylated rituximab shows further increased CDC compared to the
galactosylated antibody, although the difference was smaller than that seen between the mock
treated rituximab and the galactosylated rituximab. This increase was seen at both 10 and

5ug/ml, with over 60% killing seen at the top dose tested.
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Figure 5-12 Effect of Glycomodified Rituximab on Complement Dependent Cytotoxicity

Raji cells were opsonised with various concentrations of mock treated rituximab, glycomodified
rituximab, or an isotype control antibody (from Table 5-2) as indicated prior to incubation with 30%
human serum for 30 minutes. Complement activation was detected as the ability of Pl to enter cells,
indicating activation of the MAC by the complement cascade. A- gating strategy for CDC assay, removing
debris from serum and detecting cells death by propidium iodide staining. B- data plotted are mean +
range of triplicate repeats of a single representative experiment.
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The saturating concentration of 10ug/ml was chosen for further analysis across independent
experiments. The increased killing seen with galactosylated rituximab over mock treated
rituximab, and increased killing seen with sialylated rituximab over galactosylated rituximab, were

found to be reproducible and statistically significant (Figure 5-13).
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Figure 5-13 Effect of Glycomodified Rituximab on Increased Complement Dependent Cytotoxicity

Raji cells were opsonised with mock treated rituximab, glycomodified rituximab, or an isotype control
antibody at 10pug/ml and incubated with 30% human serum for 30 minutes, then stained with PI to label
permeabilised cells. Gating strategy as shown in Figure 5-12. Mean plus SD of nine independent
experiments, each measured in triplicate. Statistics calculated by one-way ANOVA of paired data with
multiple comparisons,* P < 0.05, **** P < 0.0001.

Raji cells are unusually resistant to complement mediated killing, as they retain the expression of
complement defence molecules, principally CD55 and CD59, on their surface?®. In contrast,

Ramos cells lack these complement defence molecules and so are more sensitive to complement.
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Therefore, Ramos cells were also tested as target cells for glycomodified rituximab induced

complement mediated killing, to see if the same trends were observed.
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Figure 5-14 Effect of Glycomodification of Rituximab on Complement Dependent Cytotoxicity of

Ramos Cells

Ramos cells were opsonised with mock treated, galactosylated or sialylated rituximab, or an isotype
control, and incubated in the presence of 30% human serum for 30 minutes. Complement lysis was
determined by PI staining and measured by flow cytometry. Gating strategy as shown in Figure 5-12.
Data shown are means + range of triplicate repeats of a single representative experiment.

Figure 5-14 shows the increased sensitivity to complement mediated killing of Ramos cells
compared to Raji cells, with 1pug/ml of mock treated, galactosylated or sialylated rituximab
inducing 100% killing. The increased complement mediated killing of galactosylated and sialylated
rituximab over mock treated antibody as seen for Raji cells was maintained with Ramos cells, and
is evident at suboptimal doses where mock treated rituximab did not induce 100% killing (0.33

and 0.11pg/ml).

Rituximab is the prototypical type | anti-CD20 antibody in that it induces CD20 to cluster into
detergent insoluble lipid rafts, and is highly efficient at binding C1q and inducing CDC?*,

Obinutuzumab and BHH2 are type Il anti-CD20 antibodies, and as such do not cluster CD20 into

Page 209



Chapter 5

lipid rafts efficiently and do not induce high levels of CDC*°. Therefore, we checked to see if
glycomodification could increase the low levels of CDC seen with these type Il antibodies when

tested on Raji cells.
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Figure 5-15 Effect of Glycomodification of Type Il Antibodies on Complement Dependent
Cytotoxicity

Raji cells were opsonised with 10ug/ml mock treated or glycomodified antibody, or isotype control, as
indicated and incubated with 30% human serum for 30 minutes, with complement activity measured by
Pl penetration into cells. Gating strategy as shown in Figure 5-12. Data shown are means plus SD of 3
(Obinutuzumab) or 4 (BHH2) independent experiments, each measured in triplicate. Statistics calculated
by one-way ANOVA with multiple comparisons,* P < 0.05, *** P < 0.001.
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CDC assay was carried out in the same manner as for rituximab in Figure 5-12 and a low level of
CDC was seen with both non-modified obinutuzumab and BHH2. However, galactosylation had no
effect on the level of CDC seen with either antibody, and sialylation of obinutuzumab also had no
effect (Figure 5-15). In order to see if there were any subtle effects of galactosylation or sialylation
on the CDC induction of type Il anti-CD20, obinutuzumab glycovariants were tested on

complement sensitive Ramos cells.
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Figure 5-16 Effect of Glycomodified Obinutuzumab on Complement Dependent Cytotoxicity of

Ramos Cells

Ramos cells were opsonised with mock treated, galactosylated or sialylated obinutuzumab, or an isotype
control, and incubated in the presence of 30% human serum for 30 minutes. Complement activation
was determined by Pl staining and measured by flow cytometry. Gating strategy as shown in Figure
5-12. Data shown are means + SD of 3 independent experiments, each measured in triplicate. Statistics
calculated by one-way ANOVA with multiple comparisons,* P < 0.05, ** P < 0.01.

Figure 5-16 shows that the type Il antibody obinutuzumab was capable of inducing complement
dependent cytotoxicity on Ramos cells, albeit to a much lower degree than the type | antibody

rituximab (Figure 5-14). Whereas 1ug/ml of rituximab was sufficient to induce 100% killing of
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Ramos cells (Figure 5-14), 10ug/ml of non-modified obinutuzumab only caused approximately
25% complement dependent cytotoxicity and no difference over background was seen with
2.5ug/ml. However, increased CDC was apparent with galactosylated obinutuzumab over mock
treated. Furthermore, as for rituximab, sialylation of obinutuzumab appeared to induce greater

CDC than did the galactosylated form, although this trend did not reach statistical significance.

Table 5-9 showed the production of a batch of glycomodified rituximab with higher levels of sialic
acid. The effect of a greater amount of bi-sialylated glycans present on the Fc on complement
activation was therefore tested using this material. The same trend was seen, with galactosylated
rituximab showing increased CDC over mock treated rituximab and this increasing further with
sialylated rituximab (Figure 5-17). Combination of galactosylated and sialylated antibody in a 1:1
ratio, giving a 5ug/ml concentration of each, gave a level of killing similar to that seen with

galactosylated rituximab alone.
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Figure 5-17 Highly Sialylated Rituximab Exhibits Increased Complement Dependent Cytotoxicity

Raji cells were opsonised with mock treated, galactosylated or sialylated rituximab (from Table 5-9), or
an isotype control, and incubated in the presence of 30% human serum for 30 minutes. Complement
activation was determined by PI staining and measured by flow cytometry. Gating strategy was as
shown for Figure 5-12. Data shown are means + range of triplicate repeats from a single experiment.
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5.3.5 Impact of Glycomodification on Antibody Half-life in vivo

Having established the in vitro production and efficacy of a range of glycomodified mAbs, next
their in vivo persistence was examined. Prior to this, these antibodies were tested for their
endotoxin level to prevent an anaphylaxis reaction (Table 8-1). All antibodies were found to have
an acceptably low level of endotoxin. It has been reported that some forms of glycosylation on
antibodies can affect their pharmacokinetic properties**®°%, Accordingly, the glycomodified
rituximab and obinutuzumab produced in Section 5.2 were assessed for their persistence in the
serum of a wild type C57BL/6 mouse. Mice were injected intravenously with 25ug of the relevant
antibody, blood samples were taken at several timepoints after injection, serum was isolated and

the level of antibody present in the serum measured by an anti-human IgG ELISA.
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Figure 5-18 Half-Life of Glycomodified Antibodies in Wild Type Mice

25ug of mock treated or glycomodified antibodies were injected into the tail vein of wild type,
immunocompetent C57BL/6 mice, and blood taken from these animals after 24hrs, 48hrs and 7 days.
Serum taken from this blood was analysed by ELISA to determine the level of antibody remaining at
each timepoint. Data shown represents mean plus SD antibody detected from 4 mice for each condition.
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All antibodies tested were detectable in all animals for the duration of the experiment, and the
concentration dropped over time as the antibodies were cleared from the circulation. For both
rituximab and obinutuzumab the concentration of galactosylated antibody was higher than the
level of mock treated antibody at day 1, but decreased to similar concentrations at days 2 and 7
(Figure 5-18). The sialylated antibodies also showed a slightly increased concentration at day 1
(and day 2 for rituximab), although again these became more similar to the mock treated
antibodies as time progressed. Therefore the glycomodifications prolonged the short-term
persistence over the first 24 hours before being cleared at a comparable level to non-
glycomodified antibodies. In summary these data demonstrate that increases in galactose and
sialic acid have minimal effect on the FcyR dependent effector functions of mAbs, but do increase

the level of CDC induced and do not appear to influence their in vivo clearance.

5.4 Discussion

In this chapter the production and characterisation of a number of glycomodified antibodies was
performed. Glycomodification of the Asn297 Fc linked glycan chain was achieved using purified
recombinant human glycosyltransferases B- 1,4 galactosyltransferase and a- 2,6 sialyltransferase.
Intact mass analysis of IdeS treated IgG revealed that complete galactosylation of starting
material was achieved using 5ug of B- 1,4 galactosyltransferase per mg of I1gG, in the presence of
10mM manganese chloride, 100mM MES buffer and 10mM UDP-galactose substrate. This was
achieved for both rituximab and trastuzumab, which are both produced in CHO cells and contain
mostly fucosylated complex glycans carrying 0 or 1 galactose residues. Following galactosylation
both antibodies became fully galactosylated (G2), as shown in Table 5-1 and Table 5-5. Efficient
galactosylation was also seen for obinutuzumab with its more complex set of glycans containing
heterogeneity regarding fucosylation and a high degree of oligomannose (Table 5-3). Clearly,
enzymatic galactosylation can be readily achieved in vitro, with a number of different mAbs, and

to a high level of efficiency.

Sialylation of both rituximab, trastuzumab and obinutuzumab was achieved using a- 2,6
sialyltransferase and the substrate CMP-NANA at approximately 2mM. Both mono and bi-
sialylated glycans were detected after sialylation, whereas these glycans were absent in both
mock treated and galactosylated samples. The majority of these glycans were mono-sialylated,

with only a small amount of bi-sialylated glycans detected by mass spectrometry of IdeS cleaved
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antibody. Increasing the ratio of a- 2,6 sialyltransferase enzyme to IgG to 75ug per mg, increasing
the substrate concentration to a 0.5:1 ratio with IgG, and decreasing the buffer concentration for
the sialylation reaction increased the yield of sialylation achieved. In addition, the B- 1,4
galactosyltransferase enzyme was removed by an additional protein A purification step to prevent
competition with the a- 2,6 sialyltransferase enzyme for the glycans. Analysis of the results
indicated that a small increase in the level of bi-sialylation was achieved through these measures
(Table 5-8), with approximately 30% of the glycans containing 2 sialic acid residues using the final

protocol.

Although disappointing, communication with our collaborators at Roche led to speculation that
the intact mass analysis of IdeS cleaved IgG was leading to an under-estimation of total sialylation.
Consequently, glycan composition was then determined by Instant AB labelling of rapidly cleaved
Fc glycans, and the resulting labelled glycan chains analysed by HILIC. This method suggested that
much greater levels of sialylation had been achieved, with up to 35% of glycans containing 2 sialic
acid residues (Table 5-7) using 50ug a- 2,6 sialyltransferase enzyme per mg of IgG, and 45% bi-
sialylation achieved with 75ug of a- 2,6 sialyltransferase enzyme per mg of I1gG (Table 5-9).
Importantly, in both of these rituximab preparations there were virtually no non-sialylated glycans
present, indicating that the level of sialylation was likely being underestimated by the IdeS based

mass spectrometry method.

The highly complex nature of the glycosylation pattern of obinutuzumab was due to the
glycoengineering strategy employed in the initial production of obinutuzumab. As discussed
previously this is achieved through using CHO cells modified to overexpress the
glycosyltransferase B-1,4 N-acetylglucosaminyltransferase Il (Gnt Ill) and the glycosidase golgi a-

mannosidase Il enzymes (Figure 1-11)%0°,

Gnt Il catalyses the addition of a bisecting GIcNAc residue to the central mannose residue of the
core heptasaccharide, and overexpression of this enzyme is responsible for the dramatically
increased levels of bisected glycans found in obinutuzumab“®’. The presence of this bisecting
GIcNAc has been reported to block the further addition of fucose, which was only present in
approximately 60% of obinutuzumab glycans (Table 5-3). The absence of fucose resulted in an
increased affinity for FcyRllla due to the absence of steric clashes between glycans, and improved
ADCC 331350, Golgi a- mannosidase Il cleaves off the final 2 mannose residues from the glycan
chain during processing in the golgi apparatus 322, This enzyme is overexpressed due to the side

effect of overexpressing Gnt lll, because in addition to producing a bisecting GIcNAc it also
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prevents further processing by mannosidases and therefore results in an accumulation of hybrid
glycans containing a bisecting GIcNAc *%’. Overexpressing golgi a- mannosidase Il, as well as
altering the location of the Gnt Ill enzyme in the golgi, pushes the glycans towards a complex

type, although a significant proportion of hybrid glycans are still present (Table 5-3) 4%,

11% of the glycans present on obinutuzumab were of the hybrid type, where golgi a-
mannosidase Il has not acted to remove both mannose residues. Of the 11% hybrid glycans, it was
not possible to discern whether these glycans carried a galactose plus 4 mannose residues or 5

mannose residues, as the molecular mass of galactose and mannose are identical (180.156g/mol).

There was no difference in the level of sialylation achieved between fucosylated and afucosylated
glycans (Table 5-3). This is perhaps not unexpected, since the fucose residue is at the opposite
end of the glycan to the site of sialylation (Figure 1-12). The lack of detectable non-sialylated
glycans on obinutuzumab suggests that this antibody could be more amenable to sialylation by a-

2,6 sialyltransferase than rituximab.

The hM5B/hM4G1B signal had completely disappeared after sialylation (Table 5-3). The changes
in this population allow for speculation as to the species present within the initial sample. The
11% of total glycans within this population in mock treated obinutuzumab consists of both hM5B
and hM4G1B species (Table 5-3). However, after galactosylation the size of this population drops
to 6% of total glycans. This likely reflects galactosylation of the hM5B species on the available
GlcNAc residue (Figure 5-19). This was supported by the appearance of the hM5G1B species in the
galactosylated sample (Table 5-3). After sialylation, both the hM4G1B and hM5G1B species
disappear, with a concomitant appearance of the mono-sialylated forms of these species,
hM4G1BS1 and hM5G1BS1. This confirms that the remaining 6% of the hM5B/hM4G1B signal was
indeed hM4G1B.
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Figure 5-19 Proposed Glycomodification of Hybrid Glycans on Obinutuzumab
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Obinutuzumab contains a number of hybrid glycans, containing one arm of oligomannose and one arm
of complex glycans. Enzymatic glycomodification of these hybrid glycans can still result in addition of
galactose and sialic acid to the complex arms of these glycans.

Addition of galactose and/or sialic acid to rituximab was demonstrated to have no effect on the

antibodies ability to bind to its target antigen, CD20, as demonstrated in Figure 5-2. This is as

expected, as the Fc glycans are located far away from the antigen binding regions of the Fabs. In
contrast, Fab glycans, which are introduced through somatic hypermutation, have been reported
to effect target antigen binding in some cases °°L. Fab glycans are also known to exhibit much
higher degrees of processing than the glycans found in the antibody Fc, possibly due to increased

access by glycosyltransferases.

There were also no major differences in the affinities of galactosylated and sialylated antibodies
for the activatory receptors, FcyRl, FcyRlla or FcyRllla, when measured by SPR (Figure 5-3 and

Table 5-10). This data does not appear to match that published by Thomann et al. who reported
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an increased binding of galactosylated and sialylated IgG1 to FcyRlla and FcyRllla. However, this
report did not contain the binding affinities calculated, and reported only relative binding
compared to the non-glycomodified parental antibody. When the data generated here was
analysed in the same manner, similar results were found (Figure 5-4), with an increased binding to
FcyRlla and FcyRllla seen for galactosylated and sialylated rituximab relative to the mock treated

antibody.

The SPR analysis used in this work applied a 1:1 binding model to determine the affinity of
glycovariants of rituximab to the FcyRs. As can be seen in Section 8.3, while some of these data
appeared to fit relatively well to the 1:1 model and had a low Chi-squared value, other data
deviated from the modelling to a greater extent. As such, it is therefore difficult to be entirely
confident in the affinities determined here. In addition to this, there is a possible influence of
mass transfer of the data. This could be the result of the amount of antibody captured to the chip
(~2000RU), meaning the FcyR flowed over the chip could have been depleted, therefore altering
the apparent on-rate of the antibody-FcyR interaction. To obtain a more reliable data set for this
interaction it may therefore be desirable to apply a lower number of response units of IgG to the
SPR chip, with the aim of maintaining enough soluble FcyR to allow for an accurate assessment of
the on-rate. In turn, this may contribute to better fitting of the data to the 1:1 model, as an initial
rapid binding phase that then becomes rate limited by the availability of soluble FcyR would not
fit to a 1:1 binding model and would appear to be biphasic. However, given the apparent lack of
differences in the calculated affinities and the maximum binding units, coupled with the broadly
similar findings in the literature, it may be that these glycomodifications do indeed have little, if

any, impact upon FcyR binding.

In this work, no obvious differences were found with galactosylated or sialylated forms of
rituximab or obinutuzumab in the FcyR mediated mechanisms, ADCC or ADCP. Furthermore, both
antibodies and their glycovariants were tested for their ability to induce ADCC in the presence of
polyclonal IgG, and again no differences were apparent. This was perhaps not unexpected, as the
binding data reported only a small increase in the binding to FcyRlla and FcyRllla (Figure 5-3 and
Figure 5-4). This is in accordance with other groups published works that suggests no impact of

galactose or sialic acid upon ADCC>%,

It is indicated from studies using FcyR knockout mice that rituximab’s in vivo effects are reliant
upon FcyR dependent effector functions?®3. It is well known that absence of the Fc glycan chain

leads to abrogation of these FcyR dependent effector functions*®3. It is also well established that
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removal or absence of a fucose residue from the Asn297 linked complex glycan dramatically

improves IgG affinity for FcyRllla and results in significantly improved ADCC3*L,

However, regarding the influence of galactose and sialic acid upon FcyR mediated effector
functions there have been conflicting reports, with some groups finding improvements and others
reporting that these terminal sugars had no effect. Thomann et al., report an increased affinity for
FcyRlla and FeyRllla with highly galactosylated, as well as mono and bi-sialylated 1gG1%. This
translated into increased ADCC with the galactosylated antibody, while the mono and bi-sialylated
antibody consistently showed a trend towards increased ADCC that did not reach statistical
significance. The method employed in this paper was similar to the method used in this thesis,
with recombinant human glycosyltransferases used to glycoengineer human IgG1 in vitro.
Furthermore, the levels of sialylation achieved and used in Thomann et al.’s paper (47.7% S1 and
29.6% S2) were similar to those obtained in this work (53.2% S1 and 45.3% S2 for the highest

achieved sialylation).

Quast et al. also report on the impact of sialylation on ADCC, using tetra-sialylated rituximab, and
reported no effect of sialylation on NK mediated ADCC although there was a slight non-significant
trend towards decreased killing®®2. Other groups have also reported decreases in ADCC, platelet
depletion and binding to FcyRs for sialylated antibodies®’#°%, A possible reason for these
discrepancies could stem from the different methods used to alter the glycosylation status of the

antibodies used, and the different levels of sialylation that are achieved.

Afucosylated antibodies display a greater differential compared to fucosylated antibodies in the
presence of background IgG. However, afucosylation has a large effect on the binding affinity of
antibody to FcyRllla, increasing it by up to 50 fold®®. This large increase is enough to allow
afucosylated antibodies to effectively outcompete fucosylated antibodies present in the non-
specific background IgG, whereas fucosylated forms of the same antibody cannot 22904, The
modest increase in FcyRllla affinity of galactosylated and sialylated antibodies is unlikely to give
these molecules enough of an advantage in competing for binding to have an impact on the total

levels of cell lysis/phagocytosis seen in these assays.

The presence of the galactose and sialic acid residues distal to the fucose residue could explain
the differential effect of these 2 glycans. Fucose is in contact with the glycans present on Asn162
of FcyRllla and FcyRlllb, therefore removal of the fucose residue results in a closer interaction

between the glycans present on the receptor and the antibody®®’. However, galactose and sialic
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acid are located at the opposite end of the glycan and are present further down the CH2 domain
(Figure 1-12 and Figure 5-20). This is far enough away from the FcyR binding site that there is no
direct interaction with the FcyRs. Therefore, to have an effect on FcyR binding these residues
would have to impact the structure of the FcyR binding site indirectly. Structural studies
performed with different glycoforms of IgG have found that the sialic acid residues protrude from
the IgG Fc regions, which could potentially make them available for binding to other molecules 332,
Presence or absence of these residues may thus not cause much, if any, change to the backbone
conformation. This is in contrast to the structural changes seen with the CH2 backbone on
removal of galactose and GIcNAc which causes the CH2 domains to collapse towards each other,

hypothesised to be the cause for decreased FcyR binding to deglycosylated IgG 34°.
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Figure 5-20 Model of Glycoengineered Fc

The position of galactose and sialic acid was modelled onto an IgG1 Fc backbone using PyMol and Coot.
Dark blue- fucose, pink- sialic acid, red- galactose. IgG heavy chains are shown in ribbon form, green for
one H chains and cyan for the second H chain with the glycan chains shown as spheres, coloured for the
H chain they are linked to (or as described above).

It was found that galactosylation of antibodies caused an increase in the level of both Clq
recruitment as well as the induction of complement dependent cytotoxicity (Figure 5-11 and
Figure 5-13). This is in accordance with the literature, where highly galactosylated antibodies have

been reported to induce increased CDC>%>°%, |t was also found that sialylation of antibody was
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able to further increase the level of CDC induced. This finding is in direct conflict with those
recently reported by Quast et al"®?. This group found that tetra-sialylated rituximab (2 sialic acids
per heavy chain glycan) induced reduced complement mediated lysis compared to control
rituximab. They also reported that C1q binding of tetra-sialylated rituximab, which was increased
for galactosylated rituximab, decreased to levels slightly lower than that seen for unmodified

rituximab, whereas increased C1lq recruitment for both glycoforms was shown here.

In Quast’s paper the method used to generate tetra-sialylated rituximab differed from the
approach used in this chapter. Tetra-sialylated rituximab was produced by cleaving off the Fc
glycan leaving only a GIcNAc residue with fucose attached. A chemically synthesised fully
sialylated glycan from a donor oxazoline was then transplanted onto this short glycan as first
described by Huang et al***. As well as this chemoenzymatic glycoengineering method, Quast et
al., also generated galactosylated and sialylated rituximab using an enzyme based
glycoengineering approach similar to that used in this work. They report that sialylated rituximab
generated by this method also displays a decreased ability to induce complement mediated lysis
of Raji cells, albeit exhibiting a smaller decrease than was seen for the tetra-sialylated rituximab.
Furthermore, enzymatically sialylated rituximab exhibited decreased C1q binding compared to
galactosylated rituximab, but increased Clq binding compared to both unmodified and tetra-

sialylated rituximab.

This perhaps indicates that enzymatic sialylation was not complete (despite an enrichment step
using lectin affinity chromatography), and that some terminal galactose residues were present
within the sialylated rituximab- as suggested by the lectin blotting shown in the Quast paper. This
matches their suggestion that sialic acid decreases complement dependent cytotoxicity, as
incomplete sialylation resulted in a level of complement activation intermediate between tetra-
sialylated rituximab and galactosylated rituximab. Once again this conflicts with the findings
presented here, where mixing sialylated rituximab with galactosylated rituximab (Figure 5-17) -
essentially reducing the concentration of sialylated rituximab - resulted in no decrease in the level

of CDC seen.

Similarly, the work presented here has been done with sialylated rituximab preparations that
were not homogeneous and likely contained terminal galactose residues. However, in terms of
complement activation, the opposite trend was seen to that reported by Quast- addition of sialic
acid residues to galactosylated rituximab caused an increase in the level of CDC seen (Figure

5-13). A possible explanation for this discrepancy could be the different methodologies used in
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carrying out complement based assays. The assay in this thesis used a short incubation period
with a high, physiologically relevant concentration of human serum (30%), whereas Quast et al.,
use a longer (12 hour) incubation period with a low concentration of human serum (5%). This is
important as CDC is typically rapidly initiated (within seconds to minutes) at physiological levels of
serum and so the long incubation time has the possibility to involve multiple other cell death
mechanisms in addition to classical CDC. In addition, different detection methods were used to
highlight cell death, although both were based on accessibility of nucleic acids after complement

mediated membrane damage.

Finally, the effect of glycomodification on serum half-life of both rituximab and obinutuzumab
was assessed. Both galactosylation and sialylation caused a trend towards increased antibody
levels in the serum 1 day after administration, although this was not maintained and by 7 days all
glycoforms were at a similar concentration to the unmodified parental antibody. Sialic acid has
been reported to be an important glycan on the surface of several soluble proteins for extending
their half-life, likely by reducing the interaction with the asialogylcoprotein receptor by masking
the surface exposed galactose residues. However, as the Fc glycans are mostly buried within the
Fc of the antibody, it is possible that any terminal galactose residues are hidden. Increased
galactose did not appear to increase the clearance of the antibodies compared to either the
sialylated or mock treated versions. Furthermore, IgG antibodies benefit from recycling
interactions with FcRn, enabling these antibodies to be rescued from lysosomal degradation. FcRn
binding is not thought to be heavily affected by antibody glycoform, as shown using both SPR and

a column based HPLC assay®?’.

In summary, glycomodified antibodies enriched for galactose and sialic acid were generated using
an in vitro enzymatic glycoengineering approach. Galactosylation was readily achieved producing
a homogeneous product using a low enzyme to antibody ratio, in the presence of manganese.
Addition of sialic acid required a greater level of enzyme per milligram of IgG and for a shorter
time course. The initial method of glycoanalysis, mass spectrometry of IdeS cleaved IgG, was
efficient for analysis of antibody galactosylation, but appeared to underestimate the level of
sialylation. An alternative method that was still suitable for use on small amounts of sample that
was more accurate for detecting sialic acid was the use of Instant AB. This method suggested that
sialylation was indeed being achieved, although there was heterogeneity in the final glycan

structures present within the antibody product.
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Glycomaodification did not alter the ability of antibody to bind to its target antigen expressed on
cells, and appeared to have a modest effect on the FcyR binding affinities as measured by SPR for
FcyRI, FcyRlla and FcyRllla, and in a cell based assay for FcyRIlb. This minimal change in FcyR
affinity translated into very little effect on FcyR mediated effector functions, with both ADCC and
ADCP being unaffected by galactosylation and sialylation. Galactosylation increased the level of
complement dependent cytotoxicity seen compared to mock treated antibodies. However,
antibody sialylation was found to further increase the level of complement killing above that seen

for purely galactosylated antibodies.
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Chapter 6: Clq Column

6.1 Clq Introduction

Humoral immunity is known to be mediated by circulating antibodies consisting of five different
isotypes: IgA, IgD, IgE, 1gG and IgM (discussed in Section 1.2). These antibodies engage a broad
range of effector functions, some specific to a particular isotype and some shared®. For example,
all antibody isotypes have the ability to bind target antigens and form immune complexes,
whereas only IgG antibodies are able to induce FcyR mediated responses, such as target
phagocytosis (although other isotypes can elicit similar through alternate receptors such as
IgaR)”*. Another Fc mediated effector function is the activation and engagement of the
complement system; only IgG and IgM antibody isotypes are effective at initiating this

mechanism®.

The complement system comprises a number of serum proteases that are activated in a
sequential manner, resulting in a tripartite response- releasing anaphylatoxins to recruit immune
effector cells, opsonising the target cell for phagocytosis and potential permeabilisation of the
target cell membrane through formation of the membrane attack complex®. IgG and IgM
antibodies activate the classical arm of the complement system, by recruiting the C1 complex to
the surface of the opsonised cell (Figure 1-6). The C1 complex contains over 20 polypeptide
chains, with 2 copies of the serine proteases C1r and C1s (involved in the proteolytic cascade that

drives the complement cascade) mounted onto the C1q molecule®®,

As described in Section 1.4.2, C1q is a very large protein complex (450kDa), made up of 18
polypeptide chains, 6 each of Clga, C1gb and Clqc, which form into a ‘bouquet of flowers’
conformation®. The broad ligand binding properties of C1q stem from the heterotrimeric
globular head groups formed from the carboxy terminus of the peptides. For example, Clq is
known to bind to IgG and IgM antibodies, but also binds to many other molecules including
proteins such as C reactive protein (CRP), and certain glycan motifs commonly found on the

surface of pathogenic bacteria®®.

Due to the large size of the C1lq complex and its multimeric nature, it can be difficult to accurately
measure its affinity for ligands. As C1q contains 6 binding head groups, it can make up to 6

interactions to ligand binding sites'®®. Some molecules, such as CRP and IgM, contain multiple
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binding sites within a single molecule, allowing for efficient binding to C1q despite a generally low
affinity interaction between the individual C1q head groups and their ligands®. However, other

ligands, such as IgG, only contain a single C1q binding site, and therefore bind to C1q weakly.

Past studies have reported the binding affinity between IgG Fc and Clq to be of high millimolar
affinity?”’. Various strategies have been used to study IgG-C1q interactions, however these
methods largely use complexed IgG, often following immobilisation onto a solid surface or
through heat or other methods of immune complex formation. This is not ideal, as each batch of
complex generated will be variable in relation to ligand structure and the number of available Clq
docking sites, therefore changing the overall binding avidity. Recently, the C1q globular head
groups have been recombinantly produced in both wild type and various mutant forms, providing
a key resource for determining the important residues required for binding of C1q ligands, such as

|gG200,51O

Building on this, a single chain form of the heterotrimeric Cl1q globular head group has recently
been reported>®. This construct retained comparable levels of binding to various C1q ligands
compared to a wild type Clq head group liberated from the full length C1g molecule by enzymatic
digestion. These findings show that a single chain form of the C1q head group is active in ligand
binding and amenable for use in SPR based experimental setups. However, this same set up was
unable to detect scC1lq binding to monomeric IgG that had been immobilised to the experimental
chip, both for recombinantly produced and serum isolated C1q head groups, whereas hexameric
Clq did show IgG binding. This indicates that this method simply does not allow for enough low
affinity C1g head group-IgG interactions to allow for the determination of any kinetic parameters,

and another approach is required to allow for the detection of scClq binding to monomeric IgG.

Therapeutic mAbs approved for use in humans are largely of the IgG isotype, and accordingly can
activate complement in vivo’®. Furthermore there is evidence of complement activation for some
therapeutic mAbs (such as rituximab) in vivo, through the depletion of complement
components*®®, Recently a number of new mAbs have entered the clinic which do not function by
depleting the target cells, as earlier therapeutic mAbs such as rituximab and trastuzumab were
thought to, but instead function by blocking signalling molecules that are inhibiting the immune
system!®*, As these immunomodulatory mAbs bind to immune cells required for the desired
therapeutic outcome, engaging depletion mechanisms such as that mediated by the complement
system, is likely counterproductive. Clearly, the potential requirement for complement varies with

the nature of the mAb target. Therefore a tool with which to study the consequences of
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mutations and different mAb formats on C1lq binding affinity would be of use for improved

antibody development.

This chapter concerns the development of such a tool and sought to determine whether a single
chain format of C1q globular head group trimer could be utilised in an HPLC based methodology
in order to study the interaction of C1q and various ligands, including monomeric IgG. A potential
benefit of this approach, in addition to being readily amenable for automation and high
throughput screening, is the ability of HPLC based systems to identify and separate
subpopulations from within a heterogeneous sample that would not be seen by other approaches
that give an average value for the whole sample tested. For example, in the study of 1gG binding
to FcyRllla, a mixed population of antibody containing both Fcs with and without fucose would
not be identifiable if studied by SPR, whereas testing these samples in an HPLC format containing

immobilised FcyRIlla shows both fucosylated and afucosylated samples®®’.

In this work, a single chain version of C1q was first produced, and then a set of HPLC based
conditions established that were permissive to IgG binding and reflective of biologically relevant

conditions for a range of ligands.

6.2 Production and Characterisation of a Functional Single Chain C1q

Molecule

6.2.1 Production of a Single Chain Form of Clq

In order to produce an HPLC column for studying C1q binding to IgG and other ligands, a single
chain form of the C1q head group was produced (Section 2.5.1.1). The genes for C1ga, C1gb and

Clgc were ligated together with short linker sequences and produced in HEK293 cells.

Clq was biotinylated using the BirA bulk biotinylation kit (Avidity) and dialysed into PBS. In order
to confirm the activity of the single chain Clq (scC1q), the ability of this construct to bind IgG was

tested in various contexts.
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6.2.2 Characterisation of Single Chain Clq

The scClq construct was biotinylated to facilitate easy coupling to sepharose for packing into
HPLC columns, but also serves as a convenient tag for detecting the functional binding of this
agent to cells. As such, agents that bind to biotin, including streptavidin and anti-biotin specific
antibodies, could be deployed to detect scC1q binding. Using these agents flow cytometry was
performed and showed that the scC1q molecule was able to bind to cells opsonised with
trastuzumab mutants predicted to have an increased Clq binding, as detected with streptavidin

labelled with FITC or APC, as well as with an antibody specific for biotin (Figure 6-1A).
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Figure 6-1 Characterisation of the scC1q Construct

Validation of the single chain C1q (scC1q) constructs binding to IgG. A- binding of scC1q to MDA-MB-453
cells opsonised with trastuzumab mutant mAbs. Top left- detection by FITC labelled streptavidin, top
middle- detection by APC labelled streptavidin, top right- detection by anti-biotin antibody labelled with
PE, bottom left- detection by anti-C1q antibody labelled with FITC, bottom middle- detection of full
length wild type human Cl1q binding to trastuzumab mutants on MBA cells detected by anti-C1q
antibody labelled with FITC. B- binding of scC1q to SUDHL4 cells opsonised with rituximab or an
irrelevant IgG1 isotype, detected by FITC labelled streptavidin. C- scC1q was immobilised onto a
maxisorb plate and incubated with trastuzumab mutants. Binding of trastuzumab mutants to plate
bound scClq was detected using an HRP conjugated anti-IgG Fc antibody. OPD based peroxidase
substrate was added to determine the level of IgG bound to each well. D- biotinylated scC1q was
captured on to the surface of a streptavidin coated Biacore SPR chip. Monomeric and F(ab’); crosslinked
IgG was flowed over the chip to determine binding to scC1q (experiment performed by collaborators at
Roche).
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Of the mutations used, the RGY triple mutant contains E345R, E430G and S440Y point mutations
known to cause solution state hexamerisation and dramatically increased Clq binding as tested
on opsonised cells by flow cytometry, and complement activation as shown by complement
mediated cell lysis®. The K326W E333S double mutant has been reported to significantly increase
Clq binding (assayed by ELISA) and complement mediated lysis when tested on an anti-CD20
antibody backbone*®. The K326W E345K double mutant is predicted to also display increased Clq
binding through increased affinity (from the K326W mutation) and potentially increased
hexamerisation (from the E345K mutation)®4%%°11 The P329G mutant is known to abrogate IgG Fc
mediated effector functions, including C1q binding (assayed by ELISA), and was thus included as a

negative control*32,

Binding of a directly labelled anti-C1q antibody to the scC1q was barely detected, with no
difference between positive controls that bind C1lq strongly (the K326W, E333S mutant, the
K326W, E345K mutant and the RGY triple mutant) and negative control that does not bind Clq
(the P329G mutant). Binding of C1q to these antibody constructs was confirmed using full length
Clq detected with the directly labelled anti-C1q antibody. Binding to wild type rituximab bound to
SUDHLA4 cells was also detected using FITC labelled streptavidin (Figure 6-1B) demonstrating the
scC1q binding was not restricted to trastuzumab mutants. Binding of the K326W, E333S
trastuzumab mutant to C1g was also seen when detected in an ELISA format. The P329G
trastuzumab mutant was found not to bind to scC1g when opsonised onto cells or when scClq
was immobilised onto the wells of a plate (Figure 6-1C). scC1q was not able to bind to monomeric
obinutuzumab (GA101) after capture onto a Biacore SPR chip, but binding was observed for
obinutuzumab crosslinked by a F(ab’), targeting the IgG Fab region, highlighting the need for IgG

crosslinking in order to detect IgG-C1q interactions by current methods (Figure 6-1D).

6.3 Defining and Optimising C1q Column Operating Parameters

Having determined the scClq was functional in its capacity to bind IgG, it was coupled to
streptavidin coated sepharose beads, and packed into Tricorn 1ml glass columns (4.6 x 50mm). A
salt based elution gradient was selected in order to try and facilitate both the binding and release

of IgG to the scC1lq within the column. Starting at time zero, the column running buffer contained
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OmM NaCl. NaCl was then titrated into the system from 10 minutes onwards, as summarised in

Table 6-1.
Time (mins) % Eluent A (20mM HEPES, pH % Eluent B (20mM HEPES,
7.4) 500mM NacCl, pH 7.4)

0 100 0

10 100 0

70 60 40

80 0 100

90 0 100

93 100 0

105 100 0

Table 6-1 Standard Column Operating Conditions

6.3.1 Buffer Optimisation

Firstly, several different buffer systems were tested to see if binding and release of IgG from the

column could be detected. A human IgG1 mAb directed against HER3 was used as a reference

standard antibody for column testing.

Page 232



Chapter 6

20mM Tris- 22.17mins

Absorbence [mAU]
B
=4

1507

100]

50]

0.0+

-

Time [min]

&
2

20mM MES- 19.42, 23.13mins

20mM HEPES, 500mM.

Flow: 0.500000 mimin

50 6 70
Time [min]

c 600

500

20mM Sodium Phosphate- 3.81, 20.77mins

Absorbance mAU

M HERES,500mi Ne€T FH 7 4: 0.0 %
00

Flow: 0.500000 mi/min

100

EY 4 50

a4
=

Time (min]

84

Pink- 20mM Sodium Phosphate

e i

/ |

Red- 20mM MES / i

Blue- 20mM Tris s i

Black- 20mM HEPES 25.15mins // 1

/ 1

5 i
H |
g \
:
H e i
< S i
i

min
<100
kY 2 EY 4o 50 £ L) 80 % 100 105
Time [min]

Figure 6-2 C1g Column Running Buffer Optimisation
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50ug 1gG1 was injected onto the column in different running buffers, tested with the same NaCl based
elution gradient. A- 20mM Tris pH 7.4, B- 20mM MES pH 7.4, C- 20mM Sodium Phosphate pH 7.4, D-
overlay of A-C and 20mM HEPES pH 7.4 (black).

IgG binding to the C1q column was seen in Tris, MES and HEPES buffers, but only minimal binding
was seen in sodium phosphate buffer (Figure 6-2). The highest binding (defined as the latest

elution time) was seen with 20mM HEPES buffer (Figure 6-2D).

6.3.2 Salt Optimisation

Having identified an optimal running buffer of 20mM HEPES, the salt used for driving antibody
elution was assessed. Elution of 1gG from the C1q column using KCl rather than NaCl had a slightly

reduced retention time (Figure 6-3). NaCl was therefore used in all work hereafter.

4| mAU

30.04 Blue- KCl 24.4mins
1 Black- NaCl 24.99mins

250 [

200]
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@
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H
=

r T T T T T T T
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Figure 6-3 C1q Chromatography Elution Salt Optimisation
Elution of 1IgG1 from the Clq column with different salts. 50ug of IgG1 was injected onto the 1mg Clq

column and eluted in eluent A containing 500mM of NacCl (black) or KCI (blue). Chromatogram was
truncated to display the first 50 minutes for clarity, insert shows full 105 minutes.
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6.3.3 1gG Subclass Specificity

Next, the column was assessed for its ability to discriminate between distinct IgG subclasses. To
do this IgG1 and 1gG4 (known to bind C1q more weakly than IgG1) were injected onto the column

using the refined conditions previously established.
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Figure 6-4 C1g Chromatography of IgG1 and IgG4

Overlaid chromatograms of 25ug of 1gG1 (black) or 1gG4 (blue) injected onto the C1q column in 20mM
HEPES, using a 0-40-100% NaCl gradient.

Overlaying the chromatograms obtained from injecting both IgG1 and IgG4 onto the C1qg column

revealed the increased retention time of the IgG1 subclass, as would be expected (Figure 6-4).
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In order to try and improve the resolution between IgG1 and IgG4, the change in salt gradient was

explored.

Linear Gradient
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B /! Blue- 1gG4 22.06mins i Blue- IgG4 20.76mins  /
Black- 1gG1 31.87mins I Black- 1gG1 27.47mins
0-40% oy 0-50%
- f Blue- 1gG4 19.82mins " ‘\I Blue- 1gG4 19.46mins
2 il Black- 1gG1 25.15mins / I Black- 1gG1 24.35mins
] @ E © ™ E] W 5 E & Bl —
IgG1 18G4
c - “ gG gG
I Black- 0-20% i Black- 0-20%
Ik Blue- 0-30% fh Blue- 0-30%
20 | Red- 0-40% i Red- 0-40%
H
i Pink- 0-50% i Pink- 0-50%
m— — T — i s
i El & B & o 1 E] £ E] £

Figure 6-5 C1q Chromatography of IgG1 and IgG4 Using Different Salt Gradients

Testing of different NaCl gradients. A- comparison of IgG1 (black) and 1gG4 (blue) on a linear NaCl
gradient. B- comparisons of IgG1 (black) and IgG4 (blue) on various different NaCl gradients, top left- O-
20% gradient 50ug 1gG, top right- 0-30% gradient 50ug IgG, bottom left- 0-40% gradient 50ug IgG,
bottom right- 0-50% gradient 25ug IgG. C- overlaid chromatograms of IgG1 (left) and 1gG4 (right) on the

4 NaCl gradients from B.
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Altering the NaCl gradient changed the retention time of both IgG1 and IgG4. Comparing the O-
40% gradient (as used in Figure 6-2 and Figure 6-4) with a linear gradient gave very similar elution
times, as expected because the linear gradient is identical to the 0-40% gradient for the first 70
minutes, and simply continues at the same gradient. Varying the gradient to achieve different salt
concentrations at 70 minutes (from 20% Eluent B to 50% Eluent B) altered the elution position of
IgG1 and IgG4, with the faster gradient (i.e. 0-50%) eluting earlier and the slower gradients eluting
later (Figure 6-5). Although the slower gradients increased the time between the elution peaks of
IgG1 and IgG4, it did not alter the overlap between the 2 samples. As such, the 0-40% NaCl

gradient was selected for further use.
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Next the effect of varying the density of C1q packed into the column was assessed, to see if

increasing the amount of Clq increased the retention time or capacity of the column.
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Figure 6-6 Density Optimisation of the C1q Column

25ug 1gG1 injections on C1q columns containing 1mg/ml Clq (black), 3mg/ml C1q (blue) or 6mg/ml Clq
(red). A- C1q columns tested immediately after production. B- C1q columns tested after storage. All

columns tested under the standard operating conditions.

Initial testing of C1q columns packed at various densities suggested that increasing the amount of

Cl1g within the column increased the retention time of IgG (Figure 6-6A). However, after storage

of these columns in 20mM HEPES at 4°C for between 4-8 weeks, the retention time of the 3mg/ml

and 6mg/ml columns collapsed to approximately the same as the 1mg/ml column, which

remained fairly stable with storage (Figure 6-6B).
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It was hypothesised that the high density columns may have lost functional C1q during storage or
testing. To test the relative levels of functional C1q within each column, increasing amounts of

IgG1 and IgG4 were injected onto each column density to determine the saturation point.
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Figure 6-7 Effect of Column Density on C1g Chromatography

IgG injections onto C1qg columns. A- injection of 25-100ug of 1gG1 or IgG4 on the 3mg C1q column. B-D
injection of IgG1 onto the 1mg (B), 3mg (C) and 6mg (D) C1q columns.
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Injection of increasing amounts of IgG1 and IgG4 onto the C1lqg columns produced a linear increase
in the response signal for both 1gG1 and IgG4 (Figure 6-7A). In order to assess the total capacity of
the columns, large amounts of 1gG, up to 1mg, were injected onto the columns (Figure 6-7B-D). All
three columns appeared to become saturated at approximately 750-1000ug of IgG, with the 1mg

column displaying the highest capacity.

6.3.6 Column Specificity

Next, the specificity of the C1q columns for IgG was determined. To do this, human serum
albumin was chosen as an irrelevant protein that is not a ligand of Clq, to assess whether binding

to the Clq column was specifically mediated by the C1q interaction.
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Figure 6-8 Binding of Human Serum Albumin to the C1q Column

25ug human serum albumin was tested on the 1mg C1q column under the standard operating
conditions.

Human serum albumin showed no binding to the column (Figure 6-8), with all of the signal eluting

off the column in the void volume peak at approximately 2 minutes.

Page 241



Chapter 6

6.3.7 Blank Column

In order to further characterise the specificity of the C1q column, a blank sepharose column was
produced using the same packing method and conditions used to produce the Clq columns. IgG1
was run through the blank column to compare against the C1g column. IgG1 showed a distinct
binding peak to the blank column that eluted in the region of 3-4 minutes earlier than the elution

peak of 1gG1 on the Clqg column (Figure 6-9).
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Figure 6-9 Blank Column Chromatography

25ug of 1gG1 was injected onto the 1mg C1q column and the blank column, and overlaid onto the same
chromatogram

6.3.8 Effect of Salt Concentration

It was hypothesised that the cause of this non-specific binding to the blank column was the lack of
any salt in the system when the antibody was injected. In order to test this hypothesis, and to try
and optimise the level of binding to the C1qg column vs the blank column, the effect of increasing

the salt concentration in the system was assessed during the antibody binding phase.
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Figure 6-10 Effect of NaCl Concentration on C1q Chromatography
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Testing the effect of NaCl concentration during the antibody binding phase on the 1mg Clq and blank
columns. A-B- overlaid 20pg injections of IgG1 on the C1q (A) and blank (B) columns at various salt
concentrations during the antibody binding phase. C-D overlaid injections of 20ug IgG1 on the blank
(blue) and Cl1q (black) columns at a salt concentration during the antibody binding phase of 5mM NaCl
(C) and 25mM NaCl (D).

Increasing the NaCl concentration present in eluent A, and thus during the antibody
injection/binding phase, resulted in a progressive decrease in the retention time of IgG1 on the
blank column (Figure 6-10B). However, the same effect was seen for IgG1 on the C1g column
(Figure 6-10A). The increased retention time of IgG1 on the C1q column over the blank column
was maintained at all C1q concentrations tested (as presented for 5mM and 25mM NaCl in Figure

6-10C and D, respectively).

6.3.9 IgG Fragments

It was further hypothesised that as a low level of salt appeared to be permissive for non-specific
binding of 1gG1 to the column matrix, that the C1qg-Fc interaction was responsible for the
increased binding seen on the C1qg column. In order to test this IgG Fc and Fab regions were

assessed on both the blank and C1q columns (Figure 6-11).
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Figure 6-11 C1qg Chromatography of IgG Fragments, Fab, F(ab’),and Fc

IgG fragments tested on the C1q and blank column. A-C overlaid 25ug injections of IgG Fc, Fab and

F(ab’), onto the 1mg C1q (black) and blank (blue) columns.

350

1gG1 Fc

Fab

(Fab’),

IgG Fab and F(ab’); alone showed no binding to either C1q or blank columns, eluting entirely in the

void volume at approximately 2 minutes (Figure 6-11B/C). However, the Fc fragment of 1gG1

showed increased binding to the C1q column over the blank column as hypothesised (Figure

6-11A).
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6.3.10 IgG Subclass Hybrids

A number of 1gG hybrids with swapped Fc regions were subsequently examined to further confirm

that the Fc region was responsible for the specific binding to the C1q column.

Chapter 6
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Figure 6-12 C1q Chromatography of IgG Fc Chimeras

IgG Fc chimeras were tested on the Clq (top) and blank (bottom) columns. A- overlaid chromatograms

of 7.5ug injections of 1gG1 (black), IgG3 (blue) and an Fc chimera of 1gG1 containing the Fc region of 1gG3

(red) were injected onto the C1q (A) and blank (B) columns.

IgG3 showed an increased retention time compared to IgG1 on the Clq column (Figure 6-12A),

which matches the C1qg binding observations made in Chapter 3:. Interestingly, the IgG3 Fc region

was found to be responsible for the increased retention time, with the IgG1 backbone containing

the Fc of IgG3 having the same Clq binding properties as native IgG3. This effect wasn’t replicated
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on the blank column where IgG1 and the IgG1-3 chimera had equal retention times on the blank
column, with IgG3 having a slightly reduced retention time. These data confirm that the Clq

column produced specificity above the non-specific binding to the sepharose matrix, and that this

was mediated by the Fc part of the IgG.

6.3.11 IgG Testing

Other IgG1 antibodies were subsequently tested in order to determine how reproducible this

effect was for different IgG1 molecules with different specificities (HER2, HER3, and IL-6R).
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Figure 6-13 C1g Chromatography of Various IgG1 Antibodies

IgG1 mAbs on the Clqg and blank columns. A-B anti-HER3, anti-IL 6R and anti-HER2 mAbs on the 3mg/ml
Clq (top) and blank (bottom) column.
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Each of the 3 mAbs shown in Figure 6-13 had a slightly different retention time, but for each

antibody the retention time on the C1q column was greater than seen on the blank column.

6.3.12 pH Testing

Finally, the effect of varying the pH of the system on the retention time of IgG1 on the C1q and

blank columns was assessed by altering the pH of both eluent A and eluent B.
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Figure 6-14 Effect of pH on C1q Chromatography

Binding of 1gG1 to the Clq (top) and blank (bottom) columns at different pHs. A- 50ug 1gG1 injected
onto the Clq column at various pHs. B- 25ug 1gG1 injected onto the blank column at various pHs.
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Altering the pH of the HPLC system affected the retention time of IgG1 on both the C1q and the
blank columns. Decreasing the pH of the system, towards pH 5.5, resulted in a projection off the
right hand shoulder of the elution peak that became more pronounced as the pH decreased.
Increasing the pH appeared to decrease the retention time for IgG1 on both the Clq and the

blank column (data not shown).

Having investigated the characteristics of the C1q column and established a set of conditions that
allow binding of antibodies to the C1q column with a specific shift as compared to the blank
column, an optimal set of C1q column operating conditions were determined (Table 6-1). HEPES
buffer and NaCl were selected as the best reagents tested for showing optimal binding to the Clq
column with a salt gradient of up to 200mM (40% eluent B). pH 7.4 was selected as the optimal
pH for the system as it gave a single binding peak that eluted later than for pH 8.3, and it is the
most physiologically relevant pH. The 1mg C1q column was the most stable, so this column

density was used for future work unless otherwise stated.

6.4 Assessing Therapeutically Relevant mAbs on the Optimised Clq

Affinity Column

To validate the column findings in relation to cell based C1q recruitment and complement
activation, a series of additional antibody samples were examined on the column that could be

readily tested in cell based assays.

6.4.1 I1gG Subclasses

First, a series of anti-CD20 antibodies displaying the rituximab variable regions produced with the
four different human IgG subclasses were assessed. These results were then compared to those of

Clq recruitment and CDC assays carried out and described in Section 3.3.2.
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Black- rituximab 1gG1 25.12mins
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Figure 6-15 C1q Chromatography of Rituximab Subclasses

Rituximab IgG subclasses were assessed on the C1q and blank columns. A-B- overlaid 25ug injections of
rituximab IgG1-4 subclasses on the C1q column (A) and the blank column (B). C- F- overlaid 25ug
injections of rituximab 1gG1 (C), 1gG2 (D), 1gG3 (E) and 1gG4 (F) on the C1q column (black) and the blank
column (blue). Chromatograms were truncated for clarity to show the first 40 minutes, containing the
IgG elution peaks. Insert shows the complete 105 minute run.

Rituximab 1gG subclasses displayed differential binding to the columns. Rituximab IgG3 had the
highest binding to the C1q column and the largest shift between the retention time on the Clq
column compared to the blank column (Figure 6-15E). Figure 6-15C demonstrates that rituximab
IgG1 had the next highest binding to the C1q column and the second biggest shift between the

retention position on the C1q column vs the blank column. Rituximab 1gG2 and IgG4 had the
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lowest binding to the C1qg column, and the smallest shift in retention time between the Clq
column and the blank column (Figure 6-15D/F). These data match the result of C1q recruitment
and CDC assays, as described in Section 3.3.2, with rituximab 1gG3 being the most active in all

assays tested.

6.4.2 IgG Glycovariants

IgG glycosylation is known to have an influence on antibody effector functions including antibody
half-life, ADCC and also complement activity. As such, we tested glycomodified antibodies
(produced and characterised in Chapter 5:) on the Cl1q and blank columns and compared this to
the results obtained in the assays measuring C1q recruitment and CDC assays using glycomodified
rituximab on CD20 expressing cells (Figure 5-11 to Figure 5-17). These included antibodies with

more galactose or more sialic acid.
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Figure 6-16 C1g Chromatography with Antibodies with Altered IgG Glycosylation

IgG1 glycovariants were injected onto the C1q column and blank columns. A- overlaid 25ug injections of
rituximab glycovariants generated by in vitro glycoengineering, mock treated rituximab (black), fully
galactosylated rituximab (blue) and enriched in sialic acid (red) on the C1q column (left) and blank
column (right). Overlaid injections of tocilizumab glycovariants generated by in vitro glycoengineering,
GO (black), G2 (blue) and S2 (red) glycoforms on the C1q column (left- 25ug injections) and blank column
(right- 50ug injections). C- overlaid 25ug injections of trastuzumab glycovariants generated by in vitro
glycoengineering, GO (black), G2 (blue) and S2 (red) glycoforms on the C1q column (left) and blank

column (right).

IgG1 glycovariants with increased levels of galactose (G2 glycoforms) consistently showed a

slightly increased retention time on the column for rituximab, tocilizumab and trastuzumab,

whereas the blank column did not show this trend (Figure 6-16). More strikingly, IgG1
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glycovariants with increased levels of sialic acid (SA/S2 glycoforms) showed further increases in
retention time on the C1q column, for all three antibodies tested. Once again this was not
observed on the blank column. These data match the results of both C1q recruitment and CDC
assays as described in Chapter 5:, with sialylated rituximab being the most complement activating

in all cases.
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6.4.3

Other modifications are known to alter the function of antibody Fc domains. We next looked at
the effect of various Fc mutations known to affect C1q binding on the retention time of IgG1

molecules on the C1qg column, using a similar series of mAbs used to demonstrate scClq binding

(Figu
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Figure 6-17 C1q Chromatography of Various IgG1 Fc Mutants

50ug 1gG1 Fc mutants were injected onto the Clq (top) and blank (bottom) columns. Chromatograms

were truncated to show 10-90 minutes for clarity, insert shows the complete 105 minutes.

As predicted from the literature, introduction of a P329G mutation into the Fc region of

trastuzumab resulted in a clear decrease in the retention time on the Clq column, such that there
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was very little difference in binding to the C1q column vs. the blank column (Figure 6-17). The
EK,KW mutant (in red on the chromatogram) had an increased binding to the C1q column over
the wild type antibody (in black), with only a small increase in the binding to the blank column,
giving it a much bigger window of specific binding to the C1q column. The KW,ES mutant (pink)
showed a dramatically increased binding to the C1q column, with no change in binding to the
blank column, thereby further increasing the window of specific binding on the C1q column. The
RGY triple mutant (blue) showed the highest retention time to the C1g column, only eluting off
the column at the maximum salt concentration of 500mM NaCl. There was a minor elution peak
present at approximately 26 minutes, representing ~20% of the total signal. This peak likely
represents the monomeric fraction of the sample, as the RGY mutant is known to have a high
propensity to form multimeric structures®’. Although the RGY mutant showed a slightly increased
binding to the blank column, it still had the biggest window of specific binding to the C1q column

of all the samples tested.

The RGY mutant had the most dramatic retention to the Clg column out of all the antibodies
tested. As it was only eluted when the run reached 500mM NacCl, it was re-tested for binding at

higher salt concentrations during the binding phase to investigate the increased retention time.
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Figure 6-18 C1g Chromatography of Antibody Containing the RGY Mutation at High Salt

Concentrations

Injection of 25ug IgG1 RGY mutant onto the Clq (top) and blank (bottom) columns under various salt
concentrations during the antibody binding phase.

The non-specific binding peak on the blank column eluted progressively earlier as the salt
concentration increased during the antibody binding phase. The first retention peak on the Clq
column also eluted progressively earlier with increasing salt concentration (Figure 6-18). However,
the late elution peak on the C1q column, which represented the majority of the RGY loaded onto

the column, did not change in position at any salt concentration tested.
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As the RGY mutation forms a solution state oligomer, a pair of trastuzumab mutants with

opposing carboxyl charges, both individually and combined, were tested to examine whether the

opposing charges could facilitate any increase in binding, for example by charge mediated

oligomerisation.
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Figure 6-19 C1qg Chromatography of Carboyxl Terminally Charged Trastuzumab

25ug injections of trastuzumab mutants with opposite carboxyl terminal charges on the 3mg Clq
column. A- overlaid chromatograms of 25ug injections of K439E (black), S440K (blue) or wild type
trastuzumab on the 3mg C1q column. B- overlaid chromatograms of K439E (black) and S440K (blue)
from A, overlaid with a combined injection of 25ug of each (red) on the 3mg Clq column.

Chromatograms were truncated to show between 0-40 minutes for clarity, inset shows the complete

105 minutes.

When trastuzumab had a glutamic acid inserted at the carboxyl terminus (K439E mutation), the

retention time on the C1q column was reduced compared to the wild type antibody (Figure
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6-19A, black and red traces, respectively). The K439E mutation had a small impact on the
retention time of the antibody, eluting slightly earlier, whereas the S440K mutation had no major
impact (Figure 6-19A). Combining these 2 mutants together in a 1:1 ratio resulted in a retention
peak that displayed the characteristics of both mutant antibodies (Figure 6-19B). There was no

clear evidence of any peaks with increased retention time.

6.4.4 RGY Fc Mutants

In addition to mutations that impact the ability of the Fc to bind Clq, there are also mutations
that impact on FcyR binding. Frequently, both interactions are modulated and often multiple
mutations are desired to increase or decrease either complement or FcyR binding. Therefore, as
the RGY mutant demonstrated superior binding to the C1q column, it was of interest to
determine the effect on C1q binding when additional mutations were combined with it. IgG1 Fc
regions, without fab or hinge domains, were therefore produced containing the RGY triple

mutation coupled to various attenuating mutations, and tested on the C1q and blank columns.
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Figure 6-20 C1qg Chromatography of RGY Fc Mutants

RGY Fc mutants and antibodies were tested on the Clq (top) and blank (bottom) columns. 25ug of IgG
or RGY Fc was injected onto the Clq (top) and blank (bottom) column. Chromatogram for the blank
column (bottom) was truncated to show 0-40 minutes for clarity, inset shows full 105 minutes.

The RGY Fc alone (black) was the only construct which had the same retention time as the full
length trastuzumab RGY (orange) on the C1q column (Figure 6-20A). Various attenuating
mutations all resulted in an earlier elution from the Clq column compared to the RGY Fc alone.
The deglycosylated Fc (RGY Fc N297) had the smallest reduction in binding, then the LALA
mutation followed by the P329G mutation which had the shortest retention time of these three
mutants. Combining the LALA and P329G mutations together resulted in the earliest elution from
the Clq column. All of the RGY Fc only constructs had a fairly similar broad elution profile on the

blank column (Figure 6-20B), eluting earlier than the full length RGY trastuzumab (orange).
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6.4.5 Non-IgG Clq Ligands

Lastly, two non-IgG molecules that should recognise C1q were assessed to see if they showed the
expected behaviour towards the scClg column. Both CRP and IgM showed binding to the Clq
column. CRP showed a clear shift on the C1q column as compared to the blank column (Figure
6-21A). For IgM, there appeared to be no binding to the blank column, whereas there was a broad

elution peak on the Clq column that showed binding to the column, eluting at approximately 34

minutes (Figure 6-21B).
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Figure 6-21 C1q Chromatography of CRP and IgM
Testing of non-IgG ligands on the Clq (black) and blank columns (blue). Overlaid chromatograms of 25ug
injections of CRP (top) and IgM (bottom) on the 1mg C1q column (black) and the blank column (blue).

Chromatograms presented were truncated to show 0-50 minutes for clarity, inserts show full 105
minutes.
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6.5 Discussion

Having assays to measure the effector functions of therapeutic mAbs is an essential tool for
predicting their in vivo activity. These methods should ideally be high throughput and readily
amenable to automation. This facilitates testing of large numbers of antibodies directed to
different epitopes of a particular target, as well as testing different mAb formats or mutants of a

parental antibody screened for improved or abrogated effector functions.

Many established assays used for testing antibody effector function rely on binding the antibody
of interest to its target antigen, often on the surface of a cell. This approach is relatively low-
throughput and introduces additional variables into the assays. These variables can be mAb
dependent, such as the affinity towards the target antigen, binding characteristics and target
antigen geometry; as well as experimental and technical, with potential issues such as cell
viability, antigen expression level and proper production and processing of the antigen. All of
these can effect the experimental results and reproducibility of the assay and ability to screen for

activity.

A different approach that is readily amenable to a first line screening program is to analyse the
antibody characteristics in the absence of target antigen. This allows for highly reproducible
experiments that allow for the determination of the various Fc mediated binding interactions. The
lack of a requirement for target antigen allows for rapid testing of new antibody formats, mutants
or glycoforms (among other variables) without the need to generate antibodies with multiple

different antibody specificities.

Here, an HPLC based methodology was chosen to study C1q binding and develop a suitable assay.
HPLC allows for the use of well-defined conditions and is readily amenable to semi-automation
through the use of autosampler equipped devices. Furthermore, HPLC allows visualisation of the
entire sample, rather than giving an average value like other methods, such as surface plasmon
resonance. This is well emphasised in the case of different antibody glycoforms binding to
FcyRllla, as detailed above (Section 6.1). This HPLC-affinity column method is even suitable for

separation and purification of these 2 populations for further analysis.

The scClq format used was similar to that generated by Moreau et al. in that the 3 C1q head
groups were linked into a single polypeptide chain. In our work, the order of the head groups in

the chain is A-B-C, whereas in the report by Moreau et al. the order was A-C-B. Despite the
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difficulties in demonstrating the binding of scC1q to IgG because of the low affinity (particularly in
the case of a monomeric head group where there is no contribution of avidity), we were able to
detect binding of the scC1lq to the anti-CD20 mAb rituximab when it was immobilised to SUDHL4
cells which express the highest levels of the target CD20 (Figure 6-1). In addition, trastuzumab
mutants K326W, E333S and the RGY triple mutant (both known to have an increased affinity
towards WT C1q binding) were also shown to bind scC1g when these antibodies were bound to a
target cell (Figure 6-1). This binding of scC1q was also confirmed in a cell free ELISA based format
for the K326W, E333S mutant. Moreau et al. were unable to demonstrate binding of the scClq
molecule to IgG by SPR, and similarly scC1q binding to 1gG could not be detected here without
crosslinking of the IgG (Figure 6-1D). These findings indicated that the scC1qg construct was

functional in its IgG binding and could be suitable for use in an HPLC based affinity system.

In order to generate an HPLC column, scClq was biotinylated to couple it to streptavidin coated
sepharose beads. These beads were then packed into 4.6 x 50mm Tricorn glass columns. Clq
binding to IgG Fc is reported to be largely due to charge based interactions, and because of this a
salt based gradient was used to compete with these charges. Several buffers and salts were
tested with HEPES found to be the best running buffer and NaCl to be the best salt for efficient
and reversible binding of antibody to the column (Figure 6-2 and Figure 6-3). Different salt
gradients were also assessed with a gradient selected that allowed clear separation of IgG1 and

IgG4 (known to have different levels of complement activity and WT C1q binding).

Although the salt concentration at which IgG is seen to elute is lower than that found within the
body (~140mM), the interactions seen are between monomeric IgG and individual scC1q head
groups, as opposed to the multiple interactions made between target bound IgG and hexameric
C1g°*. It is not thought that monomeric antibodies interact with C1q in solution in the serum.
Indeed this would be counterproductive, as it would increase the chance of unwanted
complement activation. Some of the trastuzumab IgG mutants do maintain C1q binding at salt
concentrations above physiological levels (particularly the RGY mutant- Figure 6-17 and Figure
6-18), and as such it is possible these antibodies may bind and potentially activate Clq in the

absence of target binding.

When initially generating the C1q columns, different C1q packing densities were used, ranging
from 1mg of C1q per gram of sepharose to 6mg of Clq per gram of sepharose. Initial testing of
these columns suggested that increasing the level of C1q within the column increased the

retention time of 1gG (Figure 6-6). This could be due to the increased number of C1g molecules
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available for binding, meaning that IgG can make multiple interactions with C1q molecules as they
pass down the column, even as the salt concentration increases. When there is less C1q available,
the IgG make fewer interactions and therefore are eluted more quickly. This reasoning also
provided an explanation for the slight decrease in retention time of IgG on each column observed
when the amount of IgG sample injected increased (Figure 6-7). Here, the greater the number of
IgG molecules in the column, the fewer free C1g molecules there will be available for binding,
therefore fewer molecules of IgG can rebind to Clq as they pass through the column, giving rise

to shorter retention times.

When the column reaches saturation, and all available C1g molecules are bound to IgG, then any
excess IgG will pass straight through the column and elute in the void volume of the column (~2
minutes). This allows for an approximation of the capacity of the column for binding Clq.
Interestingly, the capacity of the 3 different C1q column densities was quite similar, with the 1mg
Clq column appearing to have the highest capacity, as a 1Img injection of IgG onto this column
gave rise to a smaller void volume peak than was seen on the 3 and 6mg columns (Figure 6-7).
This may provide an explanation as to the decrease in the retention time of the 3 and 6mg
columns after storage. The column capacity was only measured after the columns had been
stored, and the capacity of the columns was very similar. This may suggest that the 3 columns at
this point in time had similar amounts of functional C1q within the column. The loss of Clq
functionality, or of the C1q molecules themselves, could be caused by the higher concentrations
of Clq causing aggregation or denaturation of the C1q bound to the sepharose. The 1mg column
did not appear to be affected by storage, perhaps because of the lower density of the Clq within

the column.

The specificity of the column for binding to 1gG was assessed using human serum albumin. No
binding to albumin was seen, supporting the conclusion at this stage that the column retention of
IgG was mediated through specific interactions with C1q (Figure 6-8). However, 1gG4, although
eluting earlier from the column than IgG1, still showed binding to the column, even though this
could not be demonstrated in a cell based assay (Figure 3-15). In order to further characterise the
specificity of IgG binding to the C1q column a blank, sepharose only column was produced using

the same method as for the C1q columns.

Interestingly, the elution peak of IgG on the blank column had a similar shape to the equivalent
peak on the Clq column, but with elution several minutes earlier (Figure 6-9). This is perhaps not

surprising due to the lack of salt during the antibody injection phase. Titrating salt into the system
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at the antibody injection phase confirmed that the retention time of IgG on the blank column was
consistently less than that of IgG on the Clqg column at various salt concentrations (Figure 6-10).
By testing antibody fragments, it was shown that the Fc region alone showed an increased binding
to the C1q column with no binding observed to the blank column (Figure 6-11). It was
hypothesised that the full IgG makes non-specific interactions with the sepharose matrix in the
absence of salt, and that on the C1lq column the Fc makes additional specific interactions to the
scClq, contributing to the increased retention time. In support of this, swapping the Fc domain of
IgG3 onto an IgG1 molecule resulted in the same retention time as the full length 1gG3, suggesting
the Fc region is responsible for this specific binding (Figure 6-12). Testing of three different IgG1
antibodies showed that all three antibodies had a later retention time on the Clq column than on

the blank column, regardless of the F(ab) specificity (Figure 6-13).

In order to validate the columns performance and couple it to more biologically relevant findings,
four different IgG subclasses of rituximab, known to have different C1q binding properties, were
assessed on the columns. The antibody chosen, the anti-CD20 mAb rituximab, is well documented
to be able to activate complement efficiently on CD20+ve cell lines. The relative binding of the IgG
subclasses on the C1qg column, and the size of their specific shift vs the blank column, gave the
same pattern of effect as C1q recruitment to the surface and CDC of rituximab opsonised cells

with 1gG3>1>2=4 (Figure 3-15 and Figure 3-16).

Glycosylation of 1gG Fc is known to affect the effector functions of the antibody, and increased
galactosylation has been reported to increase the level of C1q binding and in turn CDC (Figure
5-11 to Figure 5-17)°°2°13, Three sets of glycomodified antibodies were therefore assessed on the
columns; their retention times were similar, but a consistent trend emerged. Increased galactose
resulted in a slightly later retention time, and increased sialylation resulted in an even later
retention time. These results tallied with the cell based assay results for glycomodified rituximab,
where antibody enriched for galactose and sialic acid showed progressively increased Clq
recruitment to the opsonised cell surface, and complement dependent cytotoxicity (Section

5.3)514,

Reports in the literature have typically described sialylated Fc as an immunomodulatory agent, for
example as a part of IVIg therapy, or as reducing IgG efficacy®’%°03°1> Additionally, sialylated 1gG
has been shown to have reduced C1q binding and CDC potential when compared to wild type
parental antibody®®2. However, in the work reported in this thesis it was found that rituximab

enriched for sialic acid showed an increased C1q binding, both in a cell based assay and on the
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Clq column, and also increased CDC above that seen with galactosylated rituximab®!*. The

reasons for this discrepancy are currently unclear.

IgG glycosylation is influenced by various factors, including the cell type producing the antibody
and the culture conditions. As such, 1gG glycosylation is highly heterogeneous in terms of the level
of core fucose, galactose and sialic acid attached to the N297 linked glycan chain. Accordingly, to
study the effect of specific glyco patterns, various methodologies are applied to try and generate
purer samples. These approaches include cell line engineering, removal and replacement of the
entire glycan or enzymatically remodelling the glycan in a step by step approach. The use of these
different approaches, and differences in the purity of the glycoforms within a sample, could
explain the differences and variation in the results reported above. However, differences in purity
are perhaps unlikely to fully explain why sialylated IgG in one instance increases CDC above
galactosylated IgG and in another decreases CDC below that of the parental. If sialic acid
increased CDC/C1q binding then the greater the purity the greater the CDC/C1q binding. If sialic
acid has no effect or decreases CDC/C1q binding, then the greater purity would be expected to
decrease or have no effect on CDC/C1q binding. Another variable in studying these differences
comes from differences in the methodologies used, for example different time courses, serum
concentrations and sources, antibody concentrations and cell lines used for CDC assays. Further
study into the effects of antibody glycosylation on complement effector functions is required to

fully explain these differences.

The Clqg column was tested for its suitability to test IgG mutants for their C1q binding properties,
a potential use of this column in a screening capacity. Mutations were selected from the literature
that were expected to show differences in C1q binding (both increased and decreased). The
P329G mutation is reported to abrogate antibody effector function including complement, and
this mutation appeared to eliminate all binding to the C1q column, with very similar retention
times on the C1q and blank columns**?. Two mutations, based on investigations by Idusogie et al.
in the early 2000s, showed increases in binding to C1q without increasing the binding to the blank
column®®, Together these further corroborate the C1g-dependent specificity of the column and

that the scClq used to pack the column remained functional.

The RGY triple mutation described by Diebolder et al. induces CDC very efficiently, and also binds
to Clq strongly®. A large part of this was associated with its ability to form solution state
hexamers through Fc-Fc interactions. Two peaks are seen on the C1lqg column that reflect, in

relative distribution, the two populations seen by size exclusion. The larger peak binds very
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strongly to the column, with comparatively little increase in the level of binding to the blank
column. Interestingly, the smaller peak also shows increased C1q binding compared to the
parental IgG. This suggests that even the monomeric fraction has increased Clq binding, and
therefore that the three mutations alone, in the absence of their increased tendency to

hexamerise, increase Clq binding.

Two mutant IgGs were also generated with opposing carboxyl terminal charges. Such antibody
pairs have been suggested to have an increased propensity to form oligomers at the target
surface through complementary charge mediated interactions®. However, on the C1q column
combining these two mutants in a 1:1 ratio did not result in any increase in binding to the column,
and the peaks corresponding to the individual antibodies were discernible from the mixed sample
(Figure 6-19). It is possible that the lack of a target antigen to bring the antibodies into close
proximity limits the chance of carboxyl charge mediated interactions. Alternatively, it is possible

that the buffer conditions within the column are not permissive for these interactions to occur.

As the C1qg column interaction was shown to be dependent upon the Fc region, RGY mutant Fc
domains without the hinge or fab regions were produced and examined. The wild type RGY Fc
was able to bind as effectively as the full length RGY parental mAb. A number of mutations,
known to reduce Fc mediated effector functions including complement activation, were then
assessed on the RGY Fc backbone. All of these mutations decreased the binding of the RGY Fc to
the Clqg column to various extents, demonstrating their potential to act additively to produce Fc
regions with the RGY mutation that bind to the column less than the wild type parental antibody.
All of the RGY Fc mutants had similar binding to the blank column, indicating that the binding of

these molecules to the C1qg column was specific for the C1g molecule.

These findings demonstrate the potential use of this C1g column. When used in conjunction with
the blank column, it is a tool for screening antibody variants for both increased and decreased
Clq binding. Antibody variants and modifications that are amenable to study using the Clq

column include Fc mutants, different IgG subclasses and different glycoforms.

Finally, the C1q column was used to discern binding non-IgG ligands, including both IgM and CRP.
Both of these molecules are large, multi-subunit proteins that have multiple binding sites for Clq,
as compared to the single binding site on IgG. Interestingly, both of these proteins only bind to

Clqin certain conformations - for example IgM exists primarily in a pentameric, planar formation

in the blood, and must undergo a conformational shift through antigen binding to enable the
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binding of C1q. The IgM used here was serum purified and not bound to antigen, but showed
binding to the C1q column. A potential explanation for this finding is that the low salt
concentration employed upon binding to the column could cause an analogous conformational
change in the IgM structure that permits binding to C1q. This highlights that some care must be
taken when translating the findings from the column to potential in vivo characteristics of the
molecule being studied. As such, this C1qg method would make a potentially valuable first line
screening tool to analyse large numbers of samples and highlight samples that potentially have

enhanced or reduced Clq binding, according to the desired outcome, for further testing.
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Chapter 7: General Discussion

The aim of this thesis was to test the effect of various Fc modifications on the Fc mediated
effector functions of therapeutic mAbs directed against CD20. As such, assays measuring CDC,
ADCC and ADCP were developed and used to compare modified mAbs. Most mAbs that have thus
far been approved for clinical use in humans contain the Fc region of the IgG1 subclass. In
addition, these clinically approved mAbs are also mostly produced in one of a few cell lines, and
are strictly controlled by regulatory guidelines in many areas including Fc glycosylation. As such, it
was of interest to investigate the impact of Fc modifications upon mAb mediated effector
functions, in order to determine if improvements could be made to the existing IgG1 Fc, and to
understand how this might be modified in vivo, for example in tumour or autoimmune

environments, in ways that may reduce its efficacy.

Rituximab produced on an IgG3 backbone was the most active subclass of IgG in terms of
activating complement, as shown using both the Clq affinity column and cell based assays of Clq
recruitment and CDC. Furthermore, as stated in Chapter 3:, it also had the highest affinities for
the activating FcyRs among the 1gG subclasses. This was shown to translate into the highest levels
of both ADCC and ADCP among the 1gG subclasses. Furthermore, 1gG3 also induced more DCD

than rituximab 1gG1 on both cell lines tested (Figure 3-13).

Despite the high level of effector functions associated with the 1gG3 subclass, there are currently
no IgG3 based therapeutic mAbs approved for use in humans, whereas IgG1, 1gG2 and 1gG4 based
mAbs are all used clinically’®. In the context of direct targeting mAbs, that act through depletion
of the target cell, the findings in this thesis with 1gG3 suggest that this subclass would be highly
suitable for such therapeutic antibodies. However, the main reason IgG3 has not been pursued as
a therapeutic option is because it has a significantly reduced serum half-life as compared to the
other IgG subclasses'®. 1gG3 does not bind to the intracellular receptor FcRn that is responsible
for recycling IgG from endosomes and returning it into the extracellular space, as it is blocked
from doing so by IgG1*7. As such, 1gG3 is therefore resigned to be degraded in the lysosome,
meaning it is cleared from the serum more rapidly than other IgG subclasses. Furthermore, due to
its elongated, highly flexible hinge region IgG3 is particularly susceptible to cleavage by proteases,
a mechanism commonly employed by bacterial pathogens in order to protect themselves against

host antibodies>*®.
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As discussed in Chapter 3:, there have been attempts to alleviate the short half-life of 1gG3 by
mutating the Fc region, and this has yielded 1gG3 mAbs that have similar FcRn binding and in vivo
persistence to the other IgG subclasses*’. This report, coupled with the findings in this thesis and
a recent review on the topic of antibody isotypes for tumour immunotherapy by Kretschmer et
al., suggest that the 1gG3 subclass should be reconsidered as a potential scaffold for direct
targeting antibodies and is worthy of further study®’. Alternatively, Fc engineering approaches
that aim to endow IgG1 with some of the enhanced effector functions of IgG3 have also been
reported*®, This may be an alternative mechanism with which to improve mAbs effector
functions and half-life, although the Fc splicing of two different IgG subclasses could potentially
lead to increased immunogenicity of the resulting IgG hybrid which may reduce its usefulness as a
therapeutic agent. This would need to be assessed in vivo in order to assess immunogenicity,

through detection of antibodies against the IgG1/3 hybrid in the serum>*.

Rituximab IgG2 and IgG4 were less active in terms of FcyR mediated effector functions than
rituximab 1gG1, and this matched their relative affinities for FcyRs (Table 1-2). Neither of these
subclasses were able to recruit C1q to the cell surface or showed appreciable specific binding to
the Clq affinity column, and accordingly neither induced any CDC on Raji cells, or the highly
complement sensitive Ramos cells. Interestingly, both subclasses induced greater DCD than
rituximab 1gG1, although neither was able to induce any DCD on primary CLL cells. DCD is in
theory a Fab mediated effect; it was therefore interesting to note that this process seems to be
not just epitope specific, but also dependent on the constant regions of the antibody?%®. It is
interesting to speculate that the differential capacity of these IgG subclasses to induce DCD is

linked to the way in which they bind to their antigen, CD20.

For rituximab, and to a lesser extent BHH2, the IgG2 subclass was clearly binding differently
compared to the other subclasses, with 1gG2 binding much less than all other subclasses when
examined with a range of flow cytometry methodologies (Section 3.2). IgG3 appeared to show the
highest target binding and IgG4 exhibited an intermediate level of binding between that of IgG1
and IgG2. It was apparent from multiple methods of detection that the level of cell surface
binding seen for the different IgG subclasses of rituximab were not equivalent, which was not
expected for antibodies with the same variable regions. As these antibodies differed only in the
heavy chain constant regions (they all contained the kappa light constant regions), the differences
must derive from this region. Although the constant regions of the different IgG subclasses are

highly homologous (90%), there are differences, particularly within the hinge region’*. Differences
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in the conformation of this hinge region and the disulphide bonds within it alter the flexibility of
the subclasses, and this may explain the differences in surface binding. Interestingly, the
differences in the level of target antigen bound appear to correlate with the relative sizes of the
hinges and degree of flexibility. IgG3 has a highly elongated hinge region and is very flexible,
whilst IgG2 and IgG4 have short hinge regions and, particularly for IgG2, high levels of inter-chain

74,102

disulphide bonding

One hypothesis proposed for the lower observed binding of the I1gG2 subclass was that it was
binding monovalently and as such had far lower avidity for the flow cytometry methods used for
analysis (Section 3.2). With less flexible subclasses (e.g. 1gG2), they man only able to bind a second
CD20 molecule if it is in a specific position relative to the first bound molecule!?. This hypothesis
is supported by the increased detection of the 1gG2 subclass at the cell surface using the rituximab
anti-idiotype (Figure 3-6). Furthermore, the CD20 antigen is known to undergo redistribution into
lipid rafts after binding of type | anti-CD20 mAbs (such as rituximab)?°22%°19 |t is possible that not
all the IgG subclasses induce this to the same extent. The lower antigen density (due to decreased
CD20 localisation), coupled with the reduced flexibility of 1gG2 could combine to yield the low
level of surface antibody detected, particularly as for all the detection methods employed the
opsonised cells are washed by centrifugation several times prior to flow cytometry. This would be
more likely to result in loss of surface bound antibody if it is only bound monovalently. However,
how these binding effects would elicit more potent DCD (presumably through enhanced
signalling) is not clear as monovalent binding is not sufficient for induction of DCD°'>%?°, Rather, a
dynamic binding of the IgG2, with oscillating on and off F(ab) binding (as opposed to univalent

Fab) may be involved.

However, this hypothesis requires further investigation. When investigating how broadly the
switching of subclass effects antigen binding for mAbs against T cell antigens this trend was not
strongly replicated (Section 3.2.1). As discussed in Chapter 3:, CD20 is unique compared to the T
cell antigens tested, so testing a panel of antibodies targeting antigens that localise into lipid-
rafts, such as the BCR, would be interesting to see if this trend is specific to CD20. Conversely,
multiple anti-CD20 mAbs exist, so testing these for each IgG subclass may also help support this

observation.

Although there have been several non-IgG1 subclass mAbs approved for clinical use, these have
largely (with the exception of panitumumab) been of an immunomodulatory mechanism where

they act chiefly to inhibit or induce signalling rather than to deplete the target cell’®. As such,
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efficient engagement of FcyR mediated target cell clearance is not desired. Recent findings, as
discussed in Chapter 3:, have suggested that in certain model systems the IgG2 subclass can be
similarly active in terms of target depletion as an IgG1 version*?., In the aforementioned study
anti-CTLA-4 mAbs were examined whereas here anti-CD20 mAbs were assessed and
demonstrated that higG1 was more active than IgG2 in all Fc mediated effector assays. The
reasons for this difference are not clear, although different targets and methodologies used are
possible contributing factors. In this work, 1gG2 was largely inert in terms of Fc receptor
engagement. The application of glycoengineering to the 1gG2 subclass could be one method of
attempting to increase the Fc mediated effector functions, particularly CDC, of this subclass.
However, it seems unlikely that such approaches would be able to improve 1gG2 to the level of
IgG1 or I1gG3 in terms of Fc mediated effector mechanisms, and it was shown by Peschke et al.
that addition of galactose to rituximab 1gG2 did not facilitate C1q binding or CDC of this

subclass®3.

mAbs are exposed to various environments in vivo and therefore could become modified
following administration. As such, the effect of lipid modification to therapeutic mAb was
analysed. Two of these modifications, MDA and CEP, were shown to decrease the ability of these
mADbs to bind to antigen and to engage all effector functions tested (Chapter 4:). Although there
are currently no reports in the literature detailing these specific modifications on antibodies, they
have been found on various proteins, including serum proteins, for example in drusen deposits
found in patients with age related macular degeneration and at tumour sites*>#7>478 |t is also
known that the tumour microenvironment is highly oxidising, and mAbs are becoming commonly
used therapeutic agents for cancer therapy’%*®. In order to be certain that these modifications do
occur in vivo, purified ex vivo antibodies bearing such modifications would need to be identified

and studied.

The material generated in this work were proof-of-concept studies generating extensively
modified mAbs, and it has been reported that the exposure of proteins to the modifying reagents
in vivo would result in a lesser degree of modification that is seen with in vitro modifications*’*,
Therefore, it is of relevance to determine the level of in vivo modification that occurs and then
generate antibodies carrying a more representative level of modification. Testing such modified
antibodies in the mAb effector function assays used in this thesis would be a better model of what
may be happening in vivo. As such, it is possible that the level of modification to antibodies that

occurs in vivo may not have such a detrimental effect as those reported in this work.
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Assuming these physiological modifications are seen to be detrimental as indicated in Chapter 4:,
it should be considered how they may be overcome. The modifications are thought to target
lysine residues within the mAb. As shown in Figure 4-26 mAbs contain a large number of lysine
residues, so removing these residues from the protein sequence is not possible. It is possible that
there may be other modifications to lysine residues which could be applied that do not alter the
mAb function but could act to protect the mAb from further modification in vivo. Alternatively, it
may be possible to try and alter the disease microenvironment to reduce the propensity of these
modifications to occur, possibly through administration of antioxidants to impair the activation of

lipids, thereby reducing the number of potential modifications.

It is possible that different IgG subclasses may have differing susceptibilities to modification, in
which case an alternate subclass may be preferential for treatment of certain diseases where mAb
modifications are occurring. However, as shown in Figure 4-26, both IgG2 and IgG4 contain similar
numbers of lysine residues, although this does not necessarily mean they are equally sensitive to
modification. The effect of different glycoforms could also be tested to see if they are able to
provide any protection against modification of the protein backbone, or even act as a sink for
such modifications. However, the glycans are relatively small compared to the size and surface
area of the whole IgG molecule, so it is unlikely that they would be able to provide much
protection. Furthermore, they are largely buried within the cavity between the two CH2 domains
in the IgG Fc, and therefore are somewhat sequestered away from the IgG surface, where the

lipid modifications would occur.

There has been a great deal of research into the effect of different glycoforms attached to the
asparagine 297 linked glycan chain present within the IgG. This field has promised much, largely
based on the finding that removal of fucose from the Fc glycans of an antibody significantly
increases both its affinity for FcyRllla and the ability to induce NK-mediated ADCC3%13%2,
Accordingly, a few mAbs incorporating reduced or removed fucose have been approved for use
clinically (mogamulizumab, obinutuzumab and benralizumab)?79362:3943% However, the influence
of other glycans on antibody effector mechanisms has not been as clearly defined as that of
fucose. Evidence from human serum of various healthy and disease cohorts has revealed changes
in glycoforms associated with different physiological states, ranging from autoimmune disease to
aging and pregnancy?34378379521522 \More recently, it has become possible to generate IgG

populations with defined and relatively homogeneous glycoforms, and this has facilitated testing

of these antibodies in various effector functions. However, the findings of reports from various
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groups on the impact of different glycoforms have failed to reach a consensus on the effect of

glycans such as galactose and sialic acid within the IgG F¢37%377,406,502,503,514,523

The data presented in this thesis using in vitro glycoengineered rituximab and obinutuzumab
showed that there was not a major effect of either of these glycoforms in terms of their ability to
bind to FcyRs or to induce the FcyR mediated effector functions, ADCC and ADCP. Only small
increases in the binding to FcyRlla and FcyRlIlla were found (Figure 5-3, Figure 5-4 and Table 5-10).
This finding matches some of the published reports in this field. For example, Thomann et al. used
a very similar in vitro glycoengineering approach to generate several different glycoforms,
including fully galacostylated and highly sialylated glycoforms*®. They reported that the affinity of
samples with increased galactose and increased sialic acid were modestly higher affinity for
FcyRlla, FeyRIlb and FeyRllla, and this translated into slightly increased ADCC?06-507:523,
Furthermore, in a recent report by Dekkers et al., increased galactose and sialic acid induced
similar small increases in FcyR binding, with a small effect on ADCC in the context of
hypofucosylated glycans®'*. However, other reports, do not corroborate with the findings in this
thesis, such as that by Scallon et al., who reported that an increased sialylation of IgG reduced
ADCC activity and FcyRllla binding, and Quast et al. showed no effect of hypersialylation on
ADCC502'5°3.

Whilst the substantial effect of fucose on FcyRllla binding and ADCC has led several glycomodified
mAbs being approved for clinical use, the modest effects of galactose and sialic acid reported here
and corroborated by Thomann et al. and Dekkers et al. suggest that these sugars have a minor
impact on overall antibody efficacy®1%2406514 As such, it may be that the cost of carrying out
glycoengineering or modifying and optimising new antibody production methods to generate
these glycoforms is not worth the small improvement to efficacy that has been demonstrated in
vitro in these reports. Although testing of the efficacy of glycomodified mAbs in vivo is needed to
be certain, from the evidence currently available it is unlikely these glycomodifications would

make a significant clinical impact.

It is also interesting to note the although IgG1 with increased galactose and sialic acid are here
reported to have slightly increased FcyR binding and Fc mediated effector functions, this appears
to be in contrast to what occurs in vivo during pregnancy and rheumatoid arthritis patients.
Rheumatoid arthritis patients have higher levels of agalactosylated IgG, and this is associated with
increased disease activity®’®. Furthermore, the increase in galactosylation and sialylation of serum

IgG that occurs during pregnancy is associated with an improvement in the symptoms of
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rheumatoid arthritis and is presumed to reduce the inflammatory nature of 1gG3”. Post-partum,
rheumatoid arthritis patients often experience a disease flare and their levels of galactosylation
and sialylation also decrease. From these studies, the presence of galactose and sialic acid appear
to be anti-inflammatory, and this agrees with some data suggesting that sialylated Fc is the active
component of IVIg34, IVIg, pooled IgG from healthy donors, is given to patients with various
autoimmune disorders and its mechanism of action is not fully understood. However, it has been

372 Mechanisms have

reported that enrichment of sialylated IgG increased the efficacy of IVIg
been proposed to explain this finding, but it is not fully understood. The glycomodification testing
in this thesis has solely used monomeric IgG. As the reports for IVIg appear contradictory, it would
be interesting to see whether testing glycomodified rituximab carrying increased galactose and
sialic acid has a different response when tested as an immune complex, for example generated

through the use of a crosslinking F(ab’), anti-IgG.

The serum half-life of these glycomodified antibodies was also tested in immunocompetent mice.
It was found that after 7 days the clearance of these glycoforms was no different to that of the
mock treated control antibodies (Figure 5-18). Although there are reports in the literature that
suggest that 1gG glycosylation can effect half-life, for example high-mannose glycans are reported
to be cleared rapidly from the serum, it is not thought that other glycoforms have a major
influence on IgG half-life, as a detailed study of different glycoforms in cynomolgus monkeys
demonstrated®®®°?*, This may be because the Fc glycans are largely buried within the Fc of the
antibody, and therefore have a limited ability to bind to surface receptors to increase or decrease
antibody clearance*®. This may also explain why antibodies with terminal galactose or GIcNAc are
not cleared rapidly from the circulation by interaction with asialoglycoprotein receptors, and why

sialylation doesn’t appear to increase the IgG half-life®?.

The lack of a consensus on the effect of different IgG glycoforms on IgG effector function extend
to their ability to activate the classical complement cascade. Increased levels of galactose are
consistently reported to increase the level of complement activation, consistent with what is
shown in this thesis (Section 5.3.4)°02513514 However, the impact of sialic acid upon complement
activation is less clear. It was found in our systems that complement engagement was increased
with galactose and sialic acid. Dekkers et al., report increased C1q binding, C4b deposition and
CDC with galactosylated and sialylated IgG, therefore corroborating the work in Section 5.3.4°4,
However, Quast et al. reported increased CDC and C1q binding with galactosylation, but

decreases in both upon sialylation®®2. Furthermore, Peschke et al. reported increased C1q binding
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and CDC as a result of increased galactosylation of IgG1 and 1gG3, with no effect seen on IgG2 and

IgG4 subclasses®®3,

One reason for these discrepancies could be that the methods and models used to demonstrate
the efficacy of the different glycoforms vary between laboratories. For example, it is known that
differences in target epitope characteristics can influence the engagement of effector functions,
and this could contribute to differential effects of sialic acid in different systems*®. Furthermore,
it is possible that differences in the purities of the glycoforms used by different groups could
contribute to these contrasting results. It is likely that the level of sialylation will have differed
between the samples produced in these various reports, and therefore the extent of terminal
galactose would also vary (as the sialic acid residues mask the galactose). However, this still does
not explain the reported findings, where some groups report increased killing with sialic acid and
others report reduced killing. If the effect on complement engagement was due to the level of
exposed galactose then samples with more sialylation would be less active than those without
sialic acid, but samples with sialic acid would not be able to induce more complement
engagement than the fully galactosylated samples. Therefore, it appears that the effect on
complement engagement is not purely regulated by the level of galactose, but that the sialic acid
residues also contribute in certain experimental systems, and that it may be this contribution that

differs between different laboratories.

In order to try and minimise the effect of confounding variables in studying complement
engagement, a Clq affinity column was developed in order to have a system where the binding of
antibodies to C1q directly could be assessed (Chapter 6:). This system offers a more direct way to
compare samples generated in different laboratories; bypassing potential bias imposed by
different antigens, target cells, serum sources and experimental protocols. Assessing C1q binding
directly (as the first step in complement activation) may therefore help resolve some of the

contrasting findings that have been reported, particularly for different 1gG glycoforms.

Although assessing the various mAbs in this manner would reduce complexity, it should be noted
that the binding of a monomeric C1lq globular head group to a monomeric IgG molecule is not a
perfect model of the ability of an antibody to engage and activate the complement cascade.
Therefore, the findings from the column need to be related to cell based assays. Discrepancies
between the Clq column and cell based CDC assays could be an indicator that other factors are
influencing CDC beyond simple IgG-C1lq binding. For example, it is known that certain 1gG forms

bind monovalently and then form Fc hexamers on the target cell surface in order to bind to C1g*.
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Therefore, increased or decreased tendencies to form such hexamers could increase or decrease

CDC beyond the binding of 1gG to Clq.

Despite the very low binding affinity of monomeric IgG to Clq, the Clq affinity column was able to
detect this binding event (Chapter 6:)Y. In order to create an environment that is permissive to
the binding, the buffers used for the sample injection and binding phase contained no salt.
Because of this, there was some non-specific interaction of certain protein samples with the
column matrix - streptavidin coated sepharose. This necessitated the use of a blank column as a
reference standard to allow the determination of the binding contribution that is specific to the
Clg engagement (Figure 6-9). As shown in Section 6.4, this method was able to give biologically

relevant information about the C1q engagement of various I1gG samples.

Further optimisation of the column could be directed towards reducing the non-specific binding
to the column or increasing the signal to noise window between the specific and non-specific
binding peaks. It is possible that using an alternative column matrix could reduce the non-
covalent interactions, for example using a porous sepharose matrix. Whilst it was shown that
increasing the Clq density of the C1q affinity column did indeed increase the retention of IgG, this
was not stable over time (Figure 6-6). The reason for this remains unclear, although there appears
to be a decrease in the binding capacity of the higher density columns potentially indicating a loss
of functional C1q beyond a certain point (approximately equivalent to the 1Img Clq column).
However, extending the length of the column, but maintaining the same C1q density, may provide

a means to enable a greater separation between specific and non-specific binding.

In spite of the non-specific binding to the column matrix, the biological validity of the C1q affinity
column was demonstrated through the concordance between the relative elution profiles of IgG
glycovariants and IgG subclasses tested on the column, and the performance of these samples in
cell based assays (Section 6.4, Section 5.3.4 and Section 3.3.2). Three different mAbs that had
undergone in vitro glycomodification all demonstrated a trend towards increased binding to the
column with addition of galactose and sialic acid that was specific to the C1q column. One of
these sets of glycovariants, based on rituximab, was also tested in cell based assays. The
performance of the galactosylated and sialylated glycovariants in terms of C1q recruitment to the
opsonised target cell and induction of CDC matched the trend seen on the Clq affinity column,
with sialylated antibody being the most active by all methods tested (Section 3.3.2 and Section

6.4.1). Together this confirms that whilst the C1q column performs under non-physiological
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conditions, it is able to measure biologically relevant differences between glycomodified

antibodies.

The four different IgG subclasses are known to differ in their ability to bind to C1q and engage
complement (Section 3.3.2). This finding was also recapitulated on the C1q affinity column, with
the four different subclasses of IgG bearing the rituximab variable regions. IgG3 was the most
active, with IgG2 and IgG4 showing little C1g-specific binding. Furthermore, the different IgG
subclasses gave similar results in the cell based assays of Clq recruitment and CDC, matching both
what is shown in the literature and the results from the Clq affinity column. The poor binding of
rituximab 1gG2 to Clq, both in the Clq affinity column and in the cell recruitment assay, further
corroborates the low CDC activity of IgG2 being a consequence of the subclass, not simply the

lower level of surface binding exhibited by rituximab IgG2.

In light of this concordance between the Clq affinity column findings and the results of cell based
experiments, the Clq affinity column was demonstrated to be a suitable tool for studying
interactions of various different IgG samples, as well as other C1q ligands, to C1q. The column has
the potential to act as a tool for screening different mAbs (including subclasses, glycoforms and
mutants) as well as other C1q binding proteins for their C1q binding in a high throughput manner,

and could also be used to purify fractions that have increased C1q binding for further study.

Another potential use of the C1q affinity column could be in the treatment or diagnosis of
autoimmune disorders that are caused by autoantibodies, such as SLE>?. There have been reports
of Clq based immunoadsorbtion to treat this autoimmune disorder, which appeared to be well
tolerated and caused a reduction in circulating immune complexes seen as well as an
improvement in disease symptoms>?%°2°, However, this has not become a regular treatment
option, possibly because these reports/trials largely used porcine Clq in their immunoadsorbant,
or because the effect was limited in resolving acute symptoms. It is interesting to note that the
Clq density used in those immunoadsorption columns is equal to the most stable density tested
in this thesis; 1mg of C1q per ml of matrix>*. The C1q affinity column presented here could be
used to deplete the blood of these patients of IC. The physiological concentration of salts within
the serum would mean that monomeric antibodies would most likely not bind to the column, but
immune complexes that bind Clq strongly would be more likely to be retained and therefore

reduce the potential for these complexes to initiate autoimmune damage in the patient.

Page 277



Chapter 7

In order to understand the impact of post-translational modifications on therapeutic mAbs the
work in this thesis focussed on IgG1, to better reflect the majority of clinically approved mAbs, as
well as use the well defined mAb model of rituximab. Therapeutic mAbs exist in a milieu of serum
IgG with various glycoforms, and therefore have to compete with other IgG for ligands such as
FcyRs. The serum glycan pool is known to vary in numerous physiological settings in both health

and disease, which could impact upon the efficacy of therapeutic mAbs>%.

There have been reports that suggest that there are differences in the glycosylation of the
different IgG subclasses in vivo®3®. However, it would be interesting to investigate the effects of
glycomodification on the other IgG subclasses (namely IgG2, 1gG3 and 1gG4), to see if similar
effects are seen. Towards this end, Peschke et al. have recently reported galactosylation of each
of the IgG subclasses and that this increases the efficacy of IgG1 and IgG3 in complement
activation whilst having no effect on 1gG2 and 1gG4°%3, It is currently unknown whether addition of
sialic acid on top of galactose would further improve the CDC or C1q binding of 1gG3, as it was
shown to for IgG1 in this thesis. Furthermore the effect on FcyR binding and FcyR dependent
effector mechanisms is currently unknown for glycomodified IgG subclasses beyond IgG1. It is
possible that application of glycoengineering methods to 1gG3 could further increase its capacity
to induce effector functions. For example, removing fucose may increase the affinity of IgG3 for
FcyRIll (as it does for IgG1) thereby increasing its ability to induce ADCC. Furthermore, testing the
effect of differing levels of galactosylation and sialylation may provide a mechanism to increase
the levels of C1qg binding and CDC induced, and could provide small increases in FcyR binding, as

has been shown for IgG1.

In this thesis the effect of glycoengineering and 1gG subclass switching was examined in the
context of direct targeting antibodies. However, as mentioned in Section 1.4, immunomodulatory
antibodies are now beginning to exhibit success in oncology in the clinic, and these antibodies
generally act to activate or suppress signalling rather than deplete the target cells'®*. It would be
interesting to determine the effect that different glycoforms and IgG subclasses have on this
function as they are here shown to have different mechanisms of binding, at least for anti-CD20
mADbs. It has been reported that differences in agonism are seen with different IgG subclasses,
with the 1gG2 subclass being shown to act as a superagonist independently of FcyRs, whereas
lgG1 and 1gG4 required FcyRllb, in the context of anti-CD40 targeting'®#°3!, Application of
glycoengineering to IgG subclasses of an agonistic anti-CD40 antibody could therefore be carried

out and tested. As increased galactose and sialic acid increased complement killing, which is
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facilitated by clustered IgG binding into hexamers at the surface, it would be interesting to see

whether the addition of these glycoforms enhances the activity of agonistic mAbs.

Whilst this thesis has focussed on the glycomodification of therapeutic mAbs, it is worth noting
that FcyRs themselves are glycosylated. There have been recent reports that differences in the
glycosylation of these FcyRs can also alter the binding affinities of IgG, particularly FcyRIIl, which is
known to require glycosylation at its N162 residue in order to bind to IgG**%°32, For example,
FcyRllla that bears oligomannose glycans displays a 50x increased affinity for IgG Fc as compared
to FeyRllla with complex type glycans, making this receptor of a similar affinity to FcyRI**%.
Although little literature exists regarding the state of glycosylation of FcyRs in vivo, owing in part
to the difficulty in generating sufficient material, it is not unreasonable to think that the
glycoforms found on cell lines and generated in vitro may be different to those found in vivo, as is

the case for recombinant mAbs produced from cell lines compared to serum IgG.

One study of FcyRllla glycosylation carried out in 1997 suggested that FcyRllla from certain cell
types in vivo did indeed contain a large degree of oligomannose glycans, and that NK cells had a
higher degree of oligomannose glycans and increased affinity for IgG than FcyRIlla on monocytes
(which had no oligomannose glycans), despite the protein cores being identical®®. Furthermore, a
very recent report from Patel et al. also found a significant degree of oligomannose glycans
present on FcyRllla expressed on NK cells purified from peripheral blood, very different to the
glycosylation found on recombinant FcyRllla, and that FcyRllla with oligomannose glycans once
again displayed a higher affinity for IgG>*°. These studies indicate that the FcyR glycosylation can
be highly important for the binding to I1gG, at least for FcyRllla, and that this should also be taken
into account when designing therapeutic mAbs. It is also possible that differences in FcyR
glycosylation could be at least in part responsible for the differences in reported findings of IgG
activity, particularly when comparing assays using FcyR expressing cell lines primary cells.
Furthermore, the potential of trying to exploit differences in FcyR glycosylation to achieve greater
specificity for a single FcyR (or even effector cell type) could also be explored through testing

different glycoforms and Fc mutants or IgG subclasses on the different glycoforms of FcyRs.

In summary, the IgG Fc region is essential for many of the important functions of IgGs, including
serum persistence and engagement of various effector mechanisms. Changing the Fc region can
dramatically alter the properties of IgG. The IgG1 and IgG3 subclasses are highly active in inducing
Fc mediated responses, whereas IgG2 and IgG4 induce these responses much more weakly. IgG2

subclass also exhibits reduced surface binding to some, but not all, targets. 1gG glycosylation was
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shown to be a modulator of complement engagement, with 1gG1 bearing increased galactose and
sialic acid more active in C1q binding and complement activation, but these glycoforms had little
impact upon FcyR binding or engagement. A Clq affinity column was produced in order to
facilitate direct study and screening of the binding of ligands, including IgGs, to the column. Lipid
modification of IgG was shown to be detrimental to IgG properties, both Fc and Fab mediated.
The importance of Fc modifications to improved or decrease mAb effector functions is clearly
demonstrated, and offer potential mechanisms that could be applied in order to generate more

effective therapeutics.
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Figure 7-1 Summary of Rituximab Fc Modifications
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1gG3

CD20 Binding: +++
Clq: +++

Clqg Column; +++
CDC: +++

DCD: +++

ADCC: +++

ADCP: +++

1gG2
CD20 Binding: +
Clq: -

Clq Column: -
CDC: -

DCD: +++
ADCC: -

ADCP: -

IgGa

CD20 Binding: ++
Clqg: -

Clg Column: -
CDC: -

DCD: +++

ADCC: -

ADCP: +

A schematic diagram of the rituximab IgG Fc modifications discussed in this thesis. Wild type rituximab
IgG1 is highlighted in green as a reference. Assays indicated: CD20 Binding- the relative level of binding
to CD20, Cl1qg- the relative level of C1q recruitment to the cell surface, C1q column- the relative binding
to the Clq affinity column, CDC- the relative level of complement dependent cytotxicity induced, DCD-
the relative level of direct cell death induced, FcyR- the relative level of binding to FcyRs, ADCC- the
relative level of antibody dependent cellular cytotoxicity induced, ADCP- the relative level of antibody
dependent cellular phagocytosis induced, and Clearance- the relative rate of clearance of antibody in
vivo. +++ = increased above the level wild type antibody, ++ = approximate the level of wild type
antibody, + = reduced below the level of wild type antibody, - = no activity detected.
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Figure 8-1 Complement Depended Cytotoxicity

Ramos cells opsonised with anti-CD20 antibody (see Figure 3-16). The CDC induced by the anti-CD20
mAbs does not result in a build-up of cell debris in the bottom left hand corner of the plot, as there is
little difference between isotype treated and rituximab IgG3 treated plots.
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8.2 Quality Control of IgG

Figure 8-2 Antibody Elution

After HPLC purification, antibody samples were tested by native gel electrophoresis in order to confirm
that antibody had been eluted and was not present in the column flow through or washes. Lanes 1 and
5 contain eluted antibody, lanes 2-4 and 6-7 contain washes buffer flow through samples.
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A
A280nm
Mock Treated Rituximab Gal Rituximab SA
Rituximab
Time (mins)
B
A280nm
Rituximab IgG1 Rituximab 1gG2 Rituximab IgG3 Rituximab IgG4

Time (mins)

Figure 8-3 Size Exclusion HPLC of Antibody

Purified IgG were tested by size exclusion HPLC to confirm they were free of aggregation. Each sample
was injected and approximately 20 minutes later the I1gG peak eluted. Aggregation would be indicated
by the presence of a shoulder/second peak prior to the main peak. A- glycomodified rituximab and B-
rituximab subclasses were tested for aggregation.
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Antibody Sample

Endotoxin
(Eu/mg)

Rituximab 0.097
Rituximab Gal 0.1
Rituximab SA 0.28
Obinutuzumab 0.23

Obinutuzumab Gal 0.14
Obinutuzumab SA 0.24

Table 8-1 Antibody Endotoxin Table

Appendix

Antibodies were tested for the presence of endotoxin using an Endosafe PTS endotoxin testing system

according to manufacturers recommended instructions. Endotoxin levels below 0.5Eu/mg are

considered to be low and safe for use in vivo (personal communication- Southampton Antibody and

Vaccine Antibody Production Group).

Page 285



Appendix

8.3 Surface Plasmon Resonance Measurement of IgG-FcyR Interactions

€D32a Rituximab Mack Treated €D32a Rinuximab Galactose

Response

an . . | .
-100 [ 100 20 300 200 500 690 700

150
100
| 50

i ;

i ki E ' '
T : 100 o 100 200 300 400 500 500 700
Time

Response

Figure 8-4 Representative SPR Plots of Apparent Good Fit of IgG Binding to FcyRlla

Shown are two examples of SPR data obtained from the binding of rituximab IgG glycoforms to FcyRlla. The
fitting of the model (1:1 binding) is shown, and the residuals of fitting to the model are shown below the
curves. These data appear to fit their modelling relatively well, as evidenced by their relatively low Chi-
squared values of 1.84 (left) and 3.55 (right).
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Figure 8-5 Representative SPR Plots of Apparent Bad Fit of IgG Binding to FcyRlla

Shown are two examples of SPR data obtained from the binding of rituximab IgG glycoforms to FcyRlla.
The fitting of the model (1:1 binding) is shown, and the residuals of fitting to the model are shown
below the curves. These data appear to fit their modelling relatively poorly, as evidenced by their
relatively high Chi-squared values of 23.1 (left) and 25(right).
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Sample
hCD32a
hCD32a
hCD32a
hCD32a
hCD64
hCD64
hCD64
hCD64
hCD64
hCD64
hCD16a
hCD16a
hCD16a
hCD32a
hCD32a
hCDl6a
hCD16a
hCD16a

ka (1/Ms)

N/A

N/A
N/A

N/A

N/A

N/A

N/A

N/A

N/A

kd (1/s)

9.72E+01

N/A
2.56E+02

N/A

N/A
2.72E+05

N/A
2.22E+05

N/A
2.22E+05
2.93E+04

N/A

N/A
2. 226402

N/A
4.94E+04

N/A
9.92E+04

1.45E-02

1.59E-02

1.48E-04

2.47E-04

1.89E-04

1.17e-02

1.79E-02

1.42E-02

5.36E-02

Rmax (RU)
1.49E-04
1.36E-06
6.22E-05
1.58E-06
1.34E-08
5.45E-10
1.51E-08
1.11E-09
1.33E-08
8.54E-10
4.01E-07
4.26E-07
5.75E-07
8.07E-05
1.79e-06
2.87E-07
3.55E-07
5.41E-07

Table 8-2 SPR values of Binding and Model Fitting

2271.9
172.5
841.5
161.8
420.4
370.1
445.8
3523
413.2
356.7
105.5
232.1
202.9
953.5
153.8
132.6
246.2
181.2

Ligand

4.24 Ritux NANA
0.0219 Ritux NANA

3.55 Ritux galactose

0.00191 Ritux galactose

157 Ritux galactose
8.75 Ritux NANA
266 Ritux NANA
8.82 Ritux native
120 Ritux native

8.19 Ritux galactose

25 Ritux galactose

6.16 Ritux galactose
2.79 Ritux native
1.84 Ritux native
0.00164 Ritux native
29.8 Ritux NANA
9.72 Ritux NANA
23.1 Ritux native

Table of values of SPR data showing the range of fitting within the data.
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